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Three change-over design experiments investigated the origin of hydrogen sulphide in the rumen head-space gas of dairy cows,
comparing the effects of single iso-S additions of methionine, cysteine and sodium sulphate, as well as the effects of single meals
of fresh ryegrass or white clover. The concentration of hydrogen sulphide in rumen gas declined close to zero within 4 h after
withdrawal of the previous feed. Sulphur sources were then given to cows and concentrations of hydrogen sulphide recorded in
rumen head-space gas at 30-min intervals. Cysteine addition (8 g) led to a rapid (within 30 min) and a large (490 and 957 p.p.m.
respectively in two experiments) increase in hydrogen sulphide concentration. Concentrations were significantly less following
methionine addition. Increasing levels of cysteine addition led to significant increases in hydrogen sulphide concentrations
( P , 0.001 for the linear effect), although peak hydrogen sulphide was delayed and concentrations remained higher for longer
with the highest (12 g) addition of cysteine ( P , 0.01 for the ‘cysteine level’ £ ‘time’ interaction). The increase in concentration
of hydrogen sulphide from sodium sulphate was smaller (230 p.p.m.) and slower (2 h) than for cysteine. Despite the much higher
intake of cystine for white clover in comparison with perennial ryegrass ( P , 0.001), there was almost no increase in hydrogen
sulphide concentration in rumen head-space gas from cows fed white clover. It seems likely that this is associated with the use of
sulphur to produce thiocyanate to detoxify the hydrogen cyanide from cyanogenic white clover.
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Introduction

In earlier studies, high concentrations of sulphides, particu-
larly hydrogen sulphide, were observed in the rumen head-
space gas of dairy cows fed grass silage and concentrates
(Dewhurst et al., 2001). Hydrogen sulphide is an extremely
toxic gas and high concentrations lead to a range of
neurological symptoms (polioencephalomalacia; Gould
et al., 1997) and inappetance (Bird, 1972b). Earlier work in
this area has looked either at concentrations of hydrogen
sulphide in rumen liquor, with an emphasis on low-quality
roughages (e.g. Bird and Hume, 1971), or at the very high
concentrations of hydrogen sulphide in rumen gas when
drinking water is contaminated with high levels of sulphate
(Gould et al., 1997). It is not clear, however, to what
extent the production of hydrogen sulphide from normal
diets might be involved in the regulation of intake and
performance.

Our studies have focussed on hydrogen sulphide in
rumen gas because there are several reasons why it may
be more significant than hydrogen sulphide in the liquid
phase in relation to effects in the animal. Pulmonary
absorption of inhaled rumen gas represents a significant
route for absorption of hydrogen sulphide (Dougherty et al.,
1962) and one which bypasses detoxification in the liver
(Gould et al., 1997). Further, Gould et al. (1997) found that
variation in hydrogen sulphide in rumen gas was larger
than changes in rumen liquor.

Most of the sulphur in herbage is contained in methion-
ine and cystine within proteins (Havlin et al., 1999). Earlier
studies showed higher production of hydrogen sulphide
from cyst(e)ine than from iso-S quantities of methionine or
inorganic sulphate (Bird, 1972a). The first objective of this
work was to investigate whether these differences are also
evident when looking at the concentration of hydrogen sul-
phide in rumen head-space gas. The second objective was
to evaluate the concentrations of hydrogen sulphide from
two of the major grazed forages in temperate agriculture-
perennial ryegrass (Lolium perenne) and white clover
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(Trifolium repens). This comparison was chosen because of
the anticipated higher levels of protein (and S amino acids)
in white clover as well as the higher rumen degradability
of white clover protein (Broderick and Albrecht, 1997).

Material and methods

Animals and their management
This work was carried out under a UK Home Office Project
License (Animals (Scientific Procedures) Act, 1986). The
study used Holstein-Friesian dairy cows that had previously
been prepared with rumen cannulae (Bar-Diamond, Parma,
Idaho, USA).

On each measurement day, cows were fasted for about
4 h until concentrations of hydrogen sulphide in rumen gas
declined close to zero. During this period cows had contin-
ual access to water. Cows were then given a range of
feeds or feed components (see below) and concentrations
of hydrogen sulphide were recorded for a further 2.5 h.
Cows for experiments 1 and 2 were housed and given ad
libitum access to grass silage with concentrates at 2 kg per
milking. Cows for experiment 3 were grazing perennial rye-
grass and given 3 kg concentrates at each milking prior to
measurements. Cows were housed for the measurements
reported here. Chemical composition of the forage and
concentrates offered prior to the measurements recorded
here, are given in Tables 1 and 2. Chemical analyses were
performed using the methods described by Dewhurst et al.
(2000).

Sampling and measuring rumen gas
Duplicate samples of rumen gas were collected from each
cow and concentrations of hydrogen sulphide recorded at
30, 60, 90, 120 and 150 min after feeds were given.
Samples of rumen head-space gas (approx. 1 l) were
obtained using the procedures described by Dewhurst et al.

(2001). Concentrations of hydrogen sulphide were
measured immediately using a Crowcon Triple Plus þ
meter (Crowcon Detection Instruments Ltd, Oxfordshire,
UK), modified to read in the range 0 to 700 p.p.m. and cali-
brated using a standard obtained from Sigma-Aldrich
Chemical Company (Poole, Dorset, UK). Samples with
higher concentrations were diluted with carbon dioxide
and reanalysed.

Experiment 1
This study evaluated effects of iso-sulphur additions of
inorganic and organic sulphur sources to the rumen on
hydrogen sulphide concentrations in rumen head-space
gas. Four cows in late lactation were used in a 4 £ 4
Latin-square design experiment with measurements separ-
ated by periods of 5 to 7 days. The four treatments were a
control (no addition) and three iso-sulphur additions (all
obtained from Fisher Scientific UK Ltd, Leicestershire, UK):
9.98 g sodium sulphate (in 100 ml water), 8.52 g L-cysteine
(in 100 ml water) or 9.32 g L-methionine (as a dry powder).
These additions were designed to provide about 0.05 of
daily S intake for these cows. Sulphur-containing com-
pounds were added to the rumen at 1330 h.

Experiment 2
This study evaluated effects of increasing levels of cysteine
additions to the rumen on hydrogen sulphide concen-
trations in rumen head-space gas. Four cows (three in late-
lactation and one non-lactating) were used in a 4 £ 4
Latin-square design experiment with measurements separ-
ated by periods of 2 to 5 days. The four treatments were
0, 4, 8 and 12 g of L-cysteine dissolved in 100 ml of water.
Cysteine was added to the rumen between 1315 and
1345 h on different days and rumen head-space gas col-
lected at 30-min intervals thereafter.

Experiment 3
This study evaluated effects of perennial ryegrass and
white clover on hydrogen sulphide concentrations in rumen
head-space gas. Four cows in early- to mid-lactation were
used in a change-over design experiment with two periods
and two treatments. Cows grazed perennial ryegrass in the

Table 1 Chemical composition of the grass silages (experiments 1
and 2) or perennial ryegrass (experiment 3) offered to cows prior to
measurements made in these experiments

Experiment

1 2 3

Dry matter (DM; g/kg as-fed) 200 222 187
Organic matter (g/kg DM) 914 901 925
Neutral-detergent fibre (g/kg DM) 572 429 501
Acid-detergent fibre (g/kg DM) 341 271 328
Crude protein (g/kg DM) 120 176 155
Ether extract (g/kg DM) 30.8 44.8 18.0
Water-soluble carbohydrates (g/kg DM) 44.3 58.7 188
pH 3.86 3.64 –
Ammonia-nitrogen (g/kg DM) 2.46 3.27 –
Lactic acid (g/kg DM) 86.6 90.3 –
Acetic acid (g/kg DM) 19.3 22.4 –
Butyric acid (g/kg DM) ND† 0.6 –

† ND ¼ not detected.

Table 2 Chemical composition of the concentrates offered to cows
prior to measurements made in these experiments

Experiment

1 2 3

Dry matter (DM; g/kg as-fed) 849 852 872
Organic matter (g/kg DM) 925 921 914
Neutral-detergent fibre (g/kg DM) 197 167 151
Acid-detergent fibre (g/kg DM) 94 105 82
Crude protein (g/kg DM) 208 240 227
Acid hydrolysis ether extract (g/kg DM) 49.8 55.5 25.0
Water-soluble carbohydrates (g/kg DM) 96.8 78.3 162
Starch (g/kg DM) 344 314 338
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field until 0730 h, were then brought inside, given 3 kg of
concentrates and milked at 0800 h. Cows remained in stalls
and no further feed was offered whilst hydrogen sulphide
concentrations were monitored in rumen head-space gas
until they were close to zero. Cows were offered 9.5 kg of
their allotted herbage at 1350 h. Perennial ryegrass (cv.
Fennema) and white clover (cv. AberHerald) were taken
from pure stands which had been fertilized (31 kg/ha N,
6.2 kg/ha P2O5 and 6.2 kg/ha K2O) and regrown for 38
days prior to the experiment, which ran on 8 and 10 July
2002. Herbage was cut using hand shears and transported
from the field immediately prior to being offered to cows.
Cows had generally consumed their herbage allocation by
1410 h, in each period one cow refused small amounts of
white clover (2.1 and 0.8 kg respectively), which was
mechanically chopped and given via the rumen cannula at
1420 h. Recording of hydrogen sulphide concentrations in
rumen head-space gas commenced at 1430 h.

Herbage samples were taken each day and analysed
according to Dewhurst et al. (2000). Amino acids were
analysed using a Biochrom 20 amino acid analyser (Bio-
chrom Ltd, Cambridge, UK). This fully automated procedure
is based on the post-column reaction of amino acid groups
with ninhydrin. Total amino acids were determined on
freeze dried samples after initial oxidation with performic
acid for cysteic acid and methionine sulphone, followed by
acid hydrolysis using the method of Mason et al. (1980).

Statistical analysis
Repeated measures analysis of variance (procedure AREP-
MEASURES; Genstat release 8.2) was used for all statistical
analysis because samples were taken from each cow at 30,
60, 90, 120 and 150 min after feeding. This procedure cal-
culates an adjustment (Greenhouse-Geisser adjustment fac-
tor) to take account of the repeated measurements not
being independent; these were 0.54, 0.40 and 0.26 for
experiment 1 to 3 respectively. Repeated measures analysis
of variance shows effects for treatment factors (‘S source’,
‘cysteine level’ and ‘herbage’ for experiments 1 to 3
respectively), ‘time’ and the ‘treatment’ £ ‘time’ inter-
action. The effect of cysteine level (experiment 2) was par-
titioned into linear and quadratic effects. ‘Experimental
period’ and ‘cow’ were used as blocking factors.

Results

In order to provide the clearest representation of the
repeated measures analysis of variance, rumen head-space
concentrations of hydrogen sulphide are presented graphi-
cally for each experiment (Figures 1 to 3 respectively). The
corresponding s.e.d. and levels of significance are given in
Table 3.

There were marked differences in both the relative con-
centrations and patterns of appearance of hydrogen sul-
phide in rumen head-space gas between the different S
sources (experiment 1). Cysteine led to a rapid and large

increase in hydrogen sulphide concentration, whilst con-
centrations were much less for the methionine addition. A
slower increase in the concentration of hydrogen sulphide
was evident for the addition of sodium sulphate, but the
maximum value was less than half of that for cysteine.

The overall effect of increased cysteine supply, averaged
across the five sampling points, was a linear increase (area
under the curves for Figure 2). However, visual inspection
of Figure 2, confirmed by the significant ‘treatment’ £ ‘
time’ interaction, suggests a different temporal pattern
with increasing level of cysteine addition. It appears that
the rate at which rumen micro-organisms convert cysteine
into hydrogen sulphide was saturated by additions of 8 g
and that hydrogen sulphide concentration remained higher
for longer with the highest addition of cysteine.

Perennial ryegrass feeding led to increased concen-
trations of hydrogen sulphide that were of the same order
as was produced from cysteine in the previous study
(Figure 3). Peak concentrations were achieved around 1.5 h
after feeding, in contrast to the peak within 30 min for
cysteine additions. The results of chemical analysis of the
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Figure 2 Effects of increasing quantities of supplementary L-cysteine on
the concentration of hydrogen sulphide in the rumen head-space gas of
dairy cows (experiment 2) (four cows per treatment).
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Figure 1 Effects of iso-S supplements of L-cysteine, L-methionine or
sodium sulphate on the concentration of hydrogen sulphide in the rumen
head-space gas of dairy cows (experiment 1) (four cows per treatment).
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herbage offered to cows on recording days for experiment
3 is presented in Table 4. As expected, the white clover
contained much higher levels of crude protein and sulphur
amino acids than perennial ryegrass. Cystine content was
proportionately 0.86 higher in white clover dry matter
(DM) than perennial ryegrass DM, though the DM content
of white clover was lower, so cystine intake was only 0.34
higher for cows offered white clover. Results for hydrogen
sulphide concentrations with white clover were not as
expected. Despite the much higher intake of cystine for
white clover, there was almost no increase in hydrogen sul-
phide concentration in rumen head-space gas for cows fed
white clover (Figure 3).

Discussion

In each of these experiments, rumen head-space gas con-
centrations of hydrogen sulphide declined from 500 to
1000 p.p.m. to close to zero within 3 to 4 h of feed being
withdrawn, confirming previous observations (Dewhurst
et al., 2001). One of the most striking features of that
work was the rapid decline in concentrations within a few
hours of food being removed.

The present study further demonstrated that very large
changes in hydrogen sulphide can occur within 30 min of
substrate (cysteine) becoming available. This is a much

more dynamic situation than is evident with concentrations
of other fermentation products, such as volatile fatty acids
and ammonia, in rumen fluid. Indeed, the dynamics of
hydrogen sulphide in rumen gas following the addition of
cysteine appeared to be faster than has previously been
observed in rumen fluid (Bird, 1972a). It is easy to specu-
late that such rapid changes in concentrations of such a
toxic compound (Dougherty et al., 1962; Bird, 1972b)
could influence aspects of animal performance, such as
feeding behaviour and this is being investigated further.

Experiments 1 and 2 confirmed that cyst(e)ine is the
dominant source of hydrogen sulphide in rumen gas. There
was more modest production of hydrogen sulphide from
the addition of sodium sulphate. The increase in concen-
tration of hydrogen sulphide from sodium sulphate was
less rapid than from cysteine suggesting some turnover
before it can be released as hydrogen sulphide. These
observations confirm earlier studies of hydrogen sulphide
in rumen fluid (Bird and Hume, 1971; Bird, 1972a) that
cyst(e)ine leads to much higher concentrations than
methionine. This is probably a consequence of the slower
rate of degradation of methionine (Lewis, 1955), as well
as the production of other compounds (methanethiol
and dimethyl sulphide) from methionine (Zikakis and
Salsbury, 1969).

There were wide differences in the concentrations of
hydrogen sulphide produced from similar quantities of
amino acids across the different experiments. Whilst there
was a linear increase in hydrogen sulphide concentrations
(area under the curve for Figure 2) in response to increas-
ing cysteine additions in experiment 2, the same addition
of cysteine (8 g) led to different peak concentrations of
hydrogen sulphide (490 and 957 p.p.m.) for experiments 1
and 2 respectively. Perennial ryegrass feeding led to inter-
mediate peak concentrations (703 p.p.m.), whilst only
1.75 g of cyst(e)ine and 3.06 g of methionine were added.
Comparisons between experiments must be regarded as
weak, with a range of other cow and dietary factors
affecting rumen function and so concentrations of hydro-
gen sulphide in rumen head-space gas. This is also
reflected in considerable between-cow and between-day
variation in concentrations of hydrogen sulphide with cows
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Figure 3 Effects of perennial ryegrass or white clover on the concen-
tration of hydrogen sulphide in the rumen head-space gas of dairy cows
(experiment 3) (four cows per treatment).

Table 3 Repeated measures analysis of variance for effects of dietary
treatments on the concentration of hydrogen sulphide (p.p.m.) in
rumen head-space gas of dairy cows (values are presented in Figures
1 to 3)

s.e.d. Significance

Experiment Treatment Time Interaction Treatment Time Interaction

1 28.7 25.6 57.6 *** ** ***
2 103.8 92.9 207.7 *** (LIN) *** ** (LIN)
3 56.3 35.6 79.6 *** * *

Table 4 Chemical composition of the herbage offered to cows during
experiment 3

Perennial
ryegrass

White clover

Dry matter (DM; g/kg as-fed) 162 117
Organic matter (g/kg DM) 935 904
Neutral-detergent fibre (g/kg DM) 407 259
Acid-detergent fibre (g/kg DM) 225 228
Crude protein (g/kg DM) 129 258
Ether extract (g/kg DM) 21.7 24.5
Water-soluble carbohydrates (g/kg DM) 269 87
Cystine (g/kg DM) 1.14 2.13
Methionine (g/kg DM) 1.99 2.93
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given the same diet (A.J.M. Fonseca, A.R.J. Cabrita and R.J.
Dewhurst, unpublished observations).

Peak hydrogen sulphide concentration was 1.5 h after
feeding perennial ryegrass, much later than for cysteine
additions, reflecting the reduced availability of cystine
within grass protein. Bird (1972a) noted that hydrogen sul-
phide production in rumen fluid should be a sensitive
index of cyst(e)ine decomposition. However, given the vari-
able response to similar additions of cysteine noted above,
we do not anticipate that hydrogen sulphide concen-
trations in rumen head-space gas would provide a sensitive
assay for protein degradation.

The weak relationship between protein degradation and
hydrogen sulphide concentrations is further illustrated in the
results for white clover. White clover led to very low concen-
trations of hydrogen sulphide in rumen head-space gas
despite the higher concentration of cystine in white clover
in comparison with perennial ryegrass. This is in agreement
with Moate et al. (1997), who were unable to detect hydro-
gen sulphide in the rumen gas of cows grazing white clover/
perennial ryegrass pasture. Further consideration of this
observation reveals that cyanogenesis in white clover might
provide an explanation. Micro-organisms can detoxify
hydrogen cyanide by combining it with hydrogen sulphide
to produce thiocyanate (Onwuka et al., 1992).

There are a number of implications of the observations
about white clover and this effect is worthy of further
investigation. The cyanide detoxification mechanism might
explain why excessive protein content is not regarded as a
problem with white clover, whilst similarly high protein
contents in grasses that have received high levels of nitro-
gen fertiliser lead to reductions in voluntary intake in some
(e.g. Ferri et al., 2004) but not all (Demarquilly, 1970)
studies. Indeed, we can speculate that these effects could
be involved in the carefully regulated diurnal preferences
of ruminants for ryegrass and white clover (Rutter et al.,
2004). The variability of responses in rumen head-space
hydrogen sulphide concentrations between experiments
was a feature of this work. Possible effects on intake and
performance mean that further studies should seek to
understand animal and diet factors that contribute to this
variation.
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