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CHAPTER 1

REVIEW OF LITERATURE

Forage Requirements for Horses

As herbivores, horses obtain the nutrients necessary for everyday physiological
processes through the consumption of plant material. Horses are uniquely designed in
that they have foregut enzymatic digestion similar to monogastric species, but they also
have an enlarged hindgut which allows for microbial post-gastric fermentation. This
specialized digestive system enables the equine to successfully subsist on a forage-based
diet.

Whether in the form of hay or pasture, forages represent a significant portion of
the diet for all classes of post-weaned horses, and many adult horses can receive their
entire digestible energy (DE) requirement from forages alone (NRC, 2007). Forages are
typically characterized by a high dietary fiber content, which is comprised primarily of
carbohydrates. These carbohydrates are produced during the process of photosynthesis,
in which plants convert carbon dioxide to simple sugars using energy from the sun.
These simple sugars, or monosaccharides, are then linked together to form di-, poly-, or
oligosaccharides. Carbohydrates can be classified as either structural or nonstructural
carbohydrates. Structural carbohydrates constitute the fibrous portion of plant material,
making up much of the plant cell wall and providing the plant with the stability it needs
to stand upright. Cellulose, hemicellulose, lignin, and pectin are all classified as
structural carbohydrates. Nonstructural carbohydrates form the soluble portion of plant

material and originate from the cell contents. The simple sugars glucose, fructose, and



sucrose, as well as the storage carbohydrates starch and fructan, are all nonstructural
carbohydrates. Together, these structural and nonstructural carbohydrates constitute the
main energy-yielding fractions of forage.

In the mature horse, following ingestion, feed travels down the length of the
esophagus until it reaches the stomach. Within the stomach, feed mixes with digestive
enzymes, which begin the digestion process (Lewis, 1995). From there, feed is propelled
into the small intestine, where most of the soluble nutrients are broken down by digestive
enzymes, absorbed across the gut wall, and metabolized for energy (Hintz et al., 1971).
Digestive enzymes produced up until this point can be used for the digestion of proteins,
fats, and nonstructural carbohydrates; however, structural carbohydrates cannot be
broken down by endogenously-produced digestive enzymes (Janis, 1976; Aman and
Graham, 1990). Instead, structural carbohydrates will pass through the small intestine to
the large intestine, where they will undergo microbial fermentation (Hintz et al., 1971;
Lewis, 1995). Through this fermentation process, the microbes in the hindgut can
metabolize and break down structural carbohydrates and produce volatile fatty acids
(VFAs), which can be absorbed by the horse and utilized as an energy source (Applegate
and Hershberger, 1969; Hintz et al., 1971; Janis, 1976). This process of hindgut
fermentation is essential, as VFA production can make a significant contribution to the
horse’s daily energy needs. Research has shown that fermentation in the cecum alone
can supply 26 to 42% of a horse’s DE requirement (Glinsky et al., 1976).

To successfully subsist on a forage-based diet, horses rely heavily on the
microbial populations present in their gastrointestinal tract to break down the fibrous

portion of the forage. As dietary forage concentrations increase, hindgut fermentation



and VFA production becomes increasingly important (Hintz et al., 1971). Microbial
populations in the hindgut therefore play a critical role in increasing nutrient availability
to the horse. Forages should never comprise less than 50% of the total diet for adult
horses, as the fiber content in forages plays an essential role in maintaining normal
microbial function (NRC, 2007). Reducing the amount of dietary forage and increasing
the amount of concentrates given to a horse will alter the microbial profile of the
gastrointestinal tract (Goodson et al., 1988; Julliand et al., 2001). Although concentrates
are high in soluble carbohydrates and would typically be broken down and absorbed in
the small intestine, high levels of concentrates can exceed the digestion capacity of the
small intestine and result in an influx of soluble carbohydrates to the hindgut (Potter et
al., 1992). In the hindgut, non-degraded starch is readily available for fermentation by
starch-utilizing bacteria, resulting in the production and accumulation of lactic acid and a
reduction in hindgut pH (Goodson et al., 1988; Julliand et al., 2001; Medina et al., 2002).
This drop in pH disrupts the balance of microbial populations in the hindgut and changes
the microbial profile by reducing the concentration and activity of the fiber-digesting
microbial populations, altering VFA production, and decreasing fiber digestion in the
hindgut (Julliand et al., 2001; Medina et al., 2002). The accumulation of lactic acid can
also result in lactate acidosis, which has been associated with laminitis in the horse
(Garner et al., 1977). Therefore, the importance of fiber in the equine diet should not be
underestimated. When structural carbohydrates are fed in a greater proportion than
nonstructural carbohydrates, gastrointestinal pH, motility, and function remain normal,
decreasing the risk of additional health concerns (Medina et al., 2002).

Forage Utilization by the Horse



While the anatomy of the equine gastrointestinal tract provides horses with a large
capacity for fiber fermentation, considerable variation exists in forage quality and not all
forage sources will provide equal concentrations of nutrients to the horse. Furthermore,
in order to be fully utilized and provide benefit to the animal, nutrients must not only be
present in the forage but must also be made available through the process of digestion
and absorption. This concept of nutrient availability is often broadly referred to as
digestibility, which has been defined as the fraction of a feedstuff that is lost on passage
through the digestive tract (Schneider and Flatt, 1975; Cochran and Galyean, 1994).
There are a number of different methods that can be used to evaluate forage quality and
the availability of nutrients. Common methods include chemical analysis, in vitro
digestibility, and in vivo digestibility.

Chemical analysis of feeds is routinely measured via the detergent analysis
system, which was first developed by Van Soest in the 1960s (Van Soest et al., 1966).
The Van Soest system chemically partitions the plant cell components based on expected
nutritional availability (NRC, 2007). The cell contents of the plant include proteins,
lipids, and nonstructural carbohydrates and are considered highly available. The plant
cell wall contains the partially digestible or indigestible portions of the cell and includes
primarily structural carbohydrates. Under this system (Van Soest et al., 1991), feed
samples are first washed in a neutral detergent that removes nonstructural carbohydrates,
protein, and pectin. The remaining fraction includes hemicellulose, cellulose, and lignin,
and is referred to as neutral detergent fiber (NDF). Samples are then washed with an acid
detergent solution that removes hemicellulose, leaving cellulose and lignin; this fraction

is referred to as acid detergent fiber (ADF). Lignin concentrations can be determined by



treating the sample with sulfuric acid or permanganate and subtracting the ash content;
this fraction is referred to as acid detergent lignin (ADL).

In vitro digestibility measurements offer a way to measure nutrient availability
and are traditionally used to simulate digestion by ruminants (Tilley and Terry, 1963;
Van Soest et al., 1966; Applegate and Hershberger, 1969). In this procedure, samples
undergo a two-stage process where feed is first digested in rumen fluid and buffered for
48 hours to stimulate microbial fermentation and then digested in either pepsin (Tilley
and Terry, 1963) or neutral detergent solution (Van Soest et al., 1966). To apply these
methods to equine digestion, inoculum should come from cecal fluid rather than rumen
fluid. Work by Applegate and Hershberger (1969) and Koller et al. (1978) validated the
use of cecal fluid as an inoculum source in equine in vitro digestibility experiments.
However, due to the challenge associated with obtaining cecal fluid, it has been of
interest to find an alternative inoculum source. Lowman et al. (1999) established equine
feces as an acceptable source of inoculum for gas production in vitro digestibility work,
and several researchers have successfully used horse feces for in vitro digestion
experiments (Abdouli and Attia, 2007; Lattimer et al., 2007; Earing et al., 2010).
Abdouli and Attia (2007) developed a two-stage method for in vitro digestibility
determination for horses using an initial step of pepsin and amylase digestion followed by
a microbial fermentation step via the Tilley and Terry (1963) method. Using these
methods to simulate hindgut fermentation using the Daisyll incubator has shown
similarity to in vivo measurements (Lattimer et al., 2007; Earing et al., 2010). However,
while Earing et al. (2010) found comparable dry matter digestibility (DMD) for diets

consisting of alfalfa hay with oats, timothy hay with oats, and timothy hay diets between



in vivo and in vitro methods, different digestibility values were observed between the two
methods with an alfalfa hay diet, and neutral detergent fiber digestibility (NDFD)
estimates differed between methods. Further research using a wider range of forages and
methods is needed to determine if in vivo and in vitro digestibility methods produce
similar results for horses, and to establish in vitro digestibility as a viable technique for
estimating digestibility in the horse.

In vivo digestibility is considered the gold standard for evaluating forage quality
and nutrient availability. Records of digestibility experiments began as early as the
1860’s (Schneider and Flatt, 1975) and still continue today. A typical digestibility trial
involves measuring complete nutrient intakes and outputs. The difference between
nutrient intake and output can be used to estimate the percentage of nutrient degradation
and absorption within the digestive tract. To date, numerous studies have been published
containing digestibility estimates for a wide variety of feedstuffs fed to horses. Estimates
for forages can vary widely and are dependent on a number of factors, including forage
type, plant species, maturity, and harvest conditions (NRC, 2007).

Alfalfa as a Forage Source for Horses

While the nutritional needs of many adult horses can be met with grass forages
(Bott et al., 2013), there are certain classes of horses within the equine population that
have advanced dietary requirements which can only be met with a higher quality, more
nutrient-dense diet (NRC, 2007). These classes include breeding stock such as
broodmares and stallions, “hard keepers” such as thin or older horses, and performance
horses in heavy work. For these groups of horses, a higher quality or more nutrient-dense

forage is often beneficial, as it can fulfill these increased requirements while still



providing enough dietary fiber to maintain a normal gastrointestinal environment.
Compared to grasses, legumes such as alfalfa are typically lower in NDF and contain
greater concentrations of protein, energy, and essential vitamins and minerals like
calcium (Fonnesbeck et al., 1967; Gibbs et al., 1988; Crozier et al., 1997; Wilman and
Moghaddam, 1998; Sturgeon et al., 2000; Woodward et al., 2011). Legumes are also
generally more digestible than grasses, making them a preferred forage source for these
classes of horses. Researchers comparing digestibility between legumes and grasses have
reported average DMD ranging from 44 to 59% for grass hays and 58 to 73% for alfalfa
hays (Cuddeford et al., 1995; Crozier et al., 1997; LaCasha et al., 1999; Sturgeon et al.,
2000; Pearson et al., 2006; Edouard et al., 2008; Potts et al., 2010).
Effects of Lignification on Forage Digestibility

Although alfalfa is widely used as a forage for horses and other herbivores with
advanced dietary requirements, the digestibility and utilization of alfalfa by these animals
is hampered by its lignin content (Sewalt et al., 1997; Casler et al., 2002). Classified as
one of the structural carbohydrates, lignin is a complex structural polymer that is the
second most abundant component of secondary plant cells walls (Li et al., 2015b). Along
with the other structural carbohydrates, lignin is essential for providing the strength and
rigidity necessary for the plant to stand upright (Inoue et al., 1998; Guo et al., 2001a). As
a plant matures, lignin concentrations increase, filling the space between cellulose,
hemicellulose, and pectin molecules and forming cross-linkages with hemicellulose
(Albrecht et al., 1987; Jung et al., 1997b; Inoue et al., 1998; Casler and Vogel, 1999).

While it is essential for normal plant growth, the deposition of lignin into plant

cell walls can reduce the feeding value of alfalfa by negatively affecting microbial



degradation and the digestion of feed by intestinal enzymes (Buxton and Hornstein, 1986;
Liu and Yu, 2011). Lignification has been reported to be the major factor limiting both
the in vitro digestibility of plant cell-wall polysaccharides (Morrison, 1979; Albrecht et
al., 1987; Jung et al., 2012) and the in vitro DMD of whole plant forage (Casler, 1986,
1987; Reddy et al., 2005). These negative effects have primarily been associated with
lignin concentration, as numerous studies have found strong negative correlations
between lignin concentrations and forage digestibility (Albrecht et al., 1987; Casler,
1987; Jung et al., 1997b; a; Reddy et al., 2005).

Major improvements in the digestibility and quality of alfalfa as a forage source
may be possible if plants can be selected that exhibit a slower decline in loss of
digestibility (Buxton et al., 1985; Sanderson et al., 1989; Jung and Lamb, 2006; Lamb et
al., 2014). With such a strong influence on forage digestibility, small decreases in the
lignin concentration of forages can be expected to improve the fiber digestibility at any
plant maturity stage (Casler, 1987; Undersander et al., 2009). Predictions by Casler
(1987) estimated that a single unit decrease (g kg™!) in the concentration of acid detergent
lignin (ADL) of smooth bromegrass (Bromus inermis L.) would result in a 7.0 unit
increase in in vitro DMD. Feeding and grazing studies have shown that small changes in
forage digestibility can significantly impact animal performance. For a number of grass
cultivars, Casler and Vogel (1999) reported a positive relationship between in vitro DMD
improvement and animal daily gains, with a 1% increase in in vitro DMD resulting in a
3.2% increase in daily weight gains for beef cattle.

Reduced Lignin Alfalfa



Several experimental lines of alfalfa have been developed with down-regulation
of the caffeic acid 3-O-methyltransferase (COMT) and caffeoyl CoA 3-O-
methyltransferase (CCOMT) lignin biosynthetic genes (Inoue et al., 1998; Guo et al.,
2001a; Marita et al., 2003; Getachew et al., 2011). Initial comparisons in the forage
quality of these reduced-lignin alfalfas have shown potential for increased digestibility.
Experimental populations of COMT and/or CCOMT down-regulated alfalfa have shown
a 4 to 29% decrease in stem lignin concentration and a 1 to 24% decrease in whole plant
lignin concentration compared to reference alfalfa varieties (Guo et al., 2001a; b; Marita
et al., 2003; Reddy et al., 2005; Undersander et al., 2009; Getachew et al., 2011). The
wide variation in lignin reduction reported could be due to the specific down-regulated
gene (Guo et al., 2001a; b; Marita et al., 2003; Undersander et al., 2009; Getachew et al.,
2011), the methods used for lignin analysis (Guo et al., 2001a; b; Jung et al., 2012), or the
plant growing conditions (Baucher et al., 1999).

Populations of reduced lignin alfalfa have shown an increase in in vitro DMD, in
situ rumen digestibility, and in vitro NDFD (Guo et al., 2001b; Reddy et al., 2005;
Mertens and McCaslin, 2008; Weakley et al., 2008; Undersander et al., 2009; Getachew
etal., 2011). Reddy et al. (2005) reported a strong negative linear relationship between
in situ digestibility and ADL levels across all reduced lignin lines. In addition to
increased digestibility, reduced lignin alfalfa populations have also shown reduced NDF
concentrations and greater non-fiber carbohydrate concentrations compared to control
lines (Guo et al., 2001b; Reddy et al., 2005; Getachew et al., 2011; Li et al., 2015a),
while crude protein (CP) concentrations remained similar for reduced lignin and

reference alfalfa lines (Getachew et al., 2011; Li et al., 2015a).



Alfalfa Yield and Forage Nutritive Value

Research with experimental populations of reduced lignin alfalfa has shown their
potential to improve forage quality and digestibility. However, field evaluations under
diverse conditions are needed to determine the performance of new commercial alfalfa
cultivars containing the reduced lignin trait, especially with regard to forage
accumulation and nutritive value under different harvest frequencies. As the interval
between alfalfa harvests increases, annual DM forage accumulation also increases (Brink
and Marten, 1989; Kallenbach et al., 2002; Putnam et al., 2005; Probst and Smith, 2011;
Min, 2016). At the same time, increasing the interval between harvests also results in a
greater forage maturity and decreased forage nutritive value, including decreased CP,
increased NDF and ADL, and decreased DMD and NDFD (Weir et al., 1960; Nordkvist
and Aman, 1986; Hall et al., 2000; Kallenbach et al., 2002; Yu et al., 2003; Brink et al.,
2010; Palmonari et al., 2014; Min, 2016).

This improvement in forage accumulation at the expense of forage nutritive value
is often referred to as the yield-quality tradeoff, and can largely be attributed to the
maturity stage at which alfalfa is harvested. It has been well established that increasing
forage maturity results in increasing fiber, declining CP, and decreasing digestibility
within alfalfa herbage (Albrecht et al., 1987; Sanderson and Wedin, 1988; Sanderson et
al., 1989; Griffin et al., 1994; Hall et al., 2000; Kallenbach et al., 2002; Lamb et al., 2007,
2012; Brink et al., 2010; Palmonari et al., 2014). As such, highest herbage nutritive value
and intake potential usually occur with pre-flowering alfalfa, while alfalfa harvested at
later maturity stages has been shown to have a lower nutritive value (Sheaffer et al.,

1988, 2000; Kallenbach et al., 2002; Lamb et al., 2007, 2012; Brink et al., 2010).
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Therefore, when alfalfa is used for livestock feeding, harvest at bud to early flower is
recommended to provide forage with a high to medium nutrient concentration (Lamb et
al., 2003).

The decline in the quality of alfalfa herbage with advancing maturity can be
attributed to a decrease in leaf and increase in stem proportion as the plant matures
(Buxton et al., 1985; Albrecht et al., 1987; Sanderson and Wedin, 1988; Julier and
Huyghe, 1997; Sheaffer et al., 2000; Lamb et al., 2003, 2012; Mili¢ et al., 2011; Yari et
al., 2012, 2014). Increasing forage maturity and canopy height results in defoliation
through leaf senescence and abscission from the lower portions of the plant due to
shading and disease (Buxton et al., 1985; Albrecht et al., 1987; Sheaffer et al., 1988).
This increase in leaf loss is coupled with increases in stem growth, resulting in an
increased contribution of the stem to the total herbage amount and a decreased leaf to
stem ratio.

Shifts in the proportions of leaf and stem material result in significant changes in
herbage quality largely because of the differences in forage nutritive value within the
stem and leaf fractions of the plant. Alfalfa leaves are protein-rich and low in cell wall
concentration, and therefore have a high nutritive value and are highly digestible; in
contrast, alfalfa stems exhibit low digestibility as a result of high concentrations of cell
wall polysaccharides and lignin (Buxton et al., 1985; Buxton and Hornstein, 1986;
Albrecht et al., 1987; Buxton and Russell, 1988; Julier and Huyghe, 1997; Jung et al.,
1997b; Mili¢ et al., 2011; Markovi¢ et al., 2012; Yari et al., 2012; Lamb et al., 2012). As
maturity advances, herbage digestibility declines and cell wall concentrations increase at

much slower rates in leaves compared to stems (Kilcher and Heinrichs, 1974; Buxton et
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al., 1985; Buxton and Hornstein, 1986; Albrecht et al., 1987; Sheaffer et al., 2000;
Markovi¢ et al., 2012). Therefore, because stems not only increase in proportion but also
decrease in digestibility faster with advancing maturity compared to leaves, they exert a
larger influence and have a greater detrimental impact on total herbage quality than
leaves do (Buxton et al., 1985; Buxton and Hornstein, 1986; Sanderson et al., 1989;
Sheaffer et al., 2000; Jung and Lamb, 2006; Lamb et al., 2012).

To evaluate the effects of varied harvest frequencies and changing forage maturity
on yield and quality for reduced lignin alfalfa, two field studies was established in
Minnesota. The objectives of the first study were to evaluate forage accumulation and
forage nutritive value for reduced lignin and reference alfalfa cultivars when subject to
diverse cutting treatments during the establishment and first production year.

Information on the methods and results for this study are reported in Chapter 2. The
objectives of the second study were to characterize changes in morphological
development and forage nutritive value within leaf and stem fractions for reduced lignin
and reference alfalfa cultivars over time. Information on the methods and results for this
study are reported in Chapter 3.

Digestibility of Reduced Lignin Alfalfa

In addition to the need for an evaluation of the performance of reduced lignin
alfalfa cultivars in the field, it remains to be seen if the improvements in in vitro DMD
and NDFD for reduced lignin alfalfa will translate to greater in vivo digestibility when
fed to the animal directly. Preliminary results evaluating reduced lignin alfalfa hay found
that when reduced lignin and traditional alfalfa hays were fed to lambs, DMD and NDFD

were greater for the reduced lignin hays (Mertens and McCaslin, 2008). Similarly, when

12



reduced lignin alfalfa hays were included as 50% of the ration for lactating dairy cows,
NDFD was significantly increased for both of the reduced lignin hays, and the additional
forage digestibility for the COMT down-regulated hay resulted in 1.3 kg more milk
production per head per day compared to the control diet (Weakley et al., 2008). While
this information is promising, information on forage digestibility for current,
commercially available reduced lignin alfalfa cultivars is not yet available, and
digestibility changes have not yet been evaluated in the equine model.
Methods for Assessing In Vivo Forage Digestibility

Traditional in vivo digestibility experiments typically involve total fecal
collections. In these experiments, animals are first adapted to the feedstuff of interest,
then placed in metabolism crates or stalls or fitted with collection devices to allow for
total fecal collections. During the total fecal collection period, daily consumption records
are kept and all voided feces are collected. Collection periods ranging from 3 to 10 days
have been reported in the literature (Smolders et al., 1990; Lindberg et al., 2006).
Research investigating fecal collection period lengths has demonstrated that a period as
short as 3 days may be sufficient to obtain reasonable estimates of in vivo digestibility in
the horse (Hintz and Loy, 1966; Goachet et al., 2009). However, Schaafstra et al. (2015)
reported decreasing variability as collection periods were increased to 5 days, after which
variation remained fairly constant. Therefore, to minimize variability, a collection period
of 5 days is often recommended, and collection periods ranging from 5 to 7 days are
commonly used throughout the literature. Following the total fecal collection period,
feed and fecal samples are analyzed for nutrient composition. Using feed consumption

and fecal excretion data, nutrient intake and excretion can be calculated. For any given
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nutrient, apparent digestibility can be determined by calculating the difference between
the amount of nutrient consumed and the amount of nutrient excreted in the feces.

Total fecal collections are labor intensive, time consuming, and expensive, often
resulting in small animal numbers which may limit the power of the study (Sales, 2012).
Additionally, certain situations may limit their use, like when studying horses that are
grazing or exercising. Because of this, alternative methods for estimating digestibility
have been investigated to replace or modify the use of total fecal collections. Partial
collection techniques involve periodic fecal sampling, but have only been used with
limited success. Goachet et al. (2009) used ADL and acid insoluble ash (AIA) as
markers to compare digestibility estimates obtained using partial and total fecal collection
methods. In this experiment, ADL underestimated digestibility for all dietary
constituents measured except dry matter, and AIA overestimated the digestibility of all
dietary constituents. More research comparing the effectiveness of partial and total fecal
collection techniques is likely needed to ensure accuracy before partial collection
techniques are widely adopted for digestibility determinations.

Factors Affecting Digestibility

It has been well established that the nutritive value of a feedstuff affects
digestibility. For forages, diets containing higher fiber concentrations have been
consistently associated with decreased digestibility (Cuddeford et al., 1995; Crozier et al.,
1997; Pearson et al., 2001; Miyaji et al., 2011). Similarly, the type of diet (i.e. forage vs.
concentrate) can also affect digestibility. The addition of concentrates to the equine diet
has been shown to increase overall dietary DMD, regardless of the inclusion rate or

concentrate source (Pagan et al., 1998; Palmgren Karlsson et al., 2000; Drogoul et al.,
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2001; Hussein et al., 2004; Jouany et al., 2008). Fiber digestion was not found to be
affected by an inclusion of low levels of concentrates in the diet (Palmgren Karlsson et
al., 2000; Hussein et al., 2004). However, grain supplementation did decrease fecal pH
(Hussein et al., 2004), and a high inclusion of dietary concentrates has been shown to
have a negative impact on dietary fiber digestion (Pagan et al., 1998; Palmgren Karlsson
et al., 2000; Drogoul et al., 2001; Jouany et al., 2008). While the quality of fiber present
in forage versus concentrate sources could play a role in fiber digestion (Pagan et al.,
1998), these results could also suggest that high levels of concentrates decrease the
stability of the microbial community in the hindgut, reducing the rate of fiber
fermentation (Medina et al., 2002; Jouany et al., 2008).

Other external factors, such as intake level, can also have an effect on
digestibility. While Martin-Rosset and Dulphy (1987) and Martin-Rosset et al. (1990)
found no difference in digestibility with varying intake levels, Cuddeford et al. (1995)
compared digestibility among horses, ponies, and donkeys and found that animals with
lower intakes appeared to digest feed more effectively. Similarly, Miyaji et al. (2014)
reported an increase in the apparent digestibility of DM, NDF, and ADF for horses fed
grass hay at lower intakes.

Changes in intake can often result in changes in digestibility through alterations in
digesta passage rates. Broadly, passage rate is defined as the flow of material through the
gastrointestinal tract per unit of time. Various terms have been used in the literature to
describe digesta passage. Minimum retention time (or transit time) describes the time
between feeding and the first appearance of a meal in the feces, while maximum retention

time represents the time between feeding and the last excretion of a meal (Van
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Weyenberg et al., 2006). The most common term used to describe digesta passage rates
is mean retention time (MRT), which denotes the duration the average feed particle is
retained within the gastrointestinal tract (Owens and Hanson, 1992; Van Weyenberg et
al., 2006). Generally, longer digesta retention times have been associated with increased
diet digestibility, likely as a result of increased enzymatic digestion in the small intestine
and/or more extensive microbial fermentation in the hindgut (Mertens and Ely, 1982;
Pearson and Merritt, 1991; Cuddeford et al., 1995; Van Weyenberg et al., 20006).
Digestibility, intake, and passage rate kinetics are all closely linked. Often, the study of
digesta flow through the gastrointestinal tract can provide a crucial link between
digestion and nutrition, making it an important factor to consider when studying the
digestive process.
Assessing Digesta Passage Rates

Several approaches have been used by researchers to quantitate digesta passage
rates. Direct measures of digesta passage can be gathered using cannulas (Drogoul et al.,
2000; Austbg and Volden, 2006; Jouany et al., 2008), or animals can be euthanized and
samples collected directly from each segment of the gastrointestinal tract (Hintz et al.,
1971; Gibbs et al., 1988; Miyaji et al., 2008a, 2014). However, the use of markers to
estimate digesta passage has proven to be a more suitable method and has reduced the use
of invasive or terminal procedures. This type of experimentation involves feeding or
dosing a marked feed, collecting feces, and measuring the excretion of the marker over
time. A marker is defined as a reference compound used to monitor the chemical and
physical flow of digesta (Owens and Hanson, 1992). Criteria that have been used to

define an ideal marker include: it must be strictly non-absorbable, inert substances; it
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must be intimately associated with and uniformly distributed throughout the material it is
to mark; it must not modify any physical characteristics or fermentation kinetics of the
feed fraction it is to mark; it must not affect, or be affected by, the gastrointestinal tract or
its microbial population; and its method of estimation in samples must be specific and
sensitive without interfering with other analyses (Bernard and Doreau, 2000; Sales,
2012).

Because fluid and particulate matter move through the gastrointestinal tract
differently, separate markers are needed to estimate the passage of each phase (Van
Weyenberg et al., 2006). The liquid phase is made up of the soluble components of the
digesta, whereas the particulate phase is comprised of any insoluble, undigested particles.
Generally, fluid and fine particles will proceed more rapidly through the gastrointestinal
tract, particularly in the hindgut, where larger particles are selectively retained to allow
for further microbial fermentation (Sellers and Lowe, 1986; Drogoul et al., 2000, 2001).
Fluid phase markers must be water soluble and dissolve upon ingestion, remaining in
solution in the fluid phase of digesta. Common fluid phase markers include chromium-
ethylenediaminetetraacetic acid (Cr-EDTA) and cobalt-ethylenediaminetetraacetic acid
(Co-EDTA; Udén et al., 1980). Particulate phase markers can be further classified as
internal or external. Markers are considered internal when the marker is a naturally
occurring part of the plant, or external when the marker is artificially associated with the
plant material (Bernard and Doreau, 2000). Internal markers are usually indigestible
components of a feed, including acid insoluble ash (AIA), acid detergent lignin (ADL),
indigestible acid detergent fiber (IADF), or n-alkanes (Penning and Johnson, 1983a; b;

Dove and Mayes, 1991; Owens and Hanson, 1992; Miraglia et al., 1999). External
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markers used in equine studies have varied widely, ranging from Styrofoam particles and
colored beads to chromium mordanted-fiber and rare-earth labeled feeds (Hintz and Loy,
1966; Pearson and Merritt, 1991; Pearson et al., 2001; Drogoul et al., 2001; Moore-
Colyer et al., 2003; Miyaji et al., 2008b, 2014). Commonly used external markers
include chromic oxide (Cr203), chromium-mordanted fiber, and rare-earth elements.

Cr-EDTA and Co-EDTA. Both Cr-EDTA and Co-EDTA are water soluble and
are commonly used as fluid phase markers in rate of passage studies. The presence of
EDTA prevents the absorption of the chromium or cobalt molecule across the gut wall;
instead, the marker will pass along the gastrointestinal tract with the fluid phase of the
digesta. Evaluation of Cr-EDTA and Co-EDTA as markers has shown that both markers
give similar results for fluid passage rate and appear to be suitable markers for the liquid
phase, with recovery rates > 90% (Udén et al., 1980; Nyberg et al., 1995; Cuddeford et
al., 1995; Drogoul et al., 2000).

AIA and ADL. Compounds like AIA and ADL are naturally occurring in
feedstuffs and are generally considered to be indigestible. Reports concerning their use
as internal markers have been somewhat contradictory. When AIA was used as an
internal marker, Orton et al. (1985) and Miraglia et al. (1999) found no differences in
digestibility estimates between total collection and AIA methods. However, others have
found that digestion coefficients determined based off of AIA content were overestimated
compared to those determined by total fecal collection (Cuddeford and Hughes, 1990;
Almeida et al., 2001; Goachet et al., 2009). Studies using ADL as an internal marker
have shown that apparent digestibility coefficients appeared to be underestimated

(Miraglia et al., 1999; Almeida et al., 2001; Goachet et al., 2009) and recovery in the
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feces is often low (Miraglia et al., 1999). As such, the use of AIA or ADL as internal
markers has not been widely accepted.

N-alkanes. N-alkanes are another internal marker that has been investigated as a
potential marker for digestibility and passage rate studies (Dove and Mayes, 1991; Mayes
and Dove, 2000; Stevens et al., 2002). Odd-chain alkanes, which are naturally present in
the cuticular wax of forage plants, can be used as internal markers to predict digestibility,
while even-chain alkanes, typically provided from external sources, can be fed and used
to predict fecal output (Mayes and Dove, 2000). Although some disappearance of
alkanes from the digestive tract was reported, Ordakowski et al. (2001) and Stevens et al.
(2002) found similar DMD estimates using fecal collection and n-alkane methods when
n-alkane estimates were corrected for fecal recovery; both concluded that n-alkanes could
be used as internal markers for equine digestibility research provided fecal recoveries
could be calculated. Chavez et al. (2014) also investigated the use of n-alkanes to
measure intake and digestibility, and concluded that n-alkanes could be useful for
determining intake and digestibility under grazing conditions.

Chromic oxide. Chromic oxide has been used as an external, particulate phase
marker in passage rate studies. While Todd et al. (1995) found digestibility estimates
based on Cr203 to be comparable to fecal collection methods, others have reported that
the flow kinetics of Cr203 are not representative of the digesta fraction (Owens and
Hanson, 1992), and incomplete fecal recovery and poor mixing with forages and grains
has been noted (Sales, 2012). Additionally, if total fecal collections are not used and

marker recovery cannot be calculated, the diurnal variation of fecal chromium limits the
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usefulness of Cr>O3 as a marker (Parkins et al., 1982; Cuddeford and Hughes, 1990;
Holland et al., 1998).

Chromium-mordanted fiber. Chromium forms strong ligands with plant cell wall
constituents, and the mordanting process used to produce chromium-mordanted fiber
irreversibly binds the chromium to the fibrous portion of the cell wall. Udén et al. (1980)
and Beauchemin and Buchanan-Smith (1989) tested the stability of chromium-mordanted
fiber when exposed to 0.01M HCI solution or 48-h in vitro digestion and reported marker
recoveries > 88%. Due to this high binding capacity, chromium-mordanted fiber has
frequently been used as a particulate marker for in vivo digestion trials, which have
reported fecal recovery of chromium ranging from 77 to 99% when fed to steers or dairy
cattle (Udén et al., 1980; Mader et al., 1984) and 88 to 90% when fed to horses, ponies,
and donkeys (Pearson and Merritt, 1991; Cuddeford et al., 1995). However, although
chromium binds well to particulate material, the binding of high levels of chromium to
the cell wall has been shown to adversely affect particulate passage rates by reducing DM
digestibility (Udén et al., 1980; Mader et al., 1984; Beauchemin and Buchanan-Smith,
1989) and increasing feed density of the labeled particles (Ehle, 1984).

Rare-earth elements. The use of rare-earth metals as particulate markers has
become increasingly more common because they are indigestible, will bind tightly to
plant materials, and are present in very low concentration in forages (Bernard and
Doreau, 2000). The elements commonly used as markers in passage rate research include
dysprosium (Dy), europium (Eu), cerium (Ce), lanthanum (La) samarium (Sa), and
ytterbium (Yb; Crooker et al., 1982; Teeter et al., 1984; Poore et al., 1990). The metallic

properties of these elements allow them to be easily complexed with fibrous plant
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materials; binding occurs between the functional groups (specifically carboxyl and amino
groups) of the fibrous constituents and the metal ion. Total binding capacity is largely
dependent on the NDF concentration, with higher levels of NDF resulting in a tighter
bond (Bernard and Doreau, 2000). Early information investigating the use of rare-earth
metals as markers suggested that the elements could become mobile during the digestive
process and migrate away from the originally labeled material, especially under acidic
conditions (Crooker et al., 1982; Mader et al., 1984; Teeter et al., 1984; Beauchemin and
Buchanan-Smith, 1989). Migration away from labeled material and possible association
with smaller particle size material or soluble compounds could bias passage estimates and
result in underestimation of true passage rate (Beauchemin and Buchanan-Smith, 1989).
However, more recent studies have demonstrated only minimal migration, with fecal
marker recoveries > 94% (Drogoul et al., 2000; Moore-Colyer et al., 2003), and have
suggested that rare-earth metals could be used successfully as external markers (Hartnell
and Satter, 1979; Ledoux et al., 1985; Austbeg and Volden, 2006; Rosenfeld et al., 2006).
The extent of migration from a feed can be reduced through extensive rinsing following
marker attachment, which will remove unbound or loosely bound markers (Teeter et al.,
1984; Owens and Hanson, 1992). Labeling feedstuffs with rare-earth metals has also
been suggested to induce varying levels of digestive modifications, with several studies
reporting reductions in in situ DMD for feeds labeled with Yb (Mader et al., 1984; Teeter
et al., 1984; Beauchemin and Buchanan-Smith, 1989). Effects on digestibility increase as
the level of bound rare-earth increases, likely as a result of negative interactions between
marker and microbe attachment; as such, it has been recommended that no more label be

bound to the feedstuff than necessary (Bernard and Doreau, 2000).
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Marker Labeling, Sampling, and Administration

Before an external marker can be used it must first be bound to the feedstuff of
interest. Many of the techniques used to label forages with external markers require the
forage of interest to be boiled, or washed, in a detergent solution to remove all soluble
matter prior to marker attachment (Drogoul et al., 2000, 2001). Thus, the marker is
applied only to the NDF fraction of the feedstuff. This washing step prevents markers
from binding to the soluble portion of the forage and moving through the gastrointestinal
tract with the fluid phase rather than the particulate phase.

Numerous labeling techniques have been utilized to bind markers to feedstuffs;
the most common methods involve immersion, spraying, or mordanting (Mader et al.,
1984; Teeter et al., 1984; Beauchemin and Buchanan-Smith, 1989). A study by Mader et
al. (1984) compared labeling methods for Yb-labelled wheat and found that labeling
method did not alter MRT estimates. However, the time to first excretion of the marker
was less for the spraying technique compared to the immersion technique, suggesting that
the Yb may have been more loosely bound to the forage when the marker was applied by
spraying (Mader et al., 1984). Unlike spraying, the immersion technique allows for
extensive rinsing following marker attachment, which can be used to remove unbound or
loosely bound markers and reduce marker migration within the gastrointestinal tract
(Teeter et al., 1984; Owens and Hanson, 1992; Bernard and Doreau, 2000).

Regardless of marker selection, all marker procedures use one of two types of
dosing (continuous or single pulse-dose) and one of two types of sampling procedures
(time sequence or total collection; Owens and Hanson, 1992). Under the pulse-dose

technique, marked feeds are usually provided in a single meal or dose; this technique is

22



typically used to estimate digesta volume and retention time. Continuous dosing involves
repeated consumption of marked feeds to maintain marker levels over time and is
primarily used to measure instantaneous flow at a specific point within the digestive tract
(Owens and Hanson, 1992). The most common dosing technique in equine research
involves a pulse-dosed marker followed by time sequence sampling; this technique is
commonly used to estimate MRT.

To administer markers, many studies simply mix the labeled feeds with a portion
of the daily diet (Drogoul et al., 2001; Austbg and Volden, 2006; Rosenfeld et al., 2006;
Jouany et al., 2008; Rosenfeld and Austbg, 2009). Others have mixed the marked feed
with a small amount of a highly palatable treat or feed (Pearson and Merritt, 1991;
Pearson et al., 2001, 2006; Moore-Colyer et al., 2003; Clauss et al., 2014). Fluid phase
markers can also be top dressed, given as a drench by syringe at the back of the throat
(Pearson and Merritt, 1991; Pearson et al., 2001, 2006), or administered via a stomach
tube (Drogoul et al., 2000, 2001).

When sampling feces for marker concentration, total fecal collections (Pearson
and Merritt, 1991; Drogoul et al., 2001; Moore-Colyer et al., 2003; Pearson et al., 2006;
Miyaji et al., 2008a, 2011) or partial sampling (Austbg and Volden, 2006; Rosenfeld et
al., 2006; Goachet et al., 2009, 2010) methods can be used. Total fecal collections offer
the advantage that total marker excretion can be determined to allow for percent recovery
calculations. However, the use of partial sampling collection techniques for estimating
MRT has also been verified (Goachet et al., 2009). Partial collections are less labor

intensive and are useful for situations when total collections cannot be conducted.
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Retention times are calculated based on the amount or concentration of marker excreted
at a specific time point. The two most common calculations to determine MRT are based
on equations by Blaxter et al. (1956), which is based on marker amounts, or by
Thielemans et al. (1978), which is based on marker concentrations. The equations of
Blaxter et al. (1956) and Thielmans et al. (1978) often result in very similar estimates of
MRT (Earing, 2011; Hansen, 2014). Consequently, both are used extensively throughout
the literature and are considered accurate estimates for determination of digesta MRT.
Factors Affecting Digesta Passage Rates

Particulate MRT reported in the literature for horses range from 14 hours to over
50 hours, depending on the marker used, collection methods, diets, and experimental
variation (Van Weyenberg et al., 2006). Digesta passage rates are largely influenced by
dietary type and composition. Pagan et al. (1998) observed a longer MRT when mature
thoroughbred geldings were fed a mixed diet compared to an all-forage diet, and Drogoul
et al. (2001) found that increasing the hay:grain ratio increased passage rates through the
entire digestive tract. In addition to mixed diets, differences in digesta passage rates
among forage-only diets have also been reported. Low quality forage diets often contain
high concentrations of fiber and will pass more slowly through the digestive tract,
resulting in a longer MRT (Pearson and Merritt, 1991; Pearson et al., 2001; Guay et al.,
2002; Clauss et al., 2014). For example, at similar levels of intake, Pearson et al. (2001)
found MRT to be 30.5 and 36 h when ponies were fed alfalfa and oat straw, respectively,
and Clauss et al. (2014) reported MRTs of 23 and 31 h for horses fed high-quality and
low-quality grass hay, respectively. However, other studies have shown that high-fiber

forages decreased retention times compared to low-fiber forages (Moore-Colyer et al.,
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2003; Pearson et al., 2006). Miyaji et al. (2011) found no difference in particulate or
liquid MRT when horses were fed late vegetative or late bloom timothy hay at the same
intake level. These variations in passage rate results could be attributed to a number of
factors, including feeding level, fiber length, forage variety, plant maturity, or moisture
content (Van Weyenberg et al., 2006).

Intake level has also been shown to influence passage rate in horses, with
decreased intakes generally resulting in an increased MRT (Pearson and Merritt, 1991;
Pearson et al., 2001; Clauss et al., 2014). Cuddeford et al. (1995) and Pearson and
Merritt (1991) both reported a greater MRT for diets with lower intake levels. Similarly,
Miyaji et al. (2014) reported a 9.7 h reduction in MRT with a 1.5-fold increase in DM
intake. Other studies have reported that ad /ibitum access resulted in an increase in DMI
and a subsequent decrease in MRT (Pearson et al., 2001, 2006; Guay et al., 2002; Miyaji
et al.,, 2011). When forage intakes for horses are restricted, particulate MRT have been
shown to increase by 9 to 43% and liquid MRT by 11 to 31% (Pearson et al., 2001;
Miyaji et al., 2011, 2014). Clauss et al. (2014) fed grass hay to ponies at varying intake
levels and found increasing particulate and liquid MRTs as intake levels decreased from
ad libitum down to 30%.

The level of feed processing can also have an effect on digesta passage rates in
horses. While grain processing method was not found to affect MRT (Rosenfeld et al.,
2006; Rosenfeld and Austbg, 2009), grinding and pelleting forages increased particulate
MRT in horses compared to chopped forages fed at the same level of intake (Drogoul et
al., 2000; Miyaji et al., 2011). Drogoul et al. (2000) also reported increases in liquid

MRT when feeding ground and pelleted hay compared to chopped hay, whereas Miyaji et
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al. (2011) noted no statistical differences in liquid MRT due to hay processing. Moore-
Colyer et al. (2003) found decreased particulate MRT for chopped grass silage compared
to unchopped silage, but found no differences in MRT between chopped and unchopped
grass hay.

The relationship between dietary characteristics and MRT is not fully understood,
and is often further complicated by external factors such as exercise level, physiological
status of the animal, or water consumption (Orton et al., 1985; Pagan et al., 1998). It is
clear that numerous factors can affect digesta passage rates, which in turn can affect
digestibility. For example, if horses consume a high fiber, restricted diet, increasing
MRT may increase nutrient availability, compensating for the low nutrient intake.
Because digestibility and passage rate are closely linked, it is important to consider both
factors together when completing nutritional research. Doing so will provide a more
comprehensive view, hopefully increasing the understanding behind what might be
affecting the animal.

Summary and Conclusions

Although alfalfa is a preferred forage source for horses and other herbivores with
advanced dietary requirements, the digestibility and utilization of alfalfa by these animals
is hampered by its lignin content. Populations of reduced lignin alfalfa are now available,
and research with these experimental populations has shown their potential to improve
forage quality and digestibility. However, field evaluations under diverse conditions are
needed to determine the performance of new commercial alfalfa cultivars containing the
reduced lignin trait, especially with regard to forage accumulation and nutritive value

under different harvest frequencies. To evaluate the effects of varied harvest frequencies
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and changing forage maturity on yield, quality, and stem and leaf characteristics for
reduced lignin alfalfa, two field studies were completed. Information on these studies
can be found in Chapter 2 and Chapter 3.

In addition to the need for an evaluation of the performance of reduced lignin
alfalfa cultivars in the field, it remains to be seen if the improvements in in vitro DMD
and NDFD for reduced lignin alfalfa will translate to greater in vivo digestibility when
fed to the animal directly. A variety of methods have been successfully used to evaluate
digestibility and related nutritional parameters, including fecal particle size and digesta
passage rates. While preliminary information surrounding the forage nutritive value and
digestibility of reduced lignin alfalfa is promising, information on forage digestibility for
current, commercially available reduced lignin alfalfa cultivars is not yet available, and
digestibility changes have not yet been evaluated in the equine model. Therefore, a
digestibility study in which reduced lignin and reference alfalfa hays were fed to horses
was completed. The objectives for the study were to evaluate apparent digestibility and
other digestibility-related parameters, including fecal particle size and retention time,
when feeding reduced lignin and reference alfalfa hays to adult horses. Information on

the methods and results for this study are reported in Chapter 4.
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CHAPTER SUMMARY
Reduced lignin alfalfa (Medicago sativa L.) cultivars have the potential to
increase the feeding value of alfalfa for livestock by improving forage fiber digestibility
and to increase harvest management flexibility. The objectives were to compare the
forage accumulation and nutritive value of reduced lignin and reference alfalfa cultivars
when subject to diverse cutting treatments in the establishment and first production year.
Research was established in 2015 at four locations in Minnesota. Reference alfalfa

cultivars 54R02, DKA43-22RR, WL 355.RR, and the reduced lignin cultivar 54HVX41
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were subject to cutting treatments with variable intervals between harvests. Cultivar by
cutting treatment interactions were not significant (P > 0.05), but cultivar and cutting
treatment effects were significant. Cultivars did not consistently differ in forage
accumulation. Establishment year forage accumulation was greater when a fall harvest
was taken, and first production year forage accumulation was generally greatest when
alfalfa was harvested on a 40-d cutting schedule. Compared to reference alfalfa cultivars,
54HVX41 had an average of 8% less acid detergent lignin (ADL) and 10% greater
neutral detergent fiber digestibility (NDFD) but was similar in crude protein (CP) and
neutral detergent fiber (NDF) concentrations. Cutting treatments with shorter harvest
intervals increased forage CP and NDFD and decreased NDF and ADL concentrations.
With a 5-d harvest delay, 54HVX41 harvested on a 35-d harvest interval had a 21% gain
in forage mass and a 3% reduction in relative forage quality (RFQ) compared to reference
cultivars harvested on a 30-d harvest interval, which could allow for increased

management flexibility.

INTRODUCTION
Alfalfa is widely used as forage for livestock due to its high nutrient content
(Marita et al., 2003; Yu et al., 2003). However, the digestibility and utilization of alfalfa
by these animals is hampered by its lignin content (Sewalt et al., 1997; Casler et al.,
2002). Lignin is a complex structural polymer that is the second most abundant
component of secondary plant cells walls (Li et al., 2015b), providing the strength and
rigidity necessary for the plant to stand upright (Inoue et al., 1998; Guo et al., 2001a). As

a plant matures, lignin concentration also increases, filling the space between cellulose,
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hemicellulose, and pectin molecules and forming cross-linkages with hemicellulose
(Albrecht et al., 1987; Jung et al., 1997b; Inoue et al., 1998; Casler and Vogel, 1999).
While it is essential for normal plant growth, the deposition of lignin into plant cell walls
can reduce the feeding value of alfalfa by negatively affecting rumen microbial
degradation and the digestion of feed by intestinal enzymes (Buxton and Hornstein, 1986;
Liu and Yu, 2011). Lignification has been reported to be the major factor limiting both
the in vitro digestibility of plant cell-wall polysaccharides (Morrison, 1979; Albrecht et
al., 1987; Jung et al., 2012) and the in vitro dry matter digestibility (DMD) of whole plant
forage (Casler, 1986, 1987; Reddy et al., 2005). These negative effects have primarily
been associated with lignin concentration, as numerous studies have found strong
negative correlations between lignin concentrations and forage digestibility (Albrecht et
al., 1987; Casler, 1987; Jung et al., 1997b; a; Reddy et al., 2005).

With such a strong influence on forage digestibility, small decreases in the lignin
concentration of forages can be expected to improve the fiber digestibility at any plant
maturity stage (Casler, 1987; Undersander et al., 2009). Predictions by Casler (1987)
estimated that a single unit decrease (g kg™') in the concentration of ADL of smooth
bromegrass (Bromus inermis L.) would result in a 7.0 unit increase in in vitro DMD.
Feeding and grazing studies have shown that small changes in forage digestibility can
significantly impact animal performance. For a number of grass cultivars, Casler and
Vogel (1999) reported a positive relationship between in vitro DMD improvement and
animal daily gains, with a 1% increase in in vitro DMD resulting in a 3.2% increase in

daily weight gains for beef cattle.
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Several experimental lines of alfalfa have been developed with down-regulation
of the caffeic acid 3-O-methyltransferase (COMT) and caffeoyl CoA 3-O-
methyltransferase (CCOMT) lignin biosynthetic genes (Inoue et al., 1998; Guo et al.,
2001a; Marita et al., 2003; Getachew et al., 2011). Experimental populations of COMT
and/or CCOMT down-regulated alfalfa have shown a 4 to 29% decrease in stem lignin
concentration and a 1 to 24% decrease in herbage lignin concentration compared to
reference alfalfa cultivars (Guo et al., 2001a; b; Marita et al., 2003; Reddy et al., 2005;
Undersander et al., 2009; Getachew et al., 2011). The wide variation in lignin reduction
reported could be due to the specific down-regulated gene (Guo et al., 2001a; b; Marita et
al., 2003; Undersander et al., 2009; Getachew et al., 2011), the methods used for lignin
analysis (Guo et al., 2001a; b; Jung et al., 2012), or the plant growing conditions
(Baucher et al., 1999).

Populations of reduced lignin alfalfa have shown an increase in in vitro DMD, in
situ rumen digestibility, and in vitro NDFD (Guo et al., 2001b; Reddy et al., 2005;
Mertens and McCaslin, 2008; Weakley et al., 2008; Undersander et al., 2009; Getachew
et al., 2011). Reddy et al. (2005) reported a strong negative linear relationship between
in situ digestibility and ADL levels across all reduced lignin lines. In addition to
increased digestibility, reduced lignin alfalfa populations have also shown reduced NDF
concentrations and greater non-fiber carbohydrate concentrations compared to control
lines (Guo et al., 2001b; Reddy et al., 2005; Getachew et al., 2011; Li et al., 2015a),
while CP concentrations remained similar for reduced lignin and reference alfalfa lines

(Getachew et al., 2011; Li et al., 2015a).
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Recently released reduced lignin alfalfa cultivars have potential to increase the
digestibility of alfalfa forage compared to reference cultivars (Guo et al., 2001a; b;
Marita et al., 2003; Reddy et al., 2005; Getachew et al., 2011). These improvements in
alfalfa forage nutritive value may lengthen the time period when alfalfa has a forage
nutritive value suitable for high-producing livestock. This could allow for a wider
optimal harvest window, making it possible for alfalfa growers to achieve greater forage
accumulation by delaying alfalfa harvest while still maintaining acceptable forage
nutritive value (Undersander et al., 2009).

Research with experimental populations of reduced lignin alfalfa has shown their
potential to improve forage digestibility. However, field evaluations under diverse
conditions are needed to determine the performance of new commercial alfalfa cultivars
containing the reduced lignin trait, especially with regard to forage accumulation and
nutritive value under different harvest frequencies. The objectives of this study were to
evaluate forage accumulation and nutritive values of reduced lignin and reference alfalfa
cultivars when subject to diverse cutting treatments during the establishment and first

production year.

MATERIALS AND METHODS
Research was conducted at the University of Minnesota Agricultural Experiment
Stations at St. Paul, Becker, Rosemount, and Rochester, MN in 2015, and continued at St.
Paul, Becker, and Rosemount, MN in 2016. Similar establishment year results across
locations combined with a lack of sufficient time and resources resulted in the exclusion

of the Rochester location from the 2016 experiment. The soil was a Waukegan silt loam
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(fine-silty over sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludolls) at
St. Paul (44°59°14” N, 93°10°24” W, elevation 291 m), a Hubbard-Mosford complex
(sandy, mixed, frigid Entic Hapludolls) at Becker, MN (45°23°13” N, 93°53°18” W,
elevation 290 m), a Port Byron silt loam (fine-silty, mixed, superactive, mesic Typic
Hapludolls) at Rosemount, MN (44°41°16” N, 93°04°21” W, elevation 288 m), and a
Marshan silt loam (fine-loamy over sandy or sandy-skeletal, mixed, superactive, mesic
Typic Endoaquolls) at Rochester, MN (44°00°46 N, 92°25°02” W, elevation 317 m).

Monthly mean air temperature and precipitation data were collected at each
location and year. Mean daily air temperature for the 2015 and 2016 growing seasons
(May through October) was similar to the 30-yr average except for September and
October, which tended to be warmer than normal (Figure 2.1A-B). Total rainfall during
the 2015 and 2016 growing seasons (May through October) fell between 56 and 78 cm
and was greater compared to the 30-yr average, which ranged from 51 to 62 cm across
locations (Figure 2.1A-B). Seasonal rainfall was not evenly distributed and varied
greatly across location, month, and year.

All sites were planted between 27 and 30 Apr 2015. Inoculated seed was seeded
into a prepared seedbed at a rate of 18.8 kg ha™! in plots measuring 0.9 x 6.1 m. Soil
fertility at each site was amended to meet recommendations for alfalfa hay production
according to University of Minnesota fertility guidelines (Kaiser et al., 2011). In the
establishment year, weeds were controlled using a single application of glyphosate (N-
(phosphonomethyl)glycine) applied at rate of 2.34 L a.i. ha''; additional weed control was
not required during the first production year. Potato leathoppers were controlled using

Arctic 3.2 EC ((m-Phenoxybenzyl)-cis,trans-3-(2,2-dichlorovinyl)-2,2-
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dimethylcyclopropanecarboxylate) as needed when potato leathoppers exceeded
threshold populations, which generally occurred each July (Cancelado and Radcliffe,
1979; Chasen et al., 2015).

At all sites, the experimental design was a randomized complete block with five
replicates and a split-plot arrangement of treatments. Whole plots were four cutting
treatments with varying harvest frequencies. In 2015, cutting treatments began a
minimum of 60 days following seeding and included ‘Standard’ (60d + 30d + 30d),
‘Standard + Fall’ (60d + 30d + 30d + Fall), ‘Standard + Delay’ (60d + 37d + 37d), and
‘Delay + Fall’ (67d + 45d + Fall). A first harvest 60 days following seeding is a
recommended practice to promote the establishment of alfalfa (Sheaffer et al., 1988). A
30-d cutting interval was chosen to represent the standard for high quality alfalfa
production in the northern Midwest, while the 37- and 45-d cutting intervals were chosen
to represent alfalfa production for maximum forage accumulation and persistence
(Undersander et al., 2011), as well as to test the effects of reduced lignin alfalfa grown
under a delayed harvest schedule. A fall cut refers to an alfalfa harvest taken around the
first week of October in the northern Midwest (Undersander et al., 2011). Fall cuts are a
common method used to increase seasonal forage accumulation in the northern Midwest;
however, a fall cut will often reduce stand persistence and forage mass the following
spring (Undersander et al., 2011; Wells et al., 2014). For these reasons, a fall cut was
included for two of the 2015 cutting treatments to test the effects of a fall harvest on
reduced lignin alfalfa cultivars. In 2016, the first cutting occurred on the same day for all
treatments to determine the effect of establishment year cutting treatments on forage mass

and to asses any potential winter injury. Results from the 2016 first cut showed a slight
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reduction in forage mass for the more intensive Standard + Fall establishment year
cutting treatment at some locations (see forage accumulation results for further details).
As aresult, the plots in the 2015 Standard + Fall cutting treatment continued to be
harvested under a more intensive 30-d cutting schedule in 2016 in order to investigate the
potential effects of a more intense harvest schedule. No differences in forage mass were
found among the rest of the 2015 cutting treatments; therefore, the remaining 2016
cutting treatments were randomly assigned to plots. Cutting treatments in 2016 included
30-d’ (30d + 30d + 30d + Fall), ‘35-d’ (35d + 35d + 35d + Fall), ‘40-d’ (40d + 40d +
Fall), and ‘45-d’ (45d + 45d + Fall). Similar to the establishment year, a range of cutting
intervals was chosen to test the effects of reduced lignin alfalfa when grown for a variety
of production goals. Harvest dates for cutting treatments within each location and year
are shown in Table 2.1. Sub-plots were four alfalfa cultivars, which included the
reference alfalfa cultivars 54R02, DKA43-22RR, WL 355.RR, and the reduced lignin
cultivar 54HVX41. All alfalfa cultivars were marketed as Round-up Ready and were
rated as Fall Dormancy 4 cultivars.

To determine plant maturity and forage nutritive value, random duplicate samples
were hand-harvested from non-border rows within each plot to a stubble height of 5 cm.
Samples were weighed to determine wet weight. One sample from each plot was used to
evaluate alfalfa maturity using the mean stage by count (MSC) method developed by
Kalu and Fick (1981), where vegetative growth included stages 0 through 2, budding
plants included stages 3 and 4, and flowering plants included stages 5 and 6. The other
sample from each plot was dried in forced-air ovens for 48 h at 60°C and weighed for dry

matter (DM) determination. Dried samples were ground through a 6-mm screen in a
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Wiley mill (Thomas Scientific, Swedesboro, NJ) followed by a 1-mm screen in a
Cyclotec (Foss, Hillerad, Denmark). Samples were mixed thoroughly and scanned under
near infrared reflectance spectroscopy (NIRS) using a Perten NIRS (Model DA 7200;
Perten Instruments, Springfield, IL) with calibration equations developed in Minnesota to
estimate forage nutritive value for CP, NDF, ADL, and NDFD. The standard error of
cross validation was 0.98, 1.98, 1.52, and 2.64, respectively, for CP, ADL, NDF, and
NDFD, while the R? was 0.98, 0.80, 0.86, and 0.87, respectively. Wet chemistry
procedures were as follows: CP (AOAC 990.03, 2010); NDF and ADL (Goering and Van
Soest, 1970; Van Soest et al., 1991); and NDFD (Hoffman et al., 1993). Forage nutritive
value parameters from the NIRS analysis were used to calculate RFQ using the equations
provided by Moore and Undersander (2002) to provide a relative measure of forage
quality.

Following the hand-sampling, alfalfa plot forage masses were determined by
mechanically harvesting a 0.9 x 5.2 m strip using a flail harvester (Carter Manufacturing
Company Inc., Brookston, IN) set to leave a 5-cm stubble. Mechanically harvested
samples were weighed, and hand-sample wet weights were added to calculate a total plot
wet weight for DM forage mass determination. After each harvest was complete, stand
density was assessed via stem counts, which were measured as the number of green stems
(> 2.5 cm in length) along a 0.3-m section in non-border rows in two locations within
each harvested plot (Smith et al., 1989). In the fall of each year, plant densities were
measured in two locations within each plot using a frequency grid (Vogel and Masters,

2001).
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Data were analyzed using the MIXED procedure of SAS (version 9.4; SAS
Institute Inc., Cary, NC). Individual plots comprised the experimental unit, and statistical
significance was set at P <0.05. Due to management differences (i.e. cutting treatments),
analysis of the establishment year (2015) and first production year (2016) was completed
separately. Differences among environments resulted in significant interactions between
location and cutting treatment; therefore, locations were analyzed and reported
separately. Replicate was considered a random effect; cutting treatment and cultivar
were designated as fixed effects. Within each year and location, forage masses are
reported as seasonal cumulative forage accumulation, and forage nutritive values are
reported for the mid-season harvests (excluding the first and fall cut). The first harvest of
each year was excluded because harvest for all plots occurred on the same date and
initiated the different cutting treatments. The fall cut was excluded because it did not
correspond to a specific harvest frequency or follow cutting treatment schedules. Means
separations were performed on significant effects using Tukey’s HSD test. Variables
analyzed included maturity (MSC), forage accumulation, CP, NDF, ADL, and NDFD.

To assess the relationship between plant maturity and forage nutritive value, Pearson
correlation coefficients were calculated between MSC and the forage nutritive values for
CP, NDF, ADL, and NDFD using the CORR procedure of SAS (version 9.4; SAS
Institute Inc., Cary, NC).

Cumulative growing degree days (GDD, Tpase = 5.6 °C) were tracked and reset
between each cutting interval for all sites during the 2016 growing season. The number
of GDD accumulated at harvest in 2016 averaged across cuttings and locations were 832,

1035, and 1248 GDD for the 30-, 35-, and 40-d cutting treatments, respectively. Due to
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the large decrease in RFQ for the 45-d cutting treatment, the 45-d cutting treatment was
excluded to better reflect high quality alfalfa production management. Cumulative GDD
were utilized to further explore the relationships between alfalfa harvest frequency (i.e.
cutting treatments) and forage mass, as well as between alfalfa harvest frequency and
RFQ. The REG procedure in SAS and the Akaike’s Information Criterion (AIC) were
used to aid in model selection comparing linear and quadratic models that best predict
forage mass and RFQ (Burnham and Anderson, 2002); version 9.4; SAS Institute Inc.,
Cary, NC). Quadratic models with cumulative GDD as the predictor variable were
selected to best predict forage mass. Forage nutritive value parameters from the NIRS
analysis were applied to the RFQ equation and the RFQ estimates were regressed on
cumulative GDD. The quadratic model with MSC as a covariate was determined to best

predict RFQ.

RESULTS AND DISCUSSION

For maturity, forage accumulation, and forage nutritive values, statistical analysis
indicated no significant interactions (P > 0.05) between cutting treatment and cultivar;
therefore, only the main effects of cutting treatment and cultivar were reported. Data for
cutting treatments were averaged across cultivars, and data for cultivars were averaged
across cutting treatments.

Maturity

Cultivar Response. Maturities differed among cultivars (Table 2.2), although

differences were minimal and inconsistent. In 2015, there were no differences in

maturity among cultivars at Rosemount. At Becker, Rochester, and St. Paul, 54HVX41
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was among the least mature (MSC < 2.6), while reference cultivars were among the most
mature. In 2016, 54HVX41 was less mature (MSC = 3.5) compared to DKA43-22RR
(MSC =3.9) at Rosemount. At Becker and St. Paul, cultivars had similar maturities.
Maturities for all cultivars were within normal ranges, ranging from the late vegetative to
early bud stage in 2015, and from the early bud to early flower stage in 2016 (Kalu and
Fick, 1981).

Cutting Treatment Response. Maturities differed among cutting treatments
(Table 2.2). In 2015, plants subject to the Standard and Standard + Fall cutting
treatments were the least mature (MSC < 2.1), while plants in the Delay + Fall cutting
treatment were the most mature (MSC > 3.1). In 2016, plants in the 30-d cutting
treatment were the least mature (MSC < 3.2), while plants in the 40- and 45-d cutting
treatments were the most mature (MSC > 4.4). The increase in maturity with
increasingly delayed cutting treatments was expected, as a wider harvest interval allows
for further growth and maturation.

Forage Accumulation

Cultivar Response. Forage accumulation differed among alfalfa cultivars but
was not consistent across locations (Table 2.3). Forage accumulation differences were
more pronounced during the establishment year (2015) than during the first production
year (2016). In 2015 at Becker and Rosemount, DKA43-22RR and WL 355.RR were
among the cultivars with the greatest forage accumulation (> 7.3 Mg ha™!), while
54HVX41 was among those with the least forage accumulation (< 7.0 Mg ha!). At
Rochester, 54HVX41 had decreased forage accumulation (5.8 Mg ha™!) compared to all

reference cultivars (> 6.6 Mg ha!). At St. Paul, forage accumulation was similar for all
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alfalfa cultivars. In 2016, only the Becker location resulted in seasonal cumulative forage
accumulation differences. At Becker, 54HVX41 had a decreased forage accumulation
(15.0 Mg ha!) compared to all reference cultivars (15.9 Mg ha™).

To the best of our knowledge, this is the first public study comparing forage
accumulation between reduced lignin and reference alfalfa cultivars under diverse cutting
schedules. Forage accumulation for 54HVX41 tended to be decreased compared to
reference cultivars at some locations in the establishment year. However, fewer
differences in forage accumulation were observed during the first production year,
indicating that forage accumulation differences between 54HVX41 and reference alfalfa
cultivars could be minimal following establishment. Forage accumulations ranged from
5.8 t0 9.3 Mg ha'! in the establishment year and from 15.0 to 20.8 Mg ha™! in the first
production year and are comparable to previously reported alfalfa forage accumulations.
In Wisconsin, establishment year forage accumulations for University variety trials
ranged from 2.7 to 16.1 Mg ha™! for alfalfa planted between 2013 and 2015 (Undersander,
2016). First production year forage accumulations ranged from 8.5 to 23.8 Mg ha™! and
from 11.2 to 25.6 Mg ha'! in University variety trials planted between 2013 and 2015 in
Minnesota and Wisconsin, respectively (Sheaffer et al., 2016; Undersander, 2016).

Cutting Treatment Response. Forage accumulation differed among cutting
treatments (Table 2.3). In 2015, the Standard + Fall and Delay + Fall cutting treatments
were among those with the greatest forage accumulation (> 6.7 Mg ha™!), while the
Standard cutting treatment was among those with the least forage accumulation. In 2016,
the 40-d cutting treatment was among those with the greatest forage accumulation (> 16.3

Mg ha'!), while the 30- and 45-d cutting treatments were among those with the least
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forage accumulation. These results demonstrate that alfalfa has high forage accumulation
potential in the both the establishment and first production year, and that forage
accumulations were affected by harvest scheduling.

During the establishment year, forage accumulations were improved when a fall
cut was added. During the first production year, alfalfa forage accumulations were
greater with the 40-d cutting treatment compared to the 30-d cutting treatment. These
results suggest that adding a fall harvest or using a cutting schedule with a longer interval
between harvests can result in greater forage accumulation compared to a traditional 30-d
cutting system or one without a fall harvest. Compared to the traditional 30-d cutting
system, a 40-d harvest interval also offered the advantage of reducing the number of cuts
per season from five to four while still producing greater forage accumulation.

Previous research has also concluded that as the interval between harvests
increased, annual DM forage accumulation increased (Brink and Marten, 1989;
Kallenbach et al., 2002; Putnam et al., 2005; Probst and Smith, 2011; Min, 2016). In
Missouri, Kallenbach et al. (2002) reported that alfalfa harvested four times per year
produced 7% and 28% more than when harvested five or six times per year, respectively.
Similarly, Min (2016) reported increasing alfalfa forage accumulation as cutting intervals
increased from 28 days to 42 days in Kansas. However, there is a point where increasing
the interval between harvests no longer results in increased forage accumulation.
Delayed harvests beyond early flowering can reduce forage accumulation as a result of
leaf loss from lower portions of the canopy (Sheaffer et al., 1988). In the present study,
the 45-d cutting treatment had the longest harvest interval but was among the cutting

treatments with the least forage accumulation. Min (2016) also observed that alfalfa DM
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forage accumulation decreased by approximately 16% when alfalfa was harvested every
49 days compared to every 42 days.

To clarify the effects of establishment year (2015) cutting treatments on first cut
forage masses the following spring (2016), a uniform harvest date was applied over all
cutting treatments for the first cut in 2016. Cultivar forage masses for the first cut in
2016 did not differ based on establishment year (2015) cutting treatments (data not
shown). However, establishment year (2015) cutting treatments had minor effects on
first cut forage masses within the first production year (2016; data not shown). At St.
Paul, there was no effect of 2015 cutting treatments on first cut forage masses in 2016.
At Becker, 2016 first cut forage masses were reduced following the Standard + Fall (4.1
Mg ha™!) cutting treatment compared to the Standard cutting treatment (4.6 Mg ha!). At
Rosemount, 2016 first cut forage masses were decreased following the Standard + Fall
cutting treatment (5.0 Mg ha!) compared to all other cutting treatments (> 5.4 Mg ha™).
These results suggest that the more intensive Standard + Fall establishment year cutting
treatment may have had negative impacts on first cut forage masses in 2016; however,
results were inconsistent across locations and further research is needed for definite
conclusions to be drawn.

Forage Nutritive Value
Crude Protein

Cultivar Response. Crude protein concentrations differed among alfalfa

cultivars only at the Becker location (Table 2.4). In 2015, CP concentrations were

greater for 54HVX41 (230 g kg'!') compared to 54R02 and DKA43-22RR (<224 gkg™).
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In 2016, CP concentrations were greater for S4HVX41 (187 g kg™!) compared to WL
355.RR (178 gkg™).

Across locations and years, CP concentrations for all cultivars ranged from 175 to
234 g kg! and are comparable to previously reported values for alfalfa (Hall et al., 2000;
Kallenbach et al., 2002; Palmonari et al., 2014; Min, 2016). Previous studies examining
reduced lignin alfalfa experimental lines also found similar CP concentrations for
reduced lignin alfalfa compared to reference alfalfa cultivars (Weakley et al., 2008;
Getachew et al., 2011; Li et al., 2015a).

Cutting Treatment Response. Crude protein concentrations differed among
cutting treatments at all locations (Table 2.5). In 2015, CP concentrations were greatest
for the Standard and Standard + Fall cutting treatments (> 230 g kg™') and least for the
Standard + Delay and Delay + Fall cutting treatments (< 226 g kg!). In 2016, CP
concentrations were greatest for the 30-d cutting treatment (> 215 g kg'!') and least for the
40- and 45-d cutting treatments (< 163 g kg™).

More frequent cutting schedules with shorter intervals between harvests resulted
in greater CP concentrations. This agrees with findings from previous studies examining
the CP content of alfalfa under various harvest frequencies. It has been well-documented
that CP content declines as harvest intervals are lengthened (Weir et al., 1960; Nordkvist
and Aman, 1986; Hall et al., 2000; Kallenbach et al., 2002; Yu et al., 2003; Palmonari et
al., 2014; Min, 2016). In Kansas, Min (2016) reported that delaying a 28-d harvest by 5
or 18 days reduced CP concentrations by 4 and 6%, respectively. In Missouri,
Kallenbach et al. (2002) found that CP levels averaged 250 g kg'' when alfalfa was

harvested six times per year compared to 227 g kg™ and 195 g kg™! when harvested five
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or four times, respectively. Hall et al. (2000) and Yu et al. (Yu et al., 2003) both also
reported declines in CP concentrations with advancing morphological development
across multiple harvests.

In the present study, plant maturity (MSC) was negatively associated with CP
concentrations at all locations in both the establishment (2015) and first production
(2016) year. In the establishment year, correlation coefficients were -0.77, -0.77, -0.82,
and -0.52 for Becker, Rochester, Rosemount, and St. Paul, respectively. In the first
production year, correlation coefficients were -0.65, -0.78, and -0.68 for Becker,
Rosemount, and St. Paul, respectively. This decline in CP concentration with progressing
plant maturity can be attributed to the associated effects of increasing stem proportions
and decreasing leaf proportions on forage nutritive value as the plant matures (Kalu and
Fick, 1983; Nordkvist and Aman, 1986; Albrecht et al., 1987; Sanderson and Wedin,
1988; Sheaffer et al., 2000). As plants mature, defoliation increases as leaf senescence
and abscission occurs in the lower, shaded portions of the plant, further contributing to
the loss in CP (Albrecht et al., 1987; Sheaffer et al., 1988; Undersander et al., 2011).
Although leaf loss was not measured in the present experiment, the research team did
observe some leaf loss from the lower portions of alfalfa stems under the 40- and 45-d
cutting treatments.

Neutral Detergent Fiber

Cultivar Response. Concentrations of NDF differed among alfalfa cultivars only

at the Becker location (Table 2.4). In 2015, NDF concentrations were less for 54HVX41

(387 g kg!) compared to 54R02 and DKA43-22RR (> 401 gkg!). In 2016, NDF
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concentrations were less for 54HVX41 (441 g kg'!) compared to DKA43-22RR (458 g
kg).

Across locations and years, NDF concentrations for all cultivars ranged from 346
to 458 g kg! and are comparable to reports from previous studies (Hall et al., 2000;
Kallenbach et al., 2002; Palmonari et al., 2014; Min, 2016). Studies investigating
reduced lignin alfalfa experimental lines have also found similar or slightly reduced NDF
concentrations for reduced lignin alfalfa compared to reference (Guo et al., 2001b;
Getachew et al., 2011). Similarly, preliminary results evaluating reduced lignin alfalfa
hay found either no change (Mertens and McCaslin, 2008) or decreased (Li et al., 2015a)
NDF concentrations for reduced lignin cultivars compared to controls.

Cutting Treatment Response. Concentrations of NDF differed among cutting
treatments at all locations (Table 2.5). In 2015, the Standard and Standard + Fall cutting
treatments were among those with the least NDF concentrations (< 371 g kg™!), while the
Delay + Fall cutting treatment was among those with the greatest NDF concentrations (>
395 gkg!). In 2016, NDF concentrations were least for the 30-d cutting treatment (< 391
g kg'!) and greatest for the 40- and 45-d cutting treatments (> 444 g kg™').

A more frequent cutting schedule with shorter intervals between harvests resulted
in decreased NDF concentrations. These results were expected, and agree with findings
from previous studies demonstrating an increase in NDF concentrations as harvest
intervals are lengthened (Weir et al., 1960; Hall et al., 2000; Kallenbach et al., 2002;
Brink et al., 2010; Min, 2016). As the cutting interval was increased from 28 to 49 days,
Min (2016) reported increasing NDF concentrations from 277 g kg™! to 455 g kg™,

Kallenbach et al. (2002) found that NDF concentrations were approximately 46 g kg™!

59



greater when alfalfa was harvested four times per year compared to five, and 28 g kg™
greater when harvested five times per year compared to six. Hall et al. (2000) also
reported increasing NDF concentrations across multiple alfalfa harvests. Similar to CP,
plant maturity is likely the main attributing factor affecting NDF concentrations, with
NDF concentrations increasing as cutting intervals lengthened. In the present study, plant
maturity (MSC) was positively associated with NDF concentrations at all locations in
both the establishment (2015) and first production (2016) year. In the establishment year,
correlation coefficients were 0.80, 0.75, 0.79, and 0.49 for Becker, Rochester,
Rosemount, and St. Paul, respectively. In the first production year, correlation
coefficients were 0.71, 0.71, and 0.54 for Becker, Rosemount, and St. Paul, respectively.
As plants mature, leaf proportions decrease, stem proportions increase, stem cell wall
concentrations increase, and whole plant nutritive value decreases (Kalu and Fick, 1983;
Nordkvist and Aman, 1986; Albrecht et al., 1987; Sanderson and Wedin, 1988; Sheaffer
et al., 2000).
Acid Detergent Lignin

Cultivar Response. Across all years and locations, 54HVX41 contained less
ADL compared to reference alfalfa cultivars (Table 2.4). Acid detergent lignin
concentrations for reference cultivars ranged from 71 to 88 g kg'!, while ADL
concentrations for 54HVX41 ranged from 65 to 81 g kg™’

Compared to reference alfalfa cultivars, 54HVX41 demonstrated a 7 to 12%
reduction in ADL during the establishment year (2015) and a 6 to 8% reduction in ADL
during the first production year (2016). Acid detergent lignin concentrations for

reference cultivars are comparable to previous reports (Jung et al., 1997a; Palmonari et
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al., 2014). Previous studies investigating reduced lignin alfalfa experimental lines have
shown a 4 to 29% decrease in stem lignin concentration (Guo et al., 2001b; Marita et al.,
2003; Reddy et al., 2005) and a 1 to 24% decrease in whole plant lignin concentration
(Guo et al., 2001a; b; Getachew et al., 2011) compared to control lines. Preliminary
results evaluating reduced lignin alfalfa hay also reported decreased lignin concentrations
ranging from 4 to 12% compared to control cultivars (Mertens and McCaslin, 2008;
Undersander et al., 2009).

The reduced lignin concentration for 54HVX41 compared to other cultivars could
be due to a number of reasons, including a greater leaf:stem, a reduction in stem lignin, or
a lower plant maturity. In the present study, the leaf:stem and the stem lignin content of
the plants were not measured, but 54HVX41 did demonstrate a slight reduction in
maturity at some of the locations. However, maturity differences among cultivars were
minimal and inconsistent across locations and years, while the reduction in lignin was
present across all locations and years, which suggests that the maturity differences had
little impact on lignin concentrations. Further research is needed to pinpoint the cause of
lignin reduction for 54HVX41.

Cutting Treatment Response. Concentrations of ADL differed among cutting
treatments at all locations (Table 2.5). In 2015, the Delay + Fall cutting treatment
contained greater ADL concentrations (> 84 g kg'') compared to all other cutting
treatments (< 80 g kg™!) at Becker, Rochester, and Rosemount. At St. Paul, the Delay +
Fall cutting treatment contained greater ADL concentrations (76 g kg™!) compared to the

Standard and Standard + Fall cutting treatments (< 69 g kg!). In 2016, the 30- and 35-d
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cutting treatments contained the least ADL (< 82 g kg'!), while the 40- and 45-d cutting
treatments contained the most ADL (> 83 g kg'!) across all locations.

A more frequent cutting schedule with shorter intervals between harvests
generally resulted in decreased ADL concentrations. Findings from previous studies
have also shown that lignin concentrations increase as harvest intervals are lengthened
(Weir et al., 1960; Nordkvist and Aman, 1986; Palmonari et al., 2014). As harvest
intervals increased from 21 to 35 days, Palmonari et al. (2014) reported an increase in
lignin concentrations from 63 g kg™ to 73 gkg!. Similarly, Nordkvist and Aman (1986)
reported lignin contents increasing from 43 g kg™! to 147 g kg™! across harvest intervals
encompassing a range of alfalfa maturities. Increasing lignin concentrations with
widening harvest intervals are a function of increasing plant maturity and the growth of
secondary plant cell walls (Albrecht et al., 1987; Sanderson and Wedin, 1988). In the
present study, plant maturity (MSC) was positively associated with ADL concentrations
at all locations in both the establishment (2015) and first production (2016) year. In the
establishment year, correlation coefficients were 0.58, 0.62, 0.77, and 0.43 for Becker,
Rochester, Rosemount, and St. Paul, respectively. In the first production year, correlation
coefficients were 0.55, 0.58, and 0.62 for Becker, Rosemount, and St. Paul, respectively.
As a plant grows, the deposition of lignin is necessary to provide the strength and rigidity
for a plant to stand upright (Inoue et al., 1998; Guo et al., 2001a).

Neutral Detergent Fiber Digestibility

Cultivar Response. With the exception of Rosemount, NDFD for 54HVX41

were greater compared to all reference alfalfa cultivars (Table 2.4). Increases in NDFD

ranged from 8 to 10% in the establishment year (2015) and 11 to 18% in the first
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production year (2016). There were no differences in NDFD among alfalfa cultivars at
Rosemount in either 2015 or 2016. The lack of differences detected among alfalfa
cultivars at Rosemount could be related to a number of factors, including but not limited
to a larger amount of variation among cultivars (indicated by greater standard errors) and
a lower plant maturity at this particular location. Average plant maturities for alfalfa
cultivars at Becker and St. Paul were > 2.5 in 2015 and > 4.0 in 2016, while maturity
averages at Rosemount were < 2.1 in 2015 and < 3.9 in 2016. Alfalfa grown in
Rosemount generally had less NDF and more NDFD compared to other locations; this,
coupled with a lower maturity, could be indicative of a more digestible forage and might
have masked some cultivar differences.

Previous studies investigating reduced lignin alfalfa experimental lines found
similar results, reporting increases in DMD (Reddy et al., 2005; Getachew et al., 2011),
in situ rumen digestibility (Guo et al., 2001b; Reddy et al., 2005), and NDFD (Guo et al.,
2001b) for reduced lignin alfalfa compared to control cultivars. Preliminary results
evaluating reduced lignin alfalfa hay also showed greater DMD and NDFD, with a 3 to
5% increase in DMD (Mertens and McCaslin, 2008) and a 3 to 26% increase in NDFD
(Mertens and McCaslin, 2008; Weakley et al., 2008; Undersander et al., 2009; Li et al.,
2015a) for reduced lignin alfalfa. Increases in NDFD for 54HVX41 can likely be
attributed to reduced lignin concentrations, as the deposition of lignin into plant cell walls
can negatively affect rumen microbial degradation and the digestion of feed by intestinal
enzymes (Buxton and Hornstein, 1986; Liu and Yu, 2011). These results have potential
biological significance, as feeding and grazing studies have shown that small changes in

forage digestibility can impact animal performance. Casler and Vogel (1999) reported
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that a 1% increase in in vitro DMD resulted in a 3.2% increase in daily animal weight
gains. Similarly, a one-unit increase in NDFD has been associated with a 0.17-kg
increase in dry matter intake and a 0.25-kg increase in 4% fat-corrected milk for dairy
cows (Oba and Allen, 1999).

Cutting Treatment Response. Neutral detergent fiber digestibility differed
among cutting treatments at all locations (Table 2.5). In 2015, the Standard and Standard
+ Fall cutting treatments had the greatest NDFD (> 396 g kg!), while the Delay + Fall
cutting treatment had the least (< 385 g kg!). In 2016, the 30- and 35-d cutting
treatments contained the greatest NDFD (> 322 g kg'!), while the 40- and 45-d cutting
treatments contained the least (<275 g kg™).

A more frequent cutting schedule with shorter intervals between harvests resulted
in increased NDFD. Previous studies have made similar conclusions, showing
decreasing fiber or DMD digestibility as harvest intervals increased (Weir et al., 1960;
Nordkvist and Aman, 1986; Hall et al., 2000; Brink et al., 2010; Palmonari et al., 2014).
Hall et al. (2000) reported a drop in DMD by 43 g kg™ across four weekly sampling
periods, and Palmonari et al. (2014) reported a reduction in NDFD levels from 440 g kg™!
to 340 g kg'! as the harvest interval increased from 21 to 35 days. Similar to the other
forage nutritive value components, the decrease in NDFD with increasing harvest
intervals can be attributed to advancing plant maturity. In the present study, plant
maturity (MSC) was negatively associated with NDFD at all locations in both the
establishment (2015) and first production (2016) year. In the establishment year,
correlation coefficients were -0.76, -0.76, -0.84, and -0.63 for Becker, Rochester,

Rosemount, and St. Paul, respectively. In the first production year, correlation
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coefficients were -0.55, -0.75, and -0.64 for Becker, Rosemount, and St. Paul,

respectively. Research has shown that maturity influences the fiber digestibility of alfalfa

through increased leaf:stem ratios and increased lignification of the stem portion of the

plant (Weir et al., 1960; Mowat et al., 1965; Albrecht et al., 1987; Yu et al., 2003).
Alfalfa Stand Density

Minor differences in alfalfa population densities and stem counts were detected
across cutting treatments and cultivars (data not shown); however, differences were
negligible and inconsistent. Compared to initial plant populations, plant densities were >
88% at the end of the establishment year and > 79% at the end of the first production
year. Stem densities ranged from 743 to 942 stems m™ during the establishment year and
from 520 to 795 stems m™ during the first production year and fall within the normal
range suggested to maximize alfalfa forage accumulation potential (Undersander et al.,
2011).

Differences in alfalfa population measurements were expected to be minor, as the
present study contains only establishment and first production year data. Previous
research has shown that along with increasing forage accumulation, a delayed cutting
schedule could also benefit stand longevity. Frequent, repeated harvests of immature
alfalfa have been shown to reduce stand persistence, vigor, and forage accumulation
(Brink and Marten, 1989; Sheaffer and Marten, 1990; Probst and Smith, 2011).
Continuation of this study is required to further evaluate the effects of cutting treatment
and alfalfa cultivar on plant persistence over time.

Relationships in Forage Mass and Relative Forage Quality
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To examine the effect of cutting treatment on alfalfa forage mass and RFQ from
the first production year (2016), values were regressed across GDD for 54HVX41 and the
average of the reference cultivars (Figure 2.2 and 2.3). The number of GDD accumulated
at harvest in 2016 averaged across cuttings and locations were 832, 1035, and 1248 GDD
for the 30-, 35-, and 40-d cutting treatments, respectively (Figure 2.2 and 2.3).

As expected, alfalfa forage masses increased across GDD for both 54HVX41 and
reference cultivars (Figure 2.2). No differences in forage mass were observed between
54HVX41 and the reference cultivars across GDD ranging from 700 to 1400. These
results support the previously stated forage accumulation comparisons, which showed
very minimal differences in forage accumulation among alfalfa cultivars during the first
production year. With a 5-d harvest delay (e.g. delayed from 30 to 35 days), all cultivars
produced an average of 0.83 kg DM ha™! in additional forage mass. Delaying the alfalfa
harvest by 10 days (e.g. delayed from 30 to 40 days) resulted in a 1.3 kg DM ha’!
increase in cultivar forage masses. Under these circumstances (i.e. 10-d delay), a delayed
harvest can result in as much as a 28% increase in DM production; however, this increase
in DM forage mass will traditionally be coupled with a reduction in alfalfa forage quality.

The relationship between alfalfa forage mass and quality is widely recognized
(Kalu and Fick, 1983). As expected, alfalfa RFQ decreased with increasing GDD for
both 54HVX41 and reference cultivars (Figure 2.3). Although a 5-d delay in harvest
improved forage mass, RFQ for 54HVX41 and reference cultivars was reduced by 11 and
13%, respectively, with increasing GDD (Figure 2.3). While there were no differences
between 54HVX41 and reference cultivars in forage mass, RFQ for 54HVX41 was 9, 10,

and 12% greater compared to reference cultivars when cut under the same 30-, 35-, and
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40-d treatment schedule, respectively (Figure 2.3). A significantly greater RFQ (i.e. non-
overlapping 95% confidence intervals) for 54HVX41 compared to reference cultivars
was observed from 772 to 1248 GDD and represented a range of cutting intervals from
28 to 40 days (Figure 2.3). This finding illustrates that the reduced lignin cultivar
54HVX41 has increased RFQ relative to reference cultivars under cutting schedules with
increasing harvest intervals.

The greater RFQ observed for 54HVX41 across a wide range of GDD when
compared to reference cultivars can offer flexibility for producers by reducing the forage
digestibility penalty associated with a lengthened harvest window. Both 54HVX41 and
reference cultivars produced a 22% gain in forage mass with a delayed harvest from 30-
to 35-d. In addition, both showed similar reductions in RFQ across the same period.
However, the value of the reduced lignin technology is most apparent when making cross
comparisons. Reference cultivars cut at 30-d produced 3.74 kg DM ha™! with a RFQ of
144, whereas 54HVX41 cut at 35-d produced 4.53 kg DM ha! with a RFQ of 139. This
represents a 21% gain in forage mass with only a 3% reduction in RFQ. According to
these results, a producer could successfully maintain RFQ by growing 54HVX41 instead
of reference cultivars. Depending on production goals, this could allow for a wider
optimal harvest window, making it possible for alfalfa growers to increase forage mass
by delaying alfalfa harvest while still maintaining greater forage digestibility. A delayed
harvest may also provide additional benefits in the form of increased plant persistence
over time. Although outside the scope of this study, future research should investigate

the long term effects of harvest delay for reduced lignin alfalfa cultivars.
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SUMMARY AND CONCLUSIONS

Forage accumulation differences among alfalfa cultivars were more pronounced
during the establishment year than during the first production year. During the
establishment year, forage accumulations for 54HVX41alfalfa were decreased compared
to reference cultivars at some locations. During the first production year, forage
accumulation differences were minimal, indicating that forage accumulation differences
between 54HVX41 and reference alfalfa cultivars could be minimal following
establishment. Forage accumulations were also affected by cutting treatment. During the
establishment year, alfalfa forage accumulations were increased when a fall cut was
added. During the first production year, alfalfa forage accumulations were greater with
the 40-d cutting treatment compared to the 30-d cutting treatment. These results suggest
that during a normal production year, adding a fall harvest or using a cutting schedule
with a longer interval between harvests can maximize forage accumulation, and that a
longer harvest interval can reduce the number of cuts per season while still producing
greater forage accumulation. Alfalfa cultivars in this study were tolerant of a diversity of
cutting treatments and maintained adequate population densities throughout the
establishment and first production year.

Compared to reference alfalfa cultivars, 54HVX41 generally had reduced ADL
concentrations, increased NDFD, and similar CP and NDF concentrations. Cutting
treatments with shorter harvest intervals had decreased plant maturities and generally
resulted in greater forage nutritive value, including increased CP concentration, decreased

NDF and ADL concentrations, and increased NDFD.
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When alfalfa forage mass and RFQ were regressed across GDD in the first
production year, forage masses for 54HVX41 and reference cultivars were similar, but
RFQ for 54HVX41 was greater compared to reference cultivars from 772 to 1248 GDD.
This increase in RFQ observed for 54HVX41 across a wide range of GDD can offer
increased flexibility for producers. If 54HVX41 were harvested at the same time as
reference cultivars, it would allow producers to obtain a higher quality and more
digestible forage. However, if 54HVX41 were harvested under a delayed cutting
schedule, it would provide producers with an option to reduce the quality penalty
associated with a lengthened harvest window. With a 5-d harvest delay, 54HVX41
harvested on a 35-d harvest interval showed a 21% gain in forage mass and a 3%
reduction in RFQ compared to reference cultivars harvested on a 30-d harvest interval.
This could allow for a wider optimal harvest window, making it possible for alfalfa
growers to achieve greater forage mass by delaying alfalfa harvest while still maintaining

higher forage nutritive value.
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Table 2.1. Alfalfa harvest schedule for 2015 and 2016 growing seasons in Becker, Rochester, Rosemount, and St. Paul, MN.
Cutting Treatment Cutting Interval Cut 1 Cut2 Cut3 Cut 4 Fall Cut
2015 Harvest Dates
Standard 60, 30, 30 25 Jun-2 Jul 23-30 Jul 18-27 Aug — —
Standard + Fall 60, 30, 30, Fall 25 Jun-2 Jul 23-30 Jul 18-27 Aug — 2-7 Oct
Standard + Delay 60, 37, 37 25 Jun-2 Jul 31 Jul-5 Aug 8-11 Sep — —
Delay + Fall 67, 45, Fall 1-10 Jul 14-27 Aug — — 2-7 Oct
2016 Harvest Dates
30-d 30, 30, 30, Fall 23-26 May 20-23 Jun 18-20 Jul 15-17 Aug 30 Sep-6 Oct
35-d 35, 35, 35, Fall 23-26 May 27-30 Jun 1-3 Aug 7-8 Sep 30 Sep-6 Oct
40-d 40, 40, Fall 23-26 May 5-7 Jul 15-17 Aug — 30 Sep-6 Oct
45-d 45, 45, Fall 23-26 May 8-14 Jul 22-30 Aug — 30 Sep-6 Oct
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Table 2.2. Average stage of maturity across multiple cuts for alfalfa grown in Becker

(BE), Rochester (ROC), Rosemount (ROS), and St. Paul (SP), MN in 2015 and 2016 as

determined by cultivar and cutting treatment.

2016
Treatment BE ROC ROS SP BE ROS SP
Maturity index’
Alfalfa cultivar
54HVX41 2.5° 1.7° 1.9 2.6° 4.0 3.5° 4.6
54R02 2.92 2.12 2.1 2.8% 4.0 3.6% 45
DKA43-22RR 2.7% 2.12 2.1 3.0 4.0 3.9 5.0
WL 355.RR 2.9 2.28 2.1 2.8% 4.0 3.7% 4.9
SE 0.09 0.09 0.12 0.08 0.10 0.12 0.15
2015 Cutting treatment
Standard* 2.1°¢ 1.5°¢ 1.4¢ 2.0°¢ — — —
Standard + Fall 2.1°¢ 1.5°¢ 1.4¢ 2.0°¢ — — —
Standard + Delay 2.7° 2.0 1.9 2.8 — — —
Delay + Fall 412 3.1 3.5 432 — — —
SE 0.09 0.09 0.12 0.08 — — —
2016 Cutting treatment

30-d — — — — 2.8¢ 2.34 3.24
35-d — — — — 3.5° 3.0° 4.4¢
40-d — — — — 4,72 4.4° 5.4
45-d — — — — 4.92 5.12 6.0
SE — — — — 0.10 0.12 0.15

"Numerical index referring to stage of alfalfa development (Kalu and Fick, 1981).

Vegetative growth includes stages 0 through 2, budding plants includes stages 3 and 4,

and flowering plants includes stages 5 and 6.

®Within column and section, means without a common letter differ based on a Tukey’s

HSD test (P <0.05)

12015 cutting treatments included ‘Standard’ (60d + 30d + 30d), ‘Standard + Fall’ (60d +
30d + 30d + Fall), ‘Standard + Delay’ (60d + 37d + 37d), and ‘Delay + Fall’ (67d + 45d

+ Fall)
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Table 2.3. Seasonal cumulative forage accumulation for alfalfa grown in Becker (BE),

Rochester (ROC), Rosemount (ROS), and St. Paul (SP), MN in 2015 and 2016 as

determined by cultivar and cutting treatment.

2015 2016
Treatment BE ROC ROS SP BE ROS SP
Mg ha'!
Alfalfa cultivar
54HVX41 7.0° 5.8° 6.9° 8.6 15.0° 16.2 20.1
54R02 7.2° 6.8% 7.2% 8.7 15.92 16.8 20.5
DKA43-22RR 7.6% 6.9 7.4 9.3 15.9 16.5 20.8
WL 355.RR 7.9 6.6 7.3 8.8 15.9 16.5 20.6
SE 0.31 0.29 0.44 0.34 0.31 0.30 0.33
2015 Cutting treatment
Standard’ 6.5° 5.8° 6.3° 7.6° — —
Standard + Fall 7.72 7.12 7.1% 9.72 — — —
Standard + 73% 650 7% g2 _ _
Delay
Delay + Fall 8.2¢ 6.7 8.12 9.82 — — —
SE 0.35 0.32 0.56 0.34 — — —
2016 Cutting treatment
30-d — — — — 15.1° 15.5° 19.6°
35-d — — — — 16.6* 167  20.5°
40-d — — — — 16.32 17.5 21.9
45-d — — — — 14.7° 1622 20.1°
SE — — — — 0.31 0.40 0.33

®Within column and section, means without a common letter differ based on a Tukey’s

HSD test (P <0.05)

12015 cutting treatments included ‘Standard’ (60d + 30d + 30d), ‘Standard + Fall’ (60d +
30d + 30d + Fall), ‘Standard + Delay’ (60d + 37d + 37d), and ‘Delay + Fall’ (67d + 45d

+ Fall)
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Table 2.4. Crude protein, neutral detergent fiber, acid detergent lignin, and neutral

detergent fiber digestibility for alfalfa cultivars grown in Becker (BE), Rochester (ROC),
Rosemount (ROS), and St. Paul (SP), MN in 2015 and 2016.

2015 2016
Treatment BE ROC ROS SP BE ROS SP
gke!
Crude protein
54HVX41 230° 218 226 234 1872 186 182
54R02 220P 211 221 226 1802 182 178
DKA43-22RR 224 212 224 228 179 186 175
WL 355.RR 2252 215 227 230 178 184 178
SE 0.16 0.27 0.30 0.32 0.24 0.34 0.25
Neutral detergent fiber
54HVX41 387° 388 351 351 441° 403 416
54R02 408? 403 359 364 456 414 424
DKA43-22RR 4012 399 357 363 4582 405 430
WL 355.RR 396°° 389 346 356 452° 407 419
SE 0.31 0.48 0.62 0.67 0.44 0.68 0.57
Acid detergent lignin

54HVX41 74¢ 74° 67° 65° g81° 79° 77°
54R02 862 832 732 742 872 852 812
DKA43-22RR g42b 832 712 732 882 842 838
WL 355.RR 83b 812 712 732 882 852 822
SE 0.08 0.10 0.12 0.11 0.08 0.14 0.12

Neutral detergent fiber digestibility
54HVX41 4432 3912 447 4532 3332 333 339?
54R02 397° 353b 429 419° 288P 300 306°
DKA43-22RR 404° 359P 428 418° 282° 305 305°
WL 355.RR 402° 365° 436 419° 278 301 306°
SE 0.68 0.61 0.79 0.41 0.69 1.05 0.81

®Within column and section, means without a common letter differ based on a Tukey’s

HSD test (P <0.05)
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Table 2.5. Crude protein, acid detergent fiber, neutral detergent fiber, acid detergent lignin, and neutral detergent fiber digestibility for
alfalfa grown in Becker (BE), Rochester (ROC), Rosemount (ROS), and St. Paul (SP), MN under various cutting treatments in 2015

and 2016.
2015 2016
Treatment BE ROC ROS SP Treatment BE ROS SP
gke! gkg!
Crude protein Crude protein
Standard’ 2422 230? 239¢ 253% 30-d 2152 2212 2152
Standard + Fall 2422 2382 236° 2482 35-d 188° 199° 187°
Standard + Delay 219° 215° 226° 209° 40-d 163¢ 161° 157¢
Delay + Fall 195¢ 173¢ 197¢ 208° 45-d 160° 158¢ 153¢
SE 0.16 0.30 0.30 0.32 SE 0.24 0.34 0.27
Neutral detergent fiber Neutral detergent fiber
Standard 367¢ 369%° 321¢ 331° 30-d 3914 3434 366°
Standard + Fall 371¢ 352¢ 324°¢ 336° 35-d 426° 368° 408°
Standard + Delay 390° 373° 359° 3732 40-d 483° 444° 4462
Delay + Fall 464* 486° 408? 3952 45-d 5072 4732 469*
SE 0.31 0.48 0.61 0.69 SE 0.44 0.68 0.65
Acid detergent lignin Acid detergent lignin
Standard 80° 77° 64¢ 68° 30-d 79° 76° 75°
Standard + Fall 78° 76° 65¢ 69°° 35-d g2b 73b 77°
Standard + Delay 80° 71¢ 71° 728 40-d 922 90? 832
Delay + Fall 90? 952 842 76° 45-d 932 942 872
SE 0.08 0.11 0.14 0.12 SE 0.08 0.14 0.15
Neutral detergent fiber digestibility Neutral detergent fiber digestibility

Standard 436° 396 476* 4542 30-d 3622 389? 3732
Standard + Fall 440° 4242 470° 4512 35-d 3220 3672 347°
Standard + Delay 414° 380° 440° 418° 40-d 257° 242° 262°
Delay + Fall 357¢ 267¢ 355¢ 385¢ 45-d 241°¢ 241° 275¢
SE 0.68 0.72 0.78 0.54 SE 0.69 1.04 0.81
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72015 cutting treatments included ‘Standard’ (60d + 30d + 30d), ‘Standard + Fall’ (60d + 30d + 30d + Fall), ‘Standard + Delay’ (60d
+37d + 37d), and ‘Delay + Fall’ (67d + 45d + Fall)
®Within column and section, means without a common letter differ based on a Tukey’s HSD test (P < 0.05)
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Figure 2.1A-B. Monthly air temperature (°C), precipitation (cm), and 30-year historical

average for Becker, Rochester, Rosemount, and St. Paul, MN during the 2015 (A) and

2016 (B) growing season. Weather data was obtained from http://mrcc.isws.illinois.edu/.
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Figure 2.2. Predicted alfalfa forage dry matter mass and 95% confidence intervals (shaded
area) for reduced lignin 54HVX41 (y;) and reference alfalfa cultivars (y2) in response to
average cumulative growing degree days. Vertical dashed lines correspond to treatment
prescribed cutting intervals and their direct relationship to cumulative growing degree days
during the 2016 growing season.
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Figure 2.3. Predicted alfalfa relative forage quality and 95% confidence intervals (shaded
area) for reduced lignin 54HVX41 (y;) and reference alfalfa cultivars (y2) in response to
average cumulative growing degree days. Vertical dashed lines correspond to treatment
prescribed cutting intervals and their direct relationship to cumulative growing degree
days during the 2016 growing season. Horizontal dashed lines correspond to the RFQ for
reference alfalfa cultivars harvested under a 30-d cutting interval.
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CHAPTER SUMMARY

Reduced lignin alfalfa (Medicago sativa L.) has the potential to improve alfalfa
forage quality, yet forage morphology, biomass allocation, and stem and leaf nutritive
value remains undetermined. The objectives were to characterize changes in
morphological development and forage nutritive value within stem and leaf fractions for
reduced lignin alfalfa. Reduced lignin (54HVX41) and reference (DKA43-22RR) alfalfa
cultivars were sampled weekly from the mid-vegetative stage through full flower during
the seeding (2015) and first production (2016) year at two locations in Minnesota.
Samples were staged to determine maturity, divided into stem and leaf fractions,
weighed, and analyzed for forage nutritive value. Alfalfa cultivars were similar in stem

and leaf yield, leaf to stem ratio (L:S), leaf forage nutritive value, stem crude protein
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(CP), and stem neutral detergent fiber (NDF). On average, 54HVX41 showed a 13 to
14% decrease in stem acid detergent lignin (ADL) and an 8 to 15% increase in stem NDF
digestibility (NDFD) compared to DKA43-22RR. For both cultivars, increases in forage
maturity resulted in increasing stem and leaf yields and decreasing L:S. Forage maturity
affected both stem and leaf forage nutritive value; as maturity increased, NDF and ADL
increased while CP and NDFD decreased. These results indicate that changes in forage
nutritive value for reduced lignin alfalfa are largely a result of changes in ADL and
NDFD within the stem fraction of the plant, and that forage nutritive value within stem
and leaf fractions is affected by forage maturity, particularly within the stem portion of

the plant.

INTRODUCTION

The maturity stage at which alfalfa is harvested is often one of the most critical
factors affecting agronomic characteristics such as yield and forage nutritive value
(Kallenbach et al., 2002; Lamb et al., 2007, 2012; Brink et al., 2010; Probst and Smith,
2011). In the North Central region, producers typically initiate harvest when alfalfa
maturity reaches the bud to early flowering stage (Sheaffer et al., 2000). These harvest
maturity choices are determined by producer needs to optimize either herbage yield,
nutritive value, or nutrient yield (Sheaffer et al., 2000). It has been well established that
increasing forage maturity results in increasing fiber, declining CP, and decreasing
digestibility within alfalfa herbage (Albrecht et al., 1987; Sanderson and Wedin, 1988;
Sanderson et al., 1989; Griffin et al., 1994; Hall et al., 2000; Kallenbach et al., 2002;

Lamb et al., 2007, 2012; Brink et al., 2010; Palmonari et al., 2014; Grev et al., 2017).
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Therefore, highest herbage nutritive value and intake potential usually occur with pre-
flowering alfalfa, while alfalfa harvested at later maturity stages has been shown to have
a lower nutritive value (Sheaffer et al., 1988, 2000; Kallenbach et al., 2002; Lamb et al.,
2007, 2012; Brink et al., 2010).

The decline in the quality of alfalfa herbage with advancing maturity can be
attributed to a decrease in leaf and increase in stem proportion as the plant matures
(Buxton et al., 1985; Albrecht et al., 1987; Sanderson and Wedin, 1988; Julier and
Huyghe, 1997; Sheaffer et al., 2000; Lamb et al., 2003, 2012; Mili¢ et al., 2011; Yari et
al., 2012, 2014). Increasing forage maturity and canopy height results in defoliation
through leaf senescence and abscission from the lower portions of the plant due to
shading and disease (Buxton et al., 1985; Albrecht et al., 1987; Sheaffer et al., 1988).
This increase in leaf loss is coupled with increases in stem growth, resulting in an
increased contribution of the stem to the total herbage amount and a decreased leaf to
stem ratio.

Shifts in the proportions of leaf and stem material result in significant changes in
herbage quality largely because of the differences in forage nutritive value within the
stem and leaf fractions of the plant. Alfalfa leaves are protein-rich and low in cell wall
concentration, and therefore have a high nutritive value and are highly digestible; in
contrast, alfalfa stems exhibit low digestibility as a result of high concentrations of cell
wall polysaccharides and lignin (Buxton et al., 1985; Buxton and Hornstein, 1986;
Albrecht et al., 1987; Buxton and Russell, 1988; Julier and Huyghe, 1997; Mili¢ et al.,
2011; Markovi¢ et al., 2012; Yari et al., 2012; Lamb et al., 2012). As maturity advances,

herbage digestibility declines and cell wall concentrations increase at much slower rates
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in leaves compared to stems (Kilcher and Heinrichs, 1974; Buxton et al., 1985; Buxton
and Hornstein, 1986; Albrecht et al., 1987; Sheaffer et al., 2000; Markovic et al., 2012).
Therefore, because stems not only increase in proportion but also decrease in digestibility
faster with advancing maturity compared to leaves, they exert a larger influence and have
a greater detrimental impact on total herbage quality compared to leaves (Buxton et al.,
1985; Buxton and Hornstein, 1986; Sanderson et al., 1989; Sheaffer et al., 2000; Jung and
Lamb, 2006; Lamb et al., 2012).

Major improvements in the digestibility and quality of alfalfa may be possible if
plants can be selected that exhibit a slower decline in loss of digestibility, particularly
within the stem portion of the plant (Buxton et al., 1985; Sanderson et al., 1989; Jung and
Lamb, 2006; Lamb et al., 2014). Poor stem digestibility can result in major losses in
feeding value, not only because of the greater impact stems have on forage quality
compared to leaves, but also because alfalfa stems typically represent 45 to 70% of the
total forage biomass (Sheaffer et al., 2000; Lamb et al., 2003). One strategy for
improving whole plant and stem digestibility is to alter the quantity and/or composition
of lignin within the plant (Baucher et al., 1999; Guo et al., 2001a). Lignification has been
reported to be the major factor limiting the in vitro dry matter digestibility (IVDMD) of
whole plant forage (Casler, 1987; Reddy et al., 2005; Jung et al., 2012), and numerous
studies have reported a strong inverse relationship between forage digestibility and
lignification (Buxton and Hornstein, 1986; Albrecht et al., 1987; Casler, 1987; Buxton
and Russell, 1988; Sanderson et al., 1989; Jung et al., 1997; Reddy et al., 2005).

Populations of reduced lignin alfalfa are now commercially available and have

potential to increase the digestibility of alfalfa forage compared to reference cultivars
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(Guo et al., 2001a; b; Marita et al., 2003; Reddy et al., 2005; Getachew et al., 2011).
Field research evaluating the performance of reduced lignin alfalfa under different
harvest frequencies has demonstrated a reduction in total herbage ADL and an increase in
NDFD and relative forage quality (RFQ) for reduced lignin alfalfa compared to reference
cultivars (Grev et al., 2017; Getachew et al., 2018). However, forage nutritive value
changes within individual stem and leaf fractions have yet to be evaluated. Additionally,
the effects of this reduction in total herbage lignin on forage morphology and nutritive
value across a range of forage maturities is unknown. Therefore, the objectives of this
study were to characterize changes in morphological development and forage nutritive
value within leaf and stem fractions for reduced lignin and reference alfalfa cultivars over

time.

MATERIALS AND METHODS

Research was conducted at the University of Minnesota Agricultural Experiment
Stations at Becker and St. Paul, MN in 2015 and 2016. Research plots were established
on 27 Apr 2015 on a Hubbard-Mosford complex (sandy, mixed, frigid Entic Hapludolls)
at Becker, MN (45°23°13” N, 93°53°18” W, elevation 290 m) and on 28 Apr 2015 on a
Waukegan silt loam (fine-silty over sandy or sandy-skeletal, mixed, superactive, mesic
Typic Hapludolls) at St. Paul (44°59°14” N, 93°10°24” W, elevation 291 m). At each
site, inoculated seed was seeded into a prepared seedbed at a rate of 18.8 kg ha™! in plots
measuring 0.9 x 6.1 m. Soil fertility was amended to meet recommendations for alfalfa
hay production according to University of Minnesota fertility guidelines (Kaiser et al.,

2011).
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At each site, reduced lignin (‘54HVX41’) and reference (‘DKA43-22RR’) alfalfa
cultivars were established in a randomized complete block design with four replicates.
Both cultivars were marketed as Round-up Ready and were rated as Fall Dormancy 4
cultivars. In the establishment year, weeds were controlled using a single application of
glyphosate (N-(phosphonomethyl)glycine) applied at rate of 2.34 L a.i. ha'!; additional
weed control was not required during the first production year. Potato leathoppers were
controlled using Arctic 3.2 EC ((m-Phenoxybenzyl)-cis,trans-3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate) as needed when potato leathoppers exceeded
threshold populations, which generally occurred each July (Cancelado and Radcliffe,
1979; Chasen et al., 2015).

To determine plant morphology and forage nutritive value, all plots were hand-
sampled at weekly intervals for a period of five to six weeks during the summer of 2015
and the spring and summer of 2016. Within each season (summer 2015, spring 2016, and
summer 2016), hand-sampling began on 15 Jul 2015, 21 Apr 2016, and 10 Jun 2016 at
Becker, and on 14 Jul 2015, 21 Apr 2016, and 8 Jun 2016 at St. Paul. Each week, a 0.9 X
0.5 m section consisting of non-border rows was clipped from each plot down to a
stubble height of 5 cm. Samples were staged for forage maturity using the mean stage by
weight (MSW) method developed by Kalu and Fick (1981), where vegetative growth
included stages 0 through 2, budding plants included stages 3 and 4, and flowering plants
included stages 5 and 6. Samples were then dried in forced-air ovens for 48 h at 60°C,
and dried samples were divided by hand into stem and leaf fractions and weighed for dry
matter (DM) determination. Stem and leaf components for each sample were ground

separately through a 6-mm screen in a Wiley mill (Thomas Scientific, Swedesboro, NJ)

91



followed by a 1-mm screen in a Cyclotec (Foss, Hillerad, Denmark). Individual samples
were mixed thoroughly and scanned using near infrared reflectance spectroscopy (NIRS;
Model DA 7200; Perten Instruments, Springfield, IL) with calibration equations
developed in Minnesota to estimate forage nutritive value for CP, NDF, ADL, and
NDEFD. The standard error of cross validation was 0.98, 1.98, 1.52, and 2.64,
respectively, for CP, ADL, NDF, and NDFD, while the R? was 0.98, 0.80, 0.86, and 0.87,
respectively. Wet chemistry procedures were as follows: CP (N x 6.25; AOAC 990.03,
2010); NDF and ADL (Goering and Van Soest, 1970; Van Soest et al., 1991); and NDFD
(Hoffman et al., 1993).

Data were analyzed as a randomized complete block design using the MIXED
procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC). Response variables
included stem yield, leaf yield, L:S, stem and leaf CP, stem and leaf NDF, stem and leaf
ADL, and stem and leaf NDFD. Individual plots comprised the experimental unit, and
statistical significance was set at P < 0.05. Analysis of the seeding year (2015) and first
production year (2016) was completed separately. For all response variables, models
included alfalfa maturity (MSW), alfalfa cultivar, and the MSW X cultivar interaction as
fixed effects. Models were fit with MSW as a linear and quadratic predictor, and the
REG procedure in SAS and the Akaike’s Information Criterion (AIC) were used to
compare linear and quadratic models to determine the superior fit for each response
variable (Burnham and Anderson, 2002; version 9.4; SAS Institute Inc., Cary, NC).
Random effects included replicate, location, and season. For categorical effects (e.g.
alfalfa cultivar), means separations were performed on significant effects using Tukey’s

HSD test. To further assess the relationship between alfalfa maturity, forage morphology
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characteristics, and forage nutritive value, Pearson correlation coefficients were

calculated between MSW and all response variables using the CORR procedure of SAS.

RESULTS AND DISCUSSION

With the exception of stem NDFD in 2015, statistical analysis for all forage
morphology and forage nutritive value parameters indicated no interactions (£ > 0.05)
between MSW and alfalfa cultivar (Table 3.1). Therefore, for all response variables
except for 2015 stem NDFD, the main effects of alfalfa cultivar and MSW are reported.

Weather

Monthly mean air temperature and precipitation data were collected for each
location throughout the 2015 and 2016 growing seasons (April through October; Figure
3.1). At Becker, mean daily air temperature throughout the 2015 and 2016 growing
seasons was similar to the 30-yr average except for September and October, which tended
to be warmer than normal. Total rainfall during the 2015 and 2016 growing seasons was
71 cm and was higher than the 30-yr average of 58 cm. Seasonal rainfall was not evenly
distributed, with higher than average rainfall occurring in May 2015, July 2015, July
2016, and August 2016.

At St. Paul, mean daily air temperature throughout the 2015 and 2016 growing
seasons was similar to the 30-yr average except for May, which tended to be cooler than
normal, and September, which tended to be warmer than normal. Total rainfall during
the 2015 growing season was 66 cm and was similar to the 30-yr average of 67 cm. Total
rainfall during the 2016 growing season was 86 cm and was higher than the 30-yr

average of 67 cm. Again, seasonal rainfall was not evenly distributed, with higher than
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average rainfall occurring in July 2015, July 2016, August 2016, and September 2016 and
lower than average rainfall occurring in August 2015 and May 2016.
Forage Morphology

Cultivar Response. During the seeding year, alfalfa cultivars did not differ in
stem yield; however, leaf yields were greater for 54HVX41 (161 g m'?) compared to
DKA43-22RR (143 g m?; Table 3.2). Alfalfa cultivars had similar stem and leaf yield
during the first production year (Table 3.2). Across cultivars, stem yields averaged 151 g
m during the seeding year and 164 g m™ during the first production year, while leaf
yields averaged 152 g m™ during the seeding year and 147 g m™ during the first
production year. These results are comparable to previously reported alfalfa stem and
leaf yields (Kilcher and Heinrichs, 1974; Sheaffer et al., 2000; Lamb et al., 2003). To the
authors’ knowledge, this is the first study comparing stem and leaf yields between
reduced lignin and reference alfalfa cultivars. Although leaf yields were greater for
54HVX41 during the seeding year, the lack of differences in both stem and leaf yield
between cultivars during the first production year indicates that morphological
differences between cultivars are likely minimal following establishment. These findings
agree with previous research which found minimal differences in total herbage yield
between reduced lignin and reference alfalfa cultivars following establishment (Grev et
al., 2017; Getachew et al., 2018).

Alfalfa cultivars did not differ in L:S in either the seeding or first production year
(Table 3.2). Across cultivars, L:S averaged 1.08 during the seeding year and 1.01 during
the first production year and is comparable to previously reported alfalfa L:S values

(Buxton et al., 1985; Albrecht et al., 1987; Sanderson and Wedin, 1988; Julier and
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Huyghe, 1997; Sheaffer et al., 2000; Yari et al., 2012, 2014). In lowa, Sanderson and
Wedin (1988) reported an average L:S of 1.04 for alfalfa grown across multiple seasons
and years, and Sheaffer et al. (2000) reported an average L:S of 0.96 across six alfalfa
cultivars grown at three locations in Minnesota. The lack of differences between reduced
lignin and reference alfalfa cultivars in stem yield, leaf yield, and L:S in the present study
supports the idea that forage morphology and growth patterns between these cultivars are
similar.

Maturity Response. During both the seeding and first production year, stem and
leaf yields increased with increasing forage maturity (Table 3.3). This increase in stem
and leaf yield with increasing maturity was expected, as it has been well documented that
increasing the interval between alfalfa harvests (and subsequently, increasing forage
maturity) results in greater forage biomass accumulation (Kallenbach et al., 2002; Probst
and Smith, 2011; Min, 2016).

Although both stem and leaf yields increased with increasing forage maturity,
yield increases for leaf material occurred to a lesser extent than stem material. This is
likely due to the fact that initial increases in leaf yield were often followed by a plateau or
decrease in leaf yield at the later maturity stages. Kilcher and Heinrichs (1974) reported
similar findings, noting that while stem yields continued to increase throughout an 8-
week growing period, leaf yield increased until flowering but showed no appreciable
increases after that. These results also agree with previous work demonstrating that a
decline in leaf yield at a later harvest maturity stage is offset by a gain in stem yields
(Luckett and Klopfenstein, 1970; Fick and Holthausen, 1975; Sheaffer et al., 2000; Lamb

et al., 2003). This plateau or decline in leaf material at greater forage maturities is likely
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a result of leaf senescence and abscission occurring within the lower portions of the
canopy due to shading or disease (Albrecht et al., 1987; Sheaffer et al., 1988; Lamb et al.,
2003; Undersander et al., 2011).

Changes in weekly stem and leaf yields resulted in a declining L:S with
increasing forage maturity during both the seeding and first production year (Table 3.3).
Leaf to stem ratios observed in the present study are comparable to previous reports
(Buxton et al., 1985; Albrecht et al., 1987; Sanderson and Wedin, 1988; Sheaffer et al.,
2000; Yari et al., 2012, 2014). As alfalfa matured from the vegetative to the early pod
stage, Albrecht et al. (1987) and Sanderson and Wedin (1988) reported decreases in L:S
from 1.45 to 0.50 and from 3.16 to 0.39, respectively, across two seasons in lowa.
Similarly, average L:S in Minnesota decreased from 1.15 to 0.66 for alfalfa harvested at
mid-bud versus late flower, respectively (Sheaffer et al., 2000). This decline in L:S with
increasing forage maturity has been well documented and can be attributed to the
associated effects of increasing stem proportions and decreasing leaf proportions as the
plant matures (Luckett and Klopfenstein, 1970; Kilcher and Heinrichs, 1974; Buxton et
al., 1985; Julier and Huyghe, 1997; Wilman and Moghaddam, 1998; Yari et al., 2012,
2014).

Forage Nutritive Value
Stem and Leaf Crude Protein

Cultivar Response. Seeding year stem and leaf CP concentrations were similar
for alfalfa cultivars, averaging 145 and 329 g kg'!, respectively, across cultivars (Table
3.2). During the first production year, alfalfa cultivars were similar in stem CP (average

182 g kg™), but leaf CP was greater for DKA43-22RR (338 g kg!) compared to
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54HVX41 (331 gkg!; Table 3.2). Crude protein concentrations for both cultivars were
within normal ranges and are comparable to previously reported values for alfalfa stem
and leaf CP content (Kalu and Fick, 1983; Buxton et al., 1985; Juan et al., 1993; Sheaffer
et al., 2000; Lamb et al., 2007; Schnurr et al., 2007; Mili¢ et al., 2011; Markovi¢ et al.,
2012). Although this is the first report of stem and leaf CP content for reduced lignin
alfalfa, previous research comparing total herbage CP concentrations between reduced
lignin and reference alfalfa cultivars has also reported similar CP content between
cultivars (Getachew et al., 2011, 2018; Grev et al., 2017).

Maturity Response. Stem and leaf CP concentrations decreased with increasing
forage maturity, although leaf CP concentrations were greater than stem CP across all
maturities (Table 3.3). The higher stem CP concentrations for the initial sampling dates
during the first production year are reflective of the sampling that occurred during the
spring season. Previous research has shown that seasonal changes can significantly affect
alfalfa forage nutritive value, with spring growth producing a higher quality herbage
compared to summer growth, even when harvested at the same maturity or chronological
age (Griffin et al., 1994; Sheaffer et al., 1998; Hall et al., 2000; Tremblay et al., 2002;
Brink et al., 2010).

Stem and leaf CP concentrations were negatively associated with MSW.
Correlation coefficients for stem CP were -0.83 and -0.88 during the seeding and first
production year, respectively. Correlation coefficients for leaf CP were -0.70 and -0.86
during the seeding and first production year, respectively. This decrease in stem and leaf
CP with increasing forage maturity was expected, and agrees with findings from previous

studies evaluating CP content within alfalfa stem and leaf fractions across various forage
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maturities (Kalu and Fick, 1983; Buxton et al., 1985; Juan et al., 1993; Sheaffer et al.,
2000; Lamb et al., 2007; Schnurr et al., 2007; Markovi¢ et al., 2012). Lamb et al. (2007)
reported higher leaf CP concentrations when alfalfa was harvested at early bud compared
to green pod, and Markovi¢ et al. (2012) reported leaf CP declining from 351 to 283 g kg
!'and stem CP declining from 148 to 138 g kg'! when alfalfa was harvested across
maturities ranging from bud to full bloom. In the present study, although CP
concentrations declined within both stem and leaf fractions, the extent of this decrease
was greater within the stem portion of the plant. This is also consistent with previous
studies, as several other researchers have reported that stem CP concentrations decline at
a faster rate with increasing forage maturity compared to leaves (Kilcher and Heinrichs,
1974; Fick and Holthausen, 1975; Kalu and Fick, 1983; Sheaffer et al., 2000).
Stem and Leaf Neutral Detergent Fiber

Cultivar Response. Stem and leaf NDF concentrations did not differ between
alfalfa cultivars in either the seeding or first production year (Table 3.2). Across
cultivars, seeding year stem and leaf NDF concentrations averaged 479 and 171 g kg™!,
respectively. First production year stem and leaf NDF concentrations averaged 410 and
189 g kg'!, respectively. These results are comparable to reports from previous research
evaluating alfalfa stem and leaf NDF concentrations across a number of cultivars and
locations (Kalu and Fick, 1983; Sanderson and Wedin, 1988; Juan et al., 1993; Sheaffer
et al., 2000; Lamb et al., 2007, 2012; Schnurr et al., 2007; Mili¢ et al., 2011; Markovi¢ et
al., 2012). No prior studies have investigated NDF concentrations within stem and leaf

fractions for reduced lignin alfalfa cultivars; however, total herbage NDF concentrations
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have been shown to be similar between reduced lignin and reference alfalfa cultivars
(Getachew et al., 2011, 2018; Grev et al., 2017).

Maturity Response. Concentrations of NDF within alfalfa stems and leaves
increased with increasing forage maturation, although leaf NDF concentrations were
lower than stem NDF across all maturity stages (Table 3.3). The lower stem NDF
concentrations for the initial sampling dates during the first production year are reflective
of the sampling that occurred during the spring season. Previous research has shown that
seasonal changes can affect alfalfa forage nutritive value, with spring growth producing a
higher quality herbage compared to summer growth, even when harvested at the same
maturity or chronological age (Griffin et al., 1994; Sheaffer et al., 1998; Hall et al., 2000;
Tremblay et al., 2002; Brink et al., 2010).

Stem and leaf NDF concentrations were positively associated with MSW.
Correlation coefficients for stem NDF were 0.75 and 0.90 during the seeding and first
production year, respectively. Correlation coefficients for leaf NDF were 0.72 and 0.80
during the seeding and first production year, respectively. Increases in NDF
concentration within stem and leaf fractions with increasing forage maturity was
expected, and agrees with previous research demonstrating an increase in NDF content
within alfalfa stem and leaf fractions as forage maturity increased (Kalu and Fick, 1983;
Sanderson and Wedin, 1988; Juan et al., 1993; Sheaffer et al., 2000; Lamb et al., 2007,
2012; Markovié et al., 2012). Juan et al. (1993) reported an average of 507 g kg'!' stem
NDF and 229 g kg™!' leaf NDF at the bud stage compared to 583 g kg'! stem NDF and 294

g kg'! leaf NDF at flowering. Similarly, Sheaffer et al. (2000) reported stem and leaf
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NDF concentrations averaging 575 and 205 g kg™!, respectively, at mid-bud compared to
664 and 229 g kg! at late flower.

In the present study, although stem and leaf fractions both showed increases in
NDF content with increasing forage maturity, the extent of this increase was greater
within the stem portion of the plant. Several other researchers have reported similar
findings, noting that herbage cell wall concentrations increased at a faster rate in stems
compared to leaves (Kalu and Fick, 1983; Buxton and Hornstein, 1986; Sheaffer et al.,
2000; Markovi¢ et al., 2012). This rapid accumulation in stem cell wall concentration,
coupled with increasing stem proportions, demonstrates the significant impact forage
maturity has on herbage nutritive value, particularly within the stem portion of the plant.

Stem and Leaf Acid Detergent Lignin

Cultivar Response. Stem ADL concentrations differed between alfalfa cultivars
during both the seeding and first production year (Table 3.2). Seeding year stem ADL
averaged 67 g kg™ for 54HVX41 compared to 78 g kg™! for DKA43-22RR. First
production year stem ADL averaged 48 g kg! for 54HVX41 compared to 55 g kg™ for
DKA43-22RR. Leaf ADL concentrations did not differ between alfalfa cultivars during
the seeding year, but first production year leaf ADL was decreased for 54HVX41 (30 g
kg!) compared to DKA43-22RR (31 g kg'!; Table 3.2). Stem and leaf ADL
concentrations observed in the present study are comparable to previous research
evaluating ADL within alfalfa stem and leaf fractions (Kalu and Fick, 1983; Buxton and
Hornstein, 1986; Albrecht et al., 1987; Buxton and Russell, 1988; Sanderson and Wedin,

1988; Jung and Lamb, 2006; Mili¢ et al., 2011; Markovi¢ et al., 2012).
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In the present study, 54HVX41 demonstrated a 13 to 14% reduction in stem ADL
concentrations across the seeding and first production year. Previous studies
investigating experimental lines for reduced lignin alfalfa have shown a 4 to 29%
decrease in stem lignin concentration compared to control lines (Guo et al., 2001b;
Marita et al., 2003; Reddy et al., 2005). Although ADL concentrations within leaf
fractions for reduced lignin alfalfa cultivars have not yet been reported, reduced lignin
alfalfa grown in Minnesota, Wisconsin, and Idaho has shown a 6 to 24% decrease in total
herbage ADL concentrations compared to reference alfalfa cultivars (Getachew et al.,
2011, 2018; Grev et al., 2017). The present study provides evidence that this reduction in
total herbage lignin is primarily a result of reductions in lignin within the stem fraction of
the plant, rather than a change in leaf lignin content or a greater L:S for the reduced lignin
cultivar.

Maturity Response. Acid detergent lignin concentrations within alfalfa stems
increased with increasing forage maturity (Table 3.3; Figure 3.2A-B). Similar to NDF,
the lower stem ADL concentrations for the initial sampling dates during the first
production year are reflective of the sampling that occurred during the spring season.
Leaf ADL concentrations remained fairly constant over time and were lower than stem
ADL across all maturities (Table 3.3).

Stem ADL concentrations were positively associated with MSW. Correlation
coefficients for stem ADL were 0.69 and 0.75 during the seeding and first production
year, respectively. The increasing stem ADL concentrations resulting from increased
forage maturity were expected, as it has been well established that the proportion of

lignin in alfalfa stem cell walls increases steadily with increasing forage maturation (Kalu
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and Fick, 1983; Albrecht et al., 1987; Buxton and Russell, 1988; Sanderson and Wedin,
1988; Lamb et al., 2007, 2012; Markovi¢ et al., 2012). When alfalfa was harvested
across increasing forage maturities, Sanderson and Wedin (1988) and Markovic et al.
(2012) reported increasing stem ADL concentrations ranging from 84 to 201 g kg™
In contrast to stem ADL, leaf ADL concentrations were positively associated with MSW
only during the seeding year. Correlation coefficients for leaf ADL were 0.32 and 0.01
during the seeding and first production year, respectively. The weak association, or lack
thereof, between forage maturity and leaf ADL is comparable to results from previous
studies which have also found little to no change in leaf ADL concentrations over time
(Kalu and Fick, 1983; Buxton and Hornstein, 1986; Albrecht et al., 1987). Increases in
lignin concentration with increasing plant maturity are a result of growth within
secondary plant cell walls, which provides the strength and rigidity a plant needs to
remain upright (Albrecht et al., 1987; Sanderson and Wedin, 1988; Inoue et al., 1998;
Guo et al., 2001a). Therefore, much of the change in herbage lignin occurs as a result of
increases within the stem portion of the plant, while leaf lignin concentrations vary little
over time.
Stem and Leaf Neutral Detergent Fiber Digestibility

Cultivar Response. Stem NDFD differed between alfalfa cultivars during both
the seeding and first production year (Table 3.2). Seeding year stem NDFD averaged 312
g kg'! for 54HVX41 compared to 271 g kg for DKA43-22RR. First production year
stem NDFD averaged 443 g kg™! for 54HVX41 compared to 412 g kg™ for DKA43-
22RR. Leaf NDFD did not differ between alfalfa cultivars, averaging 648 g kg'! during

the seeding year and 641 g kg™ during the first production year (Table 3.2). Stem and
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leaf NDFD for both alfalfa cultivars in the present study are comparable to previously
reported values for alfalfa stem and leaf NDFD (Sanderson et al., 1989; Jung and Lamb,
2003, 2006; Lamb et al., 2012).

In the present study, 54HVX41 demonstrated an 8 to 15% improvement in stem
NDFD across the seeding and first production year. Previous studies investigating
reduced lignin alfalfa experimental lines found similar results, showing improvements in
stem IVDMD (Reddy et al., 2005), stem NDFD (Guo et al., 2001b), and stem in situ
rumen digestibility (Reddy et al., 2005) for reduced lignin alfalfa compared to control
lines. To the authors’ knowledge, previous research investigating reduced lignin alfalfa
cultivars has not reported NDFD within the leaf fraction of the forage. However, field
studies have shown improvements in total herbage IVDMD (Getachew et al., 2011, 2018)
and NDFD (Grev et al., 2017; Getachew et al., 2018) for reduced lignin alfalfa compared
to reference alfalfa cultivars. Increases in total herbage NDFD ranged from 8 to 18% in
Minnesota (Grev et al., 2017) and 7 to 17% in Wisconsin (Getachew et al., 2018). The
present study further confirms an improvement in NDFD for reduced lignin alfalfa and
provides evidence that the improvement in total herbage NDFD is primarily a result of
NDFD improvements within the stem fraction of the plant. Increases in stem NDFD for
54HVX41 can likely be attributed to the reduction in lignin concentration for this
cultivar, as the deposition of lignin into plant cell walls can negatively affect rumen
microbial degradation and the digestion of feed by intestinal enzymes (Buxton and
Hornstein, 1986; Liu and Yu, 2011). These results have potential biological significance,
as improvements in stem and total herbage digestibility can improve the value of alfalfa

as a forage source for livestock.
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Maturity Response. Stem and leaf NDFD decreased with increasing forage
maturity (Table 3.3; Figure 3.3A-B). Similar to CP, the higher stem NDFD for the initial
sampling dates during the first production year are reflective of the sampling that
occurred during the spring season. Leaf NDFD also decreased with increasing forage
maturity, and was greater than stem NDFD across all maturities (Table 3.3).

Stem and leaf NDFD were negatively associated with MSW. Correlation coefficients for
stem NDFD were -0.84 and -0.90 during the seeding and first production year,
respectively. Correlation coefficients for leatf NDFD were -0.64 and -0.75 during the
seeding and first production year, respectively. The decrease in stem and leaf NDFD
with increasing forage maturity was expected, and agrees with previous research
demonstrating declining stem and leaf IVDMD (Fick and Holthausen, 1975; Buxton et
al., 1985; Albrecht et al., 1987) and NDFD (Sanderson et al., 1989; Lamb et al., 2012)
with increasing forage maturity. Sanderson et al. (1989) reported stem NDFD decreasing
from 883 to 336 g kg'! for alfalfa harvested across a wide range of forage maturities, and
Lamb et al. (2012) reported greater stem NDFD for alfalfa harvested at early bud
compared to late flower. In the present study, although decreases in NDFD occurred
within both leaf and stem fractions, the extent of NDFD decrease with increasing forage
maturity was greater within the stem portion of the plant. Previous studies have made
similar conclusions, showing a greater decline in stem digestibility with increasing forage
maturity compared to leaf digestibility (Fick and Holthausen, 1975; Kalu and Fick, 1983;
Buxton et al., 1985; Albrecht et al., 1987; Markovi¢ et al., 2012). This decline in

digestibility with increasing forage maturity is likely a result of the increased lignification
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within the plant cell walls, particularly within the stem portion of the plant (Albrecht et

al., 1987; Yu et al., 2003).

SUMMARY AND CONCLUSIONS

With the exception of seeding year leaf yields, reduced lignin (54HVX41) and
reference (DKA43-22RR) alfalfa cultivars were not different in morphological
characteristics, including stem yield, leaf yield, and L:S. Likewise, these morphological
characteristics changed with maturity similarly across cultivars. The lack of differences
in forage morphology between reduced lignin and reference alfalfa cultivars indicates
that growth patterns between these cultivars are similar. Therefore, any changes in
forage nutritive value between reduced lignin and reference alfalfa cultivars are likely a
direct result of quality changes occurring within the plant, rather than differences in
growth characteristics.

Across the seeding and first production year, 54HVX41 demonstrated a 13 to
14% reduction in stem ADL and an 8 to 15% increase in stem NDFD compared to
DKA43-22RR. Stem and leaf CP, stem and leaf NDF, leaf ADL, and leaf NDFD were
similar among cultivars. These results indicate that much of the change in forage
nutritive value for the reduced lignin alfalfa cultivar 54HVX41 is a result of quality
changes occurring within the stem portion of the plant.

Forage maturity had a strong influence on alfalfa stem yield, leaf yield, and L:S.
As forage maturity increased, stem and leaf yields increased and L:S decreased. Yield
increases were greater for stem fractions, while initial increases in leaf yield were often

followed by a plateau at later maturity stages. As a result, declines in the L:S with
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increasing alfalfa forage maturity can be attributed to increasing stem proportions and
decreasing leaf proportions as the plant matures.

As expected, CP, NDF, ADL, and NDFD within alfalfa stem and leaf fractions
were all directly impacted by forage maturation. Harvesting at a lesser plant maturity
resulted in greater forage nutritive value for both stem and leaf components, including
increased CP concentrations, decreased NDF and ADL concentration, and increased
NDFD. Leaf fractions maintained a higher forage nutritive value compared to stem
fractions across all maturities, and increasing forage maturity had a greater impact on
alfalfa stem fractions compared to leaf fractions, pointing to the significance of stem

nutritive value on total herbage quality.
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Table 3.1. Test of fixed effects for forage morphological characteristics and stem and leaf forage nutritive values, including stem
yield, leaf yield, leaf to stem ratio (L:S), stem and leaf crude protein (CP), stem and leaf neutral detergent fiber (NDF), stem and leaf
acid detergent lignin (ADL), and stem and leaf neutral detergent fiber digestibility (NDFD) for alfalfa cultivars grown in Becker and
St. Paul, MN during the seeding (2015) and first production (2016) year.

Forage Morphology Stem Forage Nutritive Value Leaf Forage Nutritive Value
Stem Leaf
Source Yield Yield L:S CP NDF ADL NDFD CP NDF ADL NDFD
P>F
Seeding Year (2015)

MSWT (M) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Cultivar (C) 0.41 0.36 0.88 0.73 0.95 <0.01 <0.01 0.84 0.40 0.76 0.14

M xC 0.84 0.60 0.78 0.62 0.78 0.61 0.02 0.24 0.69 0.42 0.21

First Production Year (2016)

MSW (M) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01

Cultivar (C) 0.63 0.23 0.73 0.53 0.26 0.02 0.01 0.11 0.20 0.15 0.94

M xC 0.96 0.91 0.78 0.51 0.44 0.70 0.91 0.99 0.93 0.84 0.76
"Numerical index referring to stage of alfalfa development (Kalu and Fick, 1981). Vegetative growth includes stages 0 through 2,
budding plants includes stages 3 and 4, and flowering plants includes stages 5 and 6.
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Table 3.2. Average stem yield, leaf yield, leaf to stem ratio (L:S), stem and leaf crude protein (CP), stem and leaf neutral detergent
fiber (NDF), stem and leaf acid detergent lignin (ADL), and stem and leaf neutral detergent fiber digestibility (NDFD) for alfalfa

cultivars grown in Becker and St. Paul, MN during the seeding (2015) and first production (2016) year.

Forage Morphology Stem Forage Nutritive Value Leaf Forage Nutritive Value

Stem Leaf
Source Yield Yield L:S CP NDF ADL NDFD CP NDF ADL NDFD

——gm? — gkg! gkg!

Seeding Year (2015)
54HVX41 155.6 160.8% 1.08 145 477 67° 3122 326 173 27 651
DKA43-22RR 145.6 143.2° 1.07 145 481 78? 271° 332 169 30 644
SE 155 30.1 0.12 5.1 17.1 4.8 7.4 13.8 3.4 7.5 114
First Production Year (2016)

54HVX41 166.2 150.4 1.02 182 408 48° 4432 331° 192 30° 641
DKA43-22RR 161.2 143.2 1.01 181 413 552 412° 338* 187 31° 643
SE 16.3 6.4 0.07 6.6 25.3 6.2 55.8 7.9 11.8 4.9 18.0

®Within column and section, means without a common letter differ based on a Tukey’s HSD test (P < 0.05)
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Table 3.3. Regression coefficients, associated 7 values, and parameter estimates at a mid-

vegetative (MSW 1) and late flower (MSW 6) maturity for models describing the

responses of alfalfa stem yield, leaf yield, leaf to stem ratio (L:S), stem and leaf crude
protein (CP), stem and leaf neutral detergent fiber (NDF), stem and leaf acid detergent
lignin (ADL), and stem and leaf neutral detergent fiber digestibility (NDFD) to forage
mean stage by weight (MSW) for alfalfa cultivars grown in Becker and St. Paul, MN

during the seeding and first production year.

MSW MSW
Source Model® Bo Bi B2 r 1 6t
Seeding Year (2015)
gm?
Stem Yield Q -79.3 105.7 94 0.8 42.8 215.0
Leaf Yield Q 2.1 74.0 -7.1 0.5 71.1 181.7
L:S Q 2.3 -0.6 0.1 0.7 1.50 0.82
gkg!
Stem CP Q 23.6 -4.4 0.4 0.8 189 122
Leaf CP L 38.3 -1.6 — 0.5 372 292
Stem NDF Q 32.8 7.2 -0.7 0.6 411 524
Leaf NDF Q 13.8 — 0.3 0.6 147 221
Stem ADL Q 34 1.7 -0.2 0.5 53 87
Leaf ADL Q 2.4 — 0.0 0.1 29 34
Stem NDFD
54HVX41 Q 60.9 -13.0 1.1 0.9 462 231
DKA43-22RR Q 55.2 -14.1 1.4 0.8 425 204
Leaf NDFD Q 69.0 — -0.3 0.4 710 584
First Production Year (2016)
gm?
Stem Yield Q -1.9 94.8 9.1 0.7 68.0 223.6
Leaf Yield Q 71.1 44.0 -4.3 0.5 106.9 162.6
L:S Q 2.0 -0.6 0.1 0.6 1.56 0.74
gkg!
Stem CP Q 29.4 -6.1 0.5 0.9 246 122
Leaf CP L 39.1 2.0 — 0.7 375 276
Stem NDF Q 21.8 9.9 -0.8 0.9 303 534
Leaf NDF Q 16.3 — 0.2 0.7 166 257
Stem ADL Q 0.4 2.7 -0.3 0.7 26 74
Leaf ADL Q 34 -0.3 0.0 0.0 32 32
Stem NDFD Q 72.1 -14.2 1.0 0.9 591 231
Leaf NDFD L 70.7 2.3 — 0.6 693 573

'L, linear; Q, quadratic
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*Numerical index referring to stage of alfalfa development (Kalu and Fick, 1981).
Vegetative growth includes stages 0 through 2, budding plants includes stages 3 and 4,
and flowering plants includes stages 5 and 6.
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Figure 3.1. Monthly air temperature (°C), precipitation (cm), and 30-year historical
average for Becker and St. Paul, MN during the 2015 and 2016 growing season. Weather
data was obtained from http://mrcc.isws.illinois.edu/.
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Figure 3.2A-B. Predicted alfalfa stem acid detergent lignin and 95% confidence intervals
(shaded area) for reduced lignin cultivar 54HVX41 (y;) and reference alfalfa cultivar
DKA43-22RR (y2) in response to forage mean stage by weight during the seeding (A)
and first production (B) year.
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Figure 3.3A-B. Predicted alfalfa stem neutral detergent fiber digestibility and 95%
confidence intervals (shaded area) for reduced lignin cultivar 54HVX41 (y;) and
reference alfalfa cultivar DKA43-22RR (32) in response to forage mean stage by weight
during the seeding (A) and first production (B) year.
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CHAPTER SUMMARY

Reduced lignin alfalfa (Medicago sativa) has the potential to provide a higher
quality forage source for livestock by improving forage digestibility. This study was
conducted to evaluate apparent digestibility when feeding reduced lignin and reference
alfalfa hays to adult horses, and to examine differences in mean fecal particle size
(MFPS) and mean retention time (MRT) between alfalfa forage types. In 2017, reduced
lignin (54HVX41) and reference (WL355.RR) alfalfa hays were harvested in Minnesota
at the late-bud stage. Alfalfa varieties were similar in crude protein (CP; 199 g kg™),
neutral detergent fiber (NDF; 433 g kg™!), and digestible energy (DE; 2.4 Mcal kg™')

content. Acid detergent lignin (ADL) concentrations were lower for 54HVX41 (74 g kg
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1) compared to WL355.RR (81 gkg!). Dietary treatments were fed to six adult, stock-
type horses in a crossover study. Experimental periods consisted of a 9-d dietary
adaptation phase followed by a 5-d total fecal collection phase, during which horses were
housed in individual boxstalls and manure was removed on a continuous 24-h basis. At
12-h intervals, feces were thoroughly mixed, subsampled in duplicate, and used for
apparent digestibility and MFPS analysis. Additional samples were taken at 2-h intervals
following marker dosing to evaluate MRT. Dietary treatments were similar in dry matter
intake (DMI; 1.6% BW) and time to consumption (TTC; 7.6 h). Apparent dry matter
digestibility (DMD) was greater for reduced lignin alfalfa (64.4%) compared to reference
alfalfa (61.7%). Apparent CP digestibility (CPD), NDF digestibility (NDFD), MFPS,
liquid phase MRT, and particulate phase MRT did not differ between dietary treatments,
averaging 78.4%, 45.2%, 0.89 mm, 24.0 h, and 28.5 h, respectively. These results
indicate an improvement in DMD for reduced lignin alfalfa hay when fed to adult horses,

with no change in forage consumption, fecal particle size, or retention time.

INTRODUCTION
Alfalfa is widely used as forage for horses due to its high nutrient content.
Compared to grasses, legumes such as alfalfa are typically lower in NDF and contain
greater concentrations of protein, energy, and essential vitamins and minerals like
calcium (Gibbs et al., 1988; Cuddeford et al., 1992, 1995; Crozier et al., 1997; Wilman
and Moghaddam, 1998; LaCasha et al., 1999; Sturgeon et al., 2000; Edouard et al., 2008;
Potts et al., 2010; Earing et al., 2010; Woodward et al., 2011). As a result of these

differences, alfalfa is generally more digestible compared to other grass forages.
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Researchers comparing forage digestibility between legumes and grasses have reported
average DMD ranging from 44 to 59% for grass hays and 58 to 73% for alfalfa hays
(Cuddeford et al., 1995; Crozier et al., 1997; LaCasha et al., 1999; Sturgeon et al., 2000;
Pearson et al., 2006; Edouard et al., 2008; Potts et al., 2010).

Although alfalfa is a preferred forage source for horses with advanced dietary
requirements, the digestibility and utilization of alfalfa by these animals is hampered by
its lignin content (Sewalt et al., 1997; Casler et al., 2002). Classified as one of the
structural carbohydrates, lignin is a complex structural polymer and the second most
abundant component of secondary plant cell walls (Li et al., 2015). While it is essential
for providing the strength and rigidity necessary for normal plant growth, the deposition
of lignin into plant cell walls can reduce the feeding value of alfalfa by negatively
affecting microbial degradation and the digestion of feed by intestinal enzymes (Buxton
and Hornstein, 1986; Liu and Yu, 2011). Lignification has been reported to be the major
factor limiting the in vitro DMD of whole plant forage (Casler, 1986, 1987; Reddy et al.,
2005; Jung et al., 2012), and numerous studies have reported a strong inverse relationship
between lignin concentrations and forage digestibility (Albrecht et al., 1987; Casler,
1987; Buxton and Russell, 1988; Sanderson et al., 1989; Jung et al., 1997; Reddy et al.,
2005).

Populations of reduced lignin alfalfa are now available and have potential to
increase the digestibility of alfalfa forage compared to reference cultivars (Guo et al.,
2001; Marita et al., 2003; Reddy et al., 2005; Getachew et al., 2011). Field research
evaluating the performance of reduced lignin alfalfa under different harvest frequencies

has demonstrated a reduction in total herbage ADL and an increase in NDFD and relative
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forage quality (RFQ) for reduced lignin alfalfa compared to reference cultivars (Grev et
al., 2017; Getachew et al., 2018). However, it remains to be seen if these increases in
forage NDFD will translate into greater in vivo digestibility when fed to the animal
directly. Preliminary results evaluating reduced lignin alfalfa hay found that when
reduced lignin and reference alfalfa hays were fed to lambs, DMD and NDFD were
greater for the reduced lignin hays (Mertens and McCaslin, 2008). Similarly, when
reduced lignin alfalfa hays were included as 50% of the ration for lactating dairy cows,
NDFD was significantly increased and the additional forage digestibility resulted in 1.3
kg more milk production per head per day compared to the control diet (Weakley et al.,
2008). While this information is promising, information on forage digestibility for
current reduced lignin alfalfa cultivars is not yet available, and digestibility changes have
not yet been evaluated in the equine model. Therefore, the objectives for this study were
to evaluate apparent digestibility when feeding reduced lignin and reference alfalfa hays
to adult horses. To further explore potential changes in digestive parameters, MRT and

MEFPS between alfalfa forage types were also assessed.

MATERIALS AND METHODS
All experimental procedures were conducted according to those approved by the
University of Minnesota Institutional Animal Care and Use Committee.
Dietary Treatments
Dietary treatments were two commercially available alfalfa cultivars, including
one reduced lignin alfalfa cultivar (54HVX41) and one non-reduced lignin cultivar

(WL355.RR). The 54HVX41 cultivar is available from Forage Genetics (Napa, ID) and
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was produced via down-regulation of the lignin biosynthetic genes. The WL355.RR
cultivar is available from W-L Alfalfa (Ozark, MO) and was selected because it is a high-
performing cultivar with a similar fall dormancy; this cultivar is not marketed as reduced
lignin and served as a reference cultivar for this experiment.

In April 2016, reduced lignin and reference alfalfa cultivars were seeded into a
prepared seedbed at a rate of 18.7 kg ha! on an established commercial hay production
field in Minnesota. Soil was a combination of an Angus-Le Sueur complex (1 to 6
percent slopes) and a Cordova loam (0 to 2 percent slopes), and soil fertility was
amended to meet recommendations for alfalfa hay production according to University of
Minnesota fertility guidelines (Kaiser et al., 2011). Hay was baled from third cutting
alfalfa, which was harvested on September 2, 2017 at the late bud stage (Kalu and Fick,
1981). All forage was cut, raked, and baled at recommended moisture levels using best
management practices designed to minimize leaf loss and optimize forage quality and
yield (Digman et al., 2011). Hay was baled into small-square bales, and treatments were
individually identified using color-coded zip ties which were manually attached to each
bale at the time of baling.

Immediately following baling, representative hay bales from each treatment were
randomly selected and cored to determine forage nutritive value (Sheaffer et al., 2000).
Hay samples were dried in a forced-air oven at 60°C for 48 h and ground to pass through
a 1-mm screen in a Cyclotec (Foss, Hillerod, Denmark). Ground samples were analyzed
for forage nutritive value by a commercial forage testing laboratory (Equi-Analytical,
Ithaca, NY) using the following methods. Crude protein was calculated as the percentage

of nitrogen multiplied by 6.25 (AOAC, 2010). Neutral and acid detergent fibers were
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measured using filter bag techniques (Ankom Technology, 2013a; b). Starch, water
soluble-carbohydrates (WSC), and ethanol-soluble carbohydrates (ESC) were measured
using techniques described by Hall et al. (1999). Mineral concentrations were
determined (Thermo Jarrell Ash IRIS Advantage HX Inductively Coupled Plasma Radial
Spectrometer; Thermo Instrument Systems Inc., Waltham, MA) after microwave
digestion (Microwave Accelerated Reaction System; CEM, Mathews, NC). Equine DE
was calculated using an equation developed by Pagan (1998). This preliminary hay
sampling and analysis was done to allow for confirmation of forage nutritive value
differences due to alfalfa cultivar.

In addition to the forage nutritive value analysis, stem and leaf separations and
stem length measurements were also taken to compare forage characteristics between
reduced lignin and reference alfalfa hays. Twelve randomly selected samples from each
forage type consisting of approximately 0.25 kg were divided by hand into stem and leaf
fractions and weighed to determine leaf to stem ratios (L:S). In addition, 12 randomly
selected samples from each forage type consisting of one hay flake (approximately 1.0
kg) were used for stem length measurements. For each sample, stem length was
measured on 100 randomly selected stems, which were averaged to estimate the mean
stem length. Hay bales were then consolidated by treatment and stored indoors
throughout the duration of the study.

Experimental Design and Sample Collection

The experiment was completed using a crossover design with two treatments

(alfalfa forage type) and two periods. Six adult, stock-type horses with an average

bodyweight (BW) of 544 kg (SE + 36 kg) and body condition score (BCS; Henneke et
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al., 1983) of 5.7 (SE £ 1.0) were divided into two similar herds with three horses each.
Prior to the start of the study, horses were acclimated to their herd and paddock and given
free-choice access to legume-grass mixed hay and water. Herds remained together for
the duration of the study. Each experimental period consisted of a 9-d dietary adaptation
phase (d 1 to 9) followed by a 5-d total fecal collection phase (d 10 to 14).

At the beginning of each adaptation phase (d 1), horses were weighed using a
livestock platform scale and BCS was assessed (Henneke et al., 1983). For the duration
of the adaptation phase, horse herds were housed in individual dry lots with access to
shelter and water. Horses received their experimental diet ad libitum; hay was divided
into two equal portions and fed twice daily at 0800 and 1900 h. With each morning
feeding, horses were also given 0.9 kg of a commercially prepared ration balancer
(vitamin and mineral mix) to ensure that all nutritional requirements were met for adult
horses at maintenance (NRC, 2007).

At the beginning of each fecal collection phase (d 10), horses were moved to
individual rubber-matted boxstalls (3.6 x 3.6 m), where they were housed for the duration
of the fecal collection phase. Each morning of the fecal collection phase, representative
forage samples were obtained by randomly sampling hay bales from each dietary
treatment using a core-sampler (Penn State Forage Sampler, University Park, PA). Hay
cores for each dietary treatment were combined by day and stored at -20°C for later
analysis. Hay was offered at 2% BW from hay nets and was fed in two equal portions at
0800 and 2000 h. The time when horses began eating their hay meal and the time when
horses finished that same hay meal was recorded in order to calculate total TTC for each

hay meal. Prior to each feeding, any orts remaining in the stalls were removed, weighed,
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and subtracted from the daily amount of hay offered for determination of total daily hay
intake. Horses had free-choice access to water throughout the fecal collection phase.

The amount of water provided to each horse was recorded in order to calculate total daily
water intake.

For the duration of the fecal collection phase, horses were hand walked twice
daily for 15 min immediately before receiving their meal. Manure was removed from the
stalls continuously on a 24-h basis to allow for determination of total daily fecal output
and to reduce any possible contamination with hay or urine. Feces for each horse were
collected individually into large plastic containers lined with plastic bags that remained
closed throughout the day to retain moisture. Cumulative feces weight was recorded
every 12 h, at which time the collected feces was thoroughly mixed and subsampled in
duplicate. Subsamples contained approximately 10% of the total fecal mass each and
were placed in sealed collection bags and stored at -20°C for subsequent apparent
digestibility and fecal particle size analysis. Total daily fecal output was calculated as the
summed fecal weight from each 12-h period.

Marker Preparation

Indigestible markers were used to measure MRT of solute- and particulate-phase
digesta through the entire digestive tract. Solute MRT was measured using Cobalt-
EDTA (Co-EDTA) as a solute-phase marker, and particulate MRT was measured using
Ytterbium-labeled (Yb-labeled) NDF residue as a particulate-phase marker. The Co-
EDTA marker was prepared according to the methods of Udén et al. (1980). A solution
containing 25 g of Co(II) acetate 4H20, 29.2 g EDTA, 4.3 g LiOH H20, and 200 mL

distilled water was prepared and heated until solutes were dissolved. The mixture was
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cooled and 20 mL of 30% hydrogen peroxide were added. After standing for 2 to 3 h at
room temperature, 300 mL 95% ethanol were added and the mixture was stored overnight
under refrigeration. The following day, the mixture was filtered, washed with 80%
ethanol, and dried to a constant weight in a 60°C forced-air oven.

The Yb-labeled NDF residue markers were prepared using the immersion method
described by Earing (2011). Markers were prepared separately with both reduced lignin
and reference alfalfa hays so that horses were given Yb-labeled NDF residue that was
consistent with their dietary treatment. Hays were chopped by passing through a Wiley
Mill (Thomas Scientific, Swedesboro, NJ) with no screen four times. To prevent particle
loss during the marker preparation process, hays used for marker attachment were kept in
cloth bags throughout the labeling procedure. Hays were first prepped for marker
attachment through the removal of soluble particles. Hays were soaked in boiling NDF
solution for 1 h at a rate of 60 g chopped forage per 1 L NDF solution and then
thoroughly rinsed with hot water to ensure soluble particle removal. Marker attachment
to the resulting NDF residue was accomplished by soaking the residue at a rate of 100 g
of NDF residue per 1 L of 0.007 M Yb solution for 24 h. The Yb solution was prepared
by dissolving 2.96 g of Yb (III) acetate tetrahydrate in 1 L of distilled water. Following
the 24 h soak, the NDF residue was soaked in tap water for 1 h and thoroughly rinsed.

To ensure removal of any loosely bound Yb, the NDF residue was washed in 0.01 M
acetic acid for 1.5 h and rinsed thoroughly. The final product was dried in a forced air
oven at 60°C for 24 h or until a constant weight was reached.

Marker Administration and Sample Collection
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The morning of the second day of each total fecal collection period (d 11), horses
received the prepared Co-EDTA and Yb-labeled NDF residue markers in a single dose
immediately prior to their morning hay meal. Marker dosage was provided according to
horse BW, with each horse receiving 9 mg of Co and Yb per kg BW®”>. To encourage
complete consumption, the marked feed was mixed with 0.9 kg of commercially prepared
ration balancer and top dressed with a diluted molasses-water mixture. All horses readily
consumed the marked feed in its entirety, after which the usual morning hay allotment
was provided.

In addition to the fecal collection procedures outlined previously, additional fecal
samples were collected for marker concentration analysis. Following the marker
ingestion, excreted feces were collected from each horse immediately following
defecation every 2 h from 0 to 96 h post-marker ingestion. At each time point, the
collected fecal sample was weighed, the time of excretion and fecal weight were
recorded, and the sample was thoroughly mixed by hand. A sub-sample consisting of at
least 400 g of wet feces was placed in a sealed collection bag and stored at -20°C for
subsequent marker concentration measurement. Following sub-sampling, any remaining
fecal material was added to the ongoing 12-h cumulative fecal collection described
previously. Weights for the collected marker sub-samples were added to the summed
total daily fecal output amount.

Sample Analysis and Calculations

Upon completion of the experiment, all hay and fecal samples were thawed and

dried in a forced-air oven at 60°C for 48 h. Dry matter was determined by dividing the

weight of the hay or feces after drying by the wet weight of the hay or feces as sampled.
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Dry matter intake was calculated by multiplying the hay DM by the total daily hay intake
(hay delivered minus orts). Hay DMI was expressed as a percentage of BW by dividing
hay DMI by horse BW at the beginning of each period. Dry matter intake rate (DMIR)
was determined by dividing the total amount of hay consumed (kg DM) by the TTC (h).
Dry matter output (DMO) was calculated by multiplying the fecal DM by the total daily
fecal output (summation of 12-h cumulative collection plus marker sub-samples).

Hay and fecal samples for apparent digestibility analysis were ground to pass
through a 1-mm screen in a Cyclotec (Foss, Hillerod, Denmark) and analyzed for forage
nutritive value via wet chemistry by a commercial forage testing laboratory (Equi-
Analytical, Ithaca, NY). Samples were analyzed for CP, acid detergent fiber (ADF),
NDF, and ADL using the methods described previously. Apparent DMD was calculated
based on the mean daily DMI and the mean daily fecal DMO using the following
equation:

DMI — fecal DMO
DMI

DMD =

Calculations for individual nutrient digestibility followed the same format and

were calculated using the following equation:

Nutrient intake — nutrient excreted in feces

Di tibility =
Lgestioiiity Nutrient intake

A particle size distribution analysis was performed on dried fecal particle size

samples using a sieve shaker with 4, 2, 1, 0.5, and 0.25 mm stainless steel sieves (Gilson

130



Co. Inc., Lewis Center, OH). A sub-sample of 50 g of dried feces was placed on the top
screen and the stack of sieves was shaken at 300 RPM on an agitator (New Brunswick
Scientific, Edison, NJ) for 4 minutes. At this point, any fecal lumps remaining in the top
sieve were broken up via manual processing and the sample was sieved for an additional
8 minutes. The material retained within each sieve was weighed, and MFPS was
calculated based on a weighted average of the particle distribution within each sieve size.
Fecal samples for marker concentration determination were ground to pass
through a 1-mm screen in a Cyclotec (Foss, Hillerod, Denmark) and sent to a commercial
laboratory (University of Kentucky ERTL, Lexington, KY) for analysis. Samples were
digested in concentrated nitric acid and analyzed for Co and Yb concentrations using
inductively-coupled plasma spectrophotometry with wavelengths set at 236.379 and
222.447 nm for Co and Yb, respectively. Fecal recovery (R, %) of each marker was
calculated based on marker intake and fecal marker excretion using the following
equation: R = (fecal marker excretion/marker intake) x 100. Total tract MRT for both
fluid (Co) and particulate (Yb) phases were calculated algebraically according to Blaxter

et al. (1956) as:

X mt;

MRT =
xm;

where m; = the amount (mg) of marker at the ith sample and t; = the time (h) elapsed
between marker ingestion and the time the ith sample was collected, and also according
to Thielemans et al. (1978) as:

2t CAL

MRT =
X CiAt;
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where t; = time (h) elapsed between marker ingestion and the time the ith sample was
collected, C; = concentration (mg kg™!) of marker in the ith sample, and At; = time interval
(h) between two consecutive samples.

Statistical Analysis

Data for all response variables were analyzed using the MIXED procedure of SAS
(version 9.4; SAS Institute Inc., Cary, NC). Mean comparisons are reported as least
square means + SE, with statistical significance set at P < 0.05. Means separations were
performed on significant effects using Tukey’s HSD test. For hay nutrient composition
and forage characteristic response variables, individual forage samples comprised the
experimental unit. The model included dietary treatment (i.e. alfalfa cultivar) as a fixed
effect. Experimental period and replicate were included as random effects.

For intake, apparent digestibility, and fecal particle size response variables,
individual horse within dietary treatment was the experimental unit. The model included
dietary treatment and treatment by time as fixed effects. Experimental period, horse, and
the period by horse interaction were included as random effects. Time was included as a
repeated measures according to the methods of Littell et al. (1998). For TTC and DMIR
variables, data where horses did not finish their full hay meal prior to receiving the
subsequent hay meal (i.e. within a 12-h time window) were excluded from the analysis.

For marker concentration and MRT response variables, individual horse within
dietary treatment was the experimental unit. Area under the curve for Yb and Co markers
were calculated using the trapezoidal method. The model included dietary treatment as a
fixed effect. Experimental period, horse, and the period by horse interaction were

included as random effects.
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RESULTS AND DISCUSSION
Nutrient Composition and Forage Characteristics

Nutrient composition, L:S, and average stem length for the reduced lignin
(54HVX41) and reference (WL355.RR) alfalfa hays are shown in Table 4.1. With the
exception of ADL, nutrient content was similar between alfalfa hay types, and
concentrations for all nutrients fell within the normal range for alfalfa hay (Cuddeford et
al., 1992, 1995; Crozier et al., 1997; LaCasha et al., 1999; Sturgeon et al., 2000; Pearson
et al., 2001; Potts et al., 2010; Earing et al., 2010; Woodward et al., 2011). The nutrient
profile for both alfalfa hays in the present study was sufficient to meet the daily DE and
CP requirements for adult horses at maintenance. At the intakes measured in this study,
horses were consuming an average of 116 and 252% of their daily DE and CP
requirements, respectively.

In the present study, reduced lignin alfalfa hay demonstrated a 9% reduction in
ADL compared to reference alfalfa hay. Previous research comparing reduced lignin and
reference alfalfa hays has also reported a reduction in ADL with little to no change in
other nutrient components (Mertens and McCaslin, 2008). Similarly, reduced lignin
alfalfa forage has shown a 6 to 24% decrease in total herbage ADL concentrations
compared to reference alfalfa cultivars (Getachew et al., 2011, 2018; Grev et al., 2017).
This reduction in total herbage lignin is likely a result of reductions in lignin within the
stem fraction of the plant, as research has reported a 13 to 14% decrease in stem ADL
concentrations and minimal differences in leaf ADL concentrations for reduced lignin

alfalfa (Grev et al., 2019).
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Stem length did not differ between alfalfa hay types, but the reduced lignin alfalfa
hay contained a lower percentage of stems and a higher percentage of leaves compared to
the reference alfalfa hay. As a result, L:S was greater for reduced lignin alfalfa hay (1.4)
compared to reference alfalfa hay (0.9). To the authors’ knowledge, this is the first study
comparing stem length and L:S between reduced lignin and reference alfalfa hays.
Previous research evaluating L:S on fresh forage found no difference in L:S between
reduced lignin and reference alfalfa (Grev et al., 2019). While the higher L:S for reduced
lignin alfalfa hay could be indicative of greater leaf retention during hay production for
the reduced lignin cultivar, further research comparing reduced lignin and reference
alfalfa hay production is needed to investigate this theory.

Intake and Time to Consumption

Intake for hay and water was similar across dietary treatments when expressed on
a DM basis as kilograms per day, percentage of BW, and grams per kilogram of BW®73
(Table 4.2). Across both treatments, DMI for alfalfa hay in the present study averaged
1.6% of BW and 78.0 g kg'! BW®”, This intake level is within the expected range for
horses and corresponds with other studies reporting DMI for horses fed legume or grass
hay at maintenance (Martin-Rosset et al., 1990; Palmgren Karlsson et al., 2000;
Ordakowski et al., 2001; Pearson et al., 2006; Miyaji et al., 2008, 2014; Staniar et al.,
2010; Woodward et al., 2011; Clauss et al., 2014). Although this is the first study
reporting intake for reduced lignin and reference alfalfa hays fed to horses, previous
research with other species found no difference in DMI when reduced lignin and
reference alfalfa hays were fed to dairy cows as part of a total mixed ration (Weakley et

al., 2008). Water intake in the present study averaged 34.3 kg d”! across both hay types
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and is comparable to previous studies reporting daily water intake for horses (Cuddeford
et al., 1995; Pearson et al., 2001, 2006).

Time to consumption and DMIR averaged 7.6 h and 0.7 kg h™!, respectively, and
did not differ between dietary treatments (Table 4.2). Hay nets used in the present study
were comparable to the medium hay nets used by Glunk et al. (2014), who reported a
mean TTC of 5.1 h and a DMIR of 0.99 kg h™!. The slightly longer TTC and lower
DMIR observed in the present study could be due to a number of reasons, including
changes in forage type (i.e. alfalfa vs. grass hay), differences in feeding time (i.e. PM
meal fed at 1600 vs. 2000 h), or variation among individual horses. Regardless, the lack
of differences in DMI, TTC, and DMIR between reduced lignin and reference alfalfa
hays indicate that both hay types were equally accepted by the horses in this study, and
that rate of consumption was similar between alfalfa hay types.

Apparent Digestibility

Apparent nutrient digestibility values for reduced lignin and reference alfalfa hays
are shown in Table 4.3. Horses exhibited a 4% improvement in DMD when consuming
reduced lignin alfalfa hay compared to reference alfalfa hay, averaging 64.4 and 61.7%
for reduced lignin and reference alfalfa hays, respectively. These DMD values are
comparable to results from previous studies, which have reported apparent DMD ranging
from 57 to 73% for alfalfa hay (Cuddeford et al., 1995; Crozier et al., 1997; LaCasha et
al., 1999; Sturgeon et al., 2000; Pearson et al., 2001, 2006; Edouard et al., 2008; Potts et
al., 2010; Earing et al., 2010). To the authors’ knowledge, this is the first study
comparing DMD between reduced lignin and reference alfalfa hays fed to horses.

However, this improvement in DMD for reduced lignin alfalfa hay is consistent with
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results from Mertens and McCaslin (2008), who reported a 3 to 5% increase in DMD
when reduced lignin alfalfa hay was fed to lambs. These improvements in DMD for
reduced lignin alfalfa hay could be due to a number of reasons, the most likely of which
include a reduction in forage ADL concentrations or a greater L:S for the reduced lignin
alfalfa cultivar. It has been well established that the deposition of lignin in plant cell
walls negatively affects forage digestibility (Albrecht et al., 1987; Jung et al., 1997;
Reddy et al., 2005; Getachew et al., 2011). Therefore, a reduction in herbage lignin
content will likely result in improvements in forage digestibility. At the same time,
alfalfa leaves are known to be low in cell wall concentration and highly digestible, while
alfalfa stems exhibit a lower digestibility as a result of high concentrations of cell wall
polysaccharides (Albrecht et al., 1987; Julier and Huyghe, 1997; Mili¢ et al., 2011;
Markovi¢ et al., 2012; Yari et al., 2012; Lamb et al., 2012). As a result, changes in the
proportion of leaf and stem material (i.e. L:S) within the plant could also alter forage
digestibility. Further research is needed to pinpoint the cause behind the observed DMD
improvement for reduced lignin alfalfa.

Crude protein digestibility did not differ between reduced lignin and reference
alfalfa hays, averaging 78.4% across treatments. Past studies evaluating CPD for alfalfa
hay has found similar results, reporting CPD ranging from 66 to 90% (Cuddeford et al.,
1992, 1995; Crozier et al., 1997; LaCasha et al., 1999; Sturgeon et al., 2000; Pearson et
al., 2001, 2006; Potts et al., 2010; Woodward et al., 2011). To the authors’ knowledge,
previous research has not compared CPD between reduced lignin and reference alfalfa
hays. The similarity in CPD between alfalfa hays in the present study is likely due to a

combination of factors, including the similar CP content between forages, the high
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availability of readily-digested CP in alfalfa forage, and the ability of the microbial
populations in the hindgut to utilize any remaining CP following pre-cecal digestion.

Alfalfa hay treatments were similar in ADF digestibility (ADFD) and NDFD, but
there was a trend for increased ADL digestibility (ADLD) for reduced lignin alfalfa hay
(30.8%) compared to reference alfalfa hay (23.3%). All fiber digestibility values
observed in the present study are consistent with reports from previous research, which
has documented alfalfa hay ADFD ranging from 21 to 55%, NDFD ranging from 24 to
57%, and ADLD ranging from 18 to 32% (Cuddeford et al., 1992, 1995; Crozier et al.,
1997; LaCasha et al., 1999; Sturgeon et al., 2000; Pearson et al., 2001, 2006; Potts et al.,
2010; Earing et al., 2010). The present study is the first report comparing apparent
ADFD, NDFD, and ADLD between reduced lignin and reference alfalfa hays when fed
to horses. Previous work in other species has reported significant improvements in
NDFD when reduced lignin alfalfa hay was either fed to lambs (Mertens and McCaslin,
2008) or included in the ration for lactating dairy cows (Weakley et al., 2008). Similarly,
studies have documented improvements in in vitro stem and total herbage NDFD for
reduced lignin alfalfa (Guo et al., 2001; Grev et al., 2017, 2019; Getachew et al., 2018).
The lack of differences in fiber digestibility between alfalfa hays in the present study
could be related to several factors, including but not limited to a larger amount of
variability in fiber digestion among the horses in the study (as indicated by greater SE for
ADF, NDF, and ADL). Although ADFD and NDFD were not significantly greater for
reduced lignin alfalfa hay in the present study, numerically there was an 8% improvement
in both ADFD and NDFD for the reduced lignin alfalfa hay. This, combined with the

trend for greater ADLD, the significant improvements in NDFD reported for other
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species, and the increased NDFD results from several field studies, warrants further
investigation into fiber digestibility for reduced lignin alfalfa forage.
Fecal Particle Size
Fecal particle size distribution and MFPS did not differ between reduced lignin
and reference alfalfa hay treatments (Table 4.4). For both hay treatments, MFPS was
0.89 mm, with the greatest proportion of fecal particles retained in the 1.0 to 2.0 mm
sieve (31%), followed by the 0.5 to 1.0 mm sieve (29%). Mean fecal particle size results
from the present study are comparable to those reported by Clauss et al. (2014), who
reported MFPS ranging from 0.73 to 1.55 mm for ponies consuming grass hay at
different intake levels. Similarly, Carmalt et al. (2005) and Lapinskas et al. (2017)
reported MFPS ranging from 0.90 to 1.53 mm for horses consuming diets containing
various combinations of hay and concentrates. Average MFPS in the present study is
slightly lower than results reported by Miyaji et al. (2011), who found MFPS ranging
from 1.17 to 2.97 mm for horses fed chopped or ground timothy hay. Differences in
MFPS among studies are likely due to a number of aspects, including differences in feed
type (i.e. hay vs. concentrate), diet nutrient composition, feeding level (i.e. ad libitum vs.
maintenance), number and size of sieves used, sieving method (i.e. wet vs. dry), and
variability between individual horses. Regardless, the lack of differences in fecal particle
size distribution and MFPS between dietary treatments in the present study indicates that
mastication and breakdown of feed was similar for each alfalfa hay type.
Mean Retention Time
Marker concentrations for both liquid (Co) and particulate (Yb) phase matter were

not above detectable concentrations at 72 h post-dose and in some instances, prior to that
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time point; therefore, marker concentrations were not determined past the 72 h mark.
Mean marker excretion for Co and Yb is shown in Figures 4.1 and 4.2, respectively.
There was no effect of dietary treatment on marker concentration (average, AUC, peak,
and TTP) or on MRT for both Co and Yb (Table 4.5). Mean retention times were similar
when calculated using both Blaxter (1956) and Thielemans (1978) algebraic methods and
ranged from 21.8 to 26.3 h for Co and from 25.4 to 31.8 h for Yb. There is a wide range
in reported MRT in the literature for horses and ponies consuming forage or mostly
forage diets, with liquid MRT ranging from 17.4 to 59.4 h and particulate MRT ranging
from 21.3 to 63.7 h (Pearson and Merritt, 1991; Cuddeford et al., 1995; Drogoul et al.,
2000, 2001; Pearson et al., 2001, 2006; Moore-Colyer et al., 2003; Goachet et al., 2009;
Miyaji et al., 2011, 2014; Rodrigues et al., 2012; Clauss et al., 2014). This large variation
in MRT is likely due to a number of different factors, including forage source, inclusion
of concentrates in the diet, diet nutrient composition, feeding level, intake rate, marker
and method used for MRT analysis, management strategies (i.e. time of feeding, use of
hay nets, etc.), and variability between individual horses. However, the majority of
reported MRT are between 19 and 34 h for liquid phase digesta and between 23 and 40 h
for particulate phase digesta, both of which are ranges that encompass the values reported
in the present study.

The longer MRT for Yb compared to Co indicates selective retention of
particulate phase digesta within the equine gastrointestinal tract. Previous research using
both liquid and particulate phase markers has also reported a longer MRT for particulate
phase matter compared to liquid phase matter (Cuddeford et al., 1995; Drogoul et al.,

2000; Goachet et al., 2009; Miyaji et al., 2011; Clauss et al., 2014), highlighting the
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importance of utilizing markers specific to the dietary component of interest. In the
present study, the lack of differences between dietary treatments for both liquid and
particulate phase matter indicates that both hays traveled through the gastrointestinal tract
at similar rates, regardless of alfalfa forage type. As such, any differences in apparent
digestibility between forage treatments in the present study were likely not a result of

differences in retention time within the gastrointestinal tract.

SUMMARY AND CONCLUSIONS

Reduced lignin and reference alfalfa hays were similar in DM, CP, ADF, NDF,
and equine DE content, while ADL concentrations were reduced by 9% for reduced
lignin alfalfa hay compared to reference alfalfa hay. The nutrient profile for both hays
was sufficient to meet the daily DE and CP requirements for adult horses at maintenance.
Average stem length did not differ between alfalfa hay types, but L:S was greater for
reduced lignin alfalfa hay compared to reference alfalfa hay.

Hay and water intakes, TTC, and DMIR were similar for horses consuming
reduced lignin and reference alfalfa hays, indicating that both hay types were equally
accepted by horses. Horses exhibited a 4% improvement in apparent DMD when
consuming reduced lignin alfalfa hay, and there was a trend for increased ADLD for
reduced lignin alfalfa hay compared to reference alfalfa hay. Apparent CPD, ADFD, and
NDFD did not differ between alfalfa hay types. Similarly, fecal particle size distribution,
MFPS, marker concentration, and MRT did not differ between reduced lignin and

reference alfalfa hay treatments.
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Altogether, these results indicate an improvement in DMD for reduced lignin
alfalfa hay when fed to adult horses, with no change in forage consumption, fecal particle
size, or retention time within the gastrointestinal tract. Future research should investigate
changes in L:S and leaf retention for reduced lignin alfalfa hay, and should further

explore changes in fiber digestibility between reduced lignin and reference alfalfa hays.
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Table 4.1. Nutrient composition (DM, dry matter; CP, crude protein; ADF, acid detergent
fiber; NDF, neutral detergent fiber; ADL, acid detergent lignin; DE, digestible energy)
and forage characteristics of reduced lignin (54HVX41) and reference (WL355.RR)
alfalfa hay fed to adult horses at maintenance.

Reduced lignin Reference
Nutrient (54HVX41) (WL355.RR) SE
Nutrient Composition
DM, g kg’! 892 892 1.68
CP, gkg’! 196 202 3.53
ADF, g kg'! 343 348 11.70
NDF, g kg'! 430 435 8.06
ADL, g kg 74° 812 4.73
Equine DE, Mcal kg’! 24 2.4 0.02
Forage Characteristics
Stem weight, % 43.2° 54.2% 1.93
Leaf weight, % 56.8° 45.8° 1.93
Leaf to stem ratio 1.4 0.9 0.11
Stem length, cm 253 24.6 0.63

®Within row, means without a common letter differ based on a Tukey’s HSD test (P <
0.05)
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Table 4.2. Forage dry matter intake (DMI), water intake, total time to consumption
(TTC), and DMI rate (DMIR) for adult horses fed reduced lignin (54HVX41) and
reference (WL355.RR) alfalfa hay.

Reduced lignin Reference

Item (54HVX41) (WL355.RR) SE

DMI, kg d'! 8.9 8.8 0.54
DMI, % of BW 1.6 1.6 0.06
DMI, g kg! of BW?7 78.3 77.8 3.34
Water, kg d’! 34.1 34.5 2.45
Water, % of BW 6.2 6.3 0.34
Water, g kg™! of BW7 301.2 306.1 17.53
TTC, h 7.3 7.9 0.93
DMIR, kg h! 0.72 0.67 0.11

®Within row, means without a common letter differ based on a Tukey’s HSD test (P <
0.05)
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Table 4.3. Apparent nutrient digestibility values (DM, dry matter; CP, crude protein;
ADF, acid detergent fiber; NDF, neutral detergent fiber; ADL, acid detergent lignin) for
reduced lignin (54HVX41) and reference (WL355.RR) alfalfa hay fed to adult horses at
maintenance.

Reduced lignin Reference
Digestibility (54HVX41) (WL355.RR) SE
DM, % 64.4? 61.7° 1.00
CP, % 78.4 78.3 1.20
ADF, % 48.1 44.5 2.39
NDF, % 46.8 43.5 1.70
ADL, % 30.8 233 5.64

®Within row, means without a common letter differ based on a Tukey’s HSD test (P <
0.05)
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Table 4.4. Fecal particle size distribution (% of DM) and mean fecal particle size (MFPS)

for adult horses fed reduced lignin (54HVX41) and reference (WL355.RR) alfalfa hay.

Reduced lignin Reference

Particle size distribution (54HVX41) (WL355.RR) SE

>4.0 mm, % 0.4 0.3 0.06
2.0-4.0 mm, % 18.6 18.3 2.62
1.0-2.0 mm, % 31.4 31.0 2.85
0.5-1.0 mm, % 29.1 29.0 2.38
0.25-0.5 mm, % 16.5 16.4 2.72
<0.25 mm, % 3.8 4.3 1.50
MFPS, mm 0.89 0.89 0.07

®Within row, means without a common letter differ based on a Tukey’s HSD test (P <

0.05)
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Table 4.5. Marker concentration values (average, avg; area under the curve, AUC; peak;
and time to peak, TTP) and mean retention time (MRT) for liquid (Co) and particulate
(Yb) phase matter in the digestive tract of adult horses fed reduced lignin (54HVX41)
and reference (WL355.RR) alfalfa hay.

Reduced lignin Reference
Item (54HVX41) (WL355.RR) SE
Liquid phase (Co)
Avg, mg kg! 69.2 67.1 5.09
AUC 3577.4 4085.8 307.98
Peak, mg kg! 254.0 267.2 24.06
TTP, h 17.2 20.8 1.34
MRT!, h 21.8 25.8 1.66
MRT?, h 22.2 26.3 1.62
Particulate phase (Yb)
Avg, mg kg! 65.6 82.0 113.03
AUC 2897.1 4143.8 328.75
Peak, mg kg! 235.7 259.7 25.94
TTP, h 22.4 30.4 2.28
MRT!, h 25.4 31.3 2.12
MRT?, h 25.4 31.8 2.11

®Within row, means without a common letter differ based on a Tukey’s HSD test (P <
0.05)

'MRT calculated from Blaxter et al. (1956)

2MRT calculated from Thielemans et al. (1978)
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Figure 4.1. Mean cobalt (Co) excretion for adult horses consuming reduced lignin
(54HVX41) and reference (WL355.RR) alfalfa hay.

240

220 —

200

180

160 —

140

120 —

100 —

80

60 —

Marker Concentration (mg Co/kg DM)

40 —

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Time Post Dose (h)

Dietary Treatment

54HVX41 =— —— WL355.RR

147



Figure 4.2. Mean ytterbium (Yb) excretion for adult horses consuming reduced lignin
(54HVX41) and reference (WL355.RR) alfalfa hay.
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