Chapter 4
Effects of fermented TMR on digestibility, ruminal
fermentation, nitrogen utilization, blood characteristics, and

ruminal methane production in sheep

4.1. Introduction

There is a large and growing body of evidence that most of the climatic warming
observed over the last 50 years is attributable to human activity (IPCC, 2001). This
increase in the Earth’s average temperature is considered one of the most important global
environmental issues. Methane is an important greenhouse gas, second only to carbon
dioxide in its contribution to global warming. Per molecule, methane is apprpximately 30
times more potent as a greenhouse gas than carbon dioxide, but it has a relatively short
atmospheric lifetime of approximately 10 years compared to more than 200 years for
carbon dioxide (Moss, 1993). Reducing greenhouse gas emissions remains a top priority
for stemming global warming (Mathison et al., 1998; Moss et al., 2000). The world
population of ruminants is a major source of methane, contributing approximately 15% of
the total atmospheric methane flux (Sahoo et al., 2000). Methane production occurs
during microbial fermentation of feed within the rumen and represents a loss in
productive energy for the animal (Beauchemin and McGinn, 2005) amounting to up to
nearly 12% of total energy intake (Johnson and Ward, 1996; Giger-Reverdin and Sauvant,
2000; Johnson et al., 2000). Diet composition or type and the level of feed intake can have

a major effect on methane production (Johnson and Johnson, 1995; Moss et al., 2000;
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Benchaar et al., 2001). The forage-to-feed concentrate ratio (F/C) of the ration impacts
rumen fermentation and hence the acetate-to-propionate ratio (A/P) declines with the F/C
ratio (Moss et al., 2000). Thus, high-concentrate diets should reduce methane production
(Fahey and Berger, 1988). Johnson and Johnson (1995) reported a methane energy loss of
6—-7% gross energy intake when forages were fed at the maintenance plane of nutrition;
this decreased to 2-3% when high-grain concentrates were offered at near ad libitum
intake levels. A similar effect was reported for grass silage supplemented with barley
(Moss et al., 1995). A diet that is high in grain or supplemented with soluble
carbohydrates shifts the fermentation pattern in the rumen and results in a more hostile
environment for methanogenic bacteria, which increases the passage rate of food, reduces
ruminal pH and certain populations of protozoa, and inhibits or eliminates ruminal
ciliates and methanogenic bacteria (Van Soest, 1982). A similar report showed that a low
rumen pH regulates methane production (Lana et al., 1998). In addition, over a final pH
range of 6.5 to 5.3, methane production is highly correlated with A/P (Russell, 1998).
Many studies have investigated how to inhibit methane production by ruminants to
help address global climate change (e.g., Moss et al., 2000). Direct inhibition of
methanogenesis by halogenated methane analogues and related compounds has been
widely demonstrated in vitro (Van Nevel and Demeyer, 1995; McCrabb et al., 1997;
Kung et al., 1998) but further in vivo testing is essential. lonophoric antibiotics such as
monensin depress methane production in vitro (Van Nevel and Demeyer, 1992); however,
long-term in vivo trials have shown that this inhibition does not persist (Runpler et al.,
1986). Malate, which is converted to propionate via fumarate, also stimulates propionate
production and inhibits methanogenesis in vifro (Martin and Streeter, 1995), but actually

increases methane production under rumen-simulating conditions, although this was
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largely explained by the stimulation of fiber digestion, and the methane produced per unit
dry matter did in fact drop (Carro et al., 1999). Bacteria that carry out reductive
acetogenesis have been isolated from the rumen (Morvan et al., 1994), but they are few in
number, and attempts to increase acetogenesis have not been successful, largely because
reductive acetogens under rumen-like conditions are unable to compete with
methanogenie archaea (Demeyer et al., 1996; Nollet et al., 1997, 1998). A
methane-oxidizing bacterium was isolated from the gut of young pigs; it decreased
methane accumulation when added to rumen fluid in vitro (Valdes et al., 1997); however,
the validity of this approach in vivo has yet to be tested. Infusing the rumen of sheep with
pure saponin (Lu and Jorgensen, 1987) or feeding them saponin-containing plants
(Teferedegne et al., 1999) decreases protozoa populations; however, even if a practical
on-farm method to remove protozoa from the rumen can be found, the effects of
defaunation on methane emissions cannot be considered in isolation (Moss et al., 2000),
as rumen ciliate protozoa play an active role in ruminal fiber breakdown (Coleman, 1986)
and thus defaunation may adversely impact fiber digestion (Jouany and Ushida, 1999).
Thus, defaunation to decrease methane production would have to be balanced against the
effects on fiber and protein metabolism. Horiguchi and Takahashi (2001) reported that
supplementing feed with rapeseed oil reduced methane emissions by sheep. Similarly,
including fat in the diet markedly decreases methane production, but the effect depends
on the fat source used (Machmuller et al., 1998); moreover, the effects of fat on methane
production are not limited to those mediated via protozoa, i.e., lipids inhibit
methanogenesis even in the absence of rumen protozoa (Dohme et al., 1999), possibly
due to the toxicity of long-chain fatty acids (Henderson, 1973). In addition, fat may

significantly inhibit fiber breakdown in the rumen (Machmuller and Kreuzer, 1997), the
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severity of which also depends on the fat used (Machmuller et al., 1998). Both
Saccharomyces cerevisiae yeast and Aspergillus oryzae fungi have been shown to both
decrease (Frumholtz et al., 1989; Mutsvangwa et al., 1992) and increase (Martin and
Nisbet, 1990) methane production.

Treating straw with urea and/or a mixture of urea and calcium hydroxide followed
by storage can reduce methane production per kg digested OM and increase energy
balance (Sahoo et al., 2000). Sunflower oil, ionophores, and possibly some yeast products
may decrease methane energy loss in cattle, but oil supplementation impairs fiber
digestibility (McGinn et al., 2004). Hindrichsen et al. (2005) showed that low enteric
methanogenesis associated with high fiber excretion does not inevitably lead to
compensatory increases in methane emission during slurry storage. Jordan et al. (2006)
showed that although coconut oil-treated diets decrease methane, they also decrease
digestibility, resulting in an extended finishing time with implications for lifetime
methane emissions. (Nkrumah et al., 2006) found that residual feed intake (RFI) was
correlated with daily methane production and energy lost as methane, and that methane
production was 28% and 24% lower in low-RFI animals than high- and medium-RFI
animals, respectively. Essential oils appear to have no effect on methane emissions,
whereas fumaric acid may improve ruminal fermentation but does not lead to a
measurable reduction in methane emissions (Beauchemin and McGinn, 2006). However,
some lauric acid oils reduce methanogenesis and increase VFA production, especially in
culture with ground corn (Yabuuchi et al., 2006). In general, research on methanogenesis
has clearly revealed that methane production in the rumen is a rather sensitive process
that can easily be inhibited by several additives (Van Nevel and Demeyer, 1996). Still, no

single additive or intervention that is unequivocally effective has yet been identified, and
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the shortcomings of each possible inhibitor are wide ranging, from having only a
temporary effect to being toxic to the animal, leaked into the environment (a problem
only if the inhibitor is not biodegradable), having low digestibility (lipid
supplementation), or not being practical (defaunation; Van Nevel and Demeyer, 1996).
Therefore, the ideal methane inhibitor must be extremely specific with persistent and
long-lasting action, harmless to the animal, and must not leave behind residues in edible
products (Van Nevel and Demeyer, 1996).

As already mentioned, the inhibition of methane production is normally
accompanied by an increase in propionate production (Wolin, 1975). Furthermore,
propionate production uses hydrogen and lactic acid (Moss et al., 2000). To date, the
effect of fermented TMR on methane production in the rumen has not been investigated
in vivo, although it has been found that a high LAC diet leads to low methane production
in vitro (Cao et. al., in press, a).

The objectives of this experiment were to evaluate the effects of TMR with a high
LAC on the digestibility, fermentation characteristics, ruminal methane production and

energy loss, and blood characteristics of sheep.

4.2. Materials and Methods

The animal experiment was conducted with permission from the Committee of
Animal Experimentation under the institutional guidelines for animal experiments at the
Faculty of Agriculture, Yamagata University.

4.2.1. Preparation of WCR silage and TMR
WCR (Haenuki) was cultivated using conventional methods in a paddy field on an

experimental farm at Yamagata University, Japan, harvested at the full-ripe stage,
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prepared into a mini roll bale silage (50 kg), and stored outdoors (9—32°C) for 240 days of
fermentation. After fermentation, the characteristics of the WCR silage were as follows:
DM, 45.6%; pH 4.53; LAC, 1.41%,; acetic acid, 1.40%; NH3-N/TN, 6.81%; Flieg’s score,
36.8; and V-score, 89.6.

The silage was cut to a length of 2 cm. As shown in Table 4.1, TMR was prepared
using compound feed (Kitanihon-kumiai Feed, Yamagata, Japan); WCR silage; dried
beet pulp (Zennou, Tokyo); a vitamin—mineral supplement (Snow Brand Seed, Iwate,
Japan; vitamin A, 5,000,000 IU/kg; vitamin D3, 1,000,000 [U/kg; vitamin E, 2 g/kg;
vitamin K3, 0.2 g/kg; vitamin B1, 0.5 g/kg; vitamin B2, 1 g?kg; vitamin B6, 0.1 g/kg;
vitamin B12, 0.001 g/kg; nicotinic acid, 6 g/kg; choline chloride, 2 g/kg; calcium
pantothenate-D, 10 g/kg; Mn, 0.16 g/kg; Zn, 0.7 g/kg; Fe, 0.55 g/kg; Cu, 0.14 g/kg; 1, 0.33
g/kg; Co, 0.04 g/kg; methionine, 1 g/kg; lidocaine hydrochloride, 0.5 g/kg); and RB
(Yamagata University Farm, Yamagata, Japan). Experimental treatments included
controls (i.e., no lactic bacteria added and not fermented) or fermented TMR silage
(FTMR; lactic bacteria added and fermented) with the addition of Lactobacillus
plantarum Chikuso-1 (Snow Brand Seed, Sapporo, Japan) at a rate of 5 mg/kg (i.e., 5
ppm) of fresh TMR. The TMR ingredients and proportions are listed in Table 4.2. CP and
TDN content for the two TMR were calculated according to Standard Tables of Feed
Composition in Japan (2001) (National Agricultural Research Organization, 2001). The
proportions of WCR silage, feed concentrate, dried beet pulp, and vitamin-mineral
supplement were fixed at 30%, 25%, 13.5%, and 1.5% of TMR DM, respectively, and the
remaining 30% of TMR (DM) and the RB were mixed. The FTMR silage was adjusted
with water to 55% moisture, and 100 kg were ensiled in two drum can silos of 200 L

volume (Minikon-silo; KD-Service, Tokyo, Japan). To produce fresh TMR, WCR silage
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was separated from the other ingredients, ensiled in two drum can silos alone, and the
feed concentrate, beet pulp, vitamin—-mineral supplement, and RB were mixed and
ensiled in a separate drum can. The samples were stored outdoors (9-32°C) for 60 days,
and the same proportions were fed to animals.

4.2.2. Feeding of animals and experimental design

Four Suffolk sheep (49.5 £ 3.2 kg) were used in a 2 (treatments) % 2 (periods)
cross-over design experiment. The sheep were individually housed in metabolic cages
and fed TMR at 2% body weight (BW) on a DM basis once daily at 09:00 h. The
metabolizable energy maintenance level was set according to Nutrient Requirements of
Sheep (NRC, 1985). Water was accessible at all times. A 7-day preliminary adjustment
period was followed by a 5-day period during which all feces and urine were collected.

Blood samples were also collected by venipuncture of the jugular vein before the
morning feeding and at 2 and 4 h after the morning feeding on day 12 of each period, and
stored in vacutainer tubes (VENOject II; TERUMO, Tokyo, Japan). Hematocrit values
were determined in duplicate using micro-hematocrit tubes and centrifuging in a 12,000
rpm centrifuge (Hemato Crit Kokusan Co., Okusan, Tokyo, Japan) for 5 min (Dacie and
Lewis, 1975) and plasma was prepared by centrifugation (12,000 rpm, 20 min, 4°C) and
stored at -20°C until later analysis of glucose and urea-N.

Ruminal fluid was sampled immediately before the morning feeding and at 2 and 4 h
after feeding on day 13 of each period. Ruminal fluid pH was measured immediately, and
samples were separated from feed articles through two layers of gauze. Samples were
frozen (-20°C) for later analysis of VFA and NH3-N.

4.2.3. Methane emission from expiratory gas

A 5-day feces and urine collection period was followed by a 2-day period (excluding
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the calibration time required for analyzers) during which time air was collected for a
period of 24 h (from 09:00 h feeding to next day 09:00 feeding). Expiratory gas was
collected using a head hood-type respiration chamber (85 cm wide x 45 cm deep x 90 cm
tall; Nishida et al., 2007), dehydration device, gas pump (85-95 L/min; JP-80 Vacuum
pump; Tokyo Deodorant, Tokyo, Japan), gas flow meter (N6 LPG; Aichi Tokei Denki,
Nagoya, Japan), sampling bag (60 L), and vinyl hose (I.D., 20 mm). The chamber had a
hinged door through which feed and water were provided, and a fan was installed to
circulate air throughout the respiration chamber. Each end was fitted with additional
individual chambers for dehydration, connected to the device by a hose. The dehydration
device, which was connected to a gas pump by a hose, filtered moisture from the chamber
air, and the gas pump moved the air from the chamber into a gas flow meter (via a hose)
and at the same time helped provide fresh air into the chamber. The gas flow meter
measured the total volume of air leaving the chamber for 24 h and was connected to a
sampling bag by a hose fitted with a control valve so that the collected air sample was less
than 60 L for 24 h. Four sampling bags of expiratory gas were collected and analyzed for
methane content.
4.2.4. Chemical analysis

The WCR TMR silages and feces were dried in a forced draft oven at 60°C for 48 h
and ground into a 2-mm powder with a sample mill (Foss Tecator; Akutalstuku, Tokyo,
Japan). The DM, CP, EE, and ash were analyzed according to methods 934.01, 976.05,
920.39, and 942.05, respectively, of the Association of Official Analytical Chemists
(AOAC, 1990). The organic matter (OM) was calculated as weight loss upon ashing.
Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed according to

Van Soest et al. (1991). Heat-stable amylase and sodium sulfite were used in the NDF
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procedure, and the results were expressed without residual ash. Urinary N was
determined using the Kjeldahl procedure described by the AOAC (1990). Gross energy
(GE) was determined using an automatic bomb calorimeter (OSK 150, Ogawa Sampling,
Tokyo, Japan).

The fermentation products of the silages were determined using cold-water extracts.
Wet silage (50 g) was homogenized with 200 mL sterilized distilled water and stored at
4°C overnight (Cai et al., 1999). The pH was measured using a glass electrode pH meter
(Horiba D-21; Horiba, Kyoto, Japan). Lactic acid and NH3-N were analyzed according to
Takahashi et al. (2005). The VFA was steam-distilled and measured qualitatively and
quantitatively using gas chromatography (G5000-A; Hitachi, Tokyo, Japan) equipped
with a thermal conductivity detector and a glass column (Unisole F-200, 3.2 mm x 2.1 m).
The analytical conditions were as follows: column oven temperature, 140°C; injector
temperature, 210°C; detector temperature, 250°C. To assess silage quality, we calculated
Flieg’s scores from the lactic acid and VFA concentrations and V-scores from the
NH;3-N/total N and VFA concentrations (Takahashi et al., 2005). The pH, VFA, and
NH;3-N concentrations in ruminal fluid samples were measured using the same methods
as for the TMR silage filtrates.

Serum glucose and urea-N were determined using the glucose C II Test-wako kit
(Wako Pure Chemical Industries, Osaka, Japan) and urea-N B Test-wako (Wako Pure).
Cholesterol, glutamic oxaloacetic transaminase (GOT), and glutamic pyruvic
transaminase (GPT) were determined using the cholesterol E Test-wako (Wako Pure),
and transaminase C II Test-wako kits (Wako Pure).

Gas samples were analyzed (Horiguchi and Takahashi, 2001) for methane by gas

chromatography (G-5000A; Hitachi, Tokyo, Japan). The analytical conditions were as
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follows: column oven temperature, 80°C; injector temperature, 100°C; detector
temperature, 110°C.
4.2.5. Calculations and statistical analysis
The energy lost as methane was calculated as the total methane produced in liters per
day at standard temperature and pressure (STP) x 9.45 kcal/L (Brouwer, 1965).
Chemical composition, pH, organic acids, and NH3-N/TN were analyzed using a
one-way ANOVA. Digestion and methane emission data were analyzed as a 2 x 2 Latin
square using the General Liner Model procedure of SAS (1995), with diet, period, and
animal included as factors. Tukey’s test (SAS, 1995) was used to identify differences (P <

0.05) between means.

4.3. Results

4.3.1. Chemical composition

The chemical composition and GE content of TMR are listed in Table 4.3. DM, OM,
nitrogen-free extract (NFE), and NFC were lower but EE, CF, crude ash (CA), and GE
were higher in FTMR (P < 0.05) than in controls. There were no significant differences in
CP, ADF, and NDF between the two TMR silages.
4.3.2. pH and organic acid content

FTMR silage had lower pH and higher LAC, acetic acid, and NH3-N/TN compared
to controls (Table 4.4). As indicated by the high Flieg’s scores and V-scores, the silage
was good quality.
4.3.3. Nutrient digestibility and nitrogen retention

Nutrient digestibility, nutrient content, and nitrogen retention in the two TMR

silages are shown in Table 4.5. The apparent digestibility of FTMR was higher than
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control TMR, and there were remarkable differences in CP, EE, CF, NDF, and GE. DM,
OM, and ADF also tended to be higher in FTMR (P =0.0518, P =0.0650 and P = 0.0741,
respectively). TDN, digestible crude protein (DCP), and digestible energy (DE) were
higher in FTMR. There was no significant difference in nitrogen retention, nitrogen
intake, or allantoin levels between the two TMR silages, although fecal and urinary
excretion of nitrogen were significantly lower and higher for FTMR, respectively. There
was no significant difference in DM intake per metabolic body weight between the two
TMR silages.
4.3.4. Ruminal fermentation

The ruminal pH of the control and FTMR groups were 6.64—7.28 and 6.40—7.20,
respectively; the difference was non-significant before and 4 h after feeding (Table 4.6)
but significantly higher in FTMR 2 h after feeding. Total VFA did not differ between the
two silages before feeding, but was significantly higher in FTMR 2 and 4 h after feeding.
The molar proportions of acetic acid in FTMR were not affected by dietary TMR, but
tended to increase before and 4 h after feeding (P = 0.0761 and P = 0.0714, respectively).
Propionic acid was significantly higher in FTMR 2 h after feeding, while isobutyric acid
was not affected by dietary TMR. Although butyric acid did not differ between the two
silages before feeding, it was significantly lower in FTMR 2 and 4 h after feeding.
Isovaleric acid, valeric acid, and the A/P ratio were not affected by dietary TMR. NH3-N
concentration did not differ between the two silages before feeding, but was higher in
FTMR 2 and 4 h after feeding.
4.3.5. Energy intake and methane emission

There was no significant difference in daily GE intake between the two TMR silages

(Table 4.7). Compared to controls, FTMR significantly decreased daily methane
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emission per sheep by 25.1%, per DM (L/kg) intake by 24.7%, per digestible DM by
28.4%, and per metabolic BW by 25.5%. FTMR also significantly decreased the daily
energy lost as methane per sheep by 25.1%, per kg metabolic BW by 25.4%, and per
percent GE intake by 25.9%.
4.3.6. Blood characteristics

The blood data are shown in Table 4.8. Hematocrit, Glucose, urea-U, GOT, and GPT
were 30.44-36.00%, 57.04-66.40 mg/dL, 13.06-16.43 mg/dL, 45.31-53.78, and
4.79-6.09, respectively; none was affected by dietary TMR. Although glucose was
significantly lower in FTMR before feeding, there was no significant difference between

the two TMR 2 and 4 h after feeding.

4.4, Discussion

The main losses in low-DM silages are associated with the fermentation process and
effluent loss (Hameleers et al., 1999). Hameleers et al. (1999) reported DM losses of
0.16-0.06 for crops with a DM range of 200-350 g/kg, and that losses caused by the
fermentation process varied from 0.10 to 0.05 at a DM range of 200-450 g/kg. In the
present experiment, DM content was lower in FTMR than in controls, because both
moisture (55%) and OM were lower in the FTMR. In addition, FTMR had a higher LAC,
and lactic acid was extracted out of the sample and mixed with EE, resulting in a higher
EE content (9.4%) than in controls (7.4%). During fermentation, even a small amount of
water-soluble carbohydrate degraded by lactic bacteria could decrease NFE and NFC
levels (Cai and Ohmomo, 1995; Cai et al., 2001, 2003). However, Shioya (2008) reported
no significant differences in NFC between fresh and fermented TMR silage. In the

present experiment, FTMR had a lower DM and NFC but higher GE than controls. This
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could be attributable to the higher EE, CF, and NDF contents in FTMR.

To prepare high-quality TMR silage, we added LAB (Cai, 2001; Cai et al., 2003). As
indicated by the low pH, high LAC, and high Flieg’s scores and V-scores, the TMR silage
was of good quality. This is consistent with a previous study (Shioya, 2008) that showed
that TMR silage has a low pH, high LAC, and low butyric acid levels. In the present study,
the WCR silage had a small amount of organic acids (i.e., lactic acid, acetic acid,
propionic acid, and butyric acid) and NH3-N. Therefore, the FTMR had a significantly
higher LAC than controls.

Shioya (2008) reported that the DM intake for FTMR silage was higher than for
fresh TMR (i.e., not fermented), and that ruminants preferred FTMR silage, which was
also more digestible, although there were no significant differences in TDN or GE loss
among treatments. In the present experiment, FTMR silage had more EE and GE with CF
and NDF but less NFC than controls; at the same time, there were significant increases in
the apparent digestibility of CP, EE, CF, NDF, and GE and an increasing (but
non-significant) trend in the apparent digestibility of DM and OM (P = 0.0518 and P =
0.0650, respectively). This is consistent with a recent report that the digestibility of NDF
significantly increased as NDF increased and NFC decreased in TMR made with cassava
(Kanjanapruthipong and Buatong, 2004). In addition, FTMR had more nutrients, TDN,
DCP, and DE, and resulted in less fecal excretion of nitrogen and allantoin but higher
urinary excretion of nitrogen. There was no significant difference in DM intake between
the two TMR silages, in contrast to the findings of Shioya (2008).

Erfle et al. (1982) found that ruminal pH varied from greater than 7 to less than 5 as
VFA production decreased from 80 to 50 mmoles/day. Ruminal pH has been implicated

in the development of bloating (Jones and Lyttleton, 1972), and there is an inverse
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relationship between ruminal pH and gas production (Waghorn, 1991). In addition, pH
values below 6 increase the stability of foam, which interferes with the normal eructation
of gases and therefore, contributes to the frothy bloat (Gutierrez et al., 1963; McArthur
and Miltimore, 1969). Furthermore, gas in the rumen forms bubbles that rise through the
rumen contents and coalesce to form a dorsal gas pocket in the rumen (Clarke and Reid,
1974). Consequently, a low ruminal pH should increase bloat susceptibility by increasing
the production and entrapment of gas in the rumen (Bretschneider et al., 2007). Indeed,
Bretschneider et al. (2001) reported that corn silage fed before grazing at levels of intake
ranging from 0.5 to 1 kg of DM/100 kg BW decreased the incidence of pasture bloat in
cattle. In the present experiment, ruminal pH was always within the normal range for
sheep (Russell and Hino, 1985). Although ruminal pH was significantly lower for FTMR
2 h after feeding, there were no significant differences between the two silages before
feeding or 4 h after feeding. Total VFA increased by 5.55-8.84 mmol/dL and 5.92-12.72
mmol/dL in controls and FTMR, respectively, from before feeding to 2 h after feeding,
but slightly decreased 4 h after feeding. FTMR had higher total VFA 2 and 4 h after
feeding, and the consumption of fermentable carbohydrates led to a marked postprandial
decrease in ruminal pH (Nocek, 1997; Chaucheyras-Durand et al., 2008). FTMR had
more fermentable matter due to its high nutritive digestibility, which led to more VFA
and a lower pH. Similar to total VFA, the molar concentrations of acetic acid and
propionic acid in both controls and FTMR also increased from before feeding to 2 and 4 h
after feeding, although acetic acid levels were slightly (non-significantly) higher in
FTMR before (P = 0.0761) and 4 h after (P = 0.0714) feeding than in controls, and
propionic acid was slightly higher in FTMR 2 h after feeding. This might have happened

because, after feeding, the NFC, feed concentrate, or effective fiber may have been
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degraded by bacteria into propionic acid, thereby decreasing ruminal pH and the A/P
ratio; at the same time, lactic acid either from the FMTR or via bacterial fermentation in
the rumen may have used hydrogen from the fermentation reaction to further increase
propionic acid (Lana et al., 1998; Russell, 1998; Moss et al., 2000). Similar to previous
studies (Lana et al., 1998; Russell, 1998), ruminal pH in the present experiment declined
in sheep fed FTMR from 7.2 before feeding to 6.33 at 2 h after feeding and 6.40 at 4 h
after feeding, while the A/P ratio declined as much as 12.2% before feeding and 14.6% 4
h after feeding, likely because the high CF, NDF, and fiber contents all produce acetic
acid (Russell, 1998). Kim et al. (2006) found that feeding wormwood (A4rtemisia
montana) silage instead of rice straw increased DM, OM, CP, EE, and NDF, as well as
ruminal propionic and butyric acid. In contrast, the present study showed that feeding
FTMR silage instead of non-fermented TMR also increased ruminal propionic acid but
decreased ruminal butyric acid 2 and 4 h after feeding. Similar to total VFA, the NH3-N
concentration in controls and FTMR increased 2 h after feeding, and tended to decline
between 2 and 4 h after feeding. NH3-N production was higher 2 and 4 h after feeding in
FTMR than in controls, possibly due to its higher CP digestibility. In addition,
Kanjanapruthipong and Buatong (2004) reported that acetic acid, propoinic acid, the A/P
ratio, and fiber digestibi;ity all significantly increase with an increasing content of
non-forage NDF from cassava residues.

There are two known mechanisms for the conversion of lactic acid or pyruvic acid to
propionic acid (Leng, 1970). When lactate acid is secondarily fermented in the rumen by
lactate-utilizing bacteria such as Megasphaera elsdenii, Selenomonas ruminantium, and
Veillonella parvula, propionate is generally produced as a major product (Dawson et al.,

1997; Russell and Wallace, 1997) and this can reduce methanogenesis because electrons
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are used during propionate formation. If hydrogen is then used to convert lactic acid to
propionic acid in the rumen (Moss et al., 2000), the hydrogen will decrease, which in turn
will inhibit the conversion of hydrogen and CO; to methane. Russell (1998) reported that
over a pH range of 6.5 to 5.3, methane production is highly directly correlated with the
A/P ratio. In the present experiment, the ruminal pH of sheep fed FTMR declined from
7.20 before feeding to 6.33 at 2 h after feeding and 6.40 at 4 h after feeding, while the A/P
ratio also decreased by up to 14.6%, indicating that the higher LAC of the FTMR diet
may have led to the production of propionic acid and, accordingly, lowered methane
production.

Many studies have reported lower plasma glucose concentrations in animals fed
restrictively fermented silage (Smith et al., 1993; Miettinen and Huhtanen, 1997,
Heikkil4 et al., 1998) or in those that exhibited increased ruminal butyrate (Huhtanen et
al., 1993; Miettinen and Huhtanen, 1996). For animals fed silage-based diets, a close
relationship exists between mean rumen molar propionate proportions and mean plasma
glucose concentrations (Shingfield et al., 2002). However, despite the possibility that
diets based on restrictively fermented silages are probably more limited in glucose supply
than extensively fermented silages, it appears that ruminants can adjust to a lower supply
by more efficiently extracting glucose from arterial blood supplies (Miettinen and
Huhtanen, 1997). In the present experiment, all blood characteristics tested fell into the
normal range for sheep (Kaneko, 1989). There were no differences between sheep fed
different silages, except for glucose, which was lower in FTMR-fed sheep than in
controls before feeding. it is not clear why this trend was observed, but it could be linked
to the higher LAC induced by FTMR feed, and the corresponding lower concentrations of

butyric acid but higher concentrations of propionic acid 2 and 4 h after feeding.
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4.5. Summary

The effects of fermented TMR silage on the nutritive value, nitrogen retention,
ruminal fermentation, methane production, and plasma parameters of feed were
evaluated. Four Suffolk sheep (49.5 + 3.2 kg) were used in a 2 (treatments) x 2 (periods)
cross-over design experiment. Experimental treatments included control TMR (i.e., not
fermented) or fermented TMR sildge (FTMR). Each contained compound feed, WCR
silage, dried beet pulp, a vitamin—mineral supplement, and RB. WCR silage (Haenuki)
was cultivated using conventional methods in a paddy field, harvested at the full-ripe
stage, pfepared into a mini roll bale silage (50 kg), stored outdoors (9—-32°C) for 240 days
of fermentation, and cut to a length of 2 cm. FTMR was adjusted with water to 55%
moisture, and then ensiled in drum can silos for fermentation. To prevent control TMR
from fermenting, WCR silage was kept apart from the other ingredients and ensiled alone
in drum can silos. The other ingredients were mixed and ensiled in separate drum cans. A
digestion trial was conducted to investigate appérent digestibility, nitrogen retention,
ruminal fermentation characteristics, and plasma parameters over a 5-day test period. For
2 days of the test period, a head hood-type respiration chamber was used to measure
methane production. FTMR had significantly lower (P < 0.05) DM, OM, NFE, and NFC
but significantly higher LAC, EE, CF, ash, and GE than controls. Apparent digestibility
of CP, EE, CF, NDF, and GE was higher for FTMR, which also had higher TDN, DCP,
and DE levels. There were no significant differences in ruminal pH between TMR types
before feeding or 4 h after feeding, although pH was significantly higher in FTMR 2 h
after feeding. Total VFA and NH3-N was higher and butyric acid was lower for FTMR 2

and 4 h after feeding, while propionic acid was higher only 2 h after feeding. FTMR
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significantly decreased daily methane emissions per sheep by 25.1% and daily methane
energy lost as a percent of GE intake by 25.9%. FTMR had lower glucose before feeding,
while all plasma parameters remained within the normal range for sheep. These results
show that fermented TMR silage with WCR and food by-products had higher
digestibility and resulted in lower methane production than non-fermented TMR, and was

also a safe feed for ruminants.
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Table 4.1. Chemical composition and gross energy of whole crop rice silage (WCRS),
feed concentrate, vitamin—mineral supplement (VMS), beet pulp, and rice bran used in

the total mixed ration (TMR)

WCRS Concentrate' VMS? Beetpulp  Rice bran
DM’ (%) 45.6 89.9 91.0 90.7 90.3
Organic matter (OM; %DM) 87.9 91.6 88.6 94,9 87.6
Crude protein (CP; %DM) 10.2 20.6 21.7 8.4 16.8
Ether extract (EE; %DM) 2.6 3.2 3.1 0.7 24.2
Nitrogen-free extract (%DM) 44.0 54.2 49.6 68.5 38.1
Crude fiber (%DM) 31.1 13.6 14.2 17.3 8.4
NFC* (%DM) 16.1 30.5 232 33.7 17.4
Crude ash (CA; %DM) 12.1 8.4 11.4 5.1 12.4
Acid detergent fiber (%DM) 34.3 16.8 15.7 25.6 10.3
Neutral detergent fiber (Y%DM) 59.0 37.3 40.6 521 29.1
Gross energy (MJ/kg DM) 18.1 18.9 18.4 18.5 22.5

"Formula feed (“Koushi Ikusei Special Mash” made by Zenno, TDN: 70.0%, CP: 12.0% in fresh matter).
*Commercial vitamin-mineral supplement product (Snow brand seed, Iwate, Japan).

*Dry matter.

*Nonfibrous carbohydrate (100 — CP — EE — NDF — CA).
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Table 4.2. Ingredient proportions and nutrient composition of TMR'

Treatment
Control FTMR’
Ingredient
WCRS?® (% DM*) 30 30
Concentrate’ (% DM) 25 25
Vitamin-mineral supplement® (% DM) 1.5 1.5
Beet pulp (% DM) 14 14
RB’ (% DM) 30 30
Nutrient composition
 CP® (% DM) 12.8 12.8
TDN’® (% DM) 74.3 743

"Total mixed ration.

’Fermented total mixed ration.

*Whole crop rice silage.

‘Dry matter.

*Formula feed (“Koushi Ikusei Special Mash” made by Zenno, TDN: 70.0%, CP: 12.0% in fresh matter).
®Commercial vitamin-mineral supplement product (Snow brand seed, Iwate, Japan).

"Rice bran.

¥Crude protein.

’Total digestible nutrients.
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Table 4.3. Chemical composition and gross energy of TMR!

Treatment 3
SEM P value
Control FTMR?
DM* (%DM) 68.8° 44.5° 0.0411 <0.0001
Organic matter (%DM) 90.8° 89.8% 0.0146 0.0006
Crude protein (CP; %DM) 14.6 15.0 0.1325 0.2139
Ether extract (EE; %DM) 7.4° 9.4° 0.0168 0.0001
Nitrogen-free extract (%DM) 50.7° 46.1° 0.2577 0.0076
Crude fiber (%DM) 18.2° 19.2% 0.1274 0.0310
NFC® (%DM) 26.4° 19.3% 0.5515 0.0177
Crude ash (CA; %DM) 9.2° 10.2°% 0.0146 0.0006
Acid detergent fiber (%oDM) 21.0 : 21.7 0.7246 0.5592
Neutral detergent fiber (NDF; %DM) 42.5 46.1 0.5227 0.0656
Gross energy (Ml/kg DM) 19.5° 19.8° 0.0004 0.0006

'Total mixed ration.

*Fermented total mixed ration.

3Standard error of the mean.

4Dry matter.

*Nonfibrous carbohydrate (100 — CP — EE — NDF — CA).

“bMeans within rows with different letters differ at P < 0.05.

95



Table 4.4. Fermentative characteristics of TMR!

Treatment

SEM’ P value
Control FTMR?

Dry matter (%) 68.8 44.5° 0.04 <0.0001
pH 5.24° 3.97° 0.01 0.0188
Lactic acid (% DM?*) 0.55 7.34° 0.15 <0.0001
Acetic acid (% DM) 0.46° 0.99° 0.10 0.0090
Propionic acid (% DM) 0.01 0.01 0.00 0.0502
Butyric acid (% DM) 0.03 0.03 0.00 0.4297
NH,-N/TN? (%) 2.63" 5.43° 0.17 <0.0001
Flieg’s score - 100 - -
V-score - 96.2 - -

'Total mixed ration.
*Fermented total mixed ration.
*Standard error of the mean.
“‘Dry matter.

>Total nitrogen.

“YMeans within rows with different letters differ at P < 0.05.
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Table 4.5. Nutrient digestibility, nutrient content, and nitrogen retention in the TMR! fed

to wethers
Treatment s
SEM P value
Control FTMR®
DM intake (g/kg BW*"/day) 53.14 52.66 0.51 0.5486
Apparent digestibility
Dry matter (%) 65.6 68.9 0.94 0.0518
Organic matter (%) 71.1 73.8 0.84 0.0650
Crude protein (%) 64.8° 70.4° 0.75 0.0023
Ether extract (%) 78.9° 84.0° 1.14 0.0282
Nitrogen-free extract (%) 79.9 80.4 0.84 0.7432
Crude fiber (%) 48.2° 55.7° 1.54 0.0146
Nonfibrous carbohydrate (%) 92.5 91.3 0.86 0.4268
Acid detergent fiber (%) 49.1 54.9 1.86 0.0741
Neutral detergent fiber (%) 58.6° 65.5° 1.10 0.0043
Gross energy (%) 70.9° 74.2° 0.83 0.0334
Nutrient content
Total digestible nutrients (% DM*) 71.8° 75.5° 0.70 0.0174
Digestible crude protein (% DM) 9.4° 10.5% 0.10 0.0004
Digestible energy (MJ/kg DM) 13.8° 14.6° 0.01 0.0133
Nitrogen retention
Nitrogen intake (g/day) 23.34 23.98 0.81 0.6105
Fecal excretion of nitrogen (g/day) 8.21° 7.08* 0.20 0.0081
Urinary excretion of nitrogen (g/day) 9.76° 11.81% 0.45 0.0185
Nitrogen retention (g/day) 5.38 5.09 0.47 0.6823
Allantoin (g/day) 1.69 1.61 0.17 0.7527

'"Total mixed ration.
Fermented total mixed ration.
3Standard error of the mean.
4Dry matter.

“bMeans within rows with different letters differ at P < 0.05.
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Table 4.6. pH, volatile fatty acid (VFA), and ammonia-N of rumen fluid of sheep fed

TMR'
Hours after feeding Treatment SEM® P value
Control FTMR?
pH 0 7.28 7.20 0.09 0.5760
2 6.71° 6.33° 0.06 0.0039
4 6.64 6.40 0.11 0.1751
Total VFA (mmol/dL) 0 5.55 5.92 0.32 0.4675
2 8.84° 12.72° 0.79 0.0134
4 8.74° 11.62° 0.74 0.0386
Acetic acid (A) (mol%) 0 47.87 50.68 0.83 0.0761
2 53.17 54.61 2.46 0.6944
4 51.63 55.09 1.10 0.0714
Propionic acid (P) (mol%) 0 33.79 31.64 1.98 0.5045
2 37.05° 39.24° 0.54 0.0296
4 38.02 38.33 1.21 0.8621
Isobutyric acid (mol%) 0 3.46 2.77 1.05 0.6548
2 0.43 0.41 0.07 0.9035
4 0.43 0.49 0.10 0.7111
Butyric acid (mol%) 0 14.40 14.42 0.94 0.9863
2 13.89° 8.66" 0.73 0.0042
4 15.12° 9.75° 1.24 0.0255
Isovaleric acid (mol%) 0 5.49 5.11 0.37 0.5237
2 1.31 2.89 0.70 0.1626
4 0.94 2.15 0.49 0.1511
Valeric acid (mol%) 0 1.38 1.37 0.10 0.9324
2 1.15 1.61 0.35 0.4248
4 1.05 1.43 0.12 0.0755
A/P* 0 1.43 1.64 0.11 0.2363
2 1.47 1.40 0.12 0.6828
4 1.36 1.44 0.05 0.3028
NH;-N (mg/dL) 0 5.64 5.09 0.42 0.4000
2 8.77° 18.33° 1.58 0.0055
4 5.93 16.20° 1.68 0.0071

"Total mixed ration.

Fermented total mixed ration.
3Standard error of the mean.
*Acetic acid/propionic acid ratio.

%> Means within rows with different letters differ at P < 0.05.
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Table 4.7. Energy intake, methane emission, and heat production of sheep fed TMR'

Treatment 5
SEM P value
Control FTMR?
Gross energy (GE) intake
(kJ/day) 19559.2 19810.4 672.3 0.8058
(ki/kg BW*"*/day) 1038.1 1045.3 1.0 0.6433
Methane emission
(L/day) 39.84° 29.84° 0.82 0.0001
(L/kg DMI*/day) 39.87° 30.03° 1.29 0.0017
(L/kg DDM’/day) 60.87° 43.61° 2.10 0.0012
(L/kg BW"/day) 2.12° 1.58° 0.1 0.0007
Methane energy
(kJ/day) 1576.4° 1180.8° 326 ©0.0001
(kJ/kg BW"”/day) 83.8° 62.5° 2.3 0.0007
% of GE in take 8.08° 5.99° 0.26 0.0013

'Total mixed ration.
*Fermented total mixed ration.
3Standard error of the mean.
“Dry matter intake.
*Digestible dry matter.

“YMeans within rows with different letters differ at P < 0.05.
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Table 4.8. Hematocrit, glucose, urea-N, cholesterol, GOT', and GPT? in blood plasma of

sheep fed fermented or unfermented TMR?

Treatment

Hours after feeding SEM’ P value
Control FTMR*
Hematocrit (%) 0 33.63 35.13 1.29 0.4674
2 34.50 36.00 1.21 0.4330
4 30.44 32.81 1.63 0.3992
Glucose (mg/dL) 0 63.87° 57.04° 1.27 0.0092
2 60.21 57.30 1.64 0.3537
4 65.77 66.40 2.26 0.8798
Urea nitrogen (mg/dL) 0 13.06 14.20 1.20 0.5283
2 16.26 14.95 1.54 0.5708
4 16.43 14.59 0.67 0.1035
GOT (IU/L) 0 53.78 47.66 5.3 0.4462
2 48.24 45.51 3.91 0.6447
4 45.31 47.54 3.11 0.6482
GPT (IU/L) 0 6.09 4.94 0.57 0.2231
2 5.05 4.82 0.44 0.7229
4 491 4.79 0.39 0.8326

'Glutamic oxaloacetic transaminase.

*Glutamic pyruvic transaminase.

Total mixed ration.

‘Fermented total mixed ration.

SStandard error of the mean.

%®Means within rows with different letters differ at P < 0.05.
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Chapter 5
In vitro examination of the mechanism of methane suppression

by whole crop rice total mixed ration silage

5.1. Introduction

Many studies have described the modification of methane production by
manipulating feed rations without using additives. For example, Blaxter and Clapperton
(1965) showed that methane production (kJ per 100 kJ in feed) decreased simply by
feeding more. At a maintenance-level feeding rate, methane production increases with
increasing apparent digestibility, but the opposite is true when feeding at levels three
times maintenance (Van Nevel and Demeyer, 1996). Structural carbohydrates such as
cellulose and hemicellulose yield more methane per unit fermented substrate (Holter and
Young, 1992), while using more feed concentrate lowers pH in the rumen and thus
inhibits methane bacteria (Demeyer and Henderickx, 1967). Decreased methanogenesis
is accompanied by higher molar proportions of propionate, in agreement with
interspecies hydrogen transfer reactions (Van Nevel et al., 1974). Taking into account
this relationship, any intervention at the dietary level (ration composition and feeding)
should shift VFA proportions in the rumen in favor of propionate and thus result in lower
methane production per unit of feed fermented (Van Nevel and Demeyer, 1996). Such a
decreased acetate-to-propionate (A/P) ratio can be induced by several interventions, such
as increasing the proportion of easily fermentable carbohydrates by decreasing roughage
amounts in the diet (Oshio et al., 1987; Cecava et al., 1990); physically grinding or

pelleting roughage or heat-treating grain (Zinn, 1987; Moore et al., 1992); lessening the
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frequency of feeding, which tends to increase molar proportions of propionate (Sutton et
al., 1986); or feeding more hay concentrate-based diets (Jentsch and Hoffmann, 1994). It
has long been recognized that adding cereal grains to ruminant diets helps decrease
methane and increase propionate production, although the cause of this fermentation shift
is not clear (Van Kessel and Russell, 1996). Some starch-fermenting ruminal bacteria
produce propionate, but starch feeding can also decrease ruminal pH, leading to a marked
shift in ruminal bacteria; moreofler, methanogenesis is pH-dependent, and no methane
may be detected at pH values less than 6.0 (Van Kessel and Russell, 1996). Recent reports
(Demirel and Scherer, 2008) have suggested that the roles of acetotrophic and
hydrogenotrophic methanogens are of paramount importance in the anaerobic conversion
process, no matter what type of substrate is being digested, but that the optimum pH range
for acetotrophic methanogens is between 6.6 and 7.3, and acetotrophic methanogens are
strongly inhibited below a pH of 6.2.

The results described in chapter 2 and 4 showed that in vifro methane production
decreases when rich-lactic acid whole crop rice (WCR) total mixed ration (TMR) silage
is incubated, and that sheep fed fermented TMR (FTMR) silage at maintenance level
exhibit lower methane production regardless of the greater apparent digestibility of the
FTMR. However, the causes of these fermentation shifts are unclear. Therefore, the
objectives of the following experiments were to examine the effects of pH and LAC on

the A/P ratio and methane production in vifro.

5.2. Materials and Methods

5.2.1. Incubation trial 1

This experiment evaluated the effects of adding lactic acid or starch on in vitro dry
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digestibility and methane production in WCR TMR silage.
5.2.1.1. Donor wethers

Two adult wethers (average initial body weight, 78.5 kg) fitted with rumen cannulae
were used as donors of ruminal fluid. The animals were fed basal diets of 50% reed
canary grass (Phalaris arundinacea 1..) hay and 50% commercial feed concentrate
(Koushi-Tkusei-Special; Kitanihon-Kumiai-Feed, Miyagi, Japan) at a maintenance
energy level (20 g DM/kg body weight daily) and had free access to clean drinking water.
They were fed once daily at 09:00 h and were cared for according to the animal care and
use guidelines of the Faculty of Agriculture, Yamagata University.
5.2.1.2. Invitro incubations

TMR silages prepared as described in Chapter 1 (TC:RB:WGTW = 10%:10%:10%)
were used as substrates for in vitro cultures. TMR silages were ground to pass through a
0.5-mm filter.

Rumen fluid was collected through rumen cannulae 2 h after feeding and diverted
into plastic bottles. The fluids were filtered through four layers of cheesecloth and then
combined on an equal volume basis. The compound filtrate was bubbled with CO, to keep
it anaerobic, and stored at 39°C in a water bath. The compound filtrate was used to
inoculate the fermentors.

The buffer was CO,-bubbled McDougal’s artificial saliva (pH 6.8; McDougal,
1948). The experiment treatments consisted of controls (no additions) and silage with
either lactic acid, starch, or lactic acid + starch added.

The compound filtrate was mixed with McDougal’s artificial saliva at a ratio of 1:4
(v/v). Then 50 ml diluted rumen ﬂu_id were transferred to 128-ml serum bottles containing

0.5 g ground TMR (control), 5% lactic acid, 5% starch, or 5% lactic acid and starch (all
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percentages of FM), and flushed with O,-free CO,. The tubes were capped with a butyl
rubber stopper and sealed with an aluminum cap. Incubation was done in triplicate at
39°C for 6 h in a water bath with a reciprocal shaker (100 strokes/min).
5.2.1.3. In vitro methane production

To terminate the fermentation by bacteria at the end of incubation, 25 pL of
formaldehyde solution (35%) were injected into serum bottles, which were immediately
sealed with rubber stoppers and then cooled at room temperature. Gas samples were
collected by air syringe from the serum bottles and injected into a gas chromatograph
(GC323; GL Sciences, Tokyo, Japan) equipped with a thermal conductivity detector and
stainless steel column (WG-100 SUS 1.8 m x6.35 mm OD (outer diameter)), and
methane production from each serum bottle was measured. The analytical conditions
were as follows: column oven temperature, 50°C; injector temperature, 50°C; detector
temperature, 50°C.
5.2.1.4. Invitro DM digestibility and VFA production

Separate sub-samples of the supernatant were taken to determine VFA concentration.
The bottles were rinsed with warm water to remove solid residues. The residues were
then oven-dried at 60°C and stored for further analysis. A total of 2 g dried residue was
oven-dried at 135°C and stored for later analysis of DM digestibility (Horii et al., 1971).

To measure total VFA, ruminal fluid was steam-distilled and titrated using sodium
hydroxide (Hamada, 1971). The dried VFA salt was separated and quantified using gas
chromatography (G-5000A; Hitachi, Tokyo, Japan) equipped with a thermal conductivity
detector and a glass column (Unisole F-200, 3.2 mm x 2.1 m). The analytical conditions
were as follows: column oven temperature, 140°C; injector temperature, 210°C; detector

temperature, 250°C.
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5.2.2. Incubation trial 2

This experiment evaluated the effects of ruminal pH (adjusted using phosphoric acid
buffer) and fermented TMR silage with a high LAC on in vitro DM digestibility, ruminal
fermentation, and methane emission.
5.2.2.1. Donor wethers

The two wethers described in 5.2.1.1 were used.
5.2.2.2. Invitro incubations

Non-fermented WCR TMR (control) or fermented WCR TMR silage (FTMR),
prepared as described in Chapter 4, were used as substrates for in vitro cultures. The TMR
silages were ground to pass through a 0.5-mm filter.

The rumen fluid was collected and treated as described in 5.2.1.2. In this experiment,
McDougal’s artificial saliva was replaced with phosphate buffers with pH values adjusted
to 5, 6, and 7, respectively. To prepare phosphate buffer solution, 0.947% Na,HPO4 (A)
and 0.906% KH,PO4 (B) were first prepared. The pH 5 buffer (1000 ml) consisted of A
(10 ml) and B (990 ‘ml); pH 6 buffer (1000 ml) consisted of A (120 ml) and B (880 ml);
and pH 7 buffer (1000 ml) consisted of A (611 ml) and B (389 ml). The three phosphate
buffers were stored at 4°C until use.

The compound filtrate of rumen fluid was mixed with the three buffers at a ratio of
1:4 (v/v), respectively. Serum bottles (128 ml) with 0.5 g ground control TMR or 0.5 g
ground FTMR were flushed with O,-free CO,, respectively, 50 ml diluted rumen fluid
were added, and then the tubes were immediately capped with a butyl rubber stopper and
sealed with an aluminum cap. Incubation was done in sixplicate at 39°C for 6 h in a water

bath with a reciprocal shaker (100 strokes/min).
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5.2.2.3. In vitro methane production and ruminal pH

To terminate the fermentation by bacteria at the end of incubation, 25 pl of
formaldehyde solution (35%) were injected into the serum bottles, which were
immediately sealed with rubber stoppers and then cooled at room temperature until
methane measurements were taken. The final pH of the three serum bottles of gas was
measured using a glass electrode pH meter (Horiba D-21; Horiba, Kyoto, Japan). Gas
samples were collected by air syringe from the serum bottles and injected into a gas
chromatograph (GC323; GL Sciences, Tokyo, Japan) equipped with a thermal
conductivity detector and stainless steel column (WG-100 SUS 1.8 m x6.35 mm OD
(outer diameter)). The analytical conditions were as follows: column oven temperature,
50°C; injector temperature, 50°C; detector temperature, 50°C.
5.2.2.4. In vitro DM digestibility

Separate sub-samples of the supernatant were taken to determine VFA concentration.
The bottles were rinsed with warm water to remove solid residues. The residues were
then oven-dried at 60°C and stored for further analysis. A total of 2 g dried residue was

oven-dried at 135°C and stored for later analysis of DM digestibility (Horii et al., 1971).

5.2.3. Incubation trial 3

This experiment evaluated the effects of the pH of rumen fluid taken either before or
after feeding, and the effects of high-LAC FTMR silage, on in vitro DM digestibility,
ruminal fermentation, and methane emission.
5.2.3.1. Donor wethers

The two wethers described in 5.2.1.1 were used.

5.2.3.2. In vitro incubations
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Non-fermented WCR TMR (control) or fermented WCR TMR silage (FTMR),
prepared as described in Chapter 4, was used as the substrate for in vitro cultures. The
TMR silages were ground to pass through a 0.5-mm filter.

To obtain rumen fluid with different pH values, samples were collected through the
rumen cannulae before feeding and 2 and 4 h after feeding, diverted into plastic bottles,
and filtered through four layers of cheesecloth. The two filtrates were then combined on
an equal volume basis. The three resulting compound filtrates were bubbled with CO, to
keep them anaerobic and stored at 39°C in a water bath. The three compound filtrates
were used to inoculate the fermentors. The buffer was CO,-bubbled McDougal’s
artificial saliva (pH 6.8; McDougal, 1948).

The three compound filtrates were mixed with McDougal’s artificial saliva at a ratio
of 4:1 (v/v), respectively. The pH values of the three diluted rumen fluids were 7.08
(before feeding), 5.86 (2 h after feeding), and 6.56 (4 h after feeding). Then 50 ml of
diluted rumen fluid were transferred to 128-ml serum bottles containing 0.5 g ground
control or FTMR, and flushed with O,-free CO,. The tubes were capped with a butyl
rubber stopper and sealed with an aluminum cap. Incubation was done in sixplicate for
every treatment at 39°C for 6 h in a water bath with a reciprocal shaker (100 strokes/min).
5.2.3.3. In vitro methane production and ruminal pH

To terminate fermentation by bacteria at the end of incubation, 25 uL of
formaldehyde solution (35%) were injected into the serum bottles, which were
immediately sealed with rubber stoppers and then cooled at room temperature until
methane measurements were taken. The final pH values of the three samples were
measured using a glass electrode pH meter (Horiba D-21; Horiba, Kyoto, Japan). Gas

samples were collected by air syringe from the serum bottles and injected into a gas
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chromatograph (GC323; GL Sciences, Tokyo, Japan) equipped with a thermal
conductivity detector and stainless steel column (WG-100 SUS 1.8 m x6.35 mm OD
(outer diameter)). The analytical conditions were as follows: column oven temperature,
50°C; injector temperature, 50°C; detector temperature, 50°C.
5.2.3.4. In vitro DM digestibility and VFA production

Separate sub-samples of the supernatant were taken to determine VFA concentration.
The bottles were rinsed with warm water to remove solid residues. The residues were
then oven-dried at 60°C and stored for further analysis. A total of 2 g dried residue was
oven-dried at 135°C and stored for later analysis of DM digestibility (Horii et al., 1971).

To measure total VFA, ruminal fluids were steam-distilled and titrated using sodium
hydroxide (Hamada, 1971). Dried VFA salt was separated and quantified using gas
chromatography (G-5000A; Hitachi, Tokyo, Japan) equipped with a thermal conductivity
detector and a glass column (Unisole F-200, 3.2 mm x 2.1 m). The analytical conditions
were as follows: column oven temperature, 140°C; injector temperature, 210°C; detector

temperature, 250°C.

5.2.4. Statistical analyses

Analyses were conducted using the general linear model procedure (SAS institute,
Cary, NC, USA). The in vitro DM digestibility, ruminal methane, VFA concentrations,
and A/P ratio in trial 1 were subjected to a one-way ANOVA, while in vitro DM
digestibility and ruminal pH in trial 2 were subjected to a two-way ANOVA, and in vitro
DM digestibility, ruminal pH, methane production, VFA concentrations, and A/P ratio
were subjected to a two-way ANOVA. Tukey’s test was used to identify differences (P <

0.05) between means.
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5.3. Results

5.3.1. Incubation trial 1

The addition of lactic acid did not affect in vitro DM digestibility of TMR (Table
5.1), methane production per digestible DM (L/kg DDM), total VFA, acetic acid,
propionic acid, or A/P ratio, while the addition of starch significantly increased (P < 0.05)
the in vitro DM digestibility of TMR and VFA content, and decreased methane
production (L/kg DDM) and molar concentrations of valeric acid. Similarly, the addition
of lactic acid + starch also increased DM digestibility and VFA content, and decreased
methane production (L/’kg DDM).

However, because neither the addition of starch or lactic acid + starch affected either
propionic acid or the A/P ratio, these results do not illustrate the effects of high-LAC
TMR on DM digestibility, A/P, or methane production. Therefore, the following
experiment was conducted.

5.3.2. Incubation trial 2

Methane was not detected in all buffer treatments, and therefore VFA concentration
could not be determined.

Buffer pH significantly affected the in vifro DM digestibility and final ruminal pH
(Table 5.2). Diet did not affect in vitro DM digestibility, but had a significant affect on
final ruminal pH. There were no interactions between buffer and diet. When buffer pH
was 7, the DM digestibility of FTMR was higher than controls. Final ruminal pH was
higher for FTMR than controls for all buffer treatments.

However, because methane was not detected in any buffer treatment, these results do

not illustrate the effects of high-LAC TMR on DM digestibility, A/P ratio, or methane
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production. Therefore, the following experiment was conducted.
5.3.3. Incubation trial 3

As shown in Table 5.3, the initial pH of the mixed ruminal fluid significantly
affected the in vitro DM digestibility, methane production (L) per kg DM, methane
production (L) per kg DDM, final pH, total VFA, and propionic acid concentration. The
diet also remarkably affected the in vitro DM digestibility, methane production (L) per kg
DM, methane production (L) per kg DDM, total VFA, acetic acid, propionic acid, valeric
acid, and the A/P ratio, and there was a significant interaction effect between pH and diet
on methane production (L) per kg DM.

When initial pH was 7.08, the final pH for controls and FTMR were 6.47 and 6.54,
respectively; total VFA concentration was higher for FTMR, but DM digestibility,
methane production, and A/P ratio did not differ significantly between the two silages,
although FTMR increased DM digestibility by 4.2% and decreased methane production
and the A/P ratio by 5.2% and 6.7%, respectively. When initial pH was 6.56, the final pH
for controls and FTMR were 6.34 and 6.38; FTMR increased (but not significantly) DM
digestibility by 9.6%, significantly decreased methane production (L) per kg DM and per
kg DDM, and slightly decreased (but not significantly) the A/P ratio by 2.3%. When
initial pH was 5.86, DM digestibility and methane production were lower but total VFA
and propionic acid were higher compared to the other buffers. Although there were no
significant differences in DM digestibility and methane production (L) per kg DM
between controls and FTMR, the FTMR increased DM digestibility by 14.2% and
decreased methane production (L) per kg DM by 11.5%, decreased methane production
(L) per kg DDM, decreased acetic acid and A/P ratio, and increased propionic and valeric

acids, compared to controls.
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5.4, Discussion

Lactic acid is an important intermediate of carbohydrate fermentation in the rumen
of grain-fed animals, and in animals offered silage it may make up as much as 15% of
consumed DM (Gill et al., 1986). The biochemical pathways for the conversion of lactate
to acetate, propionate, and butyrate are well documented (Baldwin et al., 1962), but the
factors that determine the relative amounts of lactate that are metabolized by the
individual pathways are not well understood (Gill et al., 1986). Both bacterial species and
rumen pH may influence the relative amount of individual VFA produced (Van Kessel
and Russell, 1996; Lana et al., 1998; Russell, 1998). Furthermore, ruminal lactic acid
may be absorbed (Waldo and Schultz, 1956) and could thus contribute to glucose
metabolism (Gill et al., 1986). The efficient utilization of digestion end products can be
significantly influenced by the nature of the VFA produced and absorbed in relation to the
relative abundance of gluconeogenic (propionate) and non-gluconeogenic (acetate and
butyrate) precursors (MacRae and Lobley, 1982). Therefore, depending on its metabolic
fate in the rumen, lactic acid arising from grass silage may have a significant effect on the
overall efficiency of energy utilization in silage diets (Gill et al., 1986). Acetate is the
major end-product of lactate metabolism, but a diet high in carbohydrate or lactate or both
increases propionate production (Baldwin et al., 1962). However, propionate is the
principal end product of lactate metabolism in ruminants fed grass silage (Chamberlain et
al., 1983). Furthermore, when high starch diets are fed to ruminants, Streptococcus bovis
often predominates in the rumen and produces lactate as the major fermentation product
(Asanuma and Hino, 2002). When lactate is secondarily fermented in the rumen by

lactate-utilizing bacteria such as Megasphaera elsdenii, Selenomonas ruminantium, and
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Veillonella parvula, propionate is generally a major product (Dawson et al., 1997; Russell
and Wallace, 1997), and this may reduce methanogenesis as electrons are used for
propionate formation (Asanuma and Hino, 2002).

In incubation trial 1, although lactic acid, starch, or lactic acid + starch were directly
infused into rumen fluid and incubated together with TMR, neither acetic acid nor
propionic acid or butyric acid differed among the four treatments. This result is not
consistent with previous studies (Baldwin et al., 1962; Dawson et al., 1997; Russell and
Wallace, 1997; Asanuma and Hino, 2002). Compared to controls, incubation with lactic
acid did not affect DM digestibility, methane production, or total VFA concentration.
However, adding either starch or lactic acid + starch increased DM digestibility and total
VFA concentration. These results are consistent with previous studies (Cameron et al.,
1991; Knowlton et al., 1998; Reynolds et al., 2001; Bechmant and Weiss, 2005) showing
that starch increases DM digestibility and total VFA production but decreases methane
production and that when ruminants eat high-starch diets their rumen has lower acetate
but higher propionate concentrations (Silveira et al., 2007). Therefore, to investigate the
effect of pH and a high-LAC diet on the A/P ratio and methane production, incubation
trial 2 was conducted.

In incubation trial 2, control TMR and high-LAC FTMR were incubated in rumen
fluid with three different pH values, respectively, but methane was not detected in any
treatment. Phosphate may have inhibited methane production.

Therefore, incubation trial 3 used rumen fluids collected before feeding and 2 and 4
h after feeding to obtain samples with high, low, and intermediate pH, respectively.
Although the amount of protozoa or bacteria may differ among rumen fluids collected at

different times, any such difference should not affect the comparison between control
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TMR and FTMR. Compared to controls, FTMR silage increased DM digestibility in all
treatments, consistent with previous reports (Kanjanapruthipong and Buatong, 2004;
Shioya, 2008). When hay or cracked corn was incubated with rumen fluid obtained from
ruminants fed 90% feed concentrate, pH decreased to 6.5-5.3 (Russell, 1998), the A/P
ratio decreased (Lana et al., 1998; Russell, 1998), and methane production was highly
correlated with A/P but dependent on pH and substrate. In the present experiment, when
the initial pH was 7.08, the final pH for controls and FTMR were 6.47 and 6.54,
respectively; FTMR did not significantly increase propionic acid or decrease either the
A/P ratio or methane production. When the initial pH was 6.56, the final pH for controls
and FTMR was 6.34 and 6.38, respectively, similar to previous reports (Lana et al., 1998;
Russell, 1998), and although FTMR decreased methane production, it did not decrease
the A/P ratio. When initial pH was 5.86, FTMR significantly decreased methane
production (L) per kg DDM, acetic acid concentration, and A/P ratio, and increased the
concentrations of propionic acid and valeric acid. This was again likely due to the
production of propionate by lactate-utilizing bacteria, which reduce methanogenesis by

using electrons (Dawson et al., 1997; Russell and Wallace, 1997).

5.5. Summary

Adding lactic acid did not affect the in vitro DM digestibility, methane production,
and total VFA concentration, while adding either starch or lactic acid + starch increased
in vitro DM digestibility and total VFA. Phosphate might inhibit methane production.
The FTMR silage increased the in vitro DM digestibility in all treatments and decreased

the A/P ratio and methane production, which, however, was also affected by ruminal pH.
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Table 5.1. Measurements of dry matter digestibility, methane production, and VFA concentration in vitro after 6 h of incubation of

TMR' silage

148!

Lreament . - SEM® P value

Control Lactic acid Starch ]S“?acrt;; acid -+
DM digestibility (%) 38.0° 36.5° 41.3° 432° 0.40 <0.0001
Methane production (L/kg DDM?) 15.1° 15.2¢ 14.1° 13.1° 0.18 0.0003
Total VFA (mmol/dL) 5.4 5.3° 5.9° 5.8° 0.04 <0.0001
Acetic acid (mol%) 442 453 45.8 45.4 0.81 0.705
Propionic acid (mol%) 36.9 36.3 37.6 374 0.47 0.4475
Isobutyric acid (mol%) 0.6 0.2 0.2 0.1 0.13 0.2833
Butyric acid (mol%) 12.4 11.7 11.5 11.8 0.75 0.8903
Isovaleric acid (mol%) 24 3.0 1.9 2.1 0.47 0.466
Valeric acid (mol%) 3.44° 3.41% 3.07° 3.16™ 0.08 0.0257
A/P* 12 1.25 1.22 1.22 0.04 0.8989

'Total mixed ration

*Standard error of the mean
*Dry matter

*Acetic acid/propionic acid ratio

2b\Means within rows with different letters differ at P < 0.05
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Table 5.2. Measurements of dry matter digestibility and ruminal pH in vitro after 6 h of incubation of TMR' silages

Buffer pH:5 Buffer pH:6 Buffer pH:7 SEM? Effects

Control FTMR? Control FTMR Control FTMR Buffer TMR BufferxTMR
DM’ digestibility (%)  33.94 35.44 30.12 32.08 40.75° 4425° 1.36 0.0002 0.1648 0.8644
pH 497 5.06° 5.13% 5.22° 5.62° 5.69° 0.02 <0.0001 <0.0001 0.8715

'Total mixed ration

*Fermented total mixed ration

3Standard error of means

4Dry matter

**Means within rows with different letters differ at P < 0.05
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Table 5.3. Measurements of dry matter digestibility, methane production, and VFA concentration in vitro after 6 h of incubation of

TMR! silages

pH:7.08 pH:5.86 pH:6.56 5 Effects
SEM

Control ~ FTMR? Control  FTMR Control ~ FTMR pH TMR  pHxTMR
DM* digestibility (%) 50.82 52.93 36.77 41.98 46.26 50.70 1.62 <0.0001  0.0169  0.6575
Methane production (L/kg DM) 8.75 8.63 4.07 3.6 7.59° 6.53°  0.14 <0.0001  0.009  0.031
Methane production (L/kg DDM’) 17.23 16.34 11.15° 8.58" 16.48° 12.90°  0.49 <0.0001  0.0001  0.0721
pH 6.47 6.54 5.66 5.62 6.34 6.38 0.05 <0.0001  0.6323  0.5521
Total VFA (mmol/dL) 6.60° 7.06° 8.53 8.42 7.47 7.69 0.06 <0.0001  0.0046  0.0036
Acetic acid (A) (mol%) 44.39 42.63 46.35" 42.98° 44.63 45.10 0.51 0.1057  0.0104  0.0307
Propionic acid (P) (mol%) 32.93 34.01 35.43° 36.98* 34.91 35.99 0.33 0.0001  0.0019  0.7889
Butyric acid (mol%) 18.54 17.48 15.40° 16.93% 17.24 15.94 0.63 0.1026  0.6901  0.2048
Isovaleric acid (mol%) 225 3.19 0.79 0.71 0.69 0.70 0.42 0.0130  0.5898  0.6934
Valeric acid (mol%) 1.66 2.36 1.94° 2.41° 2.40 227 0.15 0.2584  0.0435  0.1200
A/P® 1.35 1.26 1.31° 1.16° 1.28 1.25 0.03 0.1444  0.0046

"Ruminal fluid was obtained from two ruminally fistulated sheep before the morning feeding and 2 and 4 h after feeding.

'Total mixed ration

’Fermented total mixed ration
*Standard error of means
*Digestible dry matter
*Digestible dry matter

%Acetic acid/propionic acid ratio

2YMeans within rows with different letters differ at P < 0.05

0.2024



Chapter 6

General discussion

An obvious way to improve Japan’s low feed self-sufficiency rate is by producing
rather than importing feed for domestically raised animals (Ogino et al., 2008). Therefore,
utilizing WCR and food by-products to prepare TMR silage would help address this
matter. In addition, it would also return into use currently abandoned paddy fields and
decrease waste and pollution, as most food by-products are presently burned, dumped
into landfills, or released into the local environment (Kondo et al., 2004a; Xu et al.,
2007a; Xu et al., 2007b; Xu et al., 2008). Furthermore, TMR silage may alleviate energy
costs associated with drying and transporting wet byproducts and facilitate preservation
in silos regardless of the composition of byproducts (Imai, 2000). Feeding TMR to
ruminants also stabilizes rumen function and helps prevent self-selection by the animals
(Coppock et al., 1981). The use of TMR silage also reduces labor costs, as measuring and
mixing feed rations is not necessary. Moreover, unpalatable byproducts may be
incorporated into rations, because the fermentation process during ensiling often
improves odor and flavor. In addition, TMR silage appears to resist aerobic deterioration
after a sufficient ensiling period (Wang and Nishino, 2008b).

The present series of studies evaluated the effects of food by-products on the
fermentation characteristics of WCR TMR silage, and the nutrient digestibility, nitrogen
retention, ruminal fermentation characteristics, methane production, and animal plasma

parameters related to various silages including high-LAC FTMR silage.
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6.1. Fermentation quality

WCR is usually insufficient in sugars and lactic acid bacteria, and thus WCR silage
typically has a low LAC, complicating its long-term storage, which largely depends on
lactic acid fermentation (Cai et al., 2003). WCR silage with either Chikuso—j or FILB
added has better fermentation characteristics (Cai et al., 2003; Hiraoka et al., 2003;
Takahashi et al., 2005), especially when the two types of LAB are used in combination. In
addition, adding NFC-rich food by-products may improve NFC-deficient WCR.

The first experiment, described in Chapter 2, clearly demonstrated that both LAB
and the ration formula of food by-products significantly influenced the fermentation
quality of WCR TMR silage. Although all silages were high quality, with low pH, high
LAC, low NH3-N/TN, and high Flieg’s and V-scores, adding LAB decreased pH and
increased LAC, consistent with previous reports (Cai et al., 2003; Hiraoka et al., 2006b).
Of the various byproduct ration formulas investigated, the addition of 30% TC increased
LAC the most, likely because TC has more NFC than WGTW, and RB has a large amount
of oxidation lipid, which prevents lactic acid fermentation (Yokota and Ohshima, 1997).
Moisture content may also have a major effect on fermentation quality, and Xu et al.
(2004b) found that adjusting the moisture level to 65% led to the best-quality TMR silage.
Similarly, Seki et al. (2000) reported that a suitable proportion of food byproduct for
quality TMR is 15% per DM of TMR. However, to take full advantage of the benefits of
food by-products, the studies presented herein prepared TMR silages with 30%
by-products per DM of TMR; the content of CP and TDN met the requirements for the
fattening prophase beef cattle (Japanese Feeding Standard for Beef Cattle; Agriculture,
Forestry, and Fisheries Research Council Secretariat, MAFF, 2000).

Experiment 2, described in Chapter 2, assessed the effects of preparing WCR TMR
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with molasses and LAB on LAC, ruminal fermentation, and methane production.
Molasses is a fermentable carbohydrate (Maiga and Schingoethe, 1997) that has been
used successfully with grass silage (Archibald et al., 1960; Alli et al., 1984; Wuisman et
al., 2006; Wang and Nishino, 2008b). WCR TMR silage with molasses and LAB
increased LAC and reduced NH3-N concentration, consistent with previous reports (Alli

et al., 1984; Cai, 2001; Cai et al., 2003).

6.2. Nutrient digestibility

In experiment 1 and 2, described in Chapter 2, TMR silage with LAB or LAB and
molasses increased in vitro DM digestibility, likely because the high levels of LAB
shortened the activity period of other microorganisms in the initial stage of fermentation,
thereby decreasing DM loss (Cai and Ohmomo, 1995; Cai et al., 1999; Cai, 2001; Shioya
and Cai, 2004; Hiraoka et al., 2005, 2006a,b). These results are in agreement with
previous studies showing improved CF and ADF digestibilities (Takahashi et al., 2005);
improved apparent digestibilities of DM, OM, CF, and NFE of alfalfa (Cao et al., 2002);
and increased in situ DM disappearance in crop silage, stover silage, and WCR silage
with the addition of LAB (Yamamoto et al., 2004).

Ration formula also had an effect. Similar to the first experiment assessing ration vs.
fermentation quality, TMR silages with 30% RB led to the best results, increasing DM
digestibility after 6 h incubation. This was likely due to the high CP and EE content of RB
and because it is a high-energy feed (Warren and Farrell, 1990; Forster et al., 1993;
Yokota and Ohshima, 1997, Amissah et al., 2003; Enishi and Kawashima, 2003).
However, in experiment 2, described in Chapter 3, TMR silages with 30% TC increased

nutrient digestibility in vivo, while in an in situ incubation experiment, TMR silage with
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RB exhibited more DM, CP, and NDF degradation than TMR with 30% TC. These
results show that TMR silages with 30% RB had higher in vitro DM digestibility but
lower in vivo nutrient digestibility than TMR with 30% TC (Cao et al., in press, b).
6.3. Nitrogen retention

In eﬁperiment 2, described in Chapter 3, although nitrogen intake for TMR silages
with TC and WGTW was higher than for RB or control silages, based on urinary
excretion, nitrogen retention did not differ among the silages (Cao et al., in press, b). In
experiment 1, described in Chapter 4, animals that ate FTMR excreted less fecal nitrogen,
but more urinary nitrogen, and therefore FTMR silage also did not affect nitrogen
retention, consistent with some previous reports (Takahashi et al., 2005; Horiguchi and
Takahashi, 2007). However, Cao et al. (2002) reported that alfalfa TMR silage without

LAB increased nitrogen retention.
6.4. Ruminal fermentation characteristics

In vitro incubation experiments in Chapter 2 showed that although TMR silage with
LAB did not affect the concentration of total VFA in the rumeﬁ, it decreased acetic acid
and increased propionic acid. This is similar to previous reports showing a tendency for
increased propionic acid in cows 1 or 2 h after feeding on alfalfa silage with LAB (Cao et
al., 2002); increased propionic acid but decreased A/P ratio in sheep fed WCR silage with
LAB (Takahashi et al., 2005); and increased propionic acid but unaffected total VFA 2 h
after feeding on green soybean stover silage with LAB (Horiguchi and Takahashi, 2007).
Increases in propionic acid concentrations in rumen fluid might be attributable to high
LACs in silage, because when pH is appropriate, rumen microflora convert lactic acid to
propionate (Baldwin et al., 1962; Leng, 1970; Van Kessel and Russell, 1996; Lana et al.,

1998; Russell, 1998; Moss et al., 2000; Takahashi et al., 2005). However, Weinberg et al.
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(2003b) found that silage with LAB increased total VFA concentrations in rumen fluid
compared to silage without LAB, while Weinberg et al. (2004) found that all silages (with
and without LAB) had a consistent effect on total VFA content compared to diets without
silage, and that LAB passed from silage samples to rumen fluid in vitro and persisted.

WCR TMR silage with M-LAB increased acetic acid and decreased butyric acid, but
despite a high LAC, did not affect either propionic acid concentrations or the A/P ratio.
Wing et al. (1998) reported similar results with a diet that included 6% molasses.
However, Waldo and Schultz (1960) reported that a diet with molasses reduced acetic
acid and increased butyric acid. Why M-LAB in the present study increased acetic acid
and decreased butyric acid is not clear.

In experiment 1, described in Chapter 4, FTMR decreased ruminal pH 2 h after
feeding but remained within the normal range (Russell and Hino, 1985). The content of
total VFA increased for both controls and FTMR from before feeding to 2 h after feeding,
but then slightly decreased 4 h after feeding. FTMR increased total VFA concentrations 2
and 4 h after feeding. The consumption of readily fermentable carbohydrates generally
leads to a marked postprandial decrease in ruminal pH (Nocek, 1997;
Chaucheyras-Durand et al., 2008), and the FTMR likely had more fermentable matter due
to its high nutritive digestibility, resulting in a greater VFA and lower pH. Similar to total
VFA, the molar concentrations of acetic and propionic acid also increased for both
controls and FTMR from before feeding to 2 and 4 h after feeding; however, both acids
tended to increase more for FTMR than for controls before feeding and 4 h after feeding.
This may have occurred because after feeding, the concentrate, NFC, and/or effective
fiber from the feed may have been degraded by bacteria, producing propionic acid and

lowering ruminal pH, which in turn, after reaching 5.3 (Russell, 1998) or 5.7 (Lana et al.,
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1998), decreased the A/P ratio (Lana et al., 1998; Russell, 1998). At the same time, lactic
acid either from the FMTR or from bacterial fermentation may have converted hydrogen
to propionic acid (Moss et al., 2000). In addition, FTMR with a high fiber content (e.g.,
CF, NDF) produces more acetic acid than a low-fiber diet (Russell, 1998), which could
explain why FTMR had a tendency to increase acetic acid compared to controls. Feeding
wormwood (Artemisia montana) silage instead of rice straw may increase ruminal
propionic and butyric acid (Kim et al., 2006). In contrast, the present study showed that
feeding FTMR silage instead of non-fermented TMR increased ruminal propionic acid
but decreased ruminal butyric acid 2 and 4 h after feeding. The reason for this is not clear.
Finally, similar to total VFA content, NH3-N concentration for both controls and FTMR
increased 2 h after feeding and tended to decline from 2 to 4 h after feeding; however,
FTMR led to more NH3-N production than did control feed 2 and 4 h after feeding,

possibly due to its higher CP digestibility.

6.5. Ruminal methane production

Both methane and propionic acid production in the rumen use hydrogen and thus can
be considered competitive pathways for hydrogen use (Leng, 1970; Moss et al., 2000).
Lactic acid converts hydrogen into propionic acid and thus higher LACs lead to lower
hydrogen levels (Baldwin et al., 1962; Gill et al., 1986). In addition, secondary
fermentation of lactate in the rumen by lactate-utilizing bacteria produces propionate
(Dawson et al., 1997; Russell and Wallace, 1997), which may reduce methanogenesis as
electrons are used for propionate formation. Ruminal methane production may also
contribute to hydrogen concentration (Demirel and Scherer, 2008). Therefore, in

experiment 1, 2 and 3, described in Chapters 2, 4, and 5, respectively, the high-LAC TMR
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decreased ruminal methane production bécause hydrogen was used by lactic acid to
produce propionate. However, at a low pH (6.5-5.3), methane production is highly
correlated with the A/P ratio, i.e., when pH decreased the A/P, methane production is
inhibited. The results of experiment 3, described in Chapter 5, are in agreement: at an
initial pH of 5.86, more propionate was produced, and both the A/P ratio and ruminal

methane production decreased.

6.6. Plasma parameters

In experiment 2, described in Chapter 3, WCR TMR silage with food by-products
did not affect the plasma concentrations of hematocrit and glucose. For silages with TC or
WGTW, this was likely due to their high CP content, which increases urea-N
concentrations as it is digested. Although silage with RB had CP levels similar to those in
controls, its CP was highly degraded during the primary stages of fermentation. Several
studies have reported lower plasma glucose concentrations in cows fed restrictively
fermented silage compared to high lactate silage (Smith et’ al., 1993; Miettinen and
Huhtanen, 1997; Heikkild et al., 1998). For animals fed silage-based diets, a close
relationship exists between rumen molar propionate proportions and plasma glucose
concentrations (Shingfield et al., 2002). In experiment 1, described in Chapter 4, there
were no differences in plasma parameters between controls and FTMR, except for
glucose, which was lower in sheep fed FTMR. Why this occurred in the present study is
not clear, and previous studies are inconsistent. For example, Shingfield et al. (2002)
found that ruminants fed silage had lower plasma glucose concentrations than animals fed
hay-based diets, while several other reports (Smith et al., 1993; Miettinen and Huhtanen,

1997; Heikkild et al., 1998) showed that ruminants fed high-lactate silage had higher
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plasma glucose concentrations. Nonetheless, all of the plasma parameters in the present

studies were within the normal range (Kaneko, 1989).
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Chapter 7

General summary and conclusion

It is increasingly important for countries to develop an efficient way to produce and
utilize domestic feed, to improve the feed self-sufficiency rate for domestically raised
animals and reduce negative environmental impacts. Therefore, the aims of the present
studies were to investigate how (1) adding food by-products and lactic acid bacteria
affects the fermentation quality of WCR TMR silage and its in vitro digestion
characteristics, ruminal fermentation, and methane emissions; (2) adding food
by-products affects the iz situ degradation characteristics and in vivo nutritive value and
ruminal fermentation of WCR TMR silage; (3) fermented TMR affects nutritive value,
ruminal fermentation, and methane emissions; and (4) WCR TMR silage suppresses

methane emission in vitro.

1. Effects of adding food by-products and lactic acid bacteria on the
fermentation quality of WCR TMR silage, and its in vitro digestion

characteristics, ruminal fermentation, and methane emissions

Two laboratory experiments were performed to examine how the ration formula of
food by-products (i.e., TC, RB, and WGTW) with or without LAB and with or without
molasses plus LAB (M-LAB) would affect the fermentation characteristics, ruminal
fermentation, and methane emissions of WCR TMR silage. In experiment 1, TMR silages
were prepared using the following food by-products at 30% TMR of DM: TC, RB, and

WGTW at a ration formula of 10, 20 and 30%, respectively. Each silage also contained
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WCR, feed concentrate, beet pulp, and a vitamin—mineral supplement at 30, 25, 13.5, and
1.5% TMR of DM, respectively. Ten samples were prepared with and ten samples were
prepared without LAB (Chikuso-1, 5 ppm FM, and FILB, 2% FM). In experiment 2,
TMR silages were prepared with TC, WCR silage, feed concentrate, beet pulp, and a
vitamin—mineral supplement at 30, 30, 25, 13.5, and 1.5% TMR. One additional sample
was prepared with and one sample without M-LAB (M, 4%; Chikuso-1, 5 ppm). After 60
days of fermentation, all experimental treatments in experiment 1 were high quality, with
low pH values (< 3.8) and high LAC (> 2.72% FM). The LAC for 30% TC TMR silage
was the highest among treatments. The 30% RB TMR silage also had the highest in vitro
DM digestibility and lowest methane production per DDM. All silages supplemented
with LAB had a significantly lower pH, higher LAC, higher in vitro DM digestibility, and
lower methane production per DDM than control silages.

In experiment 2, there were no notable differences in chemical composition between
silages with and without M-LAB. Both silages had low pH and NH3-N content and high
LAC and V-scores, indicating good quality. LAC was significantly higher in silage with
M-LAB than without it. Compared to TMR silage without M-LAB, TMR silage with
M-LAB had 5.6% higher and 2.0% lower in vitro DM digestibility and methane
production, respectively. Total VF A and the molar concentrations of propionic, isovaleric,
and valeric acid did not differ between the two silages, while acetic and butyric acid were
significantly higher and lower, respectively, for M-LAB silage. The results demonstrate
that high-quality WCR TMR silage can be prepared from food by-products such as TC,
RB, and WGTW. All silages prepared with 30% TC had high LAC. All silages prepared
with 30% RB had high DM digestibility and low methane production. Adding LAB

always promoted lactic fermentation and hindered methane production, and led to high
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DDM. Adding M-LAB further increased LAC and augmented fermentation, and
although the high LAC decreased ruminal methane production and increased propionic
acid, the changes were not significant. Further studies are required to determine how
high-LAC WCR TMR silage depresses methane production in ruminants in vivo, using

feeding experiments.

2. Effects of adding food by-products on the fermentation quality of
WCR TMR silage, and its in situ degradability and in vivo digestibility,

preference, and ruminal fermentation

Four sheep were used in a 4x4 Latin square design experiment to study the
fermentation quality, digestibility, and preference of WCR TMR silage with food
by-products. Experimental treatments included control silage (no food by-products) and
silages prepared with either TC, RB, or WGTW, all at 30% TMR of DM. Silages ensiled
for 60 days were high quality, with low pH (< 4.06) and NH3-N content and high LAC.
TC silage had significantly more lactic acid than controls. TC and RB treatments led to
more CP, EE, and GE, while WGTW treatment increased CP and ADF. Preference was
also affected by food by-products. The mean relative intake of control, TC, RB, and
WGTW silages were 0.485, 0.671, 0.397, and 0.447, respectively. Animals preferred
silages in the following order: with TC, control, with RB, with WGTW. There were no
differences in ruminal pH or total VFA, but ruminal NH3-N was highest in TC silage (P =
0.0191) 2 h after feeding. The molar proportion of acetic acid in ruminal fluid was highest
for WGTW silage (P = 0.0004) 4 h after feeding. Propionic and isobutyric acid were

higher for RB silage (P = 0.0277 and P = 0.0368, respectively) than for WGTW silage
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before feeding, and isovaleric and valeric acid were higher for RB silage (P = 0.0183 and
P =0.0113, respectively) than for either WGTW or control silage before feeding. Among
the three food by-products, TC was the most digestible. RB silage had faster in situ
degradation than control, TC, and WGTW silage. These findings suggest that food
by-products can be used to make high-quality WCR TMR silage, and that silage with TC

is more digestible, and is preferred by ruminants.

3. Effects of FTMR silage on in vivo nutritive value, nitrogen retention,
digestibility, ruminal fermentation, methane emissions, and plasma

parameters

Four Suffolk sheep (49.5 + 3.2 kg) were used in a 2 (treatments) x 2 (periods)
cross-over design experiment. Experimental treatments included either control TMR (not
fermented) or FTMR silage. Both TMR contained WCR silage, compouhd feed, dried
beet plﬂp, RB, and a vitamin—mineral supplement. WCR (Haenuki) silage was cultivated
using conventional methods in a paddy field, harvested at the full-ripe stage, prepared
into a mini roll bale (50 kg), stored outdoors (9-32°C) for 240 days of fermentation, and
cut to a length of 2 cm. FTMR silage was adjusted with water to 55% moisture, and
ensiled in drum can silos for fermentation. To prevent the fermentation of control TMR,
the WCR silage was kept apart from the other ingredients and ensiled in a separate drum
can silo. The other ingredients were mixed and ensiled in another drum can. A digestion
trial was conducted to investigate apparent digestibility, nitrogen retention, ruminal
fermentation characteristics, and plasma parameters over a 5-day test period. For 2 days

of the test period, a head hood-type respiration chamber was used to measure methane
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production. FTMR silage had a significantly lower DM, OM, NFE, and NFC but higher
EE, CF, ash content, GE, LAC, TDN, DCP, DE, and apparent digestibility of CP, EE, CF,
NDF, and GE than control TMR. Ruminal pH did not significantly differ between the
TMR before feeding or 4 h after feeding but was higher for FTMR 2 h after feeding.
FTMR had more total VFA and NH;3-N but less butyric acid 2 and 4 h after feeding, and
less propionic acid 2 h after feeding than controls. FTMR significantly decreased daily
methane emissions per sheep and daily methane energy lost as a percent of GE intake by
25.1% and 25.9%, respectively. FTMR had significantly less glucose before feeding than
controls; however, all plasma parameters were within the normal range. These results
show that FTMR WCR silage with food by-products reduces the energy lost to methane

production, has high digestibility, and is safe for ruminants.

4. In vitro examination of how WCR TMR silage suppresses methane

emissions

Incubating silage with lactic acid did not affect in vitro DM digestibility, methane
production, or total VFA concentration. However, adding either starch or lactic acid +
starch increased in vitro DM digestibility and total VFA concentration. Phosphate might
inhibit methane production. TMR silage increased in vitro DM digestibility and
decreased the A/P ratio and methane production in all treatments. However, ruminal pH

may also affect methane production.

In conclusion, these results from a series of experiments suggest that WCR FTMR
prepared with food by-products is useful as a feed for a ruminant animal, and that WCR

FTMR is a high quality feed with both high lactic acid content and high nutritive value for
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a ruminant animal, and that the high-LAC TMR can efficiently decrease ruminal methane

production because hydrogen was used by lactic acid to produce propionate.
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BRBREREORFAEREFZEAEEE UTHMFIAT 2 2 & S HIBRERE
HREDNENDLHEE SN TWDS, 2, BARIZBWT, RENSEATHSK
HOFRAZK 572w L s B iaRm LD DIz el A x ¥4 L — (WCRS) %
F& (4) AfeE LCRIAT2HEINPARFICER LTWD, X52iE, &
BRI B SR OMEE L RIEFE 2RSS U CHEBREE S & TR T 5 3B TMR
DB LG EHRMBBAE I NTNED, ERA L)L TOEME TIZIFZEL T
RWEHIBTEND, £FIT, AMETIIFREA R EALBESZERLEHL
W2 A T DFEEE TMR OFFRL L FEBESLE Ok, 3 X OFEEE TMR 2 KBREIC
tah Lizm e OFE— BN THILAME, %I, HIELROWE LA S T RAAERD
BT 5 MEEBD L2 BIL L, 20EDIC, (1) AREE L TLE
B OFI AR R TMR OFEEESLE YEW ONT in virro 1Z X D RTHILERB &
O A& v E BRI ARIC KT TRE, (2) RAEELFA LZfE A X
ZEBE TMR O in situ |2 & DFEETHRII LW in vivo 12 & D EIBHE (LR & BEIT4,
BE—BNHRE L OMmRMERICRIETRE, (3) b Y DICBIT DR A R FEEE
TMR D55 038 — B NARMERE LR 6D A & U HEIC RIETRE,
(4) FBLA 2FEEE TMR O in vitro JEIZ X B A X AERIEIT DA =X bk

Bt L7z,

1. BREE L AUBRE ORI ANEFEE A X TMR VA L — O FELE S E W T
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in vitro |2 X D EMMHALRIE L OA & 0 L EBERMEAEIFER A R RIE T B2
AW TITRSFE L ABEZFA U THE L2&R A % TMR ¥4 L— U3,
FEEEEE, in vitro FEER TOEYEE, A Z AERB I OERERHBREEIC
RETEEIZOWTHRE Lz, BB 11X, M7, KX IDBILOBEARER
W70 10, 20 B L 30%DEIE THRAGOEEEZ T, BEFEL 25%), ©
— L7 (13.5%) BL0 WCRS (30%) RS L, LEE (G 1 5 Sppm
(FM)) B IO ELMEEIEERR 2% (FM)) OFM, ERMZE 55 20
RLER X DA REFEBE TMR & X0 FIEIC L VIR L, 60 H =R TR L 72t
BRE L7c, #BR 21X, ho oM, BEARE, v— hULTB IO WCRS 22
FHEMET- 0 30, 25, 13.5 B IV 30%DEETERA L, WBE (FE 15 5ppm
(FM)) LHEE (4% (FM)) OWMBLOEEMO 243 Lz, 3Bk 112k
VW, BB R FEE TMR O pH I, £ TONEX T3.8LUT, LEBEEIL2.72%
(FM) LAEDOBEDOY A L— ISR, 72, MU 7% 30%EAT 5
CHBE R, B o, KX I E 0%EAT D L EWIERRITEL, B
AIVHALE BT 0 DA X VERBITES Rol, 26T, ABELHRNT S
&, pHIZIE L (P<0.05), LA B L invitro |2 X HEEMHILRIZE L (P<0.05),
HARIVH LB YL T2 DA X VAEREMELS 22 o7 (P<0.05), RER2ICHBW
T, {LEEDITNBERXOBICEBEEZENRBO b2 o7z, £TH TMR D pH B
FOERMEERERSENKS, ABEENBEVWRERY A L— VRN
e, HBEEBEELZRMT 5 LAMERBIIFICE ol (P<0.05), HLBEEL

VEZE DOV in vitro B8 HLERZ 5.6%m< L, A ¥ VBHER 2.0%ED =&
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Too T, ERMEHERE, 7o vr rBE L OE R E LRI
Ieho T2, HLERE & B E RIS THRMRE, B E< 720 (P<0.05),
BEEENMEL 72072 (P<0.05), A EDZ &G, BMFRELFIA Lz BE e
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BV VR ATRAWE, BREEZFI L2EE N R 3B TMR OO TEEER,
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KT L7, B—HHNARD pH B XL VFA REIT, AEXOEICHEEEN
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HIZBIT D in situ FEERRBRIZE Y, DM, CP BLUOHMT &4 —T = o M#ED
HERET, BAND 20 B EC, KXV EFIA LB TMR 2@ - 72728,

FOH%, SUT7HERNALU-EE TMR B¥&EL o7,
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va TMR & W {&h o722 (P <0.05), EE, CF, Ashi3 XU GE 358 TMR 2
7l v a TMR KV E»ro7z (P <005, HERBRIZLY, 7L v =2 TMR
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RO pH N 586 L 006.56 &, HWETMRIZTZ Ly 2 TMR LV A ¥ AR
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