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ABSTRACT

Fibrolytic enzymes and microbial inoculants have potential to improve the value
of feedstuff and feedstock. An experiment was conducted to determine the nutritive
value, ensiling characteristics, and in situ disappearance kinetics of sorghum (Sorghum
bicolor L.) silages pretreated with fibrolytic enzyme (xylanase plus cellulase: XC) or
microbial [Promote ASB (Lactobacillus buchneri and L. plantarum); PRO] inoculants.
The greatest yield was for cultivar PS 747 and the least for MMR 381/73 (MMR).
Neutral detergent fiber (NDF) concentration was least for XC treated silage, and acid
detergent fiber (ADF) concentration was least for XC and PRO treated silage. In vitro
true digestibility (IVTD) was greatest for PRO treated Dairy Master BMR (DBMR),
whereas, acid detergent lignin was least for PRO treated DBMR. Aerobic stability was
not improved by PRO, however, aerobic stability of XC treated MMR was 63 h greater
than the control. Generally, the in sifu disappearance kinetics were improved with the
application of XC and PRO, and XC had the greatest effect on silage with greater NDF
and ADF concentrations. A second experiment was conducted to determine if the same
application rates of either inoculant would reduce the fiber fraction of two cultivars each
of wheat (Triticum aestivum L.) or oat (Avena sativa L.) hays. Forage was harvested
twice during the tillering stage (H1) and (H2) and a third after grain harvest (H3). The
IVTD was greater for oat than wheat due to a lesser fiber fraction. Forage from H2 had
lesser NDF and ADF and greater CP and IVTD concentrations. In situ DM, NDF, ADF,

and ERD were greater for wheat and oat at tillering than stover and NDF and ERD were
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greater for Harrison than Fannin at tillering. Treatment of oat or wheat hays with XC or
PRO enhanced in situ disappearance kinetics. Both XC and PRO may be used to reduce
the fiber fractions of sorghum silage and small-grain hay. Additionally, it appears the

inoculant PRO can be used to improve fermentation characteristics of sorghum silage.
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CHAPTER I

INTRODUCTION

Forage production in the United States is a major source of feedstuff for livestock
consumption and lignocellulosic feedstock for ethanol production. Throughout Texas
and much of the southwestern United Stages sorghum (Sorghum bicolor L.) silage and
cool-season forage hay such as oat (Avena sativa L.) and wheat (Triticum aestivum L.),
are stored for feeder cattle and dairy cattle feed. Due to a growing biofuel industry there
is an increase demand for crops such as sorghum silage and cool-season grass stover that
can be harvested for use as lignocellulosic feedstock (Jessup, 2009). Two major
limitations reduce the value of forage crops used for feedstuff and feedstock production.
Primarily, value is decreased due to the strong linkage of lignin to cellulose and
hemicellulose which limits the amount of soluble carbohydrates available for conversion
to energy for feed and fuel (Eggeman and Elander, 2005; Han et al., 2007; Sipos et al.,
2009). Value of stored forage is also inhibited because of loss of dry matter (DM) which
results in lost biomass and reduced nutritive value (Muck, 1988; Wiselogel et al., 1996).
Storage losses occur due to continued respiration post-harvest, nutrient leaching, and
loss of leaf material (Rotz and Muck, 1994).

Application of fibrolytic enzymes (xylanase:cellulase; XC) or bacterial (Promote
ASB [Lactobacillus buchneri and L. plantarum]; PRO) inoculants to sorghum silage
and oat and wheat hay may reduce fiber fractions and improve forage conservation.

Elwakeel et al. (2007) found in vitro dry matter digestibility (IVDMD) of four different



fibrous dairy feedstuffs were improved by addition of fibrolytic enzyme mixtures, which
were composed of B-glucanase, xylanase, and cellulase. Improvements in feed nutrient
utilization may also decrease nutrient excretion, decreasing the potential negative
environmental impact of confined animal feeding operations (Hersom, 2008). Lactic
acid bacteria (LAB) inoculant promotes the production of lactic acid (LA), which causes
the pH of silage to decrease more rapidly thereby inhibiting aerobic spoilage (Kung and
Charley, 2010). Both enzyme and microbial inoculants could serve as a pretreatment for
feedstuff and feedstock production to improve their value.

For a lignocellulosic feedstock plant to produce 114 million L of ethanol in a
year, 907- 953 Mg of forage sorghum would be required per day, or 340,194 dry Mg
year ' (Trostle, 2012). Approximately 18,546 ha of land would be required to produce
enough sorghum feedstock to supply a 114 million L capacity ethanol plant (Dahlberg et
al., 2011; Trostle, 2012). Improving fiber degradation, energy efficiency, and storage of
sorghum silage and cool-season grasses will decrease the amount of forage production
needed to produce a liter of ethanol or a kilogram of milk or meat. Therefore, a
successful pretreatment inoculant for feedstock is necessary for economically viable
ethanol production (Aden et al., 2002; Eggeman and Elander, 2005).

The hypothesis for these experiments was treatment of sorghum silage and small-
grain hay with fibrolytic enzyme (xylanase plus cellulase: XC) or microbial (Promote
ASB [Lactobacillus buchneri and L. plantarum]; PRO) inoculants would improve

nutritive value, ensiling characteristics, and in sifu disappearance kinetics.



CHAPTER 1II

LITERATURE REVIEW

Forage Dry Matter Conservation

Where forages do not grow year round, there is a need for the conservation of
forage DM. The preservation of forage enables livestock producers to store them for
feeding to ruminant livestock in times of shortage of forage for grazing. Stored forage
also allows for an increased forage component in total mixed rations fed to dairy or
feedlot cattle. Conserved forage is more expensive than grazed forage, but less
expensive than other supplements, which may reduce the cost of purchased feeds for
confined animal operations (Ball et al., 2007).

In addition, there is a need to store feedstock from harvest until use at
lignocellulosic biofuel processing centers. Biofuel production is a continuous process
despite limitations of forage growing and harvest season, therefore, forage must be
conserved following harvest until it can be used at the processing center (Wiselogel et
al., 1996).

Forages can be stored as silage, hay, or haylage and the basis for determining
method of storage is species dependent (Ball et al., 2007). Forage conservation methods
are dependent on the curing conditions. Hay curing can take two to three days of drying
time, whereas, silage and haylage are stored the same day they are cut (Rotz and Muck,
1994). Corn (Zea maize L.) and some types of sorghum have thicker stems which inhibit
field drying. Therefore, they are most commonly utilized to make silage which is

approximately 70% moisture (Kung, 2000). Cool-season annuals and warm-season



perennials, such as oat or Bermudagrass (Cynodon dactylon L. Pers.), are often
harvested for hay which is approximately 15% moisture (Rotz and Muck, 1994). A third
conservation method is haylage which is baled and wrapped with plastic when it reaches
approximately 50% moisture (Ball et al., 2007). Since haylage is stored at greater
moisture concentration than hay, it requires less drying time. In climates where there are
few consecutive days of rain free weather haylage maybe a more efficient conservation

method than hay (Ball, 2007).

Ensiling Process

Ensiling is a method used to preserve and store forage crops after harvesting until
they can be fed to livestock or processed for biofuel. After cutting and removal from the
field, the crop is placed in an airtight container where aerobic bacteria utilize the oxygen
within 4 to 6 hours and produce carbon dioxide and heat.

In the oxygen-deprived environment anaerobic microbes convert water-soluble
carbohydrates (WSC) to volatile fatty acids (VFA) (Kung, 2000). The anaerobic
environment is essential for stopping plant respiration, preventing aerobic microbial
growth, and stimulating growth of lactic acid bacteria (LAB), which reduces the pH
(Rotz and Muck, 1994). This low pH inhibits plant enzyme activity and prevents the
growth of undesirable anaerobic microorganisms (Rotz and Muck, 1994). The ensiling
process has four distinctive phases each dominated by different plant, microbial, and
chemical processes. These phases in order are pre-seal, active fermentation, stable
phase, and feedout (Rotz and Muck, 1994) (Figure 2.1). Each of these ensiling phases

has different factor determining the amount of DM loss.
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Figure 2.1 Four ensiling phases when various plant, microbial, and chemical processes
are most active (Rotz and Muck, 1994).

During the pre-seal phase, plant material is still respiring, therefore, energy is

metabolized to heat which raises the silage temperature (McDonald, 1981). This



respiration and temperature rise causes silage DM loss and affects other ensiling
processes. If temperature becomes greater than 35°C a maillard reaction can occur
causing amino acids and sugars to be polymerized increasing the acid detergent
insoluble nitrogen (ADIN) content (Rotz and Muck, 1994).

Enzymes released due to cell lysis at harvest degrade protein to peptides and
amino acids, and carbohydrates to sugars which provides substrate for aerobic
microorganisms, yeasts, and molds during the pre-seal phase (Rotz and Muck, 1994).
The growth of these microbes does not reduce silage quality unless approximately 10°
colony forming units (CEU) of yeasts or 10° CFU of molds are reached (Pitt et al., 1991).
If fermentation yeasts are great in number, their metabolism of sugars to ethanol cause
DM loss (McDonald, 1981). The growth of certain molds can produce mycotoxins
harmful to ruminant’s health (Woolford, 1990).

The active fermentation phase and subsequent pH decrease are ideally activated
by homofermentative LAB, which produce only lactic acid from the fermentation of
glucose (Kung, 2000). Lactic acid is the most efficient VFA because it has a larger acid
dissociation constant than other VFA (Kung, 2000). A common homofermentative
LAB species, Lactobacillus plantarum, is known for its ability to grow at a low pH and
to ensure a low final pH (Jones, 2012). Alternatively, heterofermentative LAB such as,
L. buchneri, ferment glucose into lactic and acetic acids (Kung, 2000). The combination
of lactic and acetic acid quickly decreases the pH of silage for preservation and stabilizes

silage during aerobic exposure (Zhang et al., 2009).



Production of acetic acid is desirable because acid enhances aerobic stability by
decreasing the growth rate of spoilage organisms, such as yeasts and molds (Danner et
al., 2003). Aerobic stability, which is controlled by acetic acid is the time it takes silage
to heat a couple of degrees after container opening and oxygen exposure (Jones, 2012).
Fermentation of glucose to acetic acid instead of lactic acid is less efficient (Jones,
2012). The combination of lactic acid which decreases pH and acetic acid which inhibits
yeasts and molds stabilizes silage during aerobic exposure (Jones, 2012).

During the production of acetic acid a third carbon is lost in the form of carbon
dioxide which causes a loss of energy and production of a water molecule, thus the loss
of forage DM (Jones, 2012). The ratio of lactic acid to acetic acid is used as an indicator
of the effectiveness of fermentation and this ratio should not be less than 3:1 and a
greater ratio is better (Kung et al., 2003). When lactate:acetate is less than 3:1 and
homolactic acid bacterial numbers are low, a bacterial inoculant may be needed (Kung et
al., 2003).

During the stable phase, anaerobic activity has ceased because of low pH and
lack of substrate, however, if oxygen leaks into the silo microbial growth can occur.
Oxygen infiltration during the stable phase causes loss of the most digestible
components of the silage (Rotz and Muck, 1994). Overly wet silage causes DM losses
during the active fermentation phase as effluent (highly digestible soluble carbohydrates
and N fractions) is lost from the silo (Rotz and Muck, 1994). If the pH is not low

enough (< 4.5) during the stable phase, anaerobic clostridia can produce butyric acid and



amines causing DM loss and reduce the palatability of silage (McDonald, 1981; Jones,
2012).

During the last phase, which is feedout, the silage face is penetrated with oxygen
allowing aerobic microbial growth of spoilage microbes, such as yeasts and acetic acid
bacteria, resulting in heating and DM loss (Courtin and Spoelstra, 1990; Woolford,
1990). If silage is not readily consumed after opening, bacilli and molds develop

increasing DM losses and health concerns (Muck and Pitt, 1992).

Sorghum Silage for Livestock

Sorghum has two main classifications, grain and forage, and each has qualities
relevant to specific uses. Grain sorghum is used for grain production in arid regions.
Grain sorghum usually grows 0.91-1.5 m tall depending on the cultivar and climate
conditions and is not usually grown for forage because it has a lesser DM yield than
forage sorghum (Bolensen et al., 2003). Forage sorghums include sorgo or sweet
sorghum, dual-purpose varieties, and hybrids. Forage sorghum usually grows 2.44- 3.96
m tall and is grown for silage production (Undersander et al., 1991). The average yield
of forage sorghum silage produced in the Texas Panhandle was 43.71 Mg ha™ at 68%
moisture and a relative forage quality of 132 (suitable for dairy cows in the last 200 days
of lactation, heifers, and stocker cattle; Undersander, 2003; Bean et al., 2009).

Sudangrass is grown for grazing, green chop, hay, or silage and grows 1.22-2.13
m tall (Undersander et al., 1991). The smaller stem of sudangrass gives it better drying
characteristics than forage sorghum making it most feasible for hay production. When

sudangrass is crossed with sorghum, the resulting hybrids are intermediate in size, yield



is generally less than forage sorghum but similar to or slightly greater than sudangrass
making it a good crop for hay, haylage, green-chop and pasture (Undersander, 2012).

Among the forage types there are classifications such as photoperiod sensitive
(PPS) and brown midrib (BMR). These traits have been selected for improved
production and nutritive value. Varieties selected for the PPS trait are extremely
photoperiod sensitive and do not initiate flowering until day length is less 12 hours and
20 minutes, which is late in the growing season (Morgan et al., 2002). This delay in
flowering is critical because the transition from vegetative to reproductive growth in
sorghum and sorghum-sudangrass hastens the decline in quality of the vegetative portion
of the plant (McCollum et al., 2012). The PPS varieties yield well and utilize water
efficiently, however, they have less digestibility than non-BMR and BMR varieties
because of greater fiber concentration, which limits their broad application (McCollum
etal., 2012). Murray et al. suggested yield traits be selected over composition traits for
maximizing energy yield of sorghum biomass (2008). This suggestion from Murray et
al. (2008) is similar to the conclusion by McCuistion et al. (2011) that PPS varieties fed
more cattle than varieties with greater nutritive value.

In grazing trials PPS sorghum had lesser average daily gain (ADG) than BMR
varieties (McCuistion et al., 2011). However, PPS supported more head of grazing cattle
day™ ha' than BMR varieties (McCuistion et al., 2011). Varieties selected for BMR
traits have less acid detergent lignin (ADL) and may be 10 to 30% more digestible,
however, yield is 15 to 20% less DM than conventional forage sorghum varieties and

lodge more easily (Ball et al., 2007; Bean et al., 2009). Among BMR varieties there is a



great deal of variation in in vitro true digestibility (IVTD) and fiber digestibility
(McCollum et al., 2012).

The production of sorghum silage is common in the southern United States
because it is well adapted to the warm climate, produces a high yield, and is drought
tolerant (Prostko et al., 1998). However, acceptance of sorghum silage for lactating
dairy rations in the United States has been limited due to its greater acid detergent fiber
(ADF) and ADL levels than corn grown for silage (Prostko et al., 1998). The greater
fiber levels found in sorghum reduce forage digestibility and may compromise milk
production (Prostko et al., 1998). In Nebraska, conventional and BMR sorghum silages
had a pH of 4.0 and 4.1, crude protein (CP) of 7.3 and 7.8% of DM, neutral detergent
fiber (NDF) of 48.2-58.1% of DM, and ADL of 2.3-2.9 % of DM, respectively (Oliver et
al., 2004). The silage from BMR sorghum had greater nutritive value and ensiling
characteristics than silage from the conventional hybrid, but lesser than corn silage
(Oliver et al., 2004). Oliver et al. reported NDF intake of corn and conventional silage
to be 9.0-10.4 kg/d, respectively and milk production was 33.8-31.0 kg/d, respectively
(2004). The study by Oliver et al. and those of other research teams indicates silage
from BMR sorghum supports milk production similar to corn silage (Lusk et al., 1984;
Grant et al., 1995; Oliver, 2004). Bolsen et al. suggest grain sorghum silage can be
substituted for corn silage in mid-lactation dairy cow diets (1989). Despite a slight
reduction in milk yield, conventional forage sorghum silage is used in many tropical

countries around the world because it may be planted later than corn, uses water more
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efficiently, has greater yields and when exposed to drought still produces an acceptable
silage yield (Sanderson et al., 1992).

Sorghum maturity is a critical factor in maximizing nutritive value, therefore,
harvest should be performed at the correct stage of development (Table 2.1). Grain
sorghum should be cut at late milk to late dough stage and forage sorghums should be
1.02 m tall or at late boot stage when forage is harvested (Ball et al., 2007). Achieving
the greatest nutritive value and yield are competing production goals. When yield is
maximized lodging increases, and management practices such as reduced seeding rate,
proper application of nitrogen, and harvest of the crop as soon as it reaches the proper
stage will minimize lodging (Bean et al., 2009). For proper fermentation, sorghum
silage should be chopped to a length of approximately 0.95-1.27 cm and stored in an air-
tight container and feeding should begin after three to five weeks of storage (Ball, et al.,

2007).

Sorghum Silage as Lignocellulosic Feedstock

Currently, limitations in the production of lignocellulosic feedstock and its
conversion into bioenergy are hindering progress and long-term sustainability of
bioenergy manufacturing. Production of biofuel has been criticized since most of the
biofuel is coming from first generation crops such as corn, sugar cane (Saccharum
officinarum L.), soybean (Glycine max L.) and rapeseed (Brassica napus L.) which
provide food and feed therefore their demand as fuel increases the costs of global food

production (Jessup, 2009).
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Table 2.1 Chemical composition of silage made from different types of sorghum and
harvested at various maturity stages

Yield, Mg/ha Dry matter basis
Crop Maturity DM 35% DM CP, % CF', %
Stage
Grain Dough 8.97 17 8 24
Forage Dough 11.21 14 8 33
Forage Early head 8.97 11 11 29
Sorghum Dough 10.09 13 10 34
Sorghum Early head 5.60 7 12 26

(S.J. Donohue et al. 2000)
" Crude Fiber

Thus, interest has switched to production of second generation, energy crops,
which include lignocellulosic biofuels (Jessup, 2009). Lignocellulosic feedstock is plant
material with a lesser water soluble carbohydrate concentration than grain sources. The
fibrous components of lignocellulosic feedstock include a mixture of cellulose,
hemicellulose, and lignin (Han et al., 2007). These structural polymers, including
hemicellulose and lignin, surround the cellulose component of the plant cell wall and
serve to protect the cells against enzymatic attack (Figure 2.2; Han et al., 2007). This
protective barrier is a major impediment to bioconversion of lignocellulosic biomass
because cellulose contains the fermentable sugars that are converted to ethanol (Han et

al., 2007).
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Figure 2.2 Cellulose strands surrounded by hemicellulose and lignin (DOE, 2007).

In the southern United States the production of lignocellulosic C4 crops for
biofuel is a promising opportunity. Production of these crops is common for use as
livestock forage. Use of common forage species for bioenergy will support the United
States federal mandate requiring production of 79.5 million liters of renewable fuel from
non-corn sources to be blended with gasoline by 2022 (Environmental Protection
Agency, 2012). Furthermore, lignocellulosic crops are predicted to yield five times
more energy per land unit area than grain starch and sugar crops while producing only a
quarter of the greenhouse gasses (Farrell et al., 2006; DOE, 2007; Somerville, 2007).

Perennial forage crops having been suggested as dedicated energy crops include
switchgrass (Panicum virgatum L.), miscanthus (Miscanthus spp.), and energy cane

(Saccharum spp.) (Jessup, 2009). Lignocellulosic perennial crops are preferable to
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annuals because they have reduced greenhouse gas and carbon emissions than annual
crops (NRCS, 2006; Adler et al. 2007; DOE, 2007). Carbon emissions are reduced
because perennial crops are not reseeded each year which reduces fuel and
decomposition of soil organic matter (Jessup, 2009). Perennial crops also require less
fertilizer because nutrients are more readily recycled (Jessup, 2009). These perennial Cy4
grasses have great amounts of photosynthetic activity and drought tolerance which
encourages cultivation in temperate and tropical climates (Sree, 1999). Perennial energy
crops can also be planted on degraded lands thus improving the soil organic matter and
structure (Sartori et al., 2006).

Annual warm-season grasses, such as sorghum, also have potential for feedstock
production because of their rapid growth and the management flexibility imparted by
their growth cycle (Sipos, 2009). Crop residue of annual grain crops is a lignocellulosic
feedstock option which would enable dual use of one crop (Gallagher et al., 2003).
Feasibility of dual-use energy crops are important to the long term, sustainability of
agriculture because it enables farmers to get the greatest return from inputs invested into
growing a crop (Gallagher et al., 2003).

Sorghum is a superior annual warm-season grass choice for feedstock production
in Texas because it is well adapted and can be grown successfully with limited water
inputs (Dahlberg et al., 2011; Rooney et al., 2007). It has potential as a dual-purpose
crop because sorghum stover and ratoon are commonly used to feed livestock (Powell, et
al., 2006). Conversion of sorghum biomass to ethanol could produce an average of 6147

L ha (Dahlberg et al., 2011). Besides ethanol produced from juice squeezed from
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sorghum, bagasse is a by-product of sorghum feedstock (Sipos et al., 2009). Bagasse
can be utilized as livestock feed, soil fertilizer, or combusted for energy (Sipos et al.,
2009).

A second major constraint to production of bioenergy from lignocellulosic
feedstock is providing a continuous source of feedstock to refineries. Viable storage
solutions are critical to the success of the bioenergy industry since refineries need a
continuous supply of feedstock to keep the refinery operating (Wiselogel et al., 1996;
Rentizelas, et al., 2009). Field curing of sorghum is difficult due to the high moisture
content and coarseness of leaves and stems, making the process costly in terms of
weather risks, energy inputs, and harvest timelines (Williams and Shinners, 2012).
Drying sorghum feedstock enhances resistance to enzymatic degradation since the
curing of cellulose microfibrils results in irreversible shrinking of the pore space and
reduces the accessible surface area (Esteghlalian, et al., 2001). Ensiling reduces field
wilting time, weather risks, negative consequences of cell wall hornification, and
reduces the water requirements for conversion at the biorefinery (Williams and Shinners,
2012). Therefore, ensiling practices can provide the biofuel industry with options for
biomass storage and improvement (Williams and Shinners, 2012). Ensiling feedstock
allows for pretreatment prior to storage, which can improve extraction of cellulose
bound in hemicellulose and lignin (Han et al., 2007). Additionally, inoculation of corn
stover silage with biological amendments can improve conservation (Ren et al., 2006).

The lignin and hemicellulose bound to cellulose and storage constraints of feedstock are
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two limitations to lignocellulosic bioenergy production. Pretreatment with fibrolytic

enzymes or bacterial inoculants may be solutions to these problems.

Hay Production

Forages stored as hay are dried and field cured for future use as livestock feed or
for use as feedstock for biofuels, including ethanol and combustion. When curing hay
the objective is the rapid removal of excess moisture, while minimizing DM and nutrient
losses (Hart and Burton, 1967). To produce hay the crop is dried in the field to a
moisture content of less than 20% which requires 3 to 5 days when hay is harvested in
thin, wide swaths (Rotz and Muck, 1994). Plant respiration is the complete oxidation of
hexose sugar to carbon dioxide and water (Parkes and Greig, 1974). Cut forage
continues to respire, losing carbohydrate until the moisture content drop to 30-40%
(Greenhill, 1959).

Carbohydrates are the principal compound used in respiration, therefore, there is
little loss of total nitrogen (N) and fiber (Rotz and Muck, 1994). The more rapidly the
forage is dried, the less loss of DM and nutrient that occurs (Greenhill, 1959). The
drying rate of grass hay is positively correlated with water content and inversely
correlated with DM vyield (Hart, 1967). Measured DM losses due to plant respiration are
difficult to measure during field curing and vary widely. In alfalfa (Medicago sativa L.)
DM losses due to respiration varied between -8 and 19% of the initial crop DM (Rotz
and Abrams, 1988). Across species, loss is influenced by drying conditions with the

greatest loss in material dried in a warm, humid environment (Rotz and Muck, 1994).
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Rain damage can significantly increase DM loss since it reenacts the respiration
process (Rotz and Muck, 1994). Dry matter losses from hay yielding 2 Mg ha™ were 3%
in dry weather and 9.6% when 5 cm of rain fell; losses from hay yielding 10 Mg ha'
were 4.6 and 11.1%, respectively (Hart and Burton, 1967). The nutritive value of hay
can differ greatly depending on the forage species, maturity, and drying time (Rotz and
Muck, 1994).

Mechanical operations cause additional loss of nutrients adversely affecting
forage quality. This is due to leaf shatter which reduces DM yield and nutritive value
since leaves have a greater nutritive value than stem (Rotz and Muck, 1994). In both
grass and legume hays leaf shatter can double as forage matures from late, vegetative to
a full bloom stage of development which may be due to reduced moisture and/or
weakened attachment of leaves causing greater leaf shatter (Rotz and Muck, 1994).

Losses during storage and feeding can also be great if proper measures are not
taken to protect the forage. Storing hay under a barn is the most effective means of
preventing DM loss due to precipitation (Ball et al., 2007). Reported DM losses of
round bales stored outside range from 3 to 40% with the greatest impacts being weather,
length of storage, and storage method (Rotz & Muck, 1994). Dry matter losses also
affect feedstock plants because of DM lost due to weathering (including leaching,
ultraviolet degradation, and erosion) and biochemical reactions produced by microbial
life (Cusi, 1979; Moser, 1980; Jirjis & Theander, 1990). Loss of DM from weathering

and biochemical reactions causes a negative economic affect (Wiselogel et al., 1996).
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Cool-Season Small-Grain Hay for Livestock

Cool-season, small grains include oat, wheat, and ryegrass (Lolium L.). These
grasses are primarily harvested for hay during boot and soft dough maturity stages as
this maturity stage balances yield and nutritive value (Figure 2.2; Collar et al., 2006).
Yield of small-grain hay range from 4.48 to 8.96 Mg ha™' and baling should take place at
15-20% moisture (Smith et al., 2009). Early harvest reduces yield and provides a greater
nutritive value, whereas, later harvest increases yield but sacrifices nutritive value
(Figure 2.3; Ball et al., 2007). Stage of maturity is the predominant factor influencing
palatability, crude protein concentration, and amount of digestible energy (Ball et al.,
2007).

Due to the relatively greater nutritive value of cool-season hay compared to other
forages it can be fed to livestock with greater nutrient requirements, such as young
calves, replacement heifers, and lactating beef cows (National Research Council, 2000).
Oat and wheat are commonly grown in the southern United States because there are
sufficient growing degree days to produce 120 to 150 d of pastures that could be grazed,
harvested for conserved forage, or harvested for grain making it a dual-purpose crop

(Holman et al., 2010).
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Figure 2.3 The effect of maturity stage on nutritive value and yield of small-grain grown

for forage (Virginia Tech, 2009).

Oats usually produces 6,000 kg DM ha™, through a growing season and the

majority of the yield occurs in March (Mackowiak et al., 2011), whereas,

wheat yield is

similar to oat but the majority of the yield occurs earlier in the growing season (Holman

et al., 2010). Steers grazing oat had an ADG of 1.33 kg hd™ d”' (Pereira, 2009),

whereas, steers grazing wheat had an ADG of 0.89 kg h™" d”' (Pinchak et al., 1996).

When feeding small-grain forage to ruminant livestock it is important to consider

the energy to nitrogen ratio (carbon:nitrogen; C:N) because these livestock will have

increased ruminal ammonia production resulting in increased N excretion when there is
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not sufficient energy for ruminal microbes to use the N for growth (Poppi and
McLennan, 1995). This loss of N from the rumen is costly due to significant energetic
expenditure associated with urea synthesis and excretion (Vendramini et al., 2006) and

the loss of N to the environment.

Nutrient Synchrony Constraints of Small-Grain Hay

The performance and production efficiency of forage-fed ruminants can be
improved by enhancing the synchrony of C:N. Nutrient synchrony is the parallel
occurrence of nutrients consumed or present in the diet and rumen, whereas, nutrient
asynchrony is a deficiency of energy or N which decreases digestibility of the diet and
microbial efficiency (Hersom, 2008). Ruminants are unique in that they are able to
recycle N, which is not the case with carbohydrates and ruminal microbes are also
limited in their ability to store carbohydrate (Hersom, 2008). Therefore, a consistent
supply of energy in the diet is critical to promoting greater capture of N in the rumen
which improves efficiency (Lardy et al., 2004; Hersom, 2008). A continuous 1:1 supply
of C:N is the most beneficial diet to promote healthy ruminal fermentation patterns and
overall nutrient metabolism (Huston et al., 1999; Hersom, 2008).

Nutrient synchrony should provide an increase in ruminal metabolism, including
enhanced microbial efficiency and growth, compared to asynchronous diets (Herrera-
Saldana et al., 1990; Kim et al., 1999a; Richardson et al., 2003). Improving the
efficiency of energy and nitrogen metabolism should reduce costs of animal production
and decrease excess N excretion from livestock (Hersom, 2008). Not all research has

shown a positive response of microbial efficiency and yield when synchronous diets
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were fed (Kim et al., 1999b; Richardson et al., 2003). This could be due to the type or
amount of energy fed in these studies which was predominately soluble and likely
negatively affected ruminal microorganisms (Kim et al., 1999a).

When nutrient synchrony is successful, increased nutrient efficiency and
microbial yield will result in enhanced digestibility and/or intake which then results in
improved animal performance (Herrera-Saldana et al., 1990; Hersom, 2008). Steers fed
bermudagrass (total digestible nutrients) (TDN:CP > 7) and supplemented with corn
exhibited lesser ADG than those fed bermudagrass alone (Garcés-Yépez et al., 1997).
This is because the bermudagrass had excess energy compared to N and the rapid
degradation rate of carbohydrate in the rumen was in excess of the slowly degradable
protein of bermudagrass (Moore et al., 1999). The addition of rumen degradable protein
(RDP) synchronizes the C:N because rapidly released N matches the rapid energy
release from corn (Bodine et al., 2001; Bodine and Purvis, 2003). Adding grain-based
supplements to the forage diet of ruminant ruminal livestock is not always desirable
because grain-based supplements may shift the rumen microorganism population
reducing forage digestibility (El-Shazly et al., 1961).

The timing of feeding also impacts nutrient synchrony. A study by Richardson et
al. (2003) compared diets fed to lambs which were formulated based on the rumen ratio
of nitrogen to organic matter (N:OM) hourly release rate and fed at several times of the
day to represent synchronous (0.86 and 0.85 synchrony index for barley-based and sugar
beet pulp based diets, respectively), intermediate (0.76 for each diet), or asynchronous

(0.63 and 0.61, respectively; Figure 2.4).
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Figure 2.4 Predicted ratio of N:OM in the rumen of lambs (fed diets based on either a.
barley or b. unmolassed sugar beet pulp and offered in three patterns within a day to be
synchronous (#), intermediate (m), or asynchronous ( A) arrow indicates feeding time)

(Richardson et al., 2003).
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The diet included the same ingredients in varying amounts except for the dietary energy
source. The growth rate of lambs and nitrogen retention were not impacted by nutrient
synchrony, however, there was greater lipid content in the meat of lambs fed
synchronous diets indicating enhanced energy efficiency (Richardson et al., 2003).

High quality forages, such as small-grains, may not support dietary nutrient
synchrony because of excess N and a relative deficiency of energy (Hersom, 2008).
Typically the total digestible nutrients to crude protein ratio (TDN:CP) is 3.75 in wheat
(Holman, 2010). Before a C:N assessment can be made, consumed forage chemical
composition must be determined (Hersom, 2008). This may be a difficult task in grazing
lands since there are differences in the chemical composition of forage harvested by
hand and that consumed by grazing livestock (Coleman and Barth, 1973; Fisher et al.,
1991; Dubbs et al., 2003; Hersom, 2008). Differences also exist in protein
concentration, protein form, and degradability of standing forage, hay, or forage silage
(Hersom, 2008). Preserved forage, such as hay and silage, typically have a greater CP
concentration compared with fresh or standing forage (Messman et al., 1994; Farmer et
al., 2001; Volden et al., 2002). Therefore, there may be a greater need for nutrient
synchrony of preserved forages than fresh or standing forage.

Digestible energy intake has been increased due to improvements in ruminal
fiber digestion from the application of fibrolytic enzymes (Beauchemin et al., 2003).
Therefore, application of fibrolytic enzymes to cool-season, small-grain grasses may
increase the amount of soluble carbohydrates available during digestion which would

enhance the synchronization of C:N.
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Enzyme Treatment

The application of enzymes may be desirable when forages species or cultivars
have a greater fiber concentration, were harvested at increased maturity, or grown or
harvested in unfavorable climatic conditions. Fibrolytic enzymes are applied to plant
material to break the bonds between hemicellulose and lignin. These bonds must be
broken to hydrolyze the cell wall (Beauchemin, 2003). If the bond linking lignin to
hemicellulose and lignin is not broken, then the carbohydrates within the cellulose and
hemicellulose are unavailable for fermentation or extraction (Figure 2.2; Aden et al.,
2002; Eggeman and Elander, 2005). Commercial fibrolytic enzymes are created by
microbial fermentation and produced by a batch fermentation process, beginning with a
seed culture and growth media (Cowan, 1994). Interest in applying fibrolytic enzymes
to ruminant feed and lignocellulosic feedstock has increased due to the favorable results
in vitro and in vivo (Dean et al., 2005; Chen et al., 1994; Sipos et al., 2009).

Not all studies evaluating fibrolytic enzymes demonstrate consistent
improvement in animal performance, and where improvements were seen the enzyme
may not have been the cause (Dean et al., 2005). Inconsistencies may be related to
enzyme type, concentration and activity, application method, substrate to which enzymes
were applied or animal differences (Dean et al., 2005). Other factors affecting
improvement could have been feed temperature and pH, presence of cofactors and
inhibitors, and enzyme and substrate concentration (Dean et al., 2005). There appears to
be endless possibilities for the use of these enzymes that will improve the value of

livestock feeds and lignocellulosic feedstock. Identification of appropriate enzymes and
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applications has the potential to increase efficiency and sustainability of the conversion

of lignocellulosic material into food and fuel.

Cellulases

Cellulases hydrolyze cellulose, which is a major structural polysaccharide in
plants (Figure 2.2). The cellulases of microorganisms are enzyme complexes that cleave
B-bonds between glucose molecules within cellulose. Beta linkages are those found in
structural carbohydrates and require microbial enzymes for the breakage of bonds unlike
a-bonds that can be broken by enzymes found in non-ruminant stomach (Chesson and
Forsberg, 1988). Cellulases consists of endoglucanases (1,4-b-D-glucan
glucanohydrolase, EC 3.2.1.4), exoglucanases (1,4-b-D-glucan cellobiohydrolase, EC
3.2.1.91), and b-glucosidases (b-D-glucoside glucohydrolase, EC 3.2.2.21) (Figure 2.5
and 2.6 (Desai, 1982; Van Soest, 1994). Endoglucanases hydrolyze cellulose chains at
random to produce cellulose oligomers of varying degree of polymerization (Bhat and
Hazlewood, 2001). Recently the enzyme (P -1,4-Endoglucanase) which cleaves the
internal bonds of cellulose chains was identified (Kumar et al., 2008). Exoglucanases
hydrolyze the cellulose chain from the nonreducing end, producing cellobiose(Bhat and
Hazlewood, 2001). Exoglucanases and B -glucosidases break cellulose into glucose
monomers (Kumar et al., 2008). There is a wide diversity of microorganisms in the
rumen and the ruminal microbial population shifts depending on the amounts of
nonstructural versus structural cellulose in the diet (Hoover, 1986). This shift of ruminal
microbial population impacts the cellulase production and type (Bhat and Hazlewood,

2001).
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1998).
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Cellulase is one of many different fibrolytic enzymes applied to feed stuffs to
break down the cell wall and improve digestibility. Researchers use a mixture of
different enzymes in most studies of xylanase additives with the hope one or a
combination would have an impact. Elwakeel et al. (2007) concluded cellulases might
have the most important activity compared to other enzymes. In an in vitro degradation
trial using corn silage, the combination of endoglucanase and exoglucanase explained
87% of the variation in the improvement in NDF degradability (Eun and Beauchemin,
2007). Krueger et al. (2006) found cellulase improved fermentation and digestion of
bermudagrass hay after a 24 hour (h) enzyme substrate interaction period. Application

of cellulase to livestock feedstuffs improves nutritive value and ensiling characteristics.

Xylanases

Hemicellulose is composed of many polysaccharides arranged into a xylan core
polymer and arabinose branches from this core may be present (Bhat and Hazlewood,
2001). Xylanases are the primary enzymes involved in degrading hemicellulose to
soluble sugars (Beauchemin et al., 2003). Xylanses are specific for the internal B-1,4
linkages and are generally, considered endoxylanses (Figure 2.7; Bhat and Hazlewood,
2001). There are two types of endoxylanases, debranching or nondebranching, based on
their ability to release arabinose in addition to hydrolyzing the main chain xylan
(Beauchemin et al., 2003). The amount and types of xylanases produced by ruminal
microbial organisms is dependent on the type of feedstuff being digested. The many

different types of microbial organisms in the rumen are affected differently by feed type;
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therefore, amounts and types of xylanases being produced are constantly changing (Bhat
and Hazlewood, 2001). Factors which affect the activity of xylanases are temperature,
pH, ionic strength, substrate concentration, and substrate type, therefore, xylanase

activity must be measured in similar conditions for accuracy (Beauchemin et al., 2003).

Figure 2.7 Structure of ferulic acid esterified to arabinose units of arabinoxylan
(Buanafina, 2009). A. ferulic acid linked to O-5 of arabinose chain of arabinoxylan; B.
B-1,4-linked xylan backbone; C: a-1,2- linked L-arabinose.

A fibrolytic enzyme mixture of cellulose and hemicellulase improved the

ensiling process and aerobic stability of silage and decreased the ensiling dry matter
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losses, structural carbohydrate, and ammonia nitrogen content (Adogla-Bessa et al.,
1999).

Several studies by Krueger et al. (2008 a,b) and Krueger and Adesogan (2008)
found xylanase in combination with other enzymes did improve fermentation and
digestion of bahiagrass (Paspalum notatum Flueggé) and bermudagrass. Results of a
study which evaluated application of enzymes to a dairy diet with a 50:50
(concentrate:forage) ratio data found IVDMD was increased by the addition of FP800
(B-glucanase, xylanase, and cellulase) even when FP800 was added in smaller amounts
than other enzymes (Elwakeel et al., 2007).

Elwakeel et al. (2007) found the IVDMD of four different fibrous dairy
feedstuffs was increased by addition of enzyme mixtures (B-glucanase, xylanase, and
cellulase). There have also been consistent results of increased digestibility of high grain
diets because of the addition of xylanase (Beauchemin et al., 2003). When barley is fed
at (95% of the total diet) feed efficiency is improved by 6-12% and the percentage of
increase depends on the application timing and level of enzyme addition (Beauchemin et
al., 1997; Iwaasa et al., 1997). Addition of a similar enzyme product to a high
concentrate diet resulted in a 28% increase in ADF digestibility (Krause et al., 1998).
Average daily gain was increased by 10% when enzymes were added to rye-grass silage
(30% of the total diet) and barley (70% of the total diet) based diets (McAllister et al.,
1999). However, when the same enzyme was added to a barley-based finishing diet

containing 17% forage (DM basis) there was no improvement in digestibility due to the
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addition of the enzyme (ZoBell et al., 2000). This conflicting data could be due to
differences between the nutritive values of diets.

When xylanase is added to high concentrate diets the fiber degradation is usually
increased, however, the increased fiber degradation does not always translate into an
improvement in animal performance such as increased ADG. Further research should be
conducted to determine inoculant rates which consistently provide animal

improvements.

Microbial Inoculation with Lactobacillus buchneri

It is common for farmers to apply Lactobacillus buchneri, which is prone to
forage aerobic spoilage. Lactobacillus buchneri is classified as a heterofermentative
LAB (McDonald, 1981). Forage conserved thru the ensiling process with greater than
35% DM, including silage, high moisture corn, and cereal grains are prone to aerobic
spoilage. Lactic acid bacteria, is applied to stimulate or ensure rapid fermentation and
inhibit aerobic spoilage by decreasing the time to reduce pH during fermentation (Kung
and Charley, 2010). To promote acetic acid production, Lactobacillus buchneri should
be applied to silage because it converts LA to acetic acid (Jones, 2012).

Aerobic stability is increased since acetic acid inhibits molds and yeasts,
however, the silage must be at the proper pH for acetic acid to be in an active form
inhibiting molds and yeasts. Ata pH of 4.79 the ratio of active to inactive acetic acid is
50% which is known as the pKa of the acid (Jones, 2012). Applying bacterial inoculants

at ensiling will promote fermentation.
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Lactobacillus buchneri increased residual WSC concentration, enhanced
homofermentation, and reduced pH, DM losses, and proteolysis when applied to
bermudagrass silage (Dean et al., 2005). The inoculants used in the study by Dean et al.,
(2005), were PRO (main ingredient L. buchneri), Biocellulase X-20, Biocellulase A-20,
and enzyme CT and they were, applied, at varying rates. PRO showed the most
significant results in this study.

The effects of Lactobacillus buchneri and L. plantarum, applied at ensiling, on
the fermentation and aerobic stability of wheat and sorghum silage was evaluated by
Weinberg et al. (1999). Lactobacillus buchneri inoculant was effective at protecting the
aerobic stability of wheat and sorghum whole-plant silage exposed to air under
laboratory conditions (Weinberg et al., 1999). Lactobacillus buchneri inoculant
protected the silage in the presence of L. plantarum and yeasts which decrease feed
quality. Lactobacillus buchneri inoculant could also serve as a silage additive along
with homofermentative LAB (Weinberg et al., 1999).

Inoculating alfalfa silage with LAB can inhibit the growth of harmful
microorganisms such as Enterobacterium and Klebsiella pheumoniae (Zhang et al.,
2009). When a combination of L. buchneri and L. plantarum were added to alfalfa
silage aerobic stability is further improved versus LAB alone (Zhang et al., 2009).
However, there was no effect on in sifu rumen DM and NDF degradability of alfalfa
silage when using this inoculant. Nevertheless, application of L. buchneri added to

alfalfa silage greatly improves the end product, nutritive value, and aerobic stability.
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Summary

The overall objective of this dissertation project was to evaluate the effect of
enzymatic or microbial inoculation on sorghum silage and small-grain hay. Inoculation
may reduce cellulose, hemicellulose, and lignin concentrations of forage, which
increases the stored energy available for livestock feed and biofuel. Also, inoculant with
Lactobacillus buchneri (the main ingredient in PRO) may increase silage aerobic
stability which reduced DM loses of stored forage. Our results are relevant to
improving the value of feedstuff and feedstock in Texas.

The first experiment determined the effect of inoculation with enzyme or LAB
on nutritive value, ensiling characteristics, and in situ disappearance kinetics of four
forage sorghum cultivars. The hypothesis was addition of cellulase:xylanase or
microbial inoculant would increase fiber degradation to WSC resulting in improved
ensiling characteristics and aerobic stability. The cultivars were a PPS cultivar with
greater yield but lesser digestibility than varieties without the photoperiod trait (PS 747
[PS]), a BMR cultivar with lesser yield but greater nutritive value than conventional
sorghum (Dairy master BMR [DBMR], and two conventional forage cultivars currently
grown in Texas (Dairy Silo 700D [Silo] and MMR 381/73 [MMR].

The second experiment determined the effect of inoculation with enzyme or LAB
on nutritive value and in situ degradation kinetics of two cultivars of oat and wheat. The
hypothesis was addition of cellulase:xylanase or microbial inoculant would enhance the
fiber degradation rate and extent, thus indicating potential of additives to enhance C:N

ratio of small-grain hay. Wheat cultivars Fannin and TAM 203 and oat cultivars TAMO
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606 and Harrison were chosen for the second experiment because they are adapted to
Texas’ climate and used by local farmers as a dual purpose crop (Texas AgriLife, 2011).
Fannin and TAMO 606 had greater DM yields in variety trials compared to TAM 203

and Harrison (Texas AgriLife, 2011).
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CHAPTER III
NUTRITIVE VALUE, FERMENTATION CHARACTERISTICS, AND IN SITU
DISAPPEARANCE KINETICS OF SORGHUM SILAGE TREATED WITH

INOCULANTS

Introduction

Sorghum silage can be used as biomass for ethanol production or fed to
livestock. In 2010 there were 13,102 ha harvested for silage production in Texas
(USDA, 2011). Sorghum is well adapted to the warm climate, produces a high yield,
and is drought tolerant making it an excellent crop to meet the grain and forage needs of
the livestock industry (Prostko et al., 1998). However, acceptance of sorghum silage for
livestock feed has been limited due to its greater ADF and ADL levels than corn silage
(Prostko et al., 1998). The greater fiber levels found in sorghum reduce forage
digestibility and may compromise milk production (Prostko et al., 1998). Bolsen et al.
(1989) reported grain sorghum silage can be substituted for corn silage in mid-lactation
dairy cattle diets with no adverse effects on milk production, whereas, others reported
silage from BMR sorghum supports milk production similar to corn silages (Lusk et al.,
1984; Grant et al., 1995; Oliver, 2004).

During the ensiling process, DM is lost if fermentation does not occur
immediately and aerobic stability is not maintained during storage and feedout (Jones,
2012). Therefore, limitations to the use of sorghum silage include storage constraints
and fiber degradation, and both may be improved by the application of fibrolytic enzyme

or bacterial inoculant, thereby, increasing the value of sorghum silage. Treating silage
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with fibrolytic enzymes breaks bonds between hemicelluloses and lignin in order for
sugars to be extracted from hemicelluloses (Han et al., 2007). Elwakeel et al. (2007)
found in vitro DM digestibility of four different fibrous dairy feedstuffs were improved
by addition of fibrolytic enzyme mixture containing -glucanase, xylanase, and
cellulase. Bacterial inoculants containing LAB increase the aerobic stability by
inhibiting aerobic spoilage because the time to reduce pH is decreased during
fermentation (Kung and Charley, 2010).

Sorghum has been bred to favor improved nutritive value and yield. Photoperiod
sensitive varieties yield well and use water efficiently, however, they have lesser
digestibility and greater fiber than conventional sorghum cultivars which limits their
broad application (McCollum et al., 2012). Increased fiber concentrations and reduced
digestibility of PPS silage may reduce its feedstock and feedstuff value since fiber
degradation is one of the major limitations to value. However, Murray et al. suggests
yield traits be selected over composition traits for maximizing energy yield of sorghum
biomass (2008). This suggestion from Murray et al. (2008) is similar to the conclusion
by McCluistion et al. (2011) in that PPS varieties fed more cattle than varieties with
greater nutritive value. Varieties selected for BMR traits have less ADL and may be 10
to 30% more digestible, however, DM yield may be 15 to 20% less and lodge more
easily (Ball et al., 2007).

Despite the large acreage of sorghum grown in the United States, there is limited
information about the ensiling characteristics, nutritive value, and in sifu kinetics of

sorghum silage pretreated with fibrolytic enzymes or bacterial inoculants. The lack of
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information is especially apparent in regards to the genetically improved PPS and BMR
types. Thus, the goal of this study was to determine the nutritive value, fermentation
characteristics, aerobic stability, and in sifu ruminal disappearance kinetics of
conventional, PPS, and BMR sorghum silage pretreated with fibrolytic enzymes

(cellulase:xylanase) or bacterial inoculant.

Materials and Methods
Sorghum cultivars Dairy Master BMR (brown midrib), PS 747 (photoperiod

sensitive) , Dairy Silo 700 (conventional forage type), and MMR 381/73 (conventional
forage type) were grown at Texas AgriLife Research Station in Beeville (Bee) (28°N,
98°) and Texas AgriLife Research Station in College Station (CS) (30°N, 96°W), TX.
At planting, sorghum was sprayed with a tank mix of 0.575 L/ha” of atrazine + 0.339
L/ha”' of metolachlor, and no fertilizer was applied. Harvest occurred during mid-dough
stage at which time four random height measurements were recorded, 7.3-m of sorghum
was cut from the 2 center rows to 10-cm stubble height, and a sub-sample (3.66-m row
length) weighed to calculate yield. Material was chopped into at least 13-mm particle
size using a chopper shredder (Earthquake, Cumberland, WI). A 1-kg sub-sample of
forage was dried at 65°C until weight loss ceased. Samples were ground to 4-mm and
subsamples used for nutritive value analysis of pre-ensiled sorghum were ground to pass
through a 2-mm screen in a Wiley mill (Arthur H. Thomas Company, Philadelphia, PA).
Chopped sorghum (5 kg) was sprayed with either 200 ml distilled water
(control), 1.34 ml fibrolytic enzymes (XC), or 16.5 mg bacterial inoculant (PRO;

Lactobacillus buchneri, Pediococcus acidilactici, P. pentosaceous, L. plantarum,
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Enterococcus faecium) mixed with 200 ml distilled water. Silage was hand mixed and
packed into mini-silos, which were 17.6 L containers with lids and were lined with 38.1
x 22.9 x 61 cm polyethylene bags sealed for at least 120 d. After 120 days, silos were
opened and four separate subsamples were taken. The first subsample was dried at 65°C
and ground to pass through a 4-mm screen and then a subsample ground to pass through
a 2-mm screen in a Wiley mill (Arthur H. Thomas Company, Philadelphia, PA) for

nutritive value analysis.

Laboratory Analyses

The second silage subsample was sent to Dairy One (Ithica, New York) for
analyses of WSC, ammonia- N (NH3-N), pH, and VFA. Water soluble carbohydrates
were determined by incubation in water (40°C) followed by acid hydrolysis with sulfuric
acid and colorimetric reaction with potassium ferricyanide (Hall et al., 1999).
Ammonia-N was analyzed with a Timberline TL-2800 analyzer (Timberline
instruments, Boulder, CO) with the method described by Liu (1998). Silage pH was
analyzed by placing wet samples into beaker with deionized water and analyzed using a
Thermo Orion Posi-pHlo SympHony Electrode and Thermo Orion 410A meter (Thermo
Fisher Scientific, Waltham, MA). Acetate, propionate, butyrate, and iso-butyrate were
measured with a Perkin Elmer Autosystem XL Gas Chromatograph (Perkin Elmer,
Waltham, MA) containing a Supelco packed column (Sigma Aldrich, St. Louis, MO)
with procedures adapted from Supelco (1990). Lactate was determined by analyzing
silage extract for L-Lactate using a YSI 2700 SELECT Biochemistry Analyzer (YSI,

Inc. Yellow Springs, OH). The third silage subsample was sent to Ag Source
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Laboratories in Bonduel, WI, for yeast and mold count analysis (Tournas et al., 1998).
The last silage subsample was used to measure aerobic stability by placing type k
thermocouple wires (Omega Engineering, Stamford, CT) at the center of approximately
800 g of silage stored in a polyethylene bag, within an open-top polystyrene box covered
with 2 layers of cheesecloth to prevent drying. Thermocouple wires were connected to a
DT80 series 2 data taker (Scoresby, Victoria, Australia) which recorded temperature
readings every 15 min until the silage reached 2°C above ambient temperature (18-
25°C).

Fresh and ensiled subsamples previously ground to 2-mm, were dried at 135°C
for 8 h for DM determination (AOAC, 1990). Concentrations of NDF and ADF were
measured using the Van Soest et al. (1991) method in an ANKOM 200 Fiber Analyzer
(ANKOM Technologies, Macedon, NY). The Van Soest et al. (1966) method and an
ANKOM Daisy" Incubator (ANKOM Technologies) were used to determine IVTD.
Lignin was measured using the ANKOM (2011) procedure based on Van Soest et al.
(1967) procedure. Nitrogen was determined by rapid combustion using a Macro
elementar N analyzer (Elementar Americas, Mt. Laurel, NJ) and CP was calculated as N
x 6.25. The ADIN was determined by rapid combustion of ADF residue obtained

through the method previously stated.

In Situ Incubation Procedures

The sorghum cultivars exhibiting the greatest (Silo) and least (MMR) fiber
concentrations were milled to pass thru a 4 mm screen were used for in situ incubation.

Approximately 4.5 g (as fed) of sample was weighed into 10 x 20 cm polyester bags (53
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+ 10 pm pore size; Bar Diamond, Inc., Parma, ID) in triplicate. Bags were incubated in
the ventral rumen of 3 Angus cross steers (453 = 25 kg BW) and removed after 0, 4, 8,
16, 24, 48, and 72 h. The trial began after a 10-d adaptation to 8 kg hd™ d”' sorgo-sudan
(Sorghum spp.) hay (6.4% CP, 55.8% NDF, and 32.7% ADF, DM basis) along with 1.7
kg hd™ d! cotton (Gossypium hirsutum L.) seed meal (42.4 % CP, 24.6% NDF, 15.2%
ADF, DM basis). Water and a trace mineralized salt block (minimum 1.8% Ca, 90.0%
NaCl, 1.0% S, 25 ppm Co, 150 ppm Cu, 90 ppm I, 1,500 ppm Fe, 3,000 ppm Mn, 10
ppm Se, and 2,500 ppm Zn) were provided ad libitum. Animal Care and Use regulations
set by animal welfare committee at Texas A&M University Kingsville were followed.
Immediately after removal, bags were placed in ice water, rinsed with tap water (39°C),
placed in plastic bags, and frozen (-20°C) until all bags were incubated. All bags were
washed with one cycle in a commercial washing machine and dried at 55°C to a constant
weight. Dried residues were analyzed for DM, CP, NDF, and ADF. In situ rumen DM,
NDF, and ADF degradation data were fitted to the first order exponential model with
discrete lag (Mertens, 1977) using the iterative Marqardt method and the NLIN
procedure of SAS (SAS Institute, Cary, NC). The model is of the form

Ry =B x (") +C
where R(t) = Total indigested residue at any time ¢, B = insoluble potentially digestible
fraction, k; = fractional rate of digestion of B, ¢ = time incubated in the rumen in h, L =
discrete lag time in h, and C = fraction not digested after 96 h of incubation. The wash
fraction A was the percentage of substrate washed out of the bag at 0 h. /n situ rumen

CP degradation data were fit to a similar model which excluded the discrete lag time
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(Mertens, 1977). Effective ruminal degradability (extent of digestion, ERD) was
calculated using the model of @rskov and McDonald (1979):
ERD =4 + {B x [k / (ks + )]},

Where, k, = assumed ruminal passage rate of 0.05.

Statistical Analyses

Statistical analyses were analyzed as a factorial design with GLIMMIX
procedure of SAS (SAS, Inst. Inc., Cary, NC) and the model included cultivar, location,
treatment, and their interactions. Where significant (P < 0.05) effects were observed
among the treatments least square means were compared with Fisher’s LSD test for

multiple comparisons.

Results
Yield and Chemical Composition of Pre-Ensiled Sorghum

The height of DBMR was greater (P < 0.01) than MMR at both locations,
whereas PS and Silo were intermediate (Figure 3.1). Herbage mass of PS was greater (P
< 0.05) than MMR, the least yielding cultivar, at both locations and was not different (P

> (.76) between locations.
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Among pre-ensiled sorghum, DM concentration was not different (P > 0.17)
among cultivars (Table 3.1). Crude protein concentration was least (P < 0.03) in Silo
and not different (P > 0.06) among the other cultivars. The NDF and ADF
concentrations were greatest (P < 0.03) in MMR. The PS cultivar had the least (P <
0.03) NDF concentration, and the other cultivars were intermediate. The DBMR and PS
cultivars had the least (P < 0.03) ADF concentrations and Silo was intermediate.
Concentration of WSC was greater (P < 0.02) in DBMR and PS than MMR. The

cultivar DBMR had greater (P <0.01) IVTD than Silo or MMR. The concentration of
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ADL was greater (P <0.01) in Silo and MMR than DBMR. The ADIN concentration of

Silo was lesser (P < 0.04) than other cultivars.

Table 3.1 Chemical composition of pre-ensiled sorghum cultivars

Cultivars'
Item DBMR PS Silo MMR SEM
DM% 35.17*  37.33" 3433 31.00° 0.02
CP, % of DM 6.36" 6.32° 559" 6.94* 029

NDF, % of DM 53.85°  50.55° 5290 57.66° 1.49
ADF, % of DM 30.32°  30.57°  31.53*® 32.99* 0.99
WSC,2%of DM 21.33*  19.92*° 172" 13.32° 3.11
IVID,” % of DM 65.45" 63.15® 62.05™ 59.82° 1.18
ADL, % of DM 461°  5.84® 587*  6.43*  0.58

ADIN, % of DM 2.99* 2.52° 2.06° 3.12*  0.42

a-c Within a row, means without a common superscript letter differ (P < 0.05)

"DBMR = dairy master BMR, PS = PS 747, Silo = dairy silo 700, MMR= MMR 381/73
*WSC = water soluble carbohydrates

SIVTD = in vitro true digestibility

Chemical Composition of Ensiled Sorghum

The DM of PS silage was greater (P < 0.01) than DBMR and MMR silages and

treatments did not affect (P > 0.08) any of the cultivars (Table 3.2). The CP
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concentration of MMR silage was greater (P < 0.01) than other cultivars, and was not
affected (P > 0.05) by treatment. Neutral detergent fiber concentration was less (P <
0.01) for MMR silage than Silo and DBMR silages, and treatment with XC decreased (P
< 0.04) the NDF concentration compared to control for all cultivars. Promote decreased
(P <0.01) the NDF concentration of DBMR silage. Among cultivars, Silo silage had the
greatest (P < 0.03) ADF concentration and MMR silage the least (P < 0.02). The ADF
concentration was lesser (P < 0.01) for all cultivars, except MMR silage, treated with
XC compared with control. Treatment with PRO decreased (P < 0.01) the ADF
concentrations of DBMR and PS silages compared to control. The WSC concentration
of PS silage was greater (P < 0.04) than DBMR or MMR silages, and treatment with XC
increased (P < 0.02) the WSC of PS and Silo silages versus control. Treatment with
PRO increased (P < 0.02) the WSC concentration of DBMR, PS, and Silo silages. The
IVTD was not different (P > 0.25) among cultivars, and treatment with PRO increased
(P <0.05) the IVTD of DBMR silage compared to control. The ADL concentrations of
PS and Silo silages were greater (P < 0.03) than DBMR silage and was not affected (P >
0.17) by treatment for any cultivar. Concentration of ADIN in PS silage was greater (P
< 0.04) than MMR and DBMR silages, and was not different (P > 0.09) between

treatments within cultivars.
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Table 3.2 Chemical composition of ensiled sorghum with and without treatment with inoculant

Cultivar' x inoculant’

DBMR PS Silo MMR

Item C XC PRO C XC PRO C XC PRO C XC PRO SEM
DM % 24.92°¢ 23.52  25.95%¢ 27.30° 2638  26.78% 26.007 25.10"°  26.73" 23730 22.17° 2425 087
CP, % of 6.03% 6.73¢  5.70° 6.22°° 653”4 6.22°° 6.12% 627  5.82° 7.22% 757 6.88°°  0.35
DM

NDF, % 61.28° 5430 54.81% 59.00" 54.58¢  56.34™ 61.18" 57.21*°  59.32® 56.76™ 5291  56.05*¢ 1.74
of DM

ADF,%  36.06™ 3251 32.54° 37.04®  34.00°7  34.06°° 38.40° 35.29"¢  36.65% 33.48%" 31720 33344 1.07
of DM

WSC,* % 4.80%  7.03¢ 825" 7.72° 10.95®  11.3° 6.22°°  10.55®  11.23° 3.53  3.88°  490% 1.38
of DM

IVID,*  57.62 5925 61.24° 58.29%°  59.20"° 5958 56.26° 56.75%  59.44*° 58.45"° 57.85"° 60.10° 1.90
% of DM

ADL,% 521" 525 408 7.04° 6.98° 5.94% 6.80*  6.93° 6.55" 573%  6.66™ 567"  0.71
of DM

ADIN, % 297 3499 375 4,79 4.02*°  4.01*° 4.64"° 477 421 3.84%4 403 357 032
of DM

*TWithin a row, means without a common superscript letter differ (P < 0.05)

'DBMR = dairy master BMR, PS = PS 747, Silo = dairy silo 700, MMR= MMR 381/73
*Inoculants C = distilled water control, XC= xylanase and cellulase, PRO = promote
*WSC = water soluble carbohydrates
‘IVTD = in vitro true digestibility
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Fermentation Indices and Aerobic Stability

The pH of MMR silage was greater (P < 0.01) than other cultivars, and treatment
of MMR silage with either XC or PRO decreased (P < 0.01) silage pH compared to
control (Table 3.3). Treatment of DBMR silage with PRO also decreased (P < 0.01)
silage pH versus control. Ammonia-N concentration was lesser (P < 0.03) for PS silage
than the other cultivars. The MMR control and XC treated silages had the greatest (P <
0.02) NH3-N concentration, and treatment did not affect (P < 0.09) NH3-N concentration
of any cultivar. Lactate concentration was least (P < 0.01) and acetate concentration
greatest (P < 0.04) for MMR silage. Treatment of DBMR silage with PRO increased (P
< 0.02) lactate concentration, whereas, treatment of MMR silage with XC and Silo silage
with PRO decreased (P < 0.01) acetate concentration versus control. Propionate
concentrations were below measurable limits for most samples. Propionate
concentration was greater (P < 0.01) in MMR silage than the other cultivars, and
treatment of MMR silage with both inoculants decreased (P < 0.01) propionate
concentration compared to control. Iso-butyrate concentration was greater (P < 0.03) in
Silo silage than the other cultivars, and treatment of Silo silage with PRO decreased (P <
0.01) the iso-butyrate concentration compared to control. Similarly treatment of PS
silage with PRO decreased (P < 0.03) the iso-butyrate concentration compared to
control. Butyrate concentrations were not different (P > 0.34) among cultivars or
affected (P > 0.46) by treatment with inoculant. Total VFA concentration was greatest
(P <0.04) for Silo, and was decreased (P < 0.01) when Silo silage was treated with

PRO. When MMR silage was treated with XC the total VFA concentration increased (P
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< 0.01) compared to control. Yeast counts were not different (P > 0.55) among cultivars
or affected by inoculant treatment. Mold counts were not different (P > 1.0) among
cultivars and were increased (P < 0.02) in DBMR silage when treated with XC. Aerobic
stability was not different (P > 0.12) among cultivars and was improved (P < 0.02) by

over 62 h when MMR silage was treated with XC.

Disappearance Kinetics

The wash DM fraction was greater (P < 0.01) for Silo silage than MMR silage
and both inoculants decreased (P < 0.04) wash DM fraction of Silo versus control (Table
3.4). The potentially degradable DM fraction was greater (P < 0.01) for MMR silage
than Silo silage and treatment of MMR silage with XC decreased (P < 0.01) the
potentially degradable DM fraction. The undegradable DM fraction was greater (P <
0.01) for Silo silage than MMR silage and reduced (P < 0.04) when Silo silage was
treated with PRO. The ERD for DM was decreased (P < 0.01) when XC was applied to
Silo silage. The lag prior to DM degradation was greater (P < 0.01) for Silo silage than
MMR silage, and was decreased (P < 0.04) when Silo silage was treated with XC
compared to control. Rate of DM degradation was faster (P < 0.01) for Silo control

silage than XC treated Silo silage, and not affected by other inoculants.
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Table 3.3 Fermentation characteristics of sorghum silage

Cultivar X inoculant

DBMR PS Silo MMR

Ttem C XC PRO C XC  PRO C XC PRO C XC  PRO SEM
pH 3.83 3.77% 367 3.83 3787 3.78¢ 3.83  3.8¢ 3.83% 423" 4.00° 3.92"  0.05

NH;-N, % of total N 2.67°¢ 2,67 2.0"° 1.0° 1.33%  1.67° 3.0% 225" 1.67°" 3.5% 3.67° 267" 0.76

Lactate, % of DM 4,03 509" 553° 431" 449® 553° 475 497" 492" 2065  2.89% 3.17°°  0.61

Acetate, % of DM 2.42%  225%  2.09% 2,635 276 1.64° 451 373" 1.26° 5.02°  7.68* 501 097

Propionate, % of DM 0.002° 0.000°  0.000 0.000°  0.000° 0.000° 0.000°  0.000°  0.000° 0.350°  0.005° 0.000° 0.01

Iso-Butyrate, % of DM 0.16"  0.19%"  0.07' 0.69*  0.56™¢ 0.25% 1.10° 0.96°  0.36° 0.52  0.51°“ 0.18%" 0.20

Butyrate, % of DM 0.01°  0.003* 0.01° 0.01° 0.02*  0.01° 0.02° 0.03*  0.01° 0.02°  0.05° 0.002* 0.02

Total VFA, % of DM 6.63%  7.53*  7.71¢ 7.64%¢  7.83%% 7.44% 1038 9.69™  6.54¢ 7.65¢  11.14* 836™ 1.8

Yeasts, log cfu/g 1 1.84* 6.00"°  5.03*® 1033 5.80® 1447 320" 0.95®  9.34% 578° 058 617"  6.85

Molds, log cfu/g 10.0° 175 10.0° 10.0° 10.0°  10.0° 10.0° 10.0°  10.0° 10.0°  10.0° 10.0° 6736
Aerobic stability, h 2537 22.41° 2472 26.47°  32.90° 41.25° 59.56" 54.81° 17.97° 34.46°  97.27° 4497 2625

*TWithin a row, means without a common superscript letter differ (P < 0.05).
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Table 3.4 In situ DM disappearance kinetics of two sorghum silage cultivars treated with inoculants prior to ensiling

Cultivar X inoculant

Silo MMR
Item C XC PRO C XC PRO SEM
Wash fraction, % 37.78%  28.19%°  3231° 20.45%  2723° 29.11b° 1.64

Potentially degradable fraction, %  34.99°  40.22>  38.29° 4561  37.77°  48.45° 1.92

Undegradable fraction, % 38.03° 3597  35.43° 3175 29.39°  31.24° 0.8
Extent of digestion, % 57.24°  41.17°  49.90® 50.51°°  44.41°  5239* 241
Lag time, h 9.10° 0.24°  4.50® 0.00°  0.00° 065" 208
K4, perh 0.07* 0.02°  0.05% 0.04°  0.04°  0.05*® 0.01

"¢ Within a row, means without a common superscript letter differ (P < 0.05).
'Fractional rate of digestion.

48



The wash NDF fraction was greater (P < 0.01) for Silo silage than for MMR
silage (Table 3.5). Treatment of Silo silage with XC increased (P < 0.04) the wash NDF
fraction compared to control. The potentially degradable NDF fraction was greater (P <
0.03) for XC treated Silo silage than control. The undegraded NDF fraction was greater
(P <0.01) for Silo silage than MMR silage, and treatment of Silo silage with PRO
decreased (P < 0.04) undegraded NDF fraction compared to control. The ERD for NDF
fraction was greater (P < 0.05) for Silo silage than MMR silage, and when Silo silage
was treated with XC the ERD of NDF was decreased (P < 0.02). Lag time of NDF
degradation was not different (P > 0.29) between cultivars or affected by treatment.

Rate of NDF digestion was not different (P > 0.18) between cultivars and treatment with
XC decreased (P < 0.04) the rate of NDF digestion of Silo silage.

The wash ADF fraction was greater (P < 0.01) for Silo silage than for MMR
silage and not affected (P > 0.12) by either inoculant treatment (Table 3.6). The
potentially degradable ADF fraction was greater (P < 0.04) for MMR than Silo silage,
and treatment with XC increased (P < 0.04) the potentially degradable ADF fraction of
Silo silage compared to control. The undegradable ADF fraction was greater (P < 0.01)
for Silo silage than MMR silage, and addition of PRO to Silo silage decreased (P < 0.04)
undegradable ADF fraction. The ERD, lag time, and digestion rate of ADF was not

different (P > 0.05) between cultivars or affected by treatment with either inoculant.
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Table 3.5 In situ NDF disappearance kinetics of two sorghum silage cultivars treated with inoculants prior to ensiling

Cultivar % inoculant

Silo MMR
Item C XC PRO C XC PRO SEM
Wash fraction, % 48.78%  40.32° 44.53% 37.35%° 36.47° 34.4° 2.6l

Potentially degradable fraction, %  48.14°  57.28*  46.53°  56.08" 5238 57.79° 2.68

Undegradable fraction, % 38.03° 3597 35.43° 3175 2939 31.24° 0.8
Extent of digestion, % 74.49°  60.00° 6734  61.96" 57.09° 59.28° 3.96
Lag time, h 8.39*  440°  821° 522 635 492" 201
K4, perh 0.06°  0.03°  0.05® 0.04®  0.03* 0.04* 0.01

"¢ Within a row, means without a common superscript letter differ (P < 0.05).
'Fractional rate of digestion.
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Table 3.6 In situ ADF disappearance kinetics of two sorghum silage cultivars treated with inoculants prior to ensiling

Cultivar X inoculant

Silo MMR

Item C XC PRO C XC PRO SEM
Wash fraction, % 50.48° 4298 4521% 36.74° 37.80° 37.84° 3.15
Potentially degradable fraction, %  44.02°  55.21*  44.11° 55.76°  49.58" 5340 3.1
Undegradable fraction, % 38.03* 3597 3543° 31.75°  29.39°  31.24° 0.8

Extent of digestion, % 75.67"  62.70"  66.96" 59.66"  60.78"  63.54" 5.14
Lag time, h 9.67° 561"  13.41° 6.22* 12.16*  871*  3.79
K4', perh 0.07*  0.03*  0.05° 0.04*  0.07° 0.05*  0.02

"¢ Within a row, means without a common superscript letter differ (P < 0.05).
'Fractional rate of digestion.
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The wash CP fraction was greater (P < 0.01) for MMR silage than Silo silage and
was increased (P < 0.01) when XC was applied (Table 3.7). The potentially degradable
CP fraction was not different (P > 0.37) between cultivars. Treatment of Silo silage with
PRO increased (P < 0.02) the potentially degradable CP fraction. The undegradable CP
fraction was greater (P < 0.01) for Silo silage than MMR silage. Treatment of MMR
silage with XC or Silo silage with either inoculant decreased (P < 0.01) the undegradable
CP fraction. Crude protein ERD was greater (P < 0.01) for MMR silage than Silo silage,
and MMR silage treated with XC had greater (P < 0.01) ERD for CP than control. The
rate of CP digestion was not different (P > 0.81) between cultivars, and was greater (P <

0.02) for MMR silage treated with XC than the control.

Discussion
Yield and Chemical Composition of Pre-Ensiled Sorghum

The PS cultivar is a PPS forage variety and had a greater yield than the MMR
forage variety at both locations. This is consistent with previous reports PPS varieties
yield greater than other types of sorghums (Bean, 2009). The cultivar with the greatest
height was the DBMR forage cultivar which was higher growing at both locations than
MMR. These results agree with results from a forage sorghum trial in the Texas

Panhandle (Bean, 2009).
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Table 3.7 In situ crude protein disappearance kinetics of two sorghum silage treated with inoculants prior to ensiling

Cultivar X inoculant

Silo MMR
Item C XC PRO C XC PRO SEM
Wash fraction, % 61.44%  66.69° 61.49¢ 63.89° 69.10° 56.01° 0.35

Potentially degradable fraction, % 22.21°°  21.90  24.63" 23.08"  21.24° 23.83" 0.66

Undegradable fraction, % 18.06  10.22°  14.56 12.88°  9.87° 19.20° 0.66
Extent of digestion, % 69.18°  73.14> 7273 75.05°  86.06* 71.78 1.33
K4', perh 0.03*  0.02°  0.04° 0.05°  0.29°  0.10° 0.06

"¢ Within a row, means without a common superscript letter differ (P < 0.05).
! Fractional rate of digestion.
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The pre-ensiled sorghum DM was similar across cultivars and was consistent
with the recommended 35% DM pre-ensiling (Kung, 2000). Neutral detergent fiber and
ADF concentrations were greatest in the MMR cultivar, however, it is consistent with
previously reported values for non-BMR cultivars (Bean and Marsalis, 2012). The
structural carbohydrate concentrations of Silo are greater than MMR likely due to the
morphology of the taller and greater yielding Silo cultivar (Bean, 2009). The
concentration of WSC was greater in DBMR cultivar than MMR, whereas, all cultivars
showed greater values than freshly chopped sorghum results from Tabacco et al. (2011).
The lesser ADL concentration of DBMR than Silo and MMR and greater WSC
concentration of DBMR than MMR contributed to the greater IVTD, which agrees with

Bean et al. (2009).

Chemical Composition of Ensiled Sorghum

The DM concentrations among cultivars and between inoculants were not
different which agreed with 2004 studies by Colombatto et al. (b, ¢), which determined
fibrolytic enzymes did not affect corn silage DM. Williams and Shinners also found no
differences in DM concentrations due to bacterial inoculant or sorghum type (2012).
Lack of treatment effect indicates inoculants did not affect potential DM losses due to
plant respiration (Muck, 1988). Concentrations of NDF were decreased for all cultivars
treated with XC and ADF concentrations decreased in all cultivars, except MMR, which
is consistent with previous experiments indicating the effect of XC to reduce the fiberous
fraction of corn silage (Colombatto et al., 2004 b,c and Arriola et al., 2011). Inoculant

PRO reduced the NDF concentration of DBMR, likely because it is a BMR, which has
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lesser NDF concentration and less undegradable components (Bean, 2009). The ADF
concentrations of DBMR and PS treated with PRO were reduced, which is consistent
with previously published reports indicating ADF concentration of corn silage
inoculated with similar bacterial inoculants was reduced (Arriola et al., 2011).

The WSC was greater in DBMR, PS, and Silo inoculated with PRO and cultivars
PS and Silo treated with XC, therefore, they were both effective at increasing the
availability of fermentation substrates which is consistent with Colombatto et al., 2004b
and inconsistent with Colombatto et al., 2004c which found a lesser WSC after treatment
with fibrolytic enzymes on corn silage. Kleinschmit and Kung found no difference in
WSC after inoculation of corn silage with bacterial inoculants (2006). Pre-ensiled MMR
had the least amount of WSC and was the only cultivar unaffected by inoculant
treatment, indicating silage bacteria may have had accessibility difficulties due to the
reduced polysaccharides inhibiting inoculant effectiveness (William and Shinners,
2012).

The IVTD was greatest for DBMR silage treated with PRO which is reasonable
since ADL for DBMR treated with PRO was least among all similarly treated cultivars.
Previous studies did not measure ADL or IVTD for comparison with these results.
Treating sorghum silage with XC or PRO reduced the NDF and ADF fiber fraction
which increased the cell wall degradability. Treatment of DMBR silage with PRO
reduced ADL causing an increase of [IVTD (McCollum et al., 2012). There were no
studies found to compare effects of enzyme or bacterial inoculation of non-BMR to

BMR sorghum silage.
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Fermentation Indices and Aerobic Stability

Silage pH was only reduced by XC in MMR silage and PRO in DBMR and
MMR silages. This is likely due to the increase of lactate concentration of XC treated
DBMR silage, treatment of MMR silage with either inoculant only tended to increase
lactate concentration of silage. Reduction in pH and improved lactate production has
been seen in previous results of sorghum silage treated with bacterial inoculant
(Williams and Shinners, 2012; Filya, 2003). Similar to these results, previously reported
literature indicates inoculation with fibrolytic enzymes or bacterial inoculants does not
affect NH3-N concentration of corn silage (Shepard and Kung, 1996; Kleinschmit and
Kung, 2006).

Acetate concentrations were greatest for XC treated MMR, which explains the 62
h improvement in aerobic stability because acetate is known to inhibit fungi (Moon,
1983). However, the bacterial inoculant PRO did not improve yeast and mold counts or
aerobic stability of sorghum silage compared to the control, which may be due to the
lesser acetate concentrations, especially of PRO treated Silo silage. Jones (2012)
suggested the use of L. buchneri on corn silage with a DM content of 32% or less
produces inactive acetic acid causing an energy loss without providing significant
improvement in aerobic stability. This likely occurred for MMR silage treated with
PRO in this experiment. The application of bacterial inoculants to corn and sorghum
silage have been successful at improving fermentation products in less than half of the
reported studies (Muck and Bolsen, 1991). Williams and Shinners (2012) found that

sorghum silage that had a greater DM concentration and greater amount of bacterial
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inoculant (38.5-57.9% and 500,000 CFU g™ of silage, respectively) than this experiment
(25.5% average of control silage and 100,000 CFU g™ of silage, respectively) exhibited
increased production of fermentation products which lowered yeast and mold
populations during aerobic exposure and improved aerobic stability so little heating

occurred in inoculated sorghum silage.

Disappearance Kinetics

The wash DM, NDF, and ADF fractions were greater and wash CP fraction
lesser for Silo silage than MMR silage. This is likely due to the tendency of greater
WSC concentration and greater total VFA of Silo silage than for MMR silage. Treating
Silo silage with XC decreased the wash DM and NDF fractions. The potentially
degradable DM and ADF fractions were greater for MMR silage than Silo silage because
of lesser NDF and ADF of MMR silage. Treatment of MMR silage with XC decreased
the potentially degradable DM fraction, which is consistent with the decrease of NDF
concentration of XC treated MMR silage versus control. The Silo cultivar had greater
NDF and ADF concentrations than MMR, and treatment with XC was not successful in
increasing potentially degradable DM fraction, but the potentially degradable NDF and
ADF fractions were increased. These disappearance kinetics are consistent with in vitro
results from corn silage showing increased soluble losses compared to controls,
indicating fibrolytic enzymes solubilized material that contributed to the increase in the
initial organic matter degradation, suggesting enzymes also enhanced accessibility of the
insoluble, yet potentially degradable organic matter (Colombatto et al., 2004a,b,c). The

extent of DM and NDF digestion for Silo was decreased due to the reduced rate of
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digestion of DM and NDF which was caused by decreased structural carbohydrate
concentration of XC treated silage. The reduced structural carbohydrate concentration
also resulted in a reduced lag time for DM degradation. Since XC reduced the total and
less digestible fiber fractions, it could potentially increase intake and digestibility of
sorghum silage fed to cattle. Treatment with XC may also reduce structural
carbohydrates binding soluble carbohydrates used for ethanol production, thus
improving the efficiency of ethanol production from feedstock (Han et al., 2007).

The undegraded DM, NDF, and ADF fractions were greater for Silo than MMR,
and greater in untreated sorghum silage than the PRO treated silage. Treatment with
PRO also increased the wash DM fraction and potentially degradable ADF fraction of
Silo silage. This indicates PRO may be more effective at reducing the undegradable
fraction of sorghum silage cultivars having a greater fiber fraction due to greater
hemicellulose and lignin bonds (Alvarez et al., 2009; Bean, 2009). Part of the cell wall
contents can be loss due to the acidic conditions as well as microbial activity during the
ensiling process (Morrision, 1979). An in vivo digestibility trial which fed bacterial
inoculated corn silage showed similar reductions in NDF and ADF fractions, however,
feed efficiency was not affected by treatment (Arriola et al., 2011). Sorghum silage
harvested at hard dough stage, which is a later maturity than the sorghum silage in this
experiment, did not exhibit decreased cell wall content due to bacterial inoculant
(Williams and Shinners, 2012).

The wash CP fraction was greater for MMR silage than Silo silage because the

CP concentration of MMR silage was greater. When Silo silage was treated with PRO
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the potentially degradable CP fraction was increased, likely due to the reduced
undegradable DM and NDF fractions which released bound protein indicated by the
ADIN concentrations of silage. Treatment of Silo silage with PRO decreased
undegradable CP fraction, whereas, treatment of MMR silage with PRO increased the
undegradable CP fraction. Treatment with XC consistently decreased undegradable CP
fraction of both cultivars. Generally, inoculants facilitated degradation of cell wall
bound proteins which reduced the fiber, releasing available CP (Kohn and Allen, 1992).
The extent of CP digestion was increased by XC in MMR silage, likely due to the faster
rate of CP digestion. The rate of CP digestion was faster when treated with XC because

of the increase of wash CP fraction and decrease of undegradable CP fraction.

Summary

Fibrolytic enzyme XC reduced the NDF concentrations of all cultivars and
improved the DM, NDF, ADF, and CP disappearance kinetics of both MMR and Silo,
but especially of Silo, the cultivar with the greatest structural carbohydrate
concentration. The reduction in potentially degradable NDF fraction should improve
silage intake which should associate with increased milk production in dairy cattle (Chen
et al., 1994). More research is recommended to determine whether the improved
nutritive value of sorghum silage treated with XC inoculation translated into enhanced
forage quality and ethanol extraction or not. In addition, XC increased the aerobic
stability in MMR silage due to the greater amount of acetate which promotes aerobic
stability (Jones, 2012). Bacterial inoculant PRO only reduced the NDF and ADF

concentrations of DBMR and PS silages, the cultivars with moderate ADF
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concentrations. The undegradable DM, NDF, ADF, and CP fractions of Silo silage were
decreased when treated with PRO. Treatment with PRO did not improve ensiling
characteristics enough to increase aerobic stability, and only improved lactate in one
cultivar, therefore, it is not suggested for improving aerobic stability of sorghum silage.
It is most efficient to apply inoculants to sorghum silage with greater structural
carbohydrate concentrations such as those that are harvested as a more advanced stage of
maturity. Treatment with fibrolytic enzymes XC has more benefit on fermentation
characteristics and in sifu disappearance kinetics than treatment with the bacterial

inoculant used in this experiment.
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CHAPTER 1V
INOCULANTS TO ENHANCE THE ENERGY AND PROTEIN BALANCE OF

SMALL- GRAIN HAY

Introduction

Oat and wheat are commonly grown in the southern United States because there
are sufficient growing degree days to produce 120 to 150 d of forage that can be grazed,
harvested for conserved forage, or harvested for grain making it a dual-purpose crop
(Holman et al., 2010). When cool-season forages are fed to ruminant livestock there is
typically an asynchrony of C:N, which is due to the greater N concentration than that of
energy (Poppi and McLennan, 1995). Typically, the TDN:CP is 3.75 in small-grain
forages grazed and cut for hay (Holman, 2010). An asynchronous diet limits the growth
of rumen microbes because of an inadequate amount of either energy or N substrates.
The reduction in ruminal microbial activity results in decreased degradation of digesta
and microbial efficiency (Hersom, 2008). To address this issue, ruminants are usually
fed a grain-based supplement. Grain supplementation may shift the rumen
microorganism population from cellulolytic to amylolytic microbes, thus reducing
forage digestibility (El-Shazly et al., 1961). This reduction in forage digestibility is the
cause of the substitution effect, whereby the energy source substitutes for forage by
reducing forage intake (Mathis, 2003). The starch content of the energy supplement
suppresses intake and digestion, which reduces the energy derived from the basal forage
diet. Therefore, the energy intake of the animal may not increase to the desired level

because of a reduction in forage intake.
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An alternative to grain supplementation is increasing the digestibility of the cell
wall portion of forage. The application of fibrolytic enzymes or bacterial inoculants to
small-grain forage may increase energy availability by increasing the degradation of
hemicellulose and lignin (Beauchemin et al., 2003). This reduction in hemicellulose and
lignin binding will make the soluble carbohydrates more available to rumen microbes
increasing the energy availability (Elwakeel et al., 2007) and enhancing the synchrony of
C:N. Past studies have shown ADG was increased by 10% when enzymes were added
to diet containing 30% rye-grass silage (McAllister et al., 1999). Feng et al. found the
addition of fibrolytic enzymes to cool-season grass hay before feeding has the potential
to enhance intake and digestion (1996). These improvements may be due to fibrolytic

enzymes increasing fiber degradation thus enhancing C:N synchrony.

The objective of this study was to determine if fibrolytic enzyme XC or bacterial
inoculant PRO would reduce the fiber fraction of wheat and oat hay. Improving fiber

degradation in situ should improve the availability of energy to the rumen microbes.

Materials and Methods
Wheat (cv. Fannin and TAM 203) and oat (cv. TAMO 606 and Harrison) were

planted at College Station, TX, (30°N, 96°W) on September 22, 2011. Four replicate
plots were planted as a completely randomized design. Per soil analysis
recommendations 22 kg ha™ of N was applied as urea (46-0-0). Clethodim was applied
to voluntary corn plants on October 3 with a rope wick at 0.88 L ha™. On October 11,

Chlorsulfuron + Flucarbazone-Sodium was applied at 0.07 L ha™'. On October 25,
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Octanoic acid ester of bromoxynil + Heptanoic acid ester of bromoxynil was applied at
1.17 L ha'. Plots were irrigated (3.8 cm) pre-planting on September 16, and on October
6 (3.8 cm), October 26 (3.8 cm), and November 2 (1.9 cm). Forage was harvested at
tillering stage 83 days after planting (H1), after 49 days of regrowth at tillering stage
(H2), and 104 days after H2 the stover remaining after grain harvest (H3). Plant
material from H1, H2, and H3 was harvested from each plot to a stubble height of 5 cm.
Three random samples of 1 kg of material from each plot was sprayed with either 40 ml
distilled water (control), 0.268 ml XC kg™ in 40 ml distilled water, or 3.3 mg PRO kg™
in 40 ml distilled water. When the harvested material was less than 1 kg, only 0.5 kg
was collected and treated with half of the spray treatment. After treatment, samples
were dried at 65°C until weight loss ceased, weighed, and milled to 4-mm in a Wiley
mill (Arthur H. Thomas Company, Philadelphia, PA) for in situ incubation and a
subsample of approximately 200 g was then ground to 1-mm for nutritive value
analyses. Growing season and 30-year average temperature was obtained from NOAA

(2012).

Laboratory Analyses

Hay samples were analyzed for DM, CP, NDF, ADF, ADL, and IVTD, and post-
in situ samples were analyzed for DM, NDF, and ADF. Forage samples were dried at
135°C for 8 h for DM determination (AOAC, 1990). Nitrogen was determined by rapid
combustion using a Macro elementar N analyzer (Elementar Americas, Mt. Laurel, NJ),

and CP was calculated as N x 6.25.
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Concentrations of NDF and ADF were measured using the Van Soest et al. (1991)
method in an ANKOM 200 Fiber Analyzer (ANKOM Technologies, Macedon, NY).
Lignin was measured using the ANKOM (2011) procedure for determining ADL in
beakers based on Van Soest et al. (1967) procedure. The Van Soest et al. (1966) method
and an ANKOM Daisy" Incubator (ANKOM Technology) were used to determine

IVTD. Total digestible nutrients was estimated based on ADF (Bull, 1981).

In Situ Incubation Procedures

An in situ study was conducted to determine the ruminal degradability and
degradation rates of Harrison oat and Fannin wheat hay pretreated with fibrolytic
enzymes or microbial inoculant. Harrison and Fannin cultivars were selected because
these cultivars contained the greatest NDF and ADF concentrations within each forage
species. Because of limited forage harvested at H1 and H2, samples were composited so
tillering and stover maturity stages were represented. Six ruminally fistulated and
cannulated Angus crossbred steers weighing approximately 907.18 + 45 kg were used
for the study. Animal care and use protocols are on file at Texas A&M University-
Kingsville and all regulations for the proper care of livestock were followed. The trial
began after a 10-day adaptation to small-grain hay (8.69% CP, 65.34% NDF, and
40.75% ADF [DM basis]), water, and trace mineral salt block (Ca, NaCl, S, Co, Cu, I,
Fe, Mn, Se, and Zn) provided ad libitum. During the 6-day trial steers consumed 92.5 kg
hd"' d"'. During in situ incubation, daily samples of hay and supplement were collected,
dried to constant weight at 65°C, ground, composited, and subsampled (400 g) for

laboratory analysis (DM, CP, NDF, and ADF).
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Approximately 3.5 g (as fed) of material was weighed in sextuplet polyester bags
(10 x 20 cm; 53 £ 10 um pore size; Bar Diamond, Inc., Parma, ID). All samples (except
0 h) were incubated during 2 periods with 42 samples period™ steer in the rumen and
removed at 3, 6, 12, 24, 36, and 60 h. Immediately after removal bags were placed in ice
water, rinsed with approximately (39°C) tap water, placed in plastic bags, and frozen (-
20°C) until all bags were incubated. Incubated and 0 h bags were washed with one cycle
in a front load commercial washing machine (Speed Queen, Ripon, WI). Following in
situ incubation and washing, bags were dried at 60°C to constant weight. Remaining
sample material for each forage, treatment, and incubation time was composited among
animal (n=6).

In situ ramen DM, NDF, and ADF degradation data were fitted to the first order
exponential model with discrete lag (Mertens, 1977) using the iterative Marqardt method
and the NLIN procedure of SAS (SAS Institute, Cary, NC). The model is of the form:

Ry =B x (""")+C,
where R(?) = total indigested residue at any time ¢, B = insoluble potentially digestible
fraction, k; = fractional rate of digestion of B, # = time incubated in the rumen in h, L =
discrete lag time in h, and C = fraction not digested after 96 h of incubation. The wash
fraction A was the percentage of substrate washed out of the bag at 0 h. The ERD was,
calculated using the model of Orskov and McDonald (1979):

ERD =4 + (B X [ky/ (ka + k,)])

where k, = assumed ruminal passage rate of 0.05.
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Statistical Analyses

Statistical analyses were conducted utilizing SAS (SAS, Inst. Inc., Cary, NC).
Nutritive value (DM, CP, NDF, ADF, ADL, IVTD, TDN, and TDN:CP) and in situ
degradation parameters (DM, NDF, and ADF) were analyzed with PROC GLIMMIX.
The model included cultivar x harvest x inoculant. Where significant (P < 0.05) effects
were observed least square means were compared with LSMEANS (Fisher’s LSD test

for multiple comparisons).

Results
Chemical Composition of Small-Grain Hay

The average monthly temperature from December to the final harvest was greater
than the 30-yr average during this experiment (Figure 4.1). The temperature was
warmer during growth of H1 forage than during regrowth of H2 forage. The chemical
composition of hays was not affected (P > 0.28) by treatment, so data shown is the
average of each cultivar and maturity across treatment (Table 4.1). Crude protein
concentration was greater (P < 0.01) at H1 and H2 than H3 and not different (P > 0.05)
between cultivars at Hlor H3. Crude protein concentration at H2 was greater (P <0.01)
for Harrison oat than Fannin wheat, and intermediate for TAMO 606 oat and TAM 203
wheat. Generally, NDF and ADF concentrations were greater (P < (0.01) and IVTD and

ADL concentration lesser (P < 0.01) at H3 than at either H1 or H2.
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Figure 4.1 Growing season and 30-year average temperature at College Station, TX.

The NDF concentration was greater (P < 0.01) in Fannin wheat than either oat
cultivar at H1. The wheat cultivars had greater (P <0.01) NDF concentrations than the
oat cultivars at H2 and H3. Acid detergent fiber concentrations were greater (P < 0.04)
for both wheat cultivars than TAMO 606 oat at H1, and either oat cultivar at H2 and H3.
Oat cultivars had greater (P < 0.04) IVTD during H1 and H3 than the wheat cultivars.
Harrison oat had greater (P < 0.02) IVTD than Fannin wheat, and the other cultivars
were intermediate at H2. At H1, ADL concentration was greater (P <0.02) in TAM 203
wheat than either oat cultivar, and not different (P > 0.08) among cultivars at H2 or H3.

The ADL concentration among cultivars was greatest (P < 0.02) at H1 and least at H3,
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whereas, H2 was intermediate. The TDN concentration was not different (P > 0.05)
among cultivars or harvest maturity, and was greater (P < 0.05) for oat at H2 maturity
than wheat at H3 maturity. The TDN:CP was not different (P > 0.05) between cultivars,
whereas, wheat from H3 had greater (P < 0.05) TDN:CP than wheat and oat from H1

and H2.

Disappearance Kinetics

At each harvest, the wash DM fraction was not different (P > 0.08) for any of the
cultivars, but was greater (P < 0.01) at tillering than stover maturity stage (Table 4.2).
Treatment of Fannin stover with XC resulted in a greater (P < 0.01) wash DM fraction
than control or PRO, whereas, Harrison stover was not affected (P > 0.53) by treatment.
The potentially degradable DM fraction was greater (P < 0.01) at stover than at tillering
maturity stage. Potentially degradable DM fraction of untreated Fannin at tillering was
greater (P < 0.02) than untreated Harrison. The potentially degradable DM fraction of
Harrison at tillering was greater (P < 0.01) for XC treated hay than untreated hay,
whereas, PRO treated hay was not different (P < 0.14). There was no treatment effect (P
> (0.43) for Fannin at tillering, however, stover treated with PRO had greater (P < 0.01)
potentially degradable DM fraction than untreated hay. The undegradable DM fraction
was not different (P > 0.09) between hays or treatments at tillering, and was greater (P <
0.01) at stover than at tillering maturity stage. Stover hay undegradable DM fraction of
Harrison was not effected by treatment (P > 0.27), however, PRO treated Fannin hay had
lesser (P < 0.01) undegradable DM fraction than untreated hay. The extent of DM

digestion was greater (P < 0.01) at tillering than at stover maturity stage, and was not
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different (P > 0.33) between either cultivar at tillering. Although there was no effect (P
>(.70) of treatment on extent of DM digestion for stover hay made from Harrison,
treatment with XC increased (P < 0.04) extent of DM digestion versus untreated Fannin
stover. Lag prior to DM degradation of Fannin was greater (P < 0.02) than Harrison hay
at both maturity stages. Inoculant treatment did not improve (P > 0.31) DM lag time for
either hay type or maturity. Lag time prior to DM degradation for Harrison hay was not
effected (P > 0.07) by inoculant treatment, nor were there differences (P > 0.13) across
Fannin treatments. Rate of DM degradation was faster (P < 0.01) at tillering maturity
stage than stover maturity stage, and fastest for Harrison. Treatment of Harrison with
either inoculant at tillering increased (P < 0.01) rate of DM degradation.

The wash NDF fraction was greater (P < 0.01) at tillering than at stover maturity
stages, and was greater (P < 0.01) for Harrison than Fannin at tillering, but not different
(P> 0.25) between cultivars at stover maturity (Table 4.3). Both treatments increased (P
< 0.01) wash NDF fraction of both cultivars at tillering, whereas, only PRO treated
Harrison increased (P < 0.03) wash NDF fraction at stover maturity stage. Potentially
degradable NDF fraction was greatest (P < 0.01) for Fannin at tillering than at stover or
either maturity of Harrison hays. The potentially degradable NDF fraction of Harrison
at tillering was not effected (P > 0.47) by treatment, however, XC treated stover had
greater (P < 0.01) potentially degradable NDF fraction than untreated hay. Both
treatments decreased (P < 0.02) potentially degradable NDF fraction of Fannin at

tillering, whereas, stover treated with PRO was greater (P < 0.01) than untreated hays.
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Table 4.1 Chemical composition of hays of two oat cultivars and two wheat cultivars at three harvests

Cultivar x harvest

QOat Wheat
Harrison TAMO 606 Fannin TAM 203
ltem H1 H2 H3 H1 H2 H3 H1 H2 H3 H1 H2 H3 SEM
CP,% 16.71°® 19.79* 6.85 15.96%  19.2%® 7450 15.75%  17.4% 5677 14.96° 1836™ 563" 094
of
DM
NDF, 43.05 37.06" 65.30° 40.28°  37.54"  65.05° 4599°  43.17%  72.63° 4561  43.12° 73.12° 1.37
% of
DM
ADF, 30.42% 26.04% 43.00° 28.61  26.59% 4207 3245 2937°  47.75° 33.06°  29.09°  48.05" 1.19
% of
DM
¥VTD 80.11° 84.81* 57.07¢ 79.49°  82.42%"  55.70¢ 7499  7991°  50.05° 74.58°  81.29™ 44.49°  2.11
1%
ADL, 17.94* 14.49% 8.50° 17.73%*  14.46" 7.49° 19.44® 1657  9.08° 20.79°  16.64  9.17° 0.86
% of
DM
TDN?>  66.76" 68.12* 62.88" 67.32"  67.95° 63.16% 66.14"  67.09"  61.41° 65.95"® 67.17* 61.32° 2.53
TDN:
CP 4.00° 344> 918" 4.22° 3.54>  8.48™® 4.20° 3.86° 10.83* 4.41°  3.66° 10.89°  3.00

£ Within row, means without a common superscript letter differ (P < 0.05).
" In vitro true digestibility.
? Total digestible nutrients.
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Undegradable NDF fraction was greater (P < 0.01) at stover than tillering maturity
stages. Treatment with XC decreased (P < 0.05) undegradable NDF fraction of Harrison
at both maturities. At tillering undegradable NDF fraction of Fannin was not affected (P
> (.22) by treatment, but treatment with PRO at stover maturity decreased (P < 0.01) the
undegradable NDF fraction. Extent of NDF digestion was greater (P < 0.01) at tillering,
and greater (P < 0.01) for Harrison than Fannin. Extent of NDF digestion for Harrison
at tillering was not different (P > 0.27) among treatments, whereas, both treatments
increased (P < 0.01) extent of NDF digestion at stover maturity. Extent of NDF
digestion for Fannin at tillering was greater (P < 0.01) when treated with PRO, whereas,
stover was not different (P > 0.13) among treatments. Lag time of NDF degradation was
generally greater at stover than tillering maturity stage, and not different (P > 0.50)
between cultivars at each maturity. Lag of NDF degradation was decreased (P < 0.01)
when Harrison stover was treated with XC and Fannin stover treated with PRO. Rate of
NDF digestion among cultivars was faster (P < 0.01) at tillering than at stover maturity,
and fastest for Harrison at tillering maturity stage and slowest for Fannin at stover
maturity stage. Rate of NDF digestion for XC treated Harrison at tillering was slower (P
< 0.01) than untreated hay, whereas, rate of NDF digestion among Fannin harvests and

treatments were not affected by treatment (P > 0.12).
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Table 4.2 In situ DM disappearance kinetics of hays of oat and wheat cultivars at tillering and stover

Cultivar x harvest

Harrison oat Fannin wheat
Tillering Stover Tillering Stover
C XC  PRO C XC PRO C XC  PRO C XC PRO SEM
Al % 58.61° 56.71° 58.74° 9.87>¢  11.92 90> 53.84% 55.45* 53.55° 15.81° 245 325
3.86%¢

B’, % 33.47° 3891° 3579 4477 45.07° 4546 38.46° 36.63°" 38.30°  47.81° 46.93° 544° 147
C’, % 6.43¢ 438" 5.0° 45.36™  43.09™ 45.55% 774 7.92¢  8.16° 46.92" 4776° 41.68° 1.55
ERD* % 82.83* 79.81* 80.81° 3073 34.31° 29.17™ 76.77°  77.01° 77.42*  20.72° 34.00° 29.17° 437
L’ h 0.95° 1.64° 0.91° 1.59¢¢ 2914 213" 2724 1.65°%  1.55% 299" 407 3.50® 0.50

K, perh 0.13*  0.09* 0.08 0.04°¢  0.05°  0.05° 0.08° 0.08" 0.09° 0.03°  0.03*  0.04° 0.01

¢ Within a row, means without a common superscript letter differ (P < 0.05).
'Wash fraction.

*Potentially degradable fraction.

*Undegradable fraction.

*Extent of digestion.

*Lag time.

SFractional rate of digestion.
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The wash ADF fraction was greater (P < 0.01) at tillering than at stover maturity,
but not different (P > 0.75) between cultivars at each maturity (Table 4.4). Treatment
did not affect (P > 0.31) wash ADF fraction of Harrison, whereas, Fannin treated with
PRO at tillering and XC at stover maturity had greater (P < 0.04) wash ADF fraction
than untreated hays. The potentially degradable ADF fraction of Harrison at either
maturity and Fannin at tillering were not (P > 0.13) affected by treatment, whereas,
Fannin stover treated with PRO had greater (P < 0.04) potentially degradable ADF
fraction than untreated hay. The undegradable ADF fraction was greater (P < 0.01) at
stover than at tillering maturity stage, and not different (P > 0.33) for either cultivar at
tillering stage. Harrison stover treated with XC and Fannin stover treated with PRO had
lesser (P < 0.02) undegradable ADF fraction than untreated hay. Extent of ADF
digestion was greatest (P < 0.01) at tillering and not different (P > 0.7) between cultivars
at each harvest. Extent of ADF digestion not affected (P > 0.07) by treatment. Lag prior
to ADF degradation was greater (P < 0.02) for Fannin than Harrison at both maturities.
Lag of ADF degradation was only different (P < 0.02) for Harrison stover treated with
PRO, which had greater (P < 0.02) lag of ADF degradation than untreated hay. Rate of
ADF digestion was faster (P < 0.05) at tillering than stover maturity for Harrison. Rate

of ADF digestion was not affected (P > 0.06) by treatment.
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Table 4.3 In situ NDF disappearance kinetics of hays of oat and wheat cultivars at tillering and stover

Cultivar x harvest

Harrison oat Fannin wheat
Tillering Stover Tillering Stover
C XC PRO C XC  PRO C XC PRO C XC PRO SEM
Al % 37.78°C 4345  41.65™ 1.22¢8  3.89% 469 2526° 3479 3921  299%  334%  241% 108
B2, % 47.49% 49490 4828% 4349 51.15" 4236°  61.56 5473 4990  47.25% 4987 5833 1.94
C, % 11.90°  7.22f 9.25°f 50.55® 45.58° 53.90° 13.18°  10.33F  10.80°f 4826  46.90 39.72¢ 1.63
ERD*, % 69.67° 70.98*  72.05° 2238%  27.96° 29.49°  5992° 61.58°  67.95° 23214 2327 20.05° 1.50
L’,h 1.09¢ 1.98° 1.70° 7.51° 218  7.70° 1.78°  1.54° 2.84° 544° 527 1.88°  0.73
K perh 0.10°  0.07°  0.09® 0.05°°  0.05*" 0.07*  0.07™¢ 0.05%  0.07" 0.04  0.04° 0.02" 0.01

% Within a row, means without a common superscript letter differ (P < 0.05).
'Wash fraction.

*Potentially degradable fraction.

*Undegradable fraction.

*Extent of digestion.

*Lag time.

SFractional rate of digestion.
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Discussion

Chemical Composition of Small-Grain Hay

Chemical composition of small-grain forages was not affected by inoculant
treatment, and the effects of maturity on nutritive value were apparent. Improvements
seen at H2 were due to the lower temperatures during regrowth. The reduction in ADL
at H3 may have positive implications to using small-grain stover in lignocellulosic
feedstock production. Oat showed greater nutritive value than wheat, thus it is
recommended for livestock with greater nutrient demands.
Generally, the NDF, ADF, and lignin concentrations decreased from H1 to H2, and then
increased at H3. These structural carbohydrates were greater in wheat than oat, whereas,
similar species harvested in Minnesota did not show differences between species in ADF
and ADL concentrations, or IVDMD (Cherney and Marten, 1982a). Another trial
comparing these species showed greater NDF in oat than wheat, however, this may have
been due to a greater number of grain type cultivars than forage types (Coblentz and
Walgenbach, 2010a). Previous studies measuring nutritive value in vegetative winter
wheat cultivars reported static or reduced concentrations of NDF from the first to the
second harvest, whereas, herbage yield continued to increase (Coblentz and
Walgenbach, 2010a). For fall grown wheat and oat forage, the ADF concentration
increased to the first harvest interval and declined thereafter (Coblentz and Walgenbach,
2010a). This phenomena was reported previously (Dennis, 1984) and may be explained

by the suppression of physiological development due to colder temperatures following
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Table 4.4 In situ ADF disappearance kinetics of hays of oat and wheat cultivars at tillering and stover

Harrison oat

Cultivar x harvest

Fannin wheat

Tillering Stover Tillering Stover

C XC PRO C XC PRO C XC PRO C XC PRO SEM
Al % 5047 57.49° 58.26° 1.23¢ 8289 437¢ 44.40°  52.11™° 54.66° 6.77° 16.27° 233% 3.6
B2, % 38.15°T 3539 33 05f 4378 4578 40.31>° 41.44* 37.06°7 33.90° 40.83%° 43.96™ 56.21* 2.51
C, % 11.38 732" 830 5431°  46.40° 55.77° 14.03° 1046 12.38 52,50  47.02* 39.87¢ 2.11
ERD*, % 75.59® 77.83* 78.23" 22.91° 31.32° 28.90° 66.37° 71.37"° 76.76™ 26.27°  33.71° 27.36° 3.93
L’ h 1.05¢  3.06% 1.52¢ 2919 380" 7.93%® 6.05%°  3.73%4 4415 6.72%  877°  5.25*% 1.50
K, perh 0.10°  0.08** 0.09®  0.05°" 0.05" 0.08*¢ 0.07°¢  0.07°°  0.10® 0.05%"  0.04< 0.02° 0.01

“# Within a row, means without a common superscript letter differ (P < 0.05).
'Wash fraction.
*Potentially degradable fraction.
*Undegradable fraction.
*Extent of digestion.

*Lag time.

SFractional rate of digestion.
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the first harvest which occurred on December 1, 2011 (Figure 4.1). Lignification of the
plant cell wall is a function of both maturity and increasing ambient temperatures (Van
Soest, 1982), therefore, the relatively short duration of regrowth and the reduction in
temperature between H1(22.37°C) and H2 (12.41°C) was likely integral in limiting the
concentrations of NDF, ADF, ADL and increasing the IVTD (Figure 4.1).

The reduction of lignin concentration at H3 may be explained by the dilution of
forage fiber as plants partitioned nonfibrous DM, primarily carbohydrate, into the filling
grain head (Cherney and Marten, 1982b; Coblentz et al., 2000; Coblentz and
Walgenbach, 2010a). However, the increase in NDF and ADF concentrations and
decrease in IVTD at H3 was due to an increase in stage of maturity at harvest. From H2
to H3, all forages underwent stem elongation and heading which leads to rapidly
increased fiber concentrations as reported in the literature (Cherney and Marten, 1982
a,b; Coblentz et al., 2000, 2002). The primary reduction in nutritive value of H3 was
due to increased maturity, which results in a decrease in the leaf:stem ratio (Ugherughe,
1986) where the stem has a greatly reduced nutritive value. The decline in CP from H1
and H2 to H3 is also directly related to an increase in forage maturity (Cherney and
Marten, 1982a). Concentration of CP was greater in Harrison oat than the Fannin wheat
at H2, which agrees with reports by Coblentz and Walgenbach whom also reported
greater CP in oat than wheat (2010a). Analyzed TDN is an estimate of the amount of
energy found in feed (Holman et al., 2010). The TDN:CP for small-grain hay from H1

and H2 maturity was similar with previous reported values (Holman et al., 2010),
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however, it was greater in stover from H3 maturity due to a greater amount of structural

carbohydrates which increased energy and a simultaneous decrease in CP.

Disappearance Kinetics

Oat had greater in situ degradation than wheat, and Small-grain forage at tillering
maturity was more degradable than stover which agrees with the results from a previous
study by Coblentz and Walgenbach (2010b). In situ results indicate improvements in
several degradation parameters due to the application of fibrolytic enzyme XC and
bacterial inoculant PRO to small-grain forage at tillering and stover maturity. The effect
on NDF and ADF parameters were more pronounced indicating change in the fiber
degradation may not be reflected in the overall DM degradation, and this effect has been
seen in similar cool-season in situ trials (Feng et al., 1996; Alvarez et al., 2009).
Treatment with XC and PRO increased the wash NDF fraction of Harrison oat harvested
at tillering, and the XC treatment reduced undegradable NDF fraction but slowed the
rate of NDF digestion. Harrison stover was most positively affected by XC treatment as
indicated by the increased potentially degradable NDF fraction, reduced undegradable
NDF and ADF fractions, increased extent of NDF digestion, and reduced lag time for
NDF degradation. Treatment of Harrison stover with PRO increased extent of NDF
digestion and lag time for ADF degradation. Treatment of Fannin wheat at tillering with
either XC or PRO increased wash NDF fraction, but only PRO treatment increased wash
ADF fraction and extent of NDF degradation, due to the decreased potentially
degradable NDF fraction. Reduced degradable fraction often prevents the improvement

of other degradation parameters such as wash, extent, and rate of degradation (Feng et

78



al., 1996). Fannin wheat stover had increased wash ADF fraction when treated with XC
and treatment with PRO resulted in an increase of potentially degradable NDF and ADF
fractions and NDF lag time resulting in a decrease of undegradable ADF and NDF
fractions. Microbial inoculants decreasing the undegradable fraction can increase the
potentially degradable fraction (Mandebvu et al., 1999).

Results from this study agree with results from a similar cool-season forage study
reporting improved rates of in situ NDF disappearance and total tract DM and NDF
digestibility (Feng et al., 1996). Alvarez also reported improved DM disappearance,
NDF and ADF disappearance rate, and ADF potential disappearance of oat straw due to
the application of fibrolytic and bacterial inoculant (2009). Treatment with XC
improved the DM degradation of Harrison at tillering due to the improvement of NDF
degradation and of Fannin at stover maturity stage due to the improvement of ADF
degradation. This improved DM degradation due to improvement in the soluble cell
wall and undigestible components has been reported in oat straw (Alvarez et al., 2009).
Treatment of Harrison at tillering with XC and PRO had enhanced DM and NDF rate of

degradation due to the improvement in NDF wash fraction degradation.

Summary

Inoculant treatments did not have pre-in situ differences, but the enhanced in situ
disappearance kinetics indicate inoculants may have increased available energy to rumen
microbes. Increasing the available energy to rumen microbes would improve the C:N
synchrony resulting in improved DM, NDF, and ADF disappearance (Chumpawadee et

al., 2006).
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Since improvements were seen in in situ fiber degradation, a feeding trial to evaluate the
effects of inoculant application to oat and wheat hay on milk and meat production.
Future studies should also measure rumen function and metabolism to determine if the
inoculants effected C:N synchrony. Small-grain stover pretreated with inoculants should
also be evaluated for use as lignocellulosic feedstock since improvements were seen in

fiber degradation.
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CHAPTER V

CONCLUSIONS & RECOMMENDATIONS

Sorghum Silage

Fibrolytic enzyme XC had the greatest reduction in structural carbohydrates in
the sorghum silage experiment. Bacterial inoculant PRO reduced the structural
carbohydrate in cultivars with the least undigestible fraction. Inoculant XC increased the
aerobic stability in the MMR cultivar. Sorghum silage treated with XC had the greatest
reduction in the degradable fraction, which decreases the digestion time. This reduction
in digestion rate may increase feed intake of ruminant livestock. Inoculant PRO
improved ensiling characteristics, however, it was ineffective at increasing the aerobic
stability. The results from this experiment indicated XC and PRO may be used on
sorghum silage as a pretreatment to reduce the fiber fraction. A feeding trial to measure
feed intake, milk production, or ADG would determine whether XC or PRO would
improve the quality of sorghum silage.

Due to the reduction of fiber fractions, XC and PRO may also be a viable option
for improving the value of sorghum as lignocellulosic feedstock. Therefore, it is
recommended sorghum silage treated with XC or PRO be compared with untreated

sorghum silage in the production of ethanol from lignocellulosic feedstock.

Small-Grain Hay

Since nutritive value was greater in oat than wheat, managers should consider

planting oat when planting small-grain forage to meet the nutritional demands of
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livestock with greater nutrient requirements. In central Texas, small-grain forage grown
during lower temperatures of December and January may have improved nutritive value
compared with the same forage grown during warmer temperatures of October and
November (Van Soest, 1982; Dennis 1984). The reduction in ADL at H3 and improved
degradation of stover due to XC and PRO treatment may improve the feedstock value of
small-grain stover. Therefore, it is recommended an experiment be conducted to
compare the differences XC and PRO would make in treating small-grain stover for use
as lignocellulosic feedstock for ethanol production.

Although the application of fibrolytic enzyme XC and bacterial inoculant PRO
was successful in reducing the structural carbohydrate and improving the degradation of
sorghum silage and small-grain hay, the economics of such a practice are important to
managers (Table 5.1). The cost of the product is low, and the added value of greater
nutritive value forage may make the return on investment worth purchase and
application of the product. Promote is a product that has been on the market for several
years, and can be easily purchased. Xylanase PLUS and cellulase PLUS are new
products without an extensive distribution program, therefore, it is sold in large
quantities. This may give farming co-ops the opportunity to sell smaller quantities to

customers interested in the application of fibrolytic enzymes to forages.
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Table 5.1 Cost of XC and PRO forage inoculant

Item $ per treated Mg of forage

XC 241
PRO 0.42 -1.60

(Cargill Promote prices; Dyadic International September 28, 2012)
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APPENDIX A

SAS CODES USED FOR CHAPTER III

The SAS codes used to analyze sorghum height and yield are presented here.

Data 2010 sorghum height and yield;
Input location$ cultivar$ rep height yield;
Cards;

Proc print;

Proc glimmix;

Class location cultivar;

Model height yield = location| cultivar;

Random rep;

Lsmeans location cultivar location*cultivar/diff lines;
Run;

The SAS codes used to analyze pre-ensiled sorghum DM, CP, NDF, ADF, WSC,
in vitro true digestibility (IVTD), ADL, ADIN are presented here.

Data 2010 fresh sorghum chemical composition;
Input sample ID location$ cultivar$ rep DM CP NDF ADF WSC IVTD ADL ADIN;
Cards;

Proc print;

Proc sort;

By location;

Proc means;

Var DM CP NDF ADF WSC IVTD ADL ADIN;
Proc glimmix;

Class location cultivar rep;

Model DM CP NDF ADF WSC IVTD ADL ADIN=location cultivar;
Random rep;

Lsmeans location cultivar/diff lines;

Run;

The SAS codes used to analyze ensiled sorghum after pre-treatment with

inoculant DM, CP, NDF, ADF, WSC, IVTD, ADL, ADIN are presented here.
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Data 2010 sorghum silage chemical composition;
Input ID location$ cultivar$ inoculant$ rep DM CP NDF ADF WSC IVTD ADL ADIN;
Cards;

Proc print;

Run;

Proc sort;

By location,;

Run;

Proc means;

Var DM CP NDF ADF WSC IVTD ADL ADIN;

Run;

Proc glimmix;

Class location cultivar inoculant rep;

Model DM CP NDF ADF WSC IVTD ADL ADIN =location| cultivar | inoculant;
Random rep;

Lsmeans location inoculant cultivar location*cultivar*inoculant/diff lines inoculant;
Run;

The SAS codes used to analyze silage fermentation characteristics, yeast/mold
counts, and elapsed time of sorghum silage

Data 2010 sorghum silage VFA;
Input ID location$ cultivar$ inoculant$ rep pH lactate butyrate LA ratio acetate

propionate iso-butyrate Total VFA yeast mold elapsed time;
Cards;

Proc print;

Run;

Proc sort;

By location;

Run;

Proc means;

Var pH lactate butyrate LA ratio acetate propionate iso-butyrate Total VFA yeast mold
elapsed time;

Run;

Proc glimmix;

Class location cultivar inoculant rep;

Model pH lactate butyrate LA ratio acetate propionate iso-butyrate Total VFA yeast
mold elapsed time =location| cultivar| inoculant;

Random rep;

Lsmeans location cultivar inoculant cultivar® inoculant/diff lines;

run;
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The SAS Codes used to analyze sorghum silage in situ DM, NDF, and ADF
remaining parameters a, L, b, and k are presented here.

Data 2011 sorghum silage in sitt DM NDF ADF remaining parameters;
Input cultivar$ inoculant$ animal time DM remaining, NDF remaining, ADF remaining;
Cards;

Proc sort;

By inoculant cultivar animal;

Proc nlin data=allphin best = 20 method = marquardt;

Parms a=45 L=5 b=20 k=0.01;

By inoculant cultivar animal;

If t<L then do;

Model DM remaining NDF remaining ADF remaining=a + b;
Bounds a <= 100;

Bounds L >=0;

Bounds b >=0;

Bounds k >=0;

End;

Else do;

Model DM remaining NDF remaining ADF remaining = b*(exp(-k*(t-L)))+a;
End;

The SAS codes used to analyze sorghum silage in situ DM, NDF, and ADF
degradation parameters are presented here.

Data 2011 sorghum silage in situ DM NDF ADF degradation parameters;
Input inoculant$ cultivar$ animal ab L k c;
Cards;

Proc print;

Proc glimmix;

Class inoculant cultivar;

Model a= inoculant| cultivar;

Lsmeans cultivar inoculant cultivar* inoculant/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar;

Model b= inoculant| cultivar;

Lsmeans cultivar cultivar* inoculant/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar;
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Model L= inoculant| cultivar;

Lsmeans cultivar inoculant cultivar*inoculant/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar;

Model k= inoculant| cultivar;

Lsmeans cultivar inoculant cultivar* inoculant/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar;

Model c= inoculant| cultivar;

Lsmeans cultivar inoculant cultivar* inoculant/diff lines;
Run;

The SAS codes used to analyze sorghum silage in situ DM, NDF, and ADF ERD

Data 2011 sorghum silage degradation parameters ERD;
Input treatment$ cultivar$ animal$ Extent;
Cards;

Proc glimmix;

Class inoculant cultivar;

Model extent= inoculant| cultivar;

Lsmeans cultivar inoculant cultivar* inoculant/diff lines;
Run;

The SAS codes used to analyze post in situ crude protein are presented here.

Data 2011 sorghum silage post in situ CP no lag;
Input cultivar$ inoculant$ animal time CP;
Cards;

Proc sort;

By cultivar inoculant animal time;
Proc nlin data=silage post in situ CP best = 20 method = marquardt;
Parms a=45 b=20 k=0.01;

By cultivar inoculant animal;
Model CP = b*(exp(-k*t))+a;
Bounds a <= 100;

Bounds a >0;

Bounds b >=0;

Bounds k >=0;

Run;
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APPENDIX B

SAS CODES FOR CHAPTER IV

The SAS codes used to analyze oat and wheat yield are presented here.

Data 2011 Cool season forage yield;
Input cultivar$ rep harvest yield;
Cards;

Proc print;

Proc glimmix;

Class cultivar rep harvest;

Model yield =cultivar| harvest;

Lsmeans cultivar harvest cultivar*harvest/diff lines;
Run;

The SAS codes used to analyze oat and wheat DM, CP, NDF, ADF, in vitro true
digestibility (IVTD) and ADL are presented here.

Data 2011 Cool season forage chemical composition;
Input cultivar$ harvest$ rep inoculant$ DM CP NDF ADF DM IVTD ADL;
Cards;

Proc print;

Proc sort;

By variety;

Proc means;

Var DM CP NDF ADF DM IVTD ADL;
Run;

Proc glimmix;

Class cultivar harvest inoculant rep;
Model DM CP NDF ADF DM IVTD ADL = cultivar| harvest| inoculant;
Random rep;

Run;

The SAS codes used to analyze oat and wheat in situ DM, NDF, ADF remaining
parameters are presented here.

Data 2011 cool season forage in situ disappearance;
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Input cultivar$ inoculant$ animal time DM remaining NDF remaining ADF remaining;
Cards;

Proc sort;

By inoculant cultivar animal;

Proc nlin data= in situ disappearance best = 20 method = marquardt;
Parms a=45 L=5 b=20 k=0.01;

By inoculant cultivar animal;

If t<L then do;

Model DM remaining NDF remaining ADF remaining = a + b;
Bounds a <= 100;

Bounds L >=0;

Bounds b >=0;

Bounds k >=0;

End;

Else do;

Model DM remaining NDF remaining ADF remaining = b*(exp(-k*(t-L)))+a;
End;

The SAS codes used to analyze oat and wheat in situ DM, NDF, ADF
degradation parameters are presented here.

Data 2011 Cool season forage in situ DM NDF ADF degradation parameters;
Input cultivar$ inoculant$ harvest animal bk L r a;
Cards;

Proc print;

Proc glimmix;

Class cultivar inoculant harvest;

Model a=inoculant| cultivar| harvest;

Lsmeans cultivar inoculant harvest cultivar*inoculant*harvest/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar harvest;

Model b=inoculant| cultivar| harvest;

Lsmeans cultivar inoculant harvest cultivar*inoculant*harvest/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar harvest;

Model L=inoculant| cultivar| harvest;

Lsmeans cultivar inoculant cultivar*inoculant*harvest/diff lines;

Run;

Proc glimmix;

Class inoculant cultivar harvest;
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Model k=inoculant| cultivar | harvest;

Lsmeans cultivar inoculant cultivar*inoculant*harvest/diff lines;
Run;

Proc glimmix;

Class inoculant cultivar harvest;

Model r=inoculant| cultivar | harvest;

Lsmeans cultivar inoculant cultivar*inoculant*harvest/diff lines;
Run;

The SAS codes used to analyze oat and wheat in situ DM, NDF, ADF, extent of
degradation are presented here.

Data 2011 Cool season forage in situ Extent of digestion parameters;
Input cultivar$ inoculant$ harvest$ animal$ Extent;
Cards;

Proc glimmix;

Class inoculant cultivar harvest;

Model extent=inoculant| cultivar| harvest;

Lsmeans cultivar inoculant harvest cultivar*inoculant*harvest/diff lines;
Run;
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