Reviews on the mineral provision

In ruminants (XI1):
ZINC METABOLISM AND
REQUIREMENTS IN RUMINANTS

A.M. van den Top

CVB documentatierapport nr. 44

November 2005
C\/B Centraal Veevoederbureau



© Central Bureau for Livestock Feeding 2005

No part of this publication may be reproduced and/or published by means of printing, photocopying,
microfilming or otherwise in whatever manner without the prior permission in writing of the Central
Bureau for Livestock Feeding.

This publication has been compiled with great care; however, the Central Bureau for Livestock
Feeding cannot be held liable in any way for the consequences of using the information in this
publication.



Reviews on the mineral provision

In ruminants (XI1):
ZINC METABOLISM AND

REQUIREMENTS IN RUMINANTS

Centraal Veevoederbureau
Postbus 2176

8203 AD Lelystad
Telefoon 0320 -29 32 11
Telefax 0320 -29 35 38
E-mail cvb@pdv.nl
Internet  www.cvb.pdv.nl

A. M. van den Top
Adviesbureau VOER-RAAD
Groenekan

CVB documentatierapport nr. 44
November 2005






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.

o 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.

For the preparation of the present report on the Zinc provision in ruminants the COMV
expresses its gratitude to the author, dr. A.M. van den Top.

Utrecht/Lelystad, November 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 prof. dr. A.
Th. van ‘t Klooster and dr. M.C. Blok, 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

BW kg Body weight

DM Dry matter

DMI kg Dry matter intake
MT Metallothionein
ZnLys Zn lysine

ZnMet Zn methionine
ZnGly Zn glycine




1 FUNCTIONS OF ZINC IN THE BODY

Zinc is essential for normal appetite, proper gene expression and fertility. The mechanism
underlying the effect of Zn on appetite remains obscure. Its function in gene expression (“Zn-
finger” domains in DNA-binding proteins) influences many processes in the body, including
cell replication. Defects in cell replication may affect growth of bones, skin, hair and hooves,
as well as immune function. Moreover, Zn is a component of metalloenzymes such as
carbonic anhydrase, Cu-Zn superoxide dismutase, alkaline phosphatase, carboxypeptidase,
alcohol dehydrogenase, and RNA polymerase. Besides this, Zn is a component of thymuline
and is involved in the regulation of calmodulin, protein kinase C, thyroid hormone binding and
the synthesis of inositol phosphate and prostaglandin [98;132].

2 DISTRIBUTION OF ZINC IN THE BODY AND ZINC KINETICS

Muscle tissue is the main Zn pool (£ 65%). Approximately 25% is present in the bones. The
remaining £ 10% is mainly present in the gastrointestinal tract (no details given) and in the
skin. Besides these metabolically active pools, in sheep approximately the same amount as
in the whole body is present in the fleece [132]. No data are available on the chemical forms
in which Zn occurs in tissues.

As Zn-deficient ruminants develop clinical symptoms rapidly (see paragraph 7), apparently
no substantial mobilizable Zn reserve is present in the body. On the other hand, significant
amounts of Zn may be mobilized from muscle and bone tissues [132]. Failure of fine-tuned
homeostasis is further demonstrated by the extreme Zn accretion in tissues of Zn-loaded
animals (e.g. 2220 ppm (DM) in pancreas of calves after feeding a ration 634 ppm from ZnO
for 21 days [123;132].

In the systemic blood, approximately 10-20% of Zn is present in plasma. Approximately 2/3 is
bound to albumin, de remnant is mainly bound to alfa,-macroglobulin. The latter part is tightly
bound [16]. The non-plasma Zn is mainly bound to carbonic anhydrase in the erythrocytes
and present in the erythrocyte membrane [21]. Low blood Zn concentrations are associated
with increased susceptibility to hemolysis. Possibly Zn stabilizes the erythrocyte membrane
after peroxidative damage has occurred. However, the exact nature of this protective function
remains unclear [11].

Zinc uptake from the intestine in ruminants occurs nearly exclusively in the small intestine.
Uptake capacity is similar for all parts of the small intestine [44;45]. Only approximately 2% of
the total Zn absorption occurs from the large intestine [45].

In an in vitro experiment with brush border membrane vesicles from rats Zn uptake by the
intestinal mucosa appeared to be saturable, indicating for active, carrier-mediated transport
and/or facilitated diffusion. Besides this, passive diffusion into the intestinal cells and
paracellular movement may be also involved in Zn transport from the intestinal lumen
[75;129].

Zinc deficiency increases the maximal rate of absorption (Vma) Of the active transport,
although K, (the Zn-concentration at which the rate of absorption is half of V) remains
constant [75]. In order to maintain Zn homeostasis when excess dietary Zn (238-638 ppm) is
fed, the calf decreases its Zn absorption rather than that it increases its endogenous (faecal)
Zn excretion after uptake of the excess Zn [87]. Changes in metallothionein (MT) synthesis
are probably involved in changes in Zn absorption. When dietary Zn supply changes, both
increases and decreases in Zn absorption occur within a week [132].

After uptake in the portal blood, Zn is mainly transported bound to albumin and transferrin.
Thus, low blood albumin concentrations hamper blood Zn transport and Zn uptake from
intestinal cells into the blood and, subsequently, Zn absorption from the intestinal lumen [64].
During the first days after a single oral dose of ®°Zn, the liver is the main Zn-retaining organ in



goats and calves (9-11% of dose) [82]. At uptake by the liver MT synthesis is induced [76].
The liver Zn can subsequently be released, probably bound to albumin and amino acids [21].



3 ZINC ABSORPTION AND METABOLISM

3.1 General

The apparent Zn absorption decreases with age. This decrease is related to the Zn content
of the ration. Calves consuming a Zn-deficient ration (2 ppm Zn during 7 days), did not show
differences in Zn absorption between + 2% en 4% month of age [85]. Apparently, the
decrease in apparent Zn absorption is not caused by a decreased Zn absorption capacity.
When similar calves were fed a ration containing 38 ppm Zn (the same ration supplemented
with ZnO), the percentages excreted ®°Zn were 49.3 (2% month) and 86.6 (4% month),
respectively. On the same ration with 6 ppm Zn calves of 3-4 months of age showed an
apparent absorption of 83 % [82]. At Zn levels of 200, 500, 700 and 1000 ppm (DM) apparent
Zn absorptions in preruminant calves were 36, 34, 26 en 22%, respectively [56]. Extreme
high Zn accumulations in kidney (2498 ppm (DM) and liver (3647 ppm (DM) occurred at the
1000 ppm (DM) ration. Thus, when the Zn content of the ration increases, apparent
absorption can decrease substantially, although retention can be considerable. Similar
observations were made in lactating dairy cows. Apparent Zn absorption was high (x 57%)
when dietary Zn concentrations were low (6 ppm Zn (DM)) and decreased exponentially with
increasing dietary Zn concentrations. At concentrations of + 100 ppm Zn (DM) a plateau was
attained (+ 43%), and apparent Zn absorption only slightly decreased further (to = 40%)
when dietary Zn concentrations increased up to 436 ppm (DM) [67].

True Zn availability is reported to be 12-58%" [98] or 70%°, except for the non-ruminant calf,
for which the estimated value is 50-85% [132].

3.2 Differences in zinc metabolism due to different zinc sources

In ruminant nutrition both inorganic (ZnSO,, ZnO, ZnCl,, ZnCO3) and organic Zn sources
(Zn-lysine (ZnLys), Zn-methionine (ZnMet), Zn-glycine (ZnGly), Zn proteinates and
polysaccharide complexes) are used. ZnLys and ZnMet are Zn chelates (Zn**) of lysine and
methionine, respectively. The Zn content is 10%, the lysine and methionine contents are
25% and 20%, respectively (C. Rapp, Zinpro Corp.). The exact nature of the other organic
complexes is not clear.

3.2.1 Cattle

Although plasma Zn is thought to be one of the best parameters of Zn status (see paragraph
6), in literature reports several other parameters have been employed to judge the effect of
different Zn sources. As several enzymes and immune functions depend on Zn [132],
alkaline phosphatase (a Zn-dependent enzyme) and immunological parameters such as cell-
mediated immunity and antibody titers have been used. The value of such parameters is
guestionable. However, as literature data on differences between Zn sources are limited,
results from experiments employing “alternative” Zn status parameters are included as well.

Chirase et al. [18] carried out an experiment with crossbred feedlot steers (260 kg BW) to
compare the bioavailability of Zn from ZnO and ZnMet. In order to reveal differences in
immune function between animals fed different Zn sources both groups were challenged with
infectious bovine rhinotracheitis virus. The diets contained either 96 ppm Zn (control group;
maize-cottonseed-based), 163 ppm (ZnO added), or 171 ppm (ZnMet added). Each group
consisted of 11 animals. Although the decrease in DMI due to the virus challenge tended to

The 58%-value was observed when an adult cow was adapted to a low-Zn diet (6 ppm Zn as fed)
without inhibitors and a value of 22% was reported when adult cattle were fed a diet containing 28
ppm Zn (as fed). The Zn content of the ration yielding the 12%-value was not clear.

Probably estimated using the isotope dilution method [128]



be more rapid in the ZnO steers than in the control or ZnMet steers, no significant difference
in DMI, rectal temperature, BW change or serum mineral concentrations between the
animals fed ZnO or ZnMet could be observed. This is in agreement with the results of a
similar experiment of the same authors [19]. When adding 225 mg Zn/animal/day from either
ZnO or ZnMet to the ration (maize-cottonseed hulls-based; 5.9-6.7 ppm Cu (DM) and 72.1-
74.1 ppm Zn (DM)) of Angus steer calves (280 kg BW), no difference between the two Zn
sources for plasma Zn concentrations were observed, although DMI tended to be higher in
the ZnMet group. Using Hereford x Simmental heifers (271 kg BW) receiving a maize silage-
based ration (23.1 ppm Zn) supplemented with 25 ppm Zn from either ZnO or ZnMet, Spears
[119] could not observe significant differences in growth or serum alkaline phosphatase
activities between the two sources. The same investigators [120] found similar results using
Angus and Angus x Hereford steers (214 kg BW) on a cottonseed hulls-maize-soybean
meal-based diet (26.4 ppm Zn) supplemented with 25 ppm Zn from either ZnMet or ZnO and
vaccinated against bovine herpes virus-1 and para-influenza 3. Although antibody titers
against bovine herpes virus-1 tended to be higher for steers receiving supplemental ZnMet,
no significant effect of Zn source on DMI or antibody titers could be observed. During Zn
repletion of Zn deficient Hereford x Angus calves (209 kg BW), Engle et al. [31] found no
difference in final BW, plasma or liver Zn concentrations between added ZnSO,4, ZnMet and
ZnLys (23 ppm (DM)) to a hay-maize silage-alfalfa-based diet containing 17 ppm Zn. Only
cell-mediated immunity against phytohemagglutinin was lower for ZnLys. Rojas et al. [109]
could not observe any significant difference between ZnMet, ZnSO,, and ZnO (360 mg
supplemental Zn/animal/day) when fed to yearling Limousin and Angus heifers consuming
hay-based diets (20-26 ppm Zn (DM)).

In young Holstein heifer calves (6 weeks of age), Kincaid et al. [63] observed higher serum
Zn concentrations (24.9 vs. 19.5 uM) when 300 ppm Zn was added as ZnMet + ZnLys’ (50%
each, weight basis; total Zn concentration 400 ppm (DM)) compared with 300 ppm fed as
ZnO (total Zn concentration 340 ppm (DM)). The basal ration (maize-barley-soybean meal-
alfalfa based) contained 65 ppm Zn (DM). In male Holstein calves (9 weeks old, 67 kg BW)
fed a diet containing 20 ppm Zn and supplemented with 20 mg Zn/kg BW from either ZnCl,,
ZnSQ,, ZnO or ZnCO3, no significant differences were observed in plasma Zn concentrations
24 h after dosing [62].

In beef heifers (ration consisting of grass (38 mg Zn/kg) and maize/wheat), no differences
between diets supplemented with 360 mg of Zn from either Zn sulphate or a Zn amino acid
complex on gain, serum Zn concentrations or total and differential white blood cell counts
could be demonstrated [59].

3.2.2 Sheep

Rojas et al. [108] fed diets (maize, cottonseed hulls, soybean meal; 16-20 ppm Zn)
supplemented with 360 mg/day from either ZnMet, ZnLys, ZnSO, or ZnO for 3 weeks to
sheep. Thereafter, the supplements were withdrawn for 4 weeks (reason not given) and then
the supplements were resumed for another week. At the end of the experiment, the ZnLys-
treated animals had the highest serum Zn values compared with all but the ZnSO,-treated
animals. ZnLys caused the highest accumulation and the highest metallothionein
concentrations in kidney, liver and pancreas. No differences were observed between the
sources in Zn concentrations in bone (marrow), cornea, skin, hooves or muscles. In sheep
consuming a ration (maize/cottonseed hulls/soybean meal) containing 44 ppm Zn and
supplemented with 1400 ppm Zn from either reagent grade ZnS0O,.7H,0, reagent grade
ZnCO;, ZnO or metallic Zn, relative bioavailability estimates® using pancreas, liver and
kidney Zn concentrations were 100, 106, 106 and 76, respectively [111]. Metallic Zn
produced significantly lower concentrations than all other sources. Tissue concentrations

Zinpro 100 and Lyzin 100, Zinpro Corp.
Multiple linear regression slope ratios of logo transformed accumulation of Zn in pancreas, liver
and kidney on dietary Zn concentrations.



were not significantly different between the other sources. In a second experiment (64 ppm
Zn in the basal ration), 1400 ppm additional Zn from either feed grade sulphate (2 sources)
or ZnO (2 sources) bioavailability estimates were 100, 86, 87 and 79, respectively. No
significant differences in tissue concentrations between these sources were observed.

Ewes fed hay (12 ppm Zn) supplemented with 140 mg Zn from either a Zn-amino acid
complex (Availa-Zn 100®, Zinpro Corp.%) or ZnSO, during 56 days had higher faecal Zn
excretion when the Zn-complex was fed (238 vs. 220 ppm for Zn-complex and sulphate,
respectively) [49]. However, growth was not different, whereas liver Zn concentrations
tended to be higher (P = 0.06) in the Zn-complex group, even when the initial liver Zn
concentrations were included into the statistical analysis as a co-variable (139 vs. 128 ppm
for Zn-complex and sulphate groups, respectively). The reason for the conflicting results
(higher faecal Zn and higher liver Zn concentrations in the Zn-complex group) is not clear.
Cao et al. [13a] carried out an experiment with lambs fed a ration'® with 1400 ppm added Zn
from either ZnS0O,.7H,O, Zn proteinate, Zn amino acid chelate or ZnMet''. They found
significantly higher Zn concentrations in lambs receiving Zn proteinate as compared with
ZnS0,4.7H,0, whereas the other sources showed similar bioavailabilities as the sulphate.

3.2.3 Goats

In an experiment with 40 Angora goats consuming a diet (cottonseed hulls, maize, soybean
meal + 45 mg CuO) supplemented with 120 mg Zn from either ZnMet or ZnO, average daily
gain (62.9 vs. 50.5 g/day) and staple length (10.5 vs. 9.5 cm) were better in ZnMet-fed goats
than in ZnO-fed goats [104]. However, as no methionine-supplemented control group was
included in the experimental design and Zn was probably fed beyond requirements, the
observed differences could theoretically also relate to the supplemented methionine. No
significant effects were recorded as to feed intake, mohair yield or diameter or plasma Zn
and Cu levels.

3.2.4  Discussion and conclusions
Results of Zn bioavailability trials in ruminants are summarized in Table 1.

Tablel Summarized results of bioavailability trials with different Zn sources for

ruminants
Ref. Category Sources used Response criteria Bioavailability
[18] Beef steers | ZnO, ZnMet Performance, serum Zn ZnO = ZnMet
[19] Beef calves | ZnO, ZnMet Performance, plasma Zn ZnO = ZnMet
(DM tended to be higher for
ZnMet)
[119] Beef heifers | ZnO, ZnMet Performance Zn0O = ZnMet
[120] Beef steers Zn0, ZnMet Performance, serum Zn, Zn0 = ZnMet
neutralizing antibody titers
[31] Beef calves | ZnSO4, ZnMet, Performance, plasma Zn, liver | ZnSO4 = ZnMet = ZnLys
ZnLys Zn, skin swelling after PHA® | (PHA immunity™ of ZnLys <
injection ZnS0g4, ZnMet)
[109] Beef heifers | ZnO, ZnMet, Serum Zn, erythrocyte Zn, Zn0 = ZnMet = ZnSO4
ZnSO4 tissue Zn®
[63] Dairy calves |ZnO, ZnMet + Performance, liver Zn, ZnO < ZnMet
ZnLys thymidine uptake by
lymphocytes
[62] Dairy calves | ZnClz, ZnSOsy, Plasma Zn No differences between sources
Zno, (plasma zn)
ZnCOs3

® 4.00% Zn (Zn*"); 8.03% amino acids.

Maize/soybean meal/hay ration containing 58 ppm Zn (DM).
No more information on product names available; it is not clear whether 1400 ppm Zn was added
to the ration DM or on as fed basis.
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Ref. Category Sources used Response criteria Bioavailability
[59] Heifers ZnSO4, Zn amino | Performance, serum Zn, white | No differences (gain, serum Zn,
acid complex blood cell counts and total/differential white blood cell
differentiation, cell-mediated | count)
immunity
[75a] Beef steers | ZnSO4, Zn amino | Performance, intestinal and No significant differences
acid complex 3, Zn | subcutaneous fat thickness, between sources
polysaccharide serum Zn concentration
complex *
[61a] Fattening Zno, Performance, meat quality, No significant differences
bulls Zn proteinate ° metabolic profile, Zn between sources, except
Zn polysaccharide | concentration in serum, liver, |improvements in macroscopic
e bone, hair and claws, claw claw quality for both organic Zn
quality sources
[121b] | Steers ZnSQy4, ZnMet, DMI, serum and liver Zn, Liver Zn was higher in the ZnGly
ZnGly apparent Zn absorption, Zn than in both other groups; other
retention parameters were not different
between the groups
[110a] |Beef heifers | ZnSO4, Zn Performance, morbidity after | No significant differences, except
polysaccharide 4 stress and IBR challenge, improved humoral response after
humoral repsonse after ovalbumin vaccination
vaccination with ovalbumin
[90a] Steers ZnS04, Zn Performance, serum and liver | No significant differences
proteinate ! Zn concentrations between sources
[138a] |Calves ZnS0q4, Zn Performance, liver and During some stages of the
proteinate ® plasma Zn, plasma alkaline experiment, ZnSO4 > Zn
phosphatase proteinate group (liver Zn) °
[121a] | Steers ZnO, 2 different Zn | Performance, meat quality, Performance tended to be higher
proteinates immune response in Zn proteinate groups than in
ZnO group; no differences for
other parameters
[108] Sheep ZnMet, ZnLys, Serum Zn, pancreas Zn, ZnLys > ZnMet, ZnO (serum Zn)
ZnS04, ZnO tissue zn® and MT ZnLys > other sources (liver,
kidney, pancreas Zn/MT)
no differences (Zn in bone,
cornea, skin, hooves, muscles)
[111] Sheep ZnSOq, Pancreas, liver and kidney Zn, | Zn < other sources (pancreas,
ZnCQ03,Zn0,Zn liver MT kidney, liver Zn)
ZnS04,Zn0O no significant differences
(pancreas, kidney, liver Zn)
[49] Ewes Zn-amino acid Performance, faecal Zn, liver | Zn-complex < ZnSO, (faecal
complex, ZnSOq Zn, serum AP excretion)
no difference (growth, liver Zn)
[13a] Wether ZnS04.7H20, Zn Zn in liver, kidney and Zn proteinate > other sources ™
lambs proteinate, Zn pancreas, liver metallothionein
amino acid
chelate, ZnMet
[104] Fibre-goats | ZnMet, ZnO Performance, mohair ZnMet > ZnO (growth, mohair
production and quality. staple length)
Plasma Zn ZnMet = ZnO (DMI, mohair
yield/diameter, plasma Zn)

(&)

()
®)
4)
(6)
(6)
]
(®)
(9)

(10)

Cell-mediated
phosphatase;

immunity against phytohemagglutinin (PHA);

MT

metallothionein; AP =

Zn concentrations in bone, cornea, skin, hoof, hair, kidney, liver and muscle;
AvailaZn, Eden Prairie;
ZnSQM, Quali Tech;

Bioplex Zn, Alltech;

Carbosan, Quali Tech;
DuCoa (ho more information);
Chelated Minerals Corp.;
Only when a dose of 500 ppm (DM) was administered, plasma, duodenal, liver and kidney Zn was higher in
the Zn proteinate group than in the ZnSO4 group;
The only level tested was 1400 ppm added Zn to a ration containing 58 ppm Zn (DM)
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In summary, nearly all experimental evidence does not show any difference in bioavailability
between ZnSQO,, ZnO, ZnMet, or ZnLys for cattle. Only in two out of 16 experiments a
mixture of ZnMet and ZnLys or Zn proteinate seemed to have a somewhat higher
bioavailability, but this was only the case when 340-400 ppm Zn or 500 ppm Zn (DM) was
fed. These levels substantially exceed allowed EU levels®® (120 ppm [58]) and may be
detrimental in milk-fed calves (> 200 ppm [56]). Results from this experiment are, therefore,
of no practical importance.

For sheep and goats, evidence is very scarce. The reported results for sheep point into the
direction of ZnLys being the best available source, whereas metallic Zn is a poorly available
source. In one experiment [13a], Zn proteinate was shown to significantly increase tissue Zn
concentrations as compared with Zn sulphate. However, the only Zn level tested was as high
as 1400 ppm additional Zn. Therefore, as these results are of no practical importance, the
same remarks as mentioned above for cattle apply to this experiment. No differences exist
between the other anorganic Zn sources mentioned. For goats, no clear result is reported.
Finally, in the majority of the experiments the Zn levels used substantially exceeded Zn
requirements. It is not clear as to what extent results from these experiments can be applied
to differences between sources when fed at or below requirements. Therefore, in practice
there is no (dis)advantage of one specific Zn source for use in ruminant nutrition, and the
cheapest and most convenient source may be used.

3.3 Interactions influencing zinc absorption

3.3.1 Interactions of zinc and iron

3.3.1.1 Cattle and sheep

Experimental evidence on the influence of dietary Fe on Zn metabolism in ruminants is not
unequivocal. Selected results of trials are given in Table 2.

3.3.1.2 Goats

No experimental evidence is available on effects of dietary Fe additions on Zn metabolism in
goats.

3.3.1.3 Conclusion

Although the Fe levels used in all experiments are thought to be more or less comparable
with those of “available” Fe (for interactions) occurring in practice (e.g. from contamination of
feeds with solil) [51], effects of additional Fe on Zn metabolism are often minor. Deteriorations
of performance as observed in some experiments are not necessarily caused by alterations
in Zn metabolism. Therefore, under practical conditions the influence of Fe on Zn metabolism
in cattle and sheep will be largely unimportant, unless the Fe content of the ration roughly
exceeds 1000-1500 ppm (DM). Then, one should be aware of a slightly lower Zn status of
the animal. Until more information is available, this is assumed to be also the case for goats.

2 Commission Regulation No 1334/2003/EC.
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Table 2 Selected results of experiments on the influence of Fe on Zn metabolism in

ruminants.
Ref. Category | Feed Zn | Feed total Fe | Fe- Observations
source |DMI |[ADG [FIG Liver Zn [kidney Zn
ppm kg ppm (DM)
[126] beef 50 77 | FeSO4 7.11 0.81 8.74 118 87
calves (added) 477 6.46 063 [10.19 [134 920
1677 541D |0.39D [13.80D |98D 81D

* spleen, heart and muscle Zn content ND

[125] steer 50 100 | FeSOq4 7.63 1.00 7.63 145 96
calves (added) 1000 5.84 0.74D | 7.89 118D 92
* lowest spleen Zn content at 1000 ppm Fe
* heart and muscle Zn content ND
* no Fe x P interaction (2.3 and 4.6 g total P/kg)

[124] wether 50 0 | added 0.55a -0.005 178 236
lambs (added)
1600 FeSO, 0.55a -0.011 166 188
0 0.56 a 0.0 120 181
1600 Fe 0.56 a -0.109 147 136
citrate

* spleen, heart and muscle Zn content ND

[32;40] |lambs ? 250 | (DM of | FeSO,. [0.97 0.32 3.0 163 109
conce | 7H.0
1000 | ntrate) 0.89 0.22 4.0 141 93
1750 073D |0.18D [4.0 129 88D
* brain, spleen, liver, muscle, rib and wool Zn
content ND
[110] [wether 30 40 |DM Ferric 1.38 0.19 7.6 90 99
lambs (added) | 800 citrate 1.06D [0.13D [8.1 105 90 D

* liver and (heart) muscle ND

* no Fe x P or Fe x Al interaction on Zn
metabolism (1.7 or 4.2 g P/kg DM; 168 or 1618
ppm Al (DM)

D = significant difference between highest and lowest dietary Fe levels (p < 0.05);
ND = no significant difference due to dietary Fe level; a = kg feed as fed; animals were pair-fed.

3.3.2 Interactions of zinc and cadmium

3.3.2.1 Cattle

In bull calves (average 76 kg BW), the addition of 350 ppm Cd as CdClI, to a glucose/maize
starch/whey diet containing either 4 or 44 ppm of Zn (extra Zn from ZnO, Cd content not
given) significantly decreased apparent Zn absorption (significant difference between
percentage of a dose ®°Zn excreted in faeces) and °°Zn retention in tissues (heart, lung, liver,
spleen, kidney, testicles, scrotum, muscle and skin in Zn-deficient calves). The effect was not
different for the two Zn levels. Urinary Zn excretion was not influenced by Cd treatment [102].
Similar results on °*Zn absorption were obtained in another experiment with calves, although
tissue Zn levels were hardly affected [106]. On the contrary, liver and kidney Zn levels were
higher in calves supplemented with either 640 or 2560 ppm Cd, whereas spleen, testis, hair
and skin Zn levels were not affected [103]. No data on Zn metabolism were given from the
groups receiving either 40 or 160 ppm Cd. Selected results are given in Table 3.
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3.3.2.2 Sheep

When Cd (0, 5, 15, 30 or 60 ppm) was added to the diet (0.2 ppm Cd, 32 ppm Zn) of ram
lambs, liver and kidney Zn concentrations were significantly increased in the highest Cd-
groups when compared with the control group [29]. The experiment lasted for 191 days. In
contrast, dietary Cd loading did not affect ewe plasma and liver Zn, whereas their lambs
showed lower plasma and liver Zn concentrations [88]. Lambs were fed the same diet as the
ewes. The experiment was started at 13-14 weeks of pregnancy and terminated at 7.5-8
weeks post partum. The diets consisted of dried grass cubes. Selected results are given in
Table 3.

3.3.2.3 Goats

Under the same experimental conditions as mentioned for calves [102], 350 ppm Cd
significantly decreased apparent Zn absorption and ®*Zn retention in tissues (muscle, tibia
and skin in goats fed adequate Zn), whereas urinary Zn output was not influenced by Cd
treatment. In another experiment, goats fed a semi-synthetic diet containing 75 ppm Cd
(ration composition and Cd-level of control group not given) for up to 15 months, 50 percent
of the Cd-loaded goats aborted, whereas none of the normally born kids was viable [6]. Zinc
concentrations in kidneys, liver and milk of the dams, as well as liver Zn concentrations in the
kids were significantly increased in the Cd-loaded group compared with the control group.
Milk Zn contents were 37 and 19 mg/kg for control and Cd-loaded goats, respectively. This
difference was significant. Selected results are given in Table 3.

In an experiment with pregnant goats fed 0 or 500 ppm additional Cd for 10 months, Zn
content of lambs and milk of these animals was not influenced by Cd addition [5]. Zinc
contents of lambs and milk were 69 vs. 65 and 33 vs. 36 ppm for 0- and 500 ppm Cd-
supplemented animals, respectively.

3.3.2.4 Conclusion

Although significant influences of Cd addition on Zn metabolism have been reported (Table
3), these results are conflicting. In calves and goats, Cd decreased the (®*)Zn retention in the
liver, whereas in lambs and calves stable (nhon-radioactive) Zn concentrations were highest in
the Cd-treated groups. Labile (radioactive) Zn has been suggested to be most affected by
dietary Cd additions [106]. As yet, this phenomenon cannot be explained. Moreover, in all
experiments except two with sheep [29;88] the Cd concentrations applied extremely exceed
those normally found in herbage under practical conditions (0.1-0.8 ppm (DM)) and even in
Cd-contaminated areas (1-21 ppm (DM))[88]. Therefore, results from experiments employing
Cd levels as high as 350 ppm added Cd are of no practical relevance. In conclusion, the
scarce, conflicting data preclude quantification of the effect of Cd on Zn metabolism in
ruminants.
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Table 3 Selected results of experiments on the influence of Cd on Zn metabolism in

ruminants
Ref. |Category Zn | Cd (added) Faecal Zn [Liver Zn |Kidney Zn
ppm in feed % of dose *°Zn ?
[102] | dairy bull | 4.0 0 - 3.34 1.59
calves 350 - 1.59 0.58
44.0 0 +30 " 5.19 2.56
350 +90 ° 1.58 D 0.56 D
[102] | male goats 4.0 0 +32 ° 17.68 8.45
350 +38 " 9.96 6.02
44.0 0 +28 ° 21.33 11.92
350 +45 " 18.10 9.21
[6] female goats ppm Zn (DM)
? 0 44 ° 17°
75 118°D 66 °D
matching kids | ? 0 67 ° 20 °
75 26°D 17°
[106] | dairy bull | 8.5 0 +40 ° 122 79
calves 350 +75 ° 166 89
[103] | dairy bull |27 (DM) |0 0.3 88 59
calves 640 169 110
2560 166 125
[29] |ram lambs 32 added |total
0 0.2 125 112
5 141 150
15 167 209 D
30 188 D 255D
60 208 D 251D
[88] |[ewes ° 37 Plasma Zn (uM)
0 0.7 109
2.8 3.5 106
6.4 7.1 107
11.6 12.3 114
matching 0 0.7 135 16.5
lambs ¢ 2.8 35 96 15.7
6.4 7.1 103 14.8
11.6 12.3 94 D 115D

% = excreted in faeces or retained / kg of fresh tissue;
® = accumulated percentage of a given dose of °Zn excreted into faeces by day 12 after oral dosing (values
depicted only in a graph);
¢ = accumulated percentage of a given dose of Zn excreted into faeces by day 7 after oral dosing (values
depicted only in a graph);

= values at the end of the experiment (7.5-8 weeks p.p.);
¢ = calculated values supposing DM content of liver = 28% and of kidney = 20%; D = significantly different from
values of control group not receiving extra Cd.

3.3.3 Interactions of zinc and copper

3.3.3.1 Cattle

In preruminant calves fed a milk substitute ration (48 ppm Zn) containing graded Cu levels of
10-1000 ppm (DM) liver Zn concentrations significantly decreased, whereas faecal Zn
excretion increased [54;55]. Selected results are given in Table 4.
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Table 4 Selected results of an experiment on the influence of Cu on Zn metabolism in
preruminant calves

Parameter Dietary Cu (ppm (DM))

10 50 200 500 1000
Faecal Zn excretion (% of intake) 59.8 57.7 62.1 67.3 70.4 D
Liver Zn (ppm (DM)) 262 189D 170D 167D 139D

D = significantly different from 10 ppm Cu level

When 8 or 16 ppm Cu (from either Cu lysine or CuSO,4) was supplemented to the ration of
beef heifers, no significant influence on plasma and liver Zn concentrations due to Cu level
was observed [105]. The basal maize/soybean meal/cottonseed hulls-ration contained 5.1
ppm Cu and 30 ppm added Zn. It is not clear as to what extent the lack of Cu-effect on Zn
metabolism is related to the deficient basal Cu level [132]. In dairy cows, no effect of
increasing the daily Cu intake from + 300 to 550-850 mg on milk Zn concentrations could be
demonstrated [114]. Copper was added as CuS0O,4.5H,0. Daily DMI was 15-16 kg, so Cu
contents of the rations were approximately 19 and 35-55 ppm for control and Cu-
supplemented groups, respectively.

3.3.3.2 Sheep

In wethers (6-9 months of age) given 5.1 mg of additional Cu (as CuS0O,45H,0) on 5
days/week, no effect on liver Zn concentrations was observed [27]. The basal ration
consisted of lucerne, lupine and grains and contained 5 ppm Cu and 48 ppm Zn. Again, it is
not clear as to what extent the lack of Cu-effect on Zn metabolism is related to the deficient
basal Cu level [132]. After 28 weeks, liver Zn concentrations were 118 and 114 ppm (DM) for
the low- and high Cu groups, respectively.

3.3.3.3 Goats
No information is available on any influence of dietary Cu on Zn metabolism in goats.

3.3.3.4 Conclusion

As discussed by Jongbloed et al [58], for Dutch cattle current practical levels of Cu in feeds
are 4-8 (roughages) and 27-32 ppm (DM) (concentrates) and of Zn in feeds are 34-48
(roughages) and 78-85 ppm (DM) (concentrates). Thus, as Cu levels applied in the
experiments with ruminating animals mentioned above resemble practical levels, results
indicate that Cu-Zn antagonism is not of practical importance for cattle [132]. In Dutch veal
calf rations, Cu concentrations range from 0.3-17 ppm [136]. Although liver Zn
concentrations were already reduced in calves fed 50 ppm Cu (DM), no Cu levels in between
have been tested. Thus, the importance of dietary Cu for the Zn metabolism of the non-
ruminating (veal) calf cannot be judged. This is even more evident for the 1000 ppm Cu (DM)
level increasing faecal Zn excretion in preruminant calves.

Until more information is available, the above considerations are supposed to be valid for
goats either.

3.34 Interactions of zinc and phytate

3.3.4.1 Non-ruminant animals

Phytate can affect the bioavailability of several minerals and trace elements [60]. In an
experiment with veal calves, the control group was fed milk replacer as the sole feed (124
ppm Zn (DM)), whereas in the experimental ration part of the milk replacer was replaced by
soy protein (142 ppm Zn (DM)) [139]. After 26 weeks feeding, both plasma and hepatic Zn
concentrations were significantly reduced in the experimental group as compared with the
control group. Performance was slightly worse in the experimental group. As soy protein is
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rich in phytate, it was hypothesized that dietary phytate from the soy protein hampered Zn
absorption. This was proven by adding either phytase (100 mg Natuphos®/kg of diet), 175
ppm Zn, 175 ppm Zn + 100 mg Natuphos®/kg of diet or no supplement (control group) to a
milk replacer diet (soy protein instead of milk powder) [28]. Plasma Zn values were 38, 38,
80 and 26 uM, whereas liver Zn concentrations were 589, 552, 1257 and 256 ppm (DM)
(phytase, Zn, phytase+Zn and control group, respectively).

No data are available as to the influence of phytate in the ration of non-ruminant lambs and
kids.

3.3.4.2 Ruminating animals

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

3.35 Interactions of zinc and lead

3.3.5.1 Cattle

In dairy calves (86 kg BW; 10.5 weeks of age) fed maize/soybean meal/grass diets either
without (control) or with additional 500 or 1500 ppm Pb for 7 weeks, Zn metabolism was
partly influenced [137]. Lead was supplied as PbSO,. In the 1500 ppm Pb group, Zn
absorption was slightly reduced when compared with the control group. Seven days after oral
dosing of ®*Zn ' + 80% of dose was excreted via the faeces in the unsupplemented control
group, compared with +£70% in the 1500 ppm Pb group. Tissue stable Zn concentrations
were significantly reduced in pancreas, heart and testicle, whereas intestinal tissue Zn, blood
Zn and cellular distribution of Zn in liver and kidney were not significantly altered.

Male calves (1 month of age) given either 4.1 mg Pb/kg BW (as Pb acetate) or no Pb
supplement did not show significant differences in blood Zn concentrations between the
groups [100]. The ration consisted of whole milk and/or calf starter and green fodder.
Detailed data on ration composition were not given. After 28 days on experiment, blood Zn
concentrations were 61.7 and 71.3 uM for control and Pb-loaded animals, respectively. In the
Pb-loaded calves, blood Zn values significantly increased during the experiment (time effect,
initial blood Zn concentration was 60.9 uM).

3.3.5.2 Sheep and goats
No data on the influence of Pb on Zn metabolism in small ruminants are available.

3.3.5.3 Conclusion

Practical levels of Pb in forage downstream a lead smelter are reported to be 163-212 ppm
compared with 5 ppm before the start of the smelter [30]. Assuming a DM content of fresh
grass of 16% [15], these concentrations are 1019-1325 and 31 ppm Pb (DM), respectively.
The former value is in accordance with others (500-1000 ppm (DM)) in Pb-contaminated
areas [47]. As plants do not take up Pb, it is present as a contamination on the surface of the
plant. However, Pb-contaminated plants cannot be easily cleaned with water [47]. Data from
the dairy calf experiment [137] are, therefore, applicable to heavily contaminated areas. At
levels in this order of magnitude, Pb has some influence on Zn metabolism. However, at the
much lower Pb levels used in the other experiment [100] (assessed to be 100-150 ppm
(DM)), no significant effect could be observed. Normal values for Pb-concentrations in
herbage are < 10 ppm (DM), whereas these values can increase up to 300 ppm (DM) in the
vicinity of highways [47]. Thus, although Pb-concentrations in feed >15 ppm (DM) are
considered to be toxic for ruminants [47], under practical circumstances (except in

¥ Via gelatine capsules.
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contaminated areas) the influence of Pb on Zn metabolism in cattle may be irrelevant. Unless
proven otherwise, this is assumed to be also valid for small ruminants.

3.3.6 Interactions of zinc, aluminium and phosphorus

3.3.6.1 Cattle

Growing beef steers (226 kg BW) fed additional Al for 84 days (basal diet: maize/soybean
meal/cottonseed hulls; 100 ppm added Zn, 210 ppm total Al**) showed significantly higher Zn
concentrations in liver and kidney [134]. Added Al levels were 0, 300, 600 or 1200 ppm (as
AICI;.6H,0). Liver Zn concentrations were 59.3 and 81.3 ppm (DM), whereas kidney Zn
concentrations were 45.0 and 57.9 ppm (DM) for groups receiving 0 and 1200 ppm additional
Al, respectively. Performance was not significantly influenced. In ruminating dairy calves (72
kg BW, 64 d of age) [91], the effects of adding P and/or Al were investigated. The
experimental design consisted of 4 groups: normal P/low Al; low P/low Al; normal P/high Al
and low P/high Al. The basal diet (low P/low Al; maize (cobs/meal)/ beet pulp)) contained 1.3
g P, 200 mg Al and 50 mg Zn per kg DM and was supplemented with either 2.2 g P/kg™
and/or 2000 ppm Al. The high Al versus the low Al diet (extra Al from AICl;.6H,0) decreased
apparent ®°Zn absorption and increased tibia Zn concentrations, whereas DMI and growth
tended to be lower and liver and kidney Zn concentrations tended to be higher in the high Al
group™®. The high P versus the low P diet significantly increased DMI and growth. Apparent
®5Zn absorption tended to be higher in the low-P group, whereas tissue stable Zn levels were
not different. Alterations due to the P-level may have been influenced by the increased DMI
in the normal-P group. Using a similar design, the same research group found little or no
effect on Zn content of tissues and ®Zn absorption of the addition of 1.4, 2.0 or 3.2 g P to a
diet (maize (cobs/meal)/beet pulp/blood meal) containing 0.8 g P/kg [69]. Likewise, no
differences between Zn metabolism of steer calves fed diets (maize/grass hay/soybean
meal) containing either 2.3 or 4.6 g P/kg could be demonstrated [125]. Performance, tissue
Zn concentrations and apparent Zn absorption were similar in both groups.

In the above experiments investigating the influence of both Al and P on Zn metabolism,
hardly any Al x P interaction was observed.

3.3.6.2 Sheep

Two experiments using wether lambs were carried out investigating the influence of Al and P
on tissue mineral composition [110;133]. Rations were similar (maize/soybean meal/cotton
seed) and contained 1.5 or 1.7 g P/kg DM, 168 ppm Al (DM), 100 or 30 ppm added Zn (basal
diet) and 3.2 or 4.2 g P/kg DM and 2168 or 1618 ppm Al (DM) and 100 or 30 ppm added Zn
(experimental diet). In both experiments, additional Al (from AICl;.6H,0) significantly
depressed DMI and growth. In the first experiment [133], no effect of Al level on either liver,
kidney, muscle or brain Zn concentrations could be observed. Kidney Zn levels were
significantly lower in the high-P group when compared with the low-P group. In the second
experiment [110], Zn concentrations were higher in the high-Al (kidney) and lower in the
high-P group (kidney, spleen). Significant Al x P interactions were observed. No differences
due to either Al or P were found in Zn concentrations of liver, muscle or heart tissues.

1 Although data on normal Al concentrations in feeds and Al requirements are scarce, sweet clover

was reported to contain 139 ppm Al (DM) [35]. In the ration of young goats, 25 ppm Al (DM)
seemed to be sufficient [4].

From Dynafos®, a mixture of mono- and dicalciumphosphate containing 18.5% P

In some tissues, high Al tended to lower Zn concentrations, but Al x P interactions yielded
confusing results.
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3.3.6.3 Goats

No experimental evidence is available concerning the influence of Al and/or P on Zn
metabolism in goats.

3.3.6.4 Conclusion

The Al concentrations used in the experiment mentioned above substantially even exceed
those found in plants from polluted areas (e.g. 237 ppm Al (DM) in sweet clover grown on fly
ash [35]). Nevertheless, only minor influences on Zn metabolism have been reported.
Although the employed P levels are practical, in conclusion, the practical importance of both
Al and P on Zn metabolism in ruminants seems to be minor.

3.3.7 Interactions of zinc and calcium

3.3.7.1 Cattle

Based on field observations in cattle (fed 250-400 mg Zn/day) and the (dis)appearance of
symptoms associated with Zn deficiency (itch, hair licking), a relationship between dietary Ca
and required Zn levels has been suggested [42]. The equation is as follows:

required Zn level (ppm (DM)) = 15.9 x feed Ca (g/kg DM)

Thus, when dietary Ca level is 2.5 g/kg DM, dietary Zn level should be 40 ppm (DM). A total
of 355 cows were investigated. The Ca levels underlying this calculations range from + 2.5 to
9 g/kg DM, whereas the Zn levels range from + 30-100 ppm (DM). However, no suitable
observations (adjacent to the line described by the equation) were made at dietary
concentrations >7 g Ca’/kg DM and >100 ppm Zn (DM), whereas linearity of the relationship
is not substantiated. The validity of the equation for dietary concentrations exceeding these
values is questionable. Moreover, only a subjective criterion (itch, hair licking) has been used
to define “sufficiency” of Zn supply. Finally, in lactating cows fed a maize/sugar beet
pulp/pea/soybean meal diet (40 ppm Zn, 8 g Ca/kg), no significant effect of adding 7 g Ca/kg
of diet (from limestone) on plasma Zn concentrations after an oral dose of Zn was observed
[62]. Before dosing, plasma Zn levels were 12.4 and 13.2 uM for low- and high Ca groups,
respectively. At 24 h after Zn dosing these levels were 16.5 and 16.2 pM, respectively.

3.3.7.2 Sheep

In pregnant ewes fed maize silage/alfalfa hay diets containing either 20 or 74 ppm Zn and/or
either 2.4 or 8.0 g Cal/kg, plasma Zn concentrations were significantly lower in the high Ca
group [101]. Mean plasma Zn concentrations were 11,6 and 10,4 uM for low- and high Ca
groups, respectively.

Lambs fed diets (1.2 ppm Zn + extra Zn gradually declining (18, 13, 10, 5 or 0 ppm) during
20 weeks) supplemented with Ca to a total concentration of 18 g Ca/kg had lower plasma Zn
concentrations than lambs on similar diets containing either 12 or 6 g Ca/kg [89]. Each Ca
treatment group consisted of 6 animals. After 6 weeks on the diet containing 5 ppm
supplementary Zn (total Zn 6.2 ppm), 2 animals in the 6 g Cal/kg-group had mild
parakeratotic lesions, whereas all animals in the 18 g Ca/kg-group had severe parakeratosis.

3.3.7.3 Goats
No experimental data are available on the influence of Ca on Zn metabolism in goats.

3.3.7.4 Conclusion

Dietary Ca influences Zn metabolism in sheep and cattle. For goats evidence is lacking. Due
to scarcity of data and uncertainties concerning the validity of the proposed equations, the
effects cannot be reliably quantified.
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3.3.8 Interactions of zinc and nickel

3.3.8.1 Cattle

In dairy calves (74 kg BW), no influence of the addition of 5 ppm Ni (as NiCl,.6H,0) to a
ration (maize/cottonseed hulls) containing on average 0.5 ppm Ni on performance and Zn
concentrations in liver, kidney, spleen, lung, heart and muscle could be demonstrated [121].

3.3.8.2 Sheep and goats
No data are available on any influence of Ni on Zn metabolism in small ruminants.

3.3.8.3 Conclusion

Under practical circumstances, influences of Ni on Zn metabolism in ruminants are
considered to be irrelevant.

3.3.9 Interactions of zinc and potassium

3.3.9.1 Cattle

In a study with 120 dairy cows from four farms, increasing the K content of the ration caused
a secondary Zn deficiency with lower plasma Zn levels, an increased incidence of claw
lesions and infectious diseases such as mastitis and a decreased reproductive performance
[12]. The K contents of the rations were 10 (control), 15, 20, 25, 30 g/kg DM. At the 25 and
30 g/kg DM levels, plasma Zn levels were significantly lower than in the control groups from
the 4™ month of the lactation on two of the four farms.

3.3.9.2 Sheep

In lambs fed grass hay/soybean meal/barley diets, increasing the K content of the diets
slightly decreased Zn retention [72]. At dietary K intakes of 5.6, 10.1 or 13.9 g/day, Zn
retention was 43, 28 and 24 mg/day, respectively.

3.3.9.3 Goats
No suitable data are available on the interaction of K and Zn in goats.

3.3.9.4 Conclusion

The K levels applied in the experiments mentioned commonly occur in practice, and can be
even higher in heavily fertilized roughage fed to cattle (BLGG, Oosterbeek, The Netherlands
[112]). Thus, the K x Zn interaction may be of practical importance. However, due to lack of
suitable data this remains speculative and quantification of the interaction is precluded.

34 Recycling

Although recycling of Zn after excretion via pancreatic juice, bile and intestinal wall should
occur, no data on this process in ruminants are available.

3.5 Excretion

Excretion of Zn occurs via the faeces (contributions from bile (i.a. bound to glutathione),

pancreatic juice and directly via the intestinal wall) and via the urine. Lambs (9 weeks of age)
fed Zn according to NRC requirements (19-26 ppm Zn) excreted 0.10 mg Zn/24 hours via
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their bile (0.17 mg Zn/L bile) [37]. In calves (dietary Zn intake 108 mg/day), Zn excretion via
the bile was demonstrated to be 0.98-1.2 pg/min [130]. In calves fed milk replacer containing
either 40, 200, 500, 700 or 1000 ppm Zn (DM) for 5 weeks, final bile Zn concentrations were
1.0, 1.2, 3.1, 3.0 and 6.4 mg/L, respectively [56]. The contribution of urinary excretion is
considered to be minor [132]. For example, in goats (46 ppm dietary Zn), after 28 days +
12% of an intravenous dose of ®°Zn was excreted in the faeces, whereas + 0.5% of dose was
excreted via the urine [83]. In Zn-deficient goats (6 ppm Zn) these values were 9 and 0.3%,
respectively. In calves on the same diets, after 12 days these values were 15 and 0.3% (46
ppm Zn) and 10 and 0.3% (6 ppm Zn), respectively. In another experiment by the same
investigators [81], after 3 weeks on diets containing 33, 233 and 633 ppm Zn calves excreted
69, 81 and 82%, respectively of the dietary Zn intake via the faeces, whereas urinary Zn
excretion of these animals was 1.4, 0.4 and 0.2% of dietary intake. In adult wethers on a
high-Zn diet (236 ppm Zn (DM)), + 91% of dietary Zn intake was excreted via the faeces,
whereas 1.4% was excreted via the urine [68]. In mature ewes fed hay (providing 8 mg
Zn/day) and intraruminally infused with a Zn sulphate solution providing either 0, 75, 150 or
225 mg Zn/day, Zn excretion via the urine was independent from dietary Zn intake (0.83
mg/day), while faecal Zn excretion increased from 20 to 251 mg/day [128]. In one dairy cow
on a ration containing only 6 ppm Zn, after 19 weeks faecal Zn excretion was = 30%,
whereas urinary Zn excretion was + 5% of the daily Zn intake [67]. Finally, pregnant cows
consuming 100 mg Zn excreted 78 mg via the faeces, whereas urinary excretion was 4 mg
[46].

Urinary Zn excretion in sheep was significantly increased by the addition of S to the diet
(173 vs. 3 mg Zn/day when total dietary S concentration was 8.1 vs. 1.5 g/kg (DM) [39].
Moreover, in lambs urinary Zn excretion significantly increased from 2.7 to 6.5 mg/day when
dietary K concentration was raised from 9.6 to 30.2 g/kg, even while daily Zn intake was
slightly lower (78.3 mg) in the high K than in low K group (90.6 mg) [72]. In calves in which
the pancreatic duct was ligated or cannulated the influence on faecal Zn excretion was
investigated [122]. When these animals received an intravenous dose ®°Zn, the ®*Zn content
of the faeces through a period of 7 days appeared to be + 25% lower than in calves from a
control group (no surgery or sham-operated). Apparently, the pancreatic juice is not the main
excretion route for Zn. Moreover, the maximum of the ®*Zn-excretion via the pancreatic juice
is attained much earlier (2 hours after dosing) than that of the faeces (2 days after dosing).
Through a much more extended period the contribution of the pancreatic juice to the Zn-
excretion will, therefore, be even lower. In growing goats and calves (3-4 months of age)
receiving diets containing either 6 or 46 ppm Zn, accumulated ®°Zn excretion into the faeces
at 18 days after dosing in the non Zn-deficient goats appeared to be higher than in their
bovine counterparts (+ 42 vs. 24%) [82]. For the Zn-deficient goats and calves, differences in
faecal excretion were minor (£ 23 vs. 21% for goats and calves, respectively).

In rats, £ 80% of the endogenous faecal Zn secretion occurs through the full length of the
intestinal wall [78].

20



4 ZINC REQUIREMENTS

The Zn requirements of adult animals are determined by the endogenous (inevitable) losses
and the secretion into milk. In growing and pregnant animals Zn is also deposited in growing
(foetal) tissues.

4.1 Cattle

4.1.1 Dairy cattle

In dairy cows, the endogenous faecal Zn loss is assessed to be 0.033 mg/kg BW*’, whereas
the urinary excretion is assessed to be 0.012 mg/kg BW. Thus, total endogenous Zn loss is
calculated to be 0.045 mg/kg BW [7;98]. However, based on the fact that the 0.033 mg/kg
BW estimate originated from an experiment allowing clinical deficiency symptoms to develop,
a much higher direct estimate of 0.11 mg/kg BW for faecal endogenous Zn loss has been
made in sheep by means of an isotope dilution technique, whereas urinary Zn loss was
negligible (<0.2 mg/animal/day) [128]. This estimate was classified to be “minimal”. This
qualification is not further explained. As this estimate is the only direct one, this value is also
used for cattle.

During gestation, the pregnant bovine uterus requires about 1.1 mg (mid stage) to 6.3-12 mg
Zn/day [98;132] or 6.7-10.5 mg Zn/day [31a] from 190 days of gestation until parturition. Both
the 1.1 and 6.3 mg estimates are qualified to be “minimal”’. Again, this qualification is not
further explained. The 12 mg estimate is made employing rations containing as much as 56-
78 ppm Zn (DM) [50] and is certainly not “minimal”, as apparent Zn absorption decreases
when dietary Zn concentrations increase [67] (see paragraph 3.1). For the last stage of
pregnancy, therefore, the average of both ranges (8.9 mg Zn/day) is adopted. Growing
tissues are reported to contain 16-31 mg Zn/kg. A mean value of 24 mg Zn/kg growth seems
to be defendable [98;132].

Colostrum is reported to contain 12.4 [10] or even 25.8 (day 1) mg Zn/kg [116]. The Zn
concentration falls sharply during the first days post partum. A steady state is attained
approximately on day 3 [116]. The Zn content of mature milk is assessed to be (mg/kg) 2.3-
5.1 [53], 3.6 [22], 3-3.8 [135], 3.9 [8], 4.2 [92], 4.3 [73] or 4.4 [107], 3.4-5.8 [98] or 4.0-4.6
[10;114]. On average, a value of 4.1 mg of Zn/kg has been chosen arbitrarily for all
ruminants.

The influence of dietary Zn concentrations on milk Zn content is limited, although results do
not fully agree. In one heifer fed a semi-synthetic diet containing 6 ppm Zn during 19 weeks,
the final milk Zn concentration was 2.3 mg Zn/kg [116]. When 4 other cows were repleted
with Zn during 13 weeks, levels > 87 ppm dietary Zn did not result in increases of milk Zn
concentrations. After feeding a diet containing 130-436 ppm Zn for 9 weeks, milk Zn
concentration was on average 5.5 mg/kg. In cows fed a diet containing 16.6 ppm Zn during 6
weeks, mean milk Zn concentration at the end of the experiment was 3.3 mg/kg [92]. A
substantial increase of the Zn content of the feed (100 ppm Zn (DM) in basal ration; 2.2 g Zn
from ZnMet added) during 22 weeks did not result in an increased Zn concentration of the
milk [66]. Although the basal Zn level was already high and dietary Zn intake was
approximately doubled by the ZnMet addition, final milk Zn concentrations were 2.6 (lowest
Zn) and 2.8 mg/kg (highest Zn). These results do not agree with those from another study, in
which lactating dairy cows consuming a forage/concentrate ration were fed either 44, 372,
692 or 1279 ppm Zn (DM) [84]. Corresponding milk Zn values were 4.2, 6.7, 8.0 and 8.4
mg/kg. Feeding dairy cows 0 or 8 g Zn from ZnO (8 cows/group) during 2 months
significantly increased the milk Zn content from 3.8 to 5.1 mg/kg [8].

" method unclear.
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The Zn content of bovine hair depends i.a. on the age, feeding and region of the body. On
average, Zn content is 106 ppm (DM) [86]. For dairy cows, the Zn requirement for hair
growth is neglected.

4.1.2 Beef cattle

No separate calculations need to be made for the Zn requirements of beef cattle. As Zn
supplementation to rations containing 17-29 ppm Zn improved gain in a minority of cases,
and not when diets contained 22-32 ppm Zn, 30 ppm Zn is considered to cover beef cattle Zn
needs in most cases [97].

4.2 Sheep

For sheep, the value for endogenous loss (0.1 mg Zn/kg BW) is assumed to be the same as
for cattle. For growth, a value of 25.5 mg Zn/kg growth is reported [37a]. However, for both
cattle and small ruminants arbitrarily a value of 24 mg Zn/kg growth is used. During twin
pregnancy, 0.28 (mid stage) and 1.5 mg Zn/day (late stage) would be the extra Zn
requirements. For wool growth, 115 mg Zn/kg fleece weight is assessed [132]. As clean wool
yield is 1.0-3.8 kg/year [7], Zn need for wool growth is assessed to be 115-437 mg/year or
0.3-1.2 mg/day.

Milk Zn content is assessed to be 4.4 [20](assuming sheep milk to contain 18.3% DM [14]) or
7.2 mg Zn/kg*® [132)].

4.3 Goats

As no separate information is available on true Zn absorption, endogenous Zn loss or Zn
content of growing tissues or pregnancy the values assumed for sheep are used.

Goat colostrum contains (mg/kg) 12.5 (day 1) to 11.8 (day 2) [10], whereas mature goat milk
contains (mg/kg) 3.1 [99], 3.3 [107], 3.6 [10], 3.8 [77] or 4.9 [73]. An extremely high value of
33 mg/kg is given in reference [5]. As no data on ration composition are given, the reason for
this high value is unclear and is considered to an abberating value.

The Zn content of goat hair is reported to be + 120 ppm (40 ppm of dietary Zn) or £ 75 ppm
(4 ppm of dietary Zn) [93] (breed not given). In another experiment employing Barbari goats,
43.8 ppm Zn in hair was reported [43]. However, Zn content of the ration was not given. As
no information is available on the Zn content of typical fibre-producing goats (Cashmere and
Angora), an intermediate value of 80 ppm Zn is adopted. As fibre production of goats has
been reported to be 0.63 (Cashmere) to 3.5 (Angora) kg/year (= 3.4 to 9.6 g/day,
respectively) [2], Zn requirement for fibre production ranges from 0.13-0.77 mg Zn/day. For
dairy goats, no data are available on hair production, but it is supposed to be lower than that
of fibre-producing goats. As Zn for fibre production in Cashmere and Angora is already small
when compared with their Zn needs for other purposes, Zn requirement for hair growth in
dairy goats is neglected.

4.4 Conclusion

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

'® Any experimental evidence for this abberating high value is unclear.
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in which

C= 100 x ((BW x 0.1) + (kg milk x a) + (kg growth x 24) + b)
Az, x DMI

C = required dietary Zn concentration (ppm (DM))

BW = body weight (kg)

Az, = true Zn absorption (%) (assumed to be 70%'°, except for milk-fed
animals (85%))

DMI = dry matter intake (kg/day).

a = 4.1 mg/kg for all ruminants

b = amount of Zn needed for pregnancy (mg/day)

For cattle, b = 1.1 or 8.9 for mid- and late stages of gestation. For sheep and
goats, b = 0.3 or 1.5 mg/day for mid- and late stages of gestation [132].
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The choice for a relatively high value for A, is compensated by the safety margin of 50%.
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5 ALLOWANCES

Using the above equation (see 4.4), some examples of minimal dietary requirements and
allowances (including a safety margin of 50%) have been calculated (Table 5). For more
examples, see reference [132] (Tables 6 and 7). Slight differences arise from different
assumptions concerning milk Zn concentrations, BW and endogenous losses.

Table 5 Examples of calculated Zn requirements and allowances

Category DMI Requirement Allowance
kg mg/day mg/day | ppm (DM)
Growing female cattle
4 months, 850 g growth/day, 130 kg BW 3.9 48 72 18.4
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 79 118 16.1
Dairy cattle (650 kg BW)
Cow, dry, pregnant, 8-3 wk a.p. 115 106 158 13.8
Cow, dry, pregnant, 3-0 wk a.p. 11.0 106 158 14.4
Cow, lactating, 20 kg of milk 18.5 210 314 17.0
Cow, lactating, 40 kg of milk 23.5 326 490 20.8

Beef cattle, intermediate type

1000 g growth/day, 100 kg BW 3 49 73 24.3
1200 g growth/day, 250 kg BW 6 77 115 19.2
1100 g growth/day, 500 kg BW 9 109 164 18.2
Veal calves

1150 g growth/day, 150 kg BW 4.5 61 91 20.3
1450 g growth/day, 275 kg BW 7 89 134 19.1
Sheep (75 kg BW)

Growing lamb, 0.3 kg growth/day, 40 kg BW 1.6 16 24 15.0
Sheep, pregnant, last trimester 1.9 15 23 11.8
Sheep, lactating, 3 kg of milk, nursing 2 lambs 2.6 29 44 16.7
Goats (70 kg BW)

Goat, pregnant, last trimester 1.7 13 19 11.3
Goat, lactating, 4 kg of milk 3.2 33 50 15.7

For non-ruminating calves consuming rations rich in phytic acid, the addition of 50 ppm Zn
(DM) to the ration is recommended [52]. The phrase “rich in phytic acid” is not further
specified. However, as a total dietary concentration of 188 ppm Zn did not suffice to prevent
deterioration of performance (and liver Zn values) at a 15% inclusion rate of soybean flour
into veal calf rations [70], an allowance of 200 ppm Zn is proposed for veal calves consuming
rations containing soybean products.
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6 CRITERIA TO JUDGE ZINC STATUS

6.1 Ranking criteria for indicators of Zn status

When comparing different sources of Zn, bioavailability has to be related to a reference
mineral source. This source has by definition a relative bioavailability of 100%. For Zn, the
reference source is ZnS0O,4.H,O (reagent grade) or ZnS0O,.7H,O (reagent grade). Several
criteria are used to judge the effect of supplying a certain amount of Zn on the animal’s
mineral status. 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 individual 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). If more criteria
are available then weighing factors can be used to obtain a final score. Ranking of criteria to
judge Zn status of cattle is given in Table 6.

Table 6 Ranking of criteria to judge the effects of a certain supply of Zn on cattle
performance as given by Jongbloed [57]

Criterion Ranking of importance (weighing factors)
Supply
below reguirements above requirements

True Zn absorption 4 1
Tibia/bone Zn concentration 5 3
Pancreatic Zn concentration No 2
Performance 2 No
Serum/plasma Zn concentration 3 No

Liver metalloproteins No No
Urinary Zn No No

Hair Zn No No
Erythrocyte Zn No No

Hair condition No No

Zn balance No No

Serum Zn concentrations are normally between 12-23 uM (cattle), 11-23 uM (sheep) [127] or
6-9 uM (goats). Concentrations < 6 UM are often considered deficient [132]. However, due to
stress or disease serum Zn concentrations can fall rapidly without inadequate dietary Zn
supply. Liver Zn concentrations can also be used and should be 100-400 ppm (DM) [98].
More detailed marginal bands are given in reference [132] (Table 5).

6.2 Conclusions

For judgement of Zn status under practical circumstances, serum or plasma Zn
concentrations are most appropriate. Besides this, bone Zn can be used. A review of these
response parameters has been given by Delves [24].

Delves [24] arranges indicators of Zn status in approximate order of merit: plasma Zn; Zn
tolerance test; plasma albumin-bound Zn; plasma alkaline phosphatase; leukocyte Zn.
According to this author, the following tests are of little value: erythrocyte Zn, urinary Zn, and
hair Zn. However, it has to be taken into account that this is a human study. Plasma Zn is
indeed a valuable indicator of Zn status, but bone Zn may be a better indicator [58]. Plasma
alkaline phosphatase is judged to be too variable (even due to totally different causes than
suboptimal Zn supply) to be of value for the assessment of Zn status. Leukocyte Zn is indeed
also in animals a sensitive and specific indicator of Zn status, but only in mature animals. In
growing animals leukocyte Zn concentration is not affected by Zn supply [131].
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Erythrocyte Zn reflects the historical rather than the actual Zn status, whereas at least in rats
and cows urinary Zn excretion is not related to dietary Zn supply [131].
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7 DEFICIENCY

One of the earliest and most striking features of Zn deficiency is anorexia, which may
provoke several other symptoms as has been demonstrated by pair-feeding experiments.
Growth arrest occurred within 2 weeks and plasma Zn concentrations fell within 1 week of
feeding a diet containing 1-2 ppm Zn to calves and lambs [90]. However, in an experiment
with calves on a diet (albumin/glucose/fat/cellulose) containing 3.6 ppm Zn, feed intake and
growth did not decrease until 4 weeks of treatment. Another early sign is excessive
salivation. In calves after 6 weeks on a diet containing 5 ppm Zn and 18 g Ca/kg [89] or 3.6
ppm Zn (Ca content not given) [79] parakeratotic lesions of the skin occurred, although in
lactating dairy cows the first skin lesions could be observed as early as 2 weeks after the
start of a 6 ppm Zn ration [115]. Later on, the bones, as well as reproductive and
immunological functions are affected. The skin is thick, hard and fissured. In calves and
cows, the muzzle, neck, ears, scrotum, limbs and teats are affected. Hoof horn may be weak
and infectious pododermatitis (in Dutch: “stinkpoten” in cattle, foot rot in sheep and goats)
may occur more frequently. However, not in all experiments oral application of Zn was
effective in preventing of healing infectious pododermatitis [23;25;26;48;74;94,;118]. In sheep,
parakeratotic lesions around the eyes, above the hooves and on the scrotum can be
observed. Wound healing is retarded. Wool fibers lose their crimp, and thin staples and
shedding of the whole fleece may occur [132].

In goats, alopecia, rough hair coats, weight loss, abnormal hoof growth, gingivitis,
conjunctivitis, hypogonadism and unthriftiness have been reported [93;113;117].

Bowing of the hind legs, and stiffness and swelling of joints are signs of the impaired skeletal
functions, although to some extent these may be due to anorexia. The impairment of male
reproductive functions are secondary to anorexia. Hypogonadism in bull calves, reversible
cessation of spermatogenesis in lambs and reduction in testicular size and loss of libido in
goats have been observed on Zn-deficient diets [132]. The effects of Zn deficiency and
vitamin A deficiency seem to be additive with respect to female fertility. Supplementation of
both 65 ppm Zn and 1800 IU vitamin A to a starch/casein diet improved serum vitamin A and
Zn levels, and also follicle quality [17]. Serum Zn and vitamin A levels were highest when
both supplements were given. Feeding a diet containing 3 ppm Zn (DM) to pregnant sheep
reduced lamb survival and was associated with pregnancy toxaemia due to loss of appetite
in the ewe. Several symptoms such as decreased cytokine production and thymic atrophy
indicate for the disturbance of immunological functions.

There is conflicting evidence as to whether or not immunopathology is secondary to anorexia
[96-98;132]. On the other hand, as yet no convincing evidence is available as to beneficial
effects of supplying extra Zn above requirements [58]. In Dutch-Friesian cattle, a genetic
defect (trait A 46, Adema disease) substantially raising Zn requirements has been reported
[13;33].

7.1 Direct measures in deficiency cases

7.1.1 Direct continuous supplementation

Zinc can be added to the ration of housed ruminants as mineral mixes incorporated in total
mixed rations or concentrates. Supplementation of 50 ppm Zn (DM) from ZnSO, or ZnO is
usually sufficient. For non-ruminant animals, improvement of the Zn availability of phytate-
rich rations by the addition of phytase is recommended, but is as yet not admitted by EU
legislation for ruminants [132].

29



7.1.2 Direct discontinuous supplementation

As recovery is usually very rapid and remarkable after oral application of Zn supplements
(see 7.1.1) [79], no additional measures need to be taken. Oral drenches with Zn sulphate
solutions (2 g ZnSO./week for cattle, concentration not given) are effective, but relatively
expensive [71;132].

7.1.3 Slow release oral supplementation

Under extensive rearing conditions, heavy intraruminal pellets (e.g. providing £ 20 ppm Zn
(DM) for at least 6 weeks) can be used to overcome seasonal deficiency and improve fertility
in sheep.
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8 TOXICITY

Zinc toxicity may principally arise from the use of massive amounts to combat facial eczema
(see below) or the faulty use or preparation of mineral supplements. Although Zn is not very
toxic, reduced feed intake and weight gain have been reported as signs of Zn toxicity. In veal
calves, weight gain was reduced and polyuria and diarrhoea occurred at high Zn levels (500
ppm (DM) and higher) [56]. Moreover, Zn levels of 750 ppm can induce severe Cu deficiency
and increase the incidence of abortions and stillbirths in sheep [96], whereas levels as high
as 1500 and 1700 ppm (DM) can induce anorexia and pica [132]. The anorexia is probably
due to decreased numbers of ruminal microorganisms, causing reductions of ruminal
digestion of dietary amino acids and cellulose [1;34]. Wethers consuming 750 g of a
grain/hay ration and dosed intraruminally with 2 g of Zn (from Zn sulphate, 4 weeks; 2667
ppm Zn) and subsequently with 3 g of Zn (4000 ppm Zn) showed significantly increased
plasma creatinine, kidney and liver Zn concentrations when compared with control animals
not given extra Zn [3]. Renal damage was further confirmed by histological investigation of
the kidneys. Finally, in order to prevent facial eczema in sheep and cattle (caused by
sporidesmin produced by the fungus Pithomyces chartarum) huge amounts (23 mg/kg BW in
cattle) are applied, which induce Zn toxicosis. An intraruminal bolus releasing 0.8 g of Zn
from ZnO per day for about 6 weeks has been shown not to induce Zn toxicosis but to
provide prolonged protection against facial eczema [98;132].

Zn toxicity has been observed in cattle fed 900 ppm Zn [98], but the main reason to limit Zn
intake is the negative effect of very high Zn levels (2000 ppm (DM)) on Cu uptake [80]. In
veal calves, weight gain was reduced when dietary Zn levels were 700 ppm (DM) and over
(from ZnO) [56]. The NRC suggests a maximum tolerable dietary level of 300-1000 ppm Zn
for dairy cattle [98] and 500 ppm for beef cattle [97]. In sheep, 1000 ppm Zn caused reduced
appetite in lambs, whereas 750 ppm Zn induced severe Cu deficiency in preghant ewes and
caused a high incidence of abortion and stillbirths [96]. For veal calves on a milk substitute
ration, 100 ppm Zn is recommended as a maximum safe level [38]. According to the AFRC
[2] up to 150 ppm Zn (DM) is well tolerated by goats, and even higher levels may have no
adverse effects. In conclusion, Zn levels up to 100 ppm (DM; preruminant animals) or 150
ppm (DM; ruminant animals) can be considered safe.

8.1 Direct measures in toxicity cases
Except lowering the Zn content and increasing the roughage content of the ration [38] no

direct measures are reported that can be taken in cases of Zn toxicity in ruminants. Shipping
for immediate slaughter should be considered in order to minimize economic losses [38].
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9 PREVENTION OF DEFICIENCY

9.1 Short-term prevention strategies

No specific short-term prevention measures except the application of intraruminal boluses
[132] have been recommended.

9.2 Long-term prevention strategies

In the long term, Zn-containing fertilizers can be applied to increase soil and plant Zn
contents. In Dutch grass silages, Zn contents range from 20-74 ppm (DM), depending on soil
type. Even wider ranges have been reported from other countries (7-100 ppm (DM), whereas
values of 150-1500 ppm (DM) can occur due to industrial contamination [132]. Successive
cuts may contain up to 50% lower values compared to the first cuts. Legumes may contain
20-60 ppm (DM), whereas hay tends to be low in Zn (13-25 ppm (DM) [35;132]. Maize silage
is reported to contain 12-45 ppm (DM) [132]. Depending on soil conditions (soil analysis each
4 years is recommended), 5-7 kg ZnSO,4/ha can be applied [132].

Table 7 Inventory of Zn allowances for cattle, sheep and goats as used in some other
countries (ppm (DM)).

Allowance
Country |Ref. |Cattle Ref. Sheep Ref. | Goat
Great [58] |30-50 [132] |9-27 (lamb) [2] 50-80
Britain 10-12 (gestation)
12-18 (lactation)

USA®? [138] | 33 (300-kg heifer) [96] 20 (growth) [95] |10

31 (500-kg heifer) 33 breeding,

63 (650-kg cow, 40 kg of milk) lactation)

23 (650-kg cow, end of

gestation)

30 (beef cattle)
Germany |[36] |40-50 (growth) ? [9] 50-80

50 (mature)
France [41] |50 (45 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.
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