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Abstract

A 6-month experiment with nine dietary treatments was conducted to determine amounts of S plus Mo supplements required to maintain

normal hepatic concentrations of Cu and Mo and to prevent chronic Cu toxicity in lambs fed palm kernel cake (PKC) diets. All diets con-

sisted of PKC supplemented with minerals and vitamins, and with appropriate amounts per kg DM of S (level 0 or level 1 ¼ 1 g) as sodium

sulfate and/or Mo (level 0; level 1 ¼ 4 mg; level 2 ¼ 8 mg; level 3 ¼ 16 mg; level 4 ¼ 32 mg) as ammonium molybdate to form treatments

S0Mo1, S0Mo2, S0Mo3, S0Mo4, S1Mo0, S1Mo1, S1Mo2, S1Mo3 and S1Mo4.There was no effect (P.0·05) of dietary treatments on the

growth performance of the lambs. The dietary supplement of 1 g S plus 8 mg Mo per kg dietary DM (treatment S1Mo2) prevented accumu-

lation of Cu in the liver without elevation of the concentration of Mo (P.0·05). The treatments S0Mo1, S0Mo2 and S0Mo3 increased

(P,0·05) hepatic Cu concentrations from 376mg/g DM to between 1090 and 1294mg/g DM. Also, the treatments S1Mo3 and S1Mo4

resulted in higher (P,0·05) hepatic Mo concentrations compared with the treatment S1Mo0. It was concluded that the dietary supplement

of 1 g S plus 8 mg Mo/kg PKC DM added to the PKC used is sufficient to maintain normal hepatic concentrations of Cu and Mo and to

prevent chronic Cu toxicity in sheep fed diets containing any amount of PKC.
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Palm kernel cake (PKC) is a by-product of the palm oil indus-

try. Malaysia is the world’s largest producer of palm oil and

obviously of PKC, which, with its content of 14 to 16 %

crude protein and 9·5 to 10·5 MJ metabolisable energy per

kg, is a good feed for ruminants(1) and is exported to

Europe in high quantities for use in diets of dairy and beef

cattle. However, PKC also contains high amounts (11 to

55 mg/kg DM) of Cu(1–3), which is potentially toxic to sheep

due to their relative sensitivity to excessive dietary Cu as

compared with cattle(4). In addition, the Cu in PKC is highly

soluble in the rumen(5) and its absorption is elevated due to

the absence of rumen ciliate protozoa(6) resulting from feeding

PKC(7). Because the excess of absorbed Cu is accumulated in

internal organs, mainly the liver, which are consumed by

humans, it is important to use dietary means to decrease the

dietary Cu absorption and tissue accumulation not only in

sheep, but in all ruminants fed PKC regardless of their suscep-

tibility to the chronic Cu toxicity. Several dietary supplements

and their combinations (S, Mo, Fe, Zn, bentonite, etc) have

been shown to decrease dietary Cu absorption. However,

supplements of S plus Mo appear to be most effective(8).

Although a high number of experiments on effects of S–Mo

supplements in PKC-based diets have been conducted in

Malaysia and the results presented at local conferences, only

a small proportion has been published in scientific journals.

In addition, no optimal amounts of supplemental S and Mo

required in dietary PKC to prevent chronic Cu toxicity in rumi-

nants have been established. Since high concentrations in the

liver of both Cu and Mo could be harmful to consumers, it is

important that not only the concentration of Cu, but Mo also,

is monitored when dietary Mo supplements are used to

decrease the Cu absorption from the dietary PKC. It was,

therefore, the main objective of the present experiment to

establish optimal amounts of dietary S and/or Mo needed to

decrease the absorption of Cu from PKC-based diets to an

acceptable level, without excessive accumulation of dietary

Mo in the liver of lambs. An additional objective was to moni-

tor potential negative effects of S–Mo supplements on the

growth and feed intake of lambs. The objectives have been

achieved and the results are presented in the present paper.
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Materials and methods

A total of eighty Malin cross lambs, aged approximately

8 months, with body weight of 14·2 (SD 0·9) kg were used

in the present 6-month feeding experiment. Of the eighty

lambs, eight were randomly selected at the start of the exper-

iment (before feeding the experimental diets), and after

sampling of blood the lambs were slaughtered and their

livers were removed and sampled. The concentrations of min-

eral elements in the plasma and liver samples of the lambs

were used to establish the starting baseline concentrations.

The remaining seventy-two lambs were divided according

to live weight into two blocks (large and small). Thereafter,

four lambs from each block were assigned at random to

nine treatment groups of eight lambs each. The treatment

groups were housed in individual pens with wooden slotted

flooring and automatic water drinking nipples in an open

wooden sheep barn raised above the ground. Each group

was fed ad libitum one of nine total mixed experimental

diets (Table 1). Feed refusals were collected, weighed and

sampled daily. The diets were based entirely on solvent-

extracted PKC and supplemented with limestone to correct

for the Ca:P imbalance in PKC, due to its relatively high P

(4·37 g/kg DM) and lower Ca (2·80 g/kg DM) concentrations.

Individual diets were also supplemented with sodium sulfate

(Na2SO4) as the source of dietary S and/or ammonium molyb-

date ((NH4)6Mo7O24·4H2O) as the source of the dietary Mo.

There were two levels of supplemental S; level 0 (S0) or

level 1 (S1 ¼ 1 g S/kg DM) and four levels of supplemental

Mo; level 0 (Mo0), level 1 (Mo1 ¼ 4 mg Mo/kg DM), level 2

(Mo2 ¼ 8 mg Mo/kg DM), level 3 (Mo3 ¼ 16 mg Mo/kg DM)

and level 4 (Mo4 ¼ 32 mg Mo/kg DM). This was in addition

to the PKC content of S (approximately 2 g/kg DM) and Mo

(approximately 0·8 mg/kg DM). Therefore, there were nine

dietary treatments in the experiment: (1) S0Mo1, (2) S0Mo2,

(3) S0Mo3, (4) S0Mo4, (5) S1Mo0, (6) S1Mo1, (7) S1Mo2, (8)

S1Mo3 and (9) S1Mo4. Because lambs fed a PKC diet without

a dietary S or Mo supplement could die due to Cu toxicity

before a 6-month experiment is completed(8,9), it was decided

that feeding a control PKC monodiet (PKC plus appropriate

vitamins and mineral supplements) without both sodium sul-

fate and ammonium molybdate supplements (S0Mo0) would

not be practical. Consequently, such a control diet was not

included in the present experiment. The PKC was sampled

and diets mixed and sampled every 10 d. The samples (includ-

ing feed refusals) were dried in an oven over 2 d at 608C,

ground through a 1 mm sieve and stored at 2208C. The PKC

used in the present experiment contained (per kg DM):

crude protein, 140 g; acid-detergent fibre, 443 g; Cu, 24·6 mg;

Zn, 35·4 mg; Mn, 102 mg; Fe, 1·21 g; Ca, 2·80 g; P, 4·37 g; Mg,

1·83 g. The total mixed diets were bagged and kept in a cold

place. All lambs were weighed on two consecutive days at

the beginning and the end of the experiment, following an

overnight withdrawal of food and water. The average of the

two consecutive weighing was recorded and considered as

the mean of the initial or final live weight. The lambs were

also weighed and weights recorded at monthly intervals

during the experiment. Blood samples were obtained at the

beginning and the end of the experiment. Individual feed

intakes were recorded daily and the lambs had free access

to fresh drinking water. Care of the experimental animals

was in accordance with the Malaysian standards (including

Halal slaughter) and the experimental protocol was approved

by the Institutional Animal Care and Use Committee.

During the second month of the experiment, one lamb from

each of the S0Mo1 and S0Mo4 treatments was removed from

the experiment due to decreased feed intakes, most probably

resulting from the environmental stress (hot and humid local

climate). Similarly, one lamb from each of the S0Mo4 and

S1Mo0 treatments was removed during the third month of

the experiment. The data from these lambs were removed

from the records. After 3 months, two (treatments S0Mo1,

S0Mo4, S1Mo0 and S1Mo4) or three (treatments S0Mo2,

Table 1. Composition of the experimental diets

Diet*. . . S0Mo1 S0Mo2 S0Mo3 S0Mo4 S1Mo0 S1Mo1 S1Mo2 S1Mo3 S1Mo4

Ingredients (g/kg DM)
Palm kernel cake 961·4 961·4 961·4 961·3 957·0 957·0 957·0 957·0 956·9
Cobalt-iodised salt 10·0 10·0 10·0 10·0 10·0 10·0 10·0 10·0 10·0
Limestone 28·0 28·0 28·0 28·0 28·0 28·0 28·0 28·0 28·0
Sodium sulfate – – – – 4·4 4·4 4·4 4·4 4·4
Vitamins A and E† 0·6 0·6 0·6 0·6 0·6 0·6 0·6 0·6 0·6
Ammonium molybdate 0·013 0·026 0·052 0·103 – 0·013 0·026 0·052 0·103

Chemical analysis
Crude protein (g/kg DM) 146 139 143 137 148 145 152 139 146
ADF (g/kg DM) 434 438 450 447 433 447 461 444 439
Ca (g/kg DM) 4·10 6·16 5·16 6·00 5·34 5·30 5·06 4·82 5·65
Mg (g/kg DM) 1·35 1·72 1·78 1·79 1·42 1·44 1·42 1·80 1·64
P (g/kg DM) 4·83 4·15 5·19 4·74 5·07 4·31 5·00 4·27 4·83
Fe (g/kg DM) 1·28 1·08 1·07 1·00 1·43 1·07 1·26 1·19 1·20
Cu (mg/kg DM) 18·7 22·6 21·3 28·2 23·5 25·8 25·2 27·4 21·5
Zn (mg/kg DM) 30·1 35·8 35·9 37·7 34·0 36·3 33·7 33·9 32·2
Mn (mg/kg DM) 100 96·4 105 97·9 113 115 117 99·5 101

ADF, acid-detergent fibre.
* S is sodium sulfate supplement (level 0, none; level 1, 4·4 g sodium sulfate/kg DM, equivalent to 1 g S/kg DM); Mo is ammonium molybdate supplement (level 0, none;

levels 1, 2, 3 and 4, 0·013, 0·026, 0·052 and 0·103 g ammonium molybdate/kg DM, equivalent to 4, 8, 16 and 32 mg Mo/kg DM, respectively).
† Contained (per g vitamin mix): retinol, 1 mg; a-tocopherol, 35mg.
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S0Mo3, S1Mo1, S1Mo2 and S1Mo3) lambs per treatment and

after 6 months (end of the experiment) all the remaining

five lambs in each treatment were slaughtered following

blood sampling and their livers were removed. All blood

samples were taken from the jugular vein using heparinised

vacuum tubes and the plasma was collected after centrifu-

gation at 3500 rpm for 30 min and stored at 248C. The livers

were frozen (2208C) until processing later. After thawing,

the livers were sliced, blended and sampled. The samples

were oven dried at 608C until they reached cold constant

weight, ground in a blender, and stored in plastic containers

at 2208C until analysed.

Crude protein in the diets and PKC samples were deter-

mined using the Kjedahl procedure, while acid-detergent

fibre was determined according to Van Soest et al.(10). Samples

of PKC, diets, plasma and livers were digested in a nitric acid–

perchloric acid mixture and analysed for Cu, Fe, Zn, Ca, Mg

and Mn using atomic absorption spectroscopy. Different

standard solutions, including blank and five graded mineral

concentrations, were prepared for each mineral element

(Cu, Fe, Zn, Ca, Mg and Mn) and for each kind of sample

(feed, liver and plasma). The measurements in the standard

solutions were used for the calculation of mineral concen-

trations in the appropriate samples. The concentration of Mo

in livers was determined according to Khan et al.(11).

The experiment was a randomised complete block design

with the sheep group fed the same experimental diet being

the experimental unit. All results were statistically analysed

as two-way ANOVA using the GLM procedure of SAS (SAS

Institute, Inc., Cary, NC, USA)(12) with treatment as the fixed

effect and live weight group as the block. When the treatment

effect was significant, Duncan’s multiple-range test was used

to determine the differences among treatment means and

significance was declared at P,0·05.

Results

Live weight, feed intake, daily gains and feed conversion
efficiency

There were no significant differences among treatments in

average live weight, dietary DM intake, daily gain and feed:

gain ratio after 3 or 6 months of feeding the experimental

diets (Table 2). The highest (126 g) and the lowest (105 g)

average daily gains were recorded at 6 months for treatments

S0Mo2 and S1Mo1, respectively. Similarly, overall 6-month

feed intake (g/d per lamb) was lowest (650) for treatment

S0Mo4 and highest (861) for treatment S1Mo4, while feed:gain

ratio was lowest (6·07) for treatment S0Mo4 and highest (7·11)

for treatment S1Mo4.

Mineral element concentrations (mg/ml) in blood plasma

There were no effects (P.0·05) of treatments on the concen-

trations of Cu and Zn in blood plasma (Table 3). The initial Cu

and Zn concentrations were similar to the concentrations

recorded for individual treatments at the end of the experi-

ment. The Cu concentrations ranged between 1·11 (treatment T
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S1Mo1) and 1·52 (treatment S1Mo2), while those of Zn ranged

between 1·14 (treatment S1Mo4) and 1·60 (treatments S1Mo0

and S1Mo2).

The highest (4·93) and lowest (2·93) plasma concentrations

of Fe (P,0·05) were obtained for treatments S0Mo1 and

S1Mo1, respectively. The concentrations for treatments

S0Mo2, S0Mo4, S1Mo1, S1Mo2, S1Mo3 and S1Mo4 were

lower (P,0·05) than the initial concentration and that for

treatment S0Mo1. In addition, the Fe concentration for treat-

ment S0Mo3 was lower (P,0·05) than for treatment S0Mo1.

The plasma concentration of Ca was significantly higher

initially than for all treatments at the end of the experiment.

It was also higher (P,0·05) at the end of the experiment for

treatments S1Mo0 and S1Mo2 than for treatments S1Mo1 and

S1Mo3, and lower (P,0·05) for treatments S0Mo1, S0Mo2

and S0Mo4 than for treatment S1Mo0.

The plasma concentration of Mg ranged from 21·9 (treat-

ment S1Mo3) to 30·7 (treatment S0Mo3). The concentration

was higher (P,0·05) for treatment S1Mo0 than the initial

concentration and for treatments S1Mo1, S1Mo3 and S1Mo4.

The rest of the differences were not significant.

Mineral element concentrations (mg/g DM) in the liver

In comparison with the initial value (376), the liver Cu

concentration within the first 3 months of the experiment

(Table 4) significantly increased only for treatment S1Mo0

(1258), but there were also other treatments (S0Mo1, S0Mo2

and S0Mo3) that reached values of over 1000 (1069 to 1137).

One treatment (S1Mo4) showed a numerical value (161) that

was apparently lower than the initial value (376), but at the

end of the experiment (6 months) there were three treatments

(S1Mo2, S1Mo3 and S1Mo4) with apparent values (254 to

327) being lower than the initial. The liver Cu concentra-

tions at 6 months of the experiment for treatments S0Mo1,

S0Mo2, S0Mo3 and S1Mo0 were all over the value of 1000

Table 3. Initial and final concentrations (mg/ml) of mineral elements in the blood plasma of lambs fed palm
kernel cake-based diets with different levels of sodium sulfate and ammonium molybdate supplements*

(Mean values and standard deviations)

Cu Fe Zn Ca Mg

Diet† Mean SD Mean SD Mean SD Mean SD Mean SD

Initial 1·31 0·06 4·66a,b 0·35 1·49 0·14 173d 10 23·5b 1·1
S0Mo1 1·38 0·11 4·93a 0·16 1·50 0·09 84b,c 8 24·8a,b 1·3
S0Mo2 1·33 0·13 3·56c,d 0·33 1·55 0·08 81b,c 6 26·8a,b 1·1
S0Mo3 1·50 0·25 3·77b,c 0·31 1·48 0·17 90a,b,c 9 30·7a 3·2
S0Mo4 1·25 0·19 3·34c,d 0·17 1·29 0·20 84b,c 5 25·2a,b 3·9
S1Mo0 1·27 0·09 4·58a,b 0·52 1·60 0·12 111a 8 25·0a,b 2·3
S1Mo1 1·11 0·10 2·93d 0·24 1·57 0·26 78c 16 24·2b 2·1
S1Mo2 1·52 0·16 3·58c,d 0·13 1·60 0·10 104a,b 9 25·6a,b 1·0
S1Mo3 1·27 0·09 3·33c,d 0·16 1·38 0·22 77c 2 21·9b 0·7
S1Mo4 1·30 0·22 3·09c,d 0·37 1·14 0·29 98a,b,c 8 23·2b 1·3

a,b,c,d Mean values within a column with unlike superscript letters were significantly different (P,0·05).
* The initial values are means of eight lambs and the final values are means of five lambs.
† For details of the diets, see Table 1.

Table 4. Initial, 3 months and 6 months concentrations (mg/g DM) of micro-minerals in the liver of lambs after feeding palm kernel cake-based diets
with different levels of sodium sulfate and ammonium molybdate supplements*

(Mean values and standard deviations)

Cu Zn Mn Mo

3 months 6 months 3 months 6 months 3 months 6 months 3 months 6 months

Diet† Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Initial 376b 45 376b 45 177 20 177a 20 17·5 0·6 17·5a,b 0·6 6·00b 0·42 6·00b,c 0·42
S0Mo1 1069a,b 168 1090a 182 141 33 131a,b 7 11·0 2·2 11·6b 1·4 5·35b 0·08 5·81b,c 0·49
S0Mo2 1100a,b 282 1294a 201 140 9 167a,b 23 12·4 0·8 14·1b 1·3 10·08a 0·82 5·88b,c 0·62
S0Mo3 1137a,b 100 1211a 285 121 9 117a,b 6 23·0 7·4 21·9a 4·4 7·92a,b 0·50 6·57a,b,c 0·89
S0Mo4 378b 0 776a,b 63 114 1 120a,b 2 17·8 5·0 19·1a,b 1·3 6·47b 0·71 7·09a,b,c 0·74
S1Mo0 1258a 70 1259a 197 118 8 141a,b 21 13·5 5·0 13·7b 1·3 4·95b 1·06 5·42c 0·77
S1Mo1 377b 58 573b 122 119 7 100b 12 21·3 0·7 13·7b 1·7 6·85b 0·71 5·76b,c 0·42
S1Mo2 380b 154 327b 73 118 6 120a,b 4 17·2 2·0 14·1b 1·5 5·88b,c 1·04 6·88a,b,c 0·44
S1Mo3 416b 181 257b 17 125 7 116a,b 7 15·8 2·5 10·8b 2·0 6·16b 0·93 9·06a 0·71
S1Mo4 161b 82 254b 80 129 6 116a,b 13 21·3 0·7 12·1b 1·0 7·55a,b 0·50 8·56a,b 0·88

a,b,c Mean values within a column with unlike superscript letters were significantly different (P,0·05).
* The initial values are means of eight lambs, the 3 months values are means of two lambs for diets S0Mo1, S0Mo4, S1Mo0 and S1Mo4, and of three lambs for diets S0Mo2,

S0Mo3, S1Mo1, S1Mo2 and S1Mo3; all 6 months values are means of five lambs each.
† For details of the diets, see Table 1.
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(1090 to 1294) and significantly higher than the initial concen-

tration and those for the other treatments (S1Mo1, S1Mo2,

S1Mo3 and S1Mo4), except that S0Mo4 that was not different

(P.0·05) from any other treatments or from the initial

concentration.

The liver concentrations of Zn at 3 months of the experi-

ment were not different (P.0·05) among the treatments or

from the initial value. However, at the end of the experiment

(6 months) the initial liver Zn concentration was numerically

higher than those of all treatments and different (P,0·05)

from treatment S1Mo1. Similarly, there were no differences

(P.0·05) in the liver Mn concentration at 3 months of the

experiment. However, at 6 months, although the initial value

was not different (P.0·05) from the values of all treatments,

the concentration for treatment S0Mo3 was higher (P,0·05)

than for other treatments, except for treatment S0Mo4. The

liver Mo concentration at 3 months of the experiment was

higher (P,0·05) for treatment S0Mo2 (10·1) than was the

initial concentration (6·00), but was not different (P.0·05)

from treatments S0Mo3 and S1Mo4. At the end of the experi-

ment (6 months) the concentration of Mo was higher

(P,0·05) for treatment S1Mo3 (9·06) than was the initial

value (6·00), but the differences between the initial value

and those for all other treatments were not significant.

There were no significant differences in the liver Ca concen-

trations (Table 5). Similarly, there were no significant differ-

ences in the concentrations of Fe and Mg at 3 months of the

experiment. However, in comparison with the initial liver

Fe value the concentrations for all treatments numerically

increased by the end of the experiment (6 months) and the

differences were significant for treatments S1Mo0, S1Mo1,

S1Mo2, S1Mo3 and S1Mo4. There were no significant differ-

ences in the liver Fe concentration among treatment means.

Concerning the final 6-month liver Mg concentration, the

numerical values for all treatments (499 to 655) were appar-

ently lower than the initial value (695), but the differences

were significant only for treatment S1Mo1 (499). There were

no significant differences in the liver Mg concentrations

among the treatment means.

Discussion

The results of the present experiment clearly show that both S

and Mo supplements are needed to maintain normal concen-

trations of Cu in the liver of sheep fed a PKC monodiet. Such

supplements did not affect growth and feed intake. It has

been established(13) in sheep liver that Cu concentrations of

up to 500 mg/kg DM are considered normal, but that over

800 mg/kg DM hypercuprosis and stress-induced haemolytic

crisis may develop. In the present experiment, treatment

S1Mo2, consisting of a PKC monodiet supplemented (per kg

DM) with 1 g S and 8 mg Mo (resulting in overall dietary concen-

trations of S and Mo of approximately 3 g and 8·8 mg/kg dietary

DM, respectively) produced optimal results. The growth, feed

intake and plasma Cu concentrations were normal and not

affected by the supplements. More importantly, the liver con-

centrations of Cu and Mo were also normal and not different

from the initial concentrations. In addition, treatment S1Mo1

with the same amount of dietary S (3 g/kg DM) but lower dietary

Mo (4·8 mg/kg DM) produced a higher liver Cu concentration

(573 mg/kg DM) than is considered normal (up to 500 mg/kg

DM), while treatments S1Mo3 and S1Mo4, providing the same

amount of the dietary S but more (16·8 and 32·8 mg/kg

DM, respectively) dietary Mo, produced the same liver Cu

concentration as treatment S1Mo2, but with elevated liver Mo

concentrations. It should be pointed out that these elevated

liver Mo concentrations for treatments S1Mo3 and S1Mo4

were significantly higher than the liver Cu concentration for

treatment S1Mo0, while the liver Mo concentration for treat-

ment S1Mo2 was not.

Considering that the range of Cu concentration in Malaysian

PKC is from 11 to 55 mg/kg DM(1–3) the presently used PKC

with an average Cu concentration of 25 (SD 9) mg/kg DM is

close to the middle of the range and probably represents the

Table 5. Initial, 3 months and 6 months concentrations (mg/g DM) of macro-minerals in the liver of lambs after feeding a
palm kernel cake-based diet with different levels of sodium sulfate and ammonium molybdate supplements*

(Mean values and standard deviations)

Fe Mg Ca

3 months 6 months 3 months 6 months 3 months 6 months

Diet† Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Initial 171 29 171b 29 695 40 695a 40 186 16 186 16
S0Mo1 267 17 292a,b 27 620 82 626a,b 35 177 9 179 10
S0Mo2 222 28 302a,b 38 593 30 655a,b 50 170 10 188 21
S0Mo3 206 33 278a,b 49 577 50 639a,b 35 188 15 190 19
S0Mo4 210 67 282a,b 48 603 87 568a,b 19 185 20 170 8
S1Mo0 177 35 411a 37 434 206 587a,b 28 140 56 185 4
S1Mo1 253 31 444a 45 612 26 499b 69 147 10 149 21
S1Mo2 263 69 474a 63 565 28 528a,b 39 139 10 166 11
S1Mo3 259 17 470a 70 541 12 548a,b 13 179 8 174 12
S1Mo4 217 107 400a 72 470 73 606a,b 13 159 13 162 6

a,b Mean values within a column with unlike superscript letters were significantly different (P,0·05).
* The initial values are means of eight lambs, the 3 months values are means of two lambs for diets S0Mo1, S0Mo4, S1Mo0 and S1Mo4, and

of three lambs for diets S0Mo2, S0Mo3, S1Mo1, S1Mo2 and S1Mo3; all 6 months values are means of five lambs each.
† For details of the diets, see Table 1.
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Cu concentration in the majority of the PKC produced in

Malaysia. In addition, the diets used in the present experiment

were based entirely on PKC. Therefore, if we consider the S

and Mo supplements in treatment S1Mo2 as optimal for

preventing chronic Cu toxicity and excessive accumulation

of Cu and Mo in the liver, then it would be logical to

assume that the dietary supplements of approximately 1 g S

and 8 mg Mo are required per kg PKC DM to be used in the

diet. This would be appropriate for lambs that were not

previously fed untreated PKC and having a normal liver Cu

concentration. Otherwise, much higher amounts of the dietary

Mo supplement might be needed.

It has been reported that during the later part of the prehae-

molytic stage and the haemolytic stage of Cu toxicity, liver Cu

concentrations may range from 1000 to 3000 mg/kg DM(13). In

reported Cu poisoning in a sheep flock(14) the average

monthly hepatic Cu concentrations in sheep that died of Cu

toxicity were between 745 and 1251 mg/kg DM. To rapidly

reduce death losses(14) a treatment with dietary supplements

of 0·1 g ammonium molybdate and 1 g sodium sulfate per

sheep per d was used, but after 4 months there were still

dead sheep with high hepatic concentrations. In another

case, 500 mg ammonium molybdate per kg dietary DM com-

pletely eliminated deaths of sheep from Cu toxicity within

5 months(15). In contrast, together with S the dietary Mo sup-

plements between 4 and 23 mg/kg DM were effective to

reduce hepatic Cu concentration to normal levels(8,16–18).

However, the effectiveness of dietary Mo supplements may

depend on the initial Cu status of the animal(19) and on the

dietary Cu concentration and its biological availability for

absorption and utilisation. Indeed, the rumen solubility(5)

and biological availability of Cu in PKC may be quite high

due to elimination of the protozoa population in the rumen

by the dietary PKC(7). The increase in the Cu bioavailability

due to the elimination of ciliate protozoa from the rumen

might amount to between 15 and 50 %(6,20). Nevertheless, sup-

plements of 4·4 g Na2SO4 and 25·8 mg (NH4)6Mo7O24·4H2O

per kg of the dietary PKC were optimal in the present experi-

ment to maintain over the 6-month period appropriate hepatic

concentrations of Cu and Mo in normal lambs.

It was established decades ago that dietary Mo in the pre-

sence of adequate S can reduce the hepatic Cu accumulation

and storage(21–25) and that both organic and inorganic S

affect the absorption of Cu to a limited degree only(22,26).

However, the present experiment showed that it is possible

to feed PKC monodiets to normal lambs without Cu or Mo

toxicosis when supplements of 4·4 g Na2SO4 and 25·8 mg

(NH4)6Mo7O24·4H2O (or 1 g S and 8 mg Mo) per kg dietary

PKC are used. In addition to high concentrations of Cu, PKC

is also high in the concentrations of P and Fe. The Ca:P

ratio can be easily corrected by a Ca supplement. The range

of Fe concentration in PKC is between 0·8 and 6 g per kg

DM (1·2 (SD 0·7) g/kg DM in the PKC used in the present

experiment). Excessive dietary concentrations of Fe may

result in bent legs of lambs(27) and in decreased productivity

of dairy cows(28). Although the S plus Mo supplements in

the present experiment decreased the concentration of Fe in

blood plasma, the concentrations in the liver were actually

increased. The increase in the hepatic Fe concentration due

to S plus Mo supplements is contrary to a previous report(8)

and the reason is presently not known. Besides the effects

of dietary S and Mo supplements on the hepatic concen-

trations of Cu, Mo and Fe the concentrations of other

measured elements (Zn, Mn, Mg and Ca) were not affected

appreciably by the supplements.

In conclusion, supplements of 4–5 g Na2SO4 and 26 mg

(NH4)6Mo7O24·4H2O (or 1 g S plus 8 mg Mo) per kg PKC

DM mixed into the PKC used are sufficient to maintain

lambs on diets containing any amount of PKC (including

PKC monodiets) without an excessive hepatic accumulation

of Cu and Mo, and without potential chronic Cu poisoning.

Therefore, the present results suggest that any amount of

PKC treated with appropriate S, Mo and Ca (to balance for

excessive P concentrations in PKC) supplements can be incor-

porated in the diets of ruminants. This is under condition that

the other dietary ingredients do not contain an excessive Cu

concentration. It should be emphasised, however, that in com-

parison with other feeds, PKC is unique. First, PKC contains an

unusually high concentration (11 to 55mg/g DM) of Cu(1–3).

Second, the Cu in PKC is rapidly released and highly soluble

in the rumen(5). Third, PKC reduces or eliminates protozoa

from the rumen(7) due to its relatively high content of oil

that is toxic to rumen ciliate protozoa(29,30). It has been docu-

mented(6,20,31,32) that elimination of protozoa from the rumen

increases the dietary Cu bioavailability and accumulation in

the liver of sheep. Therefore, the present results on the

need of the dietary S and Mo supplements to eliminate the

risk of chronic Cu toxicity due to dietary PKC cannot be

extrapolated to other potential high-Cu feeds used as the diet-

ary ingredient. In Malaysia the presently allowed up to 30 %

inclusion of PKC in diets of sheep due to the potential Cu

toxicity problem may be extended to any amounts of up to

PKC monodiets (PKC plus appropriate vitamins and mineral

supplements) for all ruminants with the condition that an

appropriate dietary supplement of S plus Mo is mixed in the

PKC used. However, the animal acceptability, practicability,

and the ruminant production efficiency of diets containing

high amounts of PKC (over 50 %) or of PKC monodiets

have not been established; additional experiments are

needed to elucidate the optimal and practical dietary PKC

concentrations in ruminants. This would expand the safe use

of PKC, which is in abundance in Malaysia, as a common

feed for all ruminants.
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