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PREFACE

In the Netherlands the "Handleiding Mineralenonderzoek bij rundvee in de praktijk * is a well-
known publication that has been used already for decades as a guide to trace and treat
mineral disorders in cattle. The fifth edition of this guidebook was published in 1996. The
content of this publication was largely identical to that of the fourth edition (1990). Therefore
the (independent) committee that is responsible for the contents of the guidebook (the
‘Commissie Onderzoek Minerale Voeding’?, COMV) decided in 2000 that a thorough revision
was desired.

The committee was of the opinion that, if possible, the available scientific literature should be
summarized and evaluated once again. Furthermore, attention should be paid to the mineral
provision of categories of cattle other than dairy cattle, as well as to that of sheep and goats.
Finally, the basic principles for the calculation of the mineral requirements should be
described in a transparent way.

The intended revision was made possible as the Dutch ‘Ministerie van Landbouw, Natuur en

Voedselkwaliteit’ (LNV), the ‘Productschap Diervoeder’ and the ‘Productschap Zuivel® were

willing to subsidize this extensive and ambitious project.

The COMV decided to execute the project as follows.

e External experts, invited by the COMV, should summarize and evaluate the relevant
literature in a so-called ‘basal document’ (with two exceptions to be written in English).

e Subsequently, these documents should be critically evaluated by the COMV.

o These basal documents should then be used to write and arrange the several chapters
of the revised ‘Handleiding’.

The revised ‘Handleiding’ is available (in the Dutch language) since October 2005, under the

title ‘Handleiding mineralenvoorziening rundvee, schapen en geiten.’* This book is published

by the ‘Centraal Veevoederbureau’ (CVB; Central Bureau for Livestock Feeding) in Lelystad,

as was also the case for the previous edition.

The COMV was of the opinion that the valuable basal documents, that became available
during the course of this project, should be published too. By doing so everyone has the
possibility to trace the basis for the text of the revised 'Handleiding’. The CVB was gladly
willing to issue these documents as CVB Documentation reports. In connection with this the
authors and the members of the COMV have disclaimed all rights and have assigned them
to the Productschap Diervoeder, of which the CVB is one of the services.

For an overview of the CVB Documentation Reports that will appear in this context, you are
referred to an Annex in the back of this report.

Utrecht/Lelystad, September 2005.
Professor dr. ir. A.C. Beynen Dr. M.C. Blok
Chair of the COMV Secretary of the COMV and Head of the CVB

The author, Dr. A.M. van den Top, expresses his thanks to the COMV, especially Dr. M.C.
Blok, Prof. Dr. A. Th. Van 't Klooster, Dr. ir. A.W. Jongbloed and Dr. J. Veling, for critically
reading the manuscript and their advice.

! Guidebook on mineral research for cattle in practice.

> Committee for research on mineral nutrition

% The Ministry for Agriculture, Nature and Food quality, the Product Board Animal Feed and
the Dutch Dairy Board, respectively.

* Guidebook mineral provision cattle, sheep and goats.
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LIST OF ABBREVIATIONS

Abbreviation Unit Description

Acy % Absorption coefficient for Cu

ARC Agricultural Research Council (UK)

BW kg Body weight

CuLys Cu lysine

CuMet Cu methionine

CvB Centraal Veevoederbureau (NL)
(Central Bureau Livestock Feeding)

DLG Deutsche Landwirtschaft Gesellschaft (G)

DM kg Dry matter

DMI kg/day Dry matter intake

h Hour

ha Hectare

INRA Institut National de la Recherche Agronomique (F)

IU International Units

L Litre

MJ Megajoules (= 10° Joules)

mmol Millimoles

mM Millimolair

¥le] Microgram

NRC National Research Council (USA)

ppm mg/kg Parts per million







1 FUNCTIONS OF COPPER IN THE BODY

Copper is an essential component of many enzymes. As such it is involved in the synthesis
of connective tissues (lysyl oxidase, formation of cross links in collagen and elastin) and iron
transport and haemoglobin formation (caeruloplasmin). Moreover, it is involved in the
electron transport during aerobic respiration (cytochrome oxidase) and the protection of the
body against oxygen radicals (superoxide dismutase). Finally, Cu is needed for the
production of melatonin (tyrosinase) [98].

2 COPPER DISTRIBUTION

In the body, the liver is the main site of Cu storage. Normal concentrations roughly range
from 100-400 ppm (DM) [106]. In the newborn lamb, approximately 50% of the total body Cu
is located in the liver [11]. Outside the liver, the highest concentrations are found in the heart
and kidney (11.1 and 12.9 ppm (DM), respectively). As the main contributors to carcass
weight (muscle, fat and bone) are relatively poor in Cu, Cu concentrations in total
extrahepatic tissues are low (2 ppm (DM; sheep) 1.3 ppm (DM; cattle, assuming the DM
content of the extrahepatic tissues to be 60% [77]). Besides this, a certain amount of Cu is
present in the fleece [140].
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3 COPPER ABSORPTION

3.1 Introduction

Only part of the dietary Cu is absorbed from the intestine. The gross amount of dietary Cu
taken up from the intestine is referred to as “true absorption”. “Apparent absorption” is
defined as the difference between the amount of Cu in the ration and the amount present in
the faeces. However, apparent absorption is often not sufficiently informative as it does not
account for the amount of the endogenous excretion of Cu. Part of the Cu that has been
(truly) absorbed from the intestine, and / or mobilized from body stores, is secreted into the
intestine. Part of this endogenous secreted Cu will be reabsorbed. Another fraction,
however, is excreted, and is called the endogenous faecal Cu loss. True absorption can be
calculated from the apparent absorption when the faecal endogenous loss is known [140].
The faecal endogenous loss can be calculated using a radioisotopic dilution technique. After
parenteral injection of a Cu radioisotope (e.g. ®*Cu) into an animal, total collection of faeces
and total excretion of both radioisotope and stable (non-radioactive) Cu isotope, the
endogenous faecal Cu loss can be calculated using the equation:

endogenous faecal Ca (mg) = specific activity of faeces (counts/q)x total faecal Cu (mq)
specific activity of endogenous Cu (counts/g)

in which specific activity is the ratio of radioisotopic to stable Cu.

The specific activity of endogenous Cu is assumed to be predictable from samples taken
from an accessible pool with which the endogenous Cu is in equilibrium (e.g. plasma or
urine). The true Cu absorption coefficient can be calculated using the equation [140]:

true Cu absorption coefficient =
Cu intake(mq) — (faecal Cu (mg) — endogenous faecal Cu (mqg))
Cu intake (mg)

in which the true Cu absorption coefficient has no unit. When Cu absorption has to be
expressed in % units, the result from the equation has to be multiplied by 100. For a more
detailed description including (dis)advantages of this method, see reference [140]. However,
outcomes of this method to calculate faecal endogenous Cu losses can differ by a factor of
three [127].

In man and rats, intestinal Cu absorption starts in the stomach [29]. In calves, however, net
Cu secretion occurs in the abomasum, whereas net Cu absorption occurs along the rest of
the intestinal tract [62]. Copper uptake by hamster and rat intestinal cells is saturable [22]. In
man, a putative Cu transporting protein (h\CTR1) may transport Cu into the intestinal cells,
whereas MNK (an ATPase, defective in patients with Menkes disease which accumulate Cu
in intestinal cells) is thought to transport Cu from the intestinal cells into the portal circulation
[103]. Within intestinal cells, Cu can be bound to thionein to form metallothionein. In rats, Cu
induces less metallothionein formation than Cd or Zn do [22]. In Suffolk-Western Whiteface x
Dorset sheep fed diets containing either 2.2, 11.3 or 47.0 ppm Cu, no induction of
metallothionein in intestinal cells could be demonstrated. No Cu was associated with the
metallothionein fraction of the cytosol of intestinal cells at either dietary Cu level [110].
Possibly this indicates for poor regulation of Cu intake and the relatively high Cu
accumulation in tissues of certain sheep breeds. Moreover, uptake of dietary Cu depends
more on the concentrations of certain ration components interacting with Cu absorption (see
3.2) than on the dietary Cu concentration [140].

In the portal blood Cu is mainly bound to albumin and / or amino acids (e.g. histidine). This
binding is not very tight, thereby enabling Cu to be easily released from this compartment
into the liver but also into extrahepatic tissues. A large part of the portal Cu is taken up by
the liver during the first passage (man = 80%, rat £ 50%). This Cu is subsequently released
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from the liver as caeruloplasmin [29]. In man, this protein has a half-life of 4-7 days [109]. In
cattle, approximately 80% of systemic plasma Cu is bound to caeruloplasmin [137]. The
remainder is mainly bound to albumin and amino acids (histidine) [109]. In other animal
species this value can even increase to 90% [29]. The bond of Cu to caeruloplasmin is
relatively tight. Copper bound to caeruloplasmin probably acts as a Cu source for peripheral
tissues, although Cu bound to albumin and amino acids also may be important [109]. There
seems to be no exchange of Cu between albumin, amino acids and caeruloplasmin [29].
Moreover, albumin seems to have different binding sites for Cu and Zn. Thus, competition of
Cu and Zn for binding sites of albumin during release from the intestine seems to be of no
practical importance [29].

When dietary Cu supply exceeds requirements, Cu is mainly stored in the liver and
subsequently released when plasma Cu declines [140]. In vitro Cu uptake by the liver is
saturable and temperature dependent. The ratio between albumin- and amino acid-bound
Cu could affect the amount taken up by the liver. Copper uptake by the liver seems to be a
passive transport using a carrier [29].

In cattle, Cu efficiently crosses the placenta [128]. The Cu status of newborn calves
depends, therefore, on the Cu supply to the dam [27]. In neonatal calves hepatic Cu
concentration is usually higher than in adult animals [44; 64]. During pregnancy, increasing
foetal liver Cu concentrations can be associated with decreasing dam liver concentrations,
even when dam liver Cu concentrations are suggestive of deficiency (<25 ppm Cu (DM))
[44]. However, in other reports foetal and dam liver Cu concentrations were positively
correlated [46], or foetal liver Cu did not increase during pregnancy [2].

3.2 Copper absorption from different sources

In practice, the amount of Cu present in feed ingredients of plant and animal origin is
generally not taken into account in feed formulations, due to enhanced costs to analyse
them. Moreover, no data are available with regard to the absorption of Cu from these feeds
in ruminants. Therefore, only Cu absorption from different mineral sources can be compared
here.

Besides its function as a vital trace element for animals, Cu poses a potential environmental
hazard. Therefore, in order to minimize Cu losses to the environment, only the best available
sources should be used as supplements for livestock rations. To evaluate differences in
bioavailability of Cu from different mineral sources, scientific literature was reviewed. In vivo
nutritional experiments with cattle, sheep and goats were included in this search.
Furthermore, only those experiments were used that compared at least two different
sources. For Cu, sources were grouped as CuSO, and other inorganic sources, and
compared with organic Cu complexes. As CuO has been proposed to be abandoned by EU
legislation, no attention has been paid to this source except for use as CuO needles (see 8).
CuLys and CuMet are cupric (Cu®) chelates of lysine and methionine (C. Rapp, Zinpro
Corp.).

3.2.1 Cattle

Ward et al. [144] observed higher gain (1.5 vs. 1.2 kg/day) and better feed:gain ratio (2.4 vs.
2.9 kg/kg) during the first 21 days of a 98-day experiment in steers (Angus and Angus X
Hereford, 218 kg BW) fed 5 ppm additional Cu from either CuSO, compared with CuLys.
This difference was still significant when 5 ppm Mo and 2 g S/kg were added to the diet (1.7
vs. 1.4 kg/day and 2.2 vs. 2.6 kg/kg for CuSO, and CulLys, respectively; Mo was added as
Na;Mo0,4.2H,0 and S was added as feed-grade CaS0O,). However, during the entire 98-day
trial, the differences were not significant. The basal diet (maize silage-soybean meal-based)
contained 6.2 ppm Cu, 0.8 ppm Mo, and 1.7 g S/kg.
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Comparing CuLys and CuSO, as Cu sources for Brahman x Hereford heifers (13.5 months
of age; 301 kg BW) consuming a maize-soybean meal-cottonseed hulls-based diet
containing (DM) 5 ppm Cu, 1000 ppm Fe, 5 g S/kg, and 5 ppm Mo for 71 days, Rabiansky et
al. [107] found no differences in hepatic Cu concentrations between the two sources. After
feeding lower Fe and S concentrations (50 ppm Fe, 1.6 g S/kg (DM), Mo not given) for
another 97 days, only CulLys caused higher liver Cu concentrations than CuSO, at a level of
16 ppm Cu (approximately® 110 vs. 75 ppm Cu in liver DM, respectively). In contrast, adding
5 ppm Cu (DM) of either CuSO,, CuCOs3, or Cu proteinate (Cu valence unknown) to a maize
silage-soybean meal-based diet (6.3 ppm Cu, 3.8 g S/kg, 6.9 ppm Mo (DM)) of Cu-depleted
Angus heifers (292 kg BW) revealed declining plasma Cu concentrations with time in
animals fed CuSO, (-4.7 uM). The animals fed additional CuCO; or Cu proteinate
maintained plasma concentrations, whereas the heifers fed additional Cu proteinate had
smaller decreases in liver Cu (-8.2 ppm (DM) vs. -23.9 to -28.7 ppm (DM); initial liver Cu
concentration was 29.7-40.5 ppm (DM)) [145]. No differences were observed in
performance. When Mo content of the diet was reduced to 1.9 ppm, Cu proteinate and
CuS0O,4 had a similar influence on Cu metabolism. In a similar experiment (basal diet
contained 7.3 ppm Cu, 2.8 g S/kg and 3.0 ppm Mo (DM) [145]) heifers receiving 50
mg/head/day CuCO; had lower liver Cu concentrations (27.7 ppm (DM)) than those
receiving either CuSO, (47.5 ppm (DM)) or Cu proteinate (44.6-49.1 ppm (DM)).

In Cu-depleted beef calves (Simmental, Charolais, Angus; 207 kg BW), no difference in
parameters of Cu metabolism (plasma Cu, caeruloplasmin activity, ruminal soluble Cu) could
be observed when either CuSO, or CuLys was fed at a level of 13.6 ppm compared with
control animals consuming a maize silage-soybean meal-based diet containing 5.8 ppm Cu
[71]. Similarly, when feeding 26 mg Cu from either Cu proteinate or CuSO, as a grass
hay/concentrate diet (grass hay containing 1.0 ppm Cu and 5 ppm Mo) for Holstein calves
(>12 weeks of age), Kincaid et al. [74] found higher liver Cu concentrations (325 vs. 220
ppm (DM)) and plasma Cu concentrations (13.7 vs. 11.8 pM) in calves receiving Cu
proteinate than in those receiving CuSO,. However, as mentioned by Underwood and Suttle
[140], neither Kincaid et al. [74] nor Ward et al. [145] properly accounted for the large
differences in initial Cu status (covariance analysis). Therefore, the relatively favourable
effects of Cu-proteinate as demonstrated by these authors might be doubtful.

3.2.2 Sheep

Ivan et al. [63] found similar final liver Cu concentrations when lambs (28-42 kg BW) were
fed either 5 or 10 ppm (DM) of additional Cu from either CuS0O,4.5H,0 or CuCl,.2H,0 added
to a ration of 40% grass hay, 15% soybean meal, 10% wheat, 33% chopped whole-plant
maize, 1% dry molasses and 1% mineral-vitamin supplement (the basal diet contained 8.6
ppm Cu (DM)). After 132 days on experimental diets, final liver Cu concentrations were 486
vs. 513 (5 ppm (DM)) and 589 vs. 598 ug/g DM (10 ppm (DM)) for sulphate and chloride,
respectively.

Suttle and Brebner [134], using Suffolk-cross sheep (10 months of age, 44 kg BW), could not
demonstrate significant differences between CuS0O,.5H,0 and a CuLys complex (CuPLEX
100, Zinpro Animal Health Ltd.). Sheep were fed 4.0 kg DM of a diet consisting of (%) whole
oats (90.8), urea (1.8), Ca sulphate (1.4), Na bicarbonate (1.8) and KCI (0.5) with trace
elements and vitamins. The basal diet contained 3.5 ppm Cu (DM) and was either not
supplemented or supplemented with one of the Cu sources to obtain total Cu concentrations
(ppm (DM)) of 9.8, 8.4, 14.6 and 13.2. At the end of the 28-day trial the final hepatic Cu
concentrations appeared not to be significantly affected by Cu source.

In an experiment with wether lambs (40 kg BW), the addition of 180 ppm Cu from either
CuLys or CuS0,.5H,0 to a maize/soybean meal/cottonseed hulls diet (9.8 ppm Cu (DM)) for
10 days resulted in slightly lower liver Cu concentrations in the CuLys group [84]. Initial liver

> Exact values were not given; values were depicted only in a graph.
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Cu concentrations were 313 vs. 338 ppm (DM) and final liver Cu concentrations were 511
vs. 573 ppm (DM) for the CuLys and CuSO, groups, respectively.

3.2.3

As yet, no information on differences between Cu bioavailability from different mineral

Goats

sources for goats is available.

3.2.4

Discussion and conclusions

Results of Cu bioavailability trials in cattle and sheep are summarized in Table 1.

Table 1 Summarized results of bioavailability trials with different Cu sources for

cattle and sheep
Ref. Category N | Sources used Response criteria Bioavailability
[144] |fattening 21 | CuSOQq, CuLys performance CuSO, > CuLys
steers (first 21 days)

CuSO, = CuLys
(entire 98-day period)

.[207] | heifers 8 | CuSOy, CuLys liver Cu CuSO, = CuLys
(high Fe, S, and Mo)
CuSO, < CuLys
(low Fe and S)

[145] |beef heifers |5-6 | CuSO,4, CuCOj, |plasma and liver Cu CuSO,< CuCO3, Cu

Cu proteinate proteinate (high Mo)

CuCO;3 < CuSOQy,, Cu
proteinate (low Mo)

[71] beef calves 6-7 | CuSQy, CuLys plasma Cu, CP?, CuSO,4= CuLys

ruminal soluble Cu
[74] calves 15 | CuSOy, plasma and liver Cu CuSO, < Cu proteinate
Cu proteinate

[63] lambs 10 |CuSO,, CuCl, liver Cu CuSO, = CuCl,

[134] |sheep 5 | CuSQy, CulLys liver Cu CuSQ, = CuLys

[84] wether lambs |14 | CuSQ,, CulLys liver Cu CuSQ, = CuLys

n = number of animals/group;  CP = caeruloplasmin activity

Although evidence is not fully in agreement with each other, in the presence of low Mo
concentrations in the ration (< = 2 ppm (DM)) the differences in bioavailability between the
different Cu sources for cattle seem to be minor. Then, the cheapest and most convenient
Cu source can be fed. However, as summarized by Ward et al. [145], in the presence of
higher Mo concentrations (x 5-7 ppm (DM)), Cu proteinate may be more advantageous. As
yet, the reason for this difference is not clear as no data are available on the composition of
Cu proteinate. As CuSO, contains S (sulphate being reduced to sulphide [99]), mainly a
sufficient amount of Mo is required to evoke a Cu x Mo x S interaction, thereby rendering Cu
from CuSO, less available. Besides this, CuCO; is associated with lower liver Cu
concentrations and seems to be less available than CuSO, to cattle. Finally, in one
experiment bioavailability of Cu chloride for cattle has been reported to be 115% when
compared with CuSOy, [7].

However, although Cu absorption from Cu proteinate may be somewhat higher than from
CuS0O,, CuSO, may be the cheapest and most convenient source for Cu supply to cattle.
The scarce evidence on bioavailability of different Cu sources for sheep does not reveal any
superior Cu source, compared to CuSQ,, for use in these animals. As no experimental
evidence is available, no separate conclusions can be drawn on differences in bioavailability
of Cu sources for goats.
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3.3 Interactions influencing copper absorption

3.31 Introduction

Most interactions cause a lower availability of the element to the animals, thereby increasing
the dietary concentrations necessary to cover the animal’s requirement.

Experiments concerning the most important interacting dietary components reported in the
scientific literature will be surveyed. These include the interactions of Cu with Mo, S, Zn,
phytate and Fe. Interactions in cattle, sheep and goats were included in this search. As far
as possible, effects are quantified. No data are available on any differences in interactions
between dairy cattle and beef cattle.

3.3.2 Interactions of copper, molybdyenum and sulphur

3.3.2.1 Cattle

For a survey of the effects of Mo and S on Cu availability in cattle and sheep see reference
[140].

3.3.2.1.1 Sources of dietary S

The main site for both Cu x S and the Cu x Mo x S interaction is the rumen [130]. Only
degraded protein S and inorganic S (both yielding S%) are able to interact with Mo and Cu in
the rumen. No information is available on differences between S from feed or drinking water.
When reference values for sulphate and sulphide in drinking water are not exceeded,
maximally about 15-20% (8.3-12.5 g/day®) of the daily S intake of cattle can be calculated to
originate from drinking water [99]. In the ration, a maximum tolerable level of 4.0 g S/kg DM
is suggested [98], although this limit is often exceeded in Dutch feeds (Table 2). High intakes
of S entail the risk of polioencephalomalacia, which is characterized by neurologic
symptoms: lethargy, anorexia, blindness, ataxia, sensory deficits of the skin of face and
ears, muscle and ear twitches and eventually coma. Often the breath smells of H,S [87;98].

The amount of S available for interaction with Cu absorption is influenced by the supply of
rumen degradable protein and fermentable carbohydrates (variation in ruminal pH and S*
absorption from the rumen), rate of eating ((dis)continuous supply of interacting
components) and of S-compound degradation by rumen microbes. In the rumen, Cu can
either bind to S, forming CuS (Cu®) and/or Cu,S (Cu*) or to Mo and S, forming
thiomolybdates. Thiomolybdates contain 1-4 S-atoms per molecule (TM;-TM,). The S atoms
are introduced in the thiomolybdate molecule at the expense of an O molecule. The
composition of TM; is MoO3;S* and that of TM, is MoS,*. Mainly TM; and TM, irreversibly
bind Cu to high molecular weight proteins. Both Cu-S and TM'’s render the Cu unavailable to
the animal, as Cu associated with these compounds is insoluble [130]. The effect of Cu-S
compounds on Cu availability seems to be less important than that of thiomolybdates [117].
As Cu is probably mainly present as Cu® in the rumen, Cu,S will be the predominant Cu-S
compound [94]. The more S is available in the rumen, the more “higher”’ thiomolybdates
(TM3 and TM,) are formed, thus lowering Cu availability [130]. In sheep, no differences in
plasma Cu concentrations were observed when comparing S from methionine and from
Na,SO,, although S concentrations of the two groups were different (basal diet 1.0-1.3 g
S/kg DM, supplied with either 1.7 (from Na,SO,.10H,0) or 2.6 (from methionine) g S/kg of
diet) [126]. However, as plasma Cu is not a very reliable indicator of Cu status [90], these
results have limited value. On the other hand, trichloracetic acid (TCA) insoluble Cu in
plasma (indicating the amount of absorbed TM’s) is higher when elemental S instead of
Na,SO, is added to the ration (basal ration 2.2 g S/kg DM, supplied with 3 g S/kg DM from

®  Calculated from: drinking water intake 100-150 L/day; current Dutch reference values of

250 mg/L (sulphate) and 0.02 mg/L (sulphide) [99]
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either source) [79]. This indicates a higher amount of absorbed thiomolybdates and, hence,
a greater reduction of Cu availability by the addition of elemental S when compared with
Na,SO,.

Finally, at least TM3 can be absorbed from the intestine and be detected in the portal blood.
Systemic effects of TM’s, e.g. due to the formation of a Cu-TM-albumin complex, cannot be
excluded. However, it is not clear as to what extent these effects occur under normal
physiological conditions [130].

3.3.2.1.2 Non-ruminating calves

In newborn calves, true Cu absorbability (Ac,) can be up to 70%. Upon the development of
the rumen (implying the development of a sulphide-producing flora), Ac, decreases
substantially [98]. In veal calves on a milk-substitute ration, proper ruminal development and
function and, hence, production of S% and thiomolybdates is minimal. Therefore, the Cu x
Mo x S interaction will be irrelevant for this type of animals. Besides a milk replacer, veal
calves can receive extra maize silage (0.3-0.5 kg DM/day). Maize silage contains on
average (DM) 1.0 g S/kg and 0.4 ppm Mo (Table 2). Using the equation for the calculation of
Ac, from grass silage [140], Ac, from maize silage would be 10.6%, which is a relatively high
value for roughage [140]. Therefore, although no information is available on the production
of thiomolybdates on a milk-substitute / maize silage ration, in this case Ac, is not likely to be
seriously hampered by dietary Mo and S.

3.3.2.1.3 Ruminating animals

If grass products (e.g. grass, grass silage) are the major constituents of the diet of
ruminants, the major determinants of Cu availability may be the Mo and S content of the
feed. However, also in concentrate-type diets Ac, is affected by both the Cu x S and Cu x
Mo x S interactions. Thiomolybdates per se (without Cu) are unstable, but derive their
stability from association with the solid phase in the rumen. Thiomolybdates containing 3 or
4 S-atoms (MoOSz* (TM3) and MoS,* (TM,)) cause Cu to be irreversibly attached to high
molecular weight proteins and thus reduce Cu absorption [130]. Possibly, differences in the
solid phase and/or protein composition of rumen contents of animals consuming different
types of roughage may contribute to the observed differences in Ac, (see below).

3.3.2.1.4 Quantification of the Cu x Mo x S interaction

Underwood and Suttle [140] suggested the Cu x Mo x S interactions to be influenced by the
nature of the roughage. To quantify Cu x Mo x S interactions, experiments were carried out
using 28 hypocupraemic ewes fed fresh herbage (2.7-3.5 g S and 0.7-24.4 mg Mo/kg DM) or
hay (3-3.4 g S and 0.4-18.7 mg Mo/kg DM) [129]. Responses in plasma Cu, as well as
dilution of intravenously infused ®*Cu (“intravenous repletion technique”) when feeding the
several diets were used to assess Cu availability [125]. No suitable data are available on
experiments with silages and / or the influence of dietary S. In grass silages S reduces Ac, in
a logarithmic manner [140]. Ac, is calculated using the equation (S: g/kg DM):

Acy (%) =10.6 -6.65In S 0]
In hay, the inhibitory effect of Mo on Cu availability is detectable but less than that of S and
is not greatly influenced by interactions with S. Ac, remains relatively high. Ac, is calculated

using the equation (Mo: ppm (DM); S: g/kg DM):

Acu(%) =89-0.7InMo—-2.611InS ()}
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In fresh grass, Ac, starts low and is further substantially reduced by small increments in Mo
and S. Ac, is calculated using the equation (Mo: ppm (DM); S: g/kg DM):

Acy(%) = 5.7 - 1.3 S —2.785 In Mo + 0.227 (Mo x S) [140]. (1)

However, in a critical evaluation of the above equations Jongbloed et al [69] noticed that
equation () is rather unphysiological as Ac,=0 at dietary S levels > 5 g/kg DM. Moreover,
equation (111) yields unreliable results as Ac, would increase at dietary S levels > 3g/kg DM
together with dietary Mo levels > 4 ppm (DM). Finally, there is neither convincing evidence
(1) that Ac, really differs between different roughages, (2) that the intravenous repletion
technique has been applied throughout all experiments, (3) that the equation to calculate Ac,
resulting from the intravenous repletion technique has been validated under various dietary
circumstances (varying Mo and S concentrations) nor (4) that results obtained in sheep are
applicable in cattle. Therefore, both equations (I) and (lll) have to be rejected for calculation
of A, in ruminant rations. Only the course of Ac, as calculated with equation (II) seems to
be physiological for use in sheep rations. The same remark is valid for the outcome of the
equation of Suttle and McLauchlan found in sheep [135]:

Yog (Acy) = -1.153 — 0.0019 x Mo — 0.0755 x S —0.0131 x Mo x S

or

AC (%) — 100 X 10(—1.153—0.0019xM0—0.0755xS—0.0131xM0xS) (IIIa)
. (%) =

in which Mo = ppm (DM) and S = g/kg DM.

The outcomes of the equations Il and llla for dietary S levels of 1 and 5 g/kg DM are
visualized in Figure 1. As equation (Il) yields relatively high values (Ac, = = 4% at dietary DM
concentrations as high as 4 g S/kg and 8 ppm Mo), equation llla is arbitrarily chosen to be
the best assessment of estimating Acy.

= =B= =S=1g/kgDM (H) = =& =S=5g/kgDM (H)

10 —8—S=1 g/kg DM (A) =—d=——S=5 g/kgDM (A)
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Figure 1 Comparison of two equations to calculate true Cu absorption (Ac,) in sheep
(H = equation for hay (Il) [140] and A = equation for all roughages (llla) [135].
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For practical use, usually the Cu:Mo ratio (ppm (DM)) in the feed is used to predict risks for
Cu deficiency and toxicity. Although these ratios require flexible interpretation, ratios < 1
generally indicate a high risk, whereas ratios of 1-3 indicate a marginal risk of Cu deficiency
[140] (see “Criteria to judge copper status”).

In 2003, Dutch grass silages contained on average 2.8 g S/kg DM and 2.1 ppm Mo (DM).
For grass silages harvested in 1999, detailed data are given in Table 2.

Table 2 Ranges (upper and lower limits) and mean trace mineral concentrations of
Dutch grass silage harvested in 1999 (BLGG, Oosterbeek, The Netherlands,

2000)
Grass silage from soil type:
Clay Sand Peat
Trace mineral Mean | Lower | Upper | Mean | Lower | Upper | Mean | Lower | Upper
Zn (ppm (DM)) 34 20 62 48 30 74 40 25 55

Fe (ppm (DM)) | 356 | 115 | 950 | 311 | 120 | 800 | 538 | 110 | 1400
Cu (ppm (DM)) | 6.9 48 | 104 | 7.8 52 | 114 | 82 54 | 115
S (g/kg DM) 3.0 2.0 43 2.9 1.8 4.2 3.0 2.1 42
Mo (ppm (DM)) | 2.4 0.9 4.9 2.3 0.9 4.7 2.6 0.9 5.4

Maize silages contained on average 1.0 g S/kg DM, 0.4 ppm Mo and 3.8 ppm Cu (DM)
(BLGG, Oosterbeek, The Netherlands, 2004).

For grass silage containing 2.8 g S/kg DM and 2.1 ppm Mo (DM), using equation (llla), Ac, is
approximately 3.7%.

3.3.2.2 Cattle and sheep

As most experiments have been carried out in sheep, the above equations regarding the
effects of S and Mo on Ac, are applicable to these animals. As the experiments have been
carried out using Scottish Blackface sheep’, the outcome is supposed to apply to “average”
sheep with respect to Cu requirements. Sheep breeds sensitive to Cu deficiency may have
lower Ac,, whereas sheep sensitive to Cu toxicosis may have higher Ac, values compared
with the values calculated with equation llla. Unfortunately, it is not clear as to what extent
these equations can be used for dairy cattle [140]. For beef cattle, an equation assessing
required dietary Cu concentrations using whole ration Mo and S concentrations has been
developed (see 4.1). As no more suitable data are available, this equation is also used for
dairy cattle. Differences between dairy and beef cattle to be accounted for with regard to Cu
absorption may be:

¢ differences in ruminal transit time of feed (related to DMI),

¢ differences in ruminal pH and degradability of feed components,

o differences in ruminal concentrations of Cu, Mo and S,

o age effects.

3.3.2.3 Goats

Hardly anything is known concerning the Cu x Mo x S interaction in goats [95]. Therefore, it
is assumed that the interaction resembles that in sheep.

3.3.2.4 Examples of Ac, from several rations

In Table 3, some estimates are made for true Cu absorption (Ac,) from examples of bovine
and caprine rations based on Mo and S concentrations. For fresh grass, hay and grass
silages mineral values of BLGG (Table 2) and for straw mineral values of NRC [98] are used.
Equation llla is used to calculate Ac,. As maize silage contains lower concentrations of S

’ Scottish Blackface sheep are not very prone to Cu toxicosis (see Chapter 7).
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and Mo, Ac, from maize silage is higher than that from grass silage. Using the actual Mo and
S concentrations in Dutch maize silage and using equation llla Ac, can be calculated to be
5.9%. For concentrates, a value of 9.1% as given for cereals (Table 11.1 in ref. [140]) is
used®. Predictions of Ac, from roughage / concentrate rations are speculative [140]. This
may be even more valid for grass silage/maize silage/concentrate rations and for extra
maize silage feeding to grazing animals. In the latter case, lack of data on DMI from fresh
grass even precludes any calculation of Ac,. Here, it is assumed that, if DMI of the different
ration components is known, Ac, of the total ration can be calculated as the weighted
average of those of the ration constituents.

Table 3 Examples of estimates of Ac, from ruminant rations

Category Ration (kg DM) Estimated Acy (%)
Separate Mean
Cow, dry, 40 weeks pregnant grass silage 7.5 3.6 3.9
barley straw 1.5 5.5
Cow, lactating, 40 kg milk fresh grass 12.9 3.6 5.8
concentrate 9.0 9.1
Sheep/goat, dry, last term pregnant | hay 1.0 3.6 5.4
concentrate 0.5 9.1
Lamb, growing fresh grass 3.6 3.6
Goat, lactating, 5 kg milk hay 1.0 3.6 7.4
concentrate 2.3 9.1
3.3.3 Interactions of copper and iron
3.3.3.1 Cattle

Antagonism between Cu and Fe can also affect (Ac,). To roughly assess the effect of Fe on
Cu absorbability, Fe:Cu ratios can be used [140]. Ratios > 100 indicate a high risk, whereas
ratios of 50 to 100 indicate a marginal risk of past or future Cu deficiency.

Calves on a milk-substitute ration containing either 10, 40, or 100 ppm Fe (DM) and either
0.5 or 5.5 ppm Cu had similar blood Cu, caeruloplasmin and hepatic Cu concentrations [19].
The same investigators [20;58] found no effect of the addition of 50, 250, or 500 ppm Fe on
liver Cu retention in preruminant Friesian calves on a milk-substitute ration (2 ppm Cu (DM)).
After weaning, liver Cu concentrations declined when additional Fe was given. Selected
results of this trial, as well as results of others, are given in Table 4. Normal milk replacers
contain 45 ppm Fe (first 6 weeks of fattening period) to 8-10 ppm Fe (7-23 weeks) [147] or
2.3 - 92 ppm Fe ° [142] in order to avoid a red meat colour. As these concentrations on
average are much lower than those used in the experiments described above, impairment of
Cu absorption by high dietary Fe concentrations will, therefore, be of no practical
significance in veal calves. On the other hand, the very low Fe concentrations in milk
replacers are thought to play a role in the extreme high accumulation of Cu in the liver of
veal calves [47].

The addition of ferrous sulphate to the ration of steers depressed the apparent Cu
absorption and also lowered hepatic Cu concentrations [122]. Similar observations were
made in dairy cows [25]. However, the effects produced by ferrous sulphate could be
theoretically related to the formation of sulphide and / or thiomolybdates in the rumen and
thus be independent of iron. As an example, the amount of Fe (500 mg/kg DM) from FeSO,
used in dairy cows [25] implied the addition of £ 0.3 g S/kg DM to a ration containing 2.5 g
S/kg DM. The S addition itself can, therefore, be assessed to be responsible for a reduction

8 No data on Cu and S concentrations given. Mo content is supposed to be < 2 ppm

(DM).

®  No data available on category or stage of fattening period (starting, finishing etc.)
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of Ac, of £ 0.8%. Results of these experiments have, therefore, not been included in this
study.

In several experiments, differences in clinical appearance between Fe- and Mo-
supplemented animals were remarkable (for details see Table 4) [20]. Although both groups
were Cu-deficient (low liver Cu concentrations), the Mo-supplemented animals showed
typical signs of Cu deficiency (changes in hair texture, coat depigmentation, stilted gait),
whereas the Fe-supplemented animals did not. Feed intake, weight gain and feed efficiency
were lower in the Mo-treated group than in the Fe-treated and untreated groups. Moreover,
Mo-treated animals showed higher liver Fe and lower plasma Fe concentrations, particularly
when growth rate was affected [104]. The reason for these differences between Fe- and Mo-
treated animals is not clear. The reduced weight gain could be explained by the impaired
feed intake and feed efficiency. The coat changes have been suggested to originate from
selective accumulation of Mo in the skin, producing a local Cu deficiency. On the other hand,
gait changes could be explained from increased Mo rather than decreased Cu
concentrations in (connective) tissues. Molybdenum can be absorbed as a thiomolybdate
(3.2.1.1). Release of Mo from this compound is uncertain, and under such circumstances
lower activities of Mo-dependent enzymes (e.g. xanthine oxidoreductase [124]) are possible.
Stiffness of gait might owe to conversion of xanthine oxidoreductase (from dehydrogenase
(D) to oxidase (O) type) which is thought to be involved in gait changes in rheumatoid
arthritis. Gait changes are frequently seen in cattle grazing Mo-rich pastures, whereas sheep
under similar conditions are not affected. As bovine tissues contain higher levels of the type
O activity of xanthine oxidoreductase than do sheep tissues, this finding could corroborate
the hypothesis [130].

Table 4 Selected results from experiments on the influence of dietary Fe
supplements on Cu status (n = number of animals; wk = weeks on
experiment)

Total dietary content (DM) | Liver Cu Plasma Cu
Ref [Category| n | wk [Cu [Fe [Mo |[S Initial [ Final [Initial [ Final | Type of ration
ppm g/kg ppm (DM) puM
[60] | beef 5 32 4.7 100 0.1 |28 110 72| 12.3| 15.7|barley grain +
calves 5 941 0.1 95 4| 11.8 3.3 | barley straw;
5 100 6.0 105 2| 12.3 2.4 | supposed to
5 941 | 6.0 104 2| 12.9| 2.2]contain 85% DM
[10 7 32 4.0 100 0.1 129 53| 15.9| 115
4] 7 600 0.1 134 6| 15.1 2.7
14 100 5.1 125 4.0| 156 1.9
[20] 6 24 | 40 | 100 | 0.1 43 9.3
6 396 0.1 9 6.8
6 693 0.1 13 3.0
6 989 0.1 7 3.0
5 41 100 0.1 95 10.9
5 278 0.1 10 8.4
5 100 24 3 1.5
5 278 24 1 0.9
[40; | beef 9 40 4.5 204 15 |30 9.4| 12.8| maize silage /
41] | cows 10 804 15 11.4| 12.9|soybean meal/
10 204 6.5 13.2 4.3 | urea
matching | 5 + 26 204 1.5 11.3 3.0
calves 8 804 15 11.5 1.9
9 204 6.5 11.7 1.1
[45 | grazing 6 12 7.8 206 0.13 3.9 239 ryegrass / white
a] |lambs 6 689 ¢ 131 clover pasture

% extra Fe supplied orally as FeSO,.7H,0 in gelatin capsules
As can be seen in Table 4, liver Cu concentrations are mainly influenced by dietary Fe

concentrations when Mo concentrations are very low (i.e. 0.1 ppm (DM)). Due to lack of data
it is difficult to determine the Mo concentration at which the Fe effect on Cu metabolism is
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overruled by the Mo effect. However, at 1.5-2.4 ppm Mo (DM) some Fe effect can be
observed, whereas no Fe effect is detectable when Mo concentrations are 6.0 ppm (DM).
This separate Fe-effect can be explained by the fact that Fe interferes with Cu absorption in
another way as Mo does. Iron is suggested to form FeS in the rumen. Subsequently, in the
abomasum the S is released from FeS to form CuS. This hampers Cu uptake, which does
not start anterior to the small intestine [62]. Thus, the action of Fe on Ac, is independent
from, but not really additive to the thiomolybdate action. Besides this, Fe,O3 can adsorb Cu
and in this way reduce Ac, [130]. When dietary Mo concentrations increase (e.g. to 2.4 ppm
(DM)), the Mo concentrations fully determine the liver Cu contents, without any additional
effects of dietary Fe. This is in accordance with the findings of others [140].

The possible antagonistic effect of dietary Fe on Cu absorption may be of practical
importance, as the Fe content of silage and forage, including dust or rain soil splash, can
range from 50 to 4000 ppm (DM) [60], and levels within this range could potentially influence
Cu absorption in ruminants [113]. The levels mentioned in Table 4 (e.g. 800 ppm additional
Fe) are thought to represent the amount of Fe in silage “available” for interaction with Cu
absorption along the intestine [60]. Soil can also hamper Cu absorption in ruminants [132;
133], but as soils contain varying amounts of Fe and Mo (and Cd and Zn, see 3.2.3 and
3.2.5) [131], the effect of soil must be interrelated with those of the trace elements
mentioned. Moreover, differences in impairment of Cu absorption exist between soil types
(maybe due to differences in physical adsorption of one or more of the interacting
components to the soil solids), clay and chalk soils causing a lower Ac, (1.7%) than does
sand (3.0%) [131; 132]. The inhibitory effect of ingested soil on Cu metabolism has been
shown to be dependent on the dietary S content. Chalk and clay soils containing 1500-2800
ppm Fe (DM) reduced plasma Cu concentrations when the S content of the diet was 4.1, but
not when it was 1.0 g/kg DM [131]. Iron was suggested to be the most likely soil component
to interact with S, as only soils low in Fe did not affect Cu metabolism. Due to the different
levels of Cd, Zn and Mo in the different soil types used, assessing the availability of Fe from
soils compared with that from FeSO, is difficult. However, adding 800 mg Fe (DM) from
FeSO, to a semi-purified diet of Cu-depleted ewes resulted in a similar true Cu absorption
(1.5%) as the clay and chalk soils (1.7%; 2800 and 1500 ppm additional Fe (DM),
respectively)[132]. The non Fe-supplemented control group and the sand-supplemented
group (140 ppm additional Fe (DM)) had substantially higher absorption values (3.1 and
3.0%, respectively). Finally, soil intake will vary depending on weather and soil type and sod
quality.

In conclusion, assuming the Fe x Cu interaction is the same in rations containing insufficient
and sufficient Cu, in rations of very low Mo content (0.1 ppm (DM)), from the data presented
in Table 4 the relation between dietary Fe concentration and either plasma or liver Cu
concentrations (24-32 weeks experimental period) can be roughly calculated by the
equations:

plasma Cu (uM) = 218.26 x Fe 6% R?=0.88
liver Cu (ppm (DM) = 8155.3 x Fe 182 R*=0.87
in which Fe = Fe content of the ration (ppm (DM)).

No suitable data on the bioavailability of Fe in drinking water on Cu absorption in cattle are
available. As an example, the quantitative significance of the amount of Fe from drinking
water can be estimated. The Dutch maximum tolerable level of Fe in drinking water for cattle
is 2.5 mg/L [27]. If this threshold value is not exceeded, Fe intake from drinking water of a
dairy cow consuming 120 L water/day will be up to 300 mg Fe/day. Average Fe content (all
Dutch soils) of grass silages is approx. 400 ppm (DM). Lactating dairy cows consuming a

19 Absorption coefficients for Cu calculated from the increments in plasma Cu relative to

that produced by intravenously applied Cu [125]
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ration of 11.9 kg DM of grass silage (400 ppm (DM)) and 12 kg of concentrates (200 ppm
Fe) have a total daily Fe-intake of 7160 mg. Similarly, on a ration consisting of 11.9 kg DM of
maize silage (200 ppm Fe (DM)), 4 kg of soybean meal (230 ppm Fe) and 8 kg of
concentrates (200 ppm Fe) daily Fe-intake will be 7280 mg. The highest Fe concentration in
ground and surface water in the Netherlands is = 8 mg/L. Even then, Fe intake from drinking
water will not exceed + 1000 mg/day. Under normal conditions, the contribution of Fe from
drinking water will, therefore, be relatively minor. As discussed in CVB Documentation
Report Nr. 40 (CVB, 2005), the contribution of elemental Fe from wastage of concentrate
processing equipment can be ignored.

3.3.3.2 Sheep

In two experiments with sheep [3; 48] the effect of Fe from FeSO,4.7H,O on Cu metabolism
was measured. Concerning the use of FeSO, the same remark as made for the cows is
valid. However, as the additional amount of Fe used in one of the experiments was small (15
ppm Fe [3]), the extra amount of S supplied in this way was very small (8 mg/kg of diet). The
results of this experiment were included in this study, whereas those from the other trial [48]
were not.

Selected results of two suitable experiments are given in Table 5.

Table 5 Selected results from two experiments on the influence of Fe on Cu
metabolism (n= number of animals/group; wk = weeks on experiment)

Total dietary content plasma Cu
(BM)
Ref. [nJwk [Cu [Fe [Mo |[S Final liver Cu |initial [final |type of ration
ppm g/kg ppm (DM) uM
[3] 14| 12 4.7 221075 | 1.8 198 7.8 7.8 | maize / rice bran /
4 39 196 7.8 6.3 | groundnut cake /
(4] 10.3%| 22 822 7.8| 15.7 | palm kernel meal /
4 39 769 7.8 15.7 | forage”
[105] |6 | #17 | 4.0 169| 1.2 | 29 297 14.0 | 14.3 | grass pellets / maize®
16 | 499 270 14.8| 13.1
16 | 829 242 14.3| 115
6 1488 186 14.6| 10.2

3 extra Cu from CuS0,.5H,0; ® supposed to contain 88% DM:; ¢ supposed to contain 91%
DM.

Due to scarcity of data comparison with cattle data (Table 4), quantification of the Fe-effect
is difficult. In general, duration of the cattle experiments was longer, whereas hepatic Cu
concentrations were lower. On the other hand, the 1488 ppm Fe (DM) concentration in
experiment [105] substantially exceeds the concentrations used in cattle. The differences in
total dietary Fe concentrations in experiment [3] seemed to be too small to evoke clear
alterations in Cu status. However, also in sheep Fe reduces Cu status.

The presence of soil in roughages can also hamper Cu absorption in sheep. True Cu
absorption™ in sheep consuming a roughage-based ration containing 10% soil (DM basis)
was lowered by + 50% (from 3.1 to 1.7% [132;133]). This research group demonstrated clay
and chalk soils (supplying 1500-2800 ppm Fe (DM)) to lower plasma Cu concentrations in
sheep [132]. After 21 days on the experimental diet (9.9 ppm Cu, 4 g S/kg (DM), Mo content
not given) plasma Cu concentrations were lower (no statistical data given) when compared
to a control group not ingesting soil. In a second experiment this effect could not be
repeated, whereas a Fe supplement (supplying 800 mg Fe/kg diet DM from FeSO,) was
equally effective in both experiments. Factors other than Fe in soil may, therefore, affect Cu
absorption.

1 Absorption coefficients for Cu calculated from the increments in plasma Cu relative to

that produced by intravenously applied Cu [125].
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3.3.3.3 Goats

In Dutch White dairy goats (51.0 kg BW, 6 animals) on a hay/concentrate ration, Schonewille
et al. [113] found significant reductions in plasma Cu, caeruloplasmin activity and hepatic Cu
concentrations when a high dose of Fe was added to the ration. The experimental rations
contained either 269 or 2380 mg Fe/kg DM (from ferrous fumarate; 56x56-day cross-over
design). After feeding the high-Fe instead of the low-Fe ration, plasma Cu concentrations
were 14.4 vs. 17.6 uM, plasma caeruloplasmin activities were 273 vs. 315 absorbance units,
whereas hepatic Cu concentrations were 2.9 vs. 4.0 ug/g DM, respectively. However, only
hepatic Cu concentrations were significantly lower in the high-Fe compared to the low-Fe
group (p = 0.0497).

3.34 Interactions of copper and zinc

Interactions between Cu and Zn within the intestinal tract are important for the amount
absorbed of these elements. In rats, mainly increased concentrations of Zn can induce the
synthesis of thionein. This protein binds Zn or Cu, thereby forming metallothionein [29]. As
Cu is bound to thionein in intestinal cells, it is less available to the animal. By desquamation
of the intestinal cells Cu is subsequently lost with the feces. Therefore, excess dietary Zn
may cause a shortage of Cu. In sheep, this induction of metallothionein formation is far less
than in rats. Dietary concentrations up to 48 ppm Cu and up to 543 ppm Zn do not or hardly
induce intestinal metallothionein formation [110]. Therefore, it is not clear as to what extent
Zn-induced metallothionein formation can influence Cu absorption from the intestine in
ruminants.

3.3.4.1 Cattle

No data on a Cu x Zn interaction in cattle are available.

3.3.4.2 Sheep

In sheep, a protective effect against Cu toxicosis of feeding either 220 or 420 ppm Zn
compared with 43 ppm Zn in lambs was observed [21]*2. However, these Zn concentrations
are extremely exceeding those found in normal Dutch silages (Table 2) and are, therefore, in
general of no practical value. However, in the vicinity of Zn-processing industries values up
to 601 ppm Zn (DM) have been found in maize silage [83]. In such areas the Zn content of
the forages will be high enough to hamper Cu absorption.

3.3.4.3 Goats

No information is available on any interaction of dietary Cu and Zn in goats.

3.3.4.4 Conclusion

In Dutch roughages, the Cu content is reported to be 4.8-10.4 ppm (DM) and the Zn content
is 20-62 ppm (DM) (Table 2). As discussed by Jongbloed et al. [68], for Dutch cattle current
practical levels in concentrates are 27-32 ppm Cu (DM) and 78-85 ppm Zn (DM). As there is
no direct evidence, it is not possible to judge the importance of Cu*Zn interactions in
ruminants. However, in the light of the values mentioned for sheep compared with the
current practical Dutch levels, Cu-Zn antagonism does not seem to be of practical

12 Assuming a DM content of the barley/fishmeal/distillers dark grains ration of 90%, these
concentrations correspond with 244, 467 and 48 ppm Zn.
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importance for ruminants [140], except ruminants receiving forage harvested in the vicinity of
Zn-processing plants.

3.35 Interactions of copper and phytate

Phytate can affect the bioavailability of several minerals and trace elements [72]. Xu et al.
[156] carried out an experiment with two groups of veal calves. The control group was fed
milk replacer as the sole feed. In the ration of the experimental group, part of skim-milk
powder in the milk replacer was replaced by soybean protein concentrate. When compared
to the control group, in the experimental group no effect on hepatic Cu concentrations was
observed, although plasma Cu concentrations in this group were slightly lower during the
first weeks of the experiment.

As in ruminants the ruminal flora produces phytase, no negative effect of phytate on Cu or
Zn bioavailability in ruminants may occur. As yet, no experimental results on this subject are
available (H. Valk, personal communication).

3.3.6 Interactions of copper and cadmium

3.3.6.1 Cattle

In fattening bulls, Anke et al. [10] could not demonstrate significant effects of the addition of
3 ppm Cd on liver Cu concentrations. When supplements of either 10 g S/kg and 10 g S/kg +
3 ppm Cd to a ration (no further details given) were given for 28 weeks, liver Cu levels were
36 and 46 ppm (DM), respectively.

3.3.6.2 Sheep

No data are available on any effect of Cd on Cu metabolism in sheep.

3.3.6.3 Goats

In two reports concerning pregnant goats supplemented with 75 ppm Cd (semi-synthetic
diet, no data available), reductions of Cu contents of tissues of both dams and kids were
demonstrated [8;9]. None of the lambs born from dams receiving 75 ppm Cd was viable,
whereas 50% of the dams in this group aborted. Selected data are given in Table 6. In the
second experiment [8], Cu concentrations in liver, kidneys and hair were very similar to
those reported for the first experiment. Possibly the data of the second report originated from
the same experiment. No statistical data were given.

3.3.6.4 Conclusion

Under practical circumstances, Cd concentrations in herbage from non-polluted areas range
from 0.1-0.8 ppm (DM), whereas those in industrially polluted areas is 1-21 ppm (DM) [91].
The results obtained with bulls and sheep are, therefore, more or less of practical
importance. The reported goat data can be ignored because the Cd levels applied
substantially exceed those occurring in practice.

Regarding the relatively low Cd level applied, the Cd effect on Cu status (if any) in the
experiment with bulls may have been overridden by the relatively large S addition. In ewes
and lambs, Cd levels similar to those occurring in practice may depress Cu levels in blood
and tissues. However, as Cd effects are less evident in mature sheep than in lambs and the
relative decreases in liver Cu concentrations observed are rather different between the
experiments, quantification of the Cd effect on Cu status is precluded.
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Table 6 Selected data of Cu status from experiments with sheep and goats given
graded dietary Cd supplements

Ref Category n | Total Cd | Blood CP Cu concentration (ppm (DM))
(ppm) | Cu (M) | (IU/mL)
ppm (DM) ppm
Liver Spleen Kidney Milk Hair
[91] | Ewes 4 0.7 185
4 3.5 174
4 7.1 131
4 12.3 59
matching 5 0.7 13.2 27 101
lambs 5 3.5 8.8 18 22
4 7.1 9.9 22 62
6 12.3 6.9 15 13
[32] | Lambs 6 0.2 688 12.70 14.9
6 52 318 D 7.98 D 18.6
6 15.2 363 D 7.72 D 17.6
6 30.2 290 D 6.90 D 18.8 D
6 60.2 194 D 822 D 20.0 D
[80] | Wethers ? 0 12.9 123
7.5 11.3 83
15 10.1 D 75D
9] female goats ? 0 (a) 39 (b) 47 (b) 2.7 8.9
75 (a) 16 D,b 40 (b) 1.4 D 27D
matching 0 (a) 218 (b) 90 (b) 8.3
kids 75 () 19D,b 26 (b) 9.4

CP = Caeruloplasmin activity; D = significantly different from lowest Cd level; (a) = added
Cd; (b) = assuming DM contents of liver (29%) and kidney (21%) [14]; n = number of
animals[89].

3.3.7 Interactions of copper and either calcium and/or phosphorus

3.3.7.1 Cattle

When a maize silage/hay/concentrate ration of lactating cows (mean milk yield 17.5 kg) was
enriched in Ca, the course of liver Cu concentrations resembled that of cows on the non-
supplemented ration [57]. When both Ca and P were increased, the decrease in liver Cu
content was significantly less than in the other groups. The non-supplemented ration
contained 8.8 g Ca, 4.7 g P and 6 mg Cu/kg. In the Ca-supplemented ration (from CaCOs)
the Ca content was increased to 23.0 g Ca/kg, whereas the Ca and P supplemented ration
(from tricalcium phosphate) contained 23.0 g Ca and 12 g P/kg. The experiment lasted for
12 months. Initial liver Cu concentrations were approx. 200 ppm (DM). Final liver Cu
concentrations were 58 (non-supplemented), 77 (Ca-group) and 134 ppm (DM)(Ca + P
group). The reason for this difference is not clear.

In steer calves, the addition of P (from NaH,PO,) and Ca (from limestone, 38% Ca) to a
maize/hay/soybean meal ration slightly depressed liver and spleen Cu concentrations and
apparent Cu absorption [121]. The low- and high P rations contained 2.3 g P and 2.6 g
Calkg vs. 4.6 g P and 5.2 g Ca, respectively. After 77 days, liver Cu concentrations were 134
and 93 ppm (DM) for low- and high P rations, respectively.

3.3.7.2 Sheep

No data are available on any effect of dietary Ca and/or P on Cu metabolism in sheep.
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3.3.7.3 Goats

In non-lactating goats (56 kg BW), feeding a barley straw/concentrates ration containing
either 3.8 or 15.4 g Ca/kg (from CaCOg3) for 28 days, had no significant effect on apparent
Cu absorption or plasma Cu concentrations [112].

3.3.7.4 Conclusion

In the few experiments mentioned unphysiologically high Ca and/or P concentrations were
employed. Therefore, although an increase of both Ca and P within physiological limits tends
to depress liver Cu concentrations and apparent Cu absorption in calves, no convincing
evidence has been reported as to any practical importance of increased dietary Ca and P
concentrations. Increasing solely the dietary Ca concentrations does not influence Cu
metabolism in ruminants.

3.3.8 Interactions of copper and lead
3.3.8.1 Sheep

The addition of up to 1000 ppm Pb during 75-84 days to a ration consisting of maize,
cottonseed hulls, soybean meal and grass hay fed to wethers did not significantly influence
Cu concentrations in tissues [37; 102].

3.3.8.2 Cattle and goats

No data are available on the interaction of Pb and Cu in cattle or goats.

3.3.8.3 Conclusion

Practical levels of Pb on forage downstream a lead smelter are reported to be 163-212 ppm
compared with 5 ppm before the start of the smelter [35]. Assuming a DM content of fresh
grass of 16% [24], these concentrations are 1019-1325 and 31 ppm (DM), respectively. This
value is in accordance with others (500-1000 ppm (DM)) in Pb-contaminated areas. Lead-
dust contaminated plants cannot be easily cleaned with water [50]. The Pb concentrations
used in the sheep experiment are, therefore, applicable to Pb-polluted areas. However, as
even at these Pb levels no effect of Pb on tissue Cu accumulation could be demonstrated,
Pb x Cu interactions are of no practical importance.

3.3.9 Interactions of copper and manganese
3.3.9.1 Sheep

Sheep fed 8000 ppm additional Mn from MnO for 6 weeks showed significant increases of
serum and renal Cu concentrations, whereas those in liver and muscle were slightly
increased [18].

3.3.9.2 Cattle and goats

No data are available on any interaction of Mn and Cu in cattle or goats.
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3.3.9.3 Conclusion

As the Mn level used in the sheep experiment extremely exceeded that found in forages
(e.g. sweet clover (20 ppm (DM)) [38], these results do not supply convincing evidence as to
any Cu x Mn interaction under practical circumstances.

3.4 Recycling

Part of the Cu that is excreted via the bile into the intestines, as well as Cu from
desquamated intestinal cells is subsequently taken up (enterohepatic recycling). The extent
to which recycling occurs in ruminants, and its vulnerability to impairment by thiomolybdates,
remains to be investigated [140]. However, studies with wethers on semi-purified diets (10.8
ppm Cu) showed a 2.5-fold increase in faecal endogenous Cu losses™ after
supplementation of the diet with 25 ppm Mo and 2.5 ppm S [119]. Comparing two diets (hay,
barley, canola meal) containing either 5 or 40 ppm Cu (DM) fed to heifers during 2 months,
biliary Cu excretion** was significantly higher (0.19 vs. 0.13 mg/6 h) in the 40 ppm-group
[45].

3.5 Excretion

Excretion of Cu mainly occurs via the faeces. In all ruminants, the endogenous losses via
the urine are constant [11; 140] and relatively low. They were estimated to be 0.05 mg/day in
sheep and 0.2-0.5 mg/day in cattle. These values are probably estimated in adult animals
[11]. In growing, weaned ruminants, urinary Cu excretion accounted for 1.8 (calves) or 0.7%
(goat kids) of total daily Cu intake, whereas the contribution of faecal Cu was 57.5 vs. 60.5%
of daily intake for calves and goats, respectively [70]. In wethers, the addition of 4 g S/kg and
50 ppm Mo to a ration (corn products and soybean protein, 13 ppm Cu, 0,3 g S/kg) for 120-
180 days increased urinary excretion of Cu. Day-to-day variation in urinary Cu excretion was
considerable [86]. The chemical nature of these Cu compounds in the urine is unclear. In the
control group not receiving extra S and Mo urinary Cu output remained at a constant, low
level. Anyhow, Cu excretion via the urine seems not to be very important in the regulation of
Cu metabolism.

13 Measured using the fecal excretion of ®*Cu excretion after an intraruminal dose (via a

fistula) of ®*Cu
Measured using animals with a surgically modified duodenum enabling bile flow and -
composition determinations [136]
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4 COPPER REQUIREMENTS

The Cu requirements of adult animals are determined by the endogenous (inevitable) losses,
secretion into milk and wool or hair growth. In growing and pregnant animals Cu is also
deposited in growing (foetal) tissues. The total of these requirements for a certain animal
category (e.g. adult, lactating sheep) is the net requirement. The gross requirement is
defined as the net requirement x 100/A¢, (with Acy in % units).

4.1 Cattle
41.1 Dairy cattle

Based on 4 experiments with a total of 9 groups of cows the ARC assesses the total
endogenous Cu loss to be 7.1 pg/kg BW/day (number of animals unknown) [11]. One of the
experiments is carried out using a semi-synthetic diet based on starch and urea. Using this
value, for a 650-kg cow the endogenous loss is 4.6 mg/day. However, from an intravenous
repletion trial with growing cattle (see below) Suttle derived a value of 3.4 ug/kg BW as
maintenance requirement [127], rounded up to 4 pg/kg BW for cattle and sheep [140]. The
Cu concentration in growing tissues (when the liver is included as part of the carcass) is 1.15
mg/kg [98]. In an intravenous repletion trial, 0.5 mg Cu/kg gain was calculated [127]. In order
to calculate minimal requirements, the latter value is adopted for all ruminants.

The intravenous repletion trial mentioned above [127] was carried out using animals that
were at the lower limit of plasma (7.9 uM) and liver (10-20 ppm (DM)) Cu concentrations and
animals were intravenously repleted as to prevent hypocupraemia. The values obtained for
both endogenous loss (maintenance) and growth can, therefore, be considered to be
“‘minimal”. However, as the experimental evidence for the former value (7.1 ug/kg BW)
seems to be more comprehensive, this value is used to calculate requirements.

In the pregnant uterus, an amount of 0.61 (140 days) to 2.07 mg/day (281 days) is
incorporated [54], which can be simplified to 0.5 (<100 days), 1.5 (100-225 days) or 2.0
mg/day (>225 days) [98;98]. As no different Cu levels have been applied during gestation
(dietary Cu level slightly increased from 10 (late lactation) to 12 ppm (DM) (late dry period)
[54], qualification of the calculated values as “minimal” or “optimal” is precluded.

Colostrum is reported to contain 0.6 mg/kg [98]. In literature, different values are given for
the Cu content of mature bovine milk (mg/kg milk; 1L of milk is supposed to be 1 kg): 0.02
[82], 0.03-0.17 [66], 0.05-0.30 [75], 0.07 [4], 0.1 [11], 0.11 [76], 0.12 [81], 0.13 [36], 0.15 [98],
0.16 [114] and 0.19 [120]. The National Research Council [98] has even recently increased
the estimation from 0.10 to 0.15 mg/kg. However, the Nederlands Instituut voor
Zuivelonderzoek (NIZO Food Research) uses a value of 0.02-0.05 mg/kg. This value is
based on own research and data from the International Dairy Federation. The Cu content of
milk is often overestimated due to easily occurring Cu contamination from the environment
(G. Ellen, personal communication). The mean of these values (0.04 mg/kg) is adopted to
calculate requirements. A substantial increase of the Cu content of the feed during 6 weeks
did not result in an increased Cu concentration of the milk. Control cows received + 300
mg/day via the feed, whereas cows in the experimental groups (6-13 animals) received 550-
840 mg/day. Mean Cu concentrations in milk of control and experimental groups were 0.16
and 0.17 mg/kg, respectively [114; 115]. On the other hand, two experiments with cows
consuming Cu-deficient hay/concentrate rations revealed substantial increases in milk Cu
concentrations after feeding rations with high Mo concentrations. Some selected data are
given in Table 7. No data on S- and Mo-contents of the basal rations were given. After
feeding 50 ppm extra Mo (from Na,Mo00O,.2H,0) during 225 days the Cu concentration of the
milk was 0.43 ppm, while the Cu concentration of the milk from the control group (no Mo
added) was 0.16 ppm [141]. However, if 5 ppm Mo was added to the ration, the Cu content
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of the milk approximated that of the 50 ppm Mo-group (Table 7). The Mo treatment used in
this experiment, therefore, did not consistently influence the Cu content of the milk. After 300
experimental days, all milk Cu concentrations were 0.06 or lower. When (in a subsequent
trial) beside Mo also 3 g S/kg was added, Cu concentrations of the milk decreased.
However, Cu concentrations of the milk substantially varied. If animals only received extra
Mo, no clinical signs of Cu deficiency were observed. Rations containing 3 g added S/kg and
at least 50 ppm Mo resulted in signs as alopecia and discolouring of the coat.

In another experiment [56], the animals were kept on a diet containing 53 ppm Mo for 2
months. Subsequently, half of the animals were placed on a ration containing as much as
173 ppm Mo. Initial mean Cu concentration of the milk was 0.10 ppm. Final milk Cu
concentrations were substantially higher (Table 7). Some animals receiving 173 ppm Mo
showed growth retardation relative to those receiving 53 ppm Mo.

In itself, milk Cu concentrations could be expected to decrease after addition of Mo and/or S
to the ration. The formation of thiomolybdates reduces Cu uptake from the intestines,
thereby reducing the amount of Cu available for secretion into milk. Neither the reason for
the increase in Cu contents of the milk observed in these experiments, nor the exact nature
of the Cu compound determined in the milk is clear.

Most of the data from these two experiments cannot be used to reliably assess the milk Cu
content of Dutch dairy cows, as the (added) Mo concentrations used far exceed those
usually present in Dutch forages (Table 2). Moreover, dietary composition is not sufficiently
described (S- and Mo concentrations of the basal rations), thus precluding sound
interpretation of the data.

Table 7 Some selected data of 2 trials with dairy cows on diets with several amounts
of added Mo and/or S (n = number of animals per experimental group)

Trial | Lengt | N| Dietary | Dietary Mo (ppm) | Added Cu milk Cu serum /| Cu liver
h Cu (ppm) S (g/kg) (Ppm) blood (uM) |  (ppm
(days) (Bm))
[141]| 225 [3]2 0 (added) 0 0.16 12.6 122
13| 5 (added) 0 0.41 11.8 77
13 ] 0 (added) 3 0.03 11.5 85
13 ] 50 (added) 0 0.43 10.7 18
3 3 0.03 11.0 14
[56] 120 |4 | 6.4 (DM) 53 (total) 0 1.11 17.5 25.1
4 173 (total) 0 131 18.6 12.6

Contrary to the NRC [98], it seems to be more reliable to adopt a value of 0.04 mg Cu/kg
milk.

It can be concluded that mainly the animals not receiving concentrates (growing and dry
cattle) can be prone to the development of Cu deficiency. This effect is most extreme on
roughages from peat and clay soils, as the Cu requirement on such rations is relatively high.
In a report on the Cu status of Dutch dairy cattle [100], the Cu status of dairy cattle grazing
peat soils in the western part of the Netherlands was surveyed. Both Cu, Mo and S intakes
of cattle in this area are high, whereas grass (silage) constitutes a large part of the ration.
However, blood Cu levels did not reveal deficiencies. On the other hand, blood Cu levels are
not very reliable indicators of Cu deficiency [90] (see 10.6). Liver Cu levels in slaughter cows
from the same area were relatively low (on average 166 ppm (DM); + 12% of the values <25
ppm (DM); mean values for the whole country ranging from 65-412 ppm (DM)) [17].

41.1.1 Quantitative significance of the hepatic Cu stores.

Copper requirements are determined by the endogenous losses and the Cu needs for milk
production and growth. Besides this, Cu storage in the liver is important to cope with daily
fluctuations in Cu supply. The amount of Cu stored in the liver can be calculated from the
hepatic DM-weight and Cu concentration. Copper distribution through the liver tissue is more
or less homogeneous when hepatic Cu concentrations are high (>1200 ppm (DM) [1]),
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whereas distribution can be homogeneous [78] or not [16] if hepatic Cu concentrations are
low (25-30 ppm (DM)). Regarding these observations, assessment of the total amount of
liver Cu from relatively small liver samples will be most reliable in the case of high liver Cu
concentrations.

The DM-weight of the liver can be assessed using the equation:

DM weight of the liver (g) = a x BW (kg) [11]. (V)

This equation is based on carcass analysis data. The value of a lies between 5.3 and 3.8
and is inversely related to BW and growth. However, as it is not clear which of these values
has to be used for mature dairy cattle, the average of these two values (i.e. 4.6) seems
reasonable. Another experiment with cattle (BW 98-419 kg) resulted in a slightly different
equation for the calculation of the DM weight of the liver [88].

DM weight of the liver (g) = 300 + 3.3 x BW (kg). V)

Regarding the body weights this equation has possibly been derived from data of growing
cattle. Nevertheless, no correction is made for age or growth rate. Using equation 1V, the
DM-weight of the liver of a 650-kg cow is 2.5-3.4 kg, i.e. on average + 3.0 kg. Using equation
V, the DM-weight of the liver of such a cow is 2.4 kg. A value of 2.7 kg for the DM-weight of
a 650-kg cow seems, therefore, defendable.

For sheep, the DM weight of the liver can be calculated using the equation (18 lambs,
r’=0.81) [51]:

DM weight of the liver (g) = 90.79 + 0.9439 x BW (kQ). (V1)

As to what extent equation VI is also valid for goats, is unclear.

As an example, the significance of liver Cu stores in cattle is calculated. If the hepatic Cu
concentration is very low (20 ppm (DM)) [106] (cattle with liver Cu concentrations <30 ppm
(DM) not being able to maintain normal plasma Cu concentrations [90]) the liver will contain
+ 55 mg Cu. In a Dutch survey (14 cows) bovine livers appeared to contain on average 47.5
mg Cu/kg wet weight. Assuming the DM content of bovine livers is 25 [98] to 29% [14], the
total amount of hepatic Cu in the Dutch survey was + 475 mg/cow. On the other hand,
hepatic Cu concentrations of + 400 ppm (DM) are considered to be the upper limit of
adequate concentrations ([106], no background data given). Then, the total amount of Cu
will be + 1080 mg.

Using these data, the relevance of the Cu stores can be assessed. An adult 650-kg cow
producing 40 kg of milk needs 4.6 + 1.6 = 6.2 mg absorbed Cu (endogenous loss + milk).
Assumed that (1) the ration contains no copper, (2) the liver of this cow contains 400 ppm
Cu (DM), (3) this would decrease to 20 ppm (DM), (4) all hepatic Cu is available for the cow
and (5) the endogenous losses do not change depending on the amount of Cu present in the
liver, then the liver Cu store is sufficient to cover the needs of the animal during maximally +
23 weeks on a severely Cu-deficient ration. If the initial concentration is 100 ppm (DM), then
the hepatic amount of Cu is only sufficient for maximally 3.5 weeks. For a cow yielding 20 kg
of milk, these periods are 22 and 4.5 weeks, respectively.

41.1.2 Depletion rate of Cu from the liver.

In calves (18-21 animals, 74-125 kg BW) on a semi-synthetic diet (1.0-1.4 ppm Cu (DM)),
the depletion rate of Cu from the liver was described by the following equation [88;117]:

Cuy=Cugxe -0 i
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in which Cu y = liver Cu concentration on day tO (ppm (DM))
Cu 4 = liver Cu after (t1 — t0) days (ppm (DM))
k =0.0273 +£ 0.0008

Thus, the rate of decline of the liver Cu concentrations depends on the amount of Cu present
in the liver. As this rate exceeded the Cu requirement for growth, the authors concluded that
the endogenous Cu losses are also related to the amount of hepatic Cu. This dependence of
the rate of decline of liver Cu concentrations from initial Cu concentrations is in accordance
with other results [128]. However, as hepatic Cu concentrations in calves of 117 kg BW and
growing 0.76 kg/d fell from 100 to 48 ppm (DM) in not more than 20 days, equation VIl as
well as the considerations in paragraph 4.1.1.1 on the quantitative relevance of hepatic Cu
stores may not be valid under all conditions [128]. When assessing the endogenous losses,
the ARC [11] does not take into account the initial amount of Cu present in the liver. The
fixed value for endogenous Cu loss as given by the ARC (7.1 pug/kg BW) has, therefore, to
be used with caution. The same remark may, however, be valid for the value of 4 ug/kg BW.

In beef heifers consuming prairie hay (3 g S/kg, 2.3 ppm Mo and 1.5 ppm Cu), after 60 days
the liver Cu content had decreased from + 55 to 38.9 ppm (DM)[12]. After 45 days repletion
with Cu (either as sulphate or proteinate) the liver Cu content had increased to 88.9 or 106.6
ppm (DM) (difference not significant). While the Cu concentration in the ration was
comparable to that used in the calves, both depletion and repletion occurred at a much
slower rate than in the calves. Therefore, it is not clear as to what extent equation VIl can
also be used for beef or dairy cattle on usual roughage / concentrate rations.

In milk-fed animals, hepatic Cu retention may be equivalent to about 50% of the dietary Cu
intake [11]. In ruminating lambs (9 months of age, 38 kg BW, 125 days on experiment),
hepatic Cu retention declined from 2.0 to 0.3% (lle de France) or from 1.3 to 0.2% (Merino)
of dietary Cu intake when dietary Mo additions were raised from 0 to 8 ppm. The non-
supplemented ration contained 30 ppm added Cu and 5 g added S/kg (mean daily intakes
36.3 mg Cu and 3.7 g S/lamb) [51]. In housed Scottish Blackface lambs, liver Cu
concentrations were related to the daily Cu intake as described by the equation [53]:

Liver Cu (ppm (DM)) = 109.3 + 23.54 x mean daily Cu intake (mg) (VI
(p = 0.0001; 43 groups of lambs; 16-20 weeks experimental period).

41.2 Beef cattle.

According to the NRC [97] the dietary Cu requirement of beef cattle is 10 ppm, but can range
from 4 to over 15 ppm (depending on dietary Mo and S concentrations). This amount should
be sufficient when dietary S and Mo concentrations do not exceed 2.5 g/kg and 2 ppm,
respectively. For cattle grazing pastures containing 3-20 ppm Mo, dietary Cu concentrations
of 7-14 ppm were inadequate. In feedlot diets containing a relatively large proportion of
concentrates, Cu may be more available and, hence, the Cu requirement may be less than
10 ppm.

Moreover, breed differences may exist, Simmental and Charolais cows being more prone to
Cu deficiency than Angus cows. However, as yet there is no reason to carry out separate
calculations for Cu requirements of beef cattle of different breeds.

Recently, an equation for the assessment of dietary Cu requirements of beef cattle related to
dietary Mo and S concentrations was derived from meta-analysis of literature data by
Jongbloed et al. (Mo = ppm (DM) and S = g/kg DM) [69]:

Cu (ppm (DM)) = (0.309 + Mo x 0.042 + S x 0.311)/(0.095 — 0.005 x Mo) (IX)
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At any dietary Mo and S concentrations, this equation calculates the dietary Cu
concentration at which the liver Cu concentration remains constant for a period of 100 days.
Unfortunately, it was not possible to derive equations for dairy cattle (too few data available)
and sheep (no statistical significant outcome, maybe due to breed differences). Although the
use of this equation is attractive, this precludes a factorial approach of Cu requirements.
Therefore, the factorial approach is also used to calculate beef cattle requirements.

4.2 Sheep

Calculation of the Cu requirements of sheep is essentially similar to that of cattle (same
values/calculations for Ac, (equation Illa) and endogenous Cu loss). However, for breeds
sensitive to Cu deficiency, the calculated values may be too low, for breeds sensitive to Cu
toxicosis (e.g. Texel breed) these values may be too high. Endogenous loss (metabolic
faecal + urinary losses) is estimated to be 4 pg/kg BW/day, although it may vary with the Cu
status of the animal. Copper accretion in growing body tissues is assessed to be 0.5 [140]*
or 1.1 [45b]*® mg/kg gain'’. A mentioned, a value of 0.5 mg/kg gain is adopted for all
ruminants.

For pregnant animals, net Cu accumulation of uterine contents was estimated to be 15, 85
and 186 pg/day during the first, second and third trimester [93]. It is not clear as to what
extent these estimated Cu accretion values are valid for twin foetuses. However, these
values allowed for the build-up of foetal Cu levels (44 ppm (or + 160 ppm (DM))) within
marginal bands for newborn calves (50-200 ppm (DM)[140]) and can, therefore, not be truly
classified as “minimal’.

Lactating ewes secrete 0.24-1.20 mg Cu/kg of milk in early lactation, whereas 0.11-0.32 mg
Cu/kg of milk is secreted in late lactation [11; 151]. In another report, a value of 0.49 ppm is
reported™® [152]. Arbitrarily, to avoid extremely high Cu requirements for sheep the lowest
value (0.11 mg/kg) is adopted. Mature milk of Massese sheep contains 0.52 mg/kg. This
concentration does not differ significantly between parities [23].

Finally, wool contains on average 5 mg/kg DM. Therefore, in low-yielding breeds as the
Welsh Mountain wool production will require a net amount of 5 mg Cu/year, whereas high-
yielding breeds as the Merino will need a net amount of 18 mg [11]. On average, daily Cu
need for wool growth is assessed to be 0.03 mg/day.

4.3 Goats

Factorial estimation of Cu requirements of goats is hampered by a lack of data. As no
separate information is available on Ac,, endogenous Cu loss or Cu content of growing
tissues or pregnancy, for the parameters mentioned the values for cows and sheep are
used. Thus, for calculation of A, equation llla is used, and for endogenous Cu loss and Cu
content of growth values of 4.0 ug/kg BW and 0.5 mg/kg growth are adopted, respectively.
For pregnant goats, the values for sheep will be used (i.e. 15, 85, 186 pg/day). For the last
trimester of pregnancy, a rounded value of 0.19 mg/day is adopted.

Goat colostrum contains (mg Cu/kg) 1.2 (day 1) to 0.6 (day 2), whereas mature goat milk
contains (mg Cu/kg) 0.07 [14; 28], 0.12 [82], 0.173 [108], 0.22 [15] or 0.39 [101]. The 0.39
mg/kg value is considered to be an abberating high value, which is excluded from the
calculation. The average of the remaining values for mature milk is 0.15 mg Cu/kg. As no

15
16
17
18

Origin of value unclear.

Derived from a comparative slaugther experiment.

Breeds not given.

Maize silage/barley diet containing (DM) 4.5-4.9 ppm Cu, 0.9 ppm Mo and 1.4-1.5 g
S/kg.
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data are available on Cu content of goat hair, for fibre-producing goats the value for sheep
(0.03 mg Cu/day) is adopted.

No data are available on differences in Cu requirements between breeds, and especially for
fibre-producing goats (Cashmere and Angora) information is lacking [6].

4.4 Conclusion

The following equation can be used to calculate the required Cu-concentration of ruminant
rations:

C= (BW x a) + (kg milk x b) + (kg growth x 0.5) + c
Ac, /100 x DMI

in which C =required dietary Cu concentration (ppm (DM))
BW = body weight (kg)
Acy = true Cu absorption (%), calculated using the above equation llla and
assuming these equation can be used to calculate Ac, of the total ration (see
10.3.2.1.4)
DMI = dry matter intake (kg/day).
endogenous Cu loss = 0.0071 mg/kg BW/day
a = endogenous Cu loss = 0.0071 mg/kg BW/day (dairy cattle and beef cattle)
or 0.004 mg/kg BW/day (sheep and goats)
b = Cu concentration of milk (mg/kg)
¢ = amount of Cu needed for pregnancy (mg/day)

For dairy cattle, b = 0.04 mg/kg, c increases from 0.61 to 2.07 mg/day (from 140 to 281 days
of pregnancy, respectively) [11]. For the last weeks of pregnancy, a rounded value of 2
mg/day is adopted.

For sheep, b = 0.11 mg/kg, c = 0.015, 0.085 or 0.186 mg/day for the 1st, 2nd or 3rd trimester
of pregnancy, respectively [11]. For the last trimester of pregnancy, a rounded value of 0.19
is adopted.

For goats, b = 0.15 mg/kg, for ¢ see values assumed for sheep.
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5 ALLOWANCES

The allowance for a certain animal category (e.g. adult, lactating sheep) is the gross
requirement plus a safety margin. In this report, the safety margin is arbitrarily set at 50%.

5.1 Cattle

Using the above equations and assumptions, some examples of minimal dietary and
allowances (including a safety margin of 50%) have been calculated (Table 8).

Table 8 Examples of calculated Cu requirements and allowances

Category DMI Requirement | Safety |Allowance

(kg) | (mg/day) factor |[mg/day [ppm (DM)
Growing female cattle
4 months, 850 g growth/day, 130 kg BW 3.9 37 15 56 14.4
9 months, 700 g growth/day, 250 kg BW 5.6 61 92 16.4
16 months, 625 g growth/day, 400 kg BW 7.3 88 132 18.1
Dairy cattle (650 kg BW)
Cow, dry, pregnant, 8-3 wk a.p. 115 184 277 24.1
Cow, dry, pregnant, 3-0 wk a.p. 11.0 184 277 25.2
Cow, lactating, 20 kg of milk 18.5 150 227 12.2
Cow, lactating, 40 kg of milk 23.5 173 260 111
Beef cattle, intermediate type
1000 g growth/day, 100 kg BW 3 34 51 16.9
1200 g growth/day, 250 kg BW 6 66 99 16.6
1100 g growth/day, 500 kg BW 9 114 172 19.1
Veal calves
1150 g growth/day, 150 kg BW 45 46 69 15.2
1400 g growth/day, 275 kg BW 7 74 111 15.9

Sheep (75 kg BW)

High sensitivity to Cu poisoning

Growing lamb, 0.3 kg growth/day, 40 kg BW 1.6 9 1 9 54
Sheep, pregnant, last trimester 1.9 14 14 7.2
Sheep, lactating, 3 kg of milk, nursing 2 lambs 2.6 18 18 6.8
Intermediate sensitivity to Cu poisoning

Growing lamb, 0.3 kg growth/day, 40 kg BW 9 15 13 8.1
Sheep, pregnant, last trimester 14 20 10.7
Sheep, lactating, 3 kg of milk, nursing 2 lambs 18 26 10.1
Low sensitiviy to Cu poisoning

Growing lamb, 0.3 kg growth/day, 40 kg BW 9 2 17 10.8
Sheep, pregnant, last trimester 14 27 14.3
Sheep, lactating, 3 kg of milk, nursing 2 lambs 18 35 135
Goats (70 kg BW)

goat, pregnant, last trimester 1.7 13 15 20 11.6
goat, lactating, 4 kg of milk 3.2 24 37 115

For non-ruminating calves, Ac, varies with age and is estimated to be on average 70% [11].
Using this value, minimal Cu requirements will rarely exceed 1 ppm (DM). On the other
hand, allowances of 1.2 [11] to 2 ppm Cu (DM) are recommended [61]. No remark is made
as to “minimal” or “optimal”. However, these values seem to be defendable.

For veal calves consuming a diet consisting of a milk substitute and up to 1.5 kg maize
silage or 0.5 kg grains (6 months of age), no data are available to reliably assess their Cu
allowance.
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For dry, pregnant cattle during the last stage of gestation, no qualification of the Cu accretion
in the pregnant uterus can be given (see paragraph 4.1). Therefore, qualification of this
allowance is precluded.

On the other hand, requirements of 7.0-30.0 ppm Cu (DM) (Ac, = 6-1.5%; BW = 500 kg)
have been calculated for cows during the last stage of gestation [140]. These calculated
values are similar to those presented in Table 8 (BW = 650 kg). However, as these high
estimations are reported to allow for build up of a large foetal reserve of Cu, these values
cannot be regarded as “minimal”.

5.2 Sheep

The preruminant lamb also absorbs Cu very efficiently: Ac, is estimated to be 90% [11].
Minimal dietary Cu requirement will, therefore, hardly attain 1 ppm (DM). Thus, the
suggested allowance of 1 ppm Cu (DM) [61] can be adopted.

For pregnant and lactating ewes, the factorial estimations of Cu requirements as given by
Underwood and Suttle [140] can be used. As argued in 4.2, Cu accretion values used for the
pregnant uterus are not truly minimal. However, using similar values, Underwood and Suttle
[140] regard their calculated requirements to allow for the build up of a large foetal reserve of
Cu. As this statement is not clarified, judgement is precluded.

For Ac, values of 1.5-6%, pregnant ewes (last trimester of gestation, carrying twin foetuses),
Cu requirements would be 21.0-7.0 ppm (DM). For lactating ewes, Cu requirements would
be 23.2-5.8 (1 kg of milk) to 28.4-7.1 ppm (DM) (3 kg of milk). However, both during the last
stage of gestation and during lactation the supply of concentrates is necessary in most
cases, thereby increasing Ac,. Therefore, although a rounded allowance of 31 ppm Cu (DM)
(including a safety margin of 10%) for lactating ewes is proposed, in most cases
requirements will be substantially lower. In a summary, it is impossible to give one dietary Cu
allowance for all sheep breeds.

5.3 Goats
For goats, a deficiency limit of 7 ppm Cu (DM) is suggested, whereas the requirement is
suggested to be 8-10 [6; 15; 73] or even 10-20 ppm (DM) [6]. However, in the same

reference the latter upper limit is already suggested to be the maximum tolerable level for
goats [6]. No qualifications (“minimal” etc.) of these data are given.
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6 CRITERIA TO JUDGE COPPER STATUS

6.1 Introduction

To carefully discern the positive and negative effects of supplying a certain amount of Cu,
criteria are needed to judge if requirements are met or certain beneficial effects exerted.
Moreover, these criteria can reveal causes of poor performance.

6.2 Characterization of suitable indicators

To carefully judge the Cu status of animals, suitable indicators are required. Such indicators
react sufficiently rapid and yield information on variations in dietary Cu supply. An indicator
can reflect the actual supply (during the past days to weeks) or the historical supply (during
the last months to years). Indicators supply data as to what extent the available amount of
Cu is limiting or excessive for optimal performance and health. This approach can
substantially differ from the clinical one. From a clinical point of view, dietary Cu supply may
be sufficient when the animals do not show any clinical deficiency symptoms. However, it is
very well possible that such an animal performs better (e.g. higher growth rate) in case of an
extra dietary Cu supply.

Suitable indicators should be sufficiently sensitive to variations in dietary trace mineral
supply (preferably to both excess and insufficient supply), be sufficiently specific (reacting
only on variations in one mineral), and be readily accessible.

6.3 Dietary Cu, Mo, S and Fe concentrations

To assess the Cu supply from the ration, at least Cu and Mo concentrations should be
determined, supposing the S content is sufficiently high to evoke a Cu x Mo x S interaction.
The NRC [96] recommends a rough schedule for the Cu content of the ration of sheep, as
presented in Table 9.

Table 9. Recommended dietary Cu concentrations at different dietary Mo
concentrations for sheep, according to the NRC (1985)
Mo Cu
Ppm ppm (DM)
Growth Pregnancy Lactation
<1.0 8-10 9-11 7-8
>3.0 17-21 19-23 14-17

However, as outlined by Underwood and Suttle [140], there is little agreement as to “critical”
Cu:Mo ratios. Ratios of 2:1 (cattle) to 4:1 (sheep) have been suggested to be minimal to
avoid Cu deficiency symptoms. Marginal bands are given in Table 10.

Table 10.Marginal bands ?° for dietary Cu:Mo ratios (according to Underwood and

Suttle (1999))

Forage type Cattle and sheep Goats
Fresh grass 1.0-3.0 0.5-2.0
Roughage © 0.5-2.0 0.3-1.2

% values below marginal band: high risk of deficiency; above marginal band: beneficial effect
of Cu supplementation is not likely; ® limitations: dietary S >2 g/kg DM and dietary Mo < 8
ppm (DM); © not specified; no data on grass and maize silage
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Using solely the Cu:Mo ratio does not account for: (1) the influence of dietary S (and Fe) on
Cu absorption and (2) possible differences between the actual and the previous Cu supply
and (3) differences in the Cu x Mo x S interaction in different roughages. On the other hand,
the correct determination of S is the most difficult and expensive among these elements,
whereas in green swards (on which Cu deficiency mainly occurs), S is usually present in
sufficient quantities to allow for the occurrence of the Cu x Mo x S interaction. In some
areas, the contribution of S from drinking water has also to be accounted for, but drinking
water analyses are mostly not available [99]. Finally, the Cu x Mo x S and Cu x Fe
interactions are not simply additive (see 3.2.2). Marginal bands for Cu:Fe ratios of 50-100
have been suggested [140], but Fe effects on Cu absorption appear to occur only at low
dietary Mo concentrations (see 3.2.2). Thus, if dietary Mo concentrations are relatively high
(5-6 ppm (DM)), the dietary Cu:Mo ratios (Table 10) can be used to roughly assess the risk
of Cu deficiency or toxicity. If Mo concentrations are low (0.1 ppm Mo (DM)), Cu:Fe ratios
can be used.

6.4 Ranking criteria for indicators of Cu status

When comparing different Cu sources, bioavailability has to be related to a reference mineral
source. This source has per definition a relative bioavailability of 100%. For Cu, the
reference source is CuS0O,4.5 H,O (reagent grade). Several criteria are used to judge the
effect of supplying a certain amount of Cu. However, not all criteria are equally important.
Therefore, criteria have to be ranked in order of their importance. This order may be different
for the specific animal species or even category. Beside this, it is important to note that the
order of importance may depend on the level of supply (below or above recommended
requirements). Further, if more criteria are available, weighing factors have to be used to
obtain a final score [68]. Criteria and weighing factors are presented in Table 11.

Table 11 Ranking of criteria to judge the effects of a certain Cu supply on cattle
performance as proposed by Jongbloed [68]

Ranking of importance (weighing factors)
Criterion Cu supply below requirements Cu supply above requirements
Cu absorption 2 1
Hepatic Cu content 4 3
Superoxide dismutase activity 4 1

As an example, the relative bioavailability of two Cu sources™ can be calculated (CuSO..5
H,O set at 100%)

hepatic Cu content Cu absorption
source A 80 70
source B 75 60

The relative bioavailability of source A =4 x 80 + 3 x 70 = 530/(4+3) = 76%.
The relative bioavailability of source B =4 x 75 + 3 x 60 = 480/(4+3) = 69%.

Besides these indicators, plasma Cu has some limited value for the assessment of low Cu

status. When liver Cu reserves are severely depleted (<20-50 ppm (DM)), plasma Cu

concentrations are often very low (< 6-7 pM). [26]; [123]; [148] (Table 4). However, the use

of plasma Cu for the determination of Cu status has several disadvantages:

e even at severely deficient rations (1.1 ppm Cu (DM) plasma Cu concentrations only
slowly decline through 3-4 months to values < 6 uM [39]

19 Cu supply above requirements.
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e even at liver Cu levels < 20-30 ppm (DM) blood Cu levels up to 22 uM can occur,
whereas no clinical abnormalities need to be observed [148] (Table 7)

e variable interval between onset of low plasma Cu concentrations and clinical symptoms
[90]

o (differences in plasma Cu concentrations due to breed and age can occur within one
(dairy) herd at the same dietary Cu concentration [33]

e the plasma Cu concentration can be influenced by infections and fluctuations of
oestrogen concentrations in the blood [92].

6.5 Possible indicators of Cu status

As the liver is the main storage organ for Cu in the body, determination of liver Cu
concentrations has been proposed to be the main Cu status indicator [140]. For Cu, Delves
[30] discusses the use for humans of plasma Cu, plasma Cu proteins and Cu-containing
enzymes, erythrocyte Cu, and Cu-loading tests. According to this author, elevated plasma
Cu concentrations are of little value, as many clinically abnormal conditions are associated
with hypercupremia. Low plasma Cu can point into the direction of an insufficient dietary Cu
supply, but can also be associated with inherited diseases of Cu metabolism. However, at
least in cattle the course of plasma Cu is not closely related to variations in dietary Cu supply
[90]. Moreover, in contrast to man, both in cattle and small ruminants liver Cu samples can
easily be obtained [138; 139]. Excess absorbed Cu is stored in the liver, and can be
mobilized in case of a suboptimal Cu supply [67;68]. In animals, caeruloplasmin is
considered as an acute phase protein. Due to several causes (e.g. infection) its
concentration can vary considerably, and therefore also this protein is not sufficiently
valuable to assess Cu status. Erythrocyte Cu concentration and plasma enzyme activities
such as superoxide dismutase do not react sufficiently rapid to variations in dietary Cu
supply. The determination of superoxide dismutase activity is variable between different
assay methods. Moreover, erythrocytes have to be washed (removal of plasma inhibitors)
and diluted before assaying, which may hamper a proper interpretation of the results.
Therefore, contrary to the ranking as proposed in Table 11, superoxide dismutase seems not
to be a suitable indicator of Cu status. As superoxide dismutase activity and erythrocyte Cu
concentrations are well correlated [140], erythrocyte Cu may be just as informative and less
problematical. However, as no data are available on correlations between liver Cu and
erythrocyte Cu concentrations, it is not clear as to what extent the determination of
erythrocyte Cu can replace that of liver Cu concentrations. Finally, cytochrome oxidase of
leukocytes is too labile, causing analytical problems [90].

6.6 Conclusions

To judge the Cu status of cattle, determination of liver Cu concentrations is the parameter of
first choice [138]; when Cu deficiency is suspected plasma Cu can be used for screening
purposes (values < 6-7 uM are indicative for deficiency). However, the limitations of this
parameter should be taken into account. For bovine livers, Cu levels of 100-400 ppm (DM)
(25 — 100 ppm wet weight) are considered normal [106]. Liver Cu concentrations <20-50
ppm (DM) are considered to indicate for deficiency [17; 27; 33; 90; 98]. A review of these
response parameters has been given by Delves [30]. Mainly the non-supplemented animals
(yearlings and heifers) should be sampled. As Cu absorption from fresh grass is lowest, the
poorest Cu status will occur by the end of the grazing period. As a sufficient Cu status during
the grazing period will not automatically implicate a sufficient status by the end of this period,
spring and summer liver Cu data have to be judged differently from fall data [27].
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7 DEFICIENCY

Due to the relatively low Cu concentrations in forages (Table 2) and the vulnerability of Cu
absorption to impairment by S and thiomolybdates, Cu deficiency can occur in ruminants.
Early signs are hair depigmentation around the eyes as well as bleaching of black and red
coat, and diarrhoea. Moreover, anaemia, fragile bones, osteoporosis, osteochondrosis,
widening of epiphyses, cardiac failure, poor growth, reduced fertility and immune function
can be observed in all kinds of Cu-deficient ruminants.

In sheep, an early sign of Cu deficiency is the loss of the wool “crimp”, resulting in straight,
“hair-like” wool. Neonatal ataxia (“swayback”) in newborn lambs and goat kids is another
clinical sign of Cu deficiency, which cannot be cured but only prevented by Cu
supplementation [97; 98; 140; 155].

In sheep, considerable breed differences exist. Selected data on differences in hepatic Cu
accumulation between breeds are given in Table 12.

Table 12.Selected data on breed differences in hepatic Cu accumulation of sheep @

Ref. Breed / N Dietary Cu Weeks | Liver Cu % retention” | Result
cross (ppm) (ppm (DM))
[153]° |SBxSB 78 |12 (DM) 13 [214 5.6 Tand S > SB
20 384 EF and FL
EF x SB 12 278 6.7 intermediate
20 437
FL x SB 12 284 8.6
20 418
S x SB 12 397 7.3
20 635
TxSB 12 352 13.7D
20 676
[85] ° Sk 17 |48 9 805-2020 T> Sk
4 169 1065-1260
3 |68 1305-1695
T 3 48 980-2625
3 69 1600-1935
20 |68 1290-2735
[154] [SB 82 |4 (DM) 28 |16 WM > SB
SB x WM 51
WM 34
SB 9 92
SB x WM 243
WM 226
SB 17 231
SB xWM 325
WM 415
SB 29 271
SB x WM 444
WM 486
[111 |t 7 |22°%¢ 14-15 |1652 T>FM;
TXxFM 6 22 1238 cross intermediate
FM 7-8 |25 1076
[149] SB 193 | ? (pasture) 24 25 WM > C, SB
C 32
WM 66
SBxC 35
SB x W 38
CxW 42
[51] SAMM 33 [30° 18 81 1.3 IF > SAMM
IF 30 111 2.0

 C = Cheviot; EF = East Friesland; FL = Finnish Landrace; FM = Friesian Milksheep; IF = Ile
de France; S = Suffolk; SAMM = South African Mutton Merino; SB = Scottish Blackface; Sk
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= Schwarzkopf; T = Texel; WM = Welsh Mountain; ° estimated proportion of ingested Cu
retained by the liver after 13 weeks; ° rams of the different breeds mentioned mated to SB
ewes; ¢ estimated dietary Cu concentrations; ¢ 2 animals died from chronic Cu toxicosis; D =
significantly higher than SB x SB

Moreover, Cu-deficient North Ronaldsay sheep showed rapidly increasing plasma Cu
concentrations after oral Cu repletion, whereas Scottish Blackface sheep showed no and
Welsh Mountain showed moderate increases of plasma Cu concentrations at similar oral Cu
repletions [150]. However, as the plasma Cu concentration is not a suitable indicator of Cu
status, these observations have to be interpreted with caution. Although the inventory shown
in Table 12 is far from complete, the extreme tendency of the Texel breed to accumulate Cu
is clear. On the other hand, the Scottish Blackface breed in all cases has the lowest
concentrations. The latter breed may, therefore, be one of the most susceptible ones to
develop a Cu deficiency.

Data on differences in Cu metabolism in cattle are scarce. Selected experimental results are
given in Table 13.

Table 13.Selected data on differences in Cu metabolism in cattle breeds

Ref. Breed Category n Dietary Cu Weeks Liver Cu (ppm | Result
(ppm) DM))
[33] Holstein Lactating / growing 2 5 8.5 167 Holstein =
Jersey 2 172 Jersey
Holstein 2 |s0? 439
Jersey 2 520
[120] Holstein Lactating 6 8 8 222
Jersey 6 272
Holstein 6 [35° 562
Jersey 6 656
[34] Holstein Steers 10 |66 43-49 368
Jersey 10 490

& extra Cu from CuSO, or Cu proteinate (mean value); extra Cu from CuSOQOy;

According to the results presented in Table 13, no significant differences in Cu metabolism
exist between Holstein and Jersey cattle. On high-Cu rations, however, Jersey cattle tend to
accumulate some more Cu in their livers. In beef cattle, differences in Cu metabolism
between Angus, Simmental and Charolais cattle have been investigated. Simmental heifers
fed a diet containing either 5 or 40 ppm Cu (DM) for 2 months appeared to excrete
significantly more Cu via the bile than did Angus heifers [45]. Angus heifers and their calves
tended to have higher plasma Cu concentrations than their Simmental and Charolais
counterparts, whereas Angus steers had slightly higher plasma Cu concentrations, apparent
Cu absorption and Cu retention than Simmental steers [143]. The rations contained 4-4.5
ppm Cu (DM) (heifers) or 9 ppm Cu (DM) (steers), respectively. The experiments lasted for
40 weeks (heifers) or 4-7 weeks (steers). In another experiment, no significant differences in
liver or plasma Cu concentrations of heifers from either Angus, Hereford or Simmental sires
and Hereford dams could be demonstrated [118]. The ration was assessed to contain + 5
ppm Cu (DM) and was fed to the animals during 2-3 months. However, as both plasma Cu
concentrations and biliary Cu excretion are unreliable indicators of Cu status [68], the beef
cattle experiments do not supply convincing evidence as to breed differences in Cu
metabolism.

In summary, most differences in Cu metabolism between cattle breeds are minor and of no
practical significance.
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7.1 Direct measures in deficiency cases

7.1.1 Direct continuous supplementation

For grazing animals, extra Cu can be provided by the use of salt licks containing 0.5-1.9%
Cu (from e.g. CuSQ,) [140]. However, the individual variation in salt intake between animals
may impair the reliability of this way of Cu supply.

Copper sulphate can be dissolved in water and sprinkled over the forage to supply amounts
of 5-10 ppm (DM). It is also possible to add 2-5 mg Cu/L of drinking water using a
proportioning device [140]. However, the latter method entails the risk of Cu toxicity in
susceptible animals [27].

7.1.2 Direct discontinuous supplementation

As animals store Cu in their livers when intake exceeds requirements and mobilize this Cu
when dietary supply is inadequate, discontinuous supplementation is often sufficient. Copper
sulphate drenches at monthly or longer intervals may be satisfactory in many cases. In
cases of high dietary Mo concentrations (>5 ppm (DM)) daily Cu supplementation may be
necessary. However, under Dutch circumstances such high Mo concentrations are rare
(Table 2). In flocks of sheep suffering from swayback, all lambs can be treated with an oral
dose rate of 1 mg / kg BW. Subcutaneous or intramuscular injections of Cu glycine,
CuCaEDTA and Dicuprene constitute another suitable way of Cu administration. Doses of
30-40 mg Cu for sheep and 120-240 mg Cu for cattle have been reported to be sufficient at
3-month intervals. Copper heptonate (2C;H;30s Cu.2H,0) and Cu hydroxyquinoline
sulphonate (cupric-bis-8-hydroxyquinoline 5-7 disulphonic acid salt of tetra diethylamine,
6.05% Cu) cause less tissue irritation than the former preparations, but pose a greater risk of
acute toxicity. Methionate complexes are the least toxic, but cause severe tissue irritation
[140].

7.1.3 Slow release oral supplementation

For longer periods, Cu can be supplied in the form of CuO needles. Needles containing CuO
and CuO powder are equally effective. Copper is then released slowly during several weeks
and liver Cu stores can be increased over several months. However, diarrhoea and
abomasal parasitism can impair the efficacy of this way of Cu supplementation. Therefore,
anthelmintic treatment several weeks before turnout is recommended as to maximize
efficacy of Cu supply [140].
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8 TOXICITY
8.1 General

Excess Cu can originate from pollution of the pasture, e.g. the application sewage sludge
[52], whereas the current importance of Cu from pig slurry (an important source of Cu in the
past) is minor due to the extensive reduction of (growth-promoting) dietary Cu levels applied
in pig husbandry (A.W. Jongbloed, personal communication). Further, Cu toxicity in
susceptible breeds can arise from consumption or application of any Cu-containing feed or
supplement, such as salt licks or concentrates for cattle [140].

Copper toxicity may most easily develop in susceptible sheep breeds [140]. Copper toxicity
symptoms are essentially the same in cattle, sheep and goats. First signs of Cu toxicity are
rather unspecific (decreased feed intake, reduced weight gains, dullness, diarrhoea, dark
urine, anaemia, jaundice). Ruminants suffering from chronic Cu toxicity often have liver Cu
levels >1000 ppm (DM). Sheep, however, can show histological and biochemical evidence
of liver damage at liver Cu levels of 350 ppm (DM) [140]. Following chronic accumulation of
Cu in the liver, suddenly a haemolytic crisis can occur. This condition is characterized by
haemolysis, methaemoglobinemia, haemoglobinuria and jaundice. Serum aspartate
aminotransferase (ASAT), glutamate dehydrogenase (GDH) and lactate dehydrogenase
(LDH) activities are increased 5-8 weeks before the haemolytic crisis occurs [5;140]. During
the development of chronic Cu intoxication in calves, ASAT activities rose from + 15 to +
1800 IU/L, whereas LDH activities rose from + 900 to 16000 IU/L (no GDH activities given)
[146]. In most cases, animals die within a short time. Pathologic symptoms mainly include
yellow to orange discoloration of liver and carcass and liver necrosis [11; 47; 59; 140; 146].
The ingestion of pyrrolizidine containing plants such as heliotrope (Heliotropium europaeum)
can result in liver damage and excessive Cu accumulation in the liver of sheep and,
consequently, to Cu toxicosis [31; 55]. However, heliotrope does not occur in the
Netherlands. Other pyrrolizidine containing plants (e.g. ragwort (Senecio jacobaea), that
abundantly occurs in the Netherlands) do not cause excessive hepatic Cu accumulation in
sheep. Therefore, under Dutch circumstances this phenomenon is of no practical value.

8.1.1 Cattle

Milk-fed male calves fed either 10, 50, 200, 500 or 1000 ppm Cu for 42 days showed
deterioration of weight gains and feed efficiency when fed 200 ppm Cu or more. Only 4 of 7
calves survived the 1000 ppm treatment, the succumbing ones showing typical signs of
chronic Cu toxicity and haemolytic crisis [65]. Similar observations were made in 5 milk-fed
calves fed 50-300 ppm Cu for 116 days. Only the 50-ppm calf survived, while the others died
during a haemolytic crisis [146]. However, slight growth retardation has been observed in
animals receiving only 5.5 ppm Cu (DM) [19].

Maximum allowed dietary Cu concentrations for ruminating animals largely depend on the
levels of interacting components, mainly Mo and S. In young beef calves fed 115 ppm Cu for
91 days signs of Cu toxicity occurred [116]. Therefore, a maximum tolerable level of 100
ppm Cu for beef cattle is suggested [97]. For dairy cattle, this maximum tolerable level
should be 40 ppm Cu, unless dietary Mo concentration is greatly elevated [98]. No more
comments are made concerning this Mo level, nor the reason for the large difference
between the maximum levels for beef and dairy cattle are discussed either.

8.1.2 Sheep
In sheep, considerable breed differences exist in sensitivity for Cu toxicosis (Table 12).

Hepatic Cu retention in milk-fed lambs may be up to 50% of the dietary Cu intake. Growing
lambs (breed not given), fed a ration containing only 8 ppm (DM), showed signs of Cu
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poisoning [11]. Moreover, hepatic Cu concentrations of Texel x Scottish Blackface lambs
were as high £ 700 ppm (DM) after feeding a ration containing 12 ppm Cu (DM) for 13
weeks [153]. This hepatic Cu concentration is well within the toxic range [106] and entails
the risk of animals dying from Cu toxicosis. Therefore, giving one maximum tolerable level
for all breeds is impossible, although 15 ppm (DM) is suggested [6].

8.1.3 Goats

Pre-ruminant Angora goat kids appear to be very sensitive to Cu toxicosis [59]. A milk
substitute ration containing approximately 10 ppm Cu (DM) caused 3 out of 24 kids to die
from a haemolytic crisis. On the other hand, with respect to sensitivity to Cu toxicosis
ruminating goats seem to be intermediate between sheep and cows. For ruminating goats, a
maximum dietary concentration of 20 ppm Cu (DM) is recommended [6].

8.2 Direct measures in toxicity cases

The most convenient measure in toxicity cases in sheep is the application of three
subcutaneous injections of 3.7 mg ammonium tetrathiomolybdate on alternate days [140].
Oral administration of 10 mg Mo (e.g. as 20 mg ammonium molybdate) + 5 g sulphate (from
Na,SO, or K,SO,) with the solid feed (to prevent rapid passage of the rumen and
development of diarrhoea) per animal per day is also recommended. This treatment should
be sustained for 2-4 months [52]. As this treatment causes an increase of TCA-insoluble Cu
in plasma, determination of plasma Cu is not useful to control the effectiveness of the
treatment. Therefore, superoxide dismutase determinations in plasma have to be carried out
for this purpose. As the rest of the flock will be at risk either, all animals should be
transferred to a diet low in Cu, such as a diet containing whole grains [140] and high in
readily degradable protein [52]. When animals are fed hay or concentrates, turning the
animals out to pasture can also be helpful [52]. Although penicillamine has been
demonstrated to substantially increase urinary Cu excretion, the use of tetrathiomolybdate is
less expensive and, moreover, directly influencing liver Cu stores by increasing biliary Cu
excretion [43]. The addition of gypsum (15 g/kg DM) or sodium molybdate (19 ppm (DM)) to
the forage may be helpful to prevent toxicity. Finally, if pasture is the source of Cu toxicity,
fertilizing the pasture with sodium molybdate (0.27 kg/ha) can be used to lower the long-term
Cu accumulation [140].
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9 PREVENTION

9.1 Short-term prevention strategies

Both short- and long-term prevention strategies have been reviewed by Suttle [128; 140].
Short-term prevention of Cu deficiency is best performed using the oral route for Cu supply.
A single oral dose of CuSQ, is rather ineffective, as most of this bolus will be excreted.
(Glass) boluses or CuO needles, which are retained in the reticulo-rumen, slowly release Cu
and are a convenient and safe way of supplying Cu to ruminants. For animals of 300-500 kg
BW, 50-100 gram can be applied.

9.2 Long-term prevention strategies

Supplementation of Cu via Cu-containing fertilizers raises the Cu content of the roughage.
However, adequate levels are often much higher for the grazing animals (78 ppm Cu (DM))
than for the plants (< 4 ppm Cu (DM)). As the Cu given in excess is lost to the environment,
this can cause unwanted accumulation of Cu in soils and ground water. Copper present in
the soil only slowly disappears [52]. Moreover, the application of Cu-containing fertilizers on
pastures for grazing dairy cattle can give rise to contamination of the udder and milk, leading
to decreased oxidative stability of dairy products. Therefore, lactating dairy cattle should not
graze such pastures within a period of two weeks after application of the fertilizer.
Susceptible sheep breeds should be withheld from such pastures for 6 months (risk of
intoxication) [27]. Soils with Cu-HNO; values >15-20 are hazardous with respect to Cu
toxicosis in susceptible sheep breeds [52]. On the other hand, Cu fertilization is only useful
when the soil Cu-HNO; value is <5. When this value is >5, the Cu content of the sward
cannot be raised by Cu fertilization [27]. The effect of Cu fertilization is also soil-dependent.
A single dressing of 3.5-6 kg Cu (e.g. as CuSQ,) per ha should be sufficient for 3-4 years
[26a], but longer residual effects (>23 years) have been reported on sandy soils. Fertilizer
treatment is not recommended on soils high in organic matter, as Cu becomes fixed and
unavailable in humic acid complexes [140]. In the Netherlands, this is an important feature of
peat soils. To adequately apply Cu-containing fertilizers, soil analysis each 4 years is
recommended.

Table 14 Inventory of Cu allowances for cattle, sheep and goats as used in some
foreign countries (ppm (DM))

Allowance
Country Ref. Cattle Ref. Sheep Ref. | Goat
Great [68] 1-15 [140]° |4.3-17.2 (lamb) |[6] 10-20
Britain 7.0-21.0
(gestation)
5.8-28.4
(lactation)
USA?® [98] 12 (300-kg heifer) [96] 8-21° (growth) [[95] |?
15.2 (500-kg heifer) 9-23°
15.7 (650-kg cow, 40 kg of milk) (gestation)
13.7 (650-kg cow, end of gestation) 7-17° (lactation)
10 (4-15) (beef cattle)
Germany [42] 10 (growing and mature cattle) ? [13] |[10-15 (adult)
France [49] 10 (7 is deficiency limit)

@ Allowances for cattle are expressed in mg/kg feed as fed; as DM contents of the feeds are
not given, allowances cannot be calculated in ppm (DM)

® minimum requirements

¢ depending on Mo and S concentrations of the ration
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ANNEX: OVERVIEW OF THE SERIES OF CVB DOCUMENTATION
REPORTS ‘REVIEWS ON THE MINERAL PROVISION IN
RUMINANTS’

e CVB Documentation report Nr. 33: Reviews on the mineral provision in ruminants I:
Calcium metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 34: Reviews on the mineral provision in ruminants Il
Phosphorous metabolism and requirements in ruminants (H. Valk)

e CVB Documentation report Nr. 35: Reviews on the mineral provision in ruminants IlI:
Magnesium metabolism and requirements in ruminants (J.Th. Schonewille and A.C.
Beynen)

e CVB Documentation report Nr. 36: Reviews on the mineral provision in ruminants IV:
Sodium metabolism and requirements in ruminants (J.Th. Schonewille and A.C.
Beynen)

e CVB Documentation report Nr. 37: Reviews on the mineral provision in ruminants V:
Potassium metabolism and requirements in ruminants (J.Th. Schonewille and A.C.
Beynen)

e CVB Documentation report Nr. 38: Reviews on the mineral provision in ruminants VI:
Chlorine metabolism and requirements in ruminants (J.Th. Schonewille and A.C.
Beynen)

e CVB Documentation report Nr. 39: Reviews on the mineral provision in ruminants VII:
Cation Anion Difference in Dairy Cows (J.Th. Schonewille and A.C. Beynen)

e CVB Documentation report Nr. 40: Reviews on the mineral provision in ruminants VIII:
Iron metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 41: Reviews on the mineral provision in ruminants IX:
Copper metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 42: Reviews on the mineral provision in ruminants X:
Cobalt metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 43: Reviews on the mineral provision in ruminants XI:
lodine metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 44: Reviews on the mineral provision in ruminants XII:

Zinc metabolism and requirements in ruminants (A.M. van den Top)

CVB Documentation report Nr. 45: Reviews on the mineral provision in ruminants XIII:

Manganese metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 46: Reviews on the mineral provision in ruminants XIV:
Selenium metabolism and requirements in ruminants (A.M. van den Top)

e CVB Documentation report Nr. 47: Reviews on the mineral provision in ruminants XV:
Fluorine, chromium, nickel and molybdenum metabolism and requirements in
ruminants (A.M. van den Top)

e CVB Documentation report Nr. 48: Reviews on the mineral provision in ruminants XVI:
Contaminants: Cadmium, lead, mercury, arsenic and radio nuclides (A.M. van den Top)

e CVB Documentation report Nr. 49 (in Dutch): Literatuurstudie over de
mineralenvoorziening van herkauwers XVII: Nitraat en nitriet (A.M. van den Top)

e CVB Documentation report Nr. 50 (in Dutch): Literatuurstudie over de
mineralenvoorziening van herkauwers XVIII: Kwaliteit van drinkwater (A.M. van den
Top)
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