
 

 

 

Pathogenesis of subacute ruminal 

acidosis in sheep 

 

 

 

Joshua Patrick Fanning 

 

 

A thesis submitted for fulfilment of the requirements for the degree of 

Doctorate of Philosophy 

 

School of Animal and Veterinary Science 

University of Adelaide 

 

January 2016 

  



Pathogenesis of subacute ruminal acidosis in sheep Page 2 of 182 

Table of contents 

Abstract .............................................................................................................................................. 8 

Declaration ....................................................................................................................................... 10 

Acknowledgements .......................................................................................................................... 11 

1 Introduction and literature review .......................................................................................... 13 

1.1 The ruminal environment ................................................................................................ 14 

1.1.1 Ruminal epithelium .................................................................................................. 14 

1.1.1.1 Morphology .......................................................................................................... 14 

1.1.1.2 Epithelial absorption, metabolism and buffering ................................................ 16 

1.1.2 Ruminal digesta ........................................................................................................ 19 

1.1.3 Ruminal contents passage ....................................................................................... 23 

1.1.4 Saliva secretion ........................................................................................................ 24 

1.2 Acute ruminal acidosis ..................................................................................................... 25 

1.3 Subacute ruminal acidosis................................................................................................ 27 

1.4 Conclusions ...................................................................................................................... 30 

2 Common methods .................................................................................................................... 32 

2.1 Histology........................................................................................................................... 32 

2.2 Volatile fatty acid and lactic acid analysis ........................................................................ 32 

2.3 Ruminal pH loggers .......................................................................................................... 33 

3 Prevalence of acidosis in weaner lambs: A field trial using five different diets ....................... 35 

3.1 Introduction ..................................................................................................................... 35 

3.2 Materials and Methods .................................................................................................... 37 

3.2.1 Animal husbandry and diets..................................................................................... 37 

3.2.2 Statistical analyses of results ................................................................................... 39 

3.2.2.1 Dietary effects on ruminal fluid pH ...................................................................... 39 

3.2.2.2 Dietary effects on weight change and ruminal volatile fatty acid and lactic acid 

concentration ....................................................................................................................... 39 

3.2.2.3 The relationship between weight change and volatile fatty acid concentration 

and ruminal fluid pH ............................................................................................................ 39 



Pathogenesis of subacute ruminal acidosis in sheep Page 3 of 182 

3.3 Results .............................................................................................................................. 40 

3.3.1 Dietary effects on ruminal fluid pH .......................................................................... 40 

3.3.2 Dietary effects on weight change and ruminal volatile fatty acid and lactic acid 

concentration ........................................................................................................................... 43 

3.3.3 The relationship between weight change and volatile fatty acid concentration and 

ruminal fluid pH ....................................................................................................................... 48 

3.3.3.1 Analysis of percentage increase in live weight .................................................... 50 

3.3.3.2 Analysis of quantitative live weight change adjusted for live weight .................. 51 

3.4 Discussion ......................................................................................................................... 53 

3.4.1 Development of experimental diets and experimental design ............................... 53 

3.4.2 Dietary effects on ruminal fluid pH .......................................................................... 54 

3.4.3 Dietary effects on weight change, and ruminal fluid volatile fatty acid and lactic 

acid concentration ................................................................................................................... 55 

3.4.3.1 The effect of diet on live weight .......................................................................... 55 

3.4.3.2 The effect of diet on volatile fatty acids and lactic acid concentrations ............. 57 

3.4.4 The relationship between weight change and volatile fatty acid concentration and 

ruminal fluid pH ....................................................................................................................... 60 

3.5 Conclusions ...................................................................................................................... 61 

4 The relative contributions of the ruminal epithelium and the ruminal fluid to the 

development of acidosis of sheep fed high-energy rations: a transfaunation model ..................... 62 

4.1 Introduction ..................................................................................................................... 62 

4.2 Methods ........................................................................................................................... 64 

4.2.1 Overview of the experimental design ...................................................................... 64 

4.2.2 Animals, treatments, and experimental design ....................................................... 64 

4.2.3 Surgical procedures and transfaunation .................................................................. 67 

4.2.4 Samples taken during surgery .................................................................................. 68 

4.2.5 Placement of the pH logger ..................................................................................... 69 

4.2.6 Processing and analysis of ruminal biopsy samples ................................................. 69 

4.2.7 Glucose challenge and sampling protocols .............................................................. 70 

4.2.8 In-vitro incubation of ruminal fluid with glucose or water ...................................... 71 



Pathogenesis of subacute ruminal acidosis in sheep Page 4 of 182 

4.2.9 Statistical analysis of data ........................................................................................ 72 

4.2.9.1 Comparison between sheep on high and low energy density diets prior to 

transfaunation ...................................................................................................................... 72 

4.2.9.2 In-vivo glucose challenge post transfaunation .................................................... 73 

4.3 Results .............................................................................................................................. 73 

4.3.1 Feed Intake ............................................................................................................... 73 

4.3.2 Rumen pH logger variation ...................................................................................... 73 

4.3.3 Comparison between sheep on high and low energy density diets prior to 

transfaunation .......................................................................................................................... 74 

4.3.3.1 Ruminal epithelium .............................................................................................. 74 

4.3.3.2 Ruminal fluid ........................................................................................................ 77 

4.3.4 In-vivo glucose challenge post transfaunation......................................................... 82 

4.3.4.1 Qualitative assessment of ruminal fluid pH, volatile fatty acid and lactic acid 

concentrations ..................................................................................................................... 82 

4.3.4.2 Areas under the curve for ruminal fluid pH and ruminal volatile fatty acid and 

lactate concentrations for the four experimental groups ................................................... 85 

4.4 Discussion ......................................................................................................................... 88 

4.4.1 Comparison between sheep on each diet at transfaunation .................................. 89 

4.4.1.1 Ruminal epithelial differences between the sheep fed the low and high energy 

density diets ......................................................................................................................... 89 

4.4.1.2 Ruminal fluid ........................................................................................................ 91 

4.4.1.3 Summary of ruminal adaptation prior to transfaunation .................................... 94 

4.4.2 In-vivo glucose challenge post transfaunation......................................................... 94 

4.4.2.1 Experimental Model ............................................................................................. 94 

4.4.2.2 Qualitative and statistical assessment ................................................................. 95 

4.5 Conclusions ...................................................................................................................... 97 

5 Evaluation of an experimental diet to induce Subacute Ruminal Acidosis (SARA) in lambs ... 99 

5.1.1 Introduction ............................................................................................................. 99 

5.1.2 Methods ................................................................................................................. 100 

5.1.2.1 Ruminal surgical fistulation and cannulation ..................................................... 101 



Pathogenesis of subacute ruminal acidosis in sheep Page 5 of 182 

5.1.3 Results .................................................................................................................... 101 

5.1.4 Discussion ............................................................................................................... 103 

5.1.5 Conclusion .............................................................................................................. 105 

6 The effect of ruminal fluid pH, volume and papillae on ruminal absorption and clearance of 

volatile fatty acids .......................................................................................................................... 106 

6.1 Introduction ................................................................................................................... 106 

6.2 Methods ......................................................................................................................... 108 

6.2.1 Sheep housing, diets and experimental procedures .............................................. 108 

6.2.2 Marker infusion and sampling protocol ................................................................. 110 

6.2.3 Chromium analysis ................................................................................................. 111 

6.2.4 Calculation of rumen fluid clearance rate and valeric acid absorption rate .......... 111 

6.2.5 Statistical analysis .................................................................................................. 112 

6.2.5.1 The effect of diet on ruminal papillae ................................................................ 112 

6.2.5.2 The effect of diet on absorption and clearance rates ........................................ 113 

6.2.5.3 The relationship between the ruminal papillae and absorption ....................... 113 

6.2.5.4 Ruminal pH effects on the absorption rate of valeric acid and the ruminal fluid 

clearance rate in sheep fed a lucerne chaff and rolled barley diet. .................................. 113 

6.3 Results ............................................................................................................................ 113 

6.3.1 Rumen pH logger variation .................................................................................... 113 

6.3.2 The effect of diet on ruminal papillae .................................................................... 114 

6.3.3 The effect of diet on absorption and clearance rates ............................................ 114 

6.3.4 The relationship between the ruminal papillae and absorption ........................... 117 

6.3.5 Ruminal pH effects on the absorption rate of valeric acid and the ruminal fluid 

clearance rate in sheep fed a lucerne chaff and rolled barley diet. ...................................... 119 

6.4 Discussion ....................................................................................................................... 123 

6.4.1 Suitability of the marker infusion ........................................................................... 123 

6.4.2 The effect of diet on the absorption and clearance rates ..................................... 124 

6.4.3 The impact of diet on the ruminal papillae ............................................................ 125 

6.4.4 The relationship between the ruminal papillae and absorption ........................... 126 



Pathogenesis of subacute ruminal acidosis in sheep Page 6 of 182 

6.4.5 The association between ruminal pH and the absorption rate of valeric acid or the 

ruminal fluid clearance rate in sheep fed a lucerne chaff and rolled barley diet. ................. 127 

6.4.6 Conclusions ............................................................................................................ 128 

7 General Discussion ................................................................................................................. 130 

7.1 Normal rumen function and physiology ........................................................................ 130 

7.2 Ruminal acidosis ............................................................................................................. 131 

7.2.1 The prevalence of acidosis ..................................................................................... 131 

7.2.2 The effect of the ruminal papillae and ruminal fluid on acidosis .......................... 132 

7.2.3 An experimental diet to induce subacute ruminal acidosis ................................... 133 

7.2.4 Absorption and clearance ...................................................................................... 134 

7.3 Critical appraisal of current experiments and suggested refinements .......................... 134 

7.3.1 Ruminal sampling techniques ................................................................................ 135 

7.3.2 Individual Experiments ........................................................................................... 135 

7.3.2.1 Prevalence of acidosis in weaner lambs: A field trial using five different diets . 135 

7.3.2.2 The relative contributions of the ruminal epithelium and the ruminal fluid to the 

development of acidosis of sheep fed high-energy rations: a transfaunation model ....... 136 

7.3.2.3 Evaluation of an experimental diet to induce Subacute Ruminal Acidosis (SARA) 

in lambs ……………………………………………………………………………………………………………………….137 

7.3.2.4 The effect of ruminal fluid pH, volume and papillae on ruminal absorption and 

clearance of volatile fatty acids ......................................................................................... 138 

7.3.3 Ruminal papillae ..................................................................................................... 138 

7.3.3.1 Variation in ruminal papillae .............................................................................. 138 

7.3.3.2 Rumen papillae analysis techniques .................................................................. 139 

7.3.4 Statistical analyses in relation to interactions ....................................................... 140 

7.4 Important questions still to be answered ...................................................................... 140 

7.4.1 Definitions and relevance of subacute and acute ruminal acidosis in the sheep 

industry …………………………………………………………………………………………………………………………..140 

7.4.2 Statistical analyses in relation to interactions and required experimental units .. 141 

7.5 Conclusion ...................................................................................................................... 143 

8 Appendices ............................................................................................................................. 144 



Pathogenesis of subacute ruminal acidosis in sheep Page 7 of 182 

8.1 Appendix 1: Prevalence of acidosis in weaner lambs: Ruminal fluid pH measurements

 …………………………………………………………………………………………………………………………………..144 

8.2 Appendix 2: Dry Matter Intake ...................................................................................... 149 

8.2.1 The relative contributions of the ruminal epithelium and the ruminal fluid to the 

development of acidosis of sheep fed high-energy rations: a transfaunation model ........... 149 

8.2.2 The effect of ruminal fluid pH, volume and papillae on ruminal absorption and 

clearance of volatile fatty acids logger drift ........................................................................... 150 

8.3 Appendix 3: Ruminal fluid pH logger drift ...................................................................... 151 

8.3.1 The relative contributions of the ruminal epithelium and the ruminal fluid to the 

development of acidosis of sheep fed high-energy rations: a transfaunation model ........... 151 

8.3.1.1 Comparison between sheep on high and low energy density diets prior to 

transfaunation logger drift ................................................................................................. 151 

8.3.1.2 In-vivo glucose challenge post transfaunation logger drift................................ 152 

8.3.2 The effect of ruminal fluid pH, volume and papillae on ruminal absorption and 

clearance of volatile fatty acids logger drift ........................................................................... 153 

9 References .............................................................................................................................. 154 

 

  



Pathogenesis of subacute ruminal acidosis in sheep Page 8 of 182 

Abstract 

Ruminal acidosis is an economically important condition in ruminants fed diets with a high energy 

density. Two forms of ruminal acidosis have been described; subacute ruminal acidosis (SARA), 

when the ruminal fluid in in the pH range 5.0-5.5 and acute ruminal acidosis (ARA), when the 

ruminal fluid pH is <5.0. Animals with SARA, when compared to ‘normal’ animals with ruminal 

fluid pH >5.5, have increased ruminal volatile fatty acid (VFA) concentrations and decreased 

lactate concentrations. Animals with ARA have increased ruminal lactic acid concentrations, and 

lower ruminal VFA concentrations, when compared to ‘normal’ animals. 

 

The prevalence of SARA in sheep fed diets with a high energy density is unknown. The 

pathogenesis of SARA is also poorly understood in cattle and sheep. Mechanisms that regulate 

the ruminal fluid pH include acid buffering by saliva, which contains high concentrations of 

bicarbonate, VFA absorption through the ruminal epithelium, VFA metabolism by ruminal 

microbes and by ruminal fluid clearance/passage from the rumen by passage into the more distal 

gastrointestinal tract. Subacute ruminal acidosis occurs when the regulatory mechanisms that 

maintain the ruminal fluid pH >5.5 fail.  Their relative contribution of absorption of clearance 

mechanisms to the pathogenesis of SARA is unknown. Adaptation of ruminal microbes and the 

ruminal epithelium is thought to be essential in reducing the prevalence and severity of SARA 

Microbial and ruminal epithelial adaptation in the pathogenesis of SARA are poorly understood. 

The aims of the thesis were to investigate the occurrence of SARA in sheep on diets with a high 

energy density and to evaluate the role of dietary adaptation in the pathogenesis of SARA in 

sheep.  

 

The first study examined the prevalence of SARA in sheep fed a range of diets with high energy 

densities.  Between 2 and 16 % of lambs fed a high energy density diet were diagnosed with SARA, 

but 50% of the lambs were at risk of SARA as defined by a pH range of 5.5-5.8. There was no 

correlation observed between ruminal fluid pH and lamb growth rate. 

 

. The second experiment was designed to investigate the relative impact of two variables: rumen 

epithelium adaptation and rumen fluid adaptation. No significant differences could be identified 

within the power of the experiment.  The results also highlighted that lactic acid can be present in 

the rumen with a ruminal fluid pH between pH 5.0 to 6.0 suggesting that the categorisation of 

VFA and ARA based upon relative VFA and lactate concentrations may be flawed and that a 

graded continuum exists. 
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A further study investigated VFA absorption and clearance from the ruminal fluid of sheep fed a 

high energy density diet formulated to induce SARA. These results showed an increased 

absorption rate and an increased ruminal clearance rate with a ruminal fluid pH in the 5.5-6.0 pH 

range compared to >6.0. However, no significant relationship was found between the VFA 

absorption and clearance rate and a rumen fluid pH in the subacute ruminal acidosis pH range.   

 

A significant contribution of dietary adaptation and rumen fluid clearance in sheep on the 

regulation of VFA concentration and rumen fluid pH in the development of SARA could not be 

identified within the power of these experiments. Further research is required to identify a more 

consistent model of SARA to quantify the importance of the condition within the sheep feedlot 

industry. 
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