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Outline
• Background

• Influence of Cu and Zn on microbial function.
• Solubility of Cu and Zn in the rumen.
• Influence of trace mineral source on fiber digestion. 

• Current experiments
• Rumen: mineral solubility, fermentation characteristic, 

and Cu and Zn binding strength to rumen digesta.
• Molybdenum – water vs. feed 



Introduction

• The role that Cu and Zn play in rumen microbial fermentation is not well 
understood. 

• The majority of research determining microbial trace mineral 
requirements has been conducted in vitro.

• Early in vitro rumen simulated experiments indicate that low 
concentrations of Cu and Zn in artificial rumen fluid were adequate to 
optimize fiber digestion (Cheng et al, 1955; Hubbert et al, 1958; Durand 
and Kawashima, 1980).

• Requirements of the host ruminant for Cu and Zn are much higher than 
those needed by rumen microorganisms (≈0.1 mg Cu/l; Zn 0.2 mg/l)

So



Ruminal disappearance of copper and zinc from forages 
from dacron bags incubated for 0 or 72 hours in the rumen 

of cattle

Copper Zinc

Item 0a 72 h 0a 72 h
------------ % of total -------------

Alfalfa 88.9 92.9 25.8 79.4
Rhizoma peanut 50.6 89.6 18.1 80.5
Dwarf elephantgrass 84.4 94.3 7.3 75.5

Bermudagrass 69.9 75.8 43.1 62.1
Bahiagrass 63.1 81.7 33.8 53.0
Limpograss 70.0 69.5 26.6 67.2

aAmount disappearing following washing with water.

Emanuele and Staples, 1990
• A high proportion of Cu and Zn is released relatively quickly.
• Cu and Zn may be sequestered in the plant material differently.



Lopez-Guisa and Satter, 1992

 Rumen fistulated nonlactating dairy cows 
were fed diets (50% corn cobs, 25% alfalfa 
hay, 25% grain mix)
1) Containing NRC recommendations?
2) Supplemented with 12.2 mg Cu/kg and 

0.25 mg Co/kg
 Dry Matter disappearance of various 

feedstuffs from dacron bags was determined 
after 12 to 17 days.



In Situ Percent Dry Matter Disappearance 
(Experiment 1)

12 hours 24 hours
Control Cu + Coa Control Cu + Coa

Alfalfa hay 49.3b 56.8c 58.2b 63.1c

Corn cobs 29.6b 38.9c 48.5 50.5

Corn leaves 31.8b 37.7c 50.2 53.6
Corn stalks 42.7b 47.0c 46.6b 53.5c

aSupplemented with 12.2mg Cu and 0.25mg Co/kg diet.
b,c P < 0.05.

Lopez-Guisa and Satter, 1992

Cu and Co addition 
• Influence fiber digestion of low- quality feeds.



In Situ Percent Dry Matter Disappearance 
(Experiment 2)

14 hours 22 hours
Control Cu + Coa Control Cu + Coa

Alfalfa hay 50.1 51.9 55.5 57.1
Corn cobs 42.0 43.2 53.5 55.1
Corn crop residue silage 39.6b 43.4c 46.5b 50.0c

Corn grain 69.6 72.2 84.4 84.3
aSupplemented with 12.2mg Cu and 0.25mg Co/kg diet.
b,c P < 0.05.

Lopez-Guisa and Satter, 1992

Cu and Co addition 
• Influence increased fiber digestion of corn crop residue 

silage. 
• Decrease in growth rate. 



Effect of High Dietary Zinc on Rumen Protozoa 
and Protein Flow to the Abomasum in Steersa

Dietary zinc, mg/kg
88 1,230 88 1,230

----------1X/d feeding---------- ---------12X/d feeding--------
Protozoa, x106/ml 2.54b 1.82c 3.18b 3.83c

Amino acid flow, 
g/d

Bacteriald 795 722 934 641
Dietaryd 369 495 192 417

aSteers were fed 1.5 times their NEm requirement.
b,cP < 0.05.
d Main effect of zinc (P<0.05).

Froetschel et al., 1990

Impact of Zn on ruminal AA digestion may be more closely related to an
interaction of zinc with dietary CP rather than to an effect of Zn on ruminal 
microbial
populations.



Summary

• Bacteria metal homeostasis
• Regulated by metal sensor proteins that regulate:

• Metal uptake
• Metal efflux
• Metal binding proteins

• In vitro experiments indicate that requirements of the animal for Cu and 
Zn are much higher than those needed by rumen microorganisms (≈0.1 
mg Cu/l; Zn 0.2 mg/l).

• Data would indicate that practical diets fed to ruminants without Cu and 
Zn supplementation are able to meet the microbial Cu and Zn 
requirements (Emmanuel and Staples, 1990).



Summary
 Additional Cu and Co may impact fiber digestion 

possibly through divalent metals serving as a bridge 
between bacterial and plant cell walls. 

 High concentrations of dietary Zn appears to alter the 
flow of dietary AA to the lower gut and may be more 
closely related to an interaction of zinc with dietary 
CP rather than to an effect of Zn on ruminal microbial 
populations.  

 Numerous factors can impact rumen solubility of 
minerals such as the pH of the rumen, the 
concentration of dietary antagonists (Mo, Fe, S, fiber, 
etc.), diet type, and mineral source.



Introduction
• Trace mineral source:

• Copper from Cu hydroxychloride was relatively insoluble 
(0.6%) in water (pH 7.0) and highly soluble (81.4%) at a low 
pH (2.2), whereas Cu from CuSO4 was almost completely 
soluble in both water and at a low pH (Spears 2004).

• Zinc hydroxychloride has also been reported to have low 
solubility in water (Cao et al. 2000) and was less soluble in 
the rumen of cattle when compared to Zn from ZnSO4
(Shaeffer, 2006).



In Vitro Solubility of Sulfates vs. IntelliBond (Micronutrients USA 
LLC., Indianapolis, IN)
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Effect of trace mineral source on fiber 
digestion in lactating dairy cowsa

Item Sulfatea Hydroxya

NDF digestion, %b

Forage dietc 43.0 45.9

By-product dietd 49.8 51.2

aCopper, zinc, and manganese were supplemented at 10, 32, and 30 mg/kg, respectively.
bTrace mineral source effect (P < 0.02).
c44% corn silage, 20% alfalfa silage.
d11% corn gluten feed, 15% beet pulp, 14.1% soy hulls.

Faulkner and Weiss, 2017



Beef Cattle

• 8 crossbred beef steers fitted with ruminal cannulas
• Steers were fed a TMR (corn silage, steam-flaked 

corn-based diet) that contained appropriate trace 
mineral treatments.

• Treatments: 10 mg Cu/kg DM; 20 mg Mn/kg DM; 30 
mg Zn/kg DM
• 1) Sulfate
• 2) Hydroxy 

• Steer were acclimated to individual metabolism stalls 
for 5 d followed by a 5-d fecal and urine collection.





Objective

• To determine the impact of Cu and Zn source (SO4 vs 
HTM) on rumen characteristics in steers fed a low-
quality forage-based diet:

• Dry matter and fiber digestibility
• Rumen soluble concentrations of Cu and Zn
• Rumen fermentation characteristics
• Binding strength of Cu and Zn to rumen solid 

digesta



• 12 crossbred steers fitted with 
ruminal cannulas.

• Group fed a low-quality grass 
hay-based diet for 60 days.

• Treatments: 20 mg Cu/kg DM; 
40 mg Mn/kg DM; 60 mg Zn/kg 
DM

1) Sulfate
2) Hydroxy

Experimental Design



Table 1. Ingredient composition of high forage diet (% DM)
Ingredient %DM
Grass hay 90.0
Soybean meal 4.7
Beet Pulp 4.6
Salt - white 0.35
Urea 0.18
Vit A 0.03
Vit E                                             0.013
Selenium                                      0.003
Cobalt Sulfate 0.00005
Iodine                                  0.00005
TOTAL                                100.0

Analyzed composition
Dry matter, % 89.1
Crude Protein, % 12.4
Organic matter, % 91.5
Starch, % 9.8
ASH, % 8.5
Fat, % 3.0
Acid detergent fiber, %    37.2
Neutral detergent fiber, % 60.4

NFC, % 15.8
Roughage NDF, % 72.2
Copper, mg/kg DM 6.6
Manganese, mg/kg DM 58.4
Zinc, mg/kg DM 27.4





Effect of trace mineral source on digestibility in 
steers fed a low-quality hay supplemented with 

proteina

aCopper, manganese, and zinc were supplemented at 20, 40, and 60 mg/kg, respectively.

Guimaraes et al. (2019)

Sulfate Hydroxy P<
DMI, kg/d 7.4 7.4 -------
DM digestibility, % 51.9 53.4 0.07
NDF digestibility, % 40.4 42.7 0.04
ADF digestibility, % 32.4 34.1 0.05
CP digestibility, % 51.2 54.3 0.06



Day 6
Influence of trace mineral source on short chain fatty acid productions at 0, 2, and 4 
hours post feeding.

Treatmenta

Item STMb HTMc Trt Time Trt*Time

pH 6.59 6.68 0.47 0.01 0.57

SCFAd, mM/100mM 

Acetic acid 48.9 49.2 0.74 0.05 0.92  

Propionic acid 21.4 21.2 0.34 0.44 0.45

Isobutyric acid 5.6 5.8 0.51 0.001 0.61

Butyric acid 16.3 14.9 0.02 0.001 0.93

Isovaleric acid 4.1 5.1 0.09 0.001 0.91

Valeric acid 3.7 3.8 0.71 0.001 0.91

Total SCFA, mM 59.8 72.3 0.05 0.85 0.86
aTreatments: 20 mg Cu/kg DM; 40 mg Mn/kg DM; 60 mg Zn/kg DM from hydroxy or sulfate trace mineral sources.
bSulfate trace minerals.
cHydroxy trace minerals.
dShort chain fatty acids.



Bolus dose experiment

• Following the SCFA collection all steers were 
fed the basal diet without supplemental Cu, 
Mn, or Zn was fed for 14 days.

• Followed by a bolus dose in 0.23 kg of ground 
corn of Cu, Mn, and Zn at 2 x NASEM (2016) 
requirements for Cu, Mn, and Zn (20, 40, and 
60 mg/kg of Cu, Mn, and Zn, respectively).

• Rumen grab samples were collected at 2-hour 
intervals beginning at -4 hours through 24 
hours post dosing.
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Figure 1a. Influence of trace mineral source on rumen soluble Cu concentrations

HMT
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Trt (P < 0.04).
Time (P < 0.001).
Trt x time (P < 0.03).
*Means within a time point differ (P < 0.05).
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Figure 1b. Influence of trace mineral source on rumen soluble Zn concentrations

HMT
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Trt (P < 0.04).
Time (P < 0.001).
Trt x time (P < 0.02)
*Means within a time point differ ( P < 0.05). 
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Figure 1c. Influence of trace mineral source on rumen soluble Mn concentrations

HMT
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Time (P < 0.001).
Trt x Time (P < 0.03).
*Means within a time point differ (P < 0.05).



Binding strength of copper, manganese, 
and zinc to rumen solid digesta

 Estimated using release of copper, 
manganese, and zinc from solid digesta by 
dialysis against 0.05M Tris-EDTA.





Inside Bag Outside Bag

Inside Bag Outside Bag

Tris-
EDTA





Effect of trace mineral source on release of copper, manganese, and 
zinc from rumen digesta at 12 hours after a pulse dose of 20 mg Cu, 40 

mg Mn, and 60 mg Zn/kg DM

Hydroxy Sulfate P<
Initial concentration in digesta, mg/kg DM

Copper 31.6 8.1 0.03
Manganese 38.2 35.3 0.03
Zinc 129.6 37.3 0.001

Released by Tris-EDTA, %
12h

Copper 59.2 26.5 0.01
Manganese 63.7 77.2 0.001
Zinc 87.8 34.3 0.01



Conclusion
• Results indicate that ruminal solubility of copper and 

zinc differs between sulfate and hydroxy sources. 
• It appears that rumen copper and zinc solubility may 

impact rumen fermentation of cattle fed high forage-
based diets.

• Future analysis
– Completed additional experiments with dairy and feedlot type 

diets.
– For all experiments rumen and fecal microbiome samples were 

obtained.



Molybdenum
– Interactions with other elements Cu-Mo-S 

(thiomolybdates; mono, di, tri, tetra). High 
concentrations of Mo (10 mg Mo/kg DM) may not 
affect Cu status of cattle any more than moderate 
concentrations of Mo (5 mg Mo/kg DM).

– MoO4-+ H++ HS-H20 + MoO3S-(monothiomolybdate) 
– MoO3S-+ H++ HS-H20 + MoO2S2-(dithiomolybdate)
– MoO2S2-+ H++ HS-H20 + MoOS3-(trithiomolybdate)
– MoOS2-+ H++ HS-H20 + MoS4-(tetrathiomolybdate)

+



Background

Western Colorado rich in Mo deposits.
Mining has taken place in western CO 

for hundreds of years. 
 Forages and water sources test higher 

in Mo.
 Ten Mile Creek - Mo 9.0 mg Mo/L 

(Chappell, 1973).



Background
• Limited controlled research has been conducted investigating the 

impact of Mo water concentrations on beef cattle performance.
• Kincaid (1980) : 12 male, 5 wk. old, Holstein calves.

• Treatments: Drinking water contained: 0, 1.0, 10.0, and 50.0 mg of 
Mo/l

• Basal diet: 13 mg of Cu/kg diet DM and less than 1.0 mg of Mo/kg 
diet DM) for 21 d.
• Conclusion: The safe ratio of Cu to Mo in this experiment was 

0.5:1.0. Kincaid (1980) also suggested that Mo in water could 
be less toxic than Mo in forage.



Background
 Kistner et al. (2017): 30 Angus, Hereford, and Angus x Herford steers 

exposed to varying doses of Mo in drinking water
– Treatments: 1) 0.0 μg/l, 2) 160 μg/l, 3) 320 μg/l, 4) 480 μg/l, and 5) 

960 μg/l of supplemental Mo added as Na2MoO4 to the drinking 
water.

– Total exposure period approximately 130 days.
 Results:

– No adverse effects were observed in any of these animals 
at any Mo dose.

– No impact on Cu status (0.15% dietary S).
– Total dietary Cu concentrations ranged from 9.7 to 11.1 mg 

of Cu/kg DM in order to meet NASEM (2016) guidelines. 
– Cu to Mo no effects ratio of 2.8:1 was measured in this 

experiment.



Bypass Water

• Estimated 18-90% of consumed water bypasses the 
rumen.

• Water directly enters the abomasum via the esophageal 
groove.

• Dependent on age, head orientation, ration composition.

• Not all drinking water equilibrates with ruminal fluid.

• Portion of Mo in drinking water may not exposed to the 
rumen environment. 

(Warner, 1968; Woodford et al., 1984; Garza and Owens, 1989; Garza et al., 1990; Kistner et al., 2017)



Molybdenum

• Objective: To determine the influence of 
molybdenum source (water vs. feed) on Cu 
and Mo apparent absorption and retention in 
beef cattle consuming a high forage diet.   

Treatment Steers/Trt

Control, no Mo added to H2O or 
diet. 4

5.0 mg Mo/kg diet DM - diet 4

1.5 mg Mo/L H2O, fed control diet 4



Results
The effects of molybdenum exposure on apparent absorption and retention of copper and 
molybdenum in beef steers. 
Item Control 5.0 mg 

Mo/kg diet 
DM

1.5 mg Mo/l 
drinking water

P<

DM intake, kg/d 11.4 11.4 11.4 ---
DM digestion, % 52.3 55.6 54.6 0.71
Water intake, L/d 31.9 32.4 31.5 0.76

Copper
Intake, mg/d 68.7 68.7 68.7 ---
Apparent abs., % of intake 4.9a 3.3b 4.4a,b 0.05
Apparent retention, % of intake 3.9a 2.5b 3.3a,b 0.05

Molybdenum
Intake, mg/d 25.0b 79.7a 72.3a 0.001
Apparent abs., % of intake 13.4a 5.4b 4.6b 0.01
Apparent retention, % of intake 4.5a 2.0b 1.9b 0.01

a,b,cMeans within a row with differing superscripts differ P < 0.05.

Thorndyke et al. (2020).  Biol. Trace Element Res. doi.org/10.1007/s12011-020-02440-0.



Summary

 Overall, these data suggest that Mo in drinking water 
(within the concentrations examined) appears to have 
less impact on apparent absorption and retention of 
Cu than if Mo is supplemented in the diet.

 However – Apparent absorption and retention of Mo 
supplemented in the diet or water was similar.

 Future research
– Long term cow/calf production effects
– Thiomolybdate formation and varying S concentrations in the 

diet. 
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