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Inhibition of amylases present in ruminal
particle-associated micro-organisms
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Abstract: The effect of different substances potentially inhibitory of ruminal amylase activity in sheep
was assessed using biochemical and electrophoretic assays. Most amylase activity was detected in the
particle-associated fraction (70%) of the ruminal contents (which was selected for the assays) in
comparison with the bacterial (21%) and extracellular (9%) fractions. Salts of divalent ions such as
Sn2, Hg2, Cu2 and Zn2 produced 90, 82, 65 and 44% inhibition of amylase activity respectively when
assayed at a relative concentration of 5  10 3 mol l 1. Organic acids such as tannic, formic, ascorbic
and benzoic acid produced 79, 48, 43 and 37% inhibition respectively, whereas chelators such as EDTA,
EGTA and 1,10-phenanthroline produced an inhibition ranging from 32 to 37%. Substrate SDS-PAGE
zymograms allowed the identi®cation of different amylase-active bands in ruminal extracts, showing a
wide range of relative molecular masses (from 36 to more than 100 kDa). Such zymograms also
con®rmed the effect of some inhibitors. The reversibility of the inhibitory effect of some of the assayed
substances was assessed. ZnSO4 was the most persistent inhibitory substance even at low
concentrations and, owing to its low toxicity, appears to be an adequate substance to reduce the
high in vitro ruminal degradation of starch. Implications for the process of enzymatic digestion of
starch are discussed.
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INTRODUCTION

Microbial fermentations taking place in the rumen
allow ruminants to utilise feed resources otherwise
inadequate for their nutrition. This feature undoubtedly represents an advantage under most of the
conditions and production systems utilised for these
animals. However, under intensive production systems where energy requirements are increased, high
dietary levels of cereal grains are needed. It is
recognised that ruminal micro-organisms utilise dietary starch extensively,1 the rumen being the major site
of its hydrolysis in the digestive tract,2 with some
exceptions such as corn and sorghum starch.1,3 The
ability to utilise starch as a carbon source is widespread
among the different groups of bacteria, protozoa and
fungi constituting the rumen microbial population,4
although the amylolytic activity of protozoa and fungi
seems to represent only a fraction of the whole starch
degradation in the rumen.5 However, the rumen
protozoa also participate in the degradation of plant
polysaccharides.6,7
Despite the importance of starch in diets for highly
productive ruminants, the enzymatic mechanisms of
its degradation by rumen micro-organisms have been
less extensively studied when compared with other

enzymatic activities. Moreover, most of such studies
are mainly focused on extracellular amylase activity,
which represents only a fraction of the total amylolytic
activity present in the whole rumen.8 On the other
hand, it is widely recognised that the ef®ciency of
intestinal digestion of starch (yielding glucose as the
®nal product) is largely higher than its fermentation in
the rumen, in which starch is converted to volatile fatty
acids.9 In addition, the excessive utilisation of cereal
grains as a source of energy to meet the requirements
of highly productive ruminants is one of the main
causes of acidosis.10 Some attempts have been made to
reduce the extensive hydrolysis of readily fermentable
starches (eg those contained in grains such as barley,
wheat and oats), such as the use of formaldehyde11 or
micronisation,12 in order to obtain less degradable
substrates.
More detailed knowledge about enzymes involved in
the utilisation of soluble carbohydrates in the rumen
should allow the manipulation of carbohydrate hydrolysis, which may result in an optimised utilisation of
the dietary energy by the ruminant, as well as
preventing the associated metabolic disorders.10,13,14
Practical application of such knowledge could reduce
ruminal digestibility of starch-containing feeds by
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partial inhibition of amylase activity, and also result in
increased post-ruminal availability of starch. However,
inhibition of ruminal amylase activity remains virtually
unexplored, and no literature related to this topic has
been found.
In this study the effect of several potential inhibitors
of rumen amylase activity was evaluated after a
preliminary assessment of the optimal conditions for
the assays. The persistence and reversibility of the
inhibitory effect must be evaluated, taking into
account that this is an important feature in the
particular environment of the rumen ecosystem, owing
to the possibility of dilution of the substances acting as
inhibitors. A novel method of preparing SDS-PAGE
zymograms15 was used to illustrate both the variability
existing in ruminal amylase activities and their
sensitivity to different inhibitors.

ciated microbes (fraction 1) was separated from the
supernatant, and the latter was then re-centrifuged
(20 000  g, 20 min, 4 °C) in 10 ml capped tubes
purged with CO2 in order to separate an extracellular
fraction (fraction 2, supernatant) and a bacterial
fraction (fraction 3, pellet). In order to liberate
enzymes from microbial cells, both particulate (fraction 1) and bacterial (fraction 2) fractions were
resuspended in distilled water to their original volume
(10 ml per tube) and then disrupted by sonication
(Microson XL2000, Misonix Inc, Farmingdale, NY,
USA; ®tted with a 3.25 mm sonotrode; 12 W output
power in 10 periods of 12 s duration each). Samples
were kept on ice during the process and then
centrifuged (20 000  g, 20 min, 4 °C). Supernatants
were stored at 20 °C and used as enzyme source in
the assays. Assays were carried out using particulate
fraction enzymatic extracts unless stated otherwise.

EXPERIMENTAL
Reagents

Amylase activity assays

Reagents used were: ethylene glycol bis(b-aminoethyl
ether) N,N '-tetraacetate (EGTA), N,N '-methylenebis-acrylamide, Coomassie Blue Staining (BBC R250), a-amylase inhibitor from Phaseolus vulgaris, and
molecular mass protein standard (MWM) for electrophoresis (obtained from Sigma Chemical Co, St
Louis, MO, USA); N,N,N ',N '-tetramethyl-ethylenediamine (TEMED) and ammonium persulphate
(obtained from Pharmacia Biotech, Uppsala, Sweden); a-amylase inhibitor from Triticum aestivum
protein (obtained from ICN Biomedicals Inc, Irvine,
CA, USA); and acrylamide (from Bio-Rad, Richmond, CA, USA). All other reagents were purchased
in the purest form available from different commercial
sources.
Animals

Four adult, cannulated, non-lactating females of
SegurenÄa sheep (local breed) were used. The animals
were fed twice daily with a diet based on dehydrated
alfalfa and milled corn grain in a 3:1 DM ratio, vitamin
and mineral supplement and free access to water. EU
requirements related to laboratory animal welfare were
met.
Extraction of ruminal fluid and preparation of semipurified extracts

Ruminal ¯uid was obtained by means of a silicone tube
(13 mm internal diameter) attached to a vacuum
source through each ruminal cannula 4 h after the
morning feeding. Pooled ruminal ¯uid obtained from
different animals was used as the enzyme source to
avoid variations in enzyme activity from individual
samples. After extraction the ruminal ¯uid was placed
in preheated (39 °C) Dewar vessels gassed with CO2.
The ruminal ¯uid was not strained but was centrifuged
within 30 min of collection (10 min, 500  g, 4 °C) in
10 ml capped tubes previously purged with CO2. The
pellet containing the particulate fraction with assoJ Sci Food Agric 82:398±404 (online: 2002)

Total amylase activity in ruminal extracts was
measured according to the procedure described by
Robyt and Whelan,16 using 20 g l 1 starch in distilled
water as substrate. Active extracts (10 ml) were mixed
with 0.125 ml of 0.1 mol l 1 phosphate-citrate,
0.05 mol l 1 NaCl buffer, pH 5.5, and 0.125 ml of
substrate was added. The mixture was incubated at
39 °C for 15 min. The reaction was stopped by the
addition of 0.3 ml of 150 g l 1 CuSO4 and the resulting
solution was immediately heated at 100 °C for 20 min
in order to allow the interaction between reducing
sugars released from starch and copper ions (reduction
of Cu2 to Cu). The amount of reducing sugars
released from starch was estimated by measuring the
absorbance at 600 nm and comparing with a maltose
standard. A blank without substrate and a control
containing no enzymatic extract were run simultaneously. One unit of amylase activity was de®ned as
the amount of enzyme releasing 1 mg maltose min 1
under the speci®ed assay conditions.
Since diet particles (dehydrated alfalfa and milled
corn grain) and microbial cells were both sonicated in
the preparation of enzymatic extracts, the possible
contribution of feeds to total amylase activity in
extracts was evaluated using solutions of the feed
components. Under the assay conditions, amylase
activity in such solutions was negligible up to
concentrations of 150 mg ml 1, the highest amount
that could be processed and solubilised. Prior to the
assays the in¯uence of anaerobiosis on ruminal
amylase activity was assessed, developing comparative
tests in two sets of tubes; the ®rst set was kept open
during the assays, and the second set was previously
purged with CO2 and then hermetically capped.
Amylase activity was measured in both sets at 10 min
intervals for a total time of 1 h, and no signi®cant
differences (P < 0.05; data not shown) were observed
between the two treatments. In consequence, the rest
of the determinations were carried out in open tubes.
All the assays were carried out at least in triplicate.
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Effect of different factors on amylase activity in
ruminal extracts

Optimum pH for amylase activity was determined by
incubation of the reaction mixture at pH values
ranging from 2.0 to 12.0 using Stauffer's buffer.17
Stability of amylase activity under different pH values
was assessed by previous incubation of extracts at
different pH values for 30, 60, 90 and 120 min. After
this time, extracts were assayed for residual amylase
activity at the optimum pH previously determined.
Optimum temperature for amylase activity was determined in a range from 20 to 90 °C. Stability of
amylases within this range of temperatures was
assessed by previous incubation of extracts for 30,
60, 90 and 120 min at different temperatures and after
measuring residual amylase activity as detailed previously.
Amylase inhibition assays

Effects of different substances of potential inhibitory
effect (formic acid, boric acid, benzoic acid, lactic acid,
formaldehyde, acetic acid, ascorbic acid, tannic acid,
SrCl2, CuCl2, SnCl2, HgCl2, urea, ZnSO4, MgCl2,
CaCl2, NaCl, EDTA, EGTA, 1,10-phenanthroline
and commercial plant a-amylase inhibitors from
Triticum aestivum and Phaseolus vulgaris) on ruminal
amylase activity were tested by previous incubation of
extracts for 60 min at 25 °C in 0.1 mol l 1 phosphatecitrate, 0.05 mol l 1 NaCl buffer, pH 5.5, in the
presence of the different substances. These compounds were chosen according to the literature, where
chelators, divalent ions and naturally occurring aamylase inhibitors in cereal and leguminous seeds
showed some degree of inhibition on amylases from
several non-ruminal sources.18±23 Three different
concentrations of the potential inhibitors were tested
(5, 1 and 0.5  10 3 mol l 1), except for tannic acid
and plant a-amylase inhibitors (50, 10 and 5 ng per
activity unit). Residual amylase activity was determined as previously described. Inhibition was expressed as a percentage, considering 100% the activity
obtained when extracts were incubated without
inhibitors.
Reversibility of inhibitory effects

The reversibility of the inhibitory effect produced by
some compounds (HgCl2, SnCl2, ZnSO4, formic acid,
EDTA, EGTA and 1,10-phenanthroline) on amylase
activity was tested by preparing an enzyme/inhibitor
mixture that was divided into two aliquots. In one of
them, inhibition was measured as detailed above and
was used as a control; the other was previously dialysed
for 24 h at 4 °C against 2000 volumes of 0.1 mol l 1
Tris, 0.05 mol l 1 CaCl2 buffer, pH 6.8, and then
assayed in the same way. Activities obtained in both
cases were expressed as a percentage of those
measured in extracts incubated without inhibitors.
The reduction of the inhibitory effect observed when
the activity measured in dialysed samples was com400

pared with that of non-dialysed samples was expressed
as `recovered activity'.

SDS-PAGE zymograms

A new method of substrate SDS-PAGE zymograms
for the detection and assignation of relative molecular
masses of ruminal amylase-active fractions has recently been described.15 Prior to electrophoretic
separations, the effect of SDS on amylase activity
was assessed by incubation of the extracts in SDS
solutions (concentrations from 1 to 10 g l 1 and
incubation times from 30 to 120 min). Even at
maximum concentration (10 times that existing in
the electrophoresis chamber) the activity was not
signi®cantly reduced (data not shown). Brie¯y, electrophoresis of enzyme preparations was carried out
using 12% polyacrylamide, 0.25% copolymerised
starch gels. Enzyme extracts and sample buffer
(0.125 mol l 1 Tris, 200 g l 1 glycerol, 0.4 g l 1
bromophenol blue, 20 g l 1 sodium dodecyl sulphate)
were mixed (1:1) but not boiled. About 10 ml of the
mixture was added to each well. Electrophoresis was
carried out in a ®rst period for 30 min at a constant
voltage of 30 V per gel, followed by a second 75 min
period at a constant voltage of 100 V per gel. After the
electrophoretic separation, gels were incubated in
0.1 mol l 1 phosphate-citrate buffer, pH 6.0, for
2±4 h at 39 °C. Finally, gels were washed and ®xed in
120 g l 1 trichloroacetic acid (TCA) for 10 min and
stained with 1 g l 1 lugol. Active bands were revealed
as light yellow zones over a dark brown background of
non-hydrolysed stained starch. Amylase-active fractions present in each rumen fraction were visualised by
addition of the same number of activity units in each
well after concentration of some of the extracts.
Relative molecular mass determinations were performed by densitometry using speci®c software for gel
image analysis (1D Image Analysis Software, Kodak
Scienti®c Image Systems, New Haven, CT, USA).
Samples for zymograms showing inhibition of
amylase activity were prepared by mixing the extracts
with the inhibitor solutions, followed by 1 h of
incubation at 25 °C, according to the procedure
described by GarcõÂa-CarrenÄo and Haard.24 After
mixing with sample buffer (1:1), about 25 ml of the
®nal solution was loaded on each well of SDS-PAGE
plates. All the wells contained the same amylase
activity units, and extracts incubated without inhibitor
were used as controls.

Statistical analyses

The data were analysed by one-way ANOVA followed
by a comparison of means (Tukey's test). The
percentages of inhibition were normalised using sin 1
transformation of their square root.25 All statistical
analyses were conducted using Statgraphics Plus 4.0
software (Statistical Graphics Corp, Rockville, MD,
USA).
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RESULTS
Distribution of amylase activity

Total amylase activity measured in ruminal extracts, as
well as the distribution of this activity in the different
semi-puri®ed fractions, is shown in Table 1. Most of
the amylase activity was detected either in the
particulate fraction (70%) or in the bacterial fraction
(21%), being very low in the extracellular fraction (less
than 10%). It was decided that extracts obtained from
the particulate fraction could be representative, both
quantitatively and qualitatively, of the amylase activity
present in the rumen. This fraction was therefore
selected for the rest of the assays.
Optimum conditions for the assays

Results obtained after determination of amylase
activity present in the aforementioned fraction under
different pH and temperature conditions showed that
the optimum pH was 5.5. Sensitivity of amylase
activity to previous incubation at different pH values
indicated that most of the activity was retained when
extracts were pre-incubated in the pH range from 5.0
to 8.0, but a marked reduction (80% or more) was
measured at extreme pH values (2.0 and 12.0). In
relation to temperature, the highest amylase activity
was observed in the range between 45 and 60 °C, with
a maximum at 50 °C. Almost 60% of total activity was
retained after 1 h of pre-incubation at 60 °C, but
temperatures of 70 °C or higher, even after a short time
of incubation, markedly reduced amylase activity in
extracts.
Inhibition of amylase activity

The effect of different inhibitors on amylase activity
determined in the particulate fraction of ruminal
extracts is shown in Table 2. The maximum concentration assayed (5  10 3 mol l 1) produced a high
inhibitory effect (from 60 to 90% of total activity) by
salts of some divalent ions (Sn2, Hg2 and Cu2).
Only one organic compound (tannic acid) produced a
comparable inhibition (79%). A lower inhibitory effect
(from 15 to 50% of total activity) was produced mainly
by organic compounds such as formic, benzoic and
ascorbic acid, as well as by chelating agents such as
EDTA, 1,10-phenanthroline and EGTA. Negligible
inhibition (less than 10%) was detected when the rest
of the compounds were assayed. When the potential
inhibitors were examined at a much lower relative
concentration (5  10 4 mol l 1), the general trends

Table 1. Distribution of amylase activity in rumen
contents. Results are mean of three determination  SD

Fraction
Particle-associated fraction
Bacterial fraction
Extracellular fraction

% of total activity
70.0  6.75a
21.4  6.25b
8.6  6.07c

Values sharing a letter are not signi®cantly different
(P < 0.05).
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previously described were maintained, but inhibition
values were signi®cantly decreased in most cases
(Table 2). This reduction was less noticeable in the
assay performed using Zn2, which produced 26%
inhibition even at such a low concentration.
The persistence of the inhibitory effect in some of
the assayed compounds, tested after extensive dialysis
of the mixtures containing both the enzyme and
inhibitors, is shown in Table 3. A marked reduction
was observed in the inhibitory effect produced by
Hg2 and Sn2 (and then an increase in the activity
recovered). In contrast, a persistence of the inhibitory
effect, as shown by the very low values of recovered
activity after dialysis, was measured for Zn2 and the
chelating agents.
Electrophoretic assays

SDS-PAGE zymograms of amylase activity present in
the three assayed ruminal fractions showed important
differences in the pattern of bands (Fig 1, lanes 1±3).
Several active fractions were found in extracts
obtained from the particulate fraction, being lower in
the bacterial fraction and almost absent in the
extracellular fraction. In the ®rst case, molecular
masses ranged from 36 to more than 100 kDa. A
higher intensity was observed in bands corresponding
to relative molecular masses of 36, 54, 70, 85 and
94 kDa, as well as in those of more than 100 kDa.
When the same amount of amylase activity units was
added to the lanes (Fig 1, lanes 4±6), the three assayed
fractions showed differences in their electropohoretic
pattern. The particle-associated fraction (fraction 1)
included those bands found in the two other studied
fractions, although the former fraction showed a
higher number of different amylolytic bands. The
zymogram obtained after incubation of ruminal
extracts of the particulate fraction in the presence of
different inhibitors is shown in Fig 1, lanes 7±10. No
effect of urea (lane 7) or commercial wheat a-amylase
inhibitor (lane 8) was detected, but incubation with
ZnSO4 resulted in marked inhibition (lane 9). SnCl2
(lane 10) caused total inhibition of amylase activity.

DISCUSSION

The possibility of reducing starch degradation in the
rumen by selective inhibition of amylases remains
virtually unexplored and could be an alternative way to
reduce negative effects resulting from digestion of
starch-rich diets, as well as to increase intestinal
utilisation of this nutrient. Such an inhibitory effect
should present several features: (a) inactivation of a
substantial part of the amylase activity present in the
rumen; (b) inhibition produced by a non-toxic
substance; (c) the effect must be achieved at very low
relative concentration of the potential inhibitor in
order to minimise possible secondary effects; and (d) it
should be stable and persistent under changing
conditions in the rumen.
In this paper, different compounds were evaluated
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Concentration (mol l 1)
Inhibitor
Formic acid
Boric acid
Benzoic acid
Lactic acid
Formaldehyde
Acetic acid
Ascorbic acid
Tannic acida
SrCl2
CuCl2
SnCl2
HgCl2
Urea
ZnSO4
MgCl2
CaCl2
NaCl
EDTA
EGTA
1, 10-Phenanthroline
Triticum inhibitora
Phaseolus inhibitora

Table 2. Effect of different substances on amylase
activity of particle-associated ruminal extracts.
Results are expressed as percentage of inhibition
relative to extracts with no inhibitors. Data are
mean of three determinations SD

3

5  10

1  10

47.8  3.85d
6.0  2.93
36.8  1.54de
8.2  2.23
14.3  0.87f
9.4  8.60
43.6  5.18de
79.2  3.86b
8.5  5.99
65.3  3.39c
90.2  4.89a
82.1  5.92ab
5.3  8.24
44.4  4.85de
3.1  7.32
2.8  7.20
2.7  5.83
36.9  6.04de
30.3  5.28e
32.5  7.21e
3.0  0.45
4.4  2.14

3

5  10

14.3  3.56d
9.4  2.63
26.4  3.79c
6.1  3.22
7.8  1.23
13.8  4.16d
17.1  2.36d
13.1  3.47d
11.6  9.75d
10.5  7.90d
28.8  6.36bc
43.5  3.21a
5.6  2.77
34.8  3.07b
0.7  4.10
0.4  6.32
2.8  4.41
5.3  8.07
12.4  5.49d
9.4  3.56
3.2  3.56
5.2  2.31

4

6.6  1.08
3.2  1.82
4.7  2.33
7.1  0.91
7.8  5.35
16.7  8.99cd
10.9  1.13de
12.8  3.42de
12.9  5.75de
8.0  3.10
30.4  7.50b
49.9  6.74a
4.1  2.01
32.7  9.97bc
2.6  4.21
0.0  4.45
2.7  8.21
6.4  8.67
10.9  7.65de
6.6  3.07
4.3  1.07
4.1  1.97

a

Final concentrations of 50, 10 and 5 ng per activity unit.
Values sharing letters within each column are not signi®cantly different (P < 0.05).Substances that
produced inhibition below 10% were not included in the statistical analysis for clarity of presentation.

from this perspective. Some of them, eg urea, acetic
acid and plant a-amylase inhibitors, did not produce
signi®cant inhibition of amylase activity under the
assayed conditions. Inhibition produced by organic
acids was more noticeable, but they could modify the
ruminal ecosystem through excessive acidi®cation,
mainly when the rumen is in pre-acidosis status.
However, some organic acids have been described as
acidosis-reducing agents owing to their interference in
metabolism and utilisation of lactate by ruminal
microbiota.26 On the other hand, commercial plant
a-amylase inhibitors seem to be more effective on
enzymes produced by eukariotes, although some

bacterial amylases have also shown susceptibility to
plant a-amylase inhibitors.19,20 In contrast, rumen
amylases were found to be particularly sensitive to
divalent ions such as Hg2, Sn2, Cu2 and Zn2. The
inhibitory effect of such ions on amylases of nonruminal origin, such as plant23 and microbial18,21
amylases, has been described previously, but toxicity
was produced even by low concentrations of them,
with the exception of Zn2 ions.27 Moreover, zinc,
mainly in the form of Zn-methionine supplements, has
been reported to improve animal performance.28±30
Considering the results obtained in the present work, it
is suggested that one of the factors involved in such a

Table 3. Effect of CaCl2 dialysis on recovery of amylase activity. Extracts were previously incubated in the presence of three concentrations of the different
assayed substances with potential inhibitory effect. Data are mean of three determinations  SD

% amylase activity a
5  10
Inhibitor
Formic acid
SnCl2
HgCl2
ZnSO4
EDTA
EGTA
1,10-Phenanthroline

3

mol l

1

1  10

3

mol l

1

5  10

4

mol l

1

Before dialysis

After dialysis

Before dialysis

After dialysis

Before dialysis

After dialysis

52.2  3.85a
9.8  3.89a
17.9  5.92a
55.6  4.85a
63.1  6.04a
69.7  5.28a
67.6  7.21a

70.2  2.39b
72.3  1.21b
82.8  1.82b
64.4  0.60b
90.2  3.75b
80.6  1.75b
86.3  1.69b

85.7  3.56a
56.5  3.21a
43.4  2.77a
74.3  4.10a
87.6  5.49a
90.6  3.56a
90.3  3.45a

90.0  1.14a
82.7  0.66b
89.7  2.08b
73.2  1.92a
91.3  3.02a
93.1  1.89a
95.1  3.94a

93.4  1.08a
69.6  7.50a
50.1  6.74a
74.0  2.53a
93.6  8.67a
89.1  7.65a
93.4  3.07a

94.3  1.30a
89.1  1.10b
93.3  1.55b
80.5  2.41b
97.0  2.20a
94.4  4.11a
98.7  3.81a

a
Data are expressed as percentage of amylase activity, considering 100% the activity of the control assayed without any inhibitor.
Values sharing a letter within each inhibitor and concentration are not signi®cantly different (P < 0.05).
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Figure 1. Substrate SDS-PAGE of amylase activity in ruminal extracts:
lane M, molecular mass markers; lane 1, particle-associated amylases;
lane 2, bacterial fraction-associated; lane 3, extracellular fraction; lanes
4–6, same as lanes 2–4 respectively but using equal amounts of amylase
activity units; lanes 7–10, extracts were mixed with the inhibitors indicated
at the concentrations detailed in the text—lane 7, urea; lane 8, wheat aamylase inhibitor; lane 9, ZnSO4; lane 10, SnCl2.

positive effect could be its in¯uence on the digestion of
starch, by increasing intestinal availability of the
substrate. The relatively high inhibitory effect produced by this ion on rumen amylases (44%) is in
agreement with other ®ndings pointing to Zn2 as a
strong inhibitor for a-amylases,21,23 and this seems to
be a general feature of amylases from anaerobic
bacteria.18
All the assayed substances decreased their inhibitory
effect when their relative concentrations were reduced
from 5  10 3 to 5  10 4 mol l 1 (Table 2). However,
ZnSO4 maintained a relatively high inhibition (25%)
at the lowest concentration assayed (5  10 4 mol l 1).
This fact, together with its low toxicity for ruminants,27 could make Zn2 a suitable modulator of
enzymatic degradation of starch in the rumen. The
speci®city of the inhibition, as well as its persistence
under the changing conditions existing in the rumen,
was tested by dialysing against Ca2 extracts on which
amylase activity had previously been inhibited by some
substances. Although the role of Ca2 still remains
unclear, it is widely recognised that it is necessary for
the activity of amylases.31±33 Results presented in
Table 3 showed that, in all cases, Ca2 was able to
displace the other substances and, as a result, most of
the amylase activity was recovered after dialysis. This
suggests a lack of speci®city in the inhibition produced
by the assayed substances. Nevertheless, this effect
was less noticeable in the case of Zn2, thus pointing to
the existence of a more stable link between this cation
and the active enzymes. In addition, dialysis of samples
(1 ml each) against a volume 2000 times greater
simulated to a certain extent the dilution taking place
in the rumen as a result of the continuous changes in
volume produced by feed intake and digesta out¯ow.
The persistence of a certain inhibition under such
circumstances would be a desirable feature in order to
guarantee a reduction in starch degradation by
ruminal amylases. Taking into account all the previous
results, ZnSO4 was the substance that best ful®lled the
previously described requisites for an effective modulation of enzymatic digestion of starch.
J Sci Food Agric 82:398±404 (online: 2002)

Electrophoretic studies of ruminal enzymatic activities are scarce, and there are few references in the
literature to zymograms of rumen amylases,34 possibly
because of the dif®culties in revealing the low activity
of these enzymes. Nevertheless, in the present work
the use of an improved method15 clearly revealed
amylase-active bands as yellow zones over a stained
background of non-hydrolysed starch. The resolution
obtained also allowed quanti®cation of the relative
molecular masses of the different bands by comparison
with a standard molecular weight marker, as well as
visualisation of the inhibition (Fig 1, lanes 7±10).
Although the average mass of most studied amylases is
around 50 kDa, zymograms showed the presence of a
certain number of active bands with different molecular masses ranging from 36 to more than 100 kDa.
Previous reports have shown apparent molecular
masses of amylases from ruminal origin of 92 kDa8
and 77 kDa.35 However, greatly different values have
also been reported for amylases from different bacterial origins.33,36 The pattern of bands obtained
should re¯ect the diversity of micro-organisms in the
rumen that exhibit amylase activity, although the
presence of multiple bands may also be related to the
presence of isozymes, a common feature described for
anaerobic bacteria degrading polysaccharides.18 Since
not all bacteria are equipped with a complete array of
enzymes,37 the digestion of starch in the rumen should
require integration among bacterial species in a cooperative effect of enzymatic mechanisms.38 Inhibition affected most of the isoforms present in the
extracts, suggesting the existence of a common mechanism of action for most of them.
Although the inhibition of amylases represents an
alternative approach to those procedures aimed at
reducing ruminal starch digestion by a previous
physical or chemical modi®cation of the substrate,3,11,39,40 results obtained in the present work
show that, owing to the diversity of amylases present in
the ruminal ecosystem, a complete and speci®c
inhibition seems to be quite unlikely. Nevertheless,
in recent years there has been considerable interest in
the use of trace minerals in ruminant diets, this being
stimulated by reports indicating improved performances,28,29 but the mode of action of trace minerals
such as Zn2 is virtually unknown.41 The results
obtained in the present work indicate that Zn2 is a
promising agent in the regulation of the enzymatic
degradation of starch taking place in the ruminal
ecosystem. However, the possibility of differences in
the inhibitory effect of this ion on the amylase activity
of lysed and unlysed microbial cells must be evaluated.
Thus further research is necessary mainly to check the
in vivo effects of Zn2 in preventing acidosis, as well as
to measure its effects on the ef®ciency of utilisation of
readily fermentable starches.
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