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ABSTRACT: The objective of  this experiment 
was to evaluate the impact of  complexed trace 
mineral supplementation on ovum pick-up 
(OPU) and in vitro embryo production in lac-
tating beef  cows. Thirty days prior to fixed-time 
artificial insemination (FTAI; day −30), 68 post-
partum cows were stratified by BW, BCS, and par-
ity before being randomly assigned to 10 pens of 
either a treatment (TRT; n = 5) or a control (CNT; 
n = 5) group. Each group received a weekly min-
eral supplement allotment of  1.16 kg × week−1 × 
cow–calf  pair−1 for 14 wk. Cows assigned to the 
TRT group received a mineral supplement that 
contained amino acid complexes of  zinc, copper, 
and manganese, as well as cobalt glucoheptonate 
(Availa Plus; Zinpro Corp., Eden Prairie, MN, 
USA), while cows assigned to the CNT group 
received a mineral supplement that was formu-
lated to contain similar concentrations of  these 
trace minerals from inorganic sources. All cows 
were submitted to a 7 d CO-Synch + CIDR pro-
tocol on day −10 and bred using FTAI on day 
0. Pregnancy diagnosis was performed on day 28 
and nonpregnant cows were removed. All preg-
nant cows were subjected to ovum pick-up (OPU) 
on day 52 and 67 of  gestation. Cumulus-oocyte 
complexes (COCs) were evaluated and graded 

prior to in vitro fertilization (IVF). Analysis of 
variance was conducted to determine effects of 
treatment on response variables, and pen was 
considered the experimental unit. Supplement 
consumption did not differ (P  =  0.48) between 
treatments (1.16 ± 0.12 vs. 1.07 ± 0.15 kg of  DM 
× week−1 × cow–calf  pair−1 for TRT and CNT, 
respectively). Total COC recovery was greater 
(P = 0.03) from TRT when compared with CNT 
cows (22.4  ± 2.0 vs. 16.4  ± 1.4 COCs × pen−1, 
respectively) and the number of  COCs meeting 
maturation criteria was increased in TRT cows 
(P = 0.05) when compared with CNT cows (15.9 ± 
1.6 vs. 11.8  ± 1.0 COCs × pen−1, respectively). 
Production of  transferable embryos tended to be 
greater (P = 0.06) for TRT than CNT cows (4.7 ± 
0.6 vs. 2.7 ± 0.7 embryos × pen−1, respectively). 
Furthermore, when expressed as a ratio, the 
number of  recovered COCs meeting maturation 
criteria that were required to produce a trans-
ferable embryo tended to be lower for TRT than 
CNT cows (3.10 ± 0.93 vs. 7.02 ± 1.60; P = 0.06). 
In summary, complete replacement with com-
plexed trace mineral improved COC recovery 
and in vitro embryo production when compared 
with inorganic forms of  these trace minerals in 
beef  cows.
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INTRODUCTION

Global adoption of reproductive technologies 
in beef herds has improved production efficiency. 
Production and transfer of in vitro-fertilized (IVF) 
embryos has more than tripled over the last 15 yr 
(Perry, 2016). While in vivo-derived embryo collec-
tion still slightly outpaces IVF embryo production 
in North America, South America transferred 6 
times as many IVF embryos as it did in vivo-de-
rived embryos in 2016. Research must now explore 
methods to maximize the number of viable embryos 
that can be produced by a single donor. While 
advancements in collection procedures and hormo-
nal manipulations have been made, there has been 
limited focus on nutritional management of donors 
to increase IVF embryo production.

Trace minerals play an essential role in proper 
physiological function. More specifically, copper 
(Cu), iodine (I), manganese (Mn), selenium (Se), 
and Zinc (Zn) all participate in reproductive pro-
cesses and are crucial for early embryonic devel-
opment (Hostetler et  al., 2003). Supplementation 
with Zn, Mn, and Cu improves cumulus-oocyte 
complex (COC) maturation, reduces apoptosis of 
cumulus cells, and increases the success of early 
embryonic development through the blastocyst 
stage in multiple species including the mouse, cow, 
pig, and human, when incorporated into in vitro 
embryo production systems (Gao et  al., 2007; 
Anchordoquy et al., 2011, 2014a, 2014b; Ménézo 
et  al., 2011; Picco et  al., 2012; Jeon et  al., 2014; 
Geravandi et al., 2017). Trace minerals have been 
shown to play a role in the formation of metallo-
enzymes, which are important in several metabolic 
processes, including lipid metabolism, glucose uti-
lization, DNA synthesis and transport, and free 
radical metabolism (Cunnane et al., 1993; De Haan 
et  al., 1994; Townsend et  al., 1994; Jovanovic-
Peterson and Peterson, 1996; Hostetler et al., 2003). 
Additionally, Zn and Se have been associated with 
improved DNA integrity of cumulus cells and sper-
matozoa (Picco et al., 2010; Shi et al., 2010).

Previous studies have reported increases in liver 
and/or serum trace mineral concentrations when 

animals were fed organic rather than inorganic 
forms of trace minerals, due to potential differences 
in absorption or utilization (Kincaid et  al., 1986; 
Nocek et al., 2006; Marques et al., 2016). Organic 
forms are comprised of a metal ion bound with a 
carbon-based molecule, potentially providing an 
alternative route of absorption and/or limiting 
their interaction with other nutrients in the diges-
tive tract. Conversely, inorganic forms of trace 
minerals are subject to interactions that limit bio-
availability; more commonly referred to as antag-
onisms (Spears, 1996). The effects of trace mineral 
forms on bioavailability have been inconsistent in 
the literature, with other authors reporting conflict-
ing results (Mahan et al., 1999; Olson et al., 1999; 
Wolter et al., 1999). Despite varying bioavailability 
responses, multiple studies have reported improved 
reproductive outcomes in dairy cows supplemented 
with organic forms of trace minerals, ranging from 
increased estrus expression to decreased percent-
age of cows open at 150 d in milk (Campbell et al., 
1999; Uchida et  al., 2001; Ballantine et  al., 2002; 
Nocek et  al., 2006; Griffiths et  al., 2007; Rabiee 
et  al., 2010). Nonetheless, previous authors have 
reported mixed results in beef cattle (Olson et al., 
1999; Muehlenbein et al., 2001; Ahola et al., 2004; 
Lamb et  al., 2008; Hackbart et  al., 2010). The 
majority of these reports, however, have evalu-
ated partial rather than complete replacement of 
trace minerals from inorganic sources with various 
organic forms, which is considered to be the current 
industry standard. Therefore, the objective of this 
study was to determine the effect of supplemental 
trace mineral form (100% inorganic vs. 100% com-
plexed) on COC recovery and IVF embryo produc-
tion in suckled beef cows. We hypothesized that 
complete replacement of supplemental inorganic 
sources of trace minerals with a complexed source 
of trace minerals would increase COC recovery and 
in vitro embryo yield from suckled beef cows.

MATERIALS AND METHODS

All procedures reported herein were approved 
by the University of Tennessee Institutional Animal 
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Care and Use Committee and adhered to the crite-
ria outlined by the ADSA-ASAS-PSA Guide for 
Care and Use of Agricultural Animals in Research 
and Teaching.

Cattle, Management, and Experimental Design

This study was conducted at the East Tennessee 
AgResearch and Education Center (ETREC) 
Blount Farm located in Alcoa, TN. Cattle utilized 
in this experiment were maintained on mixed pas-
tures that contained endophyte-infected Festuca 
arundinacea (tall fescue), Trifolium repens (white 
clover), and Trifolium pratense (red clover) forages, 
and provided with ad libitum access to water and 
shade. Prior to the initiation of the experiment (day 
−120 through −30), all cows were provided ad libi-
tum access to a common complete mineral supple-
ment that contained only inorganic forms of trace 
minerals for a 90-d washout period. Thirty days 
prior to fixed-time artificial insemination (FTAI; 
day −30), 68 postpartum Angus cows were strati-
fied by BW, BCS, ultrasound-estimated rump fat, 
ultrasound-estimated rib fat, days postpartum, and 
age before being equally and randomly assigned to 
either a treatment (TRT) or a control (CNT) group 
in 5 different pens. Each group received a weekly 
complete mineral supplement allotment in order 

to provide 1.16  kg of DM × week−1 × cow–calf  
pair−1 for 14 wk. Mineral supplement consumption 
was measured weekly and calculated by difference 
between offerings and refusals, upon which time all 
remaining mineral supplement was removed and 
replaced with the next week’s allotment. Weekly 
samples of mineral supplement offerings and refus-
als were collected, frozen, and stored at −20  °C 
until further analysis. Cow–calf  pairs assigned to 
the TRT group received a custom-formulated and 
contractually-manufactured complete free-choice 
mineral supplement that contained amino acid 
complexes of Zn, Cu, and Mn, along with cobalt 
glucoheptonate (AvailaPlus; Zinpro Corp., Eden 
Prairie, MN 55344; Table 1), while pairs assigned 
to the CNT group received a similar custom-for-
mulated and contractually-manufactured mineral 
supplement formulated to contain the same con-
centrations of these trace minerals, but from inor-
ganic sources (Table 1).

All cows were submitted to a 7-d CO-Synch + 
CIDR protocol on day −10 and FTAI on day 0 to 
a single sire by 2 technicians. Pregnancy diagnosis 
was performed via transrectal ultrasound on day 
28, and pregnancy was determined by the presence 
of an embryonic/fetal heartbeat. Cows diagnosed 
as nonpregnant were removed from the experiment 
and not included in the ovum pick-up (OPU) or 

Table 1. Formulated and analyzed composition1 of complete free-choice mineral supplements provided to 
cow–calf  pairs from day −30 to day 67

 TRT2 CNT3  

Nutrient Formulated Analyzed Formulated Analyzed Units, of DM

Ca 15.25 16.65 15.25 16.65 %

Na 6.14 9.4 6.18 9.8 %

P 6.00 4.95 6.02 4.95 %

Mg 1.51 1.65 1.49 1.7 %

S 0.23 0.92 0.85 1.02 %

K 0.05 0.1 0.09 0.2 %

Zn 7,528 7,361 7,524 6,800 mg/kg

Mn 2,500 2,746.5 2,503 3,306.5 mg/kg

Cu 1,250 1,357 1,247 1,387 mg/kg

Fe 1,018 3,790.5 1,039 3,872.5 mg/kg

Co 125 163.5 127 135.5 mg/kg

Se 30 38.0 30 43.0 mg/kg

Vitamin A 442 -- 442 -- kIU/kg

Vitamin D 44.3 -- 44.3 -- kIU/kg

Vitamin E 2204 -- 2204 -- IU/kg

1Mineral composition determined using Inductively Coupled Plasma – Mass Spectrometry (ICP – MS).
2TRT = treatment; cow–calf  pairs were provided with ad libitum access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a custom-for-

mulated and contractually-manufactured complete free-choice mineral supplement that contained amino acid complexes of Zn, Cu, and Mn, as 
well as Co glucoheptonate.

3CNT = control; cow–calf  pairs were provided with ad libitum access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a custom-for-
mulated and contractually-manufactured complete free-choice mineral supplement that contained a similar level of Zn, Cu, Mn, and Co from 
inorganic sources.
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IVF protocol. Immediately following pregnancy 
diagnosis, all nonpregnant cows were removed leav-
ing 10 pens of 3 or 4 cow–calf  pairs per pen [5 TRT 
pens (n = 5; 20 total cows) and 5 CNT pens (n = 5; 
18 total cows)]. Cow–calf  pairs remained on their 
original TRT or CNT designation within the same 
pen. All pregnant cows were subjected to OPU and 
COCs were processed for in vitro embryo produc-
tion twice; once on day 52 and again on day 67.

Liver Biopsies

Liver biopsies were collected from all cows on 
day −30 and 67 by a single technician using pro-
cedures previously described by Chapman et  al. 
(1963). In brief, the site of incision was shaved, and 
10 mL of 2% lidocaine was administered subcuta-
neously between the 11th and 12th ribs on the ani-
mal’s right side prior to biopsy collection to provide 
local anesthesia. Once anesthetized, the biopsy site 
was disinfected, and a stab incision was made using 
a scalpel. A biopsy needle (Tru-Cut biopsy needle; 
Care Fusion Corporation, San Diego, CA) was 
placed in the incision and progressed cranially and 
ventrally toward the opposite side until the needle 
had advanced into the liver. Three biopsy samples 
per time point were collected per cow, immediately 
placed on ice, and stored at −20  °C until further 
analysis.

OPU Procedure, and In Vitro Embryo Production

Ovum pick-up was performed on all cows by 
a single operator that was blinded to the treat-
ments on day −30, and on all pregnant cows on 
day 52 and 67, as previously described by Seneda 
et al. (2001). In brief, 5 mL of  2% lidocaine was 
administered via epidural prior to OPU. An 
ultrasound-guided OPU device (Aloka 500V, 
Hitachi Aloka Medical America, Wallingford, 
CT 06492), equipped with a 5-MHz curved probe 
coupling and an 18-gauge needle was used. The 
intravaginal OPU device was connected to a 
50-mL conical tube, loaded with 20  mL of  col-
lection medium (Tissue Culture Medium 199 with 
Hank’s Salts supplemented with 15 mM HEPES, 
4.2 mM NaHCO3, 2% fetal bovine serum, 2 mM 
L-glutamine, 50 U/mL penicillin, 50 µg/mL strep-
tomycin, and 10,000 U/L heparin), and connected 
to a vacuum pump set at 90 to 100 mmHg. All fol-
licles greater than 5 mm were aspirated to collect 
COCs. Media tubes containing COCs were then 
transported in incubators and held at 38.5  °C 
until further processing.

Cumulus-oocyte complexes were washed exten-
sively to remove blood cells and debris before being 
evaluated and graded (A to D) by a single techni-
cian blinded to the treatments using the criteria pre-
viously described by De Loos et al. (1989). In brief, 
category A COCs had an oocyte with homogenous, 
evenly granulated cytoplasm and numerous layers 
of compact, nonexpanded cumulus cells. Category 
B COCs were similar to A, but with fewer layers 
of cumulus cells. Category C COCs had ooplas-
mic irregularities, very few cumulus cells, and/or 
expanding cumulus cells. Category D COCs were 
atretic with expanded and dark cumulus vestment, 
denuded, lysed, and/or otherwise morphologically 
abnormal. All COCs graded A  through C were 
pooled within pen and underwent in vitro matu-
ration, fertilization, and embryo culture as previ-
ously described by Rispoli et al. (2011). All grade D 
COCs were discarded.

After initial processing, oocytes were placed in 
maturation media containing M-199 with Earle’s 
salts, 10% (v/v) FBS, 50 μg/mL gentamicin, 5 μg/
mL Folltropin-V, 0.2  mM sodium pyruvate and 
2 mM L-glutamine for 24 h at 38.5 °C. Fertilization 
was performed using a pool of semen from 2 Angus 
sires, and all oocytes from cows within the same 
pen were fertilized together as a single group. After 
fertilization, zygotes were cultured at 38.5 °C for 8 
d in 500 μL of mKSOM with 5.5% CO2, 7.0% O2, 
and 87.5% N.  Presumptive zygotes were denuded 
15 ± 2 h following the addition of semen. Cleavage 
rate was assessed 3 d following fertilization, and 
the number of 1-, 2-, 4-, and 8- to 16-cell embryos 
was recorded. Eight days after performing IVF, the 
quality of embryos progressing to the blastocyst 
stage of development was assessed (1 to 4)  using 
the procedures outlined in the IETS guidelines 
(Robertson and Nelson, 1999).

Mineral Analyses

Weekly samples of mineral supplement offer-
ings and refusals were dried overnight at 60 °C in a 
forced-air oven before being analyzed to determine 
DM content, which was then used to determine 
mineral supplement intake (DM-basis). Elemental 
composition of mineral supplement samples and 
liver biopsies were analyzed using Inductively 
Coupled Plasma – Mass Spectrometry (ICP – MS) 
by an independent contractual analysis laboratory 
(Michigan State University Veterinary Diagnostic 
Laboratory, Lansing, MI 48910) using the methods 
previously described by Wahlen et al. (2005). Prior 
to analysis, biopsy samples were sectioned. When 
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a sufficient quantity of sample was available, a sec-
tion of each sample was dried for 12 h at 75 °C to 
determine the DM fraction and calculate the dried 
sample mass, while a separate section was digested 
for 12 h at 95 °C in trace element grade nitric acid at 
a ratio of approximately 1 part dry tissue mass to 10 
parts nitric acid. If  there was not enough sample to 
determine the DM fraction separately, the section 
of sample used for the mineral analysis was dried 
prior to nitric acid digestion. Digested samples 
were then diluted with deionized water to a 100:1 
ratio of water to dried tissue mass. Only biopsy 
samples from cows that were confirmed pregnant 
at day 28 of gestation underwent liver mineral anal-
ysis. A  calibration standard was added to a frac-
tion of each digested and diluted tissue sample, and 
the solution was diluted 20:1 with 0.5% EDTA and 
Triton X-100, 1% ammonium hydroxide, and 2% 
propanol, and 5 ppb of scandium and 7.5 ppb of 
germanium, rhodium, indium, and bismuth were 
used as internal standards. The ICP – MS (Agilent 
7900; Agilent Technologies Inc., Santa Clara, CA 
95051) was tuned to yield a minimum of 7,500 cps 
sensitivity for 1 ppb yttrium (mass 89), less than 
1.0% oxide level as determined by the 156/140 mass 
ratio, and less than 2.0% double charged ions as 
determined by the 70/140 mass ratio. Elemental 
concentrations were calibrated using a 5-point lin-
ear curve in an analyte-internal standard response 
ratio. Commercial standards were used (Inorganic 
Ventures, Christiansburg, VA 24073) and National 
Institute of Standards and Technology (NIST, 
Gaithersburg, MD 20899) bovine liver and muscle 
standards were used as controls.

Statistical Analyses

One-way ANOVA was conducted using the 
GLIMMIX procedure of SAS (SAS v.9.4, SAS 
Inst. Inc., Cary, NC) to quantify differences among 
cow- and calf-related quantitative and binary data. 
Main effects of treatment on COC recovery, cleav-
age rate, and transferable embryo production were 
determined using pen as the experimental unit and 
corrected for n/pen. Main effects of treatment on 
calf-related data were determined using pen as the 
experimental unit, and the model included sex and 
the interaction between treatment and sex as block-
ing factors. Results are reported as least square 
means ± SE of the mean after being adjusted to 
calf  gender and separated using the PDIFF func-
tion. Liver mineral concentrations on day −30 were 
used as a covariate for determining the effect of 
treatment on liver mineral concentrations at day 

67. In addition, the relationship between liver trace 
mineral concentrations and the number of COCs 
recovered per pen that met maturation criteria, 
independent of treatment, was determined using 
the PROC GENMOD procedure, corrected for 
over-dispersion. The PROC GENMOD procedure 
was also used to conduct an odds ratio analysis with 
a model that included a fixed effect of treatment, 
where COC recovery and transferable embryo pro-
duction were considered the response variables. 
Significance was set at P ≤ 0.05, and tendencies 
were determined when 0.05 < P ≤ 0.10. Unless oth-
erwise stated, means are reported LSMeans ± SEM 
per cow within pen.

RESULTS

Cow and Calf  Performance

At the beginning of the experiment (day −30), 
no differences in BW (P = 0.75), BCS (P = 0.94), 
ultrasound-estimated rib fat (P  =  0.71) or rump 
fat (P = 0.34), and age (P = 0.54) or days postpar-
tum (P  =  0.60) were observed between TRT and 
CNT cows (Table 2). Pregnancy rate was 64.71 and 
52.90 % between TRT and CNT cows at day 28. 
Measurements of cow and calf  performance (Table 
3) reflect data collected from the cow–calf  pairs in 
which the cow was diagnosed as pregnant on day 
28 and the pair remained on the study for its entire 
duration. Throughout the experiment, cow and calf  
performance did not differ (P ≥ 0.12) as a result of 
trace mineral form for any response variables.

Supplement Mineral Composition, Intake, and Liver 
Mineral Composition

Formulated and analyzed nutrient composition 
of the complete free-choice mineral supplements 
offered between day −30 and 67 are described in 
Table 1. Dry matter and moisture content of TRT 
and CNT mineral supplements averaged 98.0 and 
2.0%, respectively. Mineral supplement consump-
tion did not differ (P  =  0.48) between TRT and 
CNT cow–calf  pairs (1.12 ± 0.07 vs. 1.06 ± 0.07 kg 
of DM × week−1 × cow–calf  pair−1).

Liver mineral concentrations are reported in 
Table 4. Baseline liver mineral concentrations at 
day −30 did not differ between TRT and CNT cows 
for Cu (P = 0.30), Zn (P = 0.49), Mn (P = 0.37), 
and Co (P = 0.99). At day 67, liver concentrations 
of Co were higher in TRT than CNT cows (0.45 ± 
0.02 vs. 0.31 ± 0.01 µg × g dry weight−1 for TRT and 
CNT, respectively; P < 0.0001), but no differences 
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Table 3.  Body weight (BW) growth performance and body composition of pregnant cow–calf  pairs sub-
mitted to ovum pick-up

Parameter1 TRT2 CNT3 P-value SEM

Cow

 n 20 18 -- --

 Initial BW, kg 613.64 638.91 0.40 21.02

 Final BW, kg 628.48 643.50 0.54 16.98

 Total BW gain, kg 14.83 4.90 0.46 7.95

 Initial BCS 5.75 5.80 0.83 0.19

 Final BCS 6.00 6.12 0.71 0.28

 Initial rib fat4, cm 1.00 0.95 0.61 0.07

 Final rib fat4, cm 0.72 0.75 0.67 0.05

 Initial rump fat4, cm 1.50 1.52 0.94 0.19

 Final rump fat4, cm 1.55 1.64 0.68 0.16

Calf

 Overall

  n 20 18 -- --

  Initial BW, kg 99.22 100.50 0.80 3.93

  Final BW, kg 217.16 217.03 0.99 7.23

  Total BW gain, kg 117.93 117.11 0.91 4.05

 Bull

  n 12 10 -- --

  Initial BW, kg 97.26 107.18 0.12 5.05

  Final BW, kg 216.42 231.92 0.15 9.42

  Total BW gain, kg 121.38 126.22 0.54 5.53

 Heifer

  n 8 8 -- --

  Initial BW, kg 97.26 92.14 0.17 5.34

  Final BW, kg 218.26 198.54 0.13 7.09

  Total BW gain, kg 112.75 105.71 0.41 3.57

1Initial measurements were collected on day −30 and final measurements were collected on day 67.
2TRT = treatment; cow–calf  pairs were provided with ad libitum access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a custom-for-

mulated and contractually-manufactured complete free-choice mineral supplement that contained amino acid complexes of Zn, Cu, and Mn, as 
well as Co glucoheptonate.

3CNT = control; cow–calf  pairs were provided with ad libitum access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a custom-for-
mulated and contractually-manufactured complete free-choice mineral supplement that contained a similar level of Zn, Cu, Mn, and Co from 
inorganic sources.

4Measurements were collected via transdermal ultrasonography.

Table 2. Body composition, reproductive parameters, and age of cows at study initiation (day −30) and 
pregnancy rate at day 28 of gestation

Item TRT1 CNT2 SEM P-value

N 34 34 -- --

BW, kg 622.18 628.91 16.29 0.75

BCS 5.85 5.83 0.16 0.94

Rib fat3, cm 0.98 0.93 0.05 0.71

Rump fat3, cm 1.49 1.32 0.13 0.34

Day postpartum 93.97 94.73 1.02 0.60

Age, years 4.47 4.88 0.47 0.54

Pregnancy rate, % 64.71 (22/34) 52.9 (18/34) -- --

1TRT = treatment; cow–calf  pairs were provided with ad libitum access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a custom-for-
mulated and contractually-manufactured complete free-choice mineral supplement that contained amino acid complexes of Zn, Cu, and Mn, as 
well as Co glucoheptonate beginning on day −30.

2CNT = control; cow–calf  pairs were provided with ad libitum access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a custom-for-
mulated and contractually-manufactured complete free-choice mineral supplement that contained a similar level of Zn, Cu, Mn, and Co from 
inorganic sources beginning on day −30.

3Rib fat and rump fat were estimated via transdermal ultrasonography.
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were observed for Cu (P = 0.43), Zn (P = 0.15) or 
Mn (P = 0.35).

COC Recovery

No differences were observed between TRT 
and CNT cows at day −30 for total COCs recovered 
(3.90 ± 0.94 vs. 4.06 ± 0.87 COCs × cow−1, respec-
tively; P = 0.90) or COCs meeting maturation cri-
teria (2.40  ± 0.45 vs. 3.17  ± 0.75 COCs classified 
A  through C × cow−1, respectively; P  =  0.41). At 
days 52 and 67, a greater number of total COCs 
were recovered (Fig. 1A) from TRT than CNT 
cows (22.39  ± 2.04 vs. 16.36  ± 1.44 COCs classi-
fied A through D × pen−1, respectively; P = 0.03). 
Moreover, the number of COCs meeting matura-
tion criteria (classified A through C; Fig. 1B) was 
greater from cows receiving complexed trace min-
erals than cows receiving inorganic trace minerals 
(15.94  ± 1.60 vs. 11.80  ± 1.01 COCs × pen−1 for 
TRT vs. CNT, respectively; P = 0.05). Additionally, 
odds ratio analysis demonstrated a 53% greater 
likelihood of recovering a COC (P  =  0.003) and 
43% greater likelihood of recovering a COC that 
meets maturation criteria (P  =  0.03) from TRT 
than CNT cows.

Positive relationships were observed between 
liver concentrations of Zn or Mn and the number 
of recovered COCs that met maturation criteria. 
As liver concentration of Zn increased from 20 
to 230 µg × g dry weight−1, the number of COCs 
meeting maturation criteria increased from 2.07 to 
8.00 per cow (P = 0.04; R2 = 0.05; Fig. 2). Similarly, 
as liver concentration of Mn increased from 4.5 to 
29  µg × g dry weight−1, the number of recovered 

COCs meeting maturation criteria increased from 
1.96 to 2.26 per cow (P = 0.003; R2 = 0.11; Fig. 3). 
Furthermore, Co concentration tended to be pos-
itively associated with the number of recovered 
COCs meeting maturation criteria. As liver concen-
tration of Co increased from 0.05 to 0.62 µg × g dry 
weight−1, the number of recovered oocytes meeting 
maturation criteria tended to increase from 2.46 to 
5.20 per cow (P = 0.07; R2 = 0.04; Fig. 4).

In Vitro Embryo Production

Cleavage rate (79.74 ± 3.63% vs. 79.95 ± 5.36% 
for TRT and CNT, respectively; P = 0.97) and the 
percentage of embryos that progressed to the 8- to 
16-cell stage (56.14 ± 5.48% vs. 64.94 ± 6.10% for 
TRT and CNT, respectively; P = 0.44) were unaf-
fected by trace mineral form. Percentage of 8 to 16 
cell embryos that progressed to the blastocyst stage, 
however, tended to increase when embryos were 
derived from TRT when compared to CNT COCs 
(66.57  ± 11.50% vs. 40.83  ± 5.54% for TRT and 
CNT, respectively; P  =  0.08). Additionally, trans-
ferable embryo yield (embryos with quality grades 
1 to 3) tended to be greater for pens that received 

Table 4. Liver mineral concentrations1 on day 67 
for cows submitted to ovum pick-up

 TRT2 CNT3 P-value SEM

 Cu 179.66 185.53 0.43 17.97

 Zn 103.13 93.66 0.15 9.04

 Mn 10.26 8.85 0.35 1.37

 Co 0.45a 0.31b <0.0001 0.02

a,bWithin a row, means without a common superscript differ signif-
icantly (P < 0.05).

1Liver concentrations are reported in µg × g−1 of dry weight.
2TRT  =  treatment; cow–calf  pairs were provided with ad libitum 

access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a cus-
tom-formulated and contractually-manufactured complete free-choice 
mineral supplement that contained amino acid complexes of Zn, Cu, 
and Mn, as well as Co glucoheptonate.

3CNT  =  control; cow–calf  pairs were provided with ad libitum 
access to a weekly 1.16 kg of DM × cow–calf  pair−1-allotment of a cus-
tom-formulated and contractually-manufactured complete free-choice 
mineral supplement that contained a similar level of Zn, Cu, Mn, and 
Co from inorganic sources.
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Figure 1. (A) Total recovered COCs. Pens supplemented with 
a complexed form of trace minerals had a greater total number of 
recovered COCs than pens supplemented with a similar level of trace 
minerals from inorganic sources (P = 0.03). (B) Total recovered COCs 
meeting maturation criteria. Pens supplemented with a complexed 
form of trace minerals had a greater total number of recovered COCs 
that met maturation criteria (P = 0.05).
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complexed trace minerals than their contemporar-
ies that received a similar level of inorganic trace 
minerals (4.70  ± 0.64 vs. 2.70  ± 0.65 embryos × 
pen−1 for TRT and CNT, respectively; P  =  0.06; 
Fig. 5A). Freezable embryos (embryos with quality 
grades 1 and 2) also tended to increase from pens 
receiving complexed trace minerals compared with 
those receiving an inorganic form of trace minerals 

(3.37 ± 0.46 vs. 1.75 ± 0.46 embryos × pen−1 for TRT 
and CNT, respectively; P  =  0.06). Furthermore, 
when expressed as a ratio, the number of recov-
ered COCs meeting maturation criteria that were 
required to produce a transferable embryo tended 
to be lower for TRT than CNT cows (3.10 ± 0.93 vs. 
7.02 ± 1.60; P = 0.06; Fig. 5B), which is a measure of 
efficiency in an in vitro embryo production system. 
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Figure 3. Relationship between liver Mn concentration and the total number of recovered COCs meeting maturation criteria, independent 
of supplemental trace mineral source. As liver concentration of Mn increased, the total number of recovered COCs that met maturation criteria 
increased (P = 0.003; R2 = 0.11).
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Figure 4. Relationship between liver Co concentration and the total number of recovered COCs meeting maturation criteria, independent of 
supplemental trace mineral source. As liver concentration of Co increased, the total number of recovered COCs that met maturation criteria tended 
to increase (P = 0.07; R2 = 0.04).
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Figure 2. Relationship between liver Zn concentration and the total number of recovered COCs meeting maturation criteria, independent 
of supplemental trace mineral source. As liver concentration of Zn increased, the total number of recovered COCs that met maturation criteria 
increased (P = 0.04; R2 = 0.05).
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Moreover, odds ratio analysis demonstrated that 
COCs from TRT cows were 75% (P = 0.02) more 
likely to produce a transferable embryo.

DISCUSSION

Trace mineral deficiencies affect several physio-
logical processes which compromise immune func-
tion, growth and development, and reproductive 
performance. Common reproductive symptoms of 
a trace mineral deficiency include increased num-
ber of services per conception, prolonged anestrus 
interval, decreased ovulation rates, decreased preg-
nancy rates, and increased embryonic mortality and 
pregnancy loss (Hostetler et al., 2003; Ahola et al., 
2004; Mohebbi-Fani et al., 2010). When compared 
to inorganic sources, complexed trace minerals 
have been reported to increase the bioavailability of 
mineral elements in livestock (Underwood, 1977; 
Kincaid et al., 1986; Rojas et al., 1995; Olson et al., 
1999; Nocek et  al., 2006; Marques et  al., 2016). 
However, the impact of mineral source on reproduc-
tive performance has been variable between studies 
(Muehlenbein et al., 2001; Ahola et al., 2004; Lamb 
et al., 2008). In the current study, there were clear 

increases in reproductive performance, as indicated 
by increased COC recovery, freezable and transfer-
able embryo yield, as well as a numerical increase 
in pregnancy rate despite limited differences in 
liver mineral concentrations in cows supplemented 
with complexed trace minerals. Additionally, cows 
supplemented with complexed trace minerals were 
43% more likely to have a COC meeting matura-
tion criteria and were 75% more likely to produce a 
transferable embryo when compared with the cows 
supplemented with an inorganic source of trace 
minerals. Similarly, Griffiths et al. (2007) reported 
differences in reproductive performance of graz-
ing dairy cows supplemented with inorganic trace 
mineral forms or the same complexed trace miner-
als used in the current study; differences included 
earlier estrus expression postpartum and increased 
pregnancy rate 48 d following the initiation of the 
breeding season, despite no differences in liver Zn 
or Mn concentrations (Griffiths et al., 2007). Using 
a chelated source of organic trace minerals, Lamb 
et al. (2008) found no difference in number of total 
or transferable embryos recovered from supero-
vulated heifers fed with either organic trace min-
eral, inorganic trace minerals (positive control), 
or heifers not receiving trace minerals (negative 
control; Lamb et  al., 2008). However, the heifers 
that received organic trace minerals yielded fewer 
unfertilized oocytes when compared to positive 
or negative controls. Additionally, Hackbart et al. 
(2010) saw no improvement in embryo quality from 
Holstein donors undergoing in vivo embryo collec-
tion and supplemented with the same organic trace 
mineral complexes that were fed in the current study 
(Hackbart et al., 2010). One of the uniqe aspects of 
the current experiment is that 100% of the added 
trace mineral content of the TRT mineral supple-
ment was from a complexed source, rather than a 
portion from an organic source, and the remainder 
from inorganic sources, and likely explains the dif-
ferences in results between this and previous exper-
iments. Ahola et  al. (2004) saw no difference in 
reproductive performance in grazing beef cows, but 
utilized organic trace minerals in proteinate form 
(Ahola et  al., 2004), which differs from the com-
plexed trace mineral forms (amino acid complexes 
and cobalt glucoheptonate) used in the present 
study and animals were fed in rather large repli-
cates potentially increasing variation in mineral 
intake. Similarly, the former experiment replaced 
50% of trace minerals from inorganic sources with 
an inorganic form, which is a common industry 
practice. The role of trace mineral source on oocyte 
quality, embryo development, and reproductive 
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Figure 5. (A) In-vitro-fertilized embryo production of suckled cows 
supplemented with a complexed form of trace minerals (TRT) or a sim-
ilar level of trace minerals from inorganic sources (CNT). Production 
of embryos tended to be greater for TRT than CNT pens (P = 0.06). 
(B) Ratio of recovered COCs to transferable embryo produced tended 
to be lower (signifying an increasing in efficiency) for TRT than CNT 
pens (P = 0.06).
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performance is complex and incompletely defined. 
In the present study, supplementation with 100% 
of trace minerals from a complexed source clearly 
improved metrics of reproductive performance. 
Although most data exists for spermatozoa, posi-
tive results have been observed in germ cell develop-
ment from animals and humans supplemented with 
trace minerals, including increased antioxidant 
enzyme activity and decreased production of reac-
tive oxygen species (Özkaya and Nazıroğlu, 2010; 
Shi et al., 2010; Narasimhaiah et al., 2018). Trace 
mineral availability may contribute to increased 
internal protection by the developing embryo from 
ROS produced via its own metabolism, through this 
increased enzymatic activity (Guerin et al., 2001).

Although liver concentrations are often used 
as the standard for assessing mineral status in cat-
tle, previous reports suggest that a large portion 
of some trace minerals may be stored more signif-
icantly in other body tissues, such as Zn and Mn 
in the kidneys and bone (Underwood, 1977; Rojas 
et  al., 1995). In the present study, with exception 
to Co, differences in liver mineral concentrations 
in animals fed a complexed form of trace miner-
als were not detected when compared with ani-
mals fed a similar level of trace minerals from an 
inorganic source. These results are similar to those 
reported by Marques et  al. (2016). The authors 
reported limited differences in liver mineral concen-
trations between cows supplemented with organic 
or inorganic sources of trace minerals during late 
gestation, however reported robust differences in 
offspring performance and physiological response. 
Interestingly, Olson et al. supplemented cows above 
required nutrient values with complexed or inor-
ganic trace minerals and observed no differences 
in liver mineral concentration; however, reported 
differences in reproductive performance (Olson 
et al., 1999). Thus, the lack of differences in liver 
mineral content between TRT and CON groups in 
the present study is consistent with previous reports 
in the field. Interestingly in the current study, when 
analyzed using poisson or logistic regression, liver 
concentrations of Zn, Mn and Co, regardless of 
supplemental trace mineral form, were associated 
with increases in number of oocytes meeting matu-
ration criteria, suggesting that liver mineral status is 
associated with increased reproductive parameters.

The mechanism by which complexed trace 
minerals led to increases in COC recovery and 
increased IVF efficiency remain unknown. Overall, 
the data is limited for direct mechanisms explain-
ing these increases. In the current study, Co was 
the only mineral that was elevated in the liver of 

cows supplemented with complexed trace minerals. 
Additionally, the number of recovered COCs meet-
ing maturation criteria more than doubled when 
Co concentration increased from 0.05 to 0.62  µg 
× g dry weight−1. In ruminants, vitamin B12 syn-
thesis by rumen microorganisms requires Co as a 
necessary substrate. Previous work has shown that 
supplementation of cows with Co results in higher 
liver concentrations of vitamin B12 (Judson et al., 
1997; Stangl et  al., 2007), and higher pregnancy 
rates when compared with nonsupplemented cows 
(Judson et  al., 1997). One possible explanation 
for the observed increase in reproductive perfor-
mance in the present study is that increased levels 
of dietary Co improve nutritional status, which 
potentially leads to a more favorable environment 
for follicular and COC development (Leroy et al., 
2008a, 2008b). There are reports that supplemen-
tation of drinking water with Co glucoheptonate 
and amino acid complexes of Zn, Mn, and Cu 
increase Cu and vitamin B12 stores, lactation perfor-
mance, and fertility of grazing lactating dairy cows 
(Griffiths et  al., 2007). Nonetheless, few reports 
exist regarding local mechanisms or effects on folli-
cular development, COC recovery, or embryo qual-
ity. Cobalt supplementation, however, has been 
shown to decrease morphological abnormalities of 
embryos and trophectoderm cell number in the ewe 
(Mitchell et  al., 2007), while feeding Co-deficient 
diets increased trophectoderm number (Kakar 
et al. (2005). Additionally, concentrations of Co in 
the follicular fluid of ovulatory-sized follicles are 
significantly greater than in follicles less than 5 mm 
in size in lactating dairy cattle (Kor et al., 2013).

Although the differences in liver Zn concentra-
tions were not statistically significant between TRT 
and CNT cows in the present study, the liver Zn 
concentration of cows supplemented with a com-
plexed form of trace minerals was numerically 
greater. Similarly, a positive relationship between 
liver Zn concentration and number of COCs recov-
ered was observed and is consistent with previous 
findings (Tian and Diaz, 2013). In the Zn-deficient 
mourse, Tian and Diaz (2013) observed epige-
netic defects in oocytes that resulted in decreased 
in vitro fertilization efficiency, but no effects when 
fertilization was performed in vivo. Rat dams fed 
Zn-deficient diets also produced abnormal or 
incompetent embryos (Hurley and Shrader, 1975). 
Additionally, the in vitro Zn supplementation of 
embryos collected from Zn-deficient dams did not 
reverse the negative effects (Record et  al., 1985). 
Thus, the authors concluded that Zn was critical 
for normal in vivo oocyte maturation and embryo 
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development. Additionally, Spears (1996) also 
reported an increase in reproductive performance 
during the first 21 d of the breeding season when 
beef cows were fed amino acid-complexed forms of 
Zn and Mn.

CONCLUSIONS

Although differences in liver trace mineral 
concentrations were not observed, with exception 
of Co, the results of this experiment support the 
hypothesis that complete replacement of supple-
mental trace minerals from inorganic sources with 
a complexed form of trace minerals increases IVF 
embryo production efficiency, and that trace min-
eral status is associated with IVF embryo produc-
tion success in suckled beef cows. Furthermore, 
when compared to previous findings, the results of 
this experiment suggest that complete replacement 
of inorganic with a complexed source of trace min-
erals may be necessary in order to achieve repro-
ductive benefit. Further research is necessary to 
elucidate the specific mechanisms by which com-
plexed trace minerals improve reproductive effi-
ciency, and to determine if  these effects transpose 
to increased success of embryo transfer, artificial 
insemination, and natural service matings.
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