
EFFECT OF INORGANIC AND ORGANICALLY COMPLEXED 

TRACE MINERALS ON GROWING CATTLE CONSUMING 

DRINKING WATER WITH HIGH LEVELS OF SULFATE 

by 

JEFFREY HEATH MIKUS, B.S., M.S. 

A DISSERTATION 

IN 

ANIMAL SCIENCE 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

Chairperson of the Committee 

Accepted 

Dean of the Graduate School 

May, 2004 



ACKNOWLEDGEMENTS 

1 would like to thank those who have helped me through my experience at 

Texas Tech. Thank you Dr. Reed Richardson for helping push me through this 

interesting tiip. Those on my committee, Dr. Mike Galyean, Dr. Sam Jackson, Dr. 

John Blanton, and Dr. Robert Holwerda, thank you, your input was very useful and 

important to me. 

A special thanks to those graduate students that helped throughout my time 

here. Brad Clybum, Matt McMillan, Wesley Wright, AH Gueye, and any of you I 

have forgotten, thank you. Fellow graduate students help keep us sane and provide 

those little bits of encouragement we all need at times. 

As always, I am very thankful to have friends that are very special to me. I 

have been fortunate to meet people wherever I have been that were very supportive of 

me and were there when I needed a hand or just a little time away. Stoney Turner, 

Brandon Blanch, Dane Swinbum, Sean Miller, and Clint Almand, you all mean a lot 

to me and I hope or friendships continue. I don't think I can leave Paul Booth out of 

this. It is probably his fault as much as anyone's that I stuck this out. Although it was 

a brief period of time, you engrained a lot into my little brain, the most important 

being not to quit and do whatever I did to the best of my abilities. 

Finally, I want to thank my family. Jon we have become a lot closer over the 

years, and that's a good thing. Maybe someday we'll see each other a little more than 

u 



a couple times a year. Roni, it is hard to believe that you are a mom, but I am 

impressed with the way you have handled it. 1 know you have fought through difficult 

times, but J axon sure makes things a lot better. Mom and Dad, you have sacrificed a 

lot for Jon, Roni, and me. We will forever be indebted. As I look back over these last 

ten years, it is hard to believe that 1 have finally made it. If it were not for your 

unwavering support, I don't think I would have made it. I love you both very much. 

Dad, I guess someday soon we'll be able to do a little more fishing and hunting 

together. I am looking forward to it. 

Ill 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS — ii 

ABSTRACT - vi 

LIST OF TABLES- —- — viii 

CHAPTER 

I. INTRODUCTION 1 

II. REVIEW OF THE LITERATURE 3 

Sulfiir 3 

Thiamin —6 

Sulfur Interactions - 8 

Thiamin-Sulfur Interactions 9 

Polioencephalomalacia - 12 

Literature Cited - 16 

III. EFFECT OF TRACE MINERAL SUPPLEMENT SOURCE AND 
WATER SOURCE ON PERFORMANCE BY GROWING 
HEIFERS 18 

Absti-act - 18 

Introduction— 19 

Materials and Methods 20 

Results and Discussion 25 

Conclusions 28 

IV 



Literature Cited - —- 29 

IV. EFFECT OF SUPPLEMENT SOURCE AND RUMINAL FLUID 
DONOR WATER QUALITY ON IN VITRO DRY MATTER 
DISAPPEARANCE AND IN VITRO CULTURE PH- — 43 

Abstract-- - 43 

Introduction — — 44 

Materials and Methods 45 

Results and Discussion 49 

Conclusions 59 

Literature Cited 61 

V. EFFECT OF SULFUR SOURCE ON THIAMIN 
DISAPPEARANCE IN VITRO 76 

Abstract 76 

Introduction 77 

Materials and Methods 78 

Results and Discussion 80 

Conclusions 83 

Literature Cited 84 



ABSTRACT 

Two experiments were conducted to determine the effect of trace mineral 

source on sulfate metabolism in cattle, and a third trial explored the effect of sulfur 

source on thiamin disappearance in vitro. In the first experiment, crossbred heifers 

(335.54 kg) were supplemented with an organically complexed source of Cu, Zn, Mn, 

and Co; an inorganic source of Cu, Zn, Mn, and Co; or no added trace minerals. 

Heifers w ere assigned to one of two water treatments, no added sulfate (NS); (39,5 

mg/kg sulfate) or high-sulfate (WS); (1,810 mg/kg sulfate). Average daily gain for 

heifers consuming NS water was higher (P = 0,04) than for those consuming WS 

water for the first 28d. Water source had no effect on gain for 29 to 56 (P = 0.07) or 0 

to 56d (P = 0.77). Feed-to-gain was lower (P = 0,01) for NS heifers than for WS 

treatments for the first 28d. Water source had no effect on feed-to-gain for 29 to 56 (P 

= 0.06) or 0 to 56d (P = 0.44). Mineral source had no effect (P = 0.18) on cattle 

performance. In Experiment 2, an in vitro incubation study was used to determine the 

effect of organically complexed, sulfate, and oxide mineral sources on dry matter 

disappearance and culture pH when ruminal fluid donors were consuming water with 

no added sulfate (NS) or 2,000 mg/kg sulfate (WS). A level x source interaction (P = 

0.01) was found for in vitro dry matter disappearance (IVDMD). Differences in 

IVDMD were found within ground com (P = 0.01) and com starch (P = 0.04) 

substrate groups when donors were consuming NS water. With the addition of sulfate 
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to donor drinking water, IVDMD differences (P - 0.003) were only found within 

treatments w ith ground corn as a substrate. Differences (P - 0.02) in culture pH were 

noted wlicn com starch was used as a substrate and donors were consuming NS water. 

With the addition of sulfate to donor drinking water, differences were noted for 

culture pH when substi*ates included ground corn (P - 0.03) and alfalfa (P = 0.02). In 

Experiment 3, an in \ itro study was conducted to determine whether sulfur affected 

thiamin disappearance. Sulfur was introduced to tubes containing ground com and 

ruminal fluid. Sulfur was added as sulfate, sulfide, sulfite, or L-cysteine. Tubes 

treated with sulfate had higher (P < 0.01) thiamin concentrations than tubes tested 

with cysteine at 0 h. Sulfide had higher (P = 0.04) thiamin concentrations than 

cysteine at 0 h. No differences in thiamin concentration were found for sulfrir source 

at 24 (P = 0,06) or 48 h (P = 0.35). At 0 h, tubes with 0.0, 0.5, and 1.0 mg S/mL 

ruminal fluid had lower (P < 0.01) thiamin concentrations than treatments with 0,25 

mg/mL. At 24 h, 0.25 mg/mL treatments had lower (P < 0.01) thiamin concentrations 

than the other three treatments. At 48 h, thiamin concentrations were higher (P = 

0.02) for 0.0 mg/mL than 0.25 and 0.5 mg/mL, lower (P < 0.01) than 1.0 mg/mL 

treatments. Tubes treated with 0.25 and 0.5 mg/mL did not differ (P = 0.11), but had 

lower (P < 0.01) thiamin concentrations than 1.0 mg/mL treatments. 
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CHAPTER I 

INTRODUCTION 

Illness is responsible for millions of dollars in losses to the cattle industry 

e\ery >ear. One illness of importance to feedlots and producers throughout the 

Western United States is polioencephalomalacia. Polioencephalomalacia (PEM) is a 

neurological disorder that strikes animals in several situations (Gould, 1998). One of 

those situations is cattle consuming diets high in sulfur and another occurs 

occasionally in cattle that are rapidly switched from a high-roughage diet to a high-

concentrate diet (Kung et al, 1998). Several scientists have postulated what causes 

PEM and the consensus is one of two paths: a sulfate toxicity or a thiamin deficiency 

(Frye et al., 1991; Gooneratne et al., 1989a). Attempts have been made, to no avail, to 

determine whether one or the other is more responsible. 

Sulfate toxicity normally occurs in cattle consuming water with sulfate 

concentrations above 1,800 mg/kg (Loneragan et al., 2001). Although it is not entirely 

understood how the toxicity manifests into PEM, there are a two hypothesis. First, it 

is believed that sulfate combines with hydrogen to for hydrogen sulfide, which is 

emctated and inhaled (Kung et al., 1998). The H2S is rapidly taken into the blood 

stream through the lungs, and damage occurs in the brain. The second hypothesis is 

that sulfate causes a change in the mmen that causes a change in the microbial 

population. This change is thought to favor those microorganisms that may produce 



thiaminases. These thiaminases decrease the amount of thiamin the animal takes into 

the blood stream, thereby resulting in a thiamin deficiency (Gooneratne et al., 1989b), 

Some research has been conducted to determine the relationship between 

sulfur and other ninierals. Most of this research centers around reactions between 

copper, molybdenum, and sulfur. Traditionally, these minerals have been 

supplemented in their organic forms. The first and primary objective of the studies 

reported herein was to determine whether supplementation of organically complexed 

minerals aided in lowering the potential for PEM to occur. The second objective was 

to determine what effect high-sulfate water had on grov^h of heifers consuming 

organicalh' complexed and inorganic minerals. A final study was conducted to 

determine what effect different sources of sulfiar had on thiamin production. 



CHAPTE.RII 

REVIEW OF LITERATURE 

Sulfur 

Sulfur is a member of gi'oup sixteen in the periodic table. It has six electrons in 

its valence shell, allowing it to combine with many elements. Sulfur is most important 

to animals in the sulfur-containing amino acids methionine, cysteine, and cystine. 

Sulfur is needed by the body for formation of connective tissue, as a blood 

anticoagulant, and for the production of energy (McDowell, 1992). Ruminants can 

only use sulfur in the reduced form, sulfide, or the oxidized form, sulfate. 

Microorganisms are responsible for the reduction and oxidation of sulftir in the 

mmen. This reduction and oxidation of sulfrir by microorganisms is called the sulftir 

cycle (McDowell, 1992). 

Methionine is an essential amino acid required by all animals. In mminants, 

methionine can be converted biochemically to cystine and cysteine, but the reverse 

process is not possible, thus cystine and cysteine are not considered essential because 

they are synthesized from methionine (McDowell, 1992). Cystine is most often found 

in animals and is actually two cysteine molecules bound together. Other molecules 

that contain sulfur include hemoglobin, cytochromes, coenzyme A, coenzyme M, 

lipoic acid, S-adenosylmethionine, glutathione, heparin, and penicillin (McDowell, 

1992). 



In ruminants, the sulfur requirement is not only important for the animal, but 

also for the microbial population of the rumen. Microbes use dietary sulfur to form 

amino acids that are incorporated into their microbial protein. This sulfur is then 

absorbed by the host when those microbes are digested (McDowell, 1992). For sulfur 

to be utilized by microorganisms, it must first be reduced. This reduction to sulfide is 

accomplished by sulfur-reducing bacteria. Sulfur-reducing bacteria form the 

following sulfur compounds S2", S\ HS", H2S, or HSO3". The pKa for most of these 

compounds is approximately 7.0, and the pKa for H2S is about 7.2. At normal mminal 

pH (5.5 to 7.2), these compounds are readily protonated, and H2S is usually the 

abundant of the sulfide compounds (Kung et al., 1998). Microorganisms require 

sulfur for proper ftmction as well. Microorganisms have been found to have a lower 

ability to digest feedstuffs and retain nitrogen when fed diets with adequate levels of 

sulftir (McDowell, 1992). Without adequate levels of sulfur in the diet, utilization of 

lactate can be impaired. This results in a build-up of lactate in the mmen and blood 

(NRC, 1996). The build up of lactate is due to dysftinction in the acrylate pathway 

that converts lactate to propionate. The problem occurs when acrylate is not 

hydrogenated (McDowell, 1992). 

Requirements for beef cattle are approximately 0.15 % of the diet (NRC, 

1996). This level can vary with type of production. An increase in sulfur caused a 

decrease in mminal lactic acid and improved feed efficiency in feedlot steers 

(Rumsey, 1978). Lower levels of dietary sulfiir (0.11 to 0.12%) have been shovm to 



be adequate in growing steers (Bolson et al., 1973). Normally, the ratio of N:S should 

be approximately 13.5:1 to 15:1 in cattle (Kandylis, 1984). One important 

consideration when evaluating dietary sulfur requirements is the addition of nitrogen 

in the fomi of non-protein nitrogen. When NPN is used as a source of protein, sulfur 

must be adequate in the diet. Unless sulfur is provided, microorganisms cannot 

properly utilize nitrogen from NPN (McDowell, 1992). 

Mineral status of animals can be affected by interactions between minerals. 

Sulfur can affect and be affected by several other minerals like copper, molybdenum, 

and selenium. Sulfur has been implicated in decreasing the absorption of copper. This 

occurs by one of two ways: (1) the formation of copper-thiomolybdates; and (2) the 

formation of insoluble copper sulfide. In the first case, sulfiar and molybdenum 

combine to form thiomolybdate. Thiomolybdate is absorbed into the blood stream, 

where it reacts with copper to form a copper-thiomolybdate complex. This complex 

prevents the absorption of copper by mminants (Kandylis, 1984). The other means by 

which sulfur prevents copper absorption is by forming copper sulfide. Copper sulfide 

is not available to mminants and therefore is passed from the animal (Kandylis, 

1984). Sulfur can cause a perceived selenium deficiency by acting as an analogue to 

selenium. Sulfur replaces selenium in biochemical reactions in what seems to be a 

selenium deficiency. One example of this is white muscle disease in lambs with 

adequate levels of selenium in their diets and elevated levels of sulfur. This 



antagonism by sulfur on selenium is easily remedied by the inclusion of more 

selenium in the diet (McDowell, 1992). 

Deficiencies in ruminants can cause loss of appetite, reduced weight gain, 

lacrimation, dullness, and death. In sheep, low dietary sulfur causes decreased wool 

production (McDowell, 1992). Toxicities include hydrogen sulfide poisoning, 

polioencephalomalacia, anorexia, and sometimes a selenium deficiency (McDowell, 

1992). 

Thiamin 

The first water soluble vitamin discovered by researchers was thiamin. 

Disorders implicated to be due to deficiencies were noted as early as 2,600 B.C. The 

first documented cases were of beriberi in China. Incidence of beriberi was found to 

be decreased when polished rice was removed from the diets of Japanese sailors. Rice 

being consumed by sailors had the bran portion removed, thereby removing the only 

source of thiamin from their diets (McDowell, 1989). 

The stmcture of thiamin consists of a pyrimidine ring and a thiozole linked by 

with a methylene bridge. Several antagonists to thiamin have been synthesized, 

including pyrithiamine, oxythiamine, and amprolium. These antagonists act by way of 

competitive inhibition (McDowell, 1989). Thiaminases are also active in rendering 

thiamin useless by animals. These antagonists act by splitting the thiamin molecule, 

making it inactive. 



Thiamin is produced by microorganisms in the rumen and in most situations, 

does not need to be supplemented to ruminant animals. Although it is produced in the 

rumen, it can not be absorbed through the wall of the rumen if it is bound or contained 

in microorganisms (McDowell, 1989). Thiamin is absorbed readily through intestinal 

walls. Sexcral organs store thiamin, including the heart, brain, liver, and kidneys. 

These stores are not extremely large, so thiamin must be replaced on a regular basis. 

The most important function of thiamin is as a component of energy 

metabolism. Thiamin is one of the main constituents of thiaminpyrophosphate (TPP). 

This coenzyme is utilized in the tricarboxylic cycle to decorboxylate a-keto acids. 

Thiaminpyrophosphate acts to covert pymvate to acetate just before it enters the 

tricorboxylic cycle (McDowell, 1989). Thiamin is also needed in the brain to maintain 

cell membrane integrity. Without thiamin, studies have shown that glial cells lack the 

ability to synthesize fatty acids and cholesterol, thereby reducing the ability for cells 

to maintain effective cell membranes (McDowell, 1989). 

The thaimin requirement for mminants is not well-defined which is due to the 

production of thiamin by microorganisms in the mmen. Thiamin deficiencies in 

mminants are rare, but they occur in some instances. In young mminants, thiamin 

deficiencies can be induced when milk is still a major portion of their diet. Without a 

ftilly functional mmen, these animals do not harbor bacteria at levels necessary to 

synthesize adequate levels of thiamin (McDowell, 1989). Other studies have shown 

deficiencies occurring in mminants consuming sulftir in levels higher than those 



required by animals (Goetsch and Owens, 1987; Gooneratne et al., 1989a; OIkowski 

etal., 1902). 

Deficiencies in ruminants are most often observed as neurological dysfunction, 

This is due mainly to two reasons. Membrane integrity is affected, causing a 

weakening of cell walls; and because thiamin is needed for energy metabolism, the 

brain is unable to produce sufficient energy to function properly. Symptoms often 

include h\per-excitability, lack of coordination, listlessness, muscle weakness, and 

eventually death. Some intemal symptoms include edema, irregular heart beat, and an 

enlarged heart (McDowell, 1989). In mminants, these symptoms are associated with 

PEM. Many animals fed high-concentrate diets encounter thiamin deficiencies due to 

an increase in production of thiaminases. Increases in thiaminase are believed to be 

due to a shift in microbial populations caused by a dramatic shift in mminal pH. 

These animals respond very well to thiamin injections as a treatment for PEM 

(McDowell, 1989). 

Sulftir Interactions 

Sulfur readily binds with several molecules, forming complexes that affect 

utilization of nutrients. Other minerals S binds to include Mo and Cu. Sulfur has the 

ability to combine with Mo and form thiomolybdate (TM). In the mmen, free Mo has 

been shovm to bind S, forming TM. Most TM in the animal is in the form of 

trithiomolybdate (TM3) or tetrathiomolybdate (TM4), comprising 41 and 34%, 



respectively, of 1 M found in the rumen of sheep given radio-labeled Mo (Price et al., 

1987). Thiomolybdates bind free Cu and prevent absorption by animals. Kumaratilake 

et al. (1987), demonstrated that as TM4 administration increased in sheep, Cu 

concenti-ations in the liver and kidneys increased. This is an indication that Ĉu was 

not absorbed by the animal. 

Thiomolybdates not only prevent the absorption of Cu, but they also mobilize 

Cu from body stores. Researchers have also shown decreases in biliary and fecal 

excretion of Cu in animals fed TM (Suttle, 1991). 

A benefit can be found with the addition of TM to diets of sheep with chronic 

Cu poisoning. Goonerante et al. (1985) demonstrated that chronic Cu poisoning could 

be reversed with addifion of TM to the diet. When TM was added to the diets of 

animals injected with Cu, Cu concentrations were raised in the liver and kidneys. 

Thiomolybdate toxicities exhibit clinical symptoms similar to a copper 

deficiency. This finding supports the concept that TM toxicity may not be the source 

of the symptoms, rather a Cu deficiency related to the insoluble Cu-TM complex 

(Suttle, 1991). 

Thiamin-Sulfur Interacfions 

Thiamin is normally synthesized in amounts adequate enough to meet the 

needs of mminants. Several studies have shovm that when sulftir is present in large 

amounts, mminants can exhibit symptoms consistent with a thiamin deficiency. These 

symptoms can be associated with polioencephalomalacia (PEM) (Gooneratne et al., 



1989a). Studies have shown that cattle consuming water with high concentrations of S 

for an extended period of time are at risk for a thiamin deficiency. 

Gooneratne et al. (1989a) conducted a study to monitor the thiamin status of 

cattle consuming water with high levels of sulfate. Cattle consumed a total of 0.38% 

of their diet as S. Polioencephalomalacia was confirmed at the beginning of the trial. 

At this time, blood was collected from animals and thiamin levels were measured. 

A\ erage thiamin concentration was 49.2 |i/L with 30% of animals at levels below 40 

|i/L (Gooneratne et al., 1989a). Copper status was also measured and 45% of the 

animals w ere found to be deficient. At 60 d after PEM diagnosis, a supplementation 

program was inifiated. Animals were given a micromineral supplement that contained 

Cu. Three weeks after initiation of supplementation, blood thiamin and copper status 

was reexamined. Thiamin concentrations at this point averaged 128.2 |i/L 

(Gooneratne et al., 1989a). Researchers concluded that the combination of high S and 

low Cu caused a decrease in thiamin status (Gooneratne et al., 1989a). They 

postulated that an increase in Cu available in the mmen caused and increase in 

cafionic sulfides. This reduced the amount of free sulfide in the mmen, thereby 

preventing a large scale sulfur-thiamin reaction (Gooneratne et al., 1989a). 

A large-scale study was used to determine whether high concentrations of 

sulfate in drinking water caused a decrease in thiamin status. (OIkowski et al., 1991). 

Eighteen farms were surveyed with either high (>1,000 mg/kg) or low (<200 mg/kg) 

of sulfate in drinking water. Blood samples were collected from 400 feedlot cattle. 
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Cattle consuming high-sulfate water had lower (P<0.00l) blood thiamin 

concentrafions than those with water containing low levels of sulfate (OIkowski et al., 

1991). Blood thiamin concentrafions were 47.3 and 37.9 |i/L for low-sulfate and high-

sulfate groups, respectn ely. 

OIkowski et al. (1992) used sheep as a model to determine the status of 

thiamine in ruminants fed S in excess of recommended levels. Sheep were fed in 

individual metabolism crates. Basal diets were formulated with 0.19% S and 14 mg 

thiamin/kg DM. Treatments were low-sulfate (LS) and high-sulfate(HS), and low 

thiamin (LT) and high thiamin (HT). Sulfate treatments provided 0.19% or 0.63% S, 

and thiamin treatments provided 14 mg or 243 mg of thiamin. Seven of 22 lambs on 

the HS-LT treatment were diagnosed with PEM. No sheep with LS or HS-HT 

developed symptoms consistent with PEM (OIkowski et al., 1992). Blood thiamin 

concentrations were lower for HS-LT compared with both LS-HT and HS-HT 

(OIkowski et al., 1992). Once again, it seems that the increase in S in the diet 

adversely affected the ability of the animal to absorb adequate levels of thiaimin. 

Duodenally fistulated steers were used to determine passage rate of thiamin to 

the duodenum when steers were supplemented with supplemental S and thiamin 

(Goetsch and Owens, 1987). Sulfate diet concentrafions were 0.15% and 0.57% and 

thiamin concentrations were no added thiamin and Ig/d of thiamin. Researchers found 

a trend towards reduced thiamin flow to the duodenum with (P < 0.08) and without (P 

> 0.10) added thiamin (Goetsch and Owens, 1987). An interacfion (P < 0.06) between 
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sulfate and thiamin concentrations on blood thiamin concentrations was found when 

sulfate was supplemented at 0.57% of the diet. Blood thiamin was decreased in the 

thiamin supplemented group (Goetsch and Owens, 1987). These data suggest that 

thiamin is broken dow n̂ in the rumen in the presence of excess sulfur. 

Polioencephalomalacia 

Polioencephalomalacia (PEM) is a neurological disorder of mminants. 

Literally translated, PEM means softening (malacia) of the gray matter (polio) of the 

brain (encephalo). Polioencephalomalacia is characterized by necrosis of the 

cerebrocortex (Gould, 1998). Symptoms include blindness, hyperexcitability, 

lethargy, incoordination, seizures, and eventually death. Two types of PEM are 

typically discussed: thiamin- and sulfur-associated PEM. 

Thiamin status in mminants has been associated with PEM, and low thiamin 

concentrations may be a factor in inducing PEM. Thomber et al. (1979) demonstrated 

that a thiamin deficiency could cause symptoms of PEM. Fifteen one-week-old lambs 

were used in a study to determine whether a thiamin deficiency could cause PEM. 

Two lambs were fed high levels of amprolium (280 mg/kg of BW daily) along with a 

thiamin-free diet. Amprolium is a coccidiostat that when fed in high concentrafions, 

causes lesions similar to those found in animals with PEM. Amprolium-fed lambs 

were used to compare with brain lesions found in experimentally treated lambs. The 

balance of the lambs were fed a diet of thiamin-free milk. Symptoms of PEM were 
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found after 3 w k in amprolium fed lambs and in 4 to 5 wk in lambs fed thiamin free 

milk only. Lambs were slaughtered, and both groups showed similar lesions in the 

cerebrocortex of the brain. These lesions were similar to lesions previously found in 

adult sheep that w ere successfully treated with thiamin. 

In most cases, B vitamins are not included in dietary supplements in 

ruminants, which this is due to the ability of microbes to synthesize B vitamins 

ruminally. In some situafions, ruminants will experience a deficiency of thiamin. In 

most cases, this is due to producfion of thiaminases by mminal microbes. Two types 

of thiaminases are produced by ruminal microbes; type I and type II. Thiaminases are 

usually produced by microorganisms in the mmen, but can be found in some plants 

like bracken fem. Thiaminase II acts by cleaving thiamin between the thiazole and 

pyrimidine rings, rendering it ineffective in biochemical reactions (Frye et al., 1991). 

Thiaminase I acts similarly to thiaminase II, except that the thiazole is replaced by 

another base. This yields not only less thiamin, but also a thiamin analogue (Frye et 

al., 1991). Thiamin analogues produced by thiaminase I compete with thiamin for 

inclusion into biochemical subsfituents. Arguably, the most important of these is 

thiamin pyrophosphate (TPP). Thiamin pyrophosphate is a cofactor needed for the 

ufilizafion of glucose for energy production in glycolysis, this is where the proposed 

neurological dysfiancfion occurs. Thiamin analogs for TPP cannot be used for the 

producfion of energy from glucose; this first shows up in the brain resulting in PEM 

(Frye etal,, 1991). 
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Typical treatment for animals showing signs of PEM is the administrafion of 

thiamin. Thiamin hydrochloride is used parenterally to provide thiamin to the animal. 

This treatment apparently overcomes competifive inhibition by thiaminases.This 

treatment is often used, e\ en though animals may have adequate concentrations of 

circulating thiamin, demonstrateing the fact that thiamin status is not a good indicator 

ofPEM(Loew, 1975). 

Another increasingly acceptable explanation for the cause of PEM is sulfur 

toxicosis. Sulfur in the rumen is usually found as sulfate or sulfide. In some areas of 

the country, sulfate concentrafions are very high in drinking water (>1,000 ppm). In 

these situations, animals can very rapidly exceed their daily maximum for sulfur 

intake. Recommended levels of sulfur for beef cattle is 0.15% of the diet, and the 

maximum is 0.4% (TSIRC, 1996). This maximum can be easily surpassed when water 

sulfate concentrations are high. Water containing 2,000 ppm sulfate combined with a 

normal diet would result in the diet sulfur level increasing to 0.53% (Gould, 1998). 

Sulfate in the mmen is reduced to sulfide which is more readily absorbed by animals. 

Sulfide can be absorbed through the wall of the mmen into the blood stream. 

Absorption of sulfide causes inhibition of several enzymes like carbonic anhydrase, 

dopa oxidases, catalases, peroxidases, dehydrogenases, and dipeptidases. Inhibifion of 

these enzymes direcfiy results in a decrease in ATP producfion. Sulfide also binds to 

hemoglobin, decreasing the amount of oxegen blood can carry (Kung et al., 1998). 

Sulfide can also be incorporated into hydrogen sulfide gas. The pKa of H2S is 7.2. 
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This means that at normal pH ranges in cattle (pH = 5.5 to 7.2) most of the sulfide is 

in the form of H.S. This proves to be important in ruminants due to their method of 

digestion. Microbes in the rumen form gases during digestion, one of these being H2S. 

These gases are eructated and are inhaled by the animal. Inhalation of H2S causes 

damage to tissues in the lungs. Inhalation also provides a route for H2S to enter the 

blood stream (Kung et al , 1998). In addition to rendering enzymes inactive, sulfides 

have been implicated in causing damage to brain fissues. It is believed that sulfur-

derived radicals cause lipid peroxidation. Because the brain relies on many lipid 

based membranes for proper function, it can be assumed that considerable damage 

could be expected to membranes there (Kung et al., 1998), 
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CHAPTER III 

EFFECT OF TRACE MINERAL SUPPLEMENT SOURCE AND WATER 

SOURCE ON PERFORMANCE OF GROWING HEIFERS 

Abstract 

Ninety-six British x Confinental crossbred heifers weighing 335.54 kg were 

ufilized to determine whether mineral source affected performance by catfie 

consuming high-sulfate drinking water. Heifers were divided into four weight blocks 

(four heifers per pen) and assigned to one of six treatments in a 2 x 3 factorial 

arrangement; two water treatments and one of three mineral treatments. Treatments 

for water contained either 39.5 mg/kg sulfate (NS) or 1,810 mg/kg sulfate (WS). 

Mineral treatments were: (1) no added zinc, copper, manganese, and cobalt (NTM); 

(2) inorganic sources of Zn, Cu, Mn, and Co (ITM); (3) and organically complexed 

sources of Zn, Cu, Mn, and Co (CTM). A 90% concentrate diet was provided 

containing mineral treatments. Heifers were fed for 56 d and body weights were 

recorded on d 28 and 56. Average daily gain by NS heifers (1.83 kg/d) was greater (P 

= 0.04) than by WS heifers (1.61 kg/d) for the first 28 d; however water source had no 

effect on ADG for 29 to 56 d (P = 0.07) and 0 to 56 d (P = 0.77). Mineral source had 

no effect (P = 0.30) on ADG for the length of the study. Dry matter intake was not 

affected (P = 0.18) by water source or mineral source for 0 to 28 d, 29 to 56 d, or 0 to 

56 d. Feed-to-gain was lower (P = 0.012) for NS heifers (2.00) than for WS heifers 
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(2.27) for d 0 to 28. Water source had no effect on feed-to-gain for 29 to 56 d (P = 

0.06) or 0 to 56 d (P = 0.44). Similariy, mineral source had no effect (P = 0.39) on 

feed-to-gain for the length of the study. These data suggest that cattle consuming 

high-sulfate drinking water can perform like cattle consuming water without high 

sulfate concentrations after an adjustment period. 

Introduction 

One of the major considerations in the management of livestock is water 

quality. In some areas, water may have very high concentrations of minerals that have 

the potential to cause metabolic dysfunction. One mineral of particular interest is 

sulfiir. Sulfates in high concentrafion (greater than 1,000 mg/kg) have been implicated 

in causing decreased dry matter intake (DMI) and water consumption, loss of body 

weight, and in severe cases polioencephalomalacia (Weeth and Hunter, 1971; 

Gooneratne et al., 1989). Zinn et al. (1997) found increasing dietary sulfur levels in 

growing heifers decreased ADG, DMI, feed efficiency, and longissimus muscle area. 

Studies using lambs as models demonstrated that orally administered sulfur solutions 

every 20 min, caused visible discomfort with in one hour. Death occurred in some of 

the sheep in as little as 75 min. Four of the 10 animals exhibited lesions consistent 

with PEM (McAllister et al, 1992). 

Sulfate in the presence of molybdenum complexes with copper to form 

thiomolybdates. Thiomolybdates prevent the utilizafion of copper by the animal 
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resulting in a copper deficiency (Suttle, 1991). Supplementafion of Cu may help 

alle\iate problems associated with high-sulfate intake. Increasing the amount of 

a\ ailable Cu may help overcome Cu loses associated with thiomolybdate formation. 

Recent developments in how minerals are delivered to animals may help alleviate the 

problem of high-sulfatelevels by providing more Cu to combine with sulfur and 

render it useless to the ruminant. Many minerals are now being complexed with 

organic constituents to provide a product that is more available to animals. The 

objecti\e of this study was to determine whether organically complexed trace 

minerals effected performance of heifers consuming water with high-sulfate 

concentrations. 

Materials and Methods 

Ninty-six heifers (British x Continental crossbred; average initial BW = 

335.54 kg) were purchased by the New Mexico State University Clayton Livestock 

Research Center, and delivered to the Texas Tech University Burnett Center to 

determine the effects of mineral source on sulfate utilization. All vaccinations were 

performed at the New Mexico State University Clayton Livestock Research Center, 

and heifers were sequentially tagged. On arrival at the Bumett Center, heifers were 

visually inspected for disease and soundness and placed into dirt pens. Heifers were 

placed on a step-up diet program and diets were gradually increased from 65% to 

90% concentrate (Table 3.1). Diets were formulated to meet NRC requirements for 
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growing heifers, with the exception of Zn, Cu, Mn, and Co. These minerals were not 

included in the diet to provide a basis for supplementation treatments. Clean water 

was provided with a sulfate conccmtration of approximately 39.5 mg/kg. 

After completely adjusting to a 90% concentrate diet, heifers were moved to 

the Bumett Center's concrete, slotted floor pens (2.9 x 5.6 m with 2.44 m of linear 

bunk space). Heifers were assigned to one of four weight blocks and then randomLy 

assigned to one of six treatments. Treatments were applied in a 2 x 3 factorial 

arrangement as follows: 

1. No added trace minerals + drinking water with no added sulfate; 

2. Inorganic trace minerals + drinking water with no added sulfate; 

3. Complexed trace minerals + drinking water with no added sulfate; 

4. No added trace minerals + high-sulfate drinking water; 

5. Inorganic trace minerals + high-sulfate drinking water; 

6. Complexed trace minerals + high-sulfate drinking water. 

Water was provided free choice and, available drinking water with no added 

sulfate contained approximately 39.5 mg/kg sulfate. High-sulfate drinking water was 

made by mixing available water with sodium sulfate at a rate of 2,000 mg/kg. 

Analyzed water sulfate concentrations are shown in Table 3.2. 

Trace mineral treatments were added on a DM basis to a typical beef finishing 

diet (Tables 3.3, 3.4, and 3.5). Copper, Zn, Mn, and Co were added to the diet at 

recommended levels for the complexed mineral source: Cu was provided at 360 mg/ 
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animal daily, Zn at 200 mg/ animal daily, Mn at 125 mg/ animal daily, and Co 12 mg/ 

animal daily. Inorganic mineral sources were copper sulfate, zinc sulfate, manganese 

oxide, and cobalt carbonate. Complexed trace minerals were provided as amino acid 

complexes of Cu, Zn, and Mn, and cobalt glucoheptonate. The no added trace mineral 

treatment w as formulated without any addifional Cu, Zn, Mn, or Co from any source 

(Table 3.3, 3.4, and 3.5). 

Feeding and Weighing 

Bunks were visually inspected at between 0730 and 0800 daily. Unconsumed 

feed amounts were recorded, and amounts to be delivered were adjusted to provide ad 

libitum intake. Diets were mixed in a 1.27 m^ Marion paddle mixer (Marion Mixers, 

Inc., Marion, lA). All diets were mixed following the same protocol, and mineral 

supplements were hand added to the mixer. Feed was delivered by a self-propelled 

rotary mixer (Rotomix 84-8 mixer delivery unit; Rotomix, Inc., Dodge City, KS). 

Weekly feed samples were taken from the bunks immediately after feed delivery for 

DM analysis. Samples were dried ovemight in a 100°C forced-air oven and stored in 

resealable plastic bags. At the complefion of the study, samples were separated into 

treatments and composites were made for each treatment. A sealed plastic bucket was 

used for compositing treatments. Feed samples were placed in the bucket and tumbled 

25 fimes to ensure complete mixing, A 0.45 kg sample was removed and placed in a 

plastic bag. Weekly samples were combined for each of the two periods. Composites 
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were ground to pass a 2 mm screen in a Wiley mill. Samples were analyzed for DM, 

CP, ash, Ca, P, Cu, and Zn. 

Indi\ idual heifer w eights were recorded on d 0, 28, and 56 using a single-

animal squeeze chute (C & S Single-Animal Squeeze Chutes, Garden C îty, KS) 

mounted on four load cells (Rice Lake Weighing Systems, Rice Lake, WI). Scales 

were calibrated before use with 453.59 kg of cerfified weights (Texas Department of 

Agriculture). On weigh days, feed bunks were swept, and any residual feed was 

collected. Collected samples were weighed and a portion was retained for DM 

measurements. Dry matter was determined using the same method used to determine 

w eekly DM figures. Dry feed removed from bunks was subtracted from total dry feed 

delivered for its corresponding period. This value was used to determine DMI and 

feed efficiency. 

Watering Procedure 

Water lines were constmcted from 3.175 cm PVC piping and plumbed in to 

the water tanks on both the north and south sides of the Bumett Center pens. Water 

reservoirs were 4,636.99 L plastic tanks. Tanks were mounted above water troughs to 

allow for gravity flow of water. Pens on the north side were provided ad libitum 

access to water from the exisfing water supply (sulfate = 39.5 mg/kg). Heifers on the 

south side of the Bumett Center were provided ad libitum access to water containing 

1,810 mg/kg. High-sulfate water was made using sodium sulfate as a sulfate source 
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and hand mixing water every other day. Water was formulated to contain 2,000 

mg/kg of sulfate, with analyzed values shown in Table 3.2. 

On days that water was mixed, displaced water was measured and amount of 

sulfate needed from sodium sulfate was calculated. A 132.49 liter barrel was used to 

dissoh e granular sodium sulfate in water. Barrel contents were emptied into the water 

reservoir. The process was repeated until the required sulfate was added to the 

reservoir. Water was added to the reservoir to bring entire contents to volume. Water 

samples w ere collected on days following water mixing and preserved for analysis. 

Analyses performed were sulfate, Zn, Cu, Mn, and Co (Table 3.2). 

Semm Collection 

Two animals per treatment were randomly selected for serum Cu and Zn 

analysis (AOAC, 1990). On d 0, 28, 56, a 7 mL blood sample was taken via jugular 

venipuncture. Blood was collected in Vacutainer brand hepronized tubes (Fisher 

Scientific, Houston, TX). Samples were placed on ice and transported back to the 

Texas Tech University campus for fiirther processing. Samples were centrifiiged at 

1,000 X g, and semm was decanted into plastic storage vials. Vials were stored at -4°C 

frezer unfil analysis could be performed. 

Semm Zn analysis was performed using atomic absorption spectrophotometry 

(Perkin-Elmer, Model 2380, Northwalk, CT). Samples were diluted 1:3 with 

deionized water. Standards were prepared using a 10% (vol/vol) glycerol to mimic the 
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viscosity of serum. Concentrations used were 0, 0.25, 0.50, 0.75, 1.0 |ig of Zn/mL. 

Standards were analyzed before to the first sample and after every 12 samples to 

check cur\ e integrity. All samples were analyzed using a hollow cathode lamp with a 

wavelength of 213.9 nm with a 0.7-nm slit width. The flame used was an air-

acet\ lene, oxidizing flame. 

Serum Cu concentrations were determined using a similar protocol to Zn. 

Samples w ere diluted 1:1 with deionized water. Standards were prepared with 10% 

(vol'vol) glycerol, and concentrafions were 0, 0.25, 0.50, 1.0, 1.5, 5.0 |ig of Cu/mL. A 

hollow cathode lamp was used with a 324.8 nm wavelength, a slit width of 0.7-nm, 

and an air-acetylene fiame. 

Statistical Analyses 

Data were analyzed using Proc Mixed in SAS (SAS Inst. Inc., Gary, NC) with 

pen as the experimental unit. Means were separated by orthogonal contrasts. 

Contrasts used were: (1) NTM versus CTM + ITM; (2) ITM versus CTM; (3) no 

sulfate versus added sulfate. 

Results and Discussion 

Performance data for heifers in all treatment groups was similar throughout the 

study with few exceptions. Mineral source had no effect (P = 0.18) on DMI, ADG, or 

feed:gain for d 0 to 28, 29 to 56, or 0 to 56 (Table 3.4). All heifers were 

backgrounded before to arrival at Texas Tech University Bumett Center, and in very 
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good condition at the beginning of the study. A good plane of nutrition prior to arrival 

could have been a reason for a lack of differences in performance data among mineral 

treatments gi'oups. Ward et al. (1993) also found no improvement in growth, DMI, or 

feed efficiency when comparing steers consuming Cu-lysine vs. to Cu sulfate. 

Water source had no effect (P = 0.70) on DMI for d 0 to 28, 29 to 56, or 0 to 

56 (Table 3.5). Heifers consuming water with no added sulfate had a greater (P = 

0.04) ADG than those consuming water with high-sulfate concentrations, 1.84 kg/d 

and 1.61 kg/d, respectively, from d 0 to 28; however, there was no difference in ADG 

between heifers consuming water with no added sulfate or added sulfate for d 29 to 

56 (P = 0.7) or 0 to 56 (P = 0.77), Water consumption could not be accurately 

measured, but it was noted that consumption was less during the second period (d 29 

to 56), possibly as a result of a change in weather pattems from moderately warm and 

dry conditions to cool days with several episodes of rain (Tables 3.6 and 3.7). Lack of 

differences in performance for the second period of the study could be attributed to 

these weather changes. Feed efficiency values reflect differences in ADG, with 

differences (P = 0.01) found at d 0 to 28. Heifers consuming water with no added 

sulfate had a feed:gain rafio of 4.41 compared with 5.01 for heifers consuming high-

sulfate water. No differences were found at d 29 to 56 (P = 0.06) or 0 to 56 (P = 0.44) 

for feed efficiency. Present performance results confirm results found by other 

researchers. Zinn et al (1997) reported that as dietary S increased ADG, feed 

efficiency, and DMI were decreased. Steers consuming graded levels of sulfate in 
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drinking w ater were shown to have lower final weights, lower ADG, poorer feed 

efficiency, and lower DMI as sulfate levels increased (Loneragan et al, 2000). 

At d 0, heifers without supplemented trace minerals (0.90 |ag/mL) had higher 

(P = 0.02) Cu serum concentrations than the average of the complexed trace mineral 

treatment (0.77 |ig/mL) and the inorganic trace mineral treatment (0.82 |ig/mL); 

(Table 3.8). Ward et al. (1993) reported no differences in Cu serum concentrations 

when steers were supplemented with Cu-lysine or Cu sulfate; when also 

supplemented with molybdenum at 10 mg/kg and S at .2%, differences were noted, 

but only in serum Cu concentrations, and not between sources. Serum Zn 

concentrations were not affected (P = 0.41) by mineral source at any time during the 

trial (Table 3.9), which mirrors results reported by Nunnery (2002). Sheep 

supplemented with Zn sulfate had similar semm Zn concentrations when sheep 

supplemented with Zn in amino acid complexes. 

Animals consuming water with no added sulfate had greater (P = 0.01) semm 

Cu concentrations at d 28 than heifers on high-sulfate water treatments (0.89 vs. 0.79 

)ig/mL, respectively (Table 3.10). These data are similar to those of Ward et al 

(1993), who also found a decrease in semm Cu concentrations when S was added to 

the diet of growing steers. Semm Cu concentrations did not differ (P = 0.11) between 

water treatments at d 0 or 56. Once again, this result could have been caused by 

lowered water intake for the second period of the study. Semm Zn concentrations 

were not different (P > 0.07) for water treatments at d 0, 28, or 56 (Table 3.11). 
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Conclusions 

Mineral source had no effect (P = 0.18) on performance by heifers for Periods 

1 or 2, or for the entire length of the 56 d trial. Cattle consuming drinking water with 

concentrations of sulfate abo\e 1,800 mg/kg had lower (P 0.04) ADG and poorer 

feed efficiencies for the first 28 d of the study. Serum Cu concentrations were higher 

(P = 0.01) for heifers consuming water with no added sulfate at d 28, but values were 

similar for the remainder of the trial These data suggest that catfie introduced to high-

sulfate drinking water (approximately 1,800 mg/kg) require an adjustment period, but 

soon perform at levels similar to cattle consuming water with little or no sulfates. 

Once again, water consumption was lower during the second period of the study, and 

with periods of elevated high-sulfate water consumption, animals may not adapt to 

the increase in S intake. 
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Table 3.1 Ingredient composition of the step-up diets fed to heifers in Experiment 1 

% of diet, DM basis 

Ingredient 

Steam-flaked com 

Alfalfa hay 

Cottonseed hulls 

Molasses 

Fat (\ello\\ grease) 

Urea 

Cottonseed meal 

MGA premix 

Vitamin/mineral premix 

65'' 

49.75 

17.50 

17.50 

4.00 

2.50 

0.50 

5.50 

0.25 

2.50 

75*' 

59.70 

12.50 

12.50 

4.00 

2.50 

0.55 

5.50 

0.25 

2.50 

90'̂  

75.85 

5.00 

5.00 

4.00 

3.00 

0.90 

3.50 

0.25 

2.50 

a,b,c Percentage of concentrate in diet. 
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J^ab[e 3.2 Water composition of drinking water for heifers in Experiment 1" 

Source Sulfate Copper Zinc Manganese 

No sulfate 

Oto2Sd 21 0.01 0.02 <0.01 

29 to 56 d 58 <0.01 0.01 <0.01 

With sulfate 

Oto2Sd 1,764 <0.1 <0.1 <0.01 

29 to 56 d 1,856 < a i 01 <0.01 

*A11 values in mg/kg. 
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Table 3.3 lnu.rodiciit composition of experimental diets for heifers in Experiment 1 

% of diet, DM basis 

Ingredient Control Inorganic Complexed 

Steam-flaked com 75.85 75.85 75.85 

.•\lfalfahay 5.00 5.00 5.00 

Cottonseed hulls 

Molasses 

Fat (Yellow grease) 

Urea 

Cottonseed meal 

MGA premix 

Control premix^ 

Inorganic premix^ 

Complexed premix'̂  

5.00 

4.00 

3.00 

0.90 

3.50 

0.25 

2.50 

— 

„ 

5.00 

4.00 

3.00 

0.90 

3.50 

0.25 

— 

2.5 

— 

5.00 

4.00 

3.00 

0.90 

3.50 

0.25 

— 

— 

2.5 

^ Control vitamin/mineral premix provided no added Cu, Zn, Mn, and Co. 

^ Inorganic vitamin/mineral premix provided 360 mg/hd/d Cu from copper sulfate, 
200 mg/animal/d Zn from zinc sulfate, 125 mg/animal/d of MN from manganese 
oxide, and 12 mg/animal/d Co from cobalt carbonate. 

^ Organically complexed vitamin/mineral premix provided 360 mg/animal/d Cu from 
copper amino acid complex, 200 mg/animal/d Zn from a zinc amino acid complex, 
125 mg/animal/d of Mn from a manganese amino acid complex, and 12 mg/animal/d 
Co from cobalt glucoheptonate. 
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Table 3.4 Chemical composition of experimental diets fed to heifers during 
Experiment 1" 

Item Control Inorganic Complexed 

First collection period 

DM, "o 82.31 81.81 82.20 

Ash, "o 3.71 3.51 4.16 

CP, % 12.83 12.67 13.16 

Ca, % 0.36 0.36 0.51 

P, o'o 0.28 0.29 0.29 

Zn, nmkii 27.5 42.0 69.6 

Cu, mg/kg 4.9 10.2 18.1 

Second collection period 

DM,% 80.35 78.56 78.81 

Ash,% 4.08 3.92 4.03 

CP,% 13.31 12.86 13.05 

Ca,% 0.46 0.36 0.45 

p, o/o 0.30 0.30 0.30 

Zn, mg/kg 48.4 49.0 54.0 

Cu, mg/kg 9,0 14,8 U.S 

* All values on DM basis except DM, %. Conti-ol = no added trace minerals; Inorganic 
= Zn sulfate, Cu sulfate, Mn oxide, and Co carbonate; and Complexed = Zn, Cu, and 
Mn amino acid complexes and cobalt glucoheptonate. 
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Table 3.5 Ingredient composition of vitamin and mineral premix for heifer feeding 
trial (DM basis)'' 

Ingredient 

High-calcium limestone 

Cottonseed meal 

Dicalcium phosphate 

Potassium chloride 

Magnesium oxide 

Ammonium sulfate 

Salt 

Cobalt carbonate 

Copper sulfate 

Iron sulfate 

EDDI 

Manganese oxide 

Selenium, 0.2% premix 

Zinc sulfate 

Complexed minerals'" 

Vitamin A 

Vitamin B 

Rumensin 

Tylan 

Control 

42.11 

24.63 

1.04 

8.00 

3.56 

6.67 

12.00 

— 

— 

0.13 

0.003 

— 

0.10 

— 

— 

0.012 

0.13 

0.67 

0.45 

Inorganic 

42.11 

23.74 

1.04 

8.00 

3.56 

6.67 

12.00 

0.01 

0.23 

0.18 

0.003 

0.12 

0.10 

0.48 

— 

0.01 

0.13 

0.67 

0.45 

Complexed 

42.11 

21.30 

1.04 

8.00 

3.56 

6.67 

12.00 

— 

— 

0.18 

0.003 

— 

0.10 

— 

3.29 

0.01 

0.13 

0.67 

0.45 

* Control = no added ttrace minerals; Inorganic = Zn sulfate, Cu sulfate, Mn oxide, 
and Co carbonate; and Complexed - Zn, Cu, and Mn amino acid complexes and 
cobalt glucoheptonate. 

'' Complexed minerals provided as Availa-4®, Zmpro Corp., Eden Prairie, MN. 
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Table 3.6 Precipitation, relativity humidity, and temperature data for d 0 to 28 of the 
heifer feeding trail 

Date 
9 26'2002 
9 27 2002 
9 28'2002 
9/29/2002 
9 30'2002 
10 12002 
10 2 2002 
10/3/2002 
10/4/2002 
10/5/2002 
10 6/2002 
10 7'2002 
10/8/2002 
10 9 2002 
10/10 2002 
10/11/2002 
10/12/2002 
10/13/2002 
10/14/2002 
10/15/2002 
10/16/2002 
10/17/2002 
10/18/2002 
10/19/2002 
10/20/2002 
10/21/2002 
10/22/2002 
10/23/2002 
10/24/2002 

Daily Rain, 
mm 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
1.0 
0.0 
0.0 
0.0 
0.0 
4.2 
3.3 
0.0 
0.0 
0.2 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.6 
0.0 
0.0 
0.2 
14.1 
57.4 
18.0 

Average 
relative 

humidity, % 
37 
42 
26 
46 
58 
65 
76 
66 
35 
52 
63 
67 
93 
88 
86 
65 
69 
43 
51 
59 
53 
60 
70 
73 
71 
76 
82 
94 
96 

Minimum air 
temperature. 

C° 
10.8 
9.8 
17.5 
14.5 
18.4 
18.3 
14.0 
13.5 
10.7 
8.1 
16.5 
11.9 
10.9 
13.0 
12.1 
11.7 
10.5 
5.7 
8.4 
5.6 
6.8 
8.1 
13.3 
7.3 
6.3 
9.0 
12.9 
6.0 
2.4 

Maximum 
air 

temperature, 
C" 

33.4 
32.2 
31.3 
29.3 
29.5 
28.7 
28.6 
28.2 
25.9 
25.9 
29.1 
15.9 
17.4 
19.1 
19.3 
30.5 
20.9 
15.7 
20.2 
22.2 
25.5 
20.4 
22.9 
22.8 
18.9 
25.2 
24.2 
15.1 
8.7 

Average air 
temperature, 

C° 
21.4 
21.3 
23.9 
21.8 
22.6 
23.3 
21.8 
19.7 
17.0 
17.5 
20.9 
13.9 
14.2 
15.0 
15.0 
19.4 
15.9 
10.5 
12.9 
13.7 
15.5 
14.9 
17.0 
12.8 
12.2 
14.6 
17.4 
9.3 
5.3 
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Table 3.7 Precip 
heifer feeding trs 

Date 
10 25 2002 
10 26 2002 
10 27 2002 
10 28 2002 
10 29 2002 
10/30 2002 
10 31 2002 
11 1 2002 
11 2 2002 
11 3,2002 
11 '4 2002 
11 5 2002 
11/6/2002 
11 7 2002 
11 8 2002 
11 9 2002 
11/10.2002 
11/11/2002 
11/12/2002 
11/13/2002 
11/14/2002 
11/15/2002 
11/16/2002 
11/17/2002 
11/18/2002 
11/19/2002 
11/20/2002 
10/25/2002 
10/26/2002 

italion, rclali\" 
lil 

Daily Rain, 
mm 
0.1 
2.8 
11.7 
18.8 
0.2 
0.0 
0.5 
4.S 
1,2 
0.1 
3.4 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.0 
0.0 
0.0 
0.0 
1.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
2.8 

ity humidity, and temperature 

Average 
relative 

humidity, % 
93 
98 
')() 

98 
66 
83 
95 
99 
97 
83 
82 
60 
51 
53 
51 
39 
60 
68 
66 
58 
66 
85 
67 
45 
39 
45 
47 
93 
98 

Minimum air 
temperature. 

C" 
4.5 
6.8 
6.7 
9.0 
6.7 
2.7 
0.3 
1.6 
1.6 
2.6 
0.8 
3.5 
1.9 
3.5 
7.6 
11.3 
6.9 
2.6 
0.9 
3.9 
5.1 
3.4 
0.1 
1.1 
5.6 
2.0 
1.0 
4.5 
6.8 

data ford 29 to 56 of the 

Maximum 
air 

temperature, 
C° 
13.9 
9.6 
15.2 
12.2 
20.0 
9.3 
2.5 
3.5 
7.5 
10.3 
6.1 
14.2 
19.6 
21.0 
24.5 
24.9 
15.8 
15.7 
13.7 
17.5 
14.7 
9.4 
13.0 
20.9 
17.1 
18.4 
17.8 
13.9 
9.6 

Average air 
temperature. 

C° 
8.9 
8.0 
10.2 
10.9 
12.7 
5.8 
1.6 
2.3 
4.5 
6.7 
3.7 
8.2 
10.2 
12.0 
14.9 
18.1 
11.3 
8.2 
7.0 
10.3 
9.5 
5.7 
6.2 
10.6 
10.5 
9.1 
9.2 
8.9 
8.0 
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Table 3.8 Effect of mineral source on feedlot performance by finishing heifers 

Mineral source" 

b r^ ^ 4.C r\or d 
Item NTM ITM CTM SE" Contrast' OSL 
Dry matter 
intake, kg'd 

0 to28d 8.05 7.75 8.06 0.13 - NS 

29 to 56 d S.50 8.08 8.47 0.23 - NS 

0 to56d 8.27 7.86 8.27 0.17 - NS 

Gain, kg d 

0 to2Sd 1.81 1.36 1.73 0.09 - NS 

29 to 56 d 1.35 1.27 1.41 0.07 - NS 

0 to56d 1.56 1.44 1.57 0.06 - NS 

Feed:gain 

Oto28d 4.51 3.57 3.82 0.20 - NS 

29 to 56 d 6.41 6.55 6.21 0.27 - NS 

0 to56d 5.31 5.50 5.33 0.14 NS 

a NTM = no added tt-ace mineral; ITM = inorganic trace minerals; CTM = organically 
complexed trace minerals. 

b Pooled standard error of ft-eatment means; eight pens per ft-eatment. 

c Orthogonal conft-asts: 1) NTM vs ITM + CTM; and 2) ITM vs CTM. 

d NS = not significant, P = 0.11. 
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Table 3.9 Effect of water source on feedlot performance by finishing heifers 

Item 
Dr\ matter intake. 
kg/d 

O t o 2 8 d 

29 to 56 d 

0 to 56 d 

Gain, kg d 

0 to 28 d 

29 to 56 d 

0 to 56 d 

Feed: gain 

0 to 28 d 

29 to 56 d 

0 to 56 d 

Mineral 

No sulfate 

7.93 

8.30 

8.10 

1.84*̂  

1.26 

1.54 

4.41' 

6.71 

5.31 

source" 

With sulfate 

7.97 

8.40 

8.17 

1.61" 

1.42 

1.51 

5.01" 

6.06 

5.44 

SE" 

0.11 

0.19 

0.14 

0.07 

0.06 

0.05 

0.15 

0.22 

0.11 

a No Sulfate = no added sulfate (approximately 39.5 mg/kg) High-sulfate= sulfate 
added (approximately 1,810 mg/kg). 

b Pooled standard error of ft-eatment means, n = 12 pens per treatment. 

c,d Row means with different superscripts are different (P< 0.05). 
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Table 3.10 Serum Cu concentrations (|ag/mL) with inorganic, complexed, and no 
added trace minerals 

Mineral source" 

ITM CTM NTM SE'^ Contrast' OSL^ 

Day 0 0.82 0.77 0.90 0.03 I 0.0162 

Day 28 0.84 0.81 0.87 0.03 - NS 

Day 56 0.87 0.82 0.86 0.04 -_- NS 

^Mineral sources were: ITM = inorganic trace minerals; CTM = complexed trace 
minerals; NTM = no added trace minerals. 

Pooled standard error of treatment means; eight pens per treatment. 

' Orthogonal contrasts: 1) NTM vs ITM + CTM; and 2) ITM vs CTM. 

NS = not significant, P = 0.36. 
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Table 3.11 Serum Zn concentrations (pg/mL) with inorganic, complexed, and no 
added trace minerals 

Mineral source' 

ITM CTM NTM SE^ Contrast' OSL 

DayO 1,25 1,29 1.18 0.05 - NS 

Day 28 1,27 1.27 1.24 0.04 - NS 

Day 56 M7 L16 U 5 003 -- NŜ  

" Mineral sources were: ITM = inorganic trace minerals; CTM = complexed trace 
minerals; NTM = no added trace minerals. 

Pooled standard error of treatment means; eight pens per treatment. 

' Orthogonal contt-asts: 1) NTM vs ITM + CTM; and 2) ITM vs CTM. 

^ NS = not significant, P = 0.41. 
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Table 3.12 Serum Cu concentrations (|ig/mL) with and without added sulfate in 
drinking w ater 

Water source' 

No sulfate With sulfate SE*' 

DayO 0.86 0.80 0.03 

Day 28 0.89' 0.79^ 0.03 

Day 56 084 086 0.03 

^ Water sources were no added sulfate (approximately 39.5 mg/kg) or sulfate added at 
approximately 1,810 mg/kg. 

Pooled standard error of treatment means; 12 pens per treatment. 

cd Row means with different superscripts are different (P = 0.01). 
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Table 3.13 Serum Zn concentrations (|.Lg/mL) with and without added sulfate in 
drinking water. 

Water source" 

No sulfate With sulfate SE' 

DayO 1.23 1.25 O04 

Day 28 1.22 1.30 O03 

Day 56 M 6 L16 0.03 

" Water sources were no added sulfate (approximately 39.5 mg/kg) or sulfate added at 
approximately 1,810 mg/kg. 

Pooled standard error of treatment means; 12 pens per treatment. 
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CHAPTER IV 

EFFECT OF SUPPLEMENT SOURCE AND RUMEN 

FLUID DONOR WATER QUALITY ON IN VITRO 

DR^' MATTER DISAPPEARANCE AND IN 

VITRO CULTURE PH 

Abstract 

An in vitro digestion trial was performed to determine whether mineral source 

and w ater quality effected dry matter disappearance and culture pH. Rumen fluid 

donors were consuming drinking water with no added sulfate (NS) or water with 

2,000 mg/kg of added sulfate (WS). Mineral treatments were organically complexed 

CU, Zn, Mn, and Co (CTM); oxide sources of Cu, Zn, Mn, and Co (OTM); and 

sulfate sources of Cu, Zn, Mn, and Co (STM). Minerals were supplied at 0, 1, 2, and 

4x the recommended level of Cu, Zn, Mn, and Co. Three substrates were utilized 

ground com, com starch, and alfalfa. A treatment x level interaction (P = 0.05) was 

found. For NS treatments, applied to tubes with ground com as a substrate, 

differences (P = 0.01) were found for 8, 16, and 24 h. With com starch as a substrate, 

NS treatments were only different (P = 0.04) at 8 h. No differences (P = 0.39) were 

found for IVDMD of NS treatments when alfalfa was used as a substrate. When WS 

treatments were used with ground com, IVDMD was found to be different (P = 0.03) 

at 8 and 24 h. No differences (P = 0.12) were found for IVDMD of com starch or 
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alfalfa for WS treatments. Cullurc pH was unaffected (P = 0.22) by mineral source or 

le\el for NS ti*eatments utilizing ground com as a substrate. Differences (P = 0.03) 

w ere noted for pH at 8 h with ground corn as a substrate and sulfate added to water 

consumed by donors. Using com starch as a substrate had no effect (P = 0.20) on 

culture pH of WS treatments. Culture pH differences (P - 0.02) were also noted at 8 h 

for WS ti'eatments using alfalfa as a substrate. In general, mineral source had litfie 

effect on IVDMD or culture pH. Ruminal funcfion with rapidly-fermentable diets and 

high-quality, high-forage diets are not affected by mineral source. 

Introduction 

Water quality is an issue that must be addressed when raising livestock. In 

cattle, and other mminants, water high in sulfate can cause production losses. In 

cattle, high-sulfate water has been implicated in causing decreases in intake, gain, 

feed efficiency, and in some cases polioencephalomalacia (PEM; Gould, 1998). 

Polioencephalomalacia is a neurological disorder characterized by necrosis of the 

cerebrocortex. One of the methods by which this disease is thought to occur is 

through the producfion of hydrogen sulfide gas in the rumen. This is a byproduct of 

metabolism in some microorganisms. The gas is thought to be emctated and inhaled 

into the lungs where it enters the blood stream. From there it goes to the brain and 

causes fissue damage (Gooneratne, 1989a). Another pathway is through the 
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production of thiaminases in the rumen, which in turn decreases the amount of 

thiamin a\ ailable to the animal (Gooneratne et al., 1989b). 

These problems could possibly be decreased if sulfur was neutralized before it 

can cause damage to the animal. One possible method is to fie sulfur up with another 

mineral. Copper, mol>bdenum, and sulfur have been implicated in forming 

compounds that render all three minerals useless. Copper and molybdenum combine 

to for thiomolybdate. Thiomolybdate readily bonds to copper to for insoluble Cu-

thiomolybdate (Suttle, 1991). Typically inorganic sources of trace minerals are added 

to the diets of cattle. Several products that are now available consist of minerals 

complexed with organic consfituents. These products have increased mineral 

a\ailability compared with inorganic sources. In the present study, organically 

complexed minerals were used in an in vitro study. The objective of this study was to 

determine whether in vitro dry matter disappearance and culture pH were affected by 

sulfate levels and mineral source. 

Materials and Methods 

Two studies were conducted with mminally fistulated animals used as ruminal 

fiuid donors for an in vitro digestion experiment. Animals, one heifer and one 

cryptorchid bull, were housed in a dirt pen at the Texas Tech University Bumett 

Center. One animal consumed water with 35 mg/kg of sulfate and the other consumed 

water containing 1,535 mg/kg of sulfate. Animals were placed on their respective 
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water treatment for 7 d before ruminal fluid collection. When substrates used in the in 

\'iti*o tubes were com or cornstarch, animals were fed a 90% concentrate diet (Table 

4.1), and when altalfa was used, animals were fed a roughage diet. Donors were fed 

their rcspectn e diet for 10 d before ruminal fluid collection. 

Ruminal Fluid Collection and Processing 

Ruminal fluid was collected at the Bumett Center processing faeilifies. 

Animals w ere restrained in a single-animal squeeze chute (C & S Single-Animal 

Squeeze Chutes, Garden City, KS). The canula was removed, and ruminal fluid was 

transferred into a preheated container using a clean cup to facilitate removal. Ruminal 

fluid was then strained through four layers of cheesecloth to remove large particulate 

matter (Tilley and Terry, 1963). Ruminal fluid was strained into a preheated container 

used to store mminal fluid for transport to laboratories at Texas Tech University. 

Transit time was approximately 35 min. 

On arrival at the laboratory, mminal fluid was mixed with pre-warmed 

artificial saliva. McDougall's artificial saliva was used as a buffer for the mminal 

fluid (Tilley and Terry, 1963). Buffer was mixed before collecting ruminal fluid and 

placed in a 39°C water bath for approximately 2 h. Ruminal fluid and buffer were 

mixed in a 1:4 rafio (Tilley and Terry, 1963). Two buffer solufions were used, one 

containing no added sulfate, and one with 1,500 mg/kg added sulfate from sodium 

sulfate. Excess sodium in the high-sulfate buffer was accounted for in the low-sulfate 

46 



buffer by adding sodium chloride. The solution was then placed in a pre-warmed 

insulated container on a stir plate to ensure mixing and proper temperature. 

Treatments 

Substrates used were ground com, comstarch, and ground alfalfa. Com and 

alfalfa were ground to pass through a 1-mm screen. Triplicate samples of 

approximately 0.5 g of substrate were placed into 50 mL polyethylene centrifuge 

tubes and capped with stoppers containing a small hole to allow for gas to escape. 

Minerals were mixed with substrates before addifion to incubation tubes. 

Zinc, Cu, Mn, and Co were included in the incubation tubes as one of three 

sources: complexed minerals (Availa-4; Zinpro Corp., Eden Prairie, MN), sulfates, 

and oxides. Sulfate and oxide sources of minerals were formulated to provide 

amounts of Zn, Cu, Mn, and Co at the same level of Availa-4. Four levels of minerals 

were used 0.5, 1, 2, and 4x the Zinpro's recommended levels of Availa-4. Samples 

were incubated for 8, 16, and 24 h. 

A summary of treatments follows: 

- Low-sulfate, Availa-4 at 0.5, 1, 2, and 4x recommended levels. 

- Low-sulfate, Sulfates at 0.5, 1, 2, and 4x recommended levels. 

- Low-sulfate, Oxides at 0.5, 1, 2, and 4x recommended levels. 

- High sulfate, Availa-4 at 0.5, 1, 2, and 4x recommended levels. 

- High sulfate. Sulfates at 0.5, 1, 2, and 4x recommended levels. 
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- High sulfate. Oxides at 0.5, 1,2, and 4x recommended levels. 

All treatments were evaluated using McDougalKs artificial saliva containing 

added sulfate or no added sulfate. 

Each tube was partially filled with about 25 mL of the ruminal fiuid solution, 

flushed w ith CO2, and capped with stoppers containing a small hole to allow for gas 

escape. Tubes were then placed in a 39°C water bath for 8, 16, or 24 h. Three blank 

tubes were included for each buffer type and ruminal fluid source for each fime 

period. 

Measurement Procedures 

In vitro dry matter disappearance (IVDMD) and in vitro culture pH were 

measured. After incubation at 39°C for 8 h, the tubes designated for removal were 

taken from the water bath. A pH electrode was inserted into each tube to determine in 

vitro culture pH (Accumet® Basic pH Meter; Fisher Scientific, Pittsburg, PA). The pH 

meter was then rinsed over the tubes with deionized water to prevent loss of DM from 

the tubes. Tubes were then centrifiiged at 3,000 x g for 15 minutes. Supematant fluid 

was removed and the tubes were placed in the freezer until a pepsin digest could be 

performed (Tilley and Terry, 1963). These procedures were repeated for fimes 16 and 

24 h. 

After allowing 24 h tubes to remain in the freezer for 24 h, all tubes were 

removed from the freezer for pepsin digestion. Tubes were charged with 25 mL of an 
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acidified pepsin solution and incubated for 24 h at 39°C. Tubes were removed from 

the water bath and filtered using a modified Buchner funnel and ashless filter paper 

(Whatman #41; Whatman International, Ltd.). Filter paper and residue was dried at 

IOO°C for 24 h, desiccated, and weighed. Residue weights from the blanks were 

subtracted fi'om the residue weights of the sample tubes to account for increased DM 

provided by the rumen fluid. 

Statistical AnaKses 

In vitro dry matter disappearance and culture pH data were analyzed as a 

completely random design using general linear model is SAS (SAS Inst. Inc., Gary, 

NC). Data were sorted by fime, substrate, and donor water quality. Data were 

analyzed for supplement, level, and a supplement x level interaction. 

Results and Discussion 

A level X treatment interaction (P < 0.05) was found for in vitro dry matter 

disappearance (IVDMD) and means are presented in Tables 4.2-4.7. Table 4.2 shows 

IVDMD of ground com from donors consuming water without sulfate added. At 8 h, 

treatments with organically complexed trace (CTM) minerals at levels of 0.5, 1.0, and 

2x the recommended levels did not differ (P = 0.07) from sulfates (STM) at 4x 

recommended levels and oxides (OTM) at 0.5, 1, and 2x levels recommended for beef 

cattle. At 0.5x the recommended level, CTM treatments had higher (P = 0.02) 

49 



IVDMD than CTM at 4x; STM at 0,5, 1, and 2x; and OTM at 4x. Organically 

complexed trace minerals at 4x the recommended level had a lower (P = 0.02) 

IVDMD than CTM at 0.5x and OTM 2\, and had a higher (P = 0.02) IVDMD than 

STM at 0.5\ the recommended level of trace minerals. Organically complexed trace 

minerals at 4x wore not different (P = 0.30) than CTM at 2x recommended; STM at 1, 

2, and 4\; and OTM at all four levels. Sulfates at 0.5x had lower (P = 0.01) IVDMD 

than STM 4\, and OTM 0.5, 1, 2x recommended levels of trace minerals. Sulfates at 

0.5x w ere found to be not different than (P = 0.14) OTM at 4x. 

At 16 h, CTM 0.5x did not differ (P = 0.14) fi-om CTM Ix and OTM Ix, and 

had higher (P = 0.04) IVDMD than all other treatments. Inorganically complexed 

treatments at recommended levels of trace minerals did not differ (P = 0.07) fi-om 

CTM 2\, STM 2x, and OTM 0.5, 1, and 2x, it also had a higher (P = 0.02) IVDMD 

than CTM 4x; STM 0.5, 2, and 4x; and OTM 4x. The IVDMD of CTM 2x was not 

different (P = 0.054) than CTM 4x; STM 0.5, 2, and 4; and OTM 0.5, 2, and 4x, and 

higher (P = 0.01) than STM Ix. Complexed frace minerals at 4x the recommended 

level did not differ (P = 0.11) fi-om CTM 2x; all STM treatments; and OTM 4x, and 

was lower (P = 0.01) than all other freatments. 

All STM treatments did not differ (P = 0.07) fi-om each other. Sulfate 0.5x was 

not different (P = 0.055) from all treatments but CTM 0.5 and Ix and OTM 0.5, 1, 

and 2x, all of these had higher (P = 0.01) IVDMD. Sulfate Ix did not differ (P = 0.10) 

fi-om CTM 4x and all STM fi-eatments, and it was had a lower (P = 0.04) IVDMD 
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than all others. All fi-eatments except CTM 0.5x and OTM Ix did not differ (P = 0.07) 

from STM 2x, those treatments had a higher (P = 0.04) IVDMD. Sulfate trace mineral 

treatment at 4x the recommended level did not differ (P = 0.06) from any treatments 

except CTM 0,5 and 1 x, and OTM 0.5, 1, and 2x, those treatments all had a higher (P 

= 0.04) IVDMD \ aluc. 

Oxides at 0.5x did not differ (P = 0.06) from CTM 1 and 2x; STM 2 and 4x; 

and OTM 1 and 2x, but \\ as lower (P = 0.03) than CTM 0.5x. It also had a higher (P = 

0.01) IVDMD than CTM 4x; STM 0.5 and 1; and OTM 4x. Oxides at the 

recommended level were not different (P = 0.25) than CTM 0.5, 1, and 2x and OTM 

0.5 and 2\. All other treatments were lower (P = 0.02). At 2x the recommended level 

of trace minerals from oxide sources, IVDMD did not differ (P = 0.21) from CTM 1 

and 2\; STM 2x; and OTM 0.5 and Ix, it was also lower (P = 0.04) than CTM 0.5x, 

and higher (P = 0.04) than all other treatments. Lower (P = 0.04) IVDMD was found 

with OTM 4x compared to CTM 0.5, 1, and 2x and OTM 0.5, 1, an 2x. It was found 

to have an IVDMD that not different (P = 0.09) from all other treatments. 

At 24 h, IVDMD for CTM 0.5, 1,2, and 4x; STM 0.5, 2, and 4x; and OTM 

0.5x were all similar (P = 0.16). This group was also found to have a higher (P < 

0.01) IVDMD than OTM at 2 and 4x recommended levels. Organically complexed 

tt-ace minerals at Ix and OTM at 0.5x did not differ (P = 0.06) from CTM 1, 2, and 4x 

and STM 0.5, 2, and 4x, but had higher (P = 0.03) IVDMD than STM 2x, and OTM 

at 1,2, and 4x. 
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Complexed trace minerals decreased IVDMD of ground com at 4x compared 

to other complexed treatments. This result could be due to a slight toxicity from one 

of the minerals in question. Complexed minerals and oxide minerals generally 

improved IVDMD o\ er the sulfate treatments throughout the trial. 

Table 4.3 contains data on the effect of mineral source and level on IVDMD of 

com starch w ith rumen fluid fi'om donors consuming water without added sulfate. At 

8 h, CTM 0.5. 1, and 4x; all treatments of STM; and OTM 0.5, 2, and 4x 

recommended levels did not differ (P = 0.23). At the recommended level of trace 

minerals, CTM at recommended levels did not differ (P = 0.09) from CTM 0.5x; all 

sulfate treatments; and OTM at 0.5 and Ix recommended, but had a lower (P = 0.03) 

in IVDMD than CTM 2 and 4x and OTM at 2, and 4x. No differences (P = 0.58) in 

IVDMD were noted for CTM at 2x, and OTM at 4x recommended concentrations of 

trace minerals. Organically complexed trace minerals at 4x was not different (P = 

0.10) from CTM 4x and OTM 2x, but had a higher (P = 0.03) IVDMD than CTM 0.5 

and Ix; all STM treatments; and OTM at 0.5 and Ix recommended. 

Oxide sources of trace minerals at 4x had a higher (P = 0.05) IVDMD than 

CTM 0.5 and 2x; STM at 1 and 4x; and OTM at 0.5 and Ix recommended trace 

mineral levels. No significant differences (P = 0.26) were found for IVDMD at 16 or 

24 h. Sixteen and 24 h data suggest that with rapidly digestible substrates, digesfion is 

not affected by mineral source. 
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No differences (P = 0,39) were found for IVDMD of alfalfa from donors 

consuming drinking water without sulfate; those data are presented in Table 4.4. 

Conclusions can be made from these data with high-forage diets that mineral source 

has no bearing on the ability for microorganisms in the rumen to perform their 

digestive function. 

Table 4.5 shows data for IVDMD of ground com with ruminal fluid from 

donors consuming drinking water with high-sulfate concentrafions. At 8 h, IVDMD 

of CTM 0.5x did not differ (P = 0.27) from CTM Ix and OTM 0.5x, and higher (P = 

0.02) !\ DMD than CTM 2 4x; all STM tteatments; and OTM 1, 2, and 4x 

recommended le\ els of trace minerals. No significant differences (P = 0.20) were 

noted between CTM Ix, CTM 2x, and OTM 0.5x. Organically complexed Ix had a 

significantly higher (P = 0.0467) IVDMD than CTM4x; all STM tt-eatments; and 

OTM 1, 2, and 4x. Higher (P = 0.02) IVDMD was noted for CTM 2x when compared 

with CTM 4x; STM Ix; and OTM at 4x the recommended concenttafions of trace 

minerals. The IVDMD of complexed frace mineral tteatments with 4x the 

recommended level of frace minerals did not differ (P = 0.07) from all STM 

freattnents, and OTM at 1, 2, and 4x, but was lower (P = 0.02) than OTM 0.5x. No 

differences (P = 0.14) in IVDMD values were found for all STM tteatments and OTM 

at 1, 2, and 4x recommended. Lower (P = 0.03) IVDMD was found for STM Ix when 

compared to all tteatments except CTM 4x and STM 2x, with which it did not differ 

(P = 0.17). Oxide sources at 0.5x had higher (P = 0.03) IVDMD than all tteatments 
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except CTM 0.5, I, and 2\, those did not differ (P - 0.017). No differences (P = 0.68) 

were found for IX'DMD at 16 h. 

A 1 24 h, all treatments did not differ (P - 0.35) and had a higher (P < 0.01) 

I\'DMD than OTM 2 and 4\ the recommended levels of trace minerals. 

Results neariy duplicated those of ground com without sulfate in the donor's 

drinking w ater, w ith one interesting exception. The complexed mineral sources were 

found to generalh increase IVDMD eariy on in the trial, but return to levels similar to 

STM and OTM for 16 and 24 h. Another interesfing note was found for OTM at 2 and 

4x recommended le\els. For both groups, donors with and without sulfate in their 

dnnking water, IVDMD was lower (P = 0.02) than all other treatments. 

No differences (P = 0.33) were found for IVDMD of com starch or alfalfa 

with animals consuming high-sulfate drinking water and those data are presented in 

Tables 4.6 and 4.7, respectively. This mirrors findings for com starch and alfalfa from 

donors without sulfate in their drinking water, once again suggesting with rapidly 

fermentable or high-forage diets, in vitro digestion is unaffected by minerals source. 

A treatment x level interaction (P = 0,03) was also found for in vitro culture 

pH. Those means are presented in Tables 4.8-4.13. Table 4.8 shows the mean culture 

pH for in vitro ground com samples with mminal fluid from donors consuming water 

with out added sulfate. No differences (P = 0.44) were found for 8, 16, or 24 h, and as 

expected, pH decreased as the incubation time increases. 
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Differences (P = 0.02) were found for culture pH of com starch in vitro 

tteatments with ruminal fluid donors consuming water without added sulfate. Those 

data are presented in Table 4,9. At 8 h, culture pH of CTM 0.5 and Ix did not differ 

(P = 0.06) from STM 0.5, 1,2, and 4x and OTM 0.5, 1, and 2x. Culture pH values for 

all other tteatments were lower than both CTM 0.5 and Ix (P = 0.04). Culture pH of 

CTM 2x did not differ (P = 0.07) from CTM 4x; STM 0.5, 1, and 2x; and OTM all 

OTM tteatments, but was lower (P = 0.04) than CTM 0.5 and Ix and STM 4x. No 

differences (P = 0.11) in culture pH were found for CTM 4x and CTM 1 and 2x; STM 

0.5, 1. and 2\: and all OTM tteatments, but pH was lower (P = 0.03) for CTM 4x than 

CTM0.5xandSTM4x. 

Sulfate sources at 0.5 and Ix were not different (P = 0.07) from all tteatments 

except OTM 4x, which had a higher (P = 0.02) pH. No differences (P = 0.07) were 

found between STM 2x and any other tteatment. Culture pH for STM 4x was higher 

(P = 0.03) than all tteattnents except CTM 0.5 and Ix; STM 2x; and OTM 0.5 and Ix. 

There were no differences (P = 0.07) between these tteatments. 

Oxide mineral sources at 0.5 and Ix were not different (P = 0.07) than all other 

tteatments. Culture pH of OTM 2x was not different (P = 0.06) than any tteatment 

except STM 4x, which had a higher (P = 0.01) pH. Culture pH of OTM 4x was lower 

(P = 0.02) than CTM 0.5 and Ix and STM 4x, and did not differ (P = 0.07) from all 

other tteattnents. No differences (P = 0.0501) were found at 16 or 24 h. Stafisfical 

differences for pH are relatively small and would generally not be cause for alarm. If 
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animals were borderline acidotic, changes of this magnitude might be of some 

consequence, but it is unlikely. 

In \ Itro culture pll was not different (P = 0.08) when alfalfa was used as a 

subsfrate and ruminal fluid was from donors consuming water without sulfate. Those 

\ alues can be found in Table 4,10. As expected with a high-forage diet, pH was 

relatnely stable at 8, 16, and 24 h, without much decrease across those times. 

In \ itto culture pH values of ground com with ruminal fluid from donors 

consuming high-sulfate drinking water are presented in Table 4.11. At 8 h, the pH of 

CTM 0.5x was not different (P = 0.10) from CTM 1 and 2x; STM 0.5, 2, and 4x; and 

OTM 0.5. 2, and 4x, but lower (P = 0.04) than CTM 4x, STM Ix, and OTM 3x's. 

Complexed mineral tteatments at 1 and 2x recommended levels did not differ (P = 

0.0542) from all tteatments except CTM 4x and STM Ix, with which they had lower 

(P = 0.02) pH. Culmre pH of CTM 4x was not different (P = 0.0542) than STM 0.5, 

1, and 2x and OTM 0.5, 1, 2, and 4x, in all other tteatments, pH was found to be (P = 

0.04) lower. 

Culture pH of sulfate sources at 0.5 and 2x did not differ (P = 0.10) from all 

tteatments. Sulfates at recommended levels had pH values that were not different (P = 

0.07) than CTM 4x; STM 0.5 and 2x; and OTM 2 and 4x, all other tteatments were 

lower (P = 0.02). 

Oxides at 0.5x the recommended level was lower (P = 0.04) than CTM 4x, but 

did not differ (P = 0.012) from all others. Culture pH of OTM Ix did not differ (P = 
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0.0542) ftom all other treatments. Oxide sources at 2x recommended levels were 

higher (P = 0.04) than CTM 0.5x and not different (P = 0.0542) than any others. 

Culture pH of OTM 4x was not different (P - 0.07) than any other treatment. Times 

16 and 24 h had no significant differences (P = 0.35) in culture pH. These data mirror 

those found for ground com w ithout added sulfate in donor drinking water. 

In vitro culture pH values of com starch with mminal fluid from donors with 

sulfate added to drinking water are shown in Table 4.12. No significant differences (P 

= 0.20) were noted. Although no differences were found for com starch with donors 

consuming high-sulfate drinking water, it is interesting to compare values from this 

group to those in Table 4.9. Culture pH is considerably lower for donors consuming 

high-sulfate water than donors with no added sulfate. This could indicate that as S 

le\'els increase in a high concentrate diet, pH of the mmen could possibly be reduced 

enough to cause metabolic dysfunction. 

Values for in vitro culture pH for alfalfa with mminal fluid from donors 

consuming high-sulfate drinking water are presented in Table 4.13. At 8 h, CTM 0.5x 

pH was lower (P = 0.01) than STM 0.5x and OTM 4x, and not different (P = 0.05) 

from all other treatments. Culture pH of complexed Ix did not differ (P = 0.06) from 

all treatments but OTM 0.5 and Ix, which had lower (P = 0.04) values. In vitro 

culture pH of CTM 2x was lower (P = 0.01) than STM 0.5x and OTM 4x, and did not 

differ (P = 0.10) from all others. Complexed trace minerals at 4x was lower (P = 

0.0473) than OTM 4x, and not different (P = 0.12) than all others. 
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Culture pH of STM 0.5x did not differ (P = 0.09) from all treatments except 

CTM 0.5 and 2x and OTM 0.5, 1, and 2x, which all had lower (P = 0.02) pH values. 

Sulfates at recommended levels did not differ (P = 0.09) from all tteatments except 

OTM 4x which was higher (P = 0.0473). Culture pH of STM 2x did not differ (P = 

0.08) from all other tteatments. Culture pH of 4x was higher (P = 0.03) than OTM Ix, 

and not different (P = 0.06) than all others. 

Oxide sources provided at 0.5x the recommended level had a lower (P = 0.04) 

pH than all CTM Ix, STM 0.5x, and OTM 4x, and all others were not different (P = 

0.06). Culmre pH for OTM Ix was lower (P = 0.03) than CTM Ix; STM 0.5 and 4x; 

and OTM 4\. and did not differ (P = 0.08) from all others. Oxides at 2x were lower (P 

= 0.02) in pH than STM 0.5x and OTM 4x, and did not differ (P = 0.16) from all 

other tteatments. Oxides provided at 4x the recommended level had a higher (P = 

0.0473) pH than all tteatments except CTM 1 and 4x and STM 0.5, 2, and 4x, which 

were not different (P = 0.08). Treatments means were not different (P = 0.39) at 16 or 

24 h. Culture pH values were not alarmingly different for this group at 8 h, and those 

differences disappeared at 16 and 24 h. 

Kennedy et al. (1973) studied the effect of sulfur on starch digesfion in vitto. 

They found that when sulfur from sodium sulfate of sodium sulfite were added at 

rates of approximately 2 \ig/mL of mminal fluid, digestion was improved. They also 

found that sulfur could be added at rates as high as 11,000 pg/mL of mminal fluid 
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without affecting digestion. These data and those found in Experiment 2 show that S 

has little effect on the ability of ruminal microorganisms to ufilize starch. 

Low lexels of S in the diet of ruminants has been shown to decrease total 

celluloUtic bacterial numbers in the rumen (Slyter et al., 1986). With S levels at 

0.04̂ \> of the diet, cellulolytic bacterial populations were decreased vs. 0.34% or 

dietary S. These data suggest that for roughage based diets, S is essential for efficient 

digestion. Current results do not show that animals consuming water with high sulfate 

concentrations have any reducfions in ruminal funcfion. 

Morrison et al. (1986) conducted a trial to determine whether fiber fermenting 

microbes were affected by sulfur. Grass hay was used in a continuous ruminal culture 

and S was provided as 100% Na2S04, 50% Na2S04: 50% NasS, or 100% NasS. They 

found that Na2S04 did not effect DMD, but DMD was increased when 100% Na2S 

was used. These data are consistent with those found in Experiment 2. With a high 

forage diet, mminal fiinction is not affected by the addifion of sulfate. 

Conclusions 

Few differences were noted for IVDMD, but CTM and OTM showed a 

general increase in IVDMD over STM for ground com. Rapidly fermentable high 

concentrate diets (wheat or highly processed cereal grain based) and high-quality, 

high-roughage (alfalfa) diets were found to not be affected by mineral source whether 

animals were consuming high-sulfate drinking water or water without added sulfate. 
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Oxides at le\ els of 2 and 4x recommended levels of trace minerals showed a decrease 

in IVDMD. These data suggest that, for the most part, mineral source has no bearing 

on the ability of ruminal microorganisms to perform their digestive duties even when 

animals consumed large amounts of sulfate from drinking water. Oxide sources of 

trace minerals should be further examined to determine what, if anything, might cause 

the decrease in IVDMD observed in this study. 

Culture pH was relafively stable for all treatments, especially at 16 and 24 h. 

Rapidly fermentable substrates caused a dramatic shift in pH when donor animals 

were consuming water high in sulfates. This could be of importance to producers in 

areas with high water sulfate concentrations in concentrate-feeding situations. 
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Table 4.1 Ingredient composition of the W% concentrate diet consumed by ruminal 
fluid donors in Experiment 2 

Ingredient % of diet, DM basis 

Steam-flaked com 75.85 

Alfalfa hay 5.00 

Cottonseed hulls 5.00 

Molasses 4.00 

Fat (>ellow grease) 3.00 

Urea 0.90 

Cottonseed meal 3.50 

MGA premix 0.25 

Vitamin/mineral premix 2̂ 5 
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Table 4.2 Ingi-edient composition of vitamin and mineral premix for in vitro 
digestibility trial 

Ingredient DM, % 

High-calcium limestone 

Cottonseed meal 

Dicalcium phosphate 

Potassium chloride 

Magnesium oxide 

Ammonium sulfate 

Salt 

Cobalt carbonate 

Copper sulfate 

Iron sulfate 

EDDI 

Manganese oxide 

Selenium, 0.2% premix 

Zinc sulfate 

Vitamin A 

Vitamin E 

Rumensin 

Tylan 

42.1 

23.4 

1.04 

8.0 

3.55 

6.67 

12.0 

0.002 

0.16 

0.13 

0.003 

0.27 

0.1 

0.85 

0.012 

0.126 

0.67 

0.45 
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Table 4.3 In \itio dry matter disappearance of ground com with ruminal fluid from 
donors consuming w ater without sulfate added 

Time 

Treatment'' 8*' 16' 24^ 

Complexed 

0.5 

1 

T 

4 

Sulfates 

0.5 

1 

1 

4 

Oxides 

0.5 

1 

2 

4 

51,95"-^ 

48.86'-''̂ ''̂  

50.53'^-' 

46,62S''̂ '' 

41.54^ 

45.48^'^'' 

43 92f-io 

4791^00 

48.84''' 

47.67'-''J 

49.21'''^ 

4479f.g.ij 

73 .5r 

70.55^''^ 

67 028-*̂ J-̂  

63.62''J''-'^ 

63.10 fr*'"''" 

61.76'" 

66.81^''^'' 

65.12*"''̂ '''''°'P 

68.92^'P'" 
7Q93e,k,n 

69.30^-" 

65.90 h''''° 

85.96'='̂  

89.44^ 

87.65''^ 

84.44''^ 

85.94''^ 

80.96' 

85.25^'^ 

85.12^'^ 

91.08^ 

82.35' 

71.99^ 

72.94^ 

^0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 1.49. 

" Standard error for colunm means = 1.37. 

^ Standard error for column means = 2.54. 

e,f,g,h,io,k.i.m,n,o,p (^oiymn mcaus with different superscripts are different (P = 0.05) 
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Table 4.4 In \ itro dry matter disappearance of com starch with ruminal fluid from 
donors consuming w ater without sulfate added 

Treatment'̂  

Complexed 

0.5 

1 
-^ 

4 

Sulfates 

0.5 

1 

") 

4 

Oxides 

0.5 

1 

2 

4 

S' 

61.68'-"'̂  

56.44^ 

76.46''''' 

67.03'''^' 

64.15'*' 

62.18'-^ 

63.69''^' 

59.68'-^ 

58.84''« 

61.96'-^ 

66.92''^'' 

71.99 '̂' 

Time 

16' 

88.12 

85.14 

84.66 

84.69 

81.75 

87.14 

83.28 

84.97 

85.27 

87.13 

84.46 

84.00 

24" 

90.79 

89.43 

90.19 

88.85 

87.50 

89.12 

84.33 

96.11 

90.17 

91.50 

85.31 

97.65 
^0.5 = 0,5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co, 

^ Standard error for column means = 3.13. 

^ Standard error for column means =1.58. 

"̂  Standard error for column means = 3,34. 

e,f,g,hj coiunin means with different superscripts are different (P = 0.05). 
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Table 4.5 In \ itro dry matter disappearance of alfalfa with ruminal fluid from donors 
consuming w ater without sulfate added 

Treatment" 

Complexed 

0,5 

1 

-> 

4 

Sulfates 

0.5 

1 

1 

4 

Oxides 

0.5 

1 

2 

4 

8'̂  

49.04 

40.02 

44.91 

42.36 

42.49 

44.67 

46.90 

38.06 

44.23 

49.55 

41.56 

41.83 

Time 

16' 

54.87 

56.52 

56.07 

54.56 

53.17 

55.99 

53.50 

52.45 

54.86 

55.47 

57.26 

55.86 

24̂ * 

59.01 

58.38 

57.94 

59.82 

58.77 

58.72 

59.27 

61.40 

59.27 

54.52 

58.11 

59.40 

" 0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 3.71. 

' Standard error for column means =1.59. 

^ Standard error for column means =1.58. 
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Table 4,6 In \ itro dry matter disappearance of ground com with ruminal fluid from 

Treatment" 

Complexed 

0.5 

1 

2 

4 

Sulfates 

0.5 

1 

2 

4 

Oxides 

0.5 

1 

2 

4 

8'̂  

48.58' 

46.64''^' 

443(3e.^'.i 

39.86''^ 

41 44f.i.k 

38.83 '̂'̂  

41.27 '̂̂ 'J 

43.03*'''̂  

46.79'-' 

42.94f-h 

42.66 '̂'̂  

41.06 '̂J 

Time 

16̂  

68.51 

65.06 

64.94 

62.36 

64.76 

63.41 

63.87 

61.39 

68.20 

66.52 

66.19 

65.36 

24" 

96.08' 

93.40' 

84.97' 

86.63' 

85.73' 

86.68' 

85.84' 

86.30' 

97.35' 

99.14' 

59.29^ 

46.32^ 

^0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

^ Standard error for column means =1.21. 

^ Standard error for column means = 1.00. 

^ Standard error for column means = 8,17. 

e,f.g,h,io,kj CoiuiTin means with different superscripts are different (P = 0.05). 
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Table 4.7 In viti'o dry matter disappearance of com starch with ruminal fluid from 

Treatment'* 

Complexed 

0.5 

1 

T 

4 

Sulfates 

0.5 

1 

-) 

4 

Oxides 

0.5 

1 

2 

4 

8'' 

68.88 

77.17 

72.55 

72.08 

70.47 

72.58 

73.56 

70.17 

72.56 

77.54 

63.91 

59.17 

Time 

16̂  

82.90 

79.62 

88.92 

88.33 

83.42 

82.03 

87.37 

85.04 

87.70 

88.59 

87.45 

81.90 

24" 

88.48 

86.40 

90.00 

88.95 

88.09 

88.54 

85.83 

92.55 

90.16 

90.53 

89.44 

90.89 

a 0.5 = o.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 4.27. 

' Standard error for column means = 2.28. 

" Standard error for column means = 1.75. 
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Table 4,8 In vitro dry matter disappearance of alfalfa with ruminal fluid from donors 

Treatment'' 

Complexed 

0.5 

1 

~> 

4 

Sulfates 

0.5 

1 

2 

4 

Oxides 

0.5 

1 

2 

4 

8̂  

43.15 

45.37 

44.44 

44.15 

42.38 

43.64 

43.42 

43.10 

44.59 

44.01 

42.75 

43.78 

Time 

16' 

43.78 

43.64 

41.29 

41.96 

42.52 

45.27 

44.09 

43.05 

47.78 

45.96 

44.06 

40.98 

24" 

53.61 

52.01 

49.27 

50.82 

49.70 

54.05 

52.46 

51.70 

54.24 

56.13 

52.06 

53.44 

^ 0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

^ Standard error for column means = 1.40. 

"" Standard error for column means =1.71. 

^ Standard error for column means = 1.64. 
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Table 4,9 In Mtio culture pH of ground corn with ruminal fluid from donors 
consunung water without added sulfate 

Time 

Treatment" 8'' 16' 24" 

Complexed 

0.5 6.72 6.71 6.54 

1 6.73 6.67 6.59 

2 6.73 6.63 6.59 

4 6.76 6.67 6.65 

Sulfates 

0.5 6.80 6.66 6.63 

1 6.77 6.70 6.57 

2 6.78 6.66 6.62 

4 6.78 6.68 6.63 

Oxides 

0.5 6.73 6.62 6.57 

1 6.75 6.64 6.54 

2 6.76 6.63 6.55 

4 6.77 6.66 6 ^ 

^0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 0.02 

' Standard error for column means = 0.02 

" Standard error for column means = 0.03 
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Table 4.10 In vitro culture pH of com starch with ruminal fluid from donors 
consuming \\ ater without added sulfate 

Time 

b , ^ c T / id Treatment- 8̂^ 16;̂  24 

Complexed 

0,5 6.76'' 6.54 6.50 

1 6.74''^' 6.52 6.44 

2 6.68''^ 6.51 6.52 

4 6.69^'' 6.45 6.41 

Sulfates 

0,5 6.70''^ 6.49 6.46 

1 6.71'-'^ 6.49 6.49 

2 6.73'''''' 6.49 6.47 

4 6.78' 6.54 6.43 

Oxides 

0.5 6.73'''^'' 6.55 6.49 

1 6.72'''''' 6.52 6.42 

2 6.70'-'̂  6.51 6.52 

4 6.69*"'̂  6.53 6 ^ 

' 0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 0.02 

' Standard error for column means = 0.02 

" Standard error for column means = 0.04 

e,f,g,h,, Column means with different superscripts are different (P = 0.05) 
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Table 4.11 In vitro culture pH of altalta with ruminal fluid from donors consuming 
water without added sulfate 

Treatment" 

Complexed 

0.5 

1 

") 

4 

Sulfates 

0.5 

1 

2 

4 

Oxides 

0.5 

1 

2 

4 

8̂  

6.98 

7.00 

6.98 

6.98 

6.98 

7.00 

6.98 

7.01 

6.97 

6.97 

6.95 

6.96 

Time 

16' 

6.89 

6.84 

6.87 

6.91 

6.90 

6.91 

6.94 

6.92 

6.93 

6.89 

6.88 

6.87 

24" 

6.95 

6.89 

6.87 

6.89 

6.92 

6.91 

6.89 

6.89 

6.90 

6.87 

6.88 

6.89 

^0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

^ Standard error for column means = 0.01 

' Standard error for column means = 0.02 

" Standard error for colunm means = 0.02 
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Table 4.12 In \ itro culture pH of gi-ound com with ruminal fluid from donors 

Treatment" 

Complexed 

0.5 

1 

• ) 

4 

Sulfates 

0.5 

1 

2 

4 

Oxides 

0.5 

1 

2 

4 

8" 

6.78' 

6.79'''̂  

6.79''^ 

6.86'' 

6.82'''̂ '' 

6.85'''' 

6.82'''̂ '' 

6.80' 

6.81'' 

6.81'''''' 

6.83 '̂̂ '' 

6.82'''̂ '' 

Time 

16' 

6.67 

6.67 

6.69 

6.68 

6.77 

6.70 

6.75 

6.73 

6.73 

6.69 

6.70 

6.70 

24" 

6.67 

6.62 

6.63 

6.45 

6.65 

6.63 

6.65 

6.69 

6.69 

6.70 

6.62 

6.62 

^0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

^ Standard error for column means = 0.02 

^ Standard error for column means = 0.02 

^ Standard error for column means = 0.06 

e,f,g.h,i coim^^ means with different superscripts are different (P = 0.05) 
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Table 4.13 In \itro culture pH of com starch with ruminal fluid from donors 
consuming high-sulfiite drinking water 

Treatment"* 

Complexed 

0.5 

1 

• ) 

4 

Sulfates 

0,5 

1 

-> 

4 

Oxides 

0.5 

1 

2 

4 

8'̂  

6,34 

6,21 

6,27 

6,23 

6.34 

6.35 

6.34 

6.40 

6.37 

6.27 

6.43 

6.42 

Time 

16' 

6.23 

6.14 

6.05 

6.00 

6.12 

6.09 

5.87 

6.03 

5.94 

6.06 

5.99 

6.10 

24" 

6.04 

6.04 

6.01 

6.01 

6.04 

6.00 

6.10 

6.06 

6.19 

6.07 

6.06 

6.06 

"0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 0.04 

' Standard error for column means = 0.07 

" Standard error for column means = 0.06 
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Table 4,14 In Mtro culture pH of alfalfa with ruminal fluid from donors consuming 
high-sulfate drinking water 

Time 

24" Treatment" g'̂  I ĉ 

Complexed 

0.5 7.38''^ 7.20 6.98 

1 7 47̂ *̂  7.19 7.07 

- 7.40''' 7.18 7.01 

^ 7,43'''̂ '' 7.26 7.02 

Sulfates 

0.5 7.51*"'̂ ''J 7.17 7.05 

1 7.43'̂ -''''̂  7.22 6.99 

2 7 44e0.1<,l,n 7^ J ^gg 

4 7.46ej,k,m,o y^4 -7Q5 

Oxides 

0.5 7.38''''̂ ''̂  7.14 6.99 

1 7.37'̂ -'' 7.17 7.02 

2 7 4ie,k,m,n 7^3 7.03 

4 7.52'''̂ '''° 7J9 7.01 

"0.5 = 0.5x recommended levels of Cu, Zn, Mn, and Co. 
1 = Ix recommended levels of Cu, Zn, Mn, and Co. 
2 = 2x recommended levels of Cu, Zn, Mn, and Co. 
4 = 4x recommended levels of Cu, Zn, Mn, and Co. 

'' Standard error for column means = 0.03 

' Standard error for column means = 0.03 

" Standard error for column means = 0.04 

e,f,g,hj,k,i,m,n,o coiurnn means with different superscripts are different (P = 0.05). 
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CHAPTER V 

1 FFECT OF SULFUR SOURCE ON THIAMIN 

DISAPPEARANCf; IN VITRO 

Abstract 

An in \ Itro study was conducted to determine whether sulfur source and level 

had an effect on thiamin disappearance. Ground com was used as a substrate, and 

tubes were charged \\ ith ruminal fluid and 333.33 ^g of thiamin. Sulfrir sources were 

sulfate, sulfide, sulfite, and L-cysteine. Sources of sulfur were used at rates of 0.0, 

0.25, 0.5, and 1.0 mg of sulfur/mL of ruminal fluid. No source x level interaction (P = 

0.09) was found. Sulfate, sulfide, and sulfite freatments had a higher (P < 0.01) 

thiamin concentration than cysteine at 0 h. At 24 h, sulfate had a higher (P = 0.059) 

thiamin concentration than cysteine. No differences (P = 0.35) were noted for sulfiir 

source at 48 h. At 0 h, tubes with 0.0, 0.5, and 1.0 mg S/mL ruminal fluid had lower 

(P < 0.01) thiamin concentrations than freatments with 0.25 mg/mL. At 24 h, 0.25 

mg/mL freatments had lower (P < 0.01) thiamin concentrations than the other three 

freatments. At 48 h, thiamin concentrafions were higher (P = 0.02) for 0.0 mg/mL 

than 0.25 and 0.5 mg/mL, lower (P < 0.01) than 1.0 mg/mL freatments. Tubes freated 

with 0.25 and 0.5 mg/mL did not differ (P = 0.11), but had lower (P < 0.01) thiamin 

concenfrations than 1.0 mg/mL freatments. Sources of thiamin did have an affect on 

thiamin concenfrations, most notably L-cysteine. These data suggest that thiamin 
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concentiations should be taken into consideration when animals are consuming S in 

quantities greater than the requirement. It is possible that thiamin supplementation 

may be necessary in these situations. 

Introduction 

High dietary sulfur lc\cls have been implicated in causing 

polioencephalomalacia (PEM). In the rumen, it has been shown that certain 

microorganisms produce thiaminases. Thiaminases, when present in high levels, 

decrease the amount of thiamin available to the animal. Animals exhibiting PEM have 

been shown to be deficient in thiamin (Haven et al., 1983). Haven et al. (1983) also 

demonstrated a change in ruminal microorganisms in animals with PEM compared 

w ith controls. Those bacteria present in large numbers in PEM heifers had a higher 

tendency to metabolize thiamin than control animals. Other in vitro studies have 

shown similar decreases in thiamin (OIkowski et al., 1993). 

Sulfiir in the rumen is transformed from one form to another by dissimilatory 

and assimilatory pathways in microorganisms. These processes result in several forms 

of sulfiir being present in the rumen at any given fime. Those forms include sulfate, 

sulfite, and sulfide. Some sulfiir-containing compounds are also found and produced 

in the rumen, including the amino acids cysteine and methionine. The objecfive of 

this sfridy was to determine whether different sulfrir sources affect thiamin 

metabolism by microorganisms in vifro. 
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Materials and Methods 

.\n in \ Itro rumen culture was used to determine how different sulfur sources 

affect thiamin disappearance. Ground corn was used as a substrate at a rate of 0.5 

g/tube. Tubes were inoculated with 333.33 |ag of thiamin. Sulfur sources were added 

to tubes at one of three rates 0.25, 0.5, or 1.0 mg/mL of ruminal fluid. Sulfiar was 

provided as four sources: sulfates (NaS04), sulfides (Na2S03), sulfites (Na2S-9H20), 

or L-c\ stcine. Tubes w ere incubated for 0, 24, or 48 h. The ruminal fluid donor was 

housed at the Texas Tech University Bumett Center. The donor was fed a 90% 

concentrate diet for 7d before collecfion (Table 5.1). Samples were analyzed for 

thiamin b\ using a high performance liquid chromatograph. 

In vitro Procedure 

The ruminal fluid donor was secured in a C & S Single-Animal Squeeze Chute 

(Garden City, KS)to facilitate ease of collection. Ruminal fluid was removed and 

sfrained through four layers of cheese cloth into a pre-warmed insulated container. 

Ruminal fluid was transported to a laboratory at Texas Tech University. At the lab, 

ruminal fluid was mixed with McDougall's artificial saliva at a rate of one part 

ruminal fluid to four parts artificial saliva. The mixture was placed on a stir plate to 

ensure complete mixing. Tubes were charged with 25 mL of prepared ruminal flmd 
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and placed into a 39' Ĉ  water bath for incubation. Tubes were incubated for 0, 24, and 

48 h. 

following incubation, tubes were removed from the water bath and 

centrifuged for 15 min at 3,000 x g. Seven milliliters of fluid were decanted from 

each tube and stored in a 20 X̂  freezer until analysis could be performed. 

Thiamin .XnaKsis 

Thiamin content of in vitro cultures was measured by use of high performance 

liquid chromatography (HPLC). One milliliter aliquots were filtered through syringe 

filters w ith a pore size of 0.45 pm. Samples were fransferred to 1.5 mL sampling vials 

for use in the HPLC. Samples were analyzed on a Shimadzu (Kyoto, Japan) HPLC. 

Components included a SCL-lOA system confroller, SIL-IOAD auto-injector, CTD-

1OA column oven, and an ELSD-LT low-temperature evaporative light-scattering 

detector. Samples and solvents were pushed through the system with binary pumps at 

0.250 mL/min, with maximum pressure at 27.6 MPa. The auto-sampler had a rinsing 

\olume of 50 pL; a needle sfroke of 54 mm; rinsing speed of 35 pL/second; sampling 

speed of 15.0 pL/second; one min purge time; and a rinse dip time of 2 s. ELSD-LT 

settings were 51°C; gain of 10; 50 mV signal; sample frequency was 10 Hz; Run time 

was 23 min; confrol stop time was 26 min; and the acquisition delay was set for 0 

mins. Oven temperafrire was set at 30°C, with a maximum of 85°C. The column used 

was a C-18 with an unretained peak of 3.0 min. Column dimensions were 4.6 mm 
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diameter, 250 mm length, particle s,/e of 5.0 pm, and a pore size of 100.00 

angstroms. Mobile phase A was ammonium acetate at pH = 5.20, and mobile phase B 

was acetonitrilc. 

Statistical Analvsis 

Thiamine concentration was analyzed as a 4 x 4 factoral arrangement using 

proc mixed m SAS (SAS Inst. Inc., Cary, NC). Data were tested for a supplement and 

le\ cl differences and a supplement by level interaction. 

Results and Discussion 

No interaction (P = 0.09) was found between Sulfur source and sulftir level. 

The effect of sulftir source on thiamin disappearance is shown in Table 5.2. At time 0, 

thiamin concentrations of sulfate, sulfide, and sulfite did not differ (P = 0.07). 

Thiamin concentrations in tubes treated with sulfate, sulfide, and sulfite were 

significantly higher (P < 0.01) than cysteine treatments. After 24 h of incubation, 

thiamin concentrations of tubes treated with sulfate, sulfide, sulfite and cysteine did 

not differ (P = 0.06). At 48 h, no differences (P > 0.05) were found for thiamin 

concentrations for tubes treated with sulfate, sulfide, sulfite, or cysteine. 

Several studies have shown that sulfate decreases thiamin concentrations in 

animal models. Goetsch and Owens (1987) showed a decrease in plasma thiamin 

concentrations in cattle that were fed a dietary sulfate supplement and thiamin-HCl, 

80 



Olkouski ct al. (1991), examined the effect of high-sulfate drinking water on blood 

thiamin and found that as water sulfate levels increased, blood thiamin concentrations 

decreased. 

Low er thiamin concentration from cysteine treatments may be associated with 

the ability of nucroorganisms to rapidly cleave the sulfur group from this amino acid 

and conxcrt it to sulfate (Lewis, 1953), Sulfur in the rumen is rapidly oxidized and 

reduced in the rumen to produce sulfate, sulfide, and sulfite. It is possible that the 

forms of sulfur used in this study (sodium sources) held the sulfur tighter than L-

c> stcine, thus slow ing down the thiamin destroying process when compared to 

CNSteine. 

The effect of sulfur level on in vifro thiamin disappearance is shown in Table 

5,3. Level affected thiamin concentration at 0 h. The control, 0.5, and 1.0 mg/mL all 

did not differ (P = 0.51) in thiamin concenfrations, but lower (P < 0.01) thiamin levels 

than freatments with 0.25 mg/mL sulfiir. At 0 h, thiamin concenfrations for 0.25 

mg/mL treatments seem to be artificially high when compared to other time 0 values. 

Values for this treatment fell back in line with those others at 24 and 48 h. At 24 h, 

confrol and 1.0 mg/mL sulfur treatments did not differ (P = 0.46). Those fribes freated 

with 0.25 mg/mL of sulfur contained lower (P = 0.04) levels of thiamin than any of 

the other three freatments. Tubes freated with 0.50 mg/mL of sulfrir had higher (P < 

0.01) thiamin concenfrations than any of the other three freatinents. At 48 h, thiamin 

concenfrations m the confrol freatment were higher (P < 0.01) than 0.25 and 0.50 
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mg mL sulfur treatments, but lower (P ,,,,4) than those tubes treated with 1.0 

mg mL sulfur, fhe 0.25 and 0,50 mg/mL sulfur treatments contained did not differ (P 

= 0,12), but were both low er (P < 0.01) ,n thiamin concentration than those samples 

treated with 1.0 mg inL of thiamin. 

Reductions in thiamin in the rumen can lead to deficiencies in the host animal. 

Thomber et al. (1980) found that when lambs were fed a thiamin deficient diet, 

lesions occurred in the cerebrocortex of the brain. Brain samples were collected from 

animals with lesions and analyzed for thiamin, thiamin monophosphate (TMP), 

thiamin diphosphate (TDP), and thiamin pyrophosphate (TPP). They found that in the 

areas where lesions occur, thiamin, TDP, and TMP were lower (P < 0.05) than m 

control samples, and TPP was not affected. In areas not normally associated with 

PEM lesions, thiamin, TMP, TDP, and TPP were all lower (P < 0.05) than controls 

(Thomber et al., 1980). Reductions in TMP, TDP, and TPP would cause a reduction 

in energy metabolism in the brain. This reduction in energy metabolism would be of 

serious consequence in the brain where energy needs are significant. 

With increases in S levels of the diet, ruminal thiamin levels are reduced, 

leading to a reduction in thiamin available to the host. This reduction in thiamin 

would decrease the ability of the brain to efficiently produce energy, thus increasing 

the chance of disease to occur. 
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Conclusions 

Sources of sulfur did cause shifts in thiamin concentrations in vitro. It was 

interesting to note that I.-cysteine was found to cause the largest decrease in thiamin 

concentration. Ihis is likely a result of the ability of microorganisms to rapidly cleave 

the S group of c\cteine and con\ert it to sulfate. This data along with those of other 

researchers suggest that high sulfur levels can shift available thiamin to 

concentrations that might cause deficiencies. 

83 



Literature Cited 

Frye, T. M., S, N. Williams, and T. W. Graham. 1991. Vitamin deficiencies in cattle. 
Beef Cattle Nutrition. 217-275. 

Goetsch. A. L, and F N. Owens. 1987. Effects of supplemental sulfate (Dynamate®) 
and thiamin-HCl on passage of thiamin to the duodenum and site of digestion 
in steers, ,\rch, Anim. Nutr. 12:1075-1083. 

Goodrich, R. D. and J. 1 Gan-ett. 1986. Sulfur in livestock nutrition. Sulfur in 
Agriculture, AgTonom\ Monograph no. 27. 617-633. 

Gould, D. H. 1998, Polioencephalomalacia. J. Anim. Sci. 76:309-314. 

Haven, T. R., D. R. Caldwell, and R. Jensen. 1983. Role of predominant rumen 
bacteria in the cause of polioencephalomalacia (cerebrocortical necrosis) in 
cattle. Am. J. \ et. Res. 44:1451-1455. 

Lewis, D, 1954, The reduction of sulphate in the rumen of the sheep. Biochem. J. 
56:391-399. 

OIkowski, -X, A., C. G. Rousseaux, and D. A. Christensen. 1991. Association of 
sulfate-water and blood thiamin concenfration in beef cattle: Field studies. 
Can. J. Anim. Sci. 71:825-832. 

OIkowski, A. A., S. R. Goonerahie, C. G. Rousseaux, and D. A. Christensen. 1992. 
Role of thiamine status in sulfur induced polioencephalomalacia in sheep. Res. 
m Vet, Sci. 52:78-85. 

Thomber, E. J., R. H. Dunlop, and J. M. Gawthome. 1980. Thiamin deficiency in the 
lamb: Changes in thiamin phosphate esters in the brain. J. Neurochemistry. 
35:713-717. 

84 



fable 5.1 ingredient composition of 90"i, concentrate diet fed to ruminal fluid donors 
in Fxpenment 3 

lnsr£dR^nt _ __̂_ 0/^ ^f di^t^ D ^ î ^ ĵg 

Steam-flaked corn 75 35 

Alfalfa ha\ 5 QQ 

Cottonseed hulls 5 00 

Molasses 4 00 

Fat (Yellow giease) 3.00 

Urea 0.90 

Cottonseed meal 3.50 

MGA premix 0.25 

X'itamin/mineral premix 2.5 
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Fable 5.2 Ingredient composition of vitamin and mineral premix for thiamin 
disappearance trial ^ uiidmin 

——— . 
Ingredient 

High-calcium limestone 

Cottonseed meal 

Dicalcium phosphate 

Potassium chloride 

Magnesium o\idc 

Ammonium sulfate 

Salt 

Cobalt carbonate 

Copper sulfate 

Iron sulfate 

EDDI 

Manganese oxide 

Selenium, 0,2"o premix 

Zinc sulfate 

Vitamin A 

Vitamin E 

Rumensin 

Tylan 

DM. % 

42,1 

23,4 

1,04 

8.0 

3.55 

6.67 

12.0 

0.002 

0.16 

0.13 

0.003 

0.27 

0.1 

0.85 

0.012 

0.126 

0.67 

0.45 
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Table 5.3 Effect of sulfur source on thiamin disappearance in vitro" 

Sulfur source 

Time, h Sulfate Sulfide Sulfite Cysteine SE_ 

0 7.23^ 6.25" 6.78" 5.12' 0.36 

24 5.38 4.88 4.86 4.25 0.29 

_48 6,47 6,54 630 5̂ 65 0 3 ^ 

* Thiamin concentrafion, pg/L. 

"•' Row means with different superscripts differ (P = 0.05). 
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Table 5.4 Effect of sulfur level on thiamin disappearance in vitro 

" Thiamin concentration, |ag/L. 

**'̂**' Row means with different superscripts differ (P = 0.05). 

Time, h 

0 

24 

48 

0 

5.76" 

4.45" 

6.67" 

Sulfur level, 

0.25 

8.02' 

3.58' 

4.67" 

mg/mL 

0.50 

5.49" 

6.59" 

5.64"'" 

1.0 

6.10" 

4.74" 

7.88' 

SE 

0.36 

0.29 

0.37 
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