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Rice straw is a major global agro-byproduct with about 90% are produced in Asia.
Although some of this agro-byproduct is used as roughage source for ruminant
livestock, its low nutritive value and high non-digestible fibre contents limit its use. In
addition, fermentation of high fibre diet in the rumen is accompanied by high rate of
enteric methane production, which in return causes 7-10 % of the dietary energy loss.
Enteric methane production from ruminants contributes about 33-39 % of total
methane, a greenhouse gas, from agricultural sector which has been implicated as a
major cause of global warming and climate change. Improving the nutritive value of
agro-byproduct such as rice straw will allow it to break down quickly, thus reduces its
retention time in the rumen and lowers its contribution on methane production.
Nutritive values of lignocellulosic materials could be improved by biological treatment
using fungi. A recent laboratory study in Universiti Putra Malaysia reported that
Aspergillus terreus (ATCC 74135) can effectively breakdown lignocellulose
component of rice straw and also produce lovastatin which has the potential to mitigate
methane production in vitro. Thus, the primary objective of this follow-up study was to
evaluate the effects of fungal treatment on rice straw digestibility and methane
mitigation in vitro and in vivo in goats.

The objective of the first experiment (Chapter 3) was to develop an up-scale laboratory
protocol to treat rice straw with Aspergillus terreus (ATCC 74135) to achieve an
optimized balance in reduction of lignocellulose content and production of lovastatin in
the treated rice straw using solid state fermentation (SSF). The treatments consisted of
12 combinations of three levels (amount) of rice straw (300, 600 and 900 g) and four
incubation durations (8, 10, 12 and 14 days) incubated at 25°C, 50% moisture and pH
at 6. Untreated rice straw was used as control to compare with the treatment effects.
The result showed that all treatments reduced the lignocellulose contents compared to
control with hemicellulose content by 7.6 to 26.4% and cellulose content by 4.6 to
21.6%, depending on the treatment. T1 (300 g x 8 days), T2 (300 g x 10 days), T7 (600
g x 12 days) and T8 (600 g x 14 days) produced significantly higher amount of
lovastatin (P<0.05) than the other treatments, thus the above four treatments were
selected for further testing in the second experiment.



The second experiment (Chapter 4) was conducted to evaluate the effect of treated rice
straw using the four treatments (T1, T2, T7 and T8) selected from the first experiment
and untreated rice straw (as control) on methane production and related fermentation
parameters using in vitro gas production procedure. Results showed that all treatments
significantly reduced total gas (102.33 vs. 51.17 to 67.67 mL), CH,4 (30.21 vs. 13.46 to
18.10 mL) and CH,4: VFA (0.71 vs. 0.38 to 0.46) compared to the control (P<0.05).
Among the treatments, T8 showed the highest (55.45%) methane reduction compared
to the control. All treatments had no effect on in vitro dry matter digestibility
(IVDMD). Based on its high methane mitigation efficacy, T8 was selected to evaluate
the effect of A. terreus (ATCC 74135) treated rice straw on in vivo methane production
in goats.

Eight male cross-bred Boer goats, fitted with rumen fistula, were used in the third
experiment (Chapter 5). Rice straw treated using the protocol of T8 (as described in
Chapters 3 and 4) was chosen as treatment and untreated rice straw as control in this
feed trial. Methane production was estimated hourly for 12 hours (0800-2200h) per day
using four open-circuit respiration chambers (~3,000 L). The measurement was
repeated three times (triplicates) for each goat. Dry matter digestibility was determined
using total fecal collection procedure and rumen liquor and blood samples were
collected for VFA, microbial population and blood biochemical profile analysis. Result
showed that daily methane production from goats fed on treated rice straw was reduced
by 34.08% as compared to the control diet (13.27 vs. 20.13 L/day) (P<0.01). The above
value increased to 42.36% if methane production was adjusted to per unit digestible
DM intake (34.86 vs. 60.48 L). Dry matter digestibility for goats fed with treated rice
straw diet improved (P<0.05) by 12.60% (80.0 vs. 69.9%). All treatments increased
concentration of propionate (P<0.01) which led to a lower A/P ratio (P<0.01). This
shift of VFA pathways to favor propionate production (a source of H, sink) could
partly explain for the lower methane production in the treatment group. The
populations of total methanogens and Methanobacterials in goats fed treated rice straw
diet were significantly lower than that of the control (P<0.05). In contrast, the
populations of total bacteria and Ruminococcus albus (cellulolytic bacteria) increased
significantly in goats fed treated rice straw diet (P<0.05). Blood biochemical profile
data showed that cholesterol (P<0.05) and low density lipoprotein (LDL) (P<0.01) in
goats in the treatment group were lower than those of the control.

Results from this thesis showed that biological treatment using A. terreus (ATCC
74135) reduced the lignocellulose content thus improved the nutritive value of rice
straw. The above fungal treatment produced lovastatin which effectively reduced
methane production in vitro and in vivo (in goats) without negative effect to in vivo DM
digestibility in goats. The reduction in populations of total methanogens and
Methanobacteriales without negatively affecting other bacteria showed that the effect
of lovastatin on methane production is specific on methanogens by inhibiting the
activity of HMG-CoA reductase enzyme in the methanogens cell membrane synthesis
pathway as reported in the literature. The increase in population of total bacteria and
Ruminococcus albus (cellulolytic bacteria) further reaffirms the above. This thesis
demonstrates that solid state fermentation using the appropriate fungus (e.g. A. terreus
ATCC 74135) can improve nutritive value of agro-byproduct such as rice straw as
ruminant feed and also reduce enteric methane production in ruminant livestock.
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Jerami padi merupakan sejenis produk sampingan pertanian global di mana 90%
penghasilannya adalah dari Asia. Walaupun sebahagian daripada bahan sampingan
pertanian ini digunakan sebagai sumber rufaj untuk ternakan ruminan, nilai pemakanan
yang rendah dan kandungan serat tidak hadam yang tinggi menghadkan
penggunaannya. Kadar fermentasi diet berserat tinggi di dalam rumen disertai dengan
penghasilan metana enterik pada kadar yang tinggi menyebabkan kehilangan tenaga
dari diet antara 7-10 %. Pengeluaran metana enterik oleh ruminan menyumbang antara
33-39 % dari jumlah keseluruhan metana, sejenis gas rumah hijau, dari sektor pertanian
di mana implikasinya menjadi penyebab utama kepada pemanasan global dan
perubahan iklim. Meningkatkan nilai pemakanan produk sampingan pertanian seperti
jerami padi membolehkan ia dimetabolismakan dengan cepat, sekaligus mengurangkan
masa pengekalan di dalam rumen dan mengurangkan kadar penghasilan metana. Nilai
pemakanan bagi bahan ligno-selulosa boleh dipertingkatkan melalui rawatan biologi
menggunakan kulat. Kajian terbaru di makmal Universiti Putra Malaysia melaporkan
Aspergillus terreus (ATCC 74135) berkesan untuk memecahkan komponen ligno-
selulosa dalam jerami padi dan menghasilkan lovastatin di mana ia mempunyai potensi
untuk mengurangkan pengeluaran metana secara in vitro. Tujuan utama kajian lanjutan
ini ialah untuk menilai kesan rawatan kulat pada penghadaman jerami padi dan
pengurangan metana secara in vitro dan in vivo pada kambing.

Obijektif eksperimen pertama (Bab 3) adalah membangunkan protokol makmal bagi
skala yang lebih besar bagi merawat jerami padi menggunakan Aspergillus terreus
(ATCC 74135) untuk mencapai keseimbangan optimum dalam pengurangan
kandungan ligno-selulosa dan penghasilan lovastatin pada jerami padi terawat
menggunakan fermentasi fasa pepejal (SSF). Rawatan yang mengandungi 12
kombinasi melibatkan tiga kandungan jerami padi (300, 600 and 900 g) dan empat
tempoh pengeraman (8, 10, 12 dan 14 hari) pada suhu pengeraman 25°C, kelembapan
50% dan nilai pH 6. Jerami padi tidak terawat digunakan sebagai kawalan untuk tujuan
perbandingan bagi kesan rawatan. Keputusan menunjukkan kesemua rawatan
menurunkan kandungan ligno-selulosa berbanding kawalan di mana kandungan
hemiselulosa mengalami penurunan antara 7.6 hingga 26.4% selulosa dan kandungan



selulosa antara 4.6 hingga 21.6%, bergantung pada rawatan. Rawatan T1 (300 g x 8
hari), T2 (300 g x 10 hari), T7 (600 g x 12 hari) dan T8 (600 g x 14 hari) menghasilkan
lovastatin yang lebih tinggi (P<0.05) berbanding dengan rawatan yang lain, oleh sebab
itu keempat-empat rawatan di atas dipilih untuk Eksperimen kedua.

Eksperimen kedua (Bab 4) dijalankan untuk menilai kesan jerami padi terawat
menggunakan empat rawatan (T1, T2, T7 and T8) yang dipilih daripada Eksperimen 1
dan jerami padi tidak terawat (sebagai kawalan) pada pengeluaran metana dan
parameter fermentasi yang berkaitan menggunakan prosedur penghasilan gas in vitro.
Keputusan menunjukkan kesemua rawatan ketara menurunkan jumlah gas (102.33 vs.
51.17 hingga 67.67 mL), CH,4 (30.21 vs. 13.46 hingga 18.10 mL) dan CH,:VFA (0.71
vs. 0.38 hingga 0.46) berbanding kawalan (P<0.05). Dari semua rawatan, T8
menunjukkan kadar pengurangan (55.45%) metana tertinggi berbanding kawalan.
Rawatan didapati tidak memberikan kesan pada penghadaman bahan kering in vitro
(IVDMD). Berdasarkan keberkesanan pengurangan metana yang tinggi, T8 dipilih
untuk dinilai kesan jerami padi dirawat dengan A. terreus (ATCC 74135) pada
kambing ke atas pengeluaran metana in vivo.

Lapan ekor kambing jantan kacukan Boer yang dipasang dengan fistula rumen
digunakan pada Eksperimen ketiga (Bab 5). Jerami padi terawat menggunakan protokol
T8 (seperti diterangkan pada Bab 3 dan 4) dipilih sebagai rawatan dan jerami padi tidak
terawat sebagai kawalan dalam kajian pemakanan. Pengeluaran metana diambil setiap
jam selama 12 jam (0800-2200) setiap hari menggunakan empat gerobok pernafasan
terbuka (~3,000 L). Pengukuran diulang sebanyak tiga kali (triplikat) untuk setiap ekor
kambing. Penghadaman bahan kering ditentukan menggunakan prosedur pengumpulan
jumlah tahi dan cecair rumen serta sampel darah dikumpul untuk analisa VFA, populasi
mikrob dan profil biokimia darah. Keputusan menunjukkan pengeluaran metana harian
daripada kambing yang diberi makanan jerami padi terawat menurun sehingga 34.08%
dibandingkan dengan kambing yang diberi makanan kawalan (13.27 vs. 20.13 L/hari)
(P<0.01). Nilai di atas meningkat sehingga 42.36% sekiranya pengeluaran metana
diselaraskan kepada unit pengambilan bahan kering hadam (34.86 vs. 60.48 L).
Penghadaman bahan kering pada kambing yang diberi makanan jerami padi terawat
meningkat (P<0.05) sehingga 12.60% (80.0 vs. 69.9%). Rawatan kulat meningkatkan
kandungan propionat (P<0.01) yang membawa kepada penurunan nisbah A/P (P<0.01).
Pertukaran laluan VFA untuk lebih menjurus kepada penghasilan propionat (sumber
penenggelaman H,) merupakan salah satu sebab pengeluaran metana yang lebih rendah
bagi kumpulan terawat. Populasi jumlah metanogen dan Metanobaktril dalam kambing
yang diberi makanan jerami padi terawat ketara lebih rendah daripada kawalan
(P<0.05). Berbeza dengan populasi jumlah bakteria dan Ruminococcus albus (bakteria
selulolitik) di mana jumlahnya meningkat dengan ketara pada kambing yang diberi
makanan jerami padi terawat (P<0.05). Data profil biokimia darah menunjukkan
kolestrol (P<0.05) dan LDL (P<0.01) dalam kumpulan terawat adalah lebih rendah
daripada kumpulan kawalan.

Keputusan dalam tesis ini menunjukkan rawatan biologi menggunakan A. terreus
(ATCC 74135) menurunkan kandungan ligno-selulosa seterusnya meningkatkan nilai
pemakanan jerami padi. Rawatan kulat di atas menghasilkan lovastatin di mana ia
berkesan menurunkan pengeluaran metana in vitro dan in vivo (pada kambing) tanpa
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kesan negatif pada penghadaman bahan kering in vivo pada kambing. Penurunan
populasi jumlah metanogen dan Metanobaktril tanpa mempengaruhi bakteria lain
menunjukkan kesan lovastatin kepada pengeluaran metana tertumpu kepada metanogen
dengan merencatkan aktiviti enzim HMG-CoA reductase pada laluan sintesis membran
sel metanogen seperti yang telah dilaporkan dalam literatur. Peningkatan populasi
jumlah bakteria dan Ruminococcus albus (bakteria selulolitik) menyokong situasi di
atas. Tesis ini menunjukkan fermentasi fasa pepejal menggunakan kulat yang sesuai
(e.g. A. terreus ATCC 74135) boleh meningkatkan nilai pemakanan bahan sampingan
pertanian seperti jerami padi sebagai makanan ruminan dan juga menurunkan
pengeluaran metana enterik dalam ternakan ruminan.
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CHAPTER 1

GENERAL INTRODUCTION

Rice straw, with global annual production exceeding 570 million tonnes, is one of the
most excessive agricultural by-products (Abdel-Mohdy et al., 2009). The traditional
method to dispose the rice straw after harvest is by burning leads to health and
environmental concerns (Abdel-Mohdy et al., 2009). Small amount of rice straw is
used as roughage feed for ruminant animals. However, due to the high lignocellulose
but low nitrogen contents, rice straw is poorly fermented in the rumen resulting in low
animal productivity. In addition, fermentation of poor quality feed such as rice straw in
rumen is associated with high rate of methane production. Biological treatment has
been suggested to improve the quality of agricultural biomass such as rice straw as
ruminant feed (Alborés et al., 2006).

Although greenhouse gases are essential to maintain atmospheric temperature on earth
(Moss et al., 2000), high concentration of these gases will trap more heat which will
increase the atmospheric temperature (IPCC, 2013). Methane is known to be the
second most important greenhouse gas after carbon dioxide (Bunglavan, 2014; IPCC,
2007). Although the concentration of methane was lower than carbon dioxide, the
global warming potential of methane is 34 times higher than that of carbon dioxide
(IPCC, 2013). Enteric methane production from ruminants contributes about 33-39 %
of total methane production from agricultural activity (Moss et al., 2000). Methane
production from rumen fermentation also results in 7 to 10% of dietary energy loss for
the host animals (Moss and Givens, 1993). Bio-hydrogen produced from carbohydrate
fermentation in the rumen is used by methanogenic archaea in the process of
methanogenesis to produce methane (Janssen, 2010). Due to the negative impact of
enteric methane on the environment and dietary energy utilization by the host animals,
many studies including feeding of methane mitigation agents have been intensively
conducted to counter these impacts. One of the approaches is the use of lovastatin to
suppress methanogenesis (Miller and Wolin, 2001).

Lovastatin (C,4H350s, M.W. 404.55) is a secondary metabolite produced during the
secondary phase of fungi growth (Gupta et al., 2007). It is an inhibitor of 3-hydroxy- 3-
methylglutaryl coenzyme A (HMG-CoA) reductase, a key enzyme in cholesterol
production pathway in humans (Alberts, 1988). Part of the cell membrane synthesis
pathway in archaea is similar to that of cholesterol synthesis in humans (Miller and
Wolin, 2001) thus making it possible for lovastatin to be used to inhibit the growth of
methanogens (Lam and Doolittle, 1992; Wolin and Miller, 1999). Although pure statin
can be used to significantly reduce growth and activity of methanogenic archaea
without any negative effect on cellulolytic bacteria (Wolin and Miller, 2006), it is too
expensive making it irrelevant to be used as feed additive by farmers for methane
mitigation.



Aspergillus terreus is one of the fungi capable of producing lovastatin (Lai et al., 2003;
2005). This fungus is also able to produce cellulolytic enzymes for degradation of
lignocellulolytic components in rice straw (Jahromi et al., 2011). By using submerged
fermentation, A. terreus was reported as the best lovastatin producer (55mg/l) among
110 fungi examined (Siamak et al., 2003). Many studies have been conducted using
different substrates such as rice grain, rice husk, wheat bran, soybean and corn for
lovastatin production (Wei et al., 2007; Jaivel and Marimuthu, 2010; Pansuriya and
Singhal, 2010). However, these substrates are normally expensive as they are used as
human food and feed for livestock production.

Since rice straw is one of the most excessive agricultural by-products in the world, it is
important to find an alternative way to utilize it. Earlier studies conducted in Universiti
Putra Malaysia reported that treating rice straw with A. terreus reduced lignocellulose
content of rice straw and produced lovastatin which inhibited methane production in
vitro (Jahromi et al., 2012; 2013a). Although the use of lovastatin to mitigate methane
in vitro (Miller and Wolin, 2001) and in vivo (Klevenhusen et al., 2011) has been
documented, these earlier studies used pure commercial lovastatin (RM 905.02 / 25 mg
- http://www.sigmaaldrich.com/catalog/product/sigma/m2147?lang=en&region=MY),
which is too expensive for methane mitigation in ruminant livestock under practical
farm condition. In addition, fungal treatment also reduces lignocelluloses content of
rice straw. Thus the novelty of this thesis is to produce lovastatin from fungal treatment
using rice straw to mitigate enteric methane production and to improve its digestibility.

General objective

To evaluate the effects of fungal treatment on rice straw digestibility and methane
mitigation in vitro and in vivo in goats.

Specific objectives:

i) To determine the optimal incubation conditions of rice straw using A. terreus
(ATCC 74135) in solid state fermentation on larger laboratory bench
scales (300-900 g) for the production of lovastatin and to reduce the
lignocellulose content of the rice straw.

i) To investigate the effect of treated rice straw on in vitro methane production
and in vitro dry matter digestibility.

iii) To determine the ability of fermented rice straw, containing lovastatin, to
reduce methane production and to alter blood biochemical profile in
goats.


http://www.sigmaaldrich.com/catalog/product/sigma/m2147?lang=en&region=MY
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