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A study was conducted evaluating the effect of long-term Cu deficiency, with or without high Mn, on growth, gene expression and Cu status of

beef cattle. Twenty-one Angus calves were born to cows receiving one of the following treatments: (1) 10mg supplemental Cu/kg DM (þCu); (2)

no supplemental Cu and 2mg Mo/kg DM (2Cu); (3) 2Cu diet plus 500mg supplemental Mn/kg DM (2Cu þ Mn). Calves were weaned at

approximately 183 d of age and individually fed throughout the growing and finishing phases. Plasma Cu was lower (P,0·01) in 2Cu calves

compared with þCu calves while high dietary Mn further depressed (P,0·01) plasma Cu in 2Cu þ Mn calves v. 2Cu calves. Liver Cu con-

centrations in þCu calves were greater (P,0·01) than in 2Cu calves, with no differences between 2Cu and 2Cu þ Mn calves. The daily

body-weight gain of þCu calves was greater (P,0·01) than 2Cu calves during the period from birth to weaning, but did not differ during

the growing phase. 2Cu þ Mn calves gained less (P,0·05) than 2Cu calves during the growing phase. DM intake was lower (P,0·01) in

2Cu þ Mn calves v. 2Cu calves, and did not differ among þCu and 2Cu calves. The relative gene expression of cytochrome c oxidase in

the liver was lower (P,0·05) in 2Cu calves compared with þCu or 2Cu þ Mn calves. In conclusion, feeding a Cu 2 deficient diet in combi-

nation with high Mn negatively affected the growth and Cu status of beef cattle.

Cattle: Copper: Growth: Manganese

Cu deficiency in ruminants is a problem worldwide, often due
to the presence of high levels of a Cu antagonist in the diet(1).
In beef cattle, Cu deficiency may present in the form of
depressed growth, hair depigmentation and anaemia. These
signs can be explained by the reduced activity of cuproen-
zymes such as cytochrome c oxidase, tyrosinase and caerulo-
plasmin, which are important in energy production, melanin
production and Fe metabolism, respectively(2). Several res-
earchers have investigated the effect of Cu deficiency on
growth in beef cattle, with varying results(3). Suttle &
Angus(4) induced Cu deficiency in young calves through sup-
plementation of 1·5mg Mo/kg DM and reported that deficient
calves weighed approximately 30% less than their sup-
plemented (7mg Cu/kg DM) counterparts after 24 weeks on
experimental diets. More recently, Ward et al. (5) experimen-
tally induced Cu deficiency in calves through Mo and S
supplementation for 98 d and reported minimal negative
effects on growth. Alternately, Gengelbach et al. (6) noted
that Cu deficiency induced through Mo supplementation
resulted in depressed growth of calves compared with calves
supplemented with Cu. It is possible that the effect of Cu
deficiency on the growth of cattle is dependent on the duration
and severity of Cu deficiency. The age of the animal also

appears to play a role in the susceptibility to Cu deficiency.
Poole & Rogers(7) suggested that the young calf is most vul-
nerable to Cu deficiency and that even when the deficiency
is treated, long-term impacts on growth are observed. To our
knowledge, no work has examined the effects of a life-long,
severe Cu deficiency in beef cattle.

Cu-deficient soils are a problem worldwide, and are of par-
ticular concern in locations such as the British Isles which also
have elevated soil concentrations of the Cu antagonist Mo(8,9).
Mn is another potential Cu antagonist, and excessive dietary
Mn from feedstuffs, industrial contamination or soil ingestion
may have negative impacts onCu absorption.Mnconcentrations
in some forages may be greater than 100mg/kg DM, while the
Cu content of forages is typically low(10). Limited studies exam-
ining the antagonistic effects of Mn on Cu have been conducted;
however, research with rats has demonstrated a complicated
interaction between the effects of dietary Mn (10 or 50mg/kg
DM) and Cu (,1 or 6mg/kg DM) on indices of Cu and Fe
status(11). These authors reported that 50mgMn/kgDM reduced
duodenal tissue Cu concentrations in rats receiving 6mg Cu/kg
DM, but had no effect on rats consuming the low-Cu diet. It was
also observed that increasing dietaryMn reduced serumCu con-
centrations when rats were fed Cu-adequate diets but had no
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effect when rats were fed Cu-deficient diets(11). It has recently
been suggested that Cu and Mn may share a common pathway
for intestinal absorption, via a protein known as divalent metal
transporter 1 (DMT1)(12). Competition for this transporter may
explain decreased duodenal and serum Cu concentrations
observed when high Mn was fed to rats(11). Additionally,
changes in a Cu-specific importer known as Cu transporter 1
in response to a severely Cu-deficient diet may have counter-
acted the impact of high Mn in Cu-deficient rats. Clearly a com-
plicated relationship exists between Mn and Cu absorption.

Few data on the effect of high dietary Mn on Cu absorption
have been reported in ruminants. Ivan & Grieve(13) found
that the addition of 50mg Mn/kg DM to a diet containing
12mg Mn/kg DM resulted in decreased net Cu absorption
throughout the gastrointestinal tract of young Holstein
calves; however, the dynamics of this antagonism in ruminants
are not understood.

Manipulation of planes of nutrition has been shown to alter
liver gene expression in cattle(14). For example, restricting
prepartum energy intake in Holstein cows was associated
with the up-regulation of genes involved in liver fatty acid
oxidation, gluconeogenesis and the synthesis of cholesterol.
Dietary manipulation of essential minerals such as Cu and
Mn may also induce a transcriptional response in these ani-
mals, affecting genes associated with oxidative stress and
energy status. Cytochrome c oxidase subunit 1 (COX1) and
superoxide dismutase 1 (SOD1) are proteins which play a
role in oxidative phosphorylation and oxidant protection,
respectively, and require Cu for proper enzymic function.
The effect of dietary Cu and Mn concentrations on the
expression of genes encoding these important proteins has
not been determined in cattle.

Therefore, the objective of the present study was to deter-
mine the impacts of a long-term, severe Cu deficiency, in
the presence or absence of high dietary Mn, on Cu status,
growth and gene expression of beef cattle.

Experimental methods

Animals and experimental design

Experimental procedures were reviewed and approved by the
North Carolina State University Animal Care and Use Commit-
tee. Twenty-one Angus calves (eleven Angus steers and nine
Angus heifers (38·9 (SE 2·4) kg body weight at birth)) were
used in the present study. Calves were born to cows that were
part of a previous study examining the impact of a long-term
dietary Cu and Mn imbalance on the biology of brain prion
proteins(15). By the time calves in the present study were
born, dams had been on their respective dietary treatments for
at least 410 d. Approximately 33 d before calving, cows were
moved into a covered facility with slatted floors and group
fed by treatment in pens of two or three cows. Cows calved
over a 36 d period, and birth of the calves was considered day
0 of the study, and all days mentioned are based on average
calf age on that day. Cows remained in the pens with their
calves until weaning when calves averaged age 183 d.
After weaning, calves were vaccinated against infectious
bovine rhinotracheitis, bovine viral diarrhoea (I and II), parain-
fluenza-3, bovine respiratory syncytial virus (Titanium 5; Agri-
Labs, St Joseph, MO, USA), Clostridia (Vision 7; Intervet,

Millsboro, DE, USA) and Moraxella bovis (Piliguard Pin-
keye-1 Trivalent; Schering-Plough Animal Health, Ltd,
Wellington, New Zealand). Calves were also treated for internal
and external parasites (Privermectin; First Priority, Inc., Elgin,
IL, USA). Following weaning, calves remained in the pens and
were bunk fed by treatment for a period of 43 d. On day 226,
calves were moved to pens with electronic Calan gate feeders
(American Calan, Northwood, NH, USA) and were fed indivi-
dually for the remainder of the trial.

Treatments included: (1) 10mg supplemental Cu/kg DM and
20mg supplementalMn/kgDM (Cu adequate,þCu; n 6); (2) no
supplemental Cu, 20mg supplemental Mn/kg DM and 2mg
supplemental Mo/kg DM (Cu deficient, 2Cu; n 8); (3) no
supplemental Cu, 500mg supplemental Mn/kg DM and 2mg
Mo/kg DM (Cu deficient plus Mn, 2Cu þ Mn; n 7). Cu
was provided as Cu2(OH)3Cl, Mo as NaMoO4 and Mn as
MnSO4.H2O. Calves were fed a maize silage-based diet
(analysed 7mg Cu/kg DM and 59mg Mn/kg DM) through
the 136 d growing phase and a ground maize-based diet (ana-
lysed 4mg Cu/kg DM and 32mg Mn/kg DM) through the
139 d finishing phase. Diets were formulated to meet or
exceed all National Research Council requirements(2), with the
exception of Cu. Ingredient compositions of the basal diets
are shown in Table 1. Calves were fed once daily, with feed
amounts based on consumption in a 24 h period. Individual
body weights were taken at birth and on days 73, 114, 183,
217, 241, 269, 297, 325, 353, 416, 459 and 490. Jugular blood
samples were collected at birth and on days 114, 183, 241,
297, 422, 459 and 490 for analysis of plasma Cu. Liver biopsy
samples were obtained as previously described(16) on days
114, 183, 297 and 422 for mineral determination.

Tissue collection and analytical procedures

On day 492 of the study calves were transported to a commer-
cial abattoir approximately 40 km from our research facility,

Table 1. Ingredient composition of the growing and finishing diets

Ingredient
Growing phase
(% DM)*

Finishing phase
(% DM)†

Maize silage 86·88 –
Ground maize – 83·80
Soyabean meal (48 %) 9·00 7·00
Cottonseed hulls – 5·00
Urea 1·00 0·80
CaSO4 0·80 0·80
Limestone 0·10 0·40
NaCl 0·20 0·20
Vitamin premix‡ 0·01 0·01
Trace mineral premix§ 0·01 0·01
Monensink – þ

Treatment supplement{ 2·00 2·00

* Analysed 7 mg Cu/kg DM and 59 mg Mn/kg DM.
† Analysed 4 mg Cu/kg DM and 32 mg Mn/kg DM.
‡ Provided (per kg premix): 1·98 g all-trans retinol; 38 mg cholecalciferol; 4·2 g

DL-a-tocopheryl acetate.
§ Provided (per kg diet): 30 mg Zn as ZnSO4; 0·5 mg I as Ca(IO3)2(H2O); 0·2 mg

Se as Na2SeO3; 0·1 mg Co as CoCO3.
kProvided 33 mg monensin/kg DM.
{A ground maize supplement provided the following treatments: þCu (10 mg

Cu/kg DM, 20 mg Mn/kg DM); 2Cu (20 mg Mn/kg DM, 2 mg Mo/kg DM);
2Cu þ Mn (500 mg Mn/kg DM, 2 mg Mo/kg DM).
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housed overnight and harvested the following morning. Liver
samples were collected for mineral determination and
gene expression analysis. Samples were flash frozen in
liquid N2 to protect against RNA degradation. Approximately
20–30min after calves were stunned, intestinal samples were
collected in the following manner: a segment of duodenum
approximately 25 cm long, extending from just below the
pyloric sphincter, was removed from the gastrointestinal
tract of the animal. The segment was flushed several times
with physiological saline (0·9% saline, pH 7) and cut open
longitudinally. The segment was rinsed briefly with saline
once again to remove any remaining digesta. Using a clean
glass microscope slide, approximately three scrapings of mod-
erate pressure were taken of the exposed intestinal mucosa.
The scrapings were flash frozen in liquid N2, placed into poly-
propylene tubes and stored on dry ice for transportation back
to the laboratory where samples were stored at 2808C until
protein extraction could be performed. Scrapings were ana-
lysed for the Cu chaperone protein (CCS) that shuttles Cu
through the cytosol to Cu–Zn superoxide dismutase.
Approximately 0·5 g of chilled duodenal tissue was hom-

ogenised in 3ml of a modified Radio Immuno Precipitation
Assay buffer (20mM-2-amino-2-hydroxymethyl-propane-1,3-
diol (Tris)–HCl, 150mM-NaCl, 1% NP-40 (v/v), 0·5%
sodium deoxycholate (w/v), 0·1% SDS (w/v), 2mM-EDTA
and a protease inhibitor cocktail (Sigma Protease Inhibitor
Cocktail P2714; Sigma Aldrich, St Louis, MO, USA)) for
CCS determination. After 30min on ice the 16% homogenate
was centrifuged at 10 000 g for 30min at 48C. The clarified
supernatant fraction was removed and measured for protein
content using the DC Protein Assay (Bio-Rad Laboratories,
Hercules, CA, USA). Samples were equilibrated for protein
content, sampled into microcentrifuge tubes and stored
at 2808C until analysis.
All electrophoresis and Western blot equipment and

supplies were purchased from Invitrogen Corp. (Carlsbad,
CA, USA) unless otherwise stated. Before electrophoresis,
samples were heated at 708C for 10min. PAGE was performed
using precast NuPage Novex 4–12% Bis–Tris gels and the
Novex X-Cell Surelock Mini-Cell electrophoresis system.
Magic Mark XP Western Protein Standards were used for
molecular weight determination.
Approximately 33mg total protein were loaded into

each well. Proteins were separated under reducing and dena-
turing conditions and transferred onto a polyvinylidene
diflouride membrane. Membranes were blocked for 30min
using the blocking solution provided in the Western
Breeze Chemiluminescent Kit and probed for 1 h at room tem-
perature with polyclonal rabbit anti-CCS (kindly provided by

Dr Joseph Prohaska, University of Minnesota; 1:500 dilution).
After incubation with the primary antibody, membranes were
washed four times in 0·01 M-PBS (pH 7·1) containing 0·05%
Tween-20 (v/v), incubated for 30min with the appropriate
alkaline phosphatase-linked secondary antibody and then
washed four times with the PBS-Tween 20 wash. Membranes
were rinsed two times with water and then visualised using
Enhanced Chemiluminescent Substrate (Western Breeze Kit;
Invitrogen). Images were captured on autoradiography film
(CL-XPosure Film; Pierce, Rockford, IL, USA) and band den-
sities were semi-quantified using Image Quant TL software
(Amersham Biosciences, Piscataway, NJ, USA). Membranes
were stripped with Restore Western Blot Stripping Buffer
(Pierce) and reprobed with b-actin (Abcam; 1:5000 dilution
for 1 h at room temperature) as a loading control. Results
are reported as b-actin-adjusted relative optical intensities in
arbitrary units.

Blood was collected in trace mineral-free heparinised
vacuum tubes designed for trace mineral analysis (Becton
Dickenson, Rutherford, NJ, USA), transferred on ice to the
laboratory and centrifuged at 1200 g for 20min at 208C.
Plasma was removed and stored at 2208C until analysed for
Cu concentration. Plasma was prepared for Cu analysis as pre-
viously described(17). Feed and liver samples were prepared
for analysis by wet ashing using microwave digestion
(Mars 5; CEM Corp., Matthews, NC, USA) as described by
Gengelbach et al. (6). The mineral content of plasma, feed,
and liver samples was determined by flame atomic absorption
spectroscopy (model AA-6701F; Shimadzu Scientific Instru-
ments, Kyoto, Japan).

RNA isolation and real-time reverse transcriptase polymerase
chain reaction

RNA was isolated from liver using the Qiagen RNeasy kit
(Qiagen Inc., Valencia, CA, USA) with on-column DNase
digestion following the manufacturer’s suggested protocol.
RNA quantity and purity were examined with a NanoDrop-
1000 spectrophotometer. Real-time primers were designed
with Beacon Designer software (Premier Biosoft Intl., Palo
Alto, CA, USA; Table 2) to be compatible with SYBR
Green I by avoiding regions of cross-homology between the
genes of interest and the Bos taurus RNA Reference Sequence
database. The M-fold program (Premier Biosoft Intl., Palo
Alto, CA, USA) predicted template secondary structures that
were avoided when designing primers. Because cytochrome
c oxidase 1 (cox1) is encoded by the mitochondrial genome
and contains no introns, real-time PCR primers were designed
within the one exon. Primers for superoxide dismutase 1 (sod1)

Table 2. Real-time reverse transcriptase polymerase chain reaction primers*

Primer Accession number Primer sequence forward Primer sequence reverse
Product length

(bp)
PCR efficiency

(%)

cox1 NC_006853 50-CCGCAATGTCACAATACC-30 50-AATAAGTGTTGATATAGAATAGGG-30 184 107
sod1 NM_174615.2 50-AGATACAGTCGTGGTAAC-30 50-ACAGAGGATTAAAGTGAGG-30 125 79·7
rps9† DT860044 50-CCTCGACCAAGAGCTGAAG-30 50-CCTCCAGACCTCACGTTTGTTC-30 64 89·3

cox1, Cytochrome c oxidase subunit 1; sod1, superoxide dismutase 1; rps9, ribosomal protein S9.
* Primers were designed using Beacon Designer 7 (Premier Biosoft Intl., Palo Alto, CA, USA) unless otherwise stated.
† Reported by Janovick-Guretzky et al. (18).

S. L. Hansen et al.1070

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114508057589  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114508057589


were designed to amplify across at least one predicted
exon–intron boundary so that genomic DNA contamination
could be detected. Ribosomal protein S9 (rps9) was selected
as the internal housekeeping gene based on findings reported
by Janovick-Guretzky et al. (18). Melting curves for each
PCR reaction were generated to assess specificity of the reac-
tion and one amplicon generated by each primer pair was
sequenced to confirm the identity of the PCR product.

The High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Inc., Foster City, CA, USA) was used
to synthesise cDNA from 1mg of RNA following the manu-
facturer’s instructions. Real-time PCR was performed in a
Bio-Rad iCycler IQ thermocycler (Hercules, CA, USA) with
1X Applied Biosystems Power SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA), 300 nM
forward and reverse primers, 10 nM-fluorescein, and cDNA.
Reactions were heated for 7min at 95 8C, followed by fifty
cycles of 95 8C for 30 s, 51 8C for 30 s, and 72 8C for 30 s
and a final extension step at 72 8C for 5min. Samples
were amplified in triplicate and cycle threshold (CT) values
were averaged for each sample.

PCR amplification efficiencies for each primer pair
were estimated from standard curves of fluorescence intensity
on cDNA concentration. Standard curves were generated by
amplifying five 1:3 serial dilutions of pooled cDNA in the
same plate as samples, all in triplicate. Fluorescence intensity
was plotted by dilution series to estimate amplification effi-
ciencies using the iCycler IQ Real-Time PCR Detection
System Software v3.1 (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Statistical analysis of performance data was performed by
ANOVA for a completely randomised design using the
MIXED procedure of SAS (SAS Institute Inc., Cary, NC,
USA). All performance and mineral analysis data were tested
for the effect of calf sex, which was found to be non-significant,
and was subsequently removed from the model. The model
for the performance data included the fixed effect of
treatment. Age was used as a covariate for body-weight data.
When treatment was significant (P#0·10), differences among
means were separated using single df orthogonal contrasts.
The comparisons made included: þCu v. 2Cu and 2Cu v.
2Cu þ Mn. Liver Cu and plasma Cu data were log10 trans-
formed to account for heterogeneity of variances. Plasma Cu,
liver Cu and liver Mn were analysed as repeated measures
with individual animals serving as the experimental unit. The
model included the fixed effects of treatment, time and their
interaction. When a treatment £ time interaction was observed,
data were further analysed by sampling day. Interactions
that were not significant (P.0·05) for the measurement of
interest were removed from the model. The previously stated
contrasts were also used for the analysis of these data.

CT values were collected for each reaction. The threshold
value for each reaction was set empirically at a value where
amplification was proceeding exponentially. Samples expres-
sing high levels of transcript will exceed the threshold value
at an earlier PCR cycle than samples expressing low levels
of transcript. Therefore, samples with lower CT values were
transcribing more transcripts than samples with higher CT
values. Before significance testing of RT-PCR data, gene

expression was normalised to the housekeeping gene rps9
for each sample as follows:

CTN ¼ CTT=CTrps9;

where CTT is the CT value for the target gene (gene of inter-
est), CTrps9 is the CT value for the housekeeping gene rps9
and CTN is the normalised CT value. Higher values of CTN
have lower gene expression than lower values of CTN. After
normalisation, a one-way ANOVA was used to estimate the
effect of sex and diet on CTN for each gene. JMP 7 (SAS
Institute Inc.) software was used to perform the one-way
ANOVA. P values ,0·05 were considered to be statistically
significant. Fold-changes for each gene between treatments
were calculated by the Pfaffl method(19) adjusting values for
PCR amplification efficiencies.

Results

Copper status

Plasma Cu averaged across all sampling dates was lower
(P¼0·0001) in calves consuming the 2Cu diet compared
with the þCu diet, and concentrations were further depressed
(P¼0·01) in 2Cu þ Mn calves compared with 2Cu calves
(Table 3). Plasma Cu was affected by a time £ treatment inter-
action (P¼0·0001). Plasma Cu concentrations at birth did not
differ due to dietary treatment; however, 2Cu calves had
lower plasma Cu values than þCu calves on all other dates
of the study. From day 114 through to day 490, plasma Cu
concentrations in þCu calves were well within normal
ranges. Following birth, plasma Cu concentrations in 2Cu
calves dropped, with the exception of a slight increase on
day 422 during the finishing period. Plasma Cu concentrations
in 2Cu þ Mn calves never rose above the 4·82mmol/l
measured at birth and were lower than 2Cu concentrations
on days 114, 297, 422 and 459 of the study.

Liver Cu concentrations were greater (P¼0·0001) in þCu
calves compared with 2Cu calves and tended (P¼0·088) to
be lower in 2Cu þ Mn calves compared with 2Cu calves
(Table 4). Cu concentrations in the liver of calves receiving
the 2Cu and 2Cu þ Mn diets were well below the threshold
for Cu deficiency in cattle (0·31mmol/g DM; see Under-
wood(20)). Liver Cu was affected by a time £ treatment inter-
action (P¼0·001). Liver Cu concentrations in þCu calves
were similar on days 114 and 183, but dipped slightly on
day 297 before increasing on days 422 and 493. Concen-
trations of liver Cu in 2Cu calves decreased from days 114
to 297 before increasing slightly during the finishing period
(days 422 and 493). Liver Cu concentrations in 2Cu þ Mn
calves remained low with the exception of a mild increase
on day 297. In addition, 2Cu þ Mn calf liver Cu concen-
trations were lower than 2Cu liver Cu concentrations on
days 114, 422 and 493 of the trial.

Liver Mn concentrations were greater (P¼0·01) in calves
receiving 500mg supplemental Mn/kg DM compared with
calves consuming the 2Cu diet, and did not differ (P¼0·92)
between the þCu and 2Cu treatment groups (Table 5).
Liver Mn was affected by a time £ treatment interaction
(P¼0·001). Liver Mn concentrations in þCu calves were
fairly constant over the course of the study, dipping slightly
on days 183 and 422. Similarly, 2Cu calves exhibited
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steady liver Mn concentrations with minor decreases observed
on days 114, 183 and 422. Calves receiving excess sup-
plemental Mn exhibited an increase in liver Mn concentrations
over the course of the study.
Duodenal concentrations of CCS were increased (P¼0·03)

in 2Cu calves compared with þCu calves and did not
differ (P¼0·65) in 2Cu þ Mn calves compared with 2Cu
calves (Fig. 1).

Gene expression analysis

Relative gene expressions of cox1 and sod1 in the liver were
investigated in the present study. Rps9 was selected as the
housekeeping gene for the present study based on results
from Janovick-Guretzky et al. (18). They examined housekeep-
ing gene expression in liver samples acquired from cows in
different dietary treatments, physiological states and feed
intake amounts. Their results indicated that rps9 was one of
the most stably expressed genes they examined across differ-
ent experimental groups; therefore, this was the housekeeping
gene we selected for the present study. Gene expression for
the cox1 gene was lower (P,0·05) in animals that received
the 2Cu diet compared with those that received either the
þCu diet or the 2Cu þ Mn diet (Table 6). There was a ten-
dency (P,0·11) for the sod1 gene to be down-regulated in the
animals receiving the 2Cu diet relative to those fed the þCu
or 2Cu þ Mn diets.

Growth

Average daily gain, DM intake and gain:feed ratio data are
shown in Table 7. Calves born to cows fed 2Cu þ Mn diets
tended (P¼0·13) to be lighter (35·1 (SE 2·7 kg)) at birth than
calves born to dams fed 2Cu diets (40·8 (SE 1·8 kg)). Birth
weights did not differ between calves born to cows fed 2Cu
and þCu diets (40·7 (SE 2·7 kg)). Calves receiving the þCu
diet had greater (P¼0·009) average daily gain for the period
between birth and weaning than calves of nursing cows in the
2Cu treatment. Similarly, the average daily gain of
2Cu þ Mn calves was also low and did not differ (P¼0·6)
from 2Cu calves for the period between birth and weaning.
However, during the growing phase calves receiving the 2Cu
diet gained more (P¼0·02) when compared with 2Cu þ Mn
calves. In fact, during the growing phase 2Cu calves actually
gained at a rate comparable with calves receiving the Cu-
adequate diet (P¼0·6). During the finishing phase the average
daily gain of calves receiving the 2Cu diet increased, with
2Cu calves gaining more than the þCu calves (P¼0·04) and
tending (P¼0·12) to gain more than the 2Cu þ Mn treatment
group. Intake did not differ between þCu and 2Cu calves
during the growing phase (P¼0·58), but tended (P¼0·08) to
be higher in 2Cu calves compared with þCu calves during
the finishing period. Supplementation of 500mg Mn/kg DM to
a diet low in Cu depressed (P,0·01) DM intake during
both the growing and finishing phases when compared with
the 2Cu treatment group.

Table 4. Effect of dietary copper and manganese on liver copper concentration (mmol/g DM) in growing calves

(Raw mean values and pooled standard errors)

Treatment Contrasts

Calf age þCu 2Cu 2Cu þ Mn SEM þCu v. 2Cu: P * 2Cu v. 2Cu þ Mn: P *

Overall† 2·040 0·107 0·096 0·066 0·001 0·088
Day 114 1·880 0·135 0·077 0·081 0·001 0·045
Day 183 1·700 0·102 0·083 0·116 0·001 0·166
Day 297 1·303 0·077 0·175 0·186 0·001 0·386
Day 422 2·068 0·109 0·063 0·198 0·001 0·005
Day 493 3·279 0·109 0·082 0·122 0·001 0·025

þCu, Cu adequate; 2Cu, Cu deficient; 2Cu þ Mn, Cu deficient plus high Mn.
*P values shown are based on log10 transformation of data.
† Time £ treatment effect (P,0·001).

Table 3. Effect of dietary copper and manganese on plasma copper concentration (mmol/l) in growing calves

(Raw mean values and pooled standard errors)

Treatment Contrasts

Calf age þCu 2Cu 2Cu þ Mn SEM þCu v. 2Cu: P * 2Cu v. 2Cu þ Mn: P *

Overall†‡ 16·81 3·45 1·87 0·37 0·001 0·01
Birth 5·22 4·46 4·82 0·41 0·335 0·499
Day 114 13·53 1·51 0·90 0·70 0·001 0·091
Day 183 16·58 2·05 0·98 0·73 0·001 0·318
Day 241 16·42 1·99 1·68 0·73 0·001 0·778
Day 297 17·84 2·05 1·44 0·73 0·001 0·066
Day 422 21·09 6·36 1·42 1·23 0·001 0·001
Day 459 24·02 3·45 2·01 1·24 0·001 0·014
Day 490 19·84 3·69 1·76 0·93 0·001 0·125

þCu, Cu adequate; 2Cu, Cu deficient; 2Cu þ Mn, Cu deficient plus high Mn.
*P values shown are based on log10 transformation of data.
† Time effect (P,0·001).
‡ Time £ treatment effect (P,0·001).
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Weight-gain curves for calves in the various treatments are
depicted in Fig. 2. Calves receiving the þCu diet weighed
more (P¼0·10) than 2Cu calves on days 325 and 353 of
the study. Body weights did not differ between þCu and
2Cu calves for the duration of the finishing phase; however,
2Cu þ Mn calves weighed less (P,0·05) than 2Cu calves
from day 422 through to the end of the study. In addition,
calves receiving the 2Cu þ Mn diet weighed 14% less
(P¼0·008; 473 (SE 19·9) kg) than calves receiving the 2Cu
treatment (551 (SE 13·4) kg) at harvest, while there was
no difference (P¼0·5) between the 2Cu and þCu (560
(SE 19·6) kg) groups at this time point.

Discussion

We have previously capitalised on the strong dietary antagon-
ism that exists between Mo and Cu to induce and maintain a
deficiency of Cu in cattle via the addition of sodium molyb-
date to a diet low in Cu(17,21). However, the present study is
unique in that both the duration and severity of the induced
Cu deficiency were very extensive. Calves used in the present
study were exposed to their respective treatment from the time
of conception through to harvest, creating a distinct opportu-
nity to examine the impact of a lifetime Cu deficiency on
growth and performance in beef calves.

Plasma Cu concentrations of calves were low at birth,
regardless of Cu content of the diet. This appears to be

due to low hepatic production of caeruloplasmin, a protein
important in Cu mobilisation, during the first few days of
life(22). Supplementation of Mo to cows fed a diet low in Cu
resulted in lower plasma Cu concentrations of both the cows
and their offspring(15). In addition, low plasma Cu concen-
trations in 2Cu and 2Cu þ Mn calves were maintained
through continued supplementation of Mo to calves following
weaning. At all sampling dates after birth, plasma Cu concen-
trations for þCu calves were within the normal range, while
calves receiving the 2Cu diet never exceeded the threshold
of Cu deficiency (7·9mmol/l plasma; see Underwood(20)).
In addition, plasma Cu was even further depressed in those
calves receiving the 2Cu þ Mn diet, at one point dipping
as low as 0·90mmol/l plasma.

Liver Cu values for both Cu-deficient treatments were well
below 0·31mmol Cu/g DM, a threshold below which cattle are
considered Cu deficient(1), at all time points measured during
the study. With the exception of day 297 for the 2Cu þ Mn
treatment group, liver Cu concentrations of Cu-deficient
calves never exceeded 0·16mmol Cu/g DM, suggesting that
Cu deficiency was indeed very severe. As previously dis-
cussed by Ward & Spears(23), liver Cu concentrations below
0·110mmol Cu/g DM have rarely been observed in our labora-
tory. Liver Cu concentrations in the present study were as low
at 0·063mmol Cu/g DM, underscoring the severity of Cu
deficiency these cattle were experiencing. Once Cu concen-
trations in the liver have dropped to these levels, it is likely
that any measurable Cu is tightly bound in cuproenzymes
and is relatively unavailable for mobilisation and use by extra-
hepatic tissues. In the present study, liver Cu concentrations
were significantly (P,0·05) lower in 2Cu þ Mn calves com-
pared with 2Cu calves on days 114, 422 and 493 of the study.
The lower liver Cu concentrations coupled with lower plasma
Cu values in 2Cu þ Mn compared with 2Cu calves suggests
that supplementation of 500mg Mn/kg DM may have negative
implications on Cu absorption beyond that of Mo supplemen-
tation alone.

Intestinal CCS concentrations were measured to determine
the effect of Cu deficiency on cellular processes requiring
Cu. CCS is required for the intracellular transport of Cu to
superoxide dismutase. Investigations in rodents have revealed
that tissue CCS concentrations are elevated in response to diet-
ary Cu deficiency, and that this elevation is probably the result
of decreased degradation of CCS due to Cu deficiency rather
than increased synthesis, as mRNA of CCS was not enhanced

Fig. 1. Relative concentrations (relative optical intensities; ROI) of Cu

chaperone protein in duodenal mucosal scrapings of beef cattle based on

Western blot analysis. Values are means, with standard errors represented

by vertical bars. a,b Mean values with unlike letters were significantly different

(P¼0·03).

Table 5. Effect of dietary copper and manganese on liver manganese concentration (mmol/g DM) in growing calves

(Raw mean values and pooled standard errors)

Treatment Contrasts

Calf age þCu 2Cu 2Cu þ Mn SEM þCu v. 2Cu: P 2Cu v. 2Cu þ Mn: P

Overall*† 0·206 0·207 0·297 0·008 0·92 0·01
Day 114 0·200 0·151 0·217 0·023 0·26 0·08
Day 183 0·167 0·175 0·266 0·017 0·69 0·02
Day 297 0·240 0·226 0·260 0·018 0·58 0·28
Day 422 0·178 0·218 0·333 0·024 0·27 0·03
Day 493 0·246 0·269 0·440 0·022 0·43 0·01

þCu, Cu adequate; 2Cu, Cu deficient; 2Cu þ Mn, Cu deficient plus high Mn.
* Time effect (P,0·001).
† Time £ treatment effect (P,0·001).
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in these studies(24,25). In the present study, an increase in CCS
due to Cu deficiency was observed, probably because of low
intracellular Cu concentrations and increased demand for Cu
transport to apo-superoxide dismutase (SOD lacking Cu).
Interestingly, CCS concentrations were not increased further
in 2Cu þ Mn calves compared with 2Cu calves.
The present results suggest that supplementation of high

dietary Mn to a Cu-deficient diet further exacerbates Cu
deficiency. This antagonism may result from competition
between Cu and Mn for transport into absorptive enterocytes.
Research using rodent models and intestinal cell lines has
suggested that intestinal Cu absorption may occur through
more than one route. Among the transporters characterised
for Cu are Cu transporter 1(26) and DMT1(27), with as much
as 50% of the Cu transported into the enterocyte being con-
tributed to DMT1(12). It is interesting to note that both Fe
and Mn are also transported via DMT1, and, in fact, it has
been demonstrated that DMT1 has a rather high affinity for
Mn when compared with other divalent metals(27). Our labora-
tory has recently demonstrated the presence of DMT1 in
bovine duodenal tissue taken from calves in the present
study. We observed that DMT1 concentrations did not differ
between þCu and 2Cu calves, but that DMT1 levels were
decreased in 2Cu þ Mn calves compared with 2Cu calves.
This decrease in DMT1 protein is probably due to decreased

Cu-dependent ferroxidase activity limiting Fe export from
the enterocyte, causing Fe to build up in the cell and feed
back on DMT1, resulting in increased degradation of the pro-
tein in order to prevent further import of Fe. These results
suggest that DMT1 concentrations in the intestine were
indirectly reduced as a result of high dietary Mn, resulting
in decreased transporter availability for not only Mn and Fe,
but possibly Cu as well(28).

Visibly, the effects of Cu deficiency in the2Cu and2Cu þ

Mn treatments were evident both before weaning and during
the growing phase of the trial. Depigmentation of the hair
coat, particularly around the eyes, ears and muzzle was appar-
ent in these treatments when compared with the Cu-adequate
control calves. Mottled skin was also observed when calves
were shaved before liver biopsies were performed. Mills
et al. (29) reported calves receiving a diet of less than 1mg
Cu/kg DM developed stilted gaits, a knock-kneed appearance
and a grey-brown cast to their normally black hair coats.
Discolouration of the hair coat is a commonly reported sign
of Cu deficiency, arising from the role of Cu in tyrosinase,
an enzyme involved in melanin pigment biosynthesis(30).

Visible signs of Cu deficiency were less obvious after
calves entered the finishing phase of the present study.
Calves in both Cu-deficient treatments, but particularly
those receiving the 2Cu diet, showed fewer signs of

Table 6. Gene expression profiles in liver

(Mean values with their standard errors)

Treatment. . .
þCu 2Cu 2Cu þ Mn

CT ratio* CT ratio* CT ratio*

Target Mean SE Fold change† Mean SE Fold change† Mean SE Fold change†

cox1 0·690a,b 0·014 1·00 0·670a 0·007 0·65 0·711b 0·010 1·35
sod1 0·864a 0·003 1·00 0·861a 0·002 0·82 0·875a 0·007 1·04

þ Cu, Cu adequate; 2Cu, Cu deficient; 2Cu þ Mn, Cu deficient plus high Mn; CT, cycle threshold; cox1, cytochrome c oxidase subunit 1; sod1, superoxide
dismutase 1; rps9, ribosomal protein S9.

a,b Mean values within a row with unlike superscript letters were significantly different (P,0·05; Tukey-Kramer mean comparison procedure).
* CT ratios are shown as the target gene:rps9 ratio.
† The mRNA-fold change was calculated relative to the adequate Cu diet values using Relative Expression Software Tool (RESTq) adjusting for differences

in PCR amplification efficiencies for the target genes and rps9 (19).

Table 7. Effect of dietary copper and manganese on growth characteristics of beef cattle

(Raw mean values and pooled standard errors)

Treatment Contrasts

Item þCu 2Cu 2Cu þ Mn SEM þCu v. 2Cu: P 2Cu v. 2Cu þ Mn: P

Gain (kg/d)
Nursing* 1·08 0·87 0·83 0·050 0·01 0·57
Growing† 1·09 1·05 0·86 0·054 0·64 0·02
Finishing‡ 1·08 1·29 1·14 0·068 0·04 0·12

DM intake (kg/d)
Growing† 7·36 7·08 5·39 0·350 0·58 0·01
Finishing‡ 7·75 8·38 7·29 0·234 0·08 0·01

Gain:feed
Growing† 0·141 0·138 0·154 0·008 0·80 0·16
Finishing‡ 0·139 0·154 0·155 0·007 0·15 0·91

þCu, Cu adequate; 2Cu, Cu deficient; 2Cu þ Mn, Cu deficient plus high Mn.
* Defined as the period between birth and weaning.
† The growing phase lasted 136 d.
‡ The finishing phase lasted 139 d.
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depigmentation. These changes occurred despite the fact that
the finishing diet contained approximately half as much Cu
as the growing diet (4 v. 7mg Cu/kg DM). The concentrate-
based finishing diet probably resulted in a lower ruminal pH
which may have allowed more dietary Cu to remain in sol-
ution rather than be bound in insoluble forms. In general, all
treatments demonstrated slight increases in plasma Cu concen-
trations in the finishing phase compared with the growing
phase, though both 2Cu and 2Cu þ Mn plasma Cu values
remained well below normal throughout this time period.
This increase was most noticeable on day 459 in þCu
calves and day 422 in 2Cu calves, while minor increases in
plasma Cu concentrations in 2Cu þ Mn calves were
observed during the finishing phase (Table 3). Increases in
plasma Cu concentrations in þCu and 2Cu calves during
the finishing phase may have been due to higher bioavailabil-
ity of Cu from the finishing diet relative to the growing diet.
However, the temporary increase in plasma Cu noted in
þCu and 2Cu calves appeared to be negated by the presence
of high dietary Mn in 2Cu þ Mn calves. The molecular
mechanism behind this response is unclear at the present time.

To examine the effect of Cu status of the calves on the
expression of genes important in cellular metabolism, the
expression of cox1 and sod1 genes were examined by
RT-PCR. In the present study, expression of the cox1 gene
was lower in 2Cu calves compared with 2Cu þ Mn
calves. Cytochrome c oxidase, of which COX1 is a subunit,
is a cuproenzyme that is a part of the final respiratory complex
in the electron transport chain in mitochondria. Numerous
studies have reported a decreased activity of liver cytochrome
c oxidase in animals consuming low 2 Cu diets(31,32). As a
result, Cu deficiency may have a negative impact on growth
due to a decrease in cytochrome c oxidase activity and
reduced energy production. However, it is unclear whether
this was true in the present study, because hepatic cytochrome
c oxidase activity was not measured.

Recent work has suggested that decreased cytochrome c
oxidase activity during Cu deficiency is not necessarily from
low Cu incorporation into the enzyme alone. Zeng et al. (33)

reported protein levels of COX1 were lower in heart-protein
extracts from rats fed a Cu-deficient diet compared with

rats fed a Cu-adequate diet. These authors speculated that
decreased COX1 protein concentrations in this study may
have resulted from a combination of increased protein degra-
dation due to an accumulation of apo-COX1 (COX1 lacking
Cu) and repressed gene expression due to negative feedback
from this protein buildup. This theory would explain why
cox1 gene expression was lowered in 2Cu calves; however,
if expression of the cox1 gene is affected by Cu status, one
would expect similar expression levels between calves receiv-
ing the 2Cu and 2Cu þ Mn diets. It is unclear why cox1
expression was not changed in 2Cu þ Mn calves, although
Mn is thought to affect thyroid function(34) and thyroid hor-
mone has been shown to regulate gene expression of COX
subunits(35). Therefore, high Mn levels may affect cox1 gene
expression, explaining why cox1 expression was unchanged
in the animals fed the 2Cu þ Mn diet.

There was a tendency (P,0·11) for the sod1 gene to be
down-regulated in the animals receiving the 2Cu diet rela-
tive to those fed the þCu or 2Cu þ Mn diets. The Cu–
Zn superoxide dismutase (Cu–Zn SOD) enzyme serves an
important role in antioxidant protection for cells by conver-
ting the superoxide anion to H2O2 and oxygen. Initially we
hypothesised that sod1 expression would be lower in the
2Cu þ Mn animals than in the 2Cu animals. However,
Ramesh et al. (36) demonstrated that low-level Mn exposure
activates the transcription factor NF-kB, and NF-kB has
been reported to transcriptionally regulate sod1 (37). DiSilves-
tro & Marten(38) reported that livers from rats fed Cu-
deficient diets demonstrated decreased Cu–Zn SOD activity
compared with rats fed Cu-adequate diets; however, the
immunoreactive protein concentration of Cu–Zn SOD was
not different due to dietary Cu level. Prohaska(39) reported
similar results, with Cu–Zn SOD activity in liver decreasing
due to dietary Cu deficiency.

The growth of calves was negatively affected by severe Cu
deficiency in the present study (Table 7). While still nursing
their dams, calves on the þCu treatment out-gained their
2Cu counterparts by an average of 0·2 kg/d. The increased
rate of gain observed in 2Cu calves during the finishing
phase may be at least partially explained by the increased
plasma Cu concentration observed on day 422 in this

Fig. 2. Growth curves of growing beef cattle fed diets either adequate in Cu (þCu; –D–), deficient in Cu (2Cu; –O–) or deficient in Cu plus high dietary Mn

(2Cu þ Mn; –A–) from birth through to harvest. Values are means. * Mean value for the 2Cu calves was significantly different from that for the 2Cu þ Mn

calves (P,0·05). † Mean value for the þCu calves was marginally significantly different from that for the 2Cu calves (P,0·10).
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treatment, suggesting an increase in available Cu during this
time. Alternatively, the increased daily gain may reflect an
adaptation of 2Cu calves to the low-Cu diet.
The growth curves depicted in Fig. 2 demonstrate that

calves receiving the 2Cu þ Mn diet were generally lighter
than calves in the other two treatments throughout the study.
In addition, 2Cu þ Mn calves consumed less feed during
both the growing and finishing phases of the trial. It is possible
that the high level of MnSO4·H2O affected the palatability of
the diet for 2Cu þ Mn calves, resulting in the observed
decrease in feed intake. It should be noted that calves receiv-
ing the 2Cu þ Mn diet consumed approximately 16% less
dietary DM than 2Cu calves during the growing phase and
26% less during the finishing phase. As a result, Cu intake
during the growing phase was approximately 49·6mg in
2Cu þ Mn calves and 58·7mg in 2Cu calves while
Cu intake in the finishing phase averaged 21·6mg in
2Cu þ Mn calves and 29·2mg in 2Cu calves. Plasma Cu
was also analysed statistically using DM intake as a covariate
to determine if this overall reduction in Cu intake by
2Cu þ Mn calves contributed to the lower plasma Cu con-
centrations in 2Cu þ Mn calves compared with 2Cu
calves. This analysis did not significantly affect interpretation
of the data; therefore, it appears that while reduced DM intake
by 2Cu þ Mn calves probably contributed to the slower
growth of these calves, it does not appear to fully explain
the observed reduction in plasma Cu levels. In a similar
study, Legleiter(15) also reported that plasma Cu concen-
trations were lower in 2Cu þ Mn calves compared with
2Cu calves on days 360 and 440 of the study, while no differ-
ences in DM intake were reported.
While the 500mg supplemental Mn/kg DM provided in the

present study was below the accepted threshold for Mn toxico-
sis in adult cattle (1000mg Mn/kg DM), it is quite possible
that the severe Cu deficiency these calves were experiencing
made them more susceptible to Mn toxicity(40). Previously
reported signs of Mn toxicosis in cattle included decreased
growth and feed intake(41,42). Excessive Mn has also been
shown to negatively affect Fe metabolism in cattle, resulting
in lowered packed cell volume, decreased Hb and decreased
total Fe-binding capacity in serum(41–43). Therefore, the
decreased performance in 2Cu þ Mn calves may be due to
toxic effects of Mn, depressed Fe status, or a combination of
the two rather than Cu deficiency alone.
The calves used in the present study represent the second

set of offspring born to cows receiving the three respective
Cu treatments (þCu, 2Cu or 2Cu þ Mn). The first set of
calves were born approximately 60–90 d after cows began
receiving dietary treatments and limited liver and plasma
Cu data as well as all growth data for the first set of
calves have been published(21). Calves used in the present
study were born to cows receiving dietary treatments for
at least 410 d before calving. Therefore, calves in the pre-
sent study were exposed to a low Cu environment from
the time of conception through to harvest. Liver Cu values
for each treatment were similar between the two studies,
but plasma Cu concentrations in the present study for
2Cu and 2Cu þ Mn calves were slightly lower than in
the study by Legleiter & Spears(21). In addition, plasma
levels dropped more rapidly in Cu-deficient calves in the
present study.

Legleiter & Spears(21) also reported lower average daily
gain during the growing phase in Cu þ Mn calves v. 2Cu
calves; however, the authors noted no differences in perform-
ance between treatments (þCu, 2Cu or 2Cu þ Mn) during
the finishing period. It is interesting to note that DM intake
did not differ between treatments during either period in the
study by Legleiter & Spears(21), suggesting that the addition
of 500mg Mn/kg DM did not affect feed consumption by
calves. Collectively, this information suggests that the calves
in the present study were experiencing a more severe Cu
deficiency and the depressive effects of Cu deficiency on
growth of 2Cu þ Mn calves in the present study may be a
result of increased susceptibility to Mn toxicity rather than
Cu deficiency alone.

While levels of dietary Mn in excess of 500mg/kg DM are
not commonly found in production settings, many forages
often contain levels of Mn much greater than the 40mg
Mn/kg DM recommended by the National Research Council
for beef cattle(2). For example, Grace et al. (10) reported that
Mn concentrations of forages in New Zealand are often greater
than 400mg/kg DM. In situations of low dietary Cu, such
as those found when soil Cu concentrations are low or concen-
trations of Cu antagonists in feedstuffs are high, increased
dietary Mn may further exacerbate Cu deficiency in ruminants.
Further research exploring the effects of varying levels of diet-
ary Mn on Cu metabolism in cattle provided with adequate
dietary Cu is warranted.

Conclusion

The present results show that feeding a diet high in Mn to beef
cattle may result in the depression of Cu status and growth
beyond that caused by feeding of the Cu antagonist Mo
alone. A reduction in DM intake in the present study probably
contributed to the depressed growth of 2Cu þ Mn calves, but
using DM intake in a covariate analysis did not significantly
explain differences in plasma Cu status between the Cu-
deficient treatments. In both the present study and the exper-
iment conducted by Legleiter & Spears(21) supplementation
with high dietary Mn decreased plasma Cu levels in beef
calves that were already severely Cu deficient. Therefore, it
seems plausible that high dietary Mn could have a depressive
effect on the Cu status of animals fed moderately low or even
normal Cu concentrations. It is possible that this result is due
to competition between Mn and Cu for a common intestinal
transporter, DMT1. However, further research is necessary
to elucidate the exact mechanism by which excessive dietary
Mn negatively affects Cu absorption in the ruminant.
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