A Review of the

Effects of Sulfur Nutrition on
Wool Production and Quality'?2

Summary

Clean wool contains 2.7 to 5.4%
sulfur. The finer the wool, the more
sulfur it contains. Sulfur is also an
essential element in the sheep’s body
and is a component of important
metabolites such as amino acids, vita-
mins and hormones. The mechanisms
of action of sulfur-containing amino
acids and/or inorganic sulfur supple-
mentation in stimulating wool growth
are: 1) it stimulates the anabolism of
sheep; 2) it increases the supply of
substrate available for keratin synthe-
sis; and 3) it provides for optimal
rumen microbial growth. The sulfur
requirement of sheep is suggested to
be 0.14 to 0.26% of their diet (dry
matter [DM] basis) depending on the
physiological stage of the animal
(National Research Council, 1985).
The recommended nitrogen-to-sulfur
ratio is 10:1. When sheep are supple-
mented with sulfur-containing amino
acids, both wool production and the
sulfur content of wool increase; con-
versely, when sheep are selected for
increased wool production, the sulfur
content of wool decreases (McGuirk,
1983). Sheep from flocks selected for
higher fleece weight tend to be more
responsive to supplemental sulfur-
containing amino acids than sheep
from flocks selected for lower fleece
weight, indicating that sulfur or
sulfur-containing amino acids may be
a limiting factor in wool production

K. Qi and C.]. Lupton

(Williams et al., 1972). The relation-
ships among wool sulfur content,
wool strength and resistance to com-
pression deserve further study.

Key words: sheep, sulfur nutrition,
wool production, wool quality.

Introduction

The rate of wool growth in sheep can
vary over a wide range due to geno-
type and the influence of various phys-
iological and environmental (nutri-
tional) factors. Robards (1979)
reported annual clean fleece weights
for several breeds and crosses of sheep
in many environments in Australia;
most values fell in the range of 2 to 5
kilograms (5.5 to 13.7 grams per
day). The maximum reported rate for
Lincoln and Merino sheep was 22 to
23 grams per day of dry, clean wool
(Daly and Carter, 1955; Hogan et al.,
1979). This rate corresponds to an
annual clean fleece production of
about 9.4 kilograms. The wool
growth rate of an individual sheep can
vary considerably. Reis (1979) gave an
example of a four-fold change in wool
growth rate due to nutrition (supple-
mentation with casein). The maxi-
mum rate at which sheep can produce
wool and the range of variation possi-
ble are determined by its genotype.
There are definite differences among
breeds of sheep in their capacity to
grow fiber and in various fleece char-

acteristics. Likewise, within a breed
there is considerable variation in the
rate of wool growth among strains
and individual sheep. For Australian
Merinos, a comparison of the fine,
medium and strong wool strains
shows an increasing clean fleece
weight as the wool fleece becomes
coarser (Robards, 1979). In animals
of similar size, various authors
(Williams, 1979; McGuirk, 1983)
have attributed differences in wool
production to the efficiency of conver-
sion of feed to wool, and not neces-
sarily to differences in feed intake.
Such claims are very difficult to prove,
however, and clear-cut answers are
not available. Apparent increased effi-
ciency in wool production may be
more directly related to a shift in
metabolic priorities away from func-
tions such as maintenance, growth,
reproduction and lactation (Shelton,
1993). Genetically high-producing
Merino sheep grow wool of a lower
sulfur content and have lower concen-
trations of cystine and urea in plasma
than genetically low-producing sheep
(McGuirk, 1983). Williams et al.
(1972) suggested that the availability
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of sulfur-containing amino acids limits
the ability of sheep to produce wool,
particularly those with a high genetic
potential for wool production. The
heritabilities of wool traits such as
grease or clean fleece weight, number
of follicles per unit area of skin, sec-
ondary-to-primary follicle (S:P) ratio,
fiber diameter, staple length and
crimp frequency are in the range of
0.3 to 0.6 (Brown and Turner, 1968,;
Yeates et al., 1975; Qi, 1986). This
means that 30 to 60% of the variation
in these traits is genetic while 40 to
70% is due to environmental effects in
which nutrition is a primary factor.

Sulfur, like protein and energy, is very
important to sheep and Angora goats
for fiber growth. Sulfur is a compo-
nent of methionine, cystine, thiamine,
biotin, chondroitin, taurocholic acid,
glutathione, insulin, glucogan and
ACTH. Sulfur toxicity (National
Research Council 1980; Kandylis,
1984) and deficiency (Qi et al., 1993)
in sheep and goats have been reviewed
previously. This article will focus on
the following areas: 1) sulfur content,
distribution and function in wool
fiber; 2) the mechanism of action of
sulfur-containing amino acids and
inorganic sulfur in stimulating wool
growth; 3) sulfur requirement of
sheep; 4) the effects of dietary sulfur
content on wool sulfur content and
wool quality; 5) the influence of selec--
tion for wool production on wool
sulfur content and interaction
between selection and nutrition;
6) the effects of sulfur supplementa-
tion on wool diameter; and 7)
meeting the sulfur-containing amino
acid requirement through genetic
engineering.

Sulfur Content, Distribution and
Function in Wool Fiber

Clean wool is composed of the
complex protein keratin which con-
tains 20 amino acids in many polypep-
tides and has a sulfur content ranging
from 2.7 to 5.4% of fiber weight.
Most of the sulfur is present as
cystine, with smaller amounts present
as cysteine and methionine (McGuirk,
1983). Keratin is not homogeneous
and the keratin proteins are usually
grouped into low sulfur, high sulfur,
ultra-high sulfur or high tyrosine pro-
teins. These major protein groups are

thought to be associated with differ-
ent structural components of the cor-
tical cells of the fiber. The low sulfur
proteins are concentrated in the
microfibrils, and the high sulfur pro-
teins are concentrated in the matrix
surrounding microfibrils. The high
tyrosine proteins occur mainly in the
matrix of the fiber cortex, and ultra-
high sulfur proteins occur in epider-
mal scales of the fiber. Bradbury
(1973) reviewed analyses of amino
acids from the ortho-cortex and para-
cortex of wool fibers and concluded
that the para-cortex is rich in high
sulfur proteins, while the ortho-cortex
is rich in low sulfur and high tyrosine
proteins. Cells in the medullary layer
of wool fibers consist basically of low
sulfur proteins which contain very
little or even no cystine. High sulfur
content and disulfide bond structure
in fiber are the material basis of the
physical and chemical characteristics
of the wool. Sulfur-containing amino
acids greatly influence fiber produc-
tion, fiber elasticity, fiber strength and
other textile processing and perfor-
mance criteria; and sulfur-containing
amino acids stabilize the tertiary and
quaternary structures of wool protein
molecules.

The Mechanism of Action of Sulfur-
Containing Amino Acids and of
Inorganic Sulfur in Stimulating

Wool Growth

Reis and Schinckel (1963) reported
the effect of infusing methionine and
cystine into the abomasum of sheep
on wool growth and composition and
explored the mechanism of action of
cystine and methionine supplements
in stimulating wool growth. They
found that infusing a sheep with 2.00
grams L-cystine or 2.46 grams DL-
methionine (the sulfur equivalent) per
day increased wool production by 35
to 130% and the sulfur content of
wool by 24 to 35%. This finding stim-
ulated research in this field. To date,
researchers believe that the mecha-
nisms of such results are as follows:
infusing methionine into the rumen
can increase the protein synthesis of
ruminal bacteria. Sulfur-containing
amino acids from the bacterial pro-
teins and those infused into the abo-
masum stimulate the anabolism of
animals, which is evidenced by
increased weight gain. Cyst(e)ine may

be the limiting amino acid for keratin
synthesis and the infusion may simply
increase the supply of substrate avail-
able for keratin synthesis (Martson,
1955; Reis, 1979). The mechanism
may also include specific effects of
cyst(e)ine or other sulfur-containing
compounds in the follicle. The effect
may be a stimulation of mitotic activ-
ity in the follicle bulb as there is much
evidence that sulfydryl groups play an
important role in mitosis (Reis et al.,
1967). Other possible effects include
increased production of co-factors
important in protein and energy
metabolism and stimulation of kera-
tinization by the provision of sulfydryl
groups. Methionine could stimulate
fiber growth by supplying cystine
through trans-sulfuration and in other
ways. Methionine appears to have a
special role as a chain initiator in
protein synthesis and in stimulating
the synthesis of RNA and of adenine
nucleotides in the liver (Qi, 1988).
Methionine has key roles in amino
acid transport (Qi, 1988) and as a
methyl donor (S-adenosylmethionine)
in many reactions (Pegg and McCann,
1982). Experiments with methionine
analogues (ethionine, methoxinine)
support the view that some of the
effects of methionine on wool growth
are mediated via S-adenosylmethion-
ine (Reis and Tunks, 1982; Reis et al.,
1986).

Starks et al. (1953) found that lambs
could utilize inorganic sulfur and that
supplemental sulfur can increase nitro-
gen balance. Hale and Garrigus
(1953) showed that sheep can synthe-
size cystine from sulfate, and to a
lesser extent from elemental sulfur.
Johnson (1971) reported digestibili-
ties of 36, 70 and 78% for sulfur from
elemental sulfur, sodium sulfate and
L-methionine in lambs and retentions
of 27, 56 and 70%, respectively.
Seljeanski (1959) stated that lambs
given 5.9 grams of potassium sulfate
daily produced 6.6% more wool than
lambs not receiving sulfate. Soviet
Union workers (1982; as cited by Qi,
1988) reported that sheep supple-
mented with sodium sulfate to 0.25%
dietary sulfur (DM basis) produced
17% more wool than unsupplemented
sheep. Body weight gain and wool
strength also increased. The basal diet
was apparently deficient in sulfur.
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Supplemental sulfur increased the uti-
lization of urea as a source of non-
protein nitrogen in ruminants
(Allaway, 1970).

Whereas non-ruminant animals need
sulfur-containing amino acids for
growth, ruminants such as sheep are
able to utilize inorganic sulfur.
Megasphaera elsdemni and other
ruminal microorganisms can effec-
tively utilize inorganic sulfur to meet
the requirement of their growth. The
sheep then obtains sulfur-containing
amino acids when the microorganisms
pass to the duodenum and are
digested. However, sulfur-containing
amino acids originating from this
source alone would not be adequate
to supply the requirements for high-
producing animals. An additional
supply of sulfur-containing amino
acids with ruminal escape protein such
as feather meal and blood meal (Qi et
al., 1993) in rumen-protected form
(Bassett et al., 1981) or post-rumi-
nally would be needed for the high
wool-producing animals (Williams et
al., 1972).

The Sulfur Requivement of Sheep

Several estimates of sulfur require-
ments have been proposed. The
Agricultural Research Council (1980),
basing its estimate on nitrogen supply,
proposed that the dietary ratio of
nitrogen-to-sulfur should not exceed
14:1 for sheep. The National Research

Council (1985) suggested that dietary
dry matter should contain a minimum
of 0.14 to 0.18% sulfur for adult
sheep, 0.18 to 0.26% sulfur for
growing sheep and the nitrogen-to-
sulfur ratio should not exceed 10:1.
The Soviet Union National Standard
(as referenced by Lu and Jiang,
1981), concerned that various animal
classes have different sulfur require-
ments, recommended that the dietary
dry matter for wool-type adult sheep
should contain a minimum of 0.30%
sulfur with a maximum nitrogen-to-
sulfur ratio of 5 or 6:1; diets for meat-
type adult sheep should contain a
minimum of 0.25% sulfur with a
maximum nitrogen to sulfur ratio of 6
or 7:1; and diets for growing sheep
should contain 0.24 to 0.31% sulfur
with a maximum nitrogen to sulfur
ratio of 8 or 9:1. The recommended
nitrogen-to-sulfur ratio is higher for
growing than adult sheep not because
growing sheep need fewer grams of
sulfur, but because they require more
nitrogen. In Australia, where sheep
graze on improved grassland, farmers
spread sulfur fertilizer to increase the
sulfur content in the grass. Chestnut
et al. (1986) observed that with
orchard grass sulfur fertilization
(sulfur at 132 kilograms per hectare
from gypsum) not only increased the
sulfur content in the forage, it also
changed the composition and appar-
ent digestibility of phenolic con-
stituents of the grass.

Hogan et al. (1979) summarized
research results concerning the con-
version of nutrients to wool for the
different genotypes of Australian
Merino (Table 1). In most experi-
ments, at least half the cyst(e)ine
derived by intestinal absorption was
converted into wool. The authors
think the extent of incorporation of
cyst(e)ine into wool may have been
higher because it seems unlikely that
all the methionine absorbed from the
intestine would be converted to
cyst(e)ine as the calculations assume.
Hence the possibility remains that
wool growth, even at the highest
levels observed, was restricted by the
supply of cyst(e)ine.

Sulfur requirement of sheep can be
met by inorganic or organic sulfur.
The maximum utilization of inorganic
sulfur depends on the protein synthe-
sis of rumen microorganisms. Durand
and Komisarczuk (1988) pointed out
that the amount of sulfur needed to
meet microbial requirements in terms
of concentrations in the rumen or of
total dry matter content in the diet is
inadequate. This is because sulfur
availability in the diet is influenced by
many factors, especially fermentable
energy in the diet. Ruminal sulfur
concentration is a result of a balance
between supply, absorption, rate of
passage and microbial utilization. This
is particularly true because of the great
magnitude of hydrogen sulfide

Table 1. Calculations on conversion of nutrients to wool in the different genotypes of Australian Merino.2

Wool, grams per 100 grams Wool cyst(e)ine,

Digestible organic g/100 g

Organic matter Digestible organic Total amino acids matter, g/g cyst(e)ine
intake matter intake absorbed wool growth absorbed®
1.13 1.69 10.1 59.0 44.7 - 68.2
1.08 1.62 9.7 619 425-65.2
1.26 1.48 10.3 67.7 45.4 - 69.5
1.00 1.17 8.3 85.2 38.2-55.6
1.50 2.05 15.1 48.8 62.8 -96.3
1.27 1.74 12.8 57.6 53.1-81.6
121 1.86 13.3 53.8 58.5-89.4
1.24 1.74 119 57.5 52.1-79.7
0.93 1.59 11.0 62.9 48.5-74.3
0.98 1.66 11.6 60.4 51.2-782
0.96 1.63 11.4 614 50.0 - 76.5
0.97 1.63 114 61.3 50.3 - 88.8
1.73 2.20 12.7 455 56.2 - 86.1

2 Adapted from Hogan et al. (1979);

b Minimum and maximum values were calculated from possible range in cyst(e)ine content of wool (Reis, 1979).
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absorption; therefore, the apparent
optimal level of sulfide-sulfur (1.0
milligrams per liter of rumen liquor)
previously suggested (Bray and Till,
1975) is very low and may lead to an
underestimate of the requirement.
Durand and Komisarczuk (1988) sug-
gested that sulfur requirement of
rumen microbes should therefore be
assessed in terms of fermentable
energy rather than in terms of total
dry matter content of the diet.

Additional requirements for fiber pro-
duction beyond the supply of micro-
bial protein must be met by sulfur-
containing amino acids. Reis (1979)
reviewed the effects of sulfur-contain-
ing amino acids on the growth and
properties of wool. He concluded that
dietary supplements are usually inef-
fective because of degradation by
rumen microbes, but abomasal, duo-
denal, parenteral, rumen-protected or
through-drinking-water supplements
of sulfur-containing amino acids can
markedly alter wool growth rate. The
effectiveness of supplements of sulfur-
amino acids for stimulating wool
growth is influenced by diet and the
wool-producing capacity of sheep. For
sheep receiving a moderate amount of
a roughage diet, maximal responses in
wool growth are obtained with an
abomasal infusion of 2 to 3 grams per
day sulfur-containing amino acids.
Amounts larger than 6 grams methio-
nine per day are less effective for stim-
ulating fiber growth or may even
depress it below pretreatment rates

(Reis et al., 1990; Stephenson et al.,
1990). The mode of action of sulfur-
amino acids in stimulating wool
growth requires more detailed study.

The Effects of Dietary Sulfur Content on
Waool Sulfur Content and Wool Quality
Both the rate of wool growth and its
sulfur content are influenced by avail-
ability of sulfur-containing amino
acids. When supplements of cystine or
methionine are infused into the abo-
masum of sheep, both wool produc-
tion and sulfur content of wool are
increased (Reis, 1979). The increase
in sulfur content is due to increased
production of high and ultra-high
sulfur proteins. According to the two-
stage theory of keratin synthesis in the
wool follicles (Gillespie, 1983), the
high-sulfur proteins of keratins may
be synthesized by the stepwise addi-
tion of sulfur-rich peptides to precur-
sors.

Wool growth is different from muscle
and other tissue growth. When sheep
are deficient in sulfur and energy,
other tissues are mobilized in order to
maintain wool growth at a certain
level. Therefore, wool growth enjoys
priority in the supply of amino acids
over other non-fleece bearing tissues
(Langlands et al., 1973). Further-
more, when sheep are supplemented
with several amino acids, only cystine
content in the wool is significantly
changed with little or no change in
other amino acids (Reis, 1979).
Chemical analysis shows that the cys-

Table 2. Correlation coefficients between the sulfur content and some physi-
cal characteristics of Chinese Merino wool.

Mean = standard

Correlation coefficient
with S content

Physical characteristics deviation, X + SD of wool, r*
Fiber strength, g 8.51 £1.51 +0.9666°
Elongation at break, % 43.05 + 2.47 +0.7083¢
Bundle strength, g/Denier 1.71 £ 0.18 +0.6888¢
Work of rupture, g/cm 26.58 + 4.94 +0.9528¢
Specific work of rupture, g/Denier 0.54 £ 0.05 +0.5478
Initial modulus, g/Denier) 30.19 + 4.83 +0.9252b
Elasticity at 10% elongation, % 53.37 £ 2.22 -0.1353
Crimp ratio, no./cm 323+047 -0.2640
Whiteness, % 51.71 £+ 1.31 -0.7373¢
Scouring yield 4957 + 6.61 -0.3433
2 Adapted from Qi (1989).

b P<0.01.

¢ P<0.05.

teine contents of low sulfur proteins,
high sulfur proteins and ultra-high
sulfur proteins are 6.0, 22.1 and
29.9%, respectively. The proportion of
high sulfur and ultra-high sulfur pro-
teins varies in wool. For example, the
proportion of high sulfur proteins in
wool can vary from 18 to 35% (Reis,
1979). As a result, wool sulfur
content can be changed in response to
dietary sulfur content.

The Influence of Selection for Wool
Production on Wool Sulfur Content
and Intevaction Between Selection

and Nutrition

Selection for increased fleece weight
has been shown to reduce the sulfur
concentration in wool (Piper and
Dolling, 1966; Reis et al., 1967;
McGuirk, 1983; Qi, 1989). The effect
is not entirely a dilution of a given
amount of sulfur in a greater amount
of wool, since total sulfur in wool is
concurrently increased.

Selection for increased fleece weight
may produce wool with some poorer
processing characteristics due to the
expected reduction in sulfur content
and therefore fewer disulfide bonds
and reduced fiber strength. Another
important property related to inter-
molecular disulfide bonds is the ability
of wool fibers to take and retain set, a
property important in permanent
pleating of worsted materials (skirts,
trousers, etc.; Whiteley et al., 1975).

Qi (1989) reported that the sulfur
content of Chinese Merino wool
(average fiber diameter, 22.3 pm) was
highly correlated with strength, elon-
gation at break, relative strength,
work of rupture, initial modulus and
degree of whiteness in the same fiber
(Table 2). McGuirk (1983) suggested
that resistance to compression (the
inverse of bulk) is positively correlated
with sulfur content of the wool.

An interesting observation with
respect to sulfur supplementation of
sheep relates to the interaction
between selection and nutrition.
Williams et al. (1972) reported that
responses in wool production and
wool sulfur output to infusions of
cyst(e)ine or methionine were much
greater in sheep from a flock selected
for higher fleece weight than in sheep
from a flock selected for lower fleece
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weight (Table 3). The greater
response in wool production indicates
that the availability of sulfur-contain-
ing amino acids limits the productivity
more severely for animals with a high
genetic potential for fiber production.

The Effects of Sulfur Supplementation
on Wool Diameter

For a particular sheep, the number of
wool follicles actually growing fibers
tends to be constant except during
periods of severe undernutrition
(Lyne, 1964). For non-medullated
wool, the specific gravity of the clean
fibers can be regarded as being con-
stant (Connell and Andrews, 1974).
The weight of wool grown by a sheep
in a given period of time is therefore
determined by the fiber diameter and
rate of elongation of individual wool
fibers. Downes and Sharry (1971)
found that when the wool growth rate
of Merino sheep was increased over a
wide range (up to four-fold) by
varying nutrition, the mean length of
fiber growth per day (L) to mean fiber
diameter (D) ratio (L:D) increased by
about 10%. Reis (1992) reported
similar results when amino acids or
protein were infused in the abomasum
of sheep. However, Hynd (1989)
indicated that fiber length may
increase more than fiber diameter as
wool growth is increased by nutri-
tional manipulation. Economically, it
is desirable to increase wool produc-
tion by increasing rate of elongation
while holding the wool diameter con-
stant. If fiber diameter is permitted to
increase, the economic gain from
increased wool production may be
compromised because increased fiber
diameter may reduce the value of the
wool (Lupton and Shelton, 1988). By
abomasally infusing lysine and
methionine or zein, a protein which is
devoid of lysine and tryptophan and
contains a high proportion of leucine,
Reis and Tunks (1976) and Reis
(1979) changed the ratio of length-
to-diameter and composition of wool.
Significant increases (10 to 20%) in
mohair production and mohair staple
length were observed with negligible
change (> 1 pm) in mohair diameter
when Angora goats were supple-
mented with rumen-protected
methionine or sulfate-sulfur (Bassett
et al., 1981; Qi et al., 1992).
Therefore, it does appear to be possi-

ble to increase fiber production while
holding or even decreasing fiber diam-
eter (i.e., improving fiber quality)
through nutritional manipulation
without changing follicle density.

Meeting the Sulfur-Containing Amino
Acid Requivement through Genetic
Engineering

Animal geneticists are researching
additional methods to provide more
sulfur amino acids to animals by intro-
ducing novel metabolic pathways. In
sheep, the pathway for the biosynthe-
sis of cysteine from serine is under
study (Ward, 1984; Ward et al., 1986;
Ward et al., 1989). Cysteine is an
essential amino acid only because
mammals lack the pathways for cys-
teine synthesis other than by conver-
sion from methionine. Bacteria syn-
thesize cysteine from serine, an amino
acid synthesized liberally in all living
organisms. The two key elements in
the pathway for cysteine synthesis
from serine are shown in Figure 1.
Genes that encode these two
enzymes, isolated from the bacteria
Escherichia coli (Boronat, 1984) and

Salmonella typhimurium (Rogers,
1990), have been sequenced and
studied for transfer to sheep (Franklin,
1988; Ward and Nancarrow, 1991).
Underlying these experiments is the
hypothesis that these genes, when
expressed in rumen epithelial cells,
will enable cysteine to be synthesized
from serine, hydrogen sulfide and
acetyl-CoA, and that cystine will be
absorbed and transported to the wool
follicles to be used for wool growth.

Conclusions

Wool production is characterized by a
high demand for amino acids contain-
ing sulfur. Sulfur-containing amino
acids and inorganic sulfur compounds
offer the sheep industry potental for
increasing efficiency of wool produc-
tion, especially in sheep of high wool-
producing ability. Differences in sulfur
requirement and response to sulfur
supplementation between fiber-pro-
ducing sheep and breeds selected for
meat production might arise because
the fiber-growing sheep is relatively
slow growing and late maturing and

Table 3. Response of genetically high and low fleece weight sheep to sulfur-
containing amino acid supplementation.

Wool Sulfur
production, Sulfur content,
Treatment pg/cm?/day output, % ng/cm?/day
High fleece weight
No supplementation 734 2.99 222
2 g/day L-cystine 1,114 3.45 38.4
2.5 g/day DL-methionine 1,190 3.53 42.0
Low fleece weight
No supplementation 639 3.48 222
2 g/day L-cystine 714 3.77 26.9
2.5 g/day DL-methionine 757 3.74 28.3

3 Adapted from Williams et al. (1972).

Figure 1. The two key elements in the pathway for cysteine synthesis from

serine.

1: Serine + Acetyl-CoA

O-Acetylserine + CoA

serine transacetylase

2:  O-Acetylserine + H,S

Cysteine + Acetate

O-acetylserine sulfydrylase
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has been specifically selected for wool
production. Dietary sulfur content
and selection for increased fleece pro-
duction have been shown to influence
wool sulfur content, which in turn
relates to the magnitude of several
important wool characteristics.
Research to date indicates a need to
develop special nutritional strategies
which include further consideration of
sulfur if we are to reap optimal eco-
nomic benefits from our sheep indus-

try.
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