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The use of crop residues is commonplace in semi-arid regions of the developing world, where
farmers cannot afford bought-in supp nents during the dry seasons. Cereal crop residues
form the bulk of alternative forage that can be used under extensive farming systems.
However, the poor nutritive value of cereal straws, characterized by high fibre and low
protein content, means that strategies must be developed to enhance its utilisation by
ruminants. This study was, therefore, designed to improve the nutritive value of maize (Zea
mays), wheat (Triticum astivum) and oats (Avena sativa) straws using incremental levels of
anhydrous ammonia gas. A total of 15 replicate samples from each of the three cereal straws
were pre-treated with anhydrous ammonia gas at a rate of 0, 2.5, 3.5, 4.5 and 5.5% for a
period of seven days. The samples were subsequently air-dried for 24 h, ground (2 mm), and
analysed for chemical composition (Chapter 3), nitrogen buffer solubility and in vitro ruminal
dry matter degradability (Chapter 4), and in vitro ruminal gas production (Chapter 5). Results
from Chapter 3 showed that for wheat straw, there were significant quadratic effects for DM
and OM, but not (P >0.05) for CP and NDF in response to ammonia treatment levels. Crude
protein linearly increased whereas NDF linearly decreased with ammonia treatment. For
maize straw, there were significant quadratic effects on CP, NDF and ADF with ammonia
treatment levels. Organic matter linearly increased whereas ADL linearly decreased with
ammonia treatment. For oats straw, there were neither linear nor quadratic effects (P >0.05)
for OM, ADF and ADL, however, there were quadratic trends for DM and CP in response to
ammonia treatment. Neutral detergent fibre linearly decreased with ammonia treatment.
There were no significant effects observed for cereal type, ammonia, and their interaction on
DM content. Cereal type had significant effects on OM and ADL content. There were
significant effects for cereal type, ammonia and their interaction on CP and NDF contents.
For ADF content, there was a significant effect for cereal type, and cereal type x ammonia
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in action but not for ammonia. Untreated straws had the least CP content than treated
straws, but had t| higl t( ).05) NDF, ADF and ADL content. Results from Chapter 4

'ea | that there were significant quadratic effects for N, BISN, BSN and SI, for which an
optimum ammoniation rate for oats straws was calculated to be 3.3%. However, for maize
straw, linear effects (P <0.05) were observed for BSN, BISN, and SI. A quadratic trend was
observed for N, for which an optimum ammoniation rate for maize straws was calculated to
be 4.29%. Linear effects were observed for DMDI12 and DMD24 in ammoniated wheat
straws. For maize and oats straws, there were significant linear and quadratic trends for
DMDI12, DMD24, DMD36 and DMD4S8 in response to ammonia treatment. Maize straws had
the highest (P <0.05) DMD12, DMD24, DMD36 and DMD48 when compared to oats and
wheat straws. Untreated straws had the least DMD12, DMD24, DMD36 and DMD48 (P
<0.05) than the ammoniated straws, which did not differ (P >0.05). Results from Chapter 5
indicated that for wheat straws, there were neither linear nor quadratic (P >0.05) effects
observed for rate of gas produced and cumulative gas production after 12, 24, 36 and 48 h of
incubation. No linear and quadratic (P >0.05) trends were observed for gas produced from the
immediately soluble fraction (a), gas produced from slowly soluble fraction (b), lag time,
potential gas production (Pgas) and effective gas production (Egas) in response to ammonia
treatment. The gas production rate constant (c) for the insoluble fraction b linearly increased
with anhydrous ammonia levels. For oats straw, the rate of gas produced at 12 h linearly
decreased with anhydrous ammonia levels. There were neither linear nor quadratic (P >0.05)
effects observed for fraction ¢ and lag time, but there were quadratic trends for cumgas12,
cumgas24, cumgas36, cumgas48, fractions a and b, Pgas and Egas for which an optimum
ammoniation rate for oats straws was calculated to be 3.5%. For maize straw, there were
neither linear nor quadratic (P >0.05) trends for cumgas24, cumgas36, fraction b and c, lag
time, Pgas as well as the rate of gas produced at 8, 12, 24 and 48 h of incubation. Cumgas12,

cumgas48, a, and Egas linearly declined with ammonia levels. Maize had the highest rate of
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gas | luced at 12 h (40.562 n ™ 'h), followed by wl 1t (28.951 mL/h) and oats (23.734
mL/h). There was no differences (P >0.05) observed between the three cereal crop residues in
terms of gas produced at 24, 36 and 48 h of incubation. Maize straw had higher (P <0.05)
fraction ¢, lag time and Egas after inoculation than oats straw. Wheat straw had the same (P
>0.05) fraction c, lag time and Egas after inoculation as oats straw. It was concluded that
anhydrous ammonia gas treatment does improve the nutritive value of poor quality cereal

straws but the optimum ammoniation rate varies with type of straw.

Keywords: Buffer nitrogen solubility; Cereal straws; Chemical composition; In vitro ruminal

dry matter degradability; In vitro ruminal gas production

iv



ACKNOWI "7 GEMuwN 13

I would like to acknowledge PUREGAS (PTY) Ltd, for their financial support towards this
research study. My gratitude extends further to the programme manager, Mr Wihan Fourie,

for his support and guidance throughout this research.

My unfathomable gratitude goes to Dr L.E. Motsei and Dr C.M. Mnisi for their unwitting

academic support, guidance and patience throughout this research project.

Further gratitude goes to Prof. V. Mlambo for his support. The assistance of Mr M.W.

Mankga, Mr K.P. Meso and the entire academic staff members in the Department of Animal

Science, North-West University, Mafikeng campus, is duly acknowledged.

The support and encouragement of my entire family and friends is highly appreciated.



DEDICATION

I dedicate this thesis to both my beloved late aunt, Ms N.O. Mnambathi, and sister, Ms T.J.

Buthane.

vi



TABLE OF CONTENTS

DECLARATION ..ottt ettt ettt sttt sat e st et e nestessbeset e et entesaerrensesane i
GENER." ™ ABSTRACT ...ttt ettt s bt et e e st see e ee et esbe e nneeas ii
ACKNOWLEDGEMENTS ..ottt ettt sttt st sne sttt snesneaens v
DEDICATION ...ttt sttt s ettt n e set bt seeeseesaesnenaenaenens vi
LIST OF TABLES ... .ottt sttt st ettt et sat et ettt naeeane b neeas X
LISTOF FIGURES ......ccovoviiiiiiiveeieeceeees et Xii
LISTOF APPENDICES.......cocoioiiiiviivineeiceeeee e ereneeeees Xiii
LIST OF ABBREVIATIONS ...ttt ettt et snesnesre st Xiv
1  CHAPTER ONE - GENERAL INTRODUCTION.........cooiiiiiiniiniineniecece e 1
1.1 Back@roUNA ......cc..oooiiiiiiiieeec ettt s e 1
1.2 Problem statement..........ccocviiiiriiiiii e 2
1.3 JUSHEICATION .ttt et st e s et e s st s e e b e e baeseeesanas 3
1.4 OVerall ObJECHIVES .....cceiiiiiiiiiriiiiiicciecetcrtete et et 4
LS HYPONESIS....ooiiiiiiiiiiieiicicerccct et ettt ettt 4
1.6 SUIMIMATY ettt ettt e e ee e st e et e s smre s e sanesareesemeneesanaesanesanas 5
1.7 REFEIENCES ....uiiiieiieiieiie ettt ettt et e sne et saeesreeneen 5

2 CHAPTER TWO - LITERATURE REVIEW.....c.ccooiiiiiiiiiiininrcneninenenteeeeerenenne 10
2.1 INETOQUCTION. ..ottt ettt san e s sra s 10
2.2 Potential feed sources fOr FUMINANLS.........cocccvvierirnreniiiietireiiteiene e 11
23 MaliZe (Z8a MAYS) ..euerurieriiirieieniiircrie sttt s s e st ne st essesat e besresanennee 12
24 Wheat (TTitiCUm aStiVUIM).......coiiiiciieireiirieeeeireeeeeeeessnnreeeseseeteeesesaseeeessnsneessssnenes 12
2.5 OatS (AVENA SALIVA).ceiiiuireeiieiriireieitreereeiiireeeesereeesaseressasaseeeseeansnsaesasssssasssesnsnnessssan 13
2.6  Possible strategies to improve the utilization of cereal straws ..........cccovecvviriinenne. 14
2.6.1 Grinding and pelleting ..........cccociiiiiiiiiiniiiiicnii 15
2.6.2 Treatment with sodium hydroxXide..........cccoovireviierieniiinieenieeneeeeecee e 16
2.6.3  UIa tTEAUMEINL...ccueriirernierieeeeeterenie s st e eesre st e seresseesabtseaeeemesssasesaaesanesensans 17
2.6.4 AmMMONIA TEAIMENE ...eeeueieieeitiieeeieeereeieeere st st e e snessas e ee s et e sanesabeesnssnaees 17

2.7 Use of ammoniation to improve nutritive value ...........ccccccoovieeiinieniiinicccnennnnne. 18
2.8  Recommended ammonia dOSages ........c.ccccviiiiiiciiniiniiiiiiciiccc 18
2.9  Ammonia treatment MEthOdS.......c..ccvevreriiriinieenienienienr ettt 19
2.9.1  Stack MEthod. . ....iiiiieeee e e 19
2.9.2 Silo or bunker method..........cccccoinuiiniiriiiiiiiiicciiiter 20
2.10  Factors influencing effectiveness on ammoniation............cceceevververerciinnenieniinnns 20



2.10.1  Temperature and length of treatment..........c.cceccvvvrirreneninieniniere e 20

2.10.2  MOISIUIE COMEEIL ......oeeutiiiiiiiereteteetentesreree ettt sre et et ebe e nseseebesanasesanas 21
2.11 Effects of ammoniated feedstuffs on ruminant productivity ...........ccocceecvrreevenenne. 22
2111 ASSOCIAtIVE EEFECES .eveviieiiieictccce ettt 23
2.12  Environmental implications of feeding low quality feeds........c.cecevvniinicininnennnne. 23
213 SUITMDIATY c.coiniiiiiiiiiet ettt ettt st sa e e b s et e saeste e e et e ensanes 24
214 REEIEIICES ...ttt ettt ettt e b e b e 26

3  CHAPTER THREE - CHEMICAL COMPOSITION OF WHEAT, OATS AND MAIZE
STRAWS AMMONIATED WITH INCREMENTAL LEVELS OF ANHYDROUS

AMMONIA GAS ...ttt ettt ettt seeebesna et ensassasbess e seaneessens 34
AADSITACT ...ttt ettt ettt et st s et ettt e et s b e et e st e e s aestaa st e s e teereentaesbeseeseesaerbeerneas 34
3.1 INETOAUCTION ..ottt ettt sttt ettt et a e b e s e e sesnaans 35
3.2 Materials and MethOds .........ccoiiiiiiiriiiieiiee ettt 37

3.2.1 Study site and INZredient SOUICES......c..cceevrirrererieniririreertetenrenresreeeeesesaeeenaas 37
3.2.2 Ammoniation and processing ProCedure ...........cccccoeverrerrerirrierrerieseseeerienaennns 38
3.2.3  Chemical analySes........ccceeiiviiiiiiiriiiiiieiiiiiie ettt ettt et e sressre e eas 38
3.2.4  Statistical analySIS........coceeiiiiiiiiiiiiieiiit ettt 40
33 RESULLS ..ottt ettt sttt es 41
3.4 DISCUSSION ....oiiiiiiiiiiiiiieie ettt ettt sttt sttt re st esaesabeeneaoteeseesbanaee 56
3.5 CONCIUSION ..oviiiiiiiiiiiiicteee ettt ettt s e et sae ettt et st seeenesanen 57
3.6 REEIENCES....oioiiiiiiiiiiit ettt sttt 59

4 CHAPTER FOUR - IN VITRO RUMINAL DRY MATTER DEGRADABILITY AND

NITROGEN BUFFER SOLUBILITY OF WHEAT, OATS AND MAIZE STRAWS

AMMONIATED WITH INCREMENTAL LEVELS OF ANHYDROUS AMMONIA GAS
63

ADSITACE ...ttt sttt b et e et e st et e e st e sbe e s e sata s bt e bt e ne e ransaense et eeneenrensaans 63
4.1 INTTOAUCTION. ..ottt st e ae e s 64
4.2 Materials and Methods .........cccccoieriiiiiiiieieeeete s 65
4.2.1 Study site and aMmMONIAtION PIOCESS......ceereerrerriereereerierierrerirertesseeneerressesssenaeas 65
4.2.2 Buffer Nitrogen SOIUbIltY ......cccoveeiniininiii e 65
4.2.3 In vitro ruminal dry matter degradability...........cccceeverveiniiviiininninnininiciiececnee. 66
4.2.4  Statistical analysSiS......ccccoiiiriiiiniiiiiiiieie et 67
4.3 RESUIS ..ttt st e 68
4.3.1 Buffer Nitrogen SOIUDILItY ....c..coceeeeriiiiiiiniiieectcee e 68
4.3.2 In vitro ruminal dry matter degradability........cccccooiririieiiiiinnniiiceeere, 69
4.4 DISCUSSION c.euuiiniieiieiieieertet ettt et ettt ettt ae et ee s e satesbe e e e sbeenseeasesatemeesnnas 75
4.5 CONCIUSION ..ottt ettt s e b e et esaae s e s eeseeenneesaees 77



4.6 RETETEIICES ...ttt r e s s vttt s eeeseseeeturessssasesssseennannanssnsssssmnennsnnsarasssstonesannnoness 78

5 CHAIl .. FIV_ - IN VI1..O0 RUMINAL _AS PRODUC..ON C. W,.i.x., OATS
AND MAIZE STRAWS AMMONIATED WITH INCREMENTAL LEVELS OF

ANHYDROUS AMMONIA GAS ...ttt st 82
5.1 ADSITACE ...ttt ettt st 82
5.2 INEEOAUCTION. ...ttt ettt e sttt e e e s cmeeesaeeneas 83
53 Materials and MEthodsS ...........cceviiiiiiirieniiiniiieeee ettt 84

5.3.1 Study site and ammONIatiON PTOCESS.........creverrreerriernreeaiirenrrerareeseesereesneereesneensns 84
5.3.2  In vitro ruminal fermentation...........ccoocvevierverserieniereseeeesreee e 84
5.3.3  Statistical analySiS........cccovieiiiiiiiiiiiiii e 85
54 RESUILS ...ttt et e 86
5.5 DISCUSSION c..iuieiiieeriteit ettt sbeste et eeee e e steebte s e e et e e e ebtenbeeasesar e eeeseesueeneen 94
5.6 CONCIUSION ...ttt bbb st ea e b e 96
ST REEIENCES ....eiiiiieeeeteeteee ettt sttt st be e 98

6 GENERAL DISCUSSION, CONCLUSIONS AND FUTURE RESEARCH .............. 102
6.1 General discussion and CONCIUSIONS........cocuevieiieiiriiniererieeteecreeeeie e 102
6.2 FULULe TESEAICH .....ce ittt et 103
6.3 REfEIENCES ...ttt ettt s 104

7 LIST OF APPENDICES .....c..ooioiteieteetetteee ettt ettt sttt enesasenneens 105
APPEIAIX Lottt ettt et ettt et e nes 105
APPENAIX 21ttt sttt et h e b s st e e e e n e ennesanes 106
APPEIAIX 3.ttt et e ne e e se e et e s ae e s nne e 107
APPEIAIX ittt sttt e r e bt e eae s st s e e e nne 108

ix



LIST OF TABLES

Table 2.1. Chemical composition of maize, wheat and oats cereal straws (% DM) ............... 14
Table 2.2. Recommended temperature and length of ammonia treatment ..............ccocveeuenee. 21
Table 2.3. Effect of ammonia treatment on moisture and mould contamination .................... 22

Table 3.1. Chemical composition (g/kg DM, unless stated otherwise) of anhydrous ammonia
gas treated Wheat SITAWS.........ccociiiiiiiiriiiicce ettt e 42
Table 3.2. Chemical composition (g/kg DM, unless stated otherwise) of anhydrous ammonia
£a5S treated MAIZE SITAWS....ceiuuiiiiiiiieiiieite e rte et et e st e et e ser e sre e bt e s et e snneesseesabeeaneesneesanesasean 43
Table 3.3. Chemical composition (g/kg DM, unless stated otherwise) of anhydrous ammonia
£a5 TeAted OALS SITAW ....c.coiviiiiiiiiiiiiiiiici e st a e ene e 44
Table 3.4. Level of significance of effects of the main factors on chemical composition of
anhydrous ammonia gas treated maize, oats and wWheat SITaws .........ccccceevvercienennernencnnennn, 45
Table 3.5. The effect of anhydrous ammonia on chemical composition of maize, oats and
wheat straws and INETACHION . .......cocuivuiiriirriiriereeeeeet ettt sttt eereesnesanens 46
Table 4.1. In vitro ruminal dry matter degradability (g’kg DM) of anhydrous ammonia gas
trEAtEAd WHEAL SITAWS ...e.utiiiiiiiiiiienit et etete ettt et e e st e sbe et e et e st e saeestaestenbeesnesanenanensens 69
Table 4.2. Responses of in vitro ruminal dry matter degradability (g/kg DM) of oats straws
with incremental levels of anhydrous ammonia gas..........cccecveveerieeeenreneenienieenesceeeseeeeenenns 71
Table 4.3. Responses of in vitro ruminal dry matter degradability (g’kg DM) of maize straws
with incremental levels of anhydrous ammonia gas........c.cccocveveerieeecieeniienieneeneeeeeeeeeniens 72
Table 4.4. Level of significance of effects of the main factors on in vitro ruminal dry matter
degradability of anhydrous ammonia gas treated wheat, oats and maize straws..................... 73
Table 4.5. The effect of anhydrous ammeonia on in vitro ruminal dry matter degradability
(g/kg DM) of maize, oats and Wheat Straws. ........cccccevevuiiiiiiieniniienniirerereee e 74

Table 5.1. Rate of gas produced (mL/g OM) by anhydrous ammonia gas treated oats straws87



Table 5.2. umulative gas production (mL/g OM) of anhydrous ammonia gas treated oats
SETAWS Leueteuieterteieeenet et enteesteesteanesaresat et esat e be st s besasesaaaeteeseeene e be s s esae e bt esaeentenbeeanenan e seenteaneensen 88
Table 5.3. Level of significance of effects of the main factors on the rate of gas produced per
period (mL/h) of ammoniated cereal SIraws ..........c.ccccveeeririierininereeceneeesene e 89

Table 5.4. Level of significance of effects of the main factors on cumulative gas production

Table 5.5. Cumulative gas production (mL/g OM) of ammoniated cereal straws .................. 92
Table 5.6. Level of significance of effects of the main factors on the in vitro ruminal gas
production parameters (mL/g OM, unless stated Otherwise) ...........ccoceveeeieiirrnirereecvenenrennene 93
Table 5.7. The effects of main factors on in vitro gas production (mL/g OM, unless stated

otherwise) parameters on wheat, oats and maize straws

x1



LIS: Gr FIGUF™S

Figure 3.1. Effect of ammonia treatment on organic matter content of cereal straws............. 48

Figure 3.2. Effect of ammonia treatment on acid detergent fibre of cereal straw ................... 48
Figure 3.3. Effect of ammonia and cereal straw on acid detergent fibre (g’kg DM)............... 49
Figure 3.4. Effect of ammonia treatment on acid detergent lignin of cereal straws................ 50

Figure 5.1. Rate of gas produced per period (h) by anhydrous ammonia treated wheat, oats

ATLA INIAIZE SITAWS 1ervreeneeeieieeieiteeeeereeereasnseseeeesierannsasesessssssssansnsssssesesessssmnsessssesessaensnnosiereesssennnsn 90

xii



LIST OF APPENDICES

Appendix 1: Recipe for phosphate-borate buffer (Licitra e al., 1996) ........cccceeevevrriinnnn. 105
Appendix 2: Recipe for the in vitro ruminal gas production buffer ............ccooceeevnineennenn. 106
Appendix 3: Ethics Certificate of the Study ......ccovvvevvvcc . 107
Appendix 4: Language Editing Certificate ........coeeeeeeeee. 108

Xiii



LIST OF ABBREVIATIONS

ADF
A
ANOVA
AOAC
BISN
BSN

Cp

DM
Egas
GLM
LSMEANS
N

NDF
GLM
NRC
OM
PDIFF
Pgas
SAS

SI

Acid detergent fibre
Acid detergent lignin

Analysis of variation

Association of Official Analytical Chemists

Buffer insoluble nitrogen
Buffer soluble nitrogen
Crude protein

Dry matter

Effective gas produced
General linear model
Least square means
Nitrogen

Neutral detergent fibre
General linear model
National Research Council
Organic matter
Probability of difference
Potential gas produced
Statistical analysis system

Solubility Index

Xiv



1 CHAPTER ONE - GENERAL INTRODUCTION

1.1 Background

Due to the rapidly growing human population and increased market demands of ruminant
meat and milk, producers are expected to double production by selecting animals with
superior genetic material, high residual feed intake and efficient feed conversion ratio in
order to ensure food and nutrition security (Kelley et al., 1991). As such, high-quality rations
are required to meet the animal’s daily nutrient requirements but their use comes at a higher
cost because they are expensive and sometimes inaccessible for smallholder farmers. This has
prompted the need to explore least cost alternative sources of nutrients that can be offered to
ruminants without compromising their performance and health status. Several exploratory
studies have been designed to investigate ways of improving available forages for ruminants
(Mahesh & Madhu, 2014), which included feed ammoniation. Natural pastures (grasses),
crop residues and agro-industrial by-products are an important staple feed for ruminants in
most parts of the country (Beyene & Mlambo, 2012). Numerous grass species in arid and
semi-arid regions of Southern Africa serve as a major source of feed for both domestic and
wildlife herbivores (Beyene & Mlambo, 2012). However, the productivity of these animals
depends on the availability of quality pasture (Berhane et al., 2006). Due to seasonal
fluctuations, especially in the dry seasons, the quantity and quality of grasses become low and
poor, respectively (Beyene & Mlambo, 2012). Furthermore, the protein content decreases
whilst the indigestible fibre content increases as a result of lignification (Evitayani et al.,

2005).

For many decades, resource-poor farmers have resorted to the use of crop straws from
various cereal plants (wheat, maize, oats and etc.) as an alternative source of feed for
ruminants, especially during the prolonged periods of the dry seasons where the available

natural pastures are of poor quality and low in quantity (Ravhuhali et al., 2019). These crop
1



residues are readily available after harvesting and are a source of cheap roughage for
ruminants. However, according to Leng (1990), these cereal straws have high fibre and lignin
content, and low crude protein. Indeed, Bath ef al. (1997) reported that the utility of these
cereal straws may be limited by their low protein (3 — 6%) and energy (5.8 - 6.5 MJ/kg)
content and low digestibility (40 - 50%) due to high fibre and lignin levels. Thus a need arises
to explore ways of improving the nutritive value of these available cereal crop straws.
Various strategies have been explored to improve the nutritive value of cereal straws which
include physical and chemical ways (Nguyen et al., 2012). Physical methods used are
grinding and pelleting, which improves feed utilisation and digestibility. The use of sodium
hydroxide, urea and ammonia are some of the chemical ways, which are used to improve the
nutritive value of cereal crop straws. Several exploratory studies were designed to investigate
ways of improving available forages for ruminants (Mahesh & Madhu, 2014), which included

feed ammoniation.

1.2 Problem statement

The increasing demand for agricultural livestock produce adds immense pressure to farmers
to increase the supply of food (Mahesh & Madhu, 2014). However, in times where grasses as
major sources of feeds are suboptimal and cannot be relied upon, there is a need to evaluate
alternative sources such as crop residues (Bhuvnesh et al., 2014). Cereal straws have become
an important feed source due to the reduction of grazing lands owing to the cultivation of
cash crops, development of infrastructure and human settlement, as well as urbanisation
(Jodha, 1986). The major challenge with crop residues is their low nutritive value and poor
digestibility due to the presence of cellulose, hemicellulose and lignin as well as the
deficiency in vitamins and minerals (Bath e al., 1997; Mahesh & Madhu, 2013). Lignin
forms a crystalline structure with cellulose, which protects highly digestible compounds from

enzymatic hydrolysis (Henics, 1987; Karunanandaa et al., 1995). Thus the presence of lignin



in cereal straws inhibits the hydrolysis pro« s and thus reduce th: * digestil "'ty (Si 10ns et

al., 2010).

There is, therefore, a need to modify the non-starch polysaccharides while improving the
protein content of these straws by enhancing the hydrolysis process (Hendriks & 2 man,
2009). The nutritive value of crop residues can be improved by treatment with anhydrous
ammonia (Horton et al., 1982). The use of anhydrous ammonia to improve the nutritive value
of crop residues has not been widely investigated in South Africa. There are also
discre ies on the optimal level required to treat these cereal straws due to different
application methods and the chemical composition of the straws, which is influenced by the

growth environment.

1.3 Justification

Various strategies have been evaluated to improve the nutritive value of crop residues by
increasing nitrogen content whilst reducing fibre levels (Mahesh & Madhu, 2014). Some of
the strategies employed to improve the nutritive value of these residues include physical and
chemical methods (Nguyen et al., 2012). The physical method includes milling, grinding,
pelleting, soaking, f-irradiation and pressure steaming (Yang et al., 2002; Jafari et al., 2007,
Viola et al., 2008; Zhao et al., 2009). These methods are known to increase voluntary intake
of low quality straws by reducing their physical forms. Indeed, Alawa and Owen (1984)
reported that milling improves the dry matter intake by 29% but depresses digestibility. Uden
(1988) stated that grinding and pelleting of grass hay reduces dry matter degradability in
cows from 73% to 67%. Furthermore, f-irradiation of lignocellulosic feeds has the potential
to increase digestibility but there are limitations to the use of this technique as it requires
sophisticated and expensive equipment (Walker, 1984). Horton et al. (1991) reported that
pressure steaming increases energy availability by solubilisation of cellulose and

hemicellulose, however, this method results in dry matter loss (Rangnekar ez al., 1982).



Chemical treatment methods involve the use of sodium hydroxide, urea and ammonia. ...ese
methods allow the breakdown of cell wall by a hydroxide group that increases microbial
attachment (Fahey et al., 1993). Ammoniation of straws with gaseous or liquid ammonia has
received considerable attention in many countries (Sundstel & Coxworth, 1984).
Ammoniation of low quality feed is reported to reduce neutral detergent fibre and and acid
detergent fibre contents and increases dry matter digestibility (Paterson et al., 1980; Yalchi,

2010).

1.4 Overall Objectives
The broad objective of the study was to enhance the nutritive value of low-quality cereal
straws (maize, wheat and oats) using graded levels of anhydrous ammonia gas. The following

specific objectives guided the study:

a) To determine the chemical composition and buffer nitrogen solubility of low-quality
cereal straws treated with graded levels of anhydrous ammonia gas.

b) To determine the in vitro ruminal nitrogen degradation and in vitro ruminal gas
production of maize, wheat and oats straws treated with graded levels of anhydrous
ammonia gas.

¢) To determine the optimum anhydrous ammonia gas treatment level of maize, oats and
wheat straws measured by chemical composition, buffer nitrogen solubility, in vitro

ruminal nitrogen degradation and in vitro ruminal gas production parameters.

1.5 Hypothesis
a) The study tested the alternative hypothesis that anhydrous ammonia gas treatment
enhances the chemical composition, and nitrogen buffer solubility, in vitro ruminal
nitrogen degradability and in vitro ruminal gas production of maize, wheat and oats

straws.



b) The study tested the alternative hypothesis that anhydrous ammonia gas treatment
improves in vitro ruminal nitrogen degradability and in vitro ruminal gas production
of maize, wheat and oats straws.

¢) Chemical composition, buffer nitrogen solubility, in vitro ruminal fermentation of
maize, wheat and oats respond to anhydrous ammonia gas treatment in an asymptotic

fashion.

1.6 Summary

During the dry seasons, natural pastures are limiting and do not meet the animal’s nutrient
requirements and, as such, there is a need to improve the nutritive value of readily available
alternative source of feed. Resource-poor farmers have resorted to the use of cereal straws,
however, their utilisation is limited by its poor digestibility, low protein content and
deficiency in both vitamins and minerals. The treatment of these cereal crop residues with
anhydrous ammonia could promote better utilisation of these residues in ruminants, resulting
in improved voluntary feed intake and performance. Anhydrous ammonia treatment of cereal
crop residues will enable resource-poor farmers to implement less-expensive feeding

strategies, especially during the dry season.
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2 CHAPTER TWO - LITERATURE REVIEW

2.1 Introduction

According to Red Meat Research and Development South Africa (RMRD SA, 2012),
ruminant production in South Africa is mostly based on extensive grazing systems but more
than 75% of the cattle slaughtered in the formal sector are finished in feedlots on maize grain
and its by-products (RMRD SA, 2012). However, in recent years because of low rainfall and
an increase in ambient temperatures, there has been a decline in quality natural pastures for
ruminants (Rojas-Downing et al., 2017). Consequently, farmers are often forced to use
conventional feed supplements, which are rather expensive and uneconomical. However, the
~ompetitive demand for conventional feed resources for both livestock and human has over
he years ignited an unprecedented increase in the cost of conventional supplements making
hem inaccessible to many livestock farmers (Henning, 1999). The increasing costs of
>onventional feeds, coupled with a decline in quantities and quality of natural pastures make
t imperative for farmers to explore new approaches that optimize among others, the
atilization of low quality forages including hays and crop straws. South Africa is one of the
najor producers of cereals and maize grain in the world (FAO, 2016). From cereal grain
sroduction, high amounts of crop straws are produced and often left unutilized or
inderutilized after harvesting. For example, Gertenbach and Dugmore (2004) estimated that
n the production of maize, the grain yield is similar to the yield of straws and may have the
iame mass. Furthermore, there is an abundance of mature, highly fibrous grass species that
wre found in high rainfall areas of South Africa with potential to be used as alternative
ources of feed for ruminants. Although these low quality roughages and crop residues
wheat, oats, maize, barley, rice and etc.) have great potential to be used in animal diets, they
re characterized by low crude protein levels (2 — 6%), high lignin (10 — 25%) and low

ligestible (34 — 65%) and metabolisable (10.3 MJ/kg) energy that may negatively affect
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productivity (Mupangwa et al., 2002; Krai s, 2005; Jabbar et al., 2009). Poor quality
forages have low digestibility and may reduce voluntary intake, impair ruminal function and
subsequently affect animal performance (Van Soest, 2006; Sarklong et al., 2010). To change
the negative effects of poor quality roughages, chemical and physical treatments has been
suggested as a strategy to improve quality of these feedstuffs (Nguyen et al., 2012).

Treatment of stovers before feeding may be essential to improve utilization (Woyengo et al.,
2004). Literature reveals that chemical treatment of poor quality roughages improves their
nutritive value (Owen & Jayasuriya, 1989) because of their ability to disrupt plant cell wall
by partial breakdown of lignin-carbohydrate complex and by so doing improves their
utilization in the rumen by increasing the availability of fermentable energy to ruminal
microbes (Mahesh & Madhu, 2013). The use of chemical treatment including sodium
hydroxide (Dass & Kundu, 1994; Pires et al., 2010), urea (Wang et al., 2004; Jabbar et al.,
2009) and ammonia (Wang et al., 2004) has been extensively explored. Anhydrous ammonia
has the potential to increase the in vitro digestibility of wheat straws (Tejada et al., 1979).
However, in South Africa, the use of chemicals to treat poor quality cereal straws and its

effect on ruminant performance is limited.

2.2 Potential feed sources for ruminants

Grass and legume hays, cereal grain and oil seed by-products are often considered as poor
juality roughages Lépez et al. (2005). This includes maize stover and cobs, sorghum stalks,
~heat, rice and barley straws, cotton by-products, soybean hay and hulls and peanut hulls.
Wheat, maize, barley, oats and rice straws are major agro-residues in terms of vo' 1es
senerated (14 million tons) in South Africa (Batidzirai et al., 2016). Although they have vast
:nergy potential, their energy is bound in lignocellulolytic matter. This causes a major
etback on the utility of this energy source because the animals cannot utilize them to their
ullest potential due to poor digestibility.
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Cereal straws are particularly high in fibre, structural carbohydra ., lignin and ot

compounds (xenobiotics, trycin flavones), which makes the important nutrients less available
to microbes in the rumen (Liu et al., 2008). In addition, the lignin cell wall material often
constitutes up to 80% of the dry matter (Jabbar et al., 2009), leading to slow rate of ruminal
degradation, high rumen load, low rumen fractional outflow rates, poor growth and poor

ultimate productivity (Arisoy, 1998; Mupangwa et al., 2002).

2.3 Maize (Zea mays)

Maize is grown throughout the world. Different types of maize are grown with the distinction
made from the kermel colour, white, yellow, red and black. Countries from Africa, prefer
white maize. Uses of maize range from being used for human consumption, animal
consumption to production of fuel. This has made the production of maize to be increased
significantly in turn the straw production increased as well. According to Carvalho er al.
(2008), maize straws have shown great potential to be used for fuel production. In Poland,
the maize straw production is estimated to be around 4 million tons annually (Wojcieszak et
al., 2018). During the dry period, farmers use maize straw as roughage for their livestock

(Lukuyu et al., 2011).

2.4 'Wheat (Triticum astivum)

It is estimated that 765.6 metric tons of wheat are produced monthly in the world with the
European Union (152 million tons) being the highest producer and followed by China (132
million tons) (FAO, 2019). There are six varieties of wheat namely hard red winter, soft red
winter, hard red spring, hard white, soft white and durum. These varieties are identified by
the hardness of the grain, colour of the kernel and the time of planting. Wheat has number of
uses which includes as feed for livestock (cattle and poultry), as a base for alcoholic beverage

production and it is milled to produce flour which is used to make a variety of products
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(bread) (Cappelli et al., 2019). In some countries the wheat straws are used for roofing
(thatch) their houses whilst commonly, t| straws are used as roughage by ruminant farmers

(Aswini, 1990).

2.5 Oats (Avena sativa)

In 2017, the world production of oats was estimated to be 26 million tons, with Russia (5.4
million tons) being the highest producer, followed by Canada (3.7 million tons) (FAO, 2019).
Oats is used both for human and animal consumption. Commonly, oats is used in the equine
industry as feed. The straw is appreciated as bedding in the equine sectors and as feed during

the dry season by ruminant farmers.
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Table 2.1. Chemical composition of maize, wheat and

its cereal straws (

DM)

Straws
'Parameters Maize Wheat Oats References
Dry matter 76.14-89.9 927-943 929-939 Sousal ef al. (2019)
Crude protein ~ 3-5 4.6 4.8 Olson et al. (1974)
ME 35.10 1.0-2.1 36.3-53.7 Galila eral. (2012)
NDF 66 - 92 75 - 82 70 Olson et al. (1974)
ADF 45.94 51-64 47 Sousa et al. (2019)
Lignin 55-8.8 85-15 14 Olson et al., (1974)
Calcium 0.61 0.13-0.33 0.18-0.45 Anderson & Hoffman (2006)
Phosphorus 0.07-0.14 0.09-030 0.13-0.36 Lieral. (2014)
Potassium 0.6¢ 188 0.84-20 0.18-045 Lieral (2014)
Sodium 0.04 0.05 0.0027 McCartney et al. (2006)
Iron 0.05178 0.0139 0.0099 Galila et al. (2012)
Zinc 0.00418 0.0016 0.0015 Galila et al. (2012)

-rarameters: ME = Metabolisable energy; NDF = Neutral detergent fibre; ADF = Acid

detergent fibre.

2.6 Possible strategies to improve the utilization of cereal straws

The utility of poor nutritive value cereal straws in ruminant diets can be enhanced by
physical, chemical and biochemical treatments that break down lignin and high fibrous
material (Flachowsky er al., 1999. These treatments are also known to increase nitrogen
content and promote the bioavailability and accessibility of nutrients by rumen microbes
(Flachowsky et al., 1999. However, field application of these treatment approaches depends

on economic and practical considerations. In many instances, the feasibility and economic
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dvantage of feeding pre-treated poor quality forages depends on the local prices of feed and
roduce as well as the type and level of animal production (Schiere & De Wit, 1993).
senerally, two approaches are used to assess the economics of straw treatment: (1)
omparison of the cost of a unit of total digestible energy (TDN) and crude protein; (2) the
se of least cost ration formulation (Schiere & De Wit, 1993). These approaches indicate that
ereal straw treatment is economically attractive when treated straw is cheaper than other
upplements for cows of medium production, and when animal products are sold at a
>munerative price. Ultimately, the objective of employing any of the treatment methods is to
nprove the quality of roughages to enable them to be incc |, drated in least cost rations that
an substitute conventional diets. Physical treatment such as grinding and pelleting can be
pplied specifically to improve handling of the roughages and to increase surface area for
nemical treatment (McDonald et al., 2002). The major chemicals used in these treatment
iethods are alkali in nature and include urea, ammonia, hydrogen peroxide and sodium
ydroxide (Wang et al., 2004). Alkaline agents can be absorbed into the cell wall where they
1emically break down the ester bond between lignin and hemicellulose and cellulose, and as
consequence, improve the structure lignin of the roughage (Lam et al., 2001; Sarnklong et
I, 2010). The breakdown of the bonds between lignin and hemicellulose, and cellulose
ymponents may enable the attachment or reattachment of rumen microbes to structural

irbohydrates, therefore, enhancing degradability and palatability of the roughages.

6.1 Grinding and pelleting

rinding increases particle density allowing for rapid outflow rate from the rumen to the
nall = ‘estine shortly af in; tion (Hooper & Welch, 1985). This in turn reduces t

tention time of feed in the rumen but correlatively increases feed intake by the host animal.
ue to the less retention time of feed in rumen, degradability is to some extent impeded.

'hereas, pelleting changes the physiological and chemical characteristics of the ingredients,
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due to the heat that is applied during the process (Zijlstra et al., )09). The process is
bell “ton se 'yn intake by at 5t 8% (M« ~ oskey ef al., 1 H1). However,
Greenhalgh and Reid (1973) reported a decrease in dry matter digestibility of pelleted forages
as compared to their normal physical form. This could be due to the increase in rumen
passage flow time to the intestines. When pelleted feed was given to pigs in place of mesh
diets, feed intake improved (Steidinger et al., 2000). According to Richert and DeRouchey
(2010), pelleted feeds increase feed efficiency by 6 to 7%. Pelleting and grinding application
with cereal straws (wheat, oats and maize) causes a problem with degradability as the rumen

retaining time is less due to the particle size, which is not favourable.

26.2 Treatment with sodium hydroxide

Fahey et al. (1993), reported that treatment with sodium hydroxide (NaOH) improves the DM
intake of the crop residues by 22% and results in an increase in DM digestibility by 30%.
This was also in agreement with the findings of Klopfenstein ez al. (1972). Sodium hydroxide
is an effective chemical for improving the digestibility (Arisoy, 1998) and palatability
(Chaudhry & Miller, 1996) of various low quality roughages. Although sodium hydroxide
appears to be an effective chemical treatment at solubilizing the cell wall fractions, it also has
negative effect on digestibility as sodium hydroxide treated feed shift the site of fibre
digestion to the lower gut (Berger & Klopfenstein, 1980). Cattle fed roughages treated with
sodium hydroxide have been reported to have a negative minerals balance (Peterson, 2014).
According to Arndt (1980) sodium hydroxide alters rumen fermentation or function, which
prevents the full benefit of using sodium hydroxide. Sundstol and Coxwoth ( 34) also

that the appl 1 of sodium hydroxide cause environmen  pollution, due to high

content of sodium in leaching into ground water .
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6.3 Ureat itment

-eatment with urea can provide a nearly equal improvement of the degradability and
trogen content of forages as other chemical methods (Sarnklong et al., 2010), because it is
ry effective. The ability of urea to enhance the nitrogen content of ruminant’s diet either as
ipplement or as chemical reagent for improving low quality roughages has been
:monstrated for many years. In most studies urea is used as an alternative to anhydrous
nmonia, based on the fact that urea would be hydrolysed into ammonia by urease. Urea in
e rumen is converted to ammonia by bacterial urease, which weakens the lignified outer
alls (Chenost, 1995). The weakening of lignin by urea is accomplished by ammonia which
produced when urea undergoes ureolysis (Wanapat et al., 1996). Rumen bacteria require
nmonia for the synthesis of microbial protein, fermentation and the production of acet

wussell et al., 1992). Abate and Melaku (2009) reported that urea treatment increase the
itritive value of barley straws and improve overall intake, nutrient digestibility, volat :
tty acid production and increased passage rate of particles in the rumen at dosage of 5%

ca.

5.4 Ammonia treatment

hile the treatment of urea needs to be converted into ammonia to improve nutritive value of
w quality roughages, ammonia can be used directly. The use of ammonia has shown
sirable results in the enhancement of the nutritive value of low quality roughages. This
:atment does not only increase the degradability and nitrogen content of the roughages, but
so preserves the roughages from inhibiting fungal growth (Calzado & Rolz, 1990;
idjipanay 1et al., 1993). Mir et al. (1993) reported an increase in crude protein con

alfalfa hay containing 20 - 30% moisture, where the ammoniated hay did not have mould
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even after 14 weeks of storage. Orden et al. (2000) also reported that ammoniation of low

quality rougha; . increased nitrogen content and cellulose degradability.

2.7 Use of ammoniation to improve nutritive value

Sundostol and Coworth (1984) reported that the efficacy of the process is determined by the
amount of ammonia used, length of treatment, the moisture content and the treated substrate.
It is therefore imperative that the duration, type of roughage, treatment dosage and
temperature interactions be taken into consideration. Jabbar er al. (2009) reported a positive
correlation between protein content of straws and urea levels. Furthermore, the duration of
incubation had an influence on protein content of the straws, with the protein content
increasing from week one to week eight. Hadjipanayiotou and Enomides (1997) reported that
temperature (40-60°C) improves the effect of urea on protein content of treated straws.
Whereas, Schneider and Flachowsky (1990) recommended an ammonia dosage of 3 — 4% per
DM with a moisture content of 30% in cereal straws. Ammoniation of about 1.5 - 2.0% of
hay per DM was reported to be fungicide and can effectively preserve roughages containing

up to 30% moisture, thus preventing mould formation during storage (Mir et al., 1993).

2.8 Recommended ammonia dosages

Literature reveals that the most effective ammonia treatment dosage level is 3% ammonia per
DM of low quality roughage (Sundstol & Owen, 1984; Cardoso et al., 2004). Sundstol et al.
(1978) also reported significant improvement in in vitro digestibility when dosage of
ammonia was increased from 1 - 2.5% to 2.5- 4% of the straw. It was also observed that high
doses of ammonia result in high nitrogen retention, which is unsuitable for animals (Dryden
& Leng, 1986). Normally lower doses of 1.0 to 1.5% of NH3 and 1.9 to 2.8% of urea are
used to preserve forage with moisture content that is between 20% and 50%. However, the

=ffectiveness of the ammonia dosage may be influenced by the type of straws treated. For



example, * 1dt (1980) reported an increase in in vitro digestibility when a dosage of 5.2% of
ammonia was used in the tr ment of alfalfa, barley, bean, fescue, oats, ryegrass, rice and
wheat straw. Furthermore, Oji et al. (1977) reported an increase in cellulose digestibility
when corn-stover was treated with ammonia at a rate of 3 to 5%. However, all these
observation show that there is an opportunity to determine the optimum ammonia inclusion
level.

Ammonia dosage probably lies between 2.5 and 3.5 percent of DM (Sundstol et al., 1978).
Depending on the form of ammonia, the possible optimum dosages (per 100 kg of straw) are:
2.5 - 3.5 kg for anhydrous ammonia; 4.5 - 6.2 kg for urea; 13.8-19.3 kg (8 - 12 kg in practice)
for ammonium bicarbonate; and 10.3 - 14.5 kg for aqueous ammonia (20% N) (FAO, 2002).
The following equation adapted from Sundstol et al. (1978) can be used to calculate the

optimum dosage:

economic optimum for dosage
nitrogen content of ammonia source x 1.21

Dosage (kg) =

2.9 Ammonia treatment methods

2.9.1 Stack method

[n this method, the loose straw is chopped and stacked preferably on an elevated dry land
(FAO, 2002). Chopping before treatment facilitates feeding, saves plastic and reduces the
danger of puncturing * : plastic. The moisture content of the straw to be trea * should be
adjusted to 20% or more during stacking, this is because anhydrous ammonia requires a low-
moisture straw compared with urea and ammonium bicarbonate. However, after treatment, it
s difficult to ventilate the straw, and as a consequence it can easily become mouldy. A

wooden bar, which will be pulled out when ammonia injection starts, is placed before
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stacking so that the ammonia can be injected easily and conveniently. The stack is sealed
with a non-toxic polyethylene sheet and injected with 3% dry matter anhydrous ammonia
(FAO, 20( 1. At the end, the opening left after removing the pipe is sealed with a good
quality tape. In this method, measurement of the stack density is important to inject the
correct amount of ammonia. The appropriate ammonia inclusion is of importance as over

treatment has no effect and under treatment is ineffective.

2.9.2 Silo or bunker method

The silo or bunker method has the advantage that silos or bunkers may be used for either
ammoniating or ensiling all-year-round (FAO, 2002). Moreover, silos/bunkers are easy to
manage and avoid rodent damage to plastic films. Silos or bunkers constructed with cement
are the best, since they save on plastic (only one sheet is needed, to cover) and minimize
repairs. Once a silo or bunker is constructed, it can be used for several years. In addition, the
bunker facilitates the estimation of straw weight because if the dimensions of the bunker are
known, the fill capacity can be estimated (FAQO, 2002). There are many types of bunkers, but
rectangular bunkers are normally recommended. They can be built on the surface,
underground, or half-and-half. By adding internal walls, the bunkers can be divided into

double or twin bunkers for sequential treatment.

2.10 Factors influencing effectiveness on ammoniation

2.10.1 Temperature and length of treatment

The 1is as _ (ficant interaction effect observed on temperature and the length of treatment.
At lower ten . ures and lower moisture levels, there is a slow reaction and that can partly
be compensated by a longer treatment period. Ballet er al. (1997) stated that ammoniation
period is affected by temperature, which determines the speed at which the reaction between

ammonia and the feedstuff occurs, as well as the extent of improved digestibility (Cloete &
20



itzinge, 1984). When the temperature decreases, the length of time required to complete
> reaction is increased (Sundstol er al., 1978). Table 2.2 shows the recommended

nperatures with their respective treatment times.

ible 2.2. Recommended temperature and length of ammonia treatment

nbient temperature Treatment time
5°C >8:eeks
-15°C 4 - 8 weeks
-30°C 1 - 4 weeks

0°C <1 week

urce: Sundstol et al. (1978)

10.2 Moisture content

ndstol et al. (1978) reported ammoniation to be faster and more effective at high moisture
rels. According to Wanapat et al. (1996), the moisture content of the roughages should not
less than 30% and not great than 60% when treated. Below 30%, the reaction may not take
ice. This may be due to difficulties faced when compressing the mass of roughages and
pel the air when the roughage is in a loose form. This will result in NH3 and excess of
ygen in the medium leading to poor ammonia treatment and mould development. Moisture
ntent above 60% would result in a discrepancy of forage mass, insufficient diffusion of
imonia and the ammonia bound to water instead of the plant cell. ...is would in turn result
the development of moulds because of the moisture and inadequate ammonia to treat

1ghages. Muiioz et al. (1991) reported an effective response when the moisture content was
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m 20% to 30%, however, increasing the moisture level to 40% negatively affected

> quality. Ibrahim et al. (1986) also estimated optimum moisture content to be 30%.

} Effect of ammonia treatment on moisture and mould contamination

it Moisture (%) Mould contamination (%)
plastic removed at 4 days 337 o s -
plastic removed at 21 days 36.6 36
plastic removed at 4days 37.0 0

‘ects of ammoniated feedstuffs on ruminant productivity

cts of ammonia treatment on digestibility and nutritive value of low quality
s can be noticeable on the ultimate responses of the animals. Klett et al. (1972)
10 improvement in gain, feed consumption, feed efficiency or carcass traits in steer
oniated rice hulls, sorghum stubble and wheat straw. However, Mir et al. (1993)
an increase in crude protein in alfalfa hay, as well as improvement in animal
ice. Horton and Steacy (1979) reported that 3.5% ammoniated wheat straw fed to
proved intake, gain or energy value of the roughages, due to improved nitrogen
f the roughages. This was also in agreement with a report from FAO (2016), which
lifferences in digestibility of sheep fed treated and untreated straw. Nevertheless,
to Fike et al. (1995) ammoniation alone does not meet the nutrient requirements of
animals beyond maintenance level even though there is improved intake and
egradability. Hence there is a need to include the treated roughage in complete

it meet the entire nutrient requirements of ruminants for optimum production.
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2.11.1 Associative effects

Information on the use of ammonia or ammoniation is inconsistent particularly with regards
to toxicity in animals. According to Russell et al. (1992) as well as Gillespie and Flanders
(2009) excess ammonia results in an increased nitrogen excretion and energy loss, it may
even cause urea toxicity. When excess amount of ammonia is produced in the rumen or used
in treatment of forages, it can be absorbed into the blood stream and negatively affect the
animals. Normally, the liver can detoxify ammonia into urea efficiently (Antonelli et al.,
2007). However, at a higher concentration in blood, the ammonia overpowers hepatocytes
capacity of detoxification, and increases its levels in blood, cerebrospinal fluid and ot

tissues, resulting in ammonia poisoning (Antonelli et al., 2007). Furthermore, Perdok and
Leng (1987) reported that cattle fed on roughages treated with hydrous ammonia develop
hyperexcitability syndrome. Some problems result when the treated roughage was of high
quality (>5% CP) with high soluble sugar content and had more than 20% moisture content

when treated (Gillespie & Flanders, 2009).

2.12 Environmental implications of feeding low quality feeds

Feeding low quality roughages in ruminants is often associated with a significant loss of
energy as a result of prolonged ruminal fermentation and methane (CH4) gas production, with
the latter also contributing significantly to global warming through greenhouse gas emissions
(Johnson & Johnson, 1995). It is well documented that ruminants on low quality feeds
possibly produce over 75% of the methane, from the world's ruminant contribution to
atmospheric methane (Benchaar et al., 2001). According to Johnson and Johnson (1995)
cattle can produce 250 — 5t. litres of methane per day per animal, representing a loss of 2 to
12 of dietary energy in ruminants (Johnson and Johnson, 1995). Higher levels of methane
emissions are observed on pastures with lower feed digestibility (Igbal & Hashim, 2014).

Therefore, a greater amount of methane production can be reduced by modifying the
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composition of animal feeds. Benchaar et al. (2001) reported a 15% reduction in methane
oroduction, when forage intake and digestibility were increased. Therefore, possible
strategies to improve the quality of roughage have been suggested. Ammoniation is known to
improve the nutritive value and digestibility of low quality roughage. Ammonia treatment
acts mainly on the linkages among cell wall components, thus increasing accessibility for

|umen microorganismes.

2.13 Summary

Cereal straws are widely used by resource poor farmers as animal feed during the dry period.
They are used as alternative roughage due to their abundance during the dry period as it
~orrelates with the cereal harvest. The major challenge with the use of cereal crop straws is
heir low nutritive value. The straws are characterised by low crude protein and high fibre
sontent. These factors inhibit the efficient use of cereal straws by ruminants. A number of
echniques to improve the nutritive value of the cereal straws have been recommended. The
echniques include amongst others physical and chemical treatment. The main objective is to
nodify the structural make-up of the cereal straws. According to literature, the physical
reatment focuses on cutting, grinding and pelleting of cereal straws. The physical treatment
nethod has shown improvements in terms of intake but the negative effect was the high
umen-gut rate of passage. When focusing on chemical treatment, literature has indicated that
ilkaline solutions like urea, sodium hydroxide and ammonia have a potential to enhance the
wtritive value of cereal straws. For effective treatment when using these alkali chemicals,
:onditions like the environmental temperature, treatment length and moisture content of the
:ereal straw have to be taken into consideration. Literature has indicated that the advantage of
ising urea and ammonia is that they modify the fibre of the cereal straw and also give off
litrogen which is used by rumen microbes. To achieve optimum ruminant production, the

umen microbes must be able to efficiently ferment the substrate. Alkali treatment of cereal

24



straws has shown to improve the low nutritive value of cereal straws. This study thus seeks to
nvestigate t effect of anhydrous ammonia gas treatment on improving the nutritive value

of maize, oats and wheat straws.
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quadratic effect was observed for Cu [y 7.18 (x1.1) - 2.23 (20.8) x + 0.34 (x0.1) R?=
0.470; P = 0.0467 in response to anhydrous ammonia gas treatment of maize straws. There
were neither linear nor quadratic effects (P >0.05) on the mineral content of oats straws, in
response to anhydrous ammonia treatment. It was concluded that anhydrous ammonia gas
treatment enhance the nutritive value of wheat, oats and maize straws. This was indicated by

the increase in the CP content and the reduction of the straws fibre content.

Keywords: Ammoniation; Chemical composition; Cereal straw; Feed sources; Ruminants

3.1 Introduction

The chemical composition of feedstuffs is of utmost importance to feed manufacturers as
they strive to create balanced rations. Ruminant production is highly dependent on the ability
of a forage to maximise voluntary feed intake, supply essential nutrients, and promote ease of
atilisation. Forage quality depends on its physical and chemical characteristics and the
Jeterminants of the quality are the crude protein content and digestibility (Barnes et al.,
2003). Fibre is a fraction of the plant cell wall and it comprises of carbohydrates. Fibre is
mnade up of three components, namely, cellulose, hemicellulose and lignin. Lignin gives the
slant rigidity but it has been reported to have a negative effect on digestion. Lignification of
slant cell wall increases with the maturity of the plant and increased lignification is
issociated with reduced digestion (Cherney ef al., 1993). The ruminal pH has an effect on
uminal digestion. Lack of fibre or insufficient fibre, reduces the chewing time of ruminants
hus inversely reducing the production of saliva which consequently causes a decrease in
umii pH. A v 1pH * reases, fib “yticbac int n be aoooe
ibre digestion is decreased. When ruminal pH falls below 5.8 - 5.9, the rumen is mildly
cidic and fibre digestion in the rumen ceases completely (Allen, 1997). There is a negative

orrelation between lignin content and dry matter digestibility (Jung et al. 1997).
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objective of feeding livestock is to increase their energy intake in the form of fibre and
quently improve their performance. Crop residues are deficient in essential nutritional
onents such as protein and energy, and are high in fibre, which consequentially reduce
intake and digestibility in ruminants (Smith, 1993).Wheat straws have been found to
an average protein content of 2-6%, NDF of 77-80%, lignin of 10-25% and dry matter
ibility of 34-50% , whilst maize straws have a protein content of 3-5%, NDF of 66-
lignin of 5.5-8.8% and dry matter digestibility of 38-65% (Olson er al., 1974).
erally, straws from different cereals have an average of 3.1 - 4.1% crude protein , 67.2-
f NDF, 46.3-59.1% of ADF and 4.6-10.7 of £~ _ (Sipos et al., 2010; Xing, 1995). It is
mportant to introduce strategies that can improve the nutritive value of these residues
- reducing the content of structural carbohydrates and lignocellulosic molecules in order
rease voluntary dry matter intake and performance. These strategies include physical,
cal and biological methods. Physical methods include soaking, grinding, pelleting and
ing under pressure. Chemical treatment focuses on using alkali chemicals like urea,
nia and sodium hydroxide. Biological methods include the use of enzymes or
organisms. According to Castro and Machado (1990), steam treatment of sugarcane
» increased its digestibility by 68.96%. Tuyen et al. (2012), concluded that the use of
rot fungi on wheat straw, applied enzymatic mechanisms that broke down lignin and
ved its nutritive value. White rot fungi also broke down the lignin and lignocellulose
ires of maize straw (Tuyen et al., 2012). Treatment of maize straws with urea caused an
se in crude protein whilst the crude fibre decreased when the level of urea increased
1 et al.,, 1991). Ammoniation of maize straws generally causes an increase in
ity 1 a , al., ). . It

with ammonia treated straws caused a 21% increase in dry matter intake. Similarly,
¢ and @rskov (1984) reported that the OM intake of ammonia treated barley straw was

ligher than for the untreated straw and the intake of digestible organic matter was
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mproved by 98%. ‘en thoi  fibre plays a major role in dry matter ° take, I quality of

he forage in terms of - crude protein content is of vast importance as well.

During the dry season, the nutritive value of forage drastically drops as the crude protein of
orage decreases, whilst the NDF and ADF content increase (Evitayani et al., 2005). Cereal
rops are harvested during the winter period and the straws are used as feed by resource poor
armers (Schiere, 2010). In order to improve the nutritive value of forage, various strategies
1ave been applied so as to assist rumen microorganisms to digest structural carbohydrates
Alsersy et al., 2015). Several research studies have been conducted on the use of biological
reatment on crop residues to improve the accessibility of cellulosic fractions, thus improving
heir digestibility (Zhang et al., 2007). Fungi (P. chrysosporium) degrades lignin to the extent
f 65 to 70% while others like Ganoderma applanatum and Coriolus versicolor degrade over
5% of lignin in lignocellulosic material (Gupta et al., 1993). This research study was,
herefore, designed to evaluate the effect of treating maize, oats and wheat cereal straws with
ncremental level of anhydrous ammonia gas with the hypothesis that anhydrous ammonia

ras enhances the chemical components of cereal straws.

.2 Materials and methods

3.2.1 Study site and ingredient sources

[he research study was conducted at the North-West University, Molelwane farm located in
he semi-arid regions of the North West province of South Africa. The geographical
‘o inates are as follows: 25°79" South, 25° " E:  Annualt ) ures around the area
ange from 3°C to 37°C with annual rainfall ranging between 300 mm and 600 mm. The
traws for oats (Avena sativa), maize (Zea mays) and wheat .. iticum sativum) were collected
fter the ripening, reproductive and ripening stages of growth, after harvest of the crops from

3akgat Voere Farm (Brits, North West province) which has a loamy clay soil and
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reographical coordinates of 25°27' South 27°56 "ist. The temperatures range from a
ninimum of 2.1°C to a maximum of 29.3°C durii the winter and autumn season, with an
werage rainfall of 540 mm that is mostly received between November and February. The
inhydrous ammonia gas used to treat the cereal straws was sourced from a company named

Juregas (Germiston, Gauteng province).

3.2.2 Ammoniation and processing procedure

Zach of the three cereal straws (5 kg) were independently placed in closed polythene plastic
rags (60 x 100 cm) before being treated with anhydrous ammonia gas. The anhydrous gas
1sed had a density of 0.77 142 kg/m> and purity of 97%. The cereal straws were thereafter
reated with anhydrous ammonia gas at a rate of 0, 2.5, 3.5, 4.5 and 5.5%, with each
reatment replicated five times, making a total of 75 samples. The ammoniation was done by
>onnecting a pipe to the plastic bag and infusing the ammonia gas to each replicate treatment
1sing a 2150 series glass tube flow meter calibrated in hours/litre flow (CF Technologies,
lohannesburg, Gauteng province). The ammoniated treatments were then kept in a
emperature-controlled room for a period of one week. After a week, the ammonia treated
straw samples were air-dried for 24 hours and then ground (Polymix PX MFC-90 D) to pass

hrough a 2 mm sieve and stored in respective sample bottles pending laboratory analyses.

32.3 Chemical analyses

Che milled cereal straws were analysed for dry matter (DM), organic matter (OM), total
itrogen (N), - de . tein (CP), neutral detergent fibre (.._ =), acid . ergent fib (+ _ _,
icid detergent lignin (ADL) and minerals in the Animal Science laboratory of the North-West
Jniversity. For laboratory DM determination, approximately 1 g of each treatment sample

vas placed into pre-weighed crucibles and oven-dried at 105°C for 12 hours. After 12 h, the
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: taken from the oven and placed into the desiccator to cool and then weighed.
weight was measured as moisture content and DM was calculated as the
'ween the initial sample and moisture content. Organic matter content was
» ashing the dried samples in a muffle furnace set at 600°C for 6 h. After 6 h,
were removed from the furnace and placed into a desiccator to cool and
ghed. The loss in weight was measured as OM content and the residue was
ish. Total nitrogen content was determined using the standard macro-Kjeldahl
AC, 2005; method no. 984.15) and converted to crude protein (CP) by
ile percentage N content by a factor of 6.25. Neutral detergent fibre and ADF
1ed by refluxing 0.45 - 0.5 g of samples weighed in ANKOM F57 filter bags
etergent and acid detergent solutions for 60 min and 75 min, respectively, using
%% Fibre Analyser (ANKOM Technology, New York), according to van Soest
nd a-amylase was added during NDF determination.. Acid detergent lignin was
 treating the ADF residue in ANKOM F57 filter bags with 72% sulphuric acid
: cellulose and estimated after drying in an oven set at 105°C for a period of 12
itent was analysed by using the dry ashing macro and trace minerals methods,
guidelines provided by the Agri-Laboratory Association of Southern Africa
1998). Samples that were used to determine the DM were further incinerated in
ice for 12 h. The ash was weighed and digested with 1 mL of 55% nitric acid
f 32% hydrochloric acid using a Microwave Reaction System Model 3000.
digested for 45 minutes, cooled, and transferred into respective volumetric
L), which were eventually topped-up with distilled water and left standing for
t A 24 h, . we sy A
ttles without disturbing the sediment. The concentrations of Ca, P, Mn, Fe, Co,

ere then determined using an ICP Mass Spectrometer (Perkin-Elmer, 1982,

).
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3.2.4 Statistical analysis

The NORMAL option in the Proc Univariate statement was used to test for normality of the
measured parameters. The chemical composition data were evaluated for linear and quadratic
effects using polynomial contrasts. Response surface regression analysis (Proc RSREG; SAS,
2010) was applied to estimate the optimum ammoniation rate for each cereal straw, according

to the following quadratic model:

y=c+bx+ax’

Where, y = response variable; a and b are the coefficients of the quadratic equation; c is the

intercept; x is spawning rate, and -b/2a is the x value for optimal response.

In a completely randomised design, two-way analysis of variation (ANOVA) was carried out
on the chemical composition data using the general linear models (GLM) procedure of SAS

(2010) as follows:

Yik=pu+ Si+ A+ (SxA)j + Eix

Where: Yijx = the observation of the dependent variable, u = the fixed effect of the population
mean for the variable, S; = the effect of the cereal straws (maize, oats and wheat), Aj = the
effect of ammoniation rate, (SxA); = the interaction effect of cereal straws and ammoniation
rate, and Ejx = the random error effect associated with the observation ijk, in which will be
deduced to be normally and independently distributed. For all the statistical tests, the
significance was ¢ ared at P <0.(_. The least square means (LSh...ANS) were compared

using the probability of difference (PDIFF) option in the LSMEANS statement of SAS.
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3 Results

i wheat straw, Table 3.1 shows that there were sign...cant quadratic effects on DM [y =
8.8 (—..10) -_._ 058 ( ) x + 2.2¢_ (x0.98) x* R? = 0.409; P = 0.0403] and OM [y =
'0.194 (£7.85) - 22.74 ~ 1.11) x + 4.056 (x1.09) x*;R?  0.542; P = 0.0029] in response to
amonia treatment. However, no linear effects (P >0.05) were obserr . No significant
ladratic effects were observed for CP and NDF with ammonia gas levels. Crude protein
rearly increased [y = 39.23 (£9.15) x + 24.20 (£7.13); R? = 0.761; P = 0.0001] whereas
DF linearly decreased [y = 710.29 ~ "4.14) x - 59.89 ~ 16.60); R? 0.511; P = 0.0065]

ith ammonia treatment.
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rearly decreased [y  89.58 (x11.82) x — 15.79 (£9.21); R? = 0.385; P = 0.0249] with

nmonia treatment.

able 3.2. Chemical composition (g’kg DM, unless stated otherwise) of anhydrous ammonia

1s treated maize straws

! Ammoniation rate Significance

>arameters 0 2.5 3.5 4.5 55 *SEM R? Linear Quadratic

M (gkg) 9262 9295 923.6 9248 921.4 529 0.0927 0.4169 0.4849

M 870.8 875.2 87877 881.6 880.8 17.71 0.4325 0.0108 0.7968
P 933 1748 172.1 1954 173.1 7.79 0.8726 <.0001 0.0007
DF 5139 259.6 2782 2664 2582 25.00 0.9151 <.0001 0.0001
DF 2782 1335 165.6 161.5 166.6 28.60 0.7727 0.0004 0.0014
DL 894 586 607 429 540 14.15 03852 0.0249 0.3488

\mmoniation rate: 0 = untreated wheat straws; 2.5 = whneat straws treated with 2.D% OI
ihydrous ammonia gas; 3.5 = wheat straws treated with 3.5% of anhydrous ammonia gas;
5 = wheat straws treated with 4.5% of anhydrous ammonia gas; 5.5 = wheat straws treated
ith 5.5% of anhydrous ammonia gas.

arameters: DM dry matter; OM = organic matter; CP = crude protein; NDF = neutral
stergent fibre; ADF = acid detergent fibre; ADL = acid detergent lignin.

yEM = standard error of mean.

or oats straw, Table 3.3 shows that there were no linear and quadratic effects (P >0.05) for
M, ADF and ADL in response to ammonia gas levels. However, there were significant
aadratic ¢.._cts on DM [y = 932.63 (£3.18) - 6.19 (£2.48) x + 0.90 (+0.44) x*; R? = 0.145; P

0.0475] and CP [y = 79.35 (£12.00) + 34.55 (£9.36) x - 4.17 (x1.66) x*; R* = 0.367; P =
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0.016] in response with ammonia treatment. Neutral detergent fibre linearly decreased [y =

569.99 (+46.16) x —52.13 = 15.97); R* 0.106; P = 0.0460] with ammonia treatment.

Table 3.3. Chemical composition (g/kg DM, unless stated otherwise) of anhydrous ammonia

gas treated oats straw

Ammoniation rate Significance

"Parameters v 2> 3> 45 3> SEM R? Linear Quadratic
bLm (g’kg) 9323 927.0 9249 ¥27.5 9325 529 0150 vy vvas
oM 759.9 835.3 801.1 813.7 804.0 17.71 0.015 0.431 0.873

Cp 104.0 1682 162.1 1543 1472 7.79 0.367 0.0001 0.016
NDF 483.6 5524 521.0 497.5 521.8 25.00 0.106 0.046 0.395
ADF 266.2 3333 340.8 3214 351.5 28.60 0.007 0.718 0.708
ADL 105.1 899 889 903 928 14.15 0.064 0.150 0.395

!Ammoniation rate: 0 = untreated wheat straws; 2.5 = wheat straws treated with 2.5% of
anhydrous ammonia gas; 3.5 = wheat straws treated with 3.5% of anhydrous ammonia gas;
4.5 = wheat straws treated with 4.5% of anhydrous ammonia gas; 5.5 = wheat straws treated
with 5.5% of anhydrous ammonia gas.

?Parameters: DM = dry matter; OM = organic matter; CP  crude protein; NDF = neutral
detergent fibre; ADF = acid detergent fibre; ADL = acid detergent lignin.

3SEM = standard error of mean.
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" el of significani of ef” :ts of the main factors on chemi rmposition of

ammc treated ma :, oats and wheat straws
"Parameters
DM OM CP NL. ADrF  AbL
NS kokk kokk kokk k% kokk
on NS NS *kk *kk NS NS
X NS NS * *dok * NS
on

:s: DM = dry matter; OM = organic matter; CP = crude protein; NDr = neutral

ibre; ADF = acid detergent fibre; ADL= acid detergent lignin; NS = P >0.05; * = P
=P <0.001.

shows that there were no (P >0.05) cereal, ammoniation rate, and interaction of
nmoniation rate effects on DM content. There were cereal effect (P <0.05) on OM
content, but not for ammoniation rate, and cereal and ammoniation rate interaction
re were significant differences for cereal, ammoniation rate and their interaction on
DF contents. For ADF content, there was a significant difference (P <0.05) for

| cereal and ammonia interaction but not for ammonia.
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> effect of anhydrous ammonia on chem  composition of maize, oats and

nd interaction

Maize Oats Wheat

CP NDF DM CP NDF DM CP NDF

93.3"®  513.9"* 9323 104.0®®  483.6 9393 39.4*4  706.7°®

174.8°8  259.6** 927.0 168.2"®  552.4"®  911.1 85.7°*  620.2°®

172.1°8 278.2*4 9249 162.1°®  521.0°® 9199 99.1°4  557.5%

195.4°¢ 2664 9273 154.3°B 497.5® 91455 106.3**  560.2°

173.1°®  258.2** 9325 147.2°®  521.8® 9245 108.7°* 574.9°®

7.71 25.00 5.29 7.71 25.00 5.29 7.71 25.00

column with difterent lowercase superscripts denote significant differences (P
Vleans in a row with different uppercase superscripts denote significant
<0.05). SEM = standard error of mean.

ws the chemical composition of maize, oats and wheat straws treated with
sels of anhydrous ammonia gas. Ammonia treatment had no significant effect
t. Untreated maize straws had the least CP content (93.34 g/kg DM) when
e treated maize straws, which did not differ (P >0.05). Untreated maize straws
t NDF content (513.94 g/kg DM) when compared to treated maize straws,
: same (P >0.05). Untreated oats straws had the least CP content (104.02 g/kg
apared to the treated oats straws, which were similar (P >0.05). There were no

vy vs 1 Fcont

at straw had the least CP content (39.41 g/kg DM) when compared to the
traws, which were the same (P >0.05). Untreated wheat straw had the highest

706.73 g/kg DM) than the treated wheat straws, which were the same (P
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>0.05). Untreated wheat straws had the least CP content (39.41 g/kg DM) when compared to
untreated oats and maize straws, which did not differ (P >0.05). Untreated wheat straws had
the highest NDF content (706.73 g/kg DM) when compared to untreated oats and maize

straws, which were similar (P >0.05).

At 2.5% anhydrous ammonia treatment, wheat straws had the least CP content (85.70 g/kg
DM) when compared to oats and maize straws, which did not differ (P >0.05). Whereas,
maize straws had the least NDF content (259.64 g/kg DM) when compared to oats and wheat
straws, which did not differ (P >0.05) when treated with 2.5% anhydrous ammonia. At 3.5%
anhydrous ammonia treatment, wheat straws had the least CP content (99.05 g’/kg DM) when
compared to oats and maize straws which were the same (P >0.05). Maize straws had the
least NDF content (278.21 g/kg DM) when compared to oats and wheat straws, which did not
differ (P >0.05) when treated with 3.5% anhydrous ammonia. When treated with 4.5%
anhydrous ammonia, maize straws had the highest CP content (195.37 g/kg DM), followed
by oats straws (154.29 g/kg DM) and the least CP was from wheat straws (106.33 g/kg DM).
Maize straws had the least NDF content (266.44 g/kg DM) when compared to oats and maize
straws, which did not differ (P >0.05) when treated with 4.5% anhydrous ammonia. At 5.5%
anhydrous ammonia treatment, wheat straws had the least CP content (108.67 g/kg DM)
when compared to oats and maize straws, which did no differ (P >0.05). Maize straws had
the least NDF content (258.19 g/kg DM) when compared to oats and wheat straws, which did

not differ (P >0.05).
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/kg — M respectively) when compared to oats and maize straws. Maize straws had the least

ADF content (161.53 g/kg DM and 166.59 g/kg DM respectively), followed by oats straws

321.41 g/kg DM and 351.49 g/kg DM) respectively.
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"igure 3.4 Effect of ammonia treatment on acid detergent lignin of cereal straws

igure 3.4 shows that ammonia treated wheat straw (141.43 g/kg DM) had the highest ADL

ontent (P <0.05) followed by oats straw (93.40 g/kg DM) and maize straw (61.11 g/lkg DM)

vhich had the least ADL content.
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ible 3.9. Level s _ fican ef t in fac s on min con of

hydrous ammonia s treated maize, oats and wl  t straws

TParameters
ctors Mg P Ca Mn Cu Zn Fe Co
real *kk * k% NS * k% NS * ok *kk * k%
nmonia NS NS NS NS NS NS NS NS
rreal X Ammonia NS NS * NS NS NS NS *

arameters: Mg = magnesium; P = Phosphorus; Ca = calcium; Mn = manganese; Cu =
pper; Zn = zinc; Fe = iron; Co = cobalt. NS = P >0.05; * = P <0.05; *** = P <0.001.

ible 3.10 shows that maize straws had the highest Mg content (2.85 g/kg DM) when
mpared to oats and wheat straws, which did no differ (P >0.05). Maize straws had the
shest P content (1.26 g/kg DM), followed by oats straws (0.90 g/kg DM) and the least P
1s from wheat straws (0.57 g/kg DM). Oats straws had the least Ca content (6.92 g/kg DM)
1en compared to maize and wheat straws, which were the same (P >0.05). Oats straws had
> highest Mn content (64.90 mg/kg DM), followed by maize straws (36.35 mg/kg DM) and
: least Mn content was from wheat straws (13.18 mg/kg DM). Maize, wheat and oats
aws had no significant differences (P >0.05) on Cu content. Maize straws had the highest
« content (38.92 mg/kg DM) followed by wheat straws (22.65 mg/kg DM) and the least Zn

ntent was from oats straws (9.57 mg/kg DM).

54









immonia had the ¢  nd lowest NDF whilst untreated oats c¢ 1l straws had the lowest NDF
»ut no differences were observed on NDF content of the untreated and treated straws. These
esults were also in agreement to those found by Brand et al. (1985). The lack of difference
n the NDF content of the untreated and treated straws could be because ammonia treatment
iffects the chemical composition of straws when the NDF content of untreated straws is 86%
Joy et al., 1992; Fahmy & Klopfenstein, 1994). Wheat cereal straws treated with 3.5%
immonia had the least NDF, this was in agreement with the findings of Habib et al. (1998)
and Woyengo et al. (2004). Maize and wheat straws treated with anhydrous ammonia had a
Jecrease in ADF and ADL. Treated oats straw had higher ADF and these findings were
similar to those of Herrera-Saldana et al. (1982), as they found that treatment of wheat straws
with ammonia increased the ADF content. Maize straws treated with anhydrous ammonia had
a CP content increase (195.37 g/kg DM). The above results are in agreement with those
found by Mcdonald er al. (1995), that treatment of cereal straws with alkaline increases their
crude protein. The increase in CP as compared to the decrease in ....F and ADL content
could improve the degradability and preservation of these cereal straws (Hadjipanayiotou et
al., 1993). Anhydrous ammonia gas treated wheat straws showed an increase in Ca and P
mineral content. Maize and oats straws treated with anhydrous ammonia treatment showed a
decrease in Ca and P mineral content as compared to the untreated straws. These results are
in agreement with those of Peterson (2014) that feeding alkali treated crop residues results in
mineral deficiency. The decrease in mineral content of anhydrous ammonia gas treated straws

will  ults in mineral deficiency in ruminants fed the treated straws.

3.5 Conclusion

The treatment with anhydrous ammonia gas levels improved the chemical composition of

maize, oats and wheat cereal straws by increasing the crude protein content and reducing the
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4 CHAPTER FOUR - IN VIT D RUMINZ® ™RY MATTTR
DEGRADABILITY AND NITROGEN BUFFER SOLUBILITY OF
WHEA ., OATS AND MAIZE $.RXAWS AMMOUNIALLD V... d

IN“"7"V7NTAL LEVELS OF ANHYDROUS AMMONIA GAS

Abstract

This study investigated the effect of treating cereal straws (wheat, oats and maize) with
incremental levels of anhydrous ammonia gas on in vitro ruminal dry matter degradability
and nitrogen solubility in buffer. The cereal straws were treated with anhydrous ammonia gas
in a rate of 0%, 2.5%, 3.5%, 4.5% and 5.5%. For wheat straw, no linear or quadratic (P
>0.05) effects were observed for total nitrogen (N), buffer insoluble nitrogen (BISN), buffer
soluble nitrogen (BSN) and solubility index (SI) in response to anhydrous ammonia gas
treatment. There were significant quadratic effects for N, BISN, BSN and SI, for which an
optimum ammoniation rate for oats straw was calculated to be 3.3%. However, for maize
straw, linear effects (P <0.05) were observed for BSN, BISN, and SI. A quadratic trend was
observed for N [y = 14.95 (£1.35) + 7.05 (£1.05) x - 0.84 (+0.19) x*; R* = 0.873; P = 0.0007],
for which an optimum ammoniation rate for maize straw was calculated to be 4.29%. Linear
effects were observed for DMD12 and DMD24 in ammoniated wheat straws. For maize and
oats straws, there were significant linear and quadratic trends for DMD12, DMD24, DMD36
and DMD48 in response to ammonia treatment. Maize straw had the highest (P <0.05)
DMDI12, DMD24, DMD36 and DMD48 when compared to oats and wheat straws. Untreated
straws had the least DMD12, DMD24, DMD36 and DMD48 (P <0.05) than the treated
straws, which were the same . >0.C_,. It was concluded that ammoniation of cereal straws
mproves in vitro ruminal dry matter degradability and N solubility. Maize straw showed

setter response to ammonia treatment followed by oats and wheat straw. It was recommended

63



that higher amr  Hniation rates be considered for wheat straw because it had linear responses

for in vitro ruminal dry matter d¢  1dation.

Keywords: Ammoniation, Buffer solubility, Cereal straws, In vitro ruminal degradability,

Ruminants

4.1 Introduction

Cereal straws have lower digestibility because of their high cellulose and lignin content
(Horton & Steacy, 1979). A major limiting factor with regards to the degradation of cereal
straws is their poor nutritive value characterised by low crude protein and high cell wall
content (Paiva, 1995). Several studies have reported a low protein content averaging from 2 —
to 6%, with a neutral detergent fibre (NDF) content of 77 to 80% and lignin content of 10 to
25% for wheat straws (Jabbar et al., 2009; Du et al., 2016; Su et al., 2017). For maize straws,
a low protein content of 3 to 5%, NDF content of 66 to 84%, and a lignin content of 5.5 to
8.8% have been reported (Olson et al., 1974; Li et al., 2014; Du et al., 2016). Whereas oats
straws have been reported to have a low protein content of 4.8 to 6%, NDF content of 62.6 to
79.3% and a lignin content of 6.43 to 14% (Van Soest, 2006; Kafilzadeh et al., 2012; Cui et
al., 2016). All these studies indicate that the nutritive value of these straws needs to be
improved in order to optimise their utilisation by ruminant animals. Thus the use of least-cost
strategies such as ammonia treatment is inevitable. Ammonia treatment has the potential to
hydrolyse the cell wall of the cereal straws, causing a reduction in the NDF content (Gobbi,
2005). The rate of dry matter degradation in the rumen is = portant in determining the
amount of nutrients that can be absorbed by ruminants. Indeed, Preston and Leng (1987) as
v L. iiffen (..30) pi ulated that f rate and t " Ty mat d ion @

nitrogen solubility are important for assessing the efficiency of the rumen and the feed value
of fibrous feeds. According to Nugent and Mangan (1978), the solubility of cereal residues

determines the ability of rumen microbes to absorb proteins. When a forage is highly soluble
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it implies that there is less lig = mon. :rs and fibrous molecules, which allows increased
ruminal microbial activity (Chesson & @rskov, 1984). Treatment with anhydrous ammonia
gas has been used to break down lignocellulosic bonds present in cereal crop residues (Silva
et al., 1989). Graham and Aman (1984) reported that the ammoniation of cereal straws
increases their crude protein content and in vitro digestibility. Various studies have found that
ammonia treatment of cereal straws increase in situ ruminal degradability of dry matter
(Habib et al., 1998). But, none of these studies have attempted to determine the optimum
ammoniation rate of these straws for cost-effective dietary formulation and increased
production efficiency. This study was, therefore, designed to evaluate the in vitro ruminal dry
matter degradability and N solubility in a buffer of maize, oats and wheat cereal straws
treated with incremental levels of anhydrous ammonia gas. The study tested the hypothesis
that in vitro ruminal dry matter degradability and N solubility of maize, oats and wheat cereal

straws respond to incremental rates of ammoniation in an asymptotic fashion.

4.2 Materials and methods

4.2.1 Study site and ammoniation process

The study site and ammoniation process were similar to the ones described in Chapter 3.

422 _uJffer Nitrogen Solubility

The buffer nitrogen solubility of cereal straw samples was determined according to the
modified Licitra et al. (1996) method using the ANKOM Daisy" incubator consisting of
‘hermostatic chamber (39°C) with four rotating jars which were filled with 1500 mL of a
sor: Hhosphate and 10% Hdium azic buf solut 1. Mil Isamp \ 0
he pre-weighed ANKOM F57 filter bags (0.45 - 0.5 g), heat sealed and inoculated for 3 h in
he four jars. The ANKOM F57 filter bags were withdrawn 3 hours after inoculation and put

n an air drying pan to remove the excess solution then oven dried for 12 hours at 105°C.
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After drying, the samples were removed from the oven and placed in a desiccator to cool
before weighing. Nitre :n (N) residue was determined using the standard macro-Kjeldahl
method (AOAC, 2005; method no. 984.13) and estimated as insoluble N content of the
samples. Soluble N content was calculated as the difference between the total and insoluble N
contents. Buffer solubility index was calculated as a ratio between the soluble N and the total

N contents.

423 In vitro ruminal dry matter degradability

The in vitro ruminal DM degradability of cereal straw samples was determined according to
the ANKOM Technology Method 3 for in vitro true digestibility (ANKOM Technology
Corp., Fairport, NY) using the ANKOM Daisy" incubator consisting of a thermostatic
chamber (39°C) with four rotating jars. ANKOM F57 filter bags were pre-soaked in acetone
for 5 min and air-dried overnight, and then weighed the following day to acquire the bag
weight. Milled samples were weighed into the pre-weighed ANKOM F57 filter bags (0.45 -
0.5 g) and heat sealed (Hand impulse sealer 12 inch 300 mm, Abuks inc, Worli Mumbai).
The ANKOM Daisy" jars were filled with 1600 mL of ANKOM buffer solution (Phosphate-
borate buffer) by Licitra ef al. (1996) and left to warm up at 39°C for 12 h. The following
morning, rumen inoculum was collected prior feeding from a ruminally cannulated Bonsmara
cow with a body weight of approximately 550 kg which was fed grass (Eragrostis spp.) hay

as a basal diet and had access to clean water ad libitum.

Rumen fluid was collected into two pre-warmed thermos flasks and immediately taken to the

ice laboratory =~ ° 1M h-West University in Molelwane farm, where it was
blendc = d strained through two layers ¢. pre-warmed muslin cloths. ...e blenc*~ - was
carried out in order to dislodge microbes that are attached to fibrous substrates. After

straining, the inoculum was held at 39°C under a stream of carbon dioxide gas. The four
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»aisy" jars, each containing 1600 mL ~buf and le v in tl

\NKOM F57 filter bags, were then inoculated with 400 mL of the rumen inoculum into each
igestion jar. Each jar was purged with deoxygenated CO:2 before being placed into the
icubator, and two blanks were placed in each jar. The ANKOM F57 filter bags were
sithdrawn at 12, 24, 36 and 48 hours after inoculation and thereafter washed with tap water
or 20 min. After washing, the samples were oven-dried at a temperature of 105°C for 12 h

nd thereafter weighed to determine in vitro true digestibility (IVTD) using the following

ormula:

100 - (W3 — (W1 xC1)
IVTD (% DM basis) = T X 100

vhere, W1 = Bag weight (g), W2 = Sample weight (g), W3 = Final bag weight after in vitro
eatment (g), and C1 = Blank bag correction factor (final oven-dried weight + original blank

ag weight).

2.4 Statistical analysis

ormality of all measured parameters was tested using the NORMAL option in the Proc
nivariate statement (SAS, 2010). Polynomial contrasts were used to evaluate the total
itrogen, buffer soluble nitrogen, buffer insoluble nitrogen, solubility index and in vitro
tminal dry matter degradability data for linear and quadratic effects. Response surface
.gression analysis (Proc RSREG; SAS, 2010) was employed to estimate the optimum
nmoniation rate for each cereal straw as described in Chapter 3. In a completely randomised
:sign, two-way ANOVA was used to analyse the in vitro ruminal DM degradability and N
lubility data using the GLM | o lu of SAS (2010). ..ie main effects were : cereal
raws, ammoniation rate and the interaction between the cereal straws and ammoniation rate.

1€ linear statistical model employed in Chapter 3 was used for this study. For all statistical
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tests, significance was declared at P ~1.05. The ~ SMEANS were compared using the PDIFF

option in the LST "~ ANS statement of SAS.

4.3 Results

4.3.1 Buffer Nitrogen Solubility

For wheat straw, there were neither linear nor quadratic (P >0.05) trends observed for total
nitrogen (N), buffer insoluble nitrogen (BISN), buffer soluble nitrogen (BSN) and solubility
index (SI) in response to incremental levels of anhydrous ammonia gas treatment. For oats
straws, there were significant quadratic responses for total N [y = 17.03 (x0.99) + 5.57
(20.70) x - 0.82 (0.12) x*; R? = 0.860; P <0.0001], BISN [y 717.7 (58.07) - 178.49
(£40.99) x + 27.16 (£6.94) x*; R? = 0.639; P = 0.0024], BSN [y = 282.29 (+58.07) + 178.49
(£40.99) x — 27.16 (£6.94) x*; R? = 0.639; P = 0.002] and SI [y 28.23 (£5.81) + 17.85
(24.09) x — 2.72 (£0.69) x*; R = 0.639; P 0.002] in response to anhydrous ammonia gas
treatment levels. Using these quadratic equations, the optimum ammoniation rate for oats
straws was calculated to be 3.3%. For maize straw, there were significant quadratic trends for
total N [y = 14.95 (x1.35) + 7.05 (£1.05) x - 0.84 (£0.19) x*; R? = 0.873; P = 0.0007], whilst
significant linear effects were observed for BISN [y = 579.20 (£81.92) - 178.09 (£63.84) x ;
R? = 0.557; P = 0.005], BSN [y = 420.79 (£81.92) + 178.09 (263.84) x ; R?=0.557; P =
0.005] and solubility index [y = 42.08 (= 8.19) + 17.81 (£6.38) x ; R?=0.5567 ; P = 0.0050].
The optimum ammoniation level for anhydrous ammonia gas in maize straws was calculated

for N to be 4.29%.
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For wheat straw, Table 4.1 shows that there were linear effects (P <0.05) for DMD12 [y =
64.63 (£20.7) + 32.58 (£20.7) x; R2 = 0.349; P = 0. 029] and DMD24 [y 113.98 (x 16.9) +
1.35 (£ 16.9) x; R? = 0.334; P = 0.037], which linearly increased with ammonia treatment
levels. There was no linear and quadratic (P >0.05) effects observed after DMD36 and

DMD48 for ammoniated wheat straws.

Table 4.1. In vitro ruminal dry matter degradability (g/kg DM) of anhydrous ammonia gas

treated wheat straws

' Ammoniation rate Significance
*DMD 0 2.5 3.5 4.5 55 3SEM  Linear Quadratic
DMD12 68.52 119.86 133.82 203.89 150.71 20.67 0.029 0.606
DMD24 123.38 9447 15586 236.52 170.17 16.87 0.037 0.501
DMD36 211.10 121.76 19473 272.87 184.57 17.22 0.635 0.375
DMDA48 253.7 17233 22447 303.65 221.14 17.74 0.778 0.308

l Ammoniation rate: 0 = untreated wheat straws; 2.5 = wheat straws treated with 2.5% of
anhydrous ammonia gas; 3.5 = wheat straws treated with 3.5% of anhydrous ammonia gas;
4.5 =wl :straws treated with 4.5% of anhydrous ammonia gas; 5.5 wheat straws tr  ed
with 5.5% of anhydrous ammonia gas.

7777 777 7 = dry matter degradability at 12 h af  inoculation; DMD24  dry mat
degradability at 24 h after inoculation; DMD36 = dry matter degradability at 36 h after
inoculation; DMD48 = dry matter degradability at 48 h after inoculation.

3SEM = standard error of mean.
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For oats straw, Table 4.2 shows that there w«  significant li r and quadratic  1ds
DMD12, DMD24, DMD36 and DMD48 with ammonia treatment levels. For maize straw,
Table 4.3 shows that there were significant linear and quadratic trends for DMD12, DMD24,

DMD36 and DMD48 with ammonia treatment levels.
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Table 4.2. Responses of in vitro ruminal dry matter degradability (g/kg DM) of oats straws to incremental levels of anhydrous a1 nonia gas

'DMD Equations R’ Optimum Linear Quadr ¢
DMDI2 y=20.23 (+10.8) +96.26 (x8.5) x- 11.73 (21.5) 0.950 410 e e
DMD24 y = 46.08 (£15.5) + 134.29 ( 12.1) x - 17.49 (£16.9) ¥ 0.940 3.84 - ok
DMD36 y=13121 (£13.4) + 119.94 (£10.4) x - 14.69 (+ 1.8) »* 0.950 4.08 — -
DMD48 y=1542(£12.6) +112.8 (+16.8) x- 13.01 (+2.9) x’ 0.881 4.34 Aok ok ok

~

'DMD: DMDI12 = dry matter degradability at 12 h after inoculation; DMD24 = dry matter degradability at 24 h after inoculation; D} > )=
matter degradability at 36 h after inoculation; DMD48 = dry matter degradability : 48 h after inoculation.
Significance: NS = P >0.5; * = P <0.05; *** = P <0.001.



Table 4.3. Responses of in vitro ruminal dry matter degradability (g/kg DM) of maize straws to incremental levels of anhydrous ammonia gas

'DMD Equations R? Optimum Linear Qua atic
DMD12 y=16.56 (£10.7) + 118.2 (8.0 x - 14.09 (1.5) x? 0.969 4.19 kK *okok

DM )24 y=23.89 (£17.5) +208.95 (x13.6) x - 27.98 (+2.4) x’ 0.965 3.74 okk dokok
DMD36 y=54.31(x14.1) +227.99 (11 )x-29.26 (x1.9) ¥ 0.982 3.89 oKk * k%

L D48 y=108.4 (£16.7) +20 43 (x12.9) x - 25.59 (¢2.3) ¥’ 0.970 3.94 ek ok * k%
'DMD: DMDI2 = dry matter degradability at 12 h after inoculation; I 1D24 = dry matter degrada /at 24 after inoculation; DMD = y
matter degradability at 36 h after inoculation; DMD48 = dry matter degradability at 48 h after inocul . Significance: *** = P <0.001.
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Table 4.4 shows that there were s____ficant diffc 1ces (P ).05) for DI (2, DMD24,

-o---

DMD36 and ~ VID48 on ce |, ammonia and the interaction between cereal and ammonia.

Table 4.4. Level of significance of effects of the main factors on in vitro ruminal dry matter

degradability of anhydrous ammonia gas treated wheat, oats and maize straws

Factors
'DMD Cereal Ammonia Cereal x Ammonia
"DMU 12 ok ok kK *ok

'UML: DMDI12 = ary matter degradability at 12 h after inoculation; DMD24 = dry matter
degradability at 24 h after inoculation; DMD36 = dry matter degradability at 36 h after
inoculation; DMD48 = dry matter degradability at 48 h after inoculation.

Significance: ** = P <0.01; *** = P <0.001.

Table 4.5 shows that maize straw had the highest DMD12 (200.35 g/kg DM) when compared
to oats and wheat straws, which did not differ (P >0.05). Maize straws had the highest
DMD?24 (306.46 g/kg DM), followed by oats straw (234.44 g/kg DM) and the least was from
wheat straw (156.08 g/kg DM). Maize straw had the highest DMD36 and DMD48 when

compared to oats and wheat straws.
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Table 4.5. The effect of hydrous ammonia on in vitro ruminal dry matter degradability (g/kg DM) of maize, oats and wheat straws.

Maize QOats Wheat

'Ammoniationrate  DMDI2 DMD24 DMD36 DMD48 DMDI2 DMD24 DMD36 DMD48 DMDI2 DMD24 DMD36 I

0 14.6% 19.12A 49.7°*  103.9"  17.4* 46.7°* 128.7°® 1494  68.5%  1234™ 2] ™ 2s
25 236.9"*  397.09°*  468.9°F  479.7°* 201.2b*%  267.9°®  356.0°®  382.8°®  119.9®  945¢  [21.8C |
3.5 242.8"% 39490 467.9bA 470.5bA 207.2b*B  307.5"®  351.2°®  366.4°®  133.8'8 1559  194.7°C 224
4.5 264.8"%  382.24"* 4823  495.7°A  202.8°B 2051  3759* 38838  203.9"  236.5®  272.9C 3(
55 242.7°%  338.97°%  431.6°  448.4°  203.3"®  254.9"®  3489°® 3916 15 7B 1702™C  184.6™C 221

SEM 20.67 16.87 17.22 17.74 20.67 5.87 17.22 17.74 20.67 16.87 17.22 17

' Ammoniation rate: 0 = untreated wheat straws; 2.5 = wheat straws treated with 2.5% of anhydrous ammonia gas; 3.5 = wheat straws treate
3.5% of anhydrous ammonia gas; 4.5 = wheat straws treated with 4.5% of anhydrous ammonia gas; 5.5 = wheat straws treated with 5.
anhydrous ammonia gas. **© Means in a column with different lowercase superscripts denote significant differences (P <0. ).

ABC Means inaro with different upp :ase superscripts denote significant differences (P <0.05).

SEM = standard error of mean.



ab” 4.5 shows that untreated ma  straws had the least DM 2, DMD24, DMD36 and
YMDA48 (P <0.05) when compared to the treated maize straws, which did not differ '

*0.05). Untreated oats straws also had the least DMD12, DMD24, DMD36 and DMD48 (P
:0.05) than the treated oats straws, which were the same (P >0.05). Untreated wheat straws
ad the least DMD12, DMD24, DMD36 and DMD48 (P <0.05) than the treated wheat
traws, which were similar (P >0.05). Wheat straws treated with 2.5% had the least DMD at
4 hours (94.5 g/kg DM), 36 hours (121.8 g/kg DM), and 48 hours (172.3 g/lkg DM) when

omparing the treated wheat straws.

.4  Discussion

)ptimum production of ruminants is influenced by the quality of the forage, which is
zflected by high voluntary intake and digestibility. The determination of forage digestibility
sing in vivo methods is labour intensive, time consuming and unsuitable for large-scale feed
valuation. Thus use of in vitro digestibility techniques have gained a lot of attention because
1ey are conducted under controlled environment and large number of samples can be
valuated simultaneously. In this study, oats straws showed quadratic responses for nitrogen
uffer solubility for which an optimal anhydrous ammonia treatment level was calculated to
e 3.3%. This suggests that treatment beyond 3.3% decreases the solubility of oats straws.
he decline in solubility for treatment beyond 3.3% could be due to the increase of NDF and
.DF when treating oats straws as depicted in Chapter 3. For some agricultural by-products
ke canola hulls, ammoniation seems to increase the NDF content (McKinnon et al., 1995). It
as been proven that the response to ammoniation by agricultural by-products is dependent
n the hemicellulose content, with the latter being that dicotyledonous by-products with high
>micellulose contents are more responsive to alkaline treatments than those with low
>micellulose content (Adebowale & Nakashima, 1992). Maize straws treated with
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anhydrous ammonia gas showed major increases on in vitro ruminal dry 1 de,  lability.
Both linear and quadratic effects were observed on anhydrous ammonia gas treated maize
straws. The linear effects indicate that there is potential of more incremental level treatment
of anhydrous ammonia gas, to improve further the in vitro ruminal dry matter degradability
of maize straws, but quadratic effects were observed on maize straws with an optimal
anhydrous ammonia treatment of 4.3%. This means that anhydrous ammonia gas treatment of
maize straws beyond 4.3%, does not offer any significant improvements on the in vitro

ruminal dry matter degradability of maize straws.

In this study, wheat straw treated with anhydrous ammonia gas showed an increase in in vitro
ruminal dry matter degradability from 12 to 48 h of incubation. This was in agreement with
the finding of Sahoo er al. (2000) that wheat straw treatment with aqueous ammonia
increases apparent digestibility. The highest degradability was observed after 12 h of
inoculation with 4.5% ammonia treatment. Linear effects were observed on the in vitro dry
matter degradability of wheat straws, meaning that there was a need for more anhydrous
ammonia treatment. The increase in degradability could be associated with the reduction in
the NDF values as reported in Chapter 3. According to NRC (2001), the lignin content of
forage can be used as an indicator of NDF rumen degradability but this correlation differs
between forages (Jung ef al., 1997). As expected, Chapter 3 indicated a decline in NDF, ADF
and lignin content of the straws. This study thus indicated a negative correlation between in
vitro ruminal degradability in association with NDF, ADF and lignin contents. Indeed, Arzani
et al. (2006) as well as Damiran et al. (2008) showed that the in vitro ruminal dry matter

Jegradability of Medicago sativa and Calamagrostis rubescens was negatively correlated

wvith NDF and ADF content.

At all the incubation hours, wheat, oats and maize straws treated with anhydrous ammonia

1ad higher in vitro ruminal DMD than untreated straw. This was in agreement with previous
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esearch reporting that ammonia treatment increase in vitro ruminal DMD of wheat, oats and
naize cereal straws (Vlemmix & Van Bruchem, 1993; Oliveros et al., 1993; Madrid al.,

997).

.5 Conclusion

"his study shows that the in vitro ruminal dry matter degradability and nitrogen solubility of
ne straws were enhanced by anhydrous ammonia gas treatment. It was, therefore, concluded
nat ammoniation of cereal straws improves these parameters. Maize straw showed higher
mprovement due to ammonia treatment followed by oats and wheat straw. It was
ecommended that higher ammoniation rates be considered for wheat straw because it had
inear responses for in vitro ruminal dry matter degradation and no responses for buffer

olubility.
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sults indicate that anhydrous ammonia gas trea nt has a potential to  prove the ruminal
rmentation of cereal straws (wheat, oats and maize). This is based on the fact that there was
iproved in vitro ruminal gas produced after 12 hours of incubation depending on the cereal
-aws. This indicates that rumen microbes were able to ferment the straws and produce gas at

shorter period as shown on the lag-time results.

eywords: Cereal straws; Fermentation efficiency; /n vitro ruminal gas production; Nutritive

lue

1 Introduction

heat, oats and maize straws form a major part of ruminant diets, and they are commonly
ed as an alternative energy source for livestock animals that are extensively reared.
>wever, when fed to ruminant animals, their voluntary intake is also low due to their poor
tritive value. In addition, their digestibility or utilisation is very poor because of high fibre
ntent (Wang er al., 2014). This is because the cell walls of these straws are made up of
ystalline cellulose, hemicellulose and pectin (Singh et al., 2014). The degree of crystallinity

cellulose affects its degradability by rumen microbes whereby a higher degree of
sstallinity results into slow degradation of the wheat straws (Fan et al., 1980). Thus it is
portant to measure the ruminal fermentation kinetics of these straws in order to assess their
tritive value. These parameters give pivotal information of the immediately or slowly
‘mentable components of feed (Getachew et al., 2001). The in vitro ruminal gas production
‘hnique is important as it allows the recording of gas produced at different times during the
:ubation period and allows the calculation of the rate of digestion (Liu ef al., 2002). When
age is incuba |, carbohydrates are ..rmented by ruminal microbial cells and in the
)cess they multiply, produce gas and volatile fatty acids (Getachew et al., 1998; France et
, 2000). The gas produced is a result of carbohydrates being fermented to acetate,

ypionate and butyrate (France et al., 2000; Getachew et al., 2000).
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n vitro ruminal gas production is also = portant in determining fermentation patterns of
nicro-organisms and allow collection of d :stion kinetics data that is applicable in f ling
rograms (Sunvold et al., 1995; Pitt et al., 1999). During fermentation, rumen microbes
legrade substrates and produce gas and the amount of gas produced is dependent on the
mount of the substrate (Davies et al., 2000). Chapter 3 showed that ammonia treatments of
he cereal straws have the potential to degrade fibre (NDF, ADF and ADL) and also improve
heir nitrogen content. Chapter 4 also showed that untreated straws had the least dry matter
legradability than the treated straws. This Chapter was, therefore, designed to evaluate the in
itro ruminal gas production of wheat, oats and maize cereal straws treated with incremental
zvel of anhydrous ammonia gas. The study tested the hypothesis that in vitro ruminal gas
roduction of ammoniated wheat, oats and maize cereal straws respond in an asymptotic

ashion.

.2 Materials and methods
2.1 Study site and ammoniation process

‘he study site and ammoniation process were similar to the ones described in Chapter 3.

2.2 In vitro ruminal fermentation

he Reading Pressure Technique developed by Mauricio et al. (1999) was used to measure in
itro ruminal gas production for the ammoniated cereal straw samples. Each sample was
reighed (1 g) into individual serum bottles (125 mL, thermo scientific, USA). The buffer
slution (potassium phosphate) used in Chapter 3 was similarly prepared for this experii 1,
there 9C ™ of * :buf”™ v T | Ity bott™ . The
ottles were then transferred to the incubator set at 39°C for a period of 12 h before
1oculating with rumen fluid. After 12 h, rumen fluid was collected from the same Bonsmara

onor cow and processed as described in Chapter 4. The inoculum was then added (25 mL) to
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all the serum bottles and immediately incube: . Headspace gas presst  was meas usi _
a pressure transducer (22IC, Gems sensors, Hampshire, United Kingdom), and measurements
were taken at 12, 24, 36 and 48 h after inoculation. Headspace gas pressure measurements
were then converted into gas volume (mL) using the following standard equation: y =
0.034x? + 6.2325x + 1.8143, where, y = gas volume per period (mL), x = gas pressure per

period (psi).

Cumulative gas production parameters were estimated by fitting data into the @rskov and

McDonald (1979) non-linear model:

y=a+b(1—- e ct-it)

Where, y = gas produced at time t; a = the gas production from the immediately soluble
fraction (mL); b = the gas production from the slowly soluble fraction (mL); ¢ = the gas

production rate constant for the insoluble fraction b; ¢ = incubation time (h); / = lag time (h).

Effective gas (Egas) was calculated using the equation: Egas = Ek%, where K = assumed

solid flow rate at 2% per hour and a, b and ¢ are constants from @rskov and McDonald

(1979) equation. Potential gas (Pgas) was calculated as the summation of fraction a and b.
523 Satistical analysis

The NORMAL option in the Proc Univariate statement was used to test for normality of the
measured parameters. Rate of gas produced per period, in vitro ruminal cumulative gas
production and in vitro ruminal gas production parameters data were evaluated for linear and
quadratic effects usir - polynomial cont ts. Toes”™ ate * :optin n " ra for
each cereal straw, RSREG Proc of SAS (2010) was applied as stated in Chapter 3. In a
completely randomised design, GLM procedure of SAS (2010) was used to analyse the rate

of gas produced per period, in vitro ruminal cumulative gas production and in vitro ruminal
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ras production parameters data using the statistical model employed in Chap 3.1 - all the
tatistical tests, significance was declared at P <0.05. The LSMEANS were compared using

he PDIFF option in the LSMEANS statement of SAS.

5.3 Results

“or wheat straw, there were neither linear nor quadratic (P >0.05) effects observed for rate of
ras produced after 12, 24, 36 and 48 h of incubation as well as cumulative gas production
ifter 12, 24, 36 and 48 h of incubation. No significant linear and quadratic trends were
sbserved for gas produced from the immediately soluble fraction (a), gas produced from
Jlowly soluble fraction (), lag time (h), potential gas production (Pgas) and effective gas
rroduction (Egas) in response to incremental levels of anhydrous ammonia gas treatment.
Chere were significant linear effects observed for the gas production rate constant for the
nsoluble fraction (c) [y = 0.035 (£0.0036) + 0.0031 (+0.0028) x; R? = 0.388; P = 0.018] in

esponse to incremental anhydrous ammonia gas levels.

“or oats straw, there were significant linear effects observed for rate of gas produced at 12 h
y = 10.15 (x0.4160) - 0.932 (£0.3242) x; R?* = 0.5082; P = 0.016], which linearly decreased
vith anhydrous ammonia gas treatment levels. There were significant quadratic trends for
ate of gas produced at 24, 36 and 48 h in response to incremental levels of anhydrous

immonia gas treatment (Table 5.1).
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‘igure 5.1. Rate of gas produced per period (mL/h) by anhydrous ammonia treated wheat,

yats and maize straws

“igure 5.1 shows that the highest rate of gas produced at 12 hours was from the maize (40.56
nl/h), followed by wheat (28.95 mL/h) and the least gas produced was from oats (23.73
nL/h). There were no differences (P >0.05) observed between the three cereal crop residues

n terms of gas produced at 24, 36 and 48 h of incubation.

[able 5.4 shows the statistical significance of the main effects and their interactions on
:umulative gas production at 12, 24, 36 and 48 h after inoculation. There were no significant
lifferences (P >0.05) observed for cumulative gas production for ammonia, and the
nteraction for all the incubation period. However, there were significant cereal effect on

umulative gas production at 12, 24 and 36 h, respectively.
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wble 5.4. Level of significan of effi  of tl fo__ors on cumulative gas| luction

Cumulative gas production

ctors _C—umgas 12 Cumgas24 Cumgas36 Cumgas48
rreal straws (CS) * * * NS
nmonia treatment (AT) NS NS NS NS
» X AT NS NS NS NS

gnificance: NS = P >0.05; * = P <0.05; *** = P <0.001.

ble 5.5 shows that the cumulative gas production of wheat, oats and maize straws treated
th anhydrous ammonia gas. Maize straws had higher (P <0.05) cumulative gas production
12, 24, 36 and 48 h after inoculation than oats straws. Wheat straws had the same (P
.05) cumulative gas production at 12, 24, 36 and 48 h after inoculation as maize straws.
ere were no significant differences observed for wheat and oats straws in terms of

mulative gas production at 12, 24, 36 and 48 h after inoculation.
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i.7. The effects of main factors on in vitro ruminal gas production parameters __

vats and maize straws

Cereal
ters Maize Oats Wheat ~ 2SEM
4526 2893 4317 0.522
67.38 40.69 53.09 7.879
0.058° 0.0432 0.048? 0.002
> (h) 1.358 0.989° 1.034° 0.101
71.91 43.59 57.40 8.362
54.22° 31.56° 40.99% 6.219

ters: a = the immediate fermentable fraction; b = the slowly fermentable traction; ¢ =
sroduction rate constant for the insoluble fraction b; Pgas = potential gas production;
:ffective gas production.
standard error of mean.

iscussion

itro ruminal gas production technique is widely used to evaluate the nutritive value of
‘eeds. This technique is mostly utilised due to its ability to evaluate various feed

including agricultural by-products, plants and compound feed. Moreover, this
e has proved to be cheaper, adaptable, efficient and more precise than the in vivo
e (Sallam et al., 2007). In this study, wheat straws did not show any quadratic nor
fects on the ra g | luced, cumulative gas production and fermentation
xrs (fraction a, fraction b, lag time, Pgas and Egas) except on fraction ¢, which

linear effects. The intake of feed is associated with the rate of gas produced for the
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isoluble fraction b (Khazaal et al., 1995). .aere is thus an _ ‘tation that nia

heat straws will have a linear increased intake correlating positively to anhydrous ammonia
iclusion levels, due to the linear effects observed on fraction c. As there were no quadratic
‘fects observed on anhydrous ammonia treated wheat straws, it is indicative that the various

eatment levels were not sufficient to determine an optimum ammoniation rate.

uadratic effects were observed on anhydrous ammonia treated oats straws for in vitro
iminal gas production, for which an optimal ammoniation level was calculated to be 3.5%.
his indicates that treatment of oats straws with anhydrous ammonia gas should be at a
aximum of 3.5% to achieve the best fermentation of the straws as the in vitro ruminal gas
‘oduction indicates the fermentation of the substrate. Anhydrous treatment of oats straws
ith levels beyond 3.5%, does not make any significant difference on the in vitro ruminal gas

‘oduction.

ccording to Theodorou et al. (1994), as the incubation time increases, the gas production
so increase due to ruminal microbe fermenting the carbohydrates. The cumulative gas
oduction of maize and wheat straws from 12 to 48 hours after incubation was higher when
ympared to that of oats straws. When evaluating the Chapter 3 results on the NDF content, it
as evident that anhydrous ammonia gas treatment decreased the NDF and ADF content of
aize and wheat straws thus as expected in this Chapter the straws were fermented and thus
oducing in vitro ruminal gas. This is in agreement with Jalilvand et al. (2008) and Musco et
. (2016) that the in vitro ruminal gas production of forage depends on the NDF content with
e later that more in vitro ruminal gas is produced when the .~ F content is low and vice
1 This "t 1inal microbes were able to  n 1t |

s. Less in vitro ruminal gas was produced by anhydrous ammonia treated oats when
mpa 1to maize and wheat straws. As explained above, this could be due to the increase of

DF content when oats straws were treated with anhydrous ammonia gas when observed in
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Ch. | er 3. This means that the r  nal microbes take lor r to ferment the oats straws due to
the NDF content and this is indicated by the low fraction a as opposed to maize and wheat
straws. Maize straws did not show any quadratic response on in vitro ruminal gas production
to incremental anhydrous ammonia treatment levels. The only linear responses observed on
maize straws were on rate of gas produced after 36 h incubation, cumgasl2, cumgas48,
fraction a and Egas. Due to only linear effects being observed on maize straws to response of
incremental anhydrous ammonia treatment, the optimum anhydrous ammonia gas inclusion
could not be determined. This suggests that there is potential of »>re anhydrous arr »>nia
gas level treatment to have a significant effect on the in vitro ruminal gas production of maize
straws. According to Tesfayohannes er al. (2013), ammoniation of wheat straws, maize
straws, oats straws and Eragrostis curvula hay improves their fermentation but the response
is dependent on the type of feed. Low nutritive value feed, show more improvement in
fermentation than good quality feed which is attributed to the decrease of NDF after
treatment (Goto ef al., 1991). This is as result of the ammonia solubilizing the fibre and the
rumen microbes having a better attachment on the feed (Fahey et al., 1993; Tesfayohannes et
al., 2013). The lag time of wheat and oats straws was shorter than that of maize straws,

suggesting that the rumen microbes firstly utilised these two straws over maize straws.

5.5 Conclusion

The results of this study shows that anhydrous ammonia gas treatment of wheat and maize

straws improves the in vitro ruminal gas production. ..le high cumulative gas production of

maize and wheat straws after 12 h of incubation indicates that ruminal microbes were able to
t . st a

production after 12 hours incubation, which could be due to the higher fibre content found in

Chapter 3. For oats straw, the optimal treatment level is 3.5%. For maize and wheat straw the
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otimal treatment level could not be deduced but it is evident that there is a need to increase

the inclusion level from 5.5% as only linear effects were observed.
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6 GENERAL DISCUSSION, CONCLUSIONS AND FUTURE

RESEARCH

6.1 General discussion and conclusions

Forage plays a vital role in ruminant production. Good quality forage is one that brings out
positive response in terms of ruminant production (Taysom, 2000). The information on
forage quality is important to ruminant nutritionists in formulating balanced rations because
balanced feeding is important for optimum ruminant production. Livestock offtake for
resource-poor farmers is low due to scarcity of feed and unbalanced feeding practises (Tona
2018). This is more evident during the dry winter season when mostly low quality cereal crop
straws are used as feed. These cereal crop straws do not meet the nutritional requirements of
ruminants as they are characterised by low protein content and high fibre content (Rao &
Hall, 2003; Mahesh & Madhu, 2013). A lot of research has thus been done to improve the
nutritive value of these cereal crop straws and thus assisting the ruminants in efficient
utilization of these straws (Dolberg, 1992; Hanafi et al., 2012). One method of improving the
low quality cereal straws is by anhydrous ammonia treatment, which was investigated in this

study.

In this study, anhydrous ammonia gas treatment improved the chemical composition of
maize, wheat and oats straws. This was seen by the improvement of CP content and the
decreased NDF and ADF content of maize, wheat and oats straws significantly. Maize straws
were the ones with the highest CP and fibre improvements. When evaluating the in vitro
ruminal gas production of the straws, it was determined that the optimum inclusion level on
| T i 1 it 1
degradability and nitrogen buffer solubility for maize straws is 4.29% that of oats straws is

3.3%. The high content of NDF, ADF and ADL of the straws (Wheat, oats and maize) as
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depicted in Chapter 3 played a major effect on the in vitro ruminal dry matter degradability
and nitrogen buffer solubility. Anhydrous ammonia treated maize straw had the least NDF,
ADF and ADL when compared to the other straws (wheat and oats), as a result they had
better in vitro ruminal dry matter degradability and nitrogen buffer solubility. Treated oats
straw had the second highest in vitro ruminal dry matter degradability and nitrogen buffer
solubility followed by wheat straw, which had the least. Higher levels of anhydrous ammonia
gas are needed to improve the in vitro ruminal dry matter degradability and nitrogen buffer
solubility of wheat straw. Maize straw treated with anhydrous ammonia have shown the
potential to be included in ruminant diets due to their higher CP, in vitro ruminal dry matter
degradability, nitrogen buffer solubility and lower fibre content as compared to wheat and

oats straws.

6.2 Future research

There is an opportunity to further investigate other methods (urea and sodium hydroxide
treatment) apart from anhydrous ammonia treatment that could improve the nutritive value of
cereal straws. This study only involved laboratory analyses, it is thus recommended that a
feeding trial be conducted in order to determine the actual feed value of ammoniated cereal

straws based on growth performance, health and meat quality parameters.
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7 LIST OF APPENDICES

Appendix 1: Recipe for phosphate-borate buffer (Licitra er al., 1996)

1. Borate-phosphate buffer, (pH 6.7 - 6.8) including

a. Monosodium phosphate (NaH20PO4.H20) : 12.20 g/L
b. Sodium tetraborate (Na2B407.10H20) : 891 g/
c. Tertiary butyl alcohol : 100 mL/L

2. Sodium azide (10%) solution freshly prepared.

The buffer and the solution was combined by adding 50 mL of borate-phosphate and 1 mL of

10% sodium azide
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Appendix 2: Recipe for the in vitro ruminal gas production buffer

Reagents

Buffer Solution A (g/L)
a. Potassium dihydro phosphate (KH2PO4) : 10.0
b. Magnesium sulfate heptahydrate (MgSO4.7H20) 0.5
¢. Sodium chloride (NaCl) : 0.5
d. Calcium chloride dehydrate (CaCl2.2H20) : 0.1

Buffer Solution B (g/L)
a. Sodium carbonate (Na2CO3) : 15.0

b. Sodium sulphide (Na2S.9H20) : 1.0

Buffer A and B was combined at a ratio of 1:5, and according to the ANKOM Technology

Method no. 3 (ANKOM, 2005).
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