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ABSTRACT
Barley grain is one of the main sources of feed for ruminants in Canada. Although
barley varieties may have similar chemical composition, they exhibit different rumen
degradation characteristics and nutrient availabilities. These biological differences may
be related to structural chemical make-up or structural features among the varieties. The
objectives of this study were to use the in situ technique and two Mid-IR Spectroscopy
techniques, Diffuse Reflectance Fourier Transform IR Spectroscopy (DRIFT) and
Synchrotron-based Fourier Transform IR Microspectroscopy (SFTIRM) to determine
ruminal nutrient availabilities and inherent structural features in the hull, seed and
endosperm of six barley varieties (AC Metcalfe, McLeod, CDC Dolly, CDC Helgason,
CDC Trey, and CDC Cowboy) and to study the relationships between structural
characteristics, mean and median particle size and nutrient availability. The nylon bag
technique was used to incubate coarsely dry-rolled barley samples for 0, 2, 4, 8, 12, 24
and 48 h in the rumen of three mature Holstein dry dairy cows, which were ruminally
cannulated. The rumen degradation kinetics of dry matter (DM), crude protein (CP) and
starch were determined using first order degradation kinetics equations. Results indicated
that there were significant differences in the mean and median particle size, degradation
kinetics of each individual nutrient (DM, CP, and starch) among the six barley varieties.
CDC Helgason showed the lowest degradation rate and extent of all nutrients (DM, CP,
and starch) among the six barley varieties with larger particle size. Compared with other
five varieties, CDC Helgason may be more suitable for ruminants feeding because of the
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lowest degradation rate and extent. The results also revealed a strong correlation between
median particle size and the rate and extent of rumen degradation.

The results also showed that both DRIFT and SFTIR techniques associated with uniand two multi- variate analyses were capable to efficiently discriminate and classify the
inherent molecular structural features among the different varieties of barleys. Uni-variate
analyses were conducted using both the DRIFT spectroscopy (hull and whole seed
sample) and SFTIR microspectroscopy (endosperm tissue). The results from hull samples
showed significant differences in the peak area of aromatic lignin, cellulosic compound,
and total carbohydrates (CHO), and the ratio of lignin to cellulosic compound among the
six barley varieties. The results from whole seed samples showed significant difference in
the peak area and height of Amide I, peak area of total CHO and structural CHO
(cellulosic), and the ratio of Amide I to total CHO area, and the ratio of total CHO to
structural CHO. Significant differences were also found in the SFTIR results from
endosperm tissue. With two multivariate spectral analysis techniques: Agglomerative
hierarchical cluster (AHCA) and Principal component analyses (PCA) applied on whole
seed sample, the CDC Helgason was distinguished from AC Metcalfe, CDC Dolly,
McLeod and CDC Cowboy in fingerprint (1800-800 cm-1) and CHO region (1185-800
cm-1), from AC Metcalfe, McLeod and CDC Cowboy in protein region (1715-1485 cm-1).
Information from this study involving probing the seed internal structure of barley may
provide a further insight as to why barley varieties exhibit different rumen degradations.
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1. LITERATURE REVIEW
1.1. Barley in ruminant nutrition
1.1.1. Background
1.1.1.1. History, production and seed structure
Barley (Hordeum vulgare) was one of the earliest domesticated crops in agricultural
history and can be dated to 1500–850 BC. Barley is very adaptive to different
environmental conditions (for example, climate, soil salinity, water). About 100 countries
grow barley for various usages (Kulp and Ponte 2000; Slafer 2002; von Bothmer 2003).
Barley is one of the most important cereal grains in crop production and has been widely
used in feed (major use), malting and health food industries. Canada was ranked second
in the world in barley production with 11.8 million metric tonnes in 2007 (Food and
Agriculture Organization 2007). As a principle source of feed for ruminants, there are
more than 50 varieties of barley grown in Canada, ten of which occupy approximately
90% of the total acreage (B. G. Rossnagel, personal communication, 2009). The majority
of the national barley acreage is largely attributable to western Canada. In Saskatchewan,
production was 4,273,000 tonnes out of a total of 10,580,000 tonnes in western Canada
for the 1999-2008 average (Langrell et al. 2008).

The fibrous hull exists in the very outside of the grain. Cellulose and hemicellulose exist
in the cell wall to strengthen the plant tissue. The pericarp tightly covers the whole seed.
The seed coat (testa) is also protective. Besides the embryo, a large portion of the seed is
endosperm tissue, with starch granules for storage. Both starch and the aleurone layer are
found in the endosperm tissue of barley. The aleurone layer is composed of cells which
physically encompass the starchy parts (Black 2000; Kulp and Ponte 2000). β-glucans
and arabinoxylans, the compounds comprising fibre, are abundant in the cell wall of the
endosperm and aleurone layer (Holtekjøen et al. 2006).
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1.1.1.2. Uses and economic value
As one of the most important annual cereal grains, barley is a primary source for animal
feed (cattle, swine and poultry) and for the malting industry in North America. In
addition, a small amount of barley is used as a health food because of its continuous and
stable sugar release in the gastrointestinal tract (von Bothmer 2003).

Barley is mainly supplied as an energy and protein source for swine, beef and dairy cattle
(Kellems and Church 2002). Since barley possesses a good balance of nutrients, it is used
widely in Canada. The barley seed coat provides little, if any available energy. However,
barley provides more protein (average of 11-12% of DM) compared to cereals such as
corn. (Church 1991; Holopainen et al. 2005; OMAF Feed Advisory Program 2009).

1.1.2. Varieties
1.1.2.1. Barley varieties for malting purpose
AC Metcalfe is one of the most popular barley varieties for malting purposes adapted to
Western Canada, contributing 35.8% of total barley seeded acreage in 2008 (Langrell et
al. 2008). Harrington is another barley variety used for malting purpose, which is usually
used as an industry malting quality standard (Harvey and Rossnagel 1984). Additionally,
CDC Copeland, CDC Kendall, Newdale, Legacy and Tradition are common barley
varieties for malting purposes grown in western Canada (Langrell et al. 2008).

1.1.1.2. Barley varieties for feed purpose
As a main source of feed for ruminants in North America, many barley varieties for feed
purpose have been developed for animal consumption. Barley varieties used feed have a
higher protein content compared with corn, are used as an ingredient to optimize rumen
function and improve animal production. Diverse barley varieties for feed purpose have
been developed with various superior properties. For example high yield, disease
resistance and excellent total carbohydrate content have been selected for in barley
breeding programs. CDC Dolly, McLeod, CDC Helgason, CDC Trey, CDC Cowboy are
2

all two-rowed, hulled barley varieties (Canadian Food Inspection Agency 2007). CDC
Dolly and CDC Helgason are commonly used in Western Canada for feeding purposes
(Rossnagel and Harvey 1994; Holtekjøen et al. 2006). CDC Cowboy is a spring barley
variety developed for feed and forage purposes (Canadian Food Inspection Agency 2007).
Other barley varieties for feed purposes include Valier, with a smaller fraction of rapidly
degradable sugars (Yu et al. 2003).

Hull-less barley contributes a small percentage of annual barley production. These
varieties usually contain more starch and less cellulose than hulled varieties (Holtekjøen
et al. 2006).

1.1.3. Digestion in rumen
1.1.3.1. Nutritional benefits for ruminants
Nutrition is one of the most important factors for success in animal production. Major
nutrients include total carbohydrates and protein. Considered to be an important diet
ingredient, barley is used extensively for energy in cattle feeding in Canada (Kulp and
Ponte 2000; Kellems and Church 2002). Barley can also provide protein for cattle to meet
the requirements of maintenance, growth, lactation and reproduction. The soluble fraction
of protein is always digested in the rumen by microorganisms prior to entering the small
intestine. Rumen undigested protein can be utilized by the host animal since bypass
protein absorbed in the small intestine can benefit the host animal directly. It appears that
barley grain provides an important contribution to rumen microbial growth as well as to
the digestible nutrient requirements for cattle. When placing emphasis on ruminant
nutrition, with effective ruminal fermentation, it is usually beneficial to provide more
high quality feed nutrients (carbohydrates and proteins) digested in the small intestine.
This strategy can reduce the risk of rumen acidosis and other metabolic disorders and
increase the nutrient supply to the host animal.

The nutrient composition of barley is given in Table 1.1. Barley has more CP
(approximately 11.0% DM) than corn (9.8% DM) and Milo (9.8% DM) (Herrera-Saldana
3

et al. 1990). Barley contains approximately 16-18% NDF and 5-7% ADF (DM basis). For
some varieties, NDF and ADF are found up to 19.5% and 7.8% DM, respectively
(Herrera-Saldana et al. 1990). Barley contains 22.6-41.1% non-starch polysaccharides,
51.3-64.2% starch and 8.0%-17.7% cellulose (Nocek and Tamminga 1991; Foley et al.
2006). In addition, barley also contains a small amount of lipids (Kulp and Ponte 2000).

1.1.3.2. Structural characteristic of barley on ruminal nutrient availability
Both the chemical and structural make-up of the barley grain can affect the digestion
process in the rumen. For example, the polysaccharides in barley seed are widely diverse
in terms of content and composition (Tester et al. 2004; Holtekjøen et al. 2006).
Carbohydrates, including starch, cell wall polysaccharides and other digestible
carbohydrates, are the most important energy source for ruminants (Nocek and
Tamminga 1991). As a result of rumen fermentation, the ruminant can effectively utilize
these polysaccharides whereas monogastric animals rely on utilization of starch (Church
1991). Barley varieties differ in starch type and content (Yoshimoto et al. 2000), and
therefore exhibit various chemical properties. The properties of starch, including granule
size, shape, distribution, association pattern and composition may contribute to its rumen
degradation pattern (Tester et al. 2004). The hull is the fibrous outer part of the barley
kernel. As a fermentation-resistant factor, the hull content can affect the nutrient
availability since lignin, cellulose and hemicelluloses are not easily digestible. In
comparison with hull-less cultivars, hulled barley was found to have lower soluble and
degradable fractions of DM (Khorasani et al. 2000). Lignin content of barley varieties
also varies (Dunteman 1989). Feedstuffs containing more lignin and cellulosic materials
appear to have a lower digestibility. This slows down the degradation rate in rumen, and
consequently, depresses the nutritive value of the feed.
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Table 1.1 Chemical composition of Harrington and Valier barley (Adapted from: Yu et al.
2003).
Item

Barley variety
Harrington

Valier

DM (g/kg)

903

908

ASH (g/kg DM)

25

22

CFat (g/kg DM)

26

27

CP (g/kg DM)

130

136

CHO (g/kg DM)

818

816

NSC (g/kg DM)

602

502

Starch (g/kg DM)

442

443

Starch (g/kg NSC)

744

883

ADF (g/kg DM)

73

69

NDF (g/kg DM)

256

252

Lignin (g/kg NDF)

45

81

SCP (g/kg CP)

180

176

NPN (g/kg SCP)

415

354

NDICP (g/kg CP)

305

281

ADICP (g/kg CP)

38

20

Chemical composition
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1.1.3.3. Processed barley
Since feed is the most significant production cost in the animal industry, appropriate
processing should be applied to improve the efficiency of feeding and management.
Grinding and milling are the most common physical processing methods applied to
barley. For ruminants, it is better to roll barley rather than to grind it (Church 1991;
Kellems and Church 2002).

Processing methods are important because digestibility and digestion site may be affected
due to the particle size. Particle size was found to have a negative correlation with
digestibility (Bowman et al. 2001). An earlier study found that a faster passage rate of
corn from the rumen may result from decreasing particle size (Nocek and Tamminga
1991). Reduced particle size results in increased surface area accessed by rumen
microbes and enzymes, and consequently, increasing digestion rate. Appropriate particle
size of feed is especially required for ruminants since it improves nutrient availability and
benefits both the rumen microorganisms and the host animal. Whereas excessively small
particle size may lead to rapid rumen fermentation and as a result, increase the risk of
rumen acidosis or other metabolic disorders (Hale 1973). In addition, exclusively fine
particles tend to clump when entering the digestion tract, which may negatively affect
palatability (Church 1991). Ruminants may sort out fine particles and leave them in the
feed bunk. Harrington (malting-type) and Valier (feed type) were found to exhibit similar
degradation characteristics with fine processing through 2 mm screen, though they
differed when coarsely processed (Yu et al. 2003). An earlier study also reported that
particle size less than 1 mm may eliminate variety differences in degradation rate (Nocek
1988).

1.1.3.4. Degradation behaviours of barley
In general, barley grains exhibit a fast degradation rate of DM compared to forage and
have a high effective degradability of nutrients for ruminants (Church 1991; Kulp and
Ponte 2000). Barley grain quality is influenced by several factors, such as environmental
conditions during the growth of the crop, harvest conditions, cultivars, and processing
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methods (Kulp and Ponte 2000). The wide variation of barley genotype leads to a large
range of in situ characteristics (Khorasani et al. 2000). The rumen digestibility of barley
grain varies depending on cultivars, processing methods and other quality conditions (for
example, hardness and protein content). In vivo experiments showed that the rumen
digestibility of rolled barley ranged from 73.2 to 90.3% of total starch (Nocek and
Tamminga 1991). However, studies showed that barley varieties that were coarsely rolled
exhibit different rumen degradation characteristics and nutrient availability even though
they have similar chemical composition (Yu et al. 2003). These differences disappeared
when fine processing was applied to the grain to destroy the kernel structure. This implies
the structure of kernels may play a role in the digestibility characteristics of barley.
Therefore, traditional chemical analysis is not very effective to explain the different
degradation behaviours of different varieties with similar chemical content.

1.1.3.5. Rumen disorders caused by fast degradation
Although ruminants can utilize roughages, such as straw or hay, to ensure high
production, concentrate is needed as a nutrient source for high producing animals. The
rumen is a semicontinuous fermentation chamber. Rumen microorganisms, including
bacteria, fungi, and protozoa, are essential to the host animal (Church 1991; Kellems and
Church 2002). They carry out the initial digestion of feed in the rumen. If the diet
contains a high percentage of grain, the ruminal degradation rate of nutrients, especially
carbohydrates and protein, should be monitored to maintain the animal health (National
Research Council 2001; Kellems and Church 2002).

Excessively fast ruminal degradation arising from starch based concentrates usually
results in low pH in the rumen, and consequently, leads to potential digestive disorders
(Keunen et al. 2002; Ørskov 1986; Plaizier et al. 2008). A high intake of concentrate may
lead to extensive fermentation in the rumen, and thus increase the risk of acidosis or other
metabolic disorders, such as laminitis, and bloat, even death in severe cases (Bowman et
al. 2001; Keunen et al. 2002; Plaizier et al. 2008). Therefore, barley grain with a fast
degradation rate may not be a proper source of energy because it may increase acidosis
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risk for animals. More research is necessary to evaluate the differences among varieties
of barley to understand the availability of the nutrient supply to ruminants.

1.2. Normal feed evaluation methods
1.2.1. In vitro and in vivo techniques and nutrient availability and supply
modeling
The in vitro gas production and the in situ nylon bag degradability techniques have been
reviewed (Valentin et al. 1999). The in vitro techniques involve rumen fluid continuous
culture, gas production, enzymatic digestion, dry matter disappearance and volatile fatty
acid production (Hale 1973). More methods to determine nutrient digestibility are also
summarized (Waldo 1973; Nocek 1988). Both the in vitro and in vivo techniques are
widely employed in ruminant nutrition research.

The in situ technique is extensively used to measure rumen digestibility (Ørskov and
McDonald 1979; Nocek 1988). The Ørskov model is used to describe the degradation
kinetics of feeds. Results may vary due to the variation from bag porosity, particle size,
sample size to bag surface ratio, animal effects, dietary effects and microflora effects
(Figroid et al. 1972). However, the in situ technique is time-consuming and expensive, so
it is impossible to carry out for a large amount of samples (Khorasani et al. 2000). In
addition, it is not very effective to estimate the differences of digestion features of finely
ground samples (Yu et al. 2003). Additionally, a finely ground sample may cause
mechanical loss and result in bias (Nocek 1988).

Much effort has been made to develop models to ensure that adequate nutrients are
supplied to optimize animal performance. The NRC 2001 dairy model (National
Research Council 2001) is effective and widely used for feed evaluation. Besides the
NRC models, there are other diet models developed to estimate nutrient availability. The
Cornell Net Carbohydrate and Protein System (CNCPS) (Sniffen et al. 1992) is one
model, which characterizes the crude protein into PA (non-protein N), PB (true protein,
including PB1, PB2 and PB3, depending on various degradation rates) and PC
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(unavailable protein) fractions. Similarly, carbohydrates are segregated into CA (rapidly
degradable CHO), CB1 (intermediately degradable CHO), CB2 (slowly degradable CHO)
and CC (unfermentable CHO) fractions (Sniffen et al. 1992; Yu et al. 2003). The
DVE/OEB system (Tamminga et al. 1994; Yu et al. 2003) was developed to evaluate feed
nutrients, predict milk production and meet the nutrient requirements of dairy cattle in a
detailed and exact manner.

1.2.2. Disadvantages of traditional chemical analysis
Traditional chemical analysis has long been employed to study chemical composition of a
feed in animal science. Although chemical analysis methods are in common usage, they
fail to take the structural information into account. As reviewed previously, all the
traditional “wet” analysis methodologies involve chemical reagents (Wetzel and LeVine
1993). The grinding of the sample usually makes it difficult to explore and evaluate
microstructure or chemical distribution of biological samples. The locally distributed
compounds are thus diluted and evenly mixed. These undesired influences from
traditional chemical analysis make it difficult to restore the original status of the feed,
thus resulting in loss of structure. These limitations cannot be overcome unless a new
analytical tool is introduced. Therefore, traditional analysis is no longer sufficient for
further investigation of grain in feed science, but needs to be complemented with other
novel techniques.

1.3. Mid-IR spectroscopy application in feed science
1.3.1. Infrared spectroscopy principles
1.3.1.1. Basic knowledge
The wavelength (λ) of infrared (IR) region is longer than that of visible light. Mid-IR is
commonly defined to cover the region of the electromagnetic spectrum from 4000 to 400
cm-1 (Messerschmidt and Harthcock 1988).
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Atoms vibrate with certain frequencies in a molecule. Vibration of chemical bonds are
not completely isolated, but may be affected by other parts of the molecule, especially the
neighboring groups. At the same time, with this interaction, the molecule itself does
vibrate in different modes (Messerschmidt and Harthcock 1988). Generally, there are two
major vibrational modes: stretching and bending. For the stretching vibration, it includes
symmetrical stretching vibration ( ν s ) and asymmetrical stretching vibration ( ν as ). For
bending vibration, it includes (1) in plane bending vibration ( δ ), which can be separated
to scissoring vibration ( δ ) and rocking vibration ( ρ ), and (2) out-of-plane bending
vibration ( γ ), which can be separated to wagging vibration ( ϖ ) and twisting vibration ( τ )
(Messerschmidt and Harthcock 1988; Jackson and Mantsch 2000; Stuart 2004). All
molecules can be imagined as the superposition of a simple harmonic oscillator formed
by atoms. They move around at a certain frequency. The atom mass and the chemical
bond between atoms are two factors which can affect this motion (Jackson and Mantsch
2000). Stronger bonds and smaller atom masses usually mean higher vibration frequency
(Messerschmidt and Harthcock 1988). When the molecule encounters energy with the
same vibration frequency as that of its normal modes of vibration, it can absorb the
energy at this frequency. The unabsorbed energy will pass through the sample and can be
measured. Different atoms vibrate at different frequencies with different modes, which
results in complicated matrix structural information. Different compounds can exhibit
their own characteristic IR absorption pattern (Messerschmidt and Harthcock 1988;
Jackson and Mantsch 2000; Stuart 2004).

Exposure to IR radiation cause vibration and rotation of molecules between different
quantized discrete energy levels E0, E1, E2 (Stuart 2004). Whenever IR radiation
transmits through a sample, energy uptake by a molecule occurs and results in transition
between different energy levels (Stuart 2004; Barth 2007). Primarily, various IR spectra
patterns result from the corresponding vibration, a kind of internal motion of the
molecule. Therefore, it is possible to identify the unknown organic compounds and
determine the composition of a mixture according to the frequencies, lineshapes,
intensities and patterns of the characteristic peaks (Messerschmidt and Harthcock 1988;
Jackson and Mantsch 2000; Stuart 2004). There can also be a slight shift of characteristic
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peaks resulting from diverse specimens, while the typical IR absorbance patterns do not
change. Differences in chemical and structural composition, therefore, can be shown in
the IR spectra. By analyzing with uni- and multi- variate analysis methods, informative
differences can be probed. Various chemical compounds have various IR spectra. IR
spectra are specific and characteristic, which therefore can be used as “fingerprints” for
identifying or discriminating sample conformation (Messerschmidt and Harthcock 1988).

IR spectroscopy has been successfully used as an analytical technique in organic
chemistry since 1940s. IR spectroscopy is widely applied in analysis of chemical
composition, because it can accomplish rapid analysis with simple operation and
simultaneously determine multi-nutrient composition in a nondestructive, non-pollutive
manner (Barth 2007). This technique only requires a small amount of sample.
Additionally, with flexible accessories, IR spectroscopy is capable of analyzing a sample
in different status (gases, liquids and solids) or with different composition
(organics/inorganics, macro/micro molecules) (Wetzel et al. 1998b; Stuart 2004).
Samples are mounted on the path of IR radiation in an IR spectroscope. When a sample is
exposed to IR radiation, if the molecules of the sample are “active” to the corresponding
IR frequencies, the certain electric dipole moment in the molecule can be altered and
characteristic absorption occurs. By measuring the absorption, spectroscopic information
can be obtained (Stuart 2004).

1.3.1.2. Spectral band assignments and characteristics
IR spectroscopy is designed to characterize chemical functional groups by measuring the
IR absorption in the sample. The IR spectrum is displayed as a function of frequency. All
types of chemical functional groups have their own unique absorption frequency
associated with energy. When the energy or frequency of IR meets any vibrational
frequency of molecules in the sample, absorption occurs. A detector can record the
absorption to determine the chemical function groups and examine the chemical
composition of the complex matrix (Budevska 2002).
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Characteristic absorption peaks can be used to analyze a large variety of compound
classes. For example, in the ca. 4000-2500 cm-1 region, there are bands caused by O–H,
C–H and N–H stretching. Triple-bond stretching usually exhibits absorption in the ca.
2500-2000 cm-1 region. In contrast C=C and C=O stretching absorptions are located at
the ca. 2000–1500 cm-1 region (Jackson and Mantsch 2000; Stuart 2004). The
wavenumber range of IR from 1800 to 800 cm-1 is the so-called “fingerprint region”. The
fingerprint region usually accounts for almost all the characteristics of biological
molecules. Bands in the fingerprint region are particularly sensitive to molecular structure.
However, it should be pointed out that not every band can guarantee the representation of
a certain corresponding chemical structure because the vibration of chemical bonds vary
in sensitively depending on the sample status and experiment circumstance (Griffiths and
De Haseth 1986; Messerschmidt and Harthcock 1988; Yu 2006b).

1.3.2. Spectral analysis
Infrared spectroscopy provides comprehensive information on composition and
characteristics of samples. Following exposure to IR radiation, chemical functional
groups exhibit characteristic absorption at certain frequencies, which enable the detection
of chemical and structural differences. The typical IR absorption peaks of the relevant
biopolymers have been well documented (Jackson and Mantsch 2000; Miller 2002). The
typical IR spectral bands of biological compounds have been summarized in Table 1.2.

Protein IR absorption bands are related to the corresponding amide group. The
corresponding absorbance of amide groups occurs at around 1700-1500 cm-1. Two are
commonly used in biological applications. One is amide I (centered at ca. 1650 cm-1),
resulting from 80% C=O stretching, 10% C–N stretching and 10% N–H bending
(Jackson and Mantsch 1991; Stuart 2004). The amide II absorbance appears at ca. 1550
cm-1, which is from 40% C-N stretching associated with 60% N-H deformation (Wetzel
1993; Stuart 2004). However, the amide II band is usually overlapped with other bands.
Hence, it is used less in protein analysis than amide I. Generally, in complex biological
specimens, protein conformation is composed of various biopolymer structures. The
amide I band can also be used to analyze the secondary structure of the protein because it
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usually contains a variety of subcomponents referring to secondary protein structures
with 2nd derivative or Fourier self deconvolution (FSD) analysis. For example, this has
been used in membrane protein analysis (Stuart 2004) and feed evaluation (Yu 2005c,
2008).

Table 1.2 Brief summary of typical IR spectral bands of biological compounds.
Item

Wavenumber(cm-1)

Peak assignment

Reference (s)

Amide I

1650

80% C=O
stretching, 10% C–
N stretching and
10% N–H bending

Jackson and Mantsch
1991; Stuart 2004

Amide II

1565

40% C-N stretching
associated with 60%
N-H deformation

Wetzel 1993; Stuart 2004

Lignin

1510

aromatic ring
stretching;

Himmelsbach et al. 1998;
Wetzel et al. 1998a; Yu
2005b

Cellulosic
compound

1246

C-O stretching

Wetzel et al. 1998a;
Wetzel and LeVine 2001;
Stuart 2004; Yu 2004,
2005b

Carbohydrates

1200-800

C-O and C-C
stretching vibrations
and C-O-H
deformation

Wetzel et al. 1998a;
Wetzel and LeVine 2001;
Stuart 2004
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Carbohydrates have absorption at ca. 3000-2800 cm-1 due to C-H stretching.
Characteristic IR bands of carbohydrates also appear at ca. 1200-800 cm-1, which are
caused by C-O and C-C stretching vibrations and C-O-H deformation (Stuart 2004).
However, these bands may be assigned to either structural or nonstructural carbohydrates
(Yu 2005b). Starch exhibits absorption bands at ca. 1025 cm-1 (Wetzel et al. 1998a;
Wetzel and LeVine 2001). For structural CHO, cellulose is characterized at 1170–1150,
1050, 1030 cm-1 and hemicellulose is centered at 1732 and 1240 (Wetzel and LeVine
2001; Stuart 2004; Yu 2004, 2005b).
The characteristic lignin absorbance is represented at ca. 1590 and 1510 cm-1, in which
the aromatic character can be detected (Himmelsbach et al. 1998; Yu 2005b). The amide
I band and lignin band were found overlapped in the pericarp of corn (Yu 2005b). The IR
spectra of lipid gives absorption bands at ca. 3000-2800 cm-1 due to the C-H stretching.
The band at ca. 1745-1725 cm-1 is due to the C=O stretching. The C=C-H bending of
lipid also results in a peak centered at ca. 967 cm-1 (Dumas et al. 2007). Carbon dioxide
and H2O also absorbs IR strongly, thus dry nitrogen is usually used to fill the sample cell
(Miller and Dumas 2006).

More information referring to band assignments are detailed and summarized (Wetzel et
al. 1998a; Jackson and Mantsch 2000; Wetzel and LeVine 2001; Yu 2004; Yu et al.
2004d, 2004b; Miller and Dumas 2006; Dumas et al. 2007). As previously mentioned, IR
spectroscopy can display the characteristic peak patterns of chemical compounds in terms
of frequency, lineshape, and intensity. Commonly, data treatments including uni- and
multi-variate analyses, are conducted to characterize the sample information after the
spectra collection.

1.3.2.1. Univariate spectral analysis
For the interpretation of spectra, converting the spectra to absorbance display mode
provides us the opportunity to read the absorbance value and relate it to the relative
content of the biopolymers of interest. Peak intensity ratio calculation and mapping
analysis of certain chemical functional groups or ratios are also common methods to deal
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with IR spectroscopic data (Yu 2005a, 2006a). An earlier study applied this analysis
method and found that yellow- and brown-seed canola showed different characteristic
peak intensities and chemical functional groups ratios, which indicated microstructure
differences between canola varieties (Yu et al. 2005).

1.3.2.2. Multivariate spectral analysis
How to deal with the large and complicated data sets obtained from IR spectra is a
primary question that researchers face. In spectral analyzing applications, multivariate
methods are more appropriate for complex situations, including agglomerative
hierarchical cluster analysis (AHCA), principal component analysis (PCA), artificial
neural networks (ANN), linear discriminant analysis (LDA), and fuzzy C-means
clustering (FCM) (Dumas et al. 2007).

Hierarchical cluster analysis (AHCA) and principal component analysis (PCA) are
commonly applied in statistical data analysis (Jain et al. 1999). Hierarchical cluster
analysis is used to sort objectives according to a defined similarity (Kaufman and
Rousseeuw 1990). AHCA builds the cluster by combining the objectives according to the
distance measurement. The objectives are treated and linked into larger groups by
calculating criterion distance step by step. The previously established clusters are
progressively merged into larger groups. Eventually, these algorithms form a hierarchical
dendrogram to express the possible structure of the data (Romesburg 1984; Kaufman and
Rousseeuw 1990; Gan et al. 2007). The dendrogram, appearing as a tree structure, can be
generated to visibly present the results.

The PCA is also used to deal with spectral data. This method can transform the original
data set into a new data set with smaller dimensions. The new data set is composed of
uncorrelated variables, which are principle components (PCs). The first several PCs
usually can explain greater than 95% of the total variance. Researchers can use the new
data set, which is composed of fewer variables than the original data, to describe as much
information as the original observation (Dunteman 1989; Davies and Fearn 2004; Miller
et al. 2007).
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These two statistical tools are used to reduce the number of variables and extract maximal
information content from the informative spectra data. For application in feed science,
these two analysis methods have been used to make comparisons between raw and heated
flaxseed with amide I FSD spectral information (Yu 2006a), investigate differences in the
endosperm molecular structures from wheat, corn and barley (Yu 2005b), and reveal the
similarities of normal and transgenic alfalfa (Yu et al. 2009a). Cluster analysis for
imaging chemical functional groups has proved powerful in corn structure examination
(Yu 2005a).

1.3.3. Fourier transform infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) detects the signal as a function of the
difference of pathlength between the two beams generated by the Michelson
interferometer. The mathematical method of Fourier Transform is to convert the
symmetric interferogram into functions with frequency components to form the
continuous transmittance or absorbance spectra (Stuart 2004). A typical FTIR
spectrometer device usually consists of thermal (globar) light source, Michelson
interferometer, detector, and computer. The MCT detector is commonly used in FTIR
spectroscopy (Stuart 2004). In comparison with conventional dispersive spectroscopy,
FTIR spectroscopy exhibits more effective and powerful properties as it has excellent
sensitivity, larger optical throughput, and good signal to noise (S/N) ratio. The entire IR
region can be detected simultaneously with the FTIR technique. With the faster scan
speed, FTIR spectroscopy can produce spectra in less than 2 minutes. It is thereby
possible to spend a short time scanning the entire IR region (Stuart 2004). In summary,
FTIR methods enable us to apply broadband IR radiation on the sample simultaneously
and with multi-scans, high quality spectra can be produced in a short time.

1.3.3.1. Diffuse reflectance Fourier transform infrared spectroscopy
If IR radiation strikes the uneven surface of a solid sample, two kinds of light reflection
are generated: specular reflection with the same incidence and reflectance angles, and
diffuse reflection, which results in scattered reflectance. When coarse sample is exposed
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to IR radiation, the light may be reflected in all directions. Using Diffuse Reflectance
Fourier Transform Infrared Spectroscopy (DRIFT), the diffusely reflected energy can be
collected and a spectrum produced that is related to the sample chemical composition
(Griffiths and De Haseth 1986; Stuart 2004). Diffuse reflectance technique is usually
utilized on samples that are powdered, or with irregular surfaces, or on non-transparent
samples (Stuart 2004). Therefore, DRIFT spectroscopy is particularly suitable for the
examination of feed samples. DRIFT spectroscopy is capable of investigating ground
feedstuffs for spectral analysis to reveal structural and chemical differences.

1.3.3.2. Synchrotron-based FTIR microspectroscopy
1.3.3.2.1. Synchrotron
A synchrotron is a particle accelerator using electric fields to speed up electrons and
magnetic fields to adjust the direction of the travelling particles in a circular track
(Dumas et al. 2007). A synchrotron is composed of six main components, including
electron gun, linear accelerator (LINAC), booster ring, storage ring, beamline and
experimental station. Electrons, generated from the electron gun, are accelerated in the
linear accelerator and booster ring, a circular accelerator. The high-energy electrons are
then transmitted into the storage ring (circular vacuum environment), in which they travel
at a speed up to 99% of light. A series of magnetic fields transfer the electrons into
circular paths. When the track is bent, the high speed electrons emit radiation beam
tangentially from the orbit. Synchrotron radiation covers the full region of the spectrum
from X-ray, ultraviolet, visible light, to IR. The radiation is transported through the
beamline to the experimental stations where the light is available for study (Dumas and
Miller 2003; Dumas et al. 2007).

In 1947, synchrotron radiation was accidentally discovered in the USA from high-energy
physics application. Today, FTIR microspectroscopy coupled with synchrotron radiation
is widely used in biological applications, making it possible to get the visible image and
spectral information together, to characterize the microscopic sample area at the cellular
or subcellular levels (Marinkovic and Chance 2005; Messerschmidt and Harthcock 1988).
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1.3.3.2.2. Advantage of synchrotron light
Conventional thermal (globar) light source has limitations when examination is
performed within the cellular dimension (5-30 µm) due to the limitation from the
wavelength of IR light and the aperture size of the instrument (Raab and Martin 2001;
Marinkovic et al. 2002; Miller and Dumas 2006; Miller et al. 2007). This drawback in
terms of diffraction and poor S/N ratio can be overcome by the use of an advanced light
source.

Synchrotron light has led to a further development of IR techniques. The synchrotron
beam is preferred as the light source in terms of high brightness, continuous bands of
spectrum, less signal loss and ultra-spatial resolution, which result from its highly
illuminated, well collimated and non-divergent characteristics (Wetzel et al. 1998b;
Dumas and Miller 2003). The brightness and effective source size of synchrotron
radiation makes it possible to explore the molecular chemistry within cellular dimension
of a biological tissue. Synchrotron light source reduces the influence of diffraction and
assists researchers to gain high quality spectra with ultra-spatial resolution (3 to 10 µm)
on the microscopic area.

1.3.4. Biological application of Mid-IR spectroscopy and recent progress in
feed science
Specimens from plant tissue are mixtures of lignin, various CHO, proteins and other
biological components. To overcome the difficulties that traditional methods cannot
provide with regard to spatial information of the sample, new approaches to detect
structural make-up are required. Biological application of Mid-IR spectroscopic
techniques can be traced back to the middle period of last century (Dumas et al. 2007). A
number of biological investigations were conducted using IR spectroscopy. In the past
decade, the use of IR spectroscopy in biology has brought applications to feed science as
well.
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1.3.4.1. Application of FTIR techniques
There is a broad range of scientific fields that apply FTIR techniques in research for
qualitative and quantitative analyses. FTIR spectroscopy is a powerful analytical tool to
estimate the chemical composition in conjunction with additional structural information.
From paints to pharmaceutical materials and food samples, numerous organic and
inorganic materials can be identified and characterized using FTIR spectroscopy (Stuart
2004).

It has been recognized that compositional and structural differences are responsible for
the spectroscopic differences. The peak intensity, shape and pattern differences can be
detected to reveal structural and chemical characteristics of tissue histopathology. For
example, spectroscopic in situ analysis has been documented to compare white and gray
matter in the rat brain. Peak position and intensity changes were found in diseased brain
tissue of mice (Levine and Wetzel 1993; LeVine and Wetzel 1994). Spectroscopic
information also revealed the existence of oxidative products in brain tissue of humans
with multiple sclerosis (LeVine and Wetzel 1998). Additionally, there have been reports
on disease diagnosis and microorganism characterization using FTIR spectroscopy
(LeVine et al. 1999; Stuart 2004). This technique was also applied to secondary structure
of protein in amyloid plaques and D2O effects on chemical functional groups in the brain
(Wetzel 1998; Wetzel et al. 1998c). Another application was the examination of
pathological and normal retina (Homan et al. 2000). The nucleic acids, DNA and RNA,
have also been studied using FTIR spectroscopy (Stuart 2004).

1.3.4.2. Application of FTIR microspectroscopy
Integration of the IR microscope and spectrometer as an associated instrument allows us
to focus on a particular micro area of biological tissue. FTIR microspectroscopy provides
us opportunities for the investigation of localized chemical compounds of plant cells
which require no or minimal modification. This technique offers a solution to the
problem that chemical agents may destroy the intact structure of sample. Wetzel
described that his group first applied FTIR microspectroscopy to investigate wheat
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kernels (Wetzel and LeVine 2001). This was an early attempt accomplished with
conventional (thermal) FTIR spectrometer. FTIR Microspectroscopy has also been used
to investigate other plant tissues, including wheat aleurone cells, primary root cells, rye,
corn, oats, and soybean, which have been reviewed previously (Wetzel et al. 1998a).
However, conventional FTIR spectroscopy is restricted to exploring microstructure,
owing to the properties of conventional light source.

1.3.4.3. Application of synchrotron-based FTIR microspectroscopy
(SFTIRM)
In order to expand the ability of FTIR microspectroscopy techniques, synchrotron
radiation was developed to overcome the disadvantage of conventional (thermal) light
source. Synchrotron radiation has made it possible to reveal the features and distribution
of localized chemical compounds. Ideal brightness and the excellent S/N ratio are of
particular importance to obtain the spectroscopic information on chemical constituents
without the destruction of sample.

Presently, the interdisciplinary application of synchrotron radiation has integrated various
sciences. In 1993, a FTIR microspectrometer instrument was equipped with the
synchrotron radiation at the National Synchrotron Light Source (NSLS) (Wetzel et al.
1998a). Thereafter many experiments have been conducted to characterize and localize
the distribution of chemical compounds within cellular and subcellular dimensions. For
example, SFTIRM has served as a powerful tool to investigate single mouse hybridoma B
cell, human hair and skin at ultraspatial resolusion (Dumas and Miller 2003; Miller and
Dumas 2006; Dumas et al. 2007) and provide data in cancer diagnosis (Dumas et al. 2007)
and protein folding research (Marinkovic et al. 2002). The SFTIRM has also been used to
probe the biological specimen of plant tissues. A diversity of plants (wheat, barley,
soybeans, rye, oats and corn) have been sectioned for FTIR microspectroscopic
examination and characterization. Differences in chemical and structural composition
from various tissues, including kernel, root, and vascular bundle sheath, have been
identified (Wetzel et al. 1998a; Pietrzak and Miller 2005).
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The SFTIRM technique is applied in feed science to gradually expand knowledge of crop
quality and value of feed. In practice, chemical functional group imaging (or mapping)
can graphically reveal the chemical and structural information of specimens by
examining the sample in a defined rectangle using SFTIRM techniques. The AHCA and
PCA have also been used on SFTIRM spectral data analysis to examine and distinguish
different structures. For instance, chemical functional groups, which are associated with
nutrients of plant tissue from wheat, barley, corn, canola, and flaxseed have been detected
(Yu 2006a; Yu et al. 2004b; 2005; 2007). Ultra-structural studies suggested that SFTIRM
can successfully image the structural and chemical features and distribution of barley
grain (Yu 2007c; Yu et al. 2004d). The yellow- and brown-seeded Brassica rape were
also examined using SFTIR technique to reveal the inherent chemical composition (Yu
2004). Barley variety for feed purpose (Valier) and malting purpose (Harrington) were
differentiated in the make-up of endosperm tissue (Yu 2004).

Protein secondary structure is difficult to detect due to the complexity and variation of
conformation involving α-helices, β-sheets and turns (Nelson and Cox 2005). In previous
work, barley varieties have been characterized using SFTIRM to reveal the molecular
structure of barley protein (Yu 2007a). The results indicated that large differences in
protein structure among barley varieties were detected and with the application of PCA
analysis, some varieties could be distinguished with the SFTIR spectral data. The seed
protein structure of wheat, feather, winterfat, oats and barley were also examined (Yu
2005c, 2006b, 2007a, 2007b; Yu et al. 2009a). High β-sheets content were detected in
feather meal partially accounting for its lower digestibility using multi-component
modelling (Yu 2004; Yu et al. 2004c; Yu 2006a). Golden and brown flaxseeds were
distinguished by analyzing the amide I FSD spectra and heat treatment was found to have
impact on the protein secondary structure of flaxseed tissue (Yu 2006a, 2007b, 2008). A
recent study to estimate the quality of alfalfa in terms of protein molecular structure using
SFTIR microspectroscopy in conjunction with Gaussian and Lorentzian methods of
multi-component peak modeling was conducted (Yu et al. 2009b).
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Synchrotron-based FTIR microspectroscopy is capable of exploring the chemical makeup and structural features simultaneously within intact biological tissues at ultra-spatial
resolution (3 to 10 µm), therefore, this technique is extremely powerful when dealing
with heterogeneous biological specimens. This technique allows us to extend information
at a desired cellular or subcellular level and localize the chemical information to the
structure of heterogeneous samples.

The above biological applications of FTIR spectroscopy provide evidence as to the
potential

and

power

of

this

technique.

Moreover,

fluorescence-assisted

IR

microspectroscopy, near-IR (NIR) spectroscopy, X-ray, Raman and other spectroscopic
techniques are also used to examine plant tissues (Wetzel and LeVine 2001; Dumas and
Miller 2003; Stuart 2004; Miller and Dumas 2006).

1.4. Conclusions and research hypothesis
Various barley varieties have been developed for feed purpose. They exhibit different
rumen degradation characteristics and nutrient availabilities for ruminants although they
have similar chemical composition. The differences between barley varieties in
biodegradation kinetics and features may be related to their inherent structure and
biological component matrix. Therefore, a deeper understanding of the structural and
chemical differences among barley varieties is required. Since traditional chemical
analysis is limited to reveal the structural and chemical make-up differences of barley, it
is needed to develop a complementary method to differentiate barley varieties and
evaluate their nutrient values.

The FTIR spectroscopy is sensitive to structural and chemical differences and can
therefore be used to identify and discriminate biological materials. Spectroscopic
parameters such as wavenumber, intensity and band shape can be used to reflect the
chemical constituents and structural information of the sample. Infrared region 1800 to
800 cm-1 can be regarded as the fingerprint region for identification, since molecules have
their unique absorption patterns in this region. FTIR techniques have a high scan speed,
shorter sampling time and good S/N ratio. Associated with PCA and AHCA analysis, it is
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possible to effectively deal with a large body of data and interpret maximum information
from IR spectra.

Furthermore, with the use of superior synchrotron light source, it is capable to extend our
knowledge at cellular or molecular scale of biological materials. Compared to the
conventional thermal (globar) source, synchrotron light source is particularly
advantageous because of the excellent spatial resolution, brightness, and S/N ratio
(without the thermal noise). Therefore, ultra-spatially resolved synchrotron light sourced
FTIR microspectroscopy can provide more complementary information referring to the
structural and chemical conformation of the barley.

In conclusion, the adoption of IR spectroscopy techniques such as DRIFT and SFTIR
techniques for investigating the structural and chemical information of feeds with
complex biological tissues may provide advantages such as rapidity, efficiency and
specificity over traditional chemical analysis. The hypothesis of this study were to
determine if: 1) the in situ rumen degradation kinetics of barley varieties are related to
particle size and structural and chemical make-up differences among barley varieties; 2)
the structural differences among barley varieties can be detected using DRIFT and
SFTIRM techniques; 3) these structural characteristics are related to nutrient availability
of barley in ruminants.
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2. PARTICLE SIZE, CHEMICAL PROFILE AND IN SITU RUMEN
DEGRADATION KINETICS OF DRY MATTER, CRUDE PROTEIN AND
STARCH AMONG SIX BARLEY VARIETIES: EVALUATION AND
CORRELATION

2.1. Introduction
Barley is widely used as an ingredient for animal feeding in North America. Canada
contributed to world barley production with 11.8 million metric tonnes and ranked second
in the world in 2007 (FAO 2007). Saskatchewan produced 4,273,000 out of a total of
10,580,000 tonnes of barley production in western Canada for the 1999-2008 annual
average (Langrell et al. 2008). Various barley cultivars have been developed for different
purposes. Published results about barley digestibility for ruminants show that there is a
great deal of variation in the nutrient value among barley varieties. Barley varieties
exhibit different rumen degradation characteristics and nutrient availabilities even though
their chemical composition may be similar (Khorasani et al. 2000; Yu et al. 2003).

It has been documented that particle size negatively influences the rumen degradation
rate (Nocek and Tamminga 1991). Feeds with smaller particle size have relatively greater
surface area which can be accessed by rumen microbes and enzymes. This may result in a
faster digestion rate. Excessive ruminal fermentation may lead to an undesired rumen pH
drop. Since low rumen pH results from faster degradation of concentrates and can cause
metabolic disorders, more attention should be paid to the evaluation of processing
methods (Ørskov 1986). Appropriate particle size of feed is required for ruminants since
it improves nutrient availability and reduces the risk of digestive disorders. This benefits
both the rumen microorganisms and the host animal.

The objectives of this study were: 1) to detect the difference of mean and median particle
size of six barley varieties grown in Western Canada; 2) to determine the nutrients (DM,
CP and ST) contents and degradation kinetics of six barley varieties using in situ
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technique; 3) to detect relationship between the mean and median particle size and
nutrient degradability and availability.

2.2. Materials and methods
2.2.1. Barley varieties and processing method
Six barley varieties were used in this study, including AC Metcalfe (malting purpose),
CDC Dolly (feed purpose), McLeod (feed purpose), CDC Helgason (feed purpose), CDC
Trey (feed purpose), CDC Cowboy (feed and forage purpose). All are two-row hulled
spring barley varieties. AC Metcalfe has higher yield, larger and plumper seeds than
Harrington. CDC Dolly is widely grown in Canada for its high test weight and plumpness.
McLeod is developed with good yield and higher test and kernel weight than Harrington.
CDC Helgason has similar plumpness, but higher yield and test weight compared to CDC
Dolly. CDC Trey is suitable for growing in the eastern Canada Prairies with large and
plump seeds. CDC Cowboy has high biomass but somewhat lower grain yield. (B. G.
Rossnagel, personal communication 2009; Rossnagel and Harvey 1994; Legge 2003).

The year of the barley grain harvest was 2005. The climate conditions during the year
were 17.5°C mean maximum daily temperatures and 455 mm rainfall. Barley samples
were obtained from the Crop Development Center (CDC), University of Saskatchewan.
All barley varieties were grown without irrigation at the Kernen Crop Research Farm,
University of Saskatchewan, Canada, following standard agronomic production practices
for barley production. The barley samples were coarsely dry rolled using a 130-teeth
roller mill (Sven products, Apollo Machine and products Ltd. Saskatoon, Canada)
through 1.59 mm gap with 384 rpm.

2.2.2. Particle size analysis
The particle size data for 2005 year barley samples were reported by Du (2009). Particle
size analysis was performed using Pond’s Model: R = 100 × e - k ( s − w) , where, R =
percentage cumulative weight oversize; s = sieve opening size (mm) (six test sieves,
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aperture size: 3.36, 2.36, 1.70, 1.19, 0.84, and 0.58 mm); w = the smallest predictable
particle size; k = the decay constant of the exponential curve describes the proportionality
constant between the percent of particles passed to the next sieve and the percent
remained. More details were summarized in Du (2009).

2.2.3. Animal work
2.2.3.1. Animals and diets
Three mature Holstein dry cows were used to measure rumen degradation characteristics.
The cows were ruminally cannulated (Bar Diamond Inc., Parma, ID, USA) (internal
diameter 10 cm). During the in situ experiment period, the cows were housed in pens of
approximately 5 m× 5 m. The cows were individually fed twice per day at 0800 and 1600,
with 15 kg (7.5 kg at each feeding time) of a total mixed ration consisting of 75% barley
silage and 25% pelleted concentrate (as fed). Access to water was ad libitum. The care,
maintenance and surgical techniques of the animals used in this experiment were carried
out according to the guidelines of the Canadian Council on Animal Care (1993).

2.2.3.2. Rumen incubation
The in situ technique was used to determine the rumen degradability of the six barley
varieties. Seven gram samples were weighed into each coded nylon bags (10 cm×17 cm,
ScreenTech Corp, Mississauga ON), then incubated in the rumen for 0, 2, 4, 8, 12, 24 and
48 h according to the “gradual addition/all out” schedule (Yu et al. 2003). The pore size
of nylon bag was approximately 40 µm. Sample weight to bag area ratio was
approximately 41 mg/cm2. After incubation, the bags were removed from the rumen and
rinsed in cold water without detergent to remove excess ruminal contents. The 0-h
incubation samples were washed with the same procedure. Subsequently, all sample bags
were dried at 55°C for 48 h. Dry samples were stored at 4 °C until analysis (Yu et al.
2003).
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2.2.4. Chemical analysis
Dry matter was determined by drying at 105°C until the sample weight was constant
according to the procedure of Association of Official Analytical Chemists (AOAC)
Official Method 930.15 (1997). Protein was analyzed by using the LECO FP-528 (LECO
Corporation, 3000 Lakeview Ave. St. Joseph, MI, USA) according to the procedure of
AOAC Official Method 990.03 (1997). Starch was measured with Megazyme Total
Starch Assay Kit (Megazyme international Ireland Ltd., Co. Wicklow, IE) according to
the procedure of AOAC Official Method 996.11 (1997).

2.2.5. Rumen degradation kinetics
The first order kinetics degradation model (Ørskov and McDonald 1979) modified by
Tamminga et al. (1994) was used to describe the rumen degradation characteristics of
these six barley varieties as follows:
DM and CP: R(t) = U + (100 - S - U) × e -Kd × (t-T0),
Non-structural carbohydrate -Starch: R(t) = (100 – S) × e-Kd × t
Where, R(t) is residue of the incubated material after t h of rumen incubation (%), S is
rapidly degradable fraction (%), D is slowly degradable fraction (%), U is undegradable
fraction, Kd is degradation rate (%/h), Kp is passage rate for concentrate (6%/h), adopted
by Tamminga et al. (1994), and T0 is lag time (h).

The effective degradability (ED) values were calculated as:
EDDM (or EDCP) (%) = S + D × Kd/(Kp + Kd),
EDST (%) =100 - RUST (%) = 100 - U - D × Kp/(Kp + Kd) = S + D × Kd/(Kd + Kp),
The rumen undegraded feed DM (RUDM), protein (RUP) and starch (RUST) values were
calculated as:
RUDM (or RUP) (%) = U + D × Kp/(Kp + Kd),
RUST (%) = D × Kp/(Kp + Kd) + 0.1 × S (Tamminga et al. 1994).

The NLIN procedure of the statistical package SAS software 9.1.3 (SAS Institute, Inc.,
Cary, NC) (SAS 2003). with iterative least squares regression (Gauss–Newton method)
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will be used to describe its degradation accurately. The NLIN program in this study was
written by Dr. Yu, Peiqiang (University of Saskatchewan).

2.2.6. Statistical analysis
Statistical analyses were performed using the MIXED procedure of SAS 9.1.3 software
(SAS Institute, Inc., Cary, NC). The model used for the analysis was: Yijk = µ + Fi + Sj
+eijk, where, Yijk was an observation of the dependent variable ijk; µ was the population
mean for the variable; Fi was the effect of barley varieties, a fixed effect; Sj was the
replicate effect, a random effect; and eijk was the random error associated with the
observation ijk. Fisher’s protected LSD test (P < 0.05) was applied to compare treatment
means. Proc Corr procedure of SAS package was conducted to examine the correlation
between particle size data and degradation characteristics.

2.3. Results and discussion
2.3.1. Comparison of mean and median particle size of coarsely dry-rolled
barley grains among six barley varieties
The mean and median particle size parameters of six barley varieties are given in Table
2.1. AC Metcalfe and CDC Trey had the smallest (P<0.05) mean (2.82 mm and 2.93 mm,
respectively) and median (2.45 mm and 2.55 mm, respectively) particle size among the
six varieties. In contrast, CDC Helgason and CDC Dolly had larger (P<0.05) particle
sizes (means: 3.09 mm and 3.09 mm; medians: 2.75 mm and 2.74 mm, respectively).
Although CDC Trey is a barley variety for feed purpose, it was similar in particle size to
AC Metcalfe, a barley variety for malting purpose.
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Table 2.1 Particle size comparison of six barley varieties
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Items
AC Metcalfe
Particle sizes
Mean (mm)
2.82 c
Median (mm) 2.45 c

CDC Dolly

Barley varietyz
McLeod
CDC Helgason

CDC Trey

CDC Cowboy

SEMy P value

3.09 a
2.74 a

3.06 ab
2.66 ab

2.93 bc
2.55 bc

3.05 ab
2.61 ab

0.044
0.048

3.09 a
2.75 a

z

0.0056
0.0057

All six varieties of barley were grown at the Kernen Crop Research Farm (University of Saskatchewan, Saskatoon, Canada) and were managed using the
same and standard agronomic production practices for all barley production (Crop Development Center).
y
SEM= standard error of mean. Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using the
Fisher's protected LSD test method.
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Cereal processing can modify particle size of a feedstuff, which may influence particle
passage rate and degradation rate and consequently, the entire digestion process (Nocek
and Tamminga 1991). Larger particle size enhances palatability (Theurer 1986; Church
1991; Kellems and Church 2002). Additionally, the larger particle size may somewhat
reduce problems arising from the fast ruminal degradation (Ørskov 1986). As previously
reported, differences in particle size was related to the ADF content in grain (Bowman et
al. 2001). More research is needed to address the problem of how the chemical and
structural composition affect the particle size parameters, and subsequently to understand
how chemical conformation influence nutrient digestibility.

2.3.2. Evaluation of chemical profile and in situ rumen degradation kinetics of
dry matter (DM), crude protein (CP) and starch (ST) among six barley
varieties
The degradation kinetics of six barley varieties were determined using the modified
Ørskov model (Tamminga et al. 1990; Tamminga et al. 1994). The results are presented
in Table 2.2. DM content (%) was similar among the six barley varieties. There were
significant differences in DM degradation features among these six barley varieties. The
results showed that the barley varieties differed in all degradation characteristics (S, D, U,
RUDM and EDDM) except for T0. The S differed (P<0.01) from 0.2% (CDC Helgason)
to 1.2% (CDC Trey), indicating that CDC Trey, a barley variety for feed purpose,
contains higher soluble nutrients. Additionally, the D fraction differed in that CDC Dolly
had the lowest (P<0.05) D fraction (69.1%) while AC Metcalfe, CDC Trey and CDC
Cowboy had the highest D fractions (77.0, 79.0 and 77.6%, respectively). It also showed
that these six varieties had similar (P>0.05) T0. There were marked differences (P<0.01)
in Kd and extent (EDDM) (P<0.01) among the barley varieties. In comparison with other
barley varieties, the Kd of CDC Helgason was lowest (5.62 %/h) (P<0.01), followed by
CDC Dolly, of which the Kd was 7.84 %/h. The remaining four barley varieties showed
relatively faster Kd (10.04 %/h for AC Metcalfe, 9.72 %/h for CDC Trey, 9.63 %/h for
McLeod and 8.29 %/h for CDC Cowboy).
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Table 2.2 Comparison of six barley varieties: chemical profile and in situ rumen degradation kinetics of dry matter (DM).
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Barley varietyz
Items
AC Metcalfe CDC Dolly McLeod CDC Helgason CDC Trey CDC Cowboy
In situ rumen degradation kinetics of DM x
Dry matter (DM, %)
91.89
91.78
91.76
91.96
91.94
91.82
S (%)
0.81 ab
0.39 cd
0.62 bc 0.20 d
1.16 a
0.63 bc
D (%)
76.99 ab
69.05 d
72.10 cd 74.44 bc
79.03 a
77.55 ab
U (%)
22.20 cd
30.56 a
27.28 ab 25.36 bc
19.80 d
21.81 cd
T0 (h)
0.91
1.34
1.00
0.90
0.95
1.04
Kd (%/h)
10.04 a
7.84 b
9.63 ab 5.62 c
9.72 a
8.29 ab
RUDM (g/kg DM)
513.4 d
605.1 b
550.0 c 640.2 a
502.0 d
545.4 c
EDDM (g/kg DM)
486.7 a
394.9 c
450.0 b 359.8 d
498.0 a
454.6 b
z

SEMy P value
0.146
1.512
1.576
0.199
0.671
9.99
9.99

0.0065
0.0049
0.0040
0.6555
0.0025
<0.0001
<0.0001

All six varieties of barley were grown at the Kernen Crop Research Farm (University of Saskatchewan, Saskatoon, Canada) and were managed using the
same and standard agronomic production practices for all barley production (Crop Development Center).
y
SEM= standard error of mean. Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using the
Fisher's protected LSD test method.
x
S= rapidly degradable fraction; D= potentially degradable fraction; U= undegradable fraction; Kd = degradation rate; RUDM= rumen undegradable DM;
EDDM= effective degradability of DM.
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CDC Trey and AC Metcalfe were the highest (P<0.01) in EDDM (498 and 487 g/kg base
on DM, respectively). In contrast, CDC Helgason was the lowest in EDDM (360 g/kg
base on DM). CDC Helgason had the largest RUDM (640 g/kg DM), whereas the CDC
Trey and AC Metcalfe exhibited the smallest RUDM (502 and 513 g/kg base on DM,
respectively). These results indicated that the six barley varieties had different ruminal
degradation characteristics. Earlier research indicated that the ruminal DM digestibility of
barley grain that has been dry rolled varies between 82-621 g/kg (Bowman et al. 2001). A
slower degradation rate could result in more bypass nutrients to the host animal and
reduce the risk of digestive disorders (Khorasani et al. 2000). Therefore, CDC Helgason,
with the slowest degradation rate and smallest EDDM, may supply relatively more
nutrients into the small intestine of ruminants. In contrast, other varieties may have more
DM digested in the rumen prior to entering the small intestine. In particular, the
degradation behaviour of CDC Trey exhibited similar degradation kinetics (S, D, U, Kd,
RUDM, EDDM) of DM with AC Metcalfe, implying that it may not be ideal for feed
purpose. Additionally, AC Metcalfe and CDC Trey, the two varieties with the smallest
mean and median particle size, had the highest Kd and EDDM, suggesting a relationship
between degradation kinetics and particle size.

The in situ CP degradation results are given in Table 2.3. Protein content varied in the
range of 12.4-14.4%, which is consistent with earlier findings (Khorasani et al. 2000;
Holtekjøen et al. 2006). AC Metcalfe had the greatest (P<0.05) S protein fraction (3.7%).
The other five varieties ranged from 0.7 to 2.4%. CDC Dolly and McLeod had relatively
smaller (P<0.05) D fraction (73.4 and 78.1%, respectively). CDC Dolly and McLeod had
a relatively greater (P<0.05) U fraction (24.7 and 21.7%, respectively). T0 for AC
Metcalfe and CDC Dolly were 0.84 and 1.76 h, respectively. Others were intermediate,
ranging from 1.27 to 1.49 h. Slower (P=0.056) Kd of CP was found on CDC Helgason
(4.55 %/h). The degradation rate of CDC Trey was 6.95 %/h, which was numerically the
highest among the six barley varieties.
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Table 2.3 Chemical profile and in situ rumen degradation kinetics of crude protein (CP): Comparison of six barley varieties.
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Barley varietyz
Items
AC Metcalfe CDC Dolly McLeod CDC Helgason CDC Trey CDC Cowboy
In situ rumen degradation kinetics of CP x
Crude protein (CP, %DM) 14.11
13.08
13.36
13.19
12.35
14.39
S (%CP)
3.73 a
1.97 b
0.76 c
2.11 b
0.71 c
2.40 b
D (%CP)
78.38 abc
73.35 c
78.05 bc 79.89 ab
83.76 a
81.45 ab
U (%CP)
17.89 b
24.68 a
21.19 ab 18.00 b
15.54 b
16.14 b
T0 (h)
0.84 b
1.76 a
1.27 ab 1.47a b
1.49a b
1.40a b
Kd (%/h)
6.72 a
6.18 ab
6.99 a
4.55 b
6.95 a
5.73 ab
RUP (%CP)
55.31 c
60.96 ab
57.44 bc 63.59 a
54.70 c
57.83 bc
w
RUP (g/kg DM, DVE )
86.6 bc
88.5 abc
85.2 c
93.1 a
75.0 d
92.4 ab
RUP (g/kg DM, NRCv)
78.0 bc
79.7 abc
76.7 c
83.9 a
67.5 d
83.2 ab
EDCP (%CP)
44.69 a
39.04 bc
42.56 ab 36.41 c
45.30 a
42.17 ab
EDCP (g/kg DM)
63.1 a
51.1 cd
56.9 b
48.0 d
55.9 bc
60.7 ab
z

SEMy P value
0.360
2.194
2.102
0.283
0.551
1.250
1.88
1.69
1.250
1.69

0.0002
0.0270
0.0400
0.3705
0.0560
0.0022
0.0002
0.0002
0.0022
0.0003

All six varieties of barley were grown at the Kernen Crop Research Farm (University of Saskatchewan, Saskatoon, Canada) and were managed using the
same and standard agronomic production practices for all barley production (Crop Development Center).
y
SEM= standard error of mean. Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using the
Fisher's protected LSD test method.
x
S= rapidly degradable fraction; D= potentially degradable fraction; U= undegradable fraction; Kd = degradation rate; RUP = rumen undegradable CP;
EDCP = effective degradability of CP.
w
RUP was estimated using the DVE/OEB system (Tamminga et al. 1994).
v
RUP was estimated using the NRC 2001 model (NRC 2001).
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In comparison with the other four varieties, CDC Helgason (63.6%) and CDC Dolly
(61.0%) had a higher (P<0.05) percentage of rumen undegradable CP (RUP %).
Compared with the other barley varieties, CDC Trey showed the lowest (P<0.01) RUP
(g/kg DM) calculated from the two models (75 g/kg DM from DVE/OEB model and 68
g/kg DM from NRC 2001 model, respectively). The results showed that both the NRC
2001 model and the DVE/OEB model could be used to detect the difference of RUP
among the six barley varieties. CDC Helgason and CDC Dolly had lower (P<0.01)
percentage of EDCP (36.4 and 39.0%, respectively). Others ranged from 42.2 to 45.3%.
The EDCP (g/kg DM) of these two varieties were lower than others as well (48 and 51
g/kg DM, respectively), while AC Metcalfe and CDC Cowboy were higher (63 and 61
g/kg DM, respectively). Comparing with other earlier study, the results appeared higher
in EDCP than that of steam-rolled barley (Yang et al. 1997). It is conclusive that protein
digestibility of different barley varieties differed significantly in the rumen. CDC
Helgason may be less extensively fermented in the rumen compared to the other five
barley varieties.

The in situ starch results (Table 2.4) show that the starch percentage of CDC Dolly
(58.6%) compared closely with a previous study of Holtekjøen et al. (2006), but CDC
Helgason was lower (56.4%). More variable results of barley varieties were reported
earlier (Herrera-Saldana et al. 1990; Khorasani et al. 2000). Previous work indicated that
type and amount of polysaccharides impact starch digestibility (Nocek and Tamminga
1991). In this study, the Dutch model (Tamminga et al. 1994) was used to assess the
degradation of starch. The results indicate that the starch rate and extent of degradation of
six barley varieties were significantly different, though they had similar D fractions
(P>0.05). CDC Helgason had the lowest (P<0.05) Kd (3.67%/h), which indicates that the
starch release of CDC Helgason was markedly slower than that of the other five barley
varieties in the rumen. In contrast, CDC Trey had the highest Kd of starch (7.11%/h). The
degradation rate of the remaining four varied from 4.24 to 7.05%/h, lower than the
previous data obtained from steam-rolled barley (Foley et al. 2006) likely because of
different processing methods. It has been interpreted that barley starch can be degraded
extensively in the rumen (Waldo 1973). However in the small intestine, starch may be
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utilized to generate more energy (Bowman et al. 2001) by reducing methane production.
There were significant differences observed for the percentage of RUST as well. CDC
Helgason revealed the highest (P<0.01) percentage of RUST (61.0%). In addition, for
RUST (g/kg DM), CDC Helgason and CDC Dolly were relatively higher (344 and 342
g/kg DM, respectively). Differences between varieties were particularly apparent when
their EDST were compared. AC Metcalfe and CDC Trey showed higher (P<0.05) EDST
percentage (55.0 and 54.3%, respectively) compared with other barley varieties, whereas
CDC Helgason was the smallest (39.0%). AC Metcalfe showed the highest (P<0.05)
EDST (322 g/kg DM), comparing with the relatively smaller CDC Helgason (220 g/kg,
DM) and McLeod (228 g/kg DM). The others are intermediate. This is also evidence that
their ruminal degradation characteristics varied between varieties.

This use of the in situ technique to determine the ruminal degradability of barley grain
indicated that these six barley varieties exhibited different digestion kinetics
characteristics, even though they were grown and processed under the same conditions.
This is consistent with the previously published results (Hart et al. 2008; Du et al. 2009).
Although the barley digestibility for ruminants has been studied extensively, the ruminal
degradation kinetics parameters reported in this study are not very comparable with other
reports due to the variation of sample pre-treatment, laboratory conditions and analysis
methodologies (Yang et al. 1997; Khorasani et al. 2000; Bowman et al. 2001; Yu et al.
2003; Hindle et al. 2005; Foley et al. 2006; Miller et al. 2007; Du et al. 2009).

Compared with the other five barley varieties, the degradation characteristics of CDC
Helgason, in terms of the degradation rate and extent, are extremely attractive. CDC
Helgason had the largest rumen undegradable fraction of DM (640 g/kg DM), CP (84
g/kg DM, NRC) and starch (344 g/kg DM) and lowest degradation rate of DM (5.62%/h),
CP (4.55%/h) and starch (3.67%/h), respectively. The relatively lower degradation rate
and extent may reduce issues with rumen acidosis. These comparative advantages support
a perspective that CDC Helgason may be ideal for feed purpose compared with the other
five barley varieties.
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Table 2.4 Chemical profile and in situ rumen degradation kinetics of starch (ST): Comparison of six barley varieties.
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Barley varietyz
Items
AC Metcalfe CDC Dolly McLeod CDC Helgason CDC Trey
In situ rumen degradation kinetics of ST x
Starch (ST, %DM) 58.44
58.59
48.81
56.39
55.67
S (%ST)
2.93
0.51
0.01
2.14
0.18
D (%ST)
97.07
99.49
99.99
97.86
99.82
Kd (%/h)
7.05 a
4.24 d
5.28 c
3.67 e
7.11 a
RUST (%ST)
44.96 e
58.33 b
53.21 c 61.01 a
45.73 e
RUST (g/kg DM) 262.7 b
341.7 a
259.7 b 344.0 a
254.6 b
EDST (%ST)
55.04 a
41.67 d
46.79 c 38.99 e
54.27 a
EDST (g/kg DM) 321.7 a
244.2 d
228.4 e 219.9 e
302.1 b
z

CDC Cowboy SEMy P value
54.15
0.09
99.91
6.16 b
49.31 d
267.0 b
50.69 b
274.4 c

1.117
1.117
0.176
0.870
4.91
0.870
4.91

0.2509
0.2509
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

All six varieties of barley were grown at the Kernen Crop Research Farm (University of Saskatchewan, Saskatoon, Canada) and were managed using the same
and standard agronomic production practices for all barley production (Crop Development Center).
y
SEM= standard error of mean. Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using the
Fisher's protected LSD test method.
x
S= rapidly degradable fraction; D= potentially degradable fraction; U= undegradable fraction; Kd = degradation rate; RUST = rumen undegradable starch;
EDST= effective degradability of starch.
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An earlier study reported that few differences in chemical composition and starch
degradation kinetics were found between AC Metcalfe and the mean of five feed-type
barley varieties (Hart et al. 2008). However, with respect to degradation features obtained
in this study, undoubtedly, AC Metcalfe, with greater soluble fraction, faster degradation
rate and greater effectively degradability, showed its suitability for use in malting. The
protein matrix in barley grain was assumed to play a protective role against degradation
(Holopainen et al. 2005). Although AC Metcalfe appeared to have numerically higher
protein content (14.1%), it is still the most ruminally degradable among the six varieties.
Associated with its small particle size, different structural and chemical structure may
explain this. The protein matrix of AC Metcalfe may be highly soluble and more easily
dissolved in rumen fluid, which can lead to greater ruminal digestibility. In addition, the
loose protein-starch conjunction within cellular dimension might imply a faster
degradation rate, and result in increased nutrient availability in rumen.

AC Metcalfe, a barley variety for malting purpose, exhibited faster degradation rates of
DM (10.04%/h) (P<0.01), CP (6.72%/h) (P=0.056) and starch (7.05%/h) (P<0.01) among
the six barley varieties. However, CDC Trey, a barley variety for feed purpose, also had
similar degradation features (9.72 for DM, 6.95 for CP, and 7.11%/h for starch,
respectively) to AC Metcalfe. Based on these observations, CDC Trey was degraded in
the rumen more like a barley variety for malting purpose. Moreover, a large portion (54.3,
vs. 55.0% of AC Metcalfe) of starch of CDC Trey was effectively digested in the rumen,
while only 45.7% (vs. 45.0% of AC Metcalfe) escaped from ruminal microorganism
fermentation. Excessively rapid digestion of starch in the rumen may cause metabolic
disorders. It can be argued that CDC Trey may not be suitable for feeding.

2.3.3. Correlation between mean and median particle sizes and degradation
rate and extent of dry matter (DM), crude protein (CP) and starch (ST)
among barley varieties
The rumen degradation rate and extent are of particular interest to evaluate the quality of
grains. The particle size of processed barley grain may be partly responsible for the
degradation behaviour (Kellems and Church 2002). In order to further address this
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problem, Pearson correlation was determined between particle size parameters and
degradation rate and extent (Table 2.5). Negative correlations were observed between the
median particle size and effective digestibility of DM (P<0.05) and CP (P<0.05).
Compared with the mean particle size, median particle size revealed relatively strong
(P<0.01) negative correlations with degradation rate and extent of starch degradation.
The median particle size can therefore be considered to be correlated with the rumen
fermentation of barley grain. Kd of DM tended to be correlated with median particle size
but Kd of CP did not. No significant correlations were detected between mean particle
size and starch degradation features (Kd and EDST).

This leads to the conclusion that median particle size, not mean particle size, is associated
with the degradation rate and extent of processed barley. These results agree with the
earlier conclusion that the large particles are related to slower ruminal degradation
(Nocek 1988). Additionally, the results strengthen the concept that the particle size of
barley can affect digestibility. Processing destroys the protein starch matrix (Figure 2.1)
which surrounds the starch granules and prevents the access of microbial enzymes.
Taking the ruminal microbial community into account, smaller particle size implies larger
surface area, to which microorganisms and digestive enzymes can efficiently attach.
Additionally, smaller particle size may also contribute to the high passage rate. Whereas
larger particles appear to need more time to be further broken down in the digestion
process with a smaller accessible surface area (Theurer 1986; Nocek and Tamminga 1991;
Bowman et al. 2001). There was evidence that particle size has an effect on ruminal
passage rate of forage (Welch 1986; Sniffen et al. 1992). Based on related studies
(Yoshimoto et al. 2000; You and Izydorczyk 2002; Tester et al. 2004), it is possible that
large particle size results from the tight protein structure combining with the starch
granules. A speculation was also made that CDC Helgason with larger particle size may
be relatively resistant against ruminal degradation and still fermentable in lower gut. As a
result, it is probably the most suitable barley variety for feed purpose for ruminants
among these six varieties.
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Figure 2.1 Scanning electron micrograph of mature starchy endosperm cells of wheat. (a)
Tissue from the central starchy endosperm of cv Bouquet showing small (SB) and large
(SA) starch granules embedded in a protein matrix (P). (b) Enlargement to show the
protein matrix (P) in starchy endosperm tissue of cv Avalon. (Source: Mills et al. 2005)
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Table 2.5 Pearson correlations between in situ rumen degradation rate and extent of dry matter (DM), crude protein (CP) and
starch (ST) from six barley varieties and mean and median of particle sizes.
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Items
In situ rumen degradation kinetics of DMy
Kd (%/h)
EDDM (%)
In situ rumen degradation kinetics of CPy
Kd (%/h)
EDCP (%)
In situ rumen degradation kinetics of STy
Kd (%/h)
EDST (%)
z
y

Mean particle sizez
Correlation coefficient
P value

Median particle sizez
Correlation coefficient
P value

-0.774
-0.760

0.071
0.079

-0.784
-0.894

0.065
0.016

-0.799
-0.784

0.057
0.065

-0.593
-0.885

0.215
0.019

-0.686
-0.658

0.133
0.156

-0.955
-0.954

0.003
0.003

Mean and median particle sizes were determined by Pond’s model.
Kd = degradation rate; EDDM, EDCP, EDST= effective degradability of DM, CP and starch, respectively.
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Regression analysis between median particle size and in situ degradation features of DM,
CP, and starch was conducted using Proc Mixed procedure of SAS package to give a
possible answer regarding the magnitude of particle size affecting the various digestion
behaviours. The results are presented in Table 2.6. The results showed that the four
regression models are significant (P<0.05). It was indicative that 79.9% effective
digestibility of DM, 78.3% of CP and 91.0% of ST could be explained by median particle
size, respectively.

Table 2.6 Regression analysis to predict rumen degradability using median particle size
(x) with regression model as follows: Model: Y (degradability) = Median.
Predicted variables (Y)
EDDM
EDCP
Kd (ST)
EDST
z

Model: Y= a + b*x
Y = 153.00 – 41.47 * x
Y = 110.28 – 26.11 * x
Y = 51.04 – 15.96 * x
Y = 195.48 - 54.68 * x

R2 value
0.799
0.783
0.912
0.910

RSD z
2.68
1.77
0.64
2.21

P value
0.016
0.019
0.003
0.003

RSD= Residue standard deviation.

2.4. Conclusions
The results indicated that under the same growth and processing conditions (dry-rolled
though 1.59 mm gap), the six barley varieties appeared to significantly differ in their
digestion characteristics and mean and median particle sizes, and thus, had different
nutrient supply to ruminants.

CDC Helgason is distinguished from other varieties due to its lowest degradation rate and
extent of DM, CP and ST (5.62%/h, 360 g/kg for DM, 4.55%/h, 48 g/kg DM for CP, and
3.67%/h, 220 g/kg DM for starch, respectively) among the six barley varieties. Results
indicate that CDC Helgason may be the desirable barley variety for feed purpose
compared with the other five barley varieties.

Significant correlation was found between median particle size (not mean particle size)
and the rate and extent of rumen degradation (P value was 0.016 for EDDM, 0.019 for
EDCP, 0.003 for Kd of starch and 0.003 for EDST). Results indicate that the median
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particle size, to a greater extent than mean particle size, can affect the degradation rate
and extent of barley grain. The differences in particle size of the processed barley grains
may explain the various degradation characteristics exhibited in the rumen among the six
barley varieties. Associated with the nutrient availability, particle size could be an
important factor to affect barley feed quality, fermentation, and nutrient availability for
ruminants. Therefore, preventing inappropriate processing is of importance for the
ruminant feeding industry.

With similar chemical composition, the barley varieties exhibited different degradation
behaviours. More information about the biological constitution of grain must be taken
into account to explain this. It is not sufficient to solve this problem with only in situ
degradation characteristics and mean and median particle sizes. Further study is required
to investigate the inherent structural and chemical make-up characteristics between the
barley varieties which may provide more information as to why barley varieties exhibit
different biodegradation behaviours in the rumen and lower gut.
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3. USING DIFFUSE REFLECTANCE FOURIER TRANSFORM INFARED
SPECTROSCOPY (DRIFT) AND SYNCHROTRON-BASED FTIR
MICROSPECTROSCOPY (SFTIRM) TO CHARACTERIZE SEED INHERENT
STRUCTURE AMONG SIX BARLEY VARIETIES
3.1. Introduction
The results of chapter 2 show that barley varieties exhibit different ruminal degradation
rates. Knowledge of their chemical and structural differences may lead to an
understanding of the reasons for these differences. Further study of the relationship of
biological characteristics of barley grain in relation to spectral characteristics may
provide useful understanding of how to best utilize the various varieties.

Grinding is usually required in chemical analysis. In addition, harsh chemical reagents
can unavoidably destroy or even obliterate the histological structure of the sample
(Wetzel and LeVine 2000, 2001). Structural and chemical information detection is
beyond the capacity of traditional chemical analysis, owing to the destructive pretreatment. These disadvantages necessitate a new and rapid tool to overcome these
limitations.

As a potential analytical tool, FTIR technique is widely applied in various scientific fields.
Different vibration and complex absorption modes result in different characteristic
spectral features. Based on the monitored spectral signal, chemical and structural features
can be revealed (Stuart 2004). FTIR technique has been applied to monitor the metabolic
changes caused by D2O in rat cerebellum tissue (Wetzel et al. 1998c). The detailed
spectroscopic characterization of biological specimen has been summarized and reviewed
(Jackson and Mantsch 2000; Wetzel 2000).

Conventional FTIR techniques show comparable performance to synchrotron when
working with large aperture size (>20-30 µm) (Diem et al. 2004). However, it is inferior
to synchrotron at ultra-spatial resolution when detecting biological or biomedical
specimens (5-30 µm) (Miller et al. 2000). To overcome the weakness of conventional
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(thermal) light source, synchrotron light is used because it is extremely advantageous for
small aperture setting (Miller and Dumas 2006).

The induction of synchrotron radiation allows simultaneous sample viewing and IR data
collection at ultra-spatial resolution. Using synchrotron source to substitute for
conventional thermal (globar) source, results in the potential to improve S/N ratio (Miller
2002; Miller and Dumas 2006). The combining of microscopy with FTIR spectroscopy
enables observations both visually and spectroscopically. Ultra-spatial resolved
synchrotron IR microspectroscopy is used to monitor the intrinsic distribution of
chemical compounds in biological and biomedical specimens. Accordingly, taking
advantage of the brilliance, broadband and concentration (Miller and Dumas 2006), the
application of synchrotron light associated with FTIR technique makes it possible to
probe further on the inherent structure of biological materials at a cellular or sub-cellular
dimension without thermal noise (Dumas and Miller 2003).

Working with the SFTIR spectroscopy, high quality mapping of sample sections can be
generated. For instance, chemical functional groups associated with nutrients of plant
tissue from wheat, barley, corn, canola, flaxseed have been detected using FTIR
microspectroscopy in conjunction of advanced synchrotron light source (Yu 2005b;
2006a; Yu et al. 2004b; 2005; 2007; 2009a). The photomicrograph and chemical
compounds (protein, lipid, lignin, structural and non-structural carbohydrates) mapping
of Valier (feed type) and Harrington (malting-type) barley have been obtained using
SFTIR technique (Yu 2004; Yu et al. 2004a; 2004d; 2008). The protein molecular
structure of alfalfa affected by Lc-gene transformation were firstly reported using SFTIR
(Yu et al. 2009b).

A diversity of biological materials have been examined using conventional (globar) or
advanced (synchrotron) FTIR techniques in conjunction with powerful statistical analysis
methodologies. Agglomerative hierarchical cluster analysis (AHCA) and principal
components analysis (PCA) can be used to treat the tremendous amount of information
relating to matrix conformation, chemical and structural make-up and compound
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distribution. The AHCA can classify the objects into different clusters (groups) based on
their similarity (Romesburg 1984; Kaufman and Rousseeuw 1990; Gan et al.2007). PCA
can visibly present the analysis in scatter plots of principle components (PCs), of which
maximal information of original data can be carried out in organized manner (Dunteman
1989; Jolliffe 2002; Yu 2006b). Previously for feed science application, AHCA and PCA
analysis have been applied on discrimination of Harrington and Valier barley with their
amide I FSD spectra (Yu et al. 2007). These two analysis methods have also been used to
detect the differences between various tissues from wheat (Yu et al. 2007). Previous work
indicated that these two multivariate spectral analysis methodologies could successfully
distinguish flaxseed structure change caused by autoclaving (Doiron 2009).

These mid-IR techniques enable us to establish a correlation of spectral information to
structural and chemical features of plant tissue, furthermore, to feedstuff quality. The
objectives of this study were: 1) using DRIFT spectroscopy to identify the differences in
functional group characteristics associated with nutrient utilization in barley hull sample
and whole seed sample among the six barley varieties; 2) using synchrotron-based FTIR
microspectroscopy to determine structural make-up features and identify the structural
differences in chemical functional groups in endosperm tissue among the six barley
varieties; 3) using multivariate spectral analyses (AHCA and PCA) to detect spectral
differences among the six barley varieties; 4) to analyze correlation between in situ
nutrients degradation (rate and extent) and chemical functional groups features
determined by DRIFT and SFTIRM spectroscopy.

3.2. Materials and methods
3.2.1. Barley varieties and growth condition
The six barley varieties were the same mentioned previously in Chapter 2 (AC Metcalfe,
CDC Dolly, McLeod, CDC Helgason, CDC Trey, and CDC Cowboy).
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3.2.2. Sample preparation for DRIFT spectroscopy
The hull samples of six barley varieties were produced using Laboratory Dehuller (Model
LH 5095, Codema Inc. Minneapdis, Minnesota) at 100 psi for 30 sec, and then screened
through a 1.2 mm pore size sieve to remove fines and dusts. Hull and whole seed samples
from the six barley varieties were ground through 0.25 mm screen twice with Retsch
Grinder ZM100 (Brinkmann Instruments Ltd, ON, Canada) and then mixed into KBr
powder with a ratio of 4: 1.

3.2.3. DRIFT Spectroscopy
Mid-IR spectra from DRIFT spectroscopy technique were collected using Bio-Rad FTS40 (Bio-Rad, Cambridge, MA) with a globar IR source in the Saskatchewan Structural
Sciences Centre (SSSC), University of Saskatchewan.

3.2.4. DRIFT data collection and processing
Win-IR software, the coupled computer system with Bio-Rad FTS-40 was used to record
IR spectra. Spectra within the mid-IR region (ca. 4000-400 cm-1) were collected with 256
coadded scans. Spectral resolution was set as 4 cm-1. Background spectra were collected
with the same measurement setting prior to formal spectra collection. Nicolet OMNIC
software 7.3 (Spectra Tech, Madison, WI) was used to analyze spectral data. For
normalization of the spectral information, baseline correction was applied on all spectra
data. Outlier spectra, which might be due to the instrumental and environmental
contributions, were eliminated prior to evaluation.

3.2.5. Sample preparation for SFTIR microspectroscopy
Five seeds of each barley variety (six varieties) were randomly selected to cut
transversely across the endosperm tissue. The thin cross sections of tissues (ca. 6 μm)
were unstained and immediately mounted on barium fluoride (BaF2) discs (2 mm thick,
13 mm diameter, Spectral Systems, Hopewell Junction, NY, USA) for synchrotron FTIR
microspectroscopic work in transmission mode.
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3.2.6. SFTIR microspectroscopy
The experiment was performed using a Thermo Nicolet Magna 860 Step-Scan FTIR
(Thermo Fisher Scientific Inc., Waltham, MA) spectrometer equipped with a Spectra
Tech Continuum IR Microscope (Spectra-Tech, Inc., Shelton, CT) and liquid nitrogencooled mercury cadmium telluride (MCT) detector. The IR microspectroscopy instrument
was coupled with synchrotron radiation from U2B beamline, Brookhaven National
Laboratory National Synchrotron Light Source, U.S. Department of Energy (NSLS-BNL,
Upton, NY).

3.2.7. SFTIRM data collection and processing
The spectra were collected from five seeds of each barley variety. Spot samples (30-60)
were randomly selected in endosperm area between 100-600 µm from outside of the seed
section on each window. The spectra were collected through an aperture of 10 × 10 μm in
a transmission mode within mid-IR spectral range of ca. 4000-800 cm-1. The spatial
resolution was set as 4 cm-1 and 128 scans were coadded on each spot to produce an IR
spectrum. Background spectra were collected using the same measurement setting. Atlµs
software (Thermo Nicolet, Madison, WI, USA) was used to produce the visual image of
the sample. Nicolet OMNIC software 7.3 (Spectra Tech, Madison, WI, USA) was used to
collect and analyze spectral data. After baseline correction, the absorption peak
parameters (baseline, region, relative height and area) were recorded for further
univariate analysis. More details on SFTIRM data collection were documented in
Marinkovic et al. (2002) and Yu et al. (2004a).

3.2.8. Multivariate spectral analysis
Agglomerative hierarchical cluster analysis (AHCA) and principal component analysis
(PCA) were applied using Statistica 8 (StatSoft Inc, Tulsa, OK, USA) to accomplish the
multivariate spectral analyses. The Ward’s algorithm method (Miller et al. 2000) and
Euclidean Distance were applied to conduct the AHCA analysis and graphically present
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the similarity among barley varieties. The 1st principal component (PC1) vs. the 2nd
principal component (PC2) scatter plots were generated to present the results.

3.2.9. Statistical analysis
Statistical analyses were performed using the MIXED procedure of SAS 9.1.3 (SAS
Institute, Inc., Cary, NC). Fisher’s protected LSD test was used to compare means with P
< 0.05 considered significant.
The DRIFT spectroscopic data were analyzed with a CRD model: Yij = μ+ Ti + eij, where
Yij was an observation of the dependent variable ij; μ was the population mean for the
variable; Ti was the effect of the barley varieties, as a fixed effect, and eij was the random
error associated with the observation ij.

The SFTIR spectroscopic data were analyzed using a completed nested design. The
model used for the analysis was: Yij = µ + Ti + S(T)j + eij, where, Yij was an observation
of the dependent variable ij; µ was the population mean for the variable; Ti was the effect
of the barley varieties, as a fixed effect, S(T)j is the seeds nested within treatments, as a
random effect, and eij was the random error associated with the observation ij. The
detailed methodology was reported in Yu (2004).

Correlation between in situ degradation rate and extent of DM, CP, and starch and midIR spectral characteristics among the barley varieties were analyzed using the Corr
procedure of SAS software (SAS Institute, Inc. 2003).

3.3. Results and discussion
The DRIFT and SFTIRM techniques were used to characterize inherent seed structure
among these six barley varieties. The spectra observed in the region of 4000-800 cm-1
were analyzed to show the absorption characteristics attributed to the chemical functional
groups of barley grains.
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3.3.1. Using DRIFT spectroscopy to characterize and compare structure and
chemical make-up of hull samples from six barley varieties
Differences in structural and chemical make-up of barley hull from six barley varieties
were identified using DRIFT spectroscopy. Figure 3.1 exhibits a typical spectrum of hull
samples from barley seeds. The complex spectrum is composed of a series of unique
absorption peaks and the spectral data can be associated with the chemical compounds in
barley hulls. Since certain compounds only absorb at the frequencies that match the
molecular vibrations, it is possible to identify and characterize the structural and chemical
make-up by spectra analysis. The detailed absorption band assignments (baseline and
boundaries definitions) are shown in Figure 3.1, including defined boundaries of peak
areas. The region 1800-800 cm-1 (Figure 3.1 b) can be considered as fingerprint region
because almost all molecules present characteristic peaks in this region. Lignin exhibits
obvious IR absorption band (Figure 3.1 c) which is centered at ca. 1510 cm-1 (Wetzel et
al. 1998a; Dumas et al. 2004). As shown in Figure 3.1 (d), there is a strong and complex
peak in the range of 1192-932 cm-1, attributed to carbohydrates (Wetzel et al. 1998a;
Jackson and Mantsch 2000; Wetzel and LeVine 2000; Dumas et al. 2004). The band at
1245 cm-1 represents the cellulosic compound (Figure 3.1 e). The assignments of
frequently-used bands in life science application have been detailed and reviewed
(Wetzel et al. 1998a; Yu 2005b).
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(c) Aromatic lignin peak area (Region: ca. 1536-1484 cm-1)

(b) Molecular FTIR Spectrum in the region: 1800-800 cm-1

(d) Total carbohydrate peak area (Region: ca.1192-932 cm-1)

(e) Cellulosic compound peak area (Region: ca.1293-1212 cm-1)
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(a) Typical DRIFT spectrum in the region: ca 4000-800 cm-1

Figure 3.1 Typical FTIR spectrum of barley hull: (a) whole mid-IR region: ca. 4000-800 cm-1; (b) Fingerprint region: ca. 1800-800
cm-1; (c) Aromatic lignin peak area: ca. 1510 cm-1; (d) Total carbohydrate peak area region: ca. 1192-932 cm-1; (e) Cellulosic
compound peak area: ca 1245 cm-1.
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The characteristic IR absorption parameters obtained for hull samples are given in Table
3.1. Since less non-structural CHO and protein are contained in hull samples, lignin and
cellulosic compounds were more concentrated. As expected, the results showed
significant differences in the peak area of aromatic lignin, cellulosic compound, total
CHO, and the ratio of lignin to cellulosic compound. The results indicate the obvious
presence of lignin in the samples due to the aromatic characteristic peak at 1510 cm-1. A
high percentage of lignin may negatively affect the digestibility of the seed for ruminants.
CDC Helgason had the largest (P<0.05) absorption peak area (2.51), implying a relatively
higher concentration of lignin compared to the other barley varieties. This may be
responsible for the slower degradation rate exhibited in in situ experiment. CDC Dolly
had the smallest (P<0.05) lignin peak area (1.91) among the six barley varieties. The
remaining four varieties were moderate from 1.99 to 2.26. The cellulosic absorption band
at 1245 cm-1, was also different between varieties (Table 3.1). The cellulosic compound
peak area of CDC Helgason and CDC Cowboy was 1.75 and 1.66, respectively. The
other varieties showed lower band intensity (from 1.18 to 1.53) of cellulosic material. In
this study, the CHO absorption peak was defined at the region from 1192 to 932 cm-1.
CDC Helgason had a distinct higher (P<0.05) value (32.30) compared with other five
varieties, which varied from 19.68 to 25.86.
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Table 3.1 The structural characteristics of aromatic lignin, cellulosic compound and total carbohydrate and their ratios in the barley
hull, revealed using DRIFT spectroscopy: Comparison of six barley varieties (n = 10 samples per each type of barley hull).
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SEM = pooled standard error of means; Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using
the Fisher's protected LSD test method.
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Cellulosic materials and lignin resist microbial breakdown (Nocek and Tamminga 1991).
An earlier study showed that in contrast to hulless varieties, hulled barley had less soluble
and degradable fractions, implying that the hull may be of importance in barley quality
evaluation (Khorasani et al. 2000). As previously reported, most fibrous materials exist in
the hull, which may also contribute to its poor digestibility (Bowman et al. 2001). Due to
the presence of lignin, feedstuffs may more resistant to digestion in the rumen and lower
digestive tract than that with less lignin (Tamminga et al. 1994). Cellulosic compounds
also contribute to the variation in digestibility in the rumen. It is therefore expected that
cellulosic compounds from the hull may also contribute to the decreased digestion rate of
this material. This may also partly explain the lower ruminal digestibility of CDC
Helgason compared to the other five barley varieties. Resistant compounds, such as lignin
and cellulosic materials that are resistant to digest, can negatively affect the feed
digestibility in the rumen. CDC Dolly had a similar particle size (Mean: 3.09 mm;
Median: 2.74 mm) than CDC Helgason (Mean: 3.09 mm; Median: 2.75 mm), but a faster
degradation rate, which may be attributed to its lower lignin (1.91) and cellulosic
compound (1.18) contents. This may also partly explain the slowest degradation rate and
smallest EDST of CDC Helgason. The relevant nutrients compounds ratios (lignin to
total CHO, cellulosic compounds to total CHO and lignin to cellulosic compounds) were
also determined. The results are presented in Table 3.1. Ratio of lignin to CHO and
cellulosic to CHO were not different (P>0.05) among the six barley varieties. However,
the ratio of lignin: cellulosic differed (P<0.01) among the six barley varieties, varying
from 1.30 to 1.67.

Differences in the spectral data are dependent on the chemical make-up of the biological
tissue. The differences observed in this study indicate that the hull of different barley
varieties vary in structural and chemical make-up. These differences may contribute to
the diverse rumen degradation behaviours. Based on this study, it is reasonable to assume
that CDC Helgason may have a slower rumen degradation rate than other five barley
varieties in rumen due to relatively higher lignin and cellulosic contents in the hull. This
may also contribute to the significantly low effectively degradability of DM, CP and ST
of CDC Helgason determined in the animal trial. By far, there is no information available
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on the spectral information of barley hull. In order to provide more relevant information,
the whole seed was used to differentiate the chemical make-up of these six barley
varieties.

3.3.2. Using DRIFT spectroscopy to characterize and compare structurechemical make-up of whole seed samples from the six barley varieties
A typical spectrum from whole barley seed is shown in Figure 3.2. The amide I peak,
centered at ca.1650 cm-1 (predominantly C=O stretching vibration), represents protein.
The peak of cellulosic compounds appears at ca. 1246 cm-1. The bands in the region of
1188-955 cm-1 accounts for the presence of total CHO.

The peak absorption parameters from whole seed samples of barley are shown in Table
3.2. The protein components were examined by detecting characteristic bands caused by
C=O stretching (amide I), C–N stretching and N–H bending (amide II) and O–C–N
bending vibration. Relatively higher protein content in the biological tissue may be
implied by the stronger IR absorption of amide I (ca. 1600-1700 cm-1) and amide II (ca.
1500-1560 cm-1) bands (Wetzel and LeVine 2001; Stuart 2004). In the amide I region
(1721-1574 cm-1), there were significant differences in band intensities. The amide I peak
area data indicated that the whole seed sample of CDC Cowboy may contain the highest
(P<0.01) concentration of protein (27.61). The amide I peak height data from the DRIFT
spectra illustrated that the AC Metcalfe and CDC Cowboy had a relatively higher value
(0.36 and 0.35, respectively), while CDC Helgason and CDC Trey were lowest (0.30).
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(c) Amide I peak area
(Region: ca. 1721-1574 cm-1)

(e) Cellulosic compound peak area
(Region: ca.1269-1217 cm-1)

(b) Total carbohydrate peak area
(Region: ca.1188-955 cm-1)

(d) Amide I peak height
(Region: ca. 1721-1574 cm-1)

(f) Cellulosic compound peak height
(Region: ca.1269-1217 cm-1)
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(a) FTIR spectrum in the region: ca 1800-800 cm-1

Figure 3.2 Typical FTIR spectrum of whole barley seed: (a) Fingerprint region: ca. 1800-800 cm-1; (b) Total carbohydrate peak area
region: ca. 1188-955 cm-1 (c,d) Amide I peak area and height: ca. 1650 cm-1; (e,f) Cellulosic compound peak area and height: ca 1245
cm-1.
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Table 3.2 The structural characteristics of protein amide I and II, carbohydrates, structural carbohydrate (cellulosic compound) and
their ratios in the whole barley seed, revealed using DRIFT spectroscopy: Comparison of six barley varieties (n = 10 samples per each
type of whole barley seed).
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SEM = pooled standard error of means; Means with the different letter in the same column are significantly different (P<0.05). Mean separation was done by
using the Fisher's protected LSD test method.
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In addition, Table 3.2 shows that there was a significant difference in the CHO spectra
absorbance of the barley varieties, with the CDC Cowboy having the highest (P<0.05)
absorbance value of carbohydrate (70.69), while CDC Helgason had the lowest (54.83).
The other four varieties were intermediate, ranging from 58.49 to 63.69. Similarly, for the
structural CHO (cellulosic), CDC Cowboy and AC Metcalfe revealed a relatively higher
peak height (1.00 and 0.97, respectively). CDC Helgason and CDC Trey exhibited lower
(P< 0.05) values (0.84 and 0.88, respectively). The results indicate that CDC Helgason
was found to have a relatively higher CHO content in the hull. However, in the whole
seed sample, CDC Helgason had the lowest total CHO peak intensity, indicating there
was a higher concentration of CHO existed in barley hull. This leads to the conclusion
that CDC Helgason has the lowest CHO in whole seed, with a large portion of CHO in
hull, may contribute to its lowest degradation rate and extent compared to other five
barley varieties.

Amide I to CHO area ratio is given in Table 3.2. CDC Helgason showed the highest (P<
0.01) ratio. Amide I absorption peak contributes to evaluating protein, thus, it is possible
to assume that there is more protein surrounding CHO in CDC Helgason to protect
against the degradation in rumen. This may also partially explain the lowest EDCP (Table
2.3) and EDST (Table 2.4) of CDC Helgason. The ratio of total CHO to structural CHO
(cellulosic) was also calculated and significant differences were revealed among the six
barley varieties (Table 3.2). CDC Cowboy had the highest (P< 0.05) ratio compared with
other five barley varieties, indicating that CDC Cowboy may contain a relatively higher
percentage of cellulosic compounds in the seed structure. Barley varieties differ in type
and composition of starch and non-starch polysaccharides (Holtekjøen et al. 2006). This
property influences the barley quality in either malting or feeding industry. Type and
amount of structural carbohydrate may affect site and extent of starch digestion (Nocek
and Tamminga 1991). A high starch content may be associated with greater digestibility
(Bowman et al. 2001). However, CDC Cowboy exhibited moderate digestibility of starch
in in situ experiments. It is probably because of the starch distribution in the endosperm
tissue. But comparative data are too limited to confirm this conclusion.
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The adoption of DRIFT spectroscopy for examining the complex biopolymers of plant
tissue provides advantages over traditional chemical analysis techniques. The DRIFT
spectroscopy method has proven to be a powerful tool in terms of characterizing and
discriminating structural and chemical differences of barley varieties. This technique may
be used as an effective approach to rapidly differentiate and analyze of such samples.

3.3.3. Using Synchrotron-based FTIR microspectroscopy (SFTIRM) to
characterize and compare structural and chemical make-up of
seed endosperm tissue among six barley varieties
For SFTIRM, the barley seed specimens were optically observed with the coupled
microscope (Figure A4) and spot sampling was done randomly on endosperm tissue
(between 100-600 µm from outside of the seed section) of each barley variety to produce
the spectral data. Figure 3.3 (a) illustrates the typical SFTIR spectrum of the endosperm
tissue in the region of ca. 4000-800 cm-1. The IR spectra of characteristic bands
associated with specific nutrients (protein, cellulosic compound in Figure 3.3 and
carbohydrates in Figure 3.4) are shown as well.
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(c) Amide I peak area
(Region: ca. 1722-1587 cm-1)

(e) Amide II peak area
(Region: ca.1587-1487 cm-1)

(b) FTIR spectrum in the fingerprint region: ca 1800800 cm-1

(d) Amide I peak height
(Region: ca. 1722-1578 cm-1)

(f) Amide II peak height
(Region: ca. 1587-1487 cm-1)
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(a) Typical synchrotron-based FTIR spectrum in the
region: ca 4000-800 cm-1 in the endosperm tissue

Figure 3.3 Typical synchrotron-based FTIR spectrum of endosperm tissue within a cellular dimension: (a) Whole mid-IR region: ca.
4000-800 cm-1; (b) Fingerprint region: ca. 1800-800 cm-1; (c,d) Amide I peak area and height: ca. 1650 cm-1; (e,f) Amide II peak area
and height: ca. 1550 cm-1; (g, h) Cellulosic material peak area and height: ca 1240 cm-1;
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(g) Cellulosic compound peak area
(Region: ca.1273-1217 cm-1)

(h) Cellulosic compound peak height
(Region: ca.1273-1217 cm-1)

Figure 3.3 (continued) Typical synchrotron-based FTIR spectrum of endosperm tissue within a cellular dimension: (a) Whole mid-IR
region: ca. 4000-800 cm-1; (b) Fingerprint region: ca. 1800-800 cm-1; (c,d) Amide I peak area and height: ca. 1650 cm-1; (e,f) Amide II
peak area and height: ca. 1550 cm-1; (g, h) Cellulosic material peak area and height: ca 1240 cm-1;
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(a) Total carbohydrate peak area
(Region: ca.1184-950 cm-1)

(d) Carbohydrate 2nd peak area
(Region: ca.1132-1066 cm-1)

(c) Carbohydrate 1st peak height
(Region: ca.1184-1132 cm-1)

(e) Carbohydrate 2nd peak height
(Region: ca.1132-1066 cm-1
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(b) Carbohydrate 1st peak area
(Region: ca.1184-1132 cm-1)

Figure 3.4 Typical synchrotron-based FTIR spectrum of endosperm tissue within a cellular dimension: (a) Total carbohydrate peak
area region: ca. 1184-950 cm-1; (b,c) Carbohydrate 1st component peak area and height: ca. 1150 cm-1; (d,e) Carbohydrate 2nd
component peak area and height: ca. 1080 cm-1; (f,g) carbohydrate 3rd component peak area and height: ca. 1025 cm-1.
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(f) Carbohydrate 3rd peak area
(Region: ca. 1066-950 cm-1)

(g) Carbohydrate 3rd peak height
(Region: ca. 1066-950 cm-1)

Figure 3.4 (continued) Typical synchrotron-based FTIR spectrum of endosperm tissue within a cellular dimension: (a) Total
carbohydrate peak area region: ca. 1184-950 cm-1; (b,c) Carbohydrate 1st component peak area and height: ca. 1150 cm-1; (d,e)
Carbohydrate 2nd component peak area and height: ca. 1080 cm-1; (f,g) carbohydrate 3rd component peak area and height: ca. 1025
cm-1.
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The characteristic absorbance bands of the amide groups can be used to probe and
characterize the structural and chemical make-up of the plant tissue. The amide I (ca.
1650 cm-1) and amide II (ca. 1550 cm-1) peak areas and height definition used for
univariate analysis are shown in the Figure 3.3 (c, d, e, f). The peak centered at
approximately 1240 cm-1 (Figure 3.3 g, h) was considered to represent the structural
carbohydrates (cellulosic compounds) (Wetzel et al. 1998a; Stuart 2004; Yu 2005b). The
total carbohydrate peak area is located at region from ca.1184 to 951 cm-1 because of C-O
and C-C stretching vibrations and C-O-H deformation (Wetzel et al. 1998a; Stuart 2004;
Yu 2005b). The CHO band intensities were determined by calculating the peak heights
and areas of specific bands: carbohydrate 1st peak area occurs at region of ca.1184-1132
cm-1, carbohydrate 2nd peak area occurs at region of ca.1132-1066 cm-1 and carbohydrate
3rd peak area occurs at region of ca. 1066-950 cm-1. These three peaks are regarded to
represent total carbohydrate compounds (Figure 3.4).

To detect the chemical features associated with nutrients, synchrotron-based IR
microspectroscopy was used to examine barley endosperm tissue. Spectroscopic data
from spot samples within cellular dimensions are detailed in Table 3.3 to 3.5. It should be
realized that the peak intensity parameters (area or height for instance) cannot be
considered as representation of accurate biological compound contents.
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Table 3.3 The structural characteristics of protein amides I and II in the endosperm tissue of barley varieties, revealed using
Synchrotron-based FTIR Microspectroscopy: Comparison of six barley varieties.
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SEM = pooled standard error of means; Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using
the Fisher's protected LSD test method.
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Table 3.4 The structural characteristics of carbohydrates, and structural carbohydrate (cellulosic compounds) in the endosperm tissue
of barley varieties, revealed using Synchrotron-based FTIR Microspectroscopy: Comparison of six barley varieties.
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SEM = pooled standard error of means; Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using
the Fisher's protected LSD test method.
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Table 3.5 The structural characteristics of the ratios of protein amide I and II, and structural (cellulosic compounds) and non-structural
(NSC, starch) carbohydrates (CHO) in the endosperm tissue of barley varieties, revealed using Synchrotron-based FTIR
Microspectroscopy: Comparison of six barley varieties.
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SEM = pooled standard error of means; Means with the different letter in the same row are significantly different (P<0.05). Mean separation was done by using
the Fisher's protected LSD test method.
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The amide bands representing protein at 1650 and 1550 cm-1 exhibited significant
differences among the six barley varieties. Table 3.3 indicated that McLeod had the
largest (P<0.05) amide I peak area (10.02), indicating a greater concentration of protein
in the endosperm tissue. In contrast, CDC Helgason showed the lowest value (7.33). The
other four values were in between. For amide I peak height value, the data varied
significantly from 0.11 to 0.16. The peak areas and height centered at 1550 cm-1 (amide II)
bands of McLeod exhibited the highest value (2.57, 0.05 respectively), again implying a
greater concentration of protein in the endosperm tissue. By analyzing the peak of the
total amides I and II area (Table 3.3), McLeod was still the greatest (12.59), while the
CDC Helgason was the smallest (9.19). This may partially explain the lowest EDCP of
CDC Helgason among the six barley varieties. If these six barley varieties are ranked
based on their amide groups intensities, it is obvious that all the amide groups parameters
show a similar trend that CDC Helgason exhibited the smallest value whereas McLeod
showed the greatest peak intensity. The remaining four, in which AC Metcalfe and CDC
Dolly had relatively smaller values, and CDC Trey and CDC Cowboy were relatively
higher. These results also agree with the previous work that McLeod was developed as a
high protein content barley (Camm 2008; Mikel and Kolb 2008). The protein may play a
protector role if combined with carbohydrate, which may be related with the digestibility
of barley.

Shown in Table 3.4 are the absorbance peak area and height data of non-structural and
structural carbohydrates (cellulosic compounds) in the endosperm tissue of barley
varieties. CDC Trey had the relatively smaller value (0.47) of the peak area at ca. 1240
cm-1 (cellulosic compounds band). In particular, there were differences found in the
region around 1184-951 cm-1, revealing the various CHO contents of the endosperm
tissue of barley varieties. McLeod had the lowest (P<0.05) value of total carbohydrate
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peak area (62.68). The three characteristic absorption peaks fell in CHO region (1184951 cm-1) were analyzed respectively and it was observed similar trends. McLeod had the
smallest (P<0.01) area of the 1st CHO peak (7.03), contrasting to the CDC Dolly and
CDC Helgason (8.67 and 9.02, respectively). Compared to the other varieties, McLeod
and CDC Helgason exhibited relatively lower (P<0.05) peak height of the 1st CHO peak
(0.24 and 0.27, respectively). There was no significant (P>0.05) difference of 2nd CHO
peak intensity shown here. At ca. 1066-951 cm-1, there was an obvious absorption band
which can be assigned to starch. The peak maxima appeared at ca. 1025 cm-1 (Wetzel et
al. 1998a). Consistent with other CHO peak parameters, McLeod had the smallest
(P<0.05) 3rd CHO peak area and relatively smaller peak height (0.59), suggesting the
lowest enrichment of starch in endosperm tissue among the six barley varieties. Starch is
abundant in endosperm tissue with different granule size, type and content (Takeda et al.
1999; You and Izydorczyk 2002). These variable molecular characteristics of barley
endosperm tissue may have a strong influence on ruminal fermentation.

In order to extend the analysis of the structural and chemical make-up of the barley
endosperm, relative intensity ratios of specific bands associated with nutrients were
calculated.

All items analyzed are presented in Table 3.5. The ratio analysis was

calculated using absorbance intensity (area or height) of one characteristic peak observed
in the spectrum to divide that of another one. McLeod had the relatively smaller ratio of
total CHO peak area to amides I and II peak area (7.11). The ratio of 1205 cm-1 band
assigned to starch: amide I band at 1650 cm-1 were significantly different among the six
barley varieties. McLeod showed a relatively smaller value for both of the area and height
ration comparison (5.35 and 5.16, respectively). According to the chemical composition
analysis, McLeod has relatively more protein and less CHO content, which may be a
reason of the smallest the CHO: amide ratio. Valier, another feed-type barley, was found
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to have lower starch: protein ratio in earlier study, implying that protein may protect
starch from degradation in rumen (Yu 2006a).

There was also a notable difference in the ratio of the amide band to cellulosic
compounds in the 1273-1217 cm-1 region. CDC Helgason, AC Metcalfe and CDC Dolly
had relatively smaller ratio of amides I: cellulosic peak area (14.27, 15.44 and 16.92,
respectively). The same trend was also found in peak area ratio comparison of amide I:
cellulosic compounds. Whereas McLeod had the greatest (P<0.05) height ratio of amide I:
cellulosic compounds (9.77). This is further evidence to support the opinion that
cellulosic compounds significantly contribute to the lower digestibility.

Another large difference (P<0.05) was seen at peak area ratio of total CHO: cellulosic
compounds. The higher starch content and lower undigestible fibrous materials may
result in the better nutrients value, which has been noted in earlier study (Bowman et al.
2001). In comparison with CDC Trey (157.57) and CDC Cowboy (148.60), McLeod was
merely 130.89. The ratio of non-structural CHO (starch) peak area (CHO 3rd peak):
cellulosic compounds peak area exhibited a similar trend among these six barley varieties.
CDC Trey and CDC Cowboy had a relatively higher (P<0.05) peak height ratio of nonstructural CHO (starch) peak area (CHO 3rd peak): cellulosic compounds (42.47 and
40.93, respectively). Others were ranging from 34.56 to 38.45.

The protein matrix provides adhesion for starch granules in endosperm tissue
(Holopainen et al. 2005). Cellulosic compounds in cell wall also take effort to support
and maintain microstructure of seed. This association may influence the hardness of
cereal, the particle size distribution, and as a result, nutritional value. With protein
encompassing the starch granules, cultivars containing more protein may be associated
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with a harder structure. The protein content, structure, distribution and conjunction may
partially explain the grain characteristics. Whereas, documents are lacking in individual
spots sampling on barley grain using IR spectroscopic analysis. Little information is
comparable. More study is needed to examine whether the spots sampling with Mid-IR
spectroscopy can be used to predict nutrients availability of grain.

We can draw the conclusion that in conjunction with synchrotron light source, chemicalstructural information can be obtained in situ via FTIR technique with intact tissue
sections. Compared to traditional chemical analysis methodologies, for which grinding is
always required, SFTIRM is obviously superior on probing the internal biological matrix
with minimal artificial influence. Again, the results confirm earlier statements that with
the advanced SFTIRM techniques, chemical-structural information of feedstuffs can be
revealed. DRIFT data can be used to produce spectroscopic information of ground
specimens, while the SFTIRM data can provide the ultrastructural-chemical make-up
information of original biological tissue. Further research using SFTIRM techniques is
needed since the results are limited.

3.3.4. Correlations between mean and median particle sizes, in situ
degradation features of DM, CP, and starch and Mid-IR spectral
characteristics among barley varieties
To extend this research, the correlation procedure was used in an attempt to relate
spectral information with ruminal degradation characteristics. Pearson correlation
coefficients were computed using Proc Corr procedure of SAS package to investigate the
relationship between spectral data (from DRIFT and SFTRM) and degradation data
(degradation rate and extent of DM, CP and ST in Table 3.6 to 3.10; S and D of DM, CP
and ST in Table 3.11) for nutrient availability evaluation. The results displayed that the
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DRIFT spectroscopic data from hull samples were weakly correlated with the degradation
characteristics (Table 3.6). Ratio of cellulosic to CHO was correlated with EDDM
(P=0.082) and EDST (P=0.111). Aromatic lignin peak area was correlated with Kd of CP
(P=0.082). However, no significant correlation was detected between the spectral data
from whole seed sample and degradation rate and extent of DM, CP, and ST (Table 3.7).
The correlation tendency also appeared between SFTIR information and degradation
features, though not all of them were significant (Table 3.8 to 3.11). CHO: 1st component
peak area was correlated with Kd of CP (P=0.101) (Table 3.9). Cellulosic compound area
was correlated with S (%) of CP (P=0.068) and S (%) of ST (P=0.041) (Table 3.11).
More spectroscopic analysis on seed tissues is necessary to clarify this assumption that
whether the chemical-structural make-up of endosperm tissue is linked to degradation
performance of grain.

Weak correlations indicate that six barley varieties might not be sufficient enough to
interpret the relationship between spectroscopic information and nutrients value of barley
grain. In this case, it may due to the similarities and limitations of the barley varieties
(only six barley varieties were examined). Differences among the varieties may not be
large enough to reveal the actual relationship between the spectroscopic data and ruminal
degradation data. Chemical and physical composition of plant tissue may affect the
digestion process, but relevant reports referring to mid-IR spectroscopy have not been
well documented yet. We aim at a further understanding of the relationship between IR
spectroscopic information and nutrition value of feedstuffs. More studies involving a
diverse range of samples with biological differences may thereby be necessary.
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Table 3.6. Pearson correlation results between structural characteristics from hull sample and in situ rumen degradation rate and extent
of six barley varieties. (The structural characteristics include aromatic lignin, cellulosic compound and total carbohydrate and their
ratios in the barley hull, revealed using DRIFT spectroscopy).
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Kd = degradation rate; EDDM, EDCP, EDST= effective degradability of DM, CP and starch, respectively.
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Table 3.7. Pearson correlation results between structural characteristics from whole seed sample and in situ rumen degradation rate
and extent of six barley varieties. [The structural characteristics include protein amide I and II, carbohydrates, structural carbohydrate
(cellulosic compound) and their ratios in the whole barley seed, revealed using DRIFT spectroscopy.]
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Kd = degradation rate; EDDM, EDCP, EDST= effective degradability of DM, CP and starch, respectively.
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Table 3.8. Pearson correlation results between structural characteristics from seed endosperm tissue and in situ rumen degradation rate
and extent of six barley varieties. (The structural characteristics include protein amides I and II in the endosperm tissue of barley
varieties, revealed using Synchrotron-based FTIR Microspectroscopy.)
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Kd = degradation rate; EDDM, EDCP, EDST= effective degradability of DM, CP and starch, respectively.
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Table 3.9. Pearson correlation results between structural characteristics from seed endosperm tissue and in situ rumen degradation rate
and extent of six barley varieties. [The structural characteristics include carbohydrates and structural carbohydrate (cellulosic
compounds) in the endosperm tissue of barley varieties, revealed using Synchrotron-based FTIR Microspectroscopy.]
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Kd = degradation rate; EDDM, EDCP, EDST= effective degradability of DM, CP and starch, respectively.
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Table 3.10. Pearson correlation results between structural characteristics ratios from seed endosperm tissue and in situ rumen
degradation rate and extent of six barley varieties. [The structural characteristics include protein amide I and II, and structural
(cellulosic compounds) and non-structural (NSC, starch) carbohydrates (CHO) in the endosperm tissue of barley varieties, revealed
using Synchrotron-based FTIR Microspectroscopy.]
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Kd = degradation rate; EDDM, EDCP, EDST= effective degradability of DM, CP and starch, respectively.
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Table 3.11. Pearson correlation results between structural characteristics from seed endosperm tissue and in situ rumen degradation
characteristics of six barley varieties. [The structural characteristics include structural carbohydrate (cellulosic compounds) and amide
I: cellulosic compound ratio in the endosperm tissue of barley varieties, revealed using Synchrotron-based FTIR Microspectroscopy.]
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S = soluble fraction; D= potentially degradable fraction of DM, CP and starch, respectively.
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3.3.5. Using Mid-IR spectroscopy with multivariate molecular spectral analysis
to discriminate and classify molecular structure difference of barley
seed: Comparison among barley varieties
DRIFT technique was used to detect structural characteristics and identify the structural
differences in chemical functional groups of the ground barley seed. Two multivariate
analysis methodologies, AHCA and PCA were applied to the SFTIR spectroscopic data
sets to organize the produced spectral data for comparison purposes. Since the
fingerprint region can be used to identify the type of chemical compounds, primary
interests were emphasized on the fingerprint region (1800-800 cm-1) to conduct the
multivariate spectral analyses. As the most distinctive variety, CDC Helgason was
compared to other five varieties using AHCA and PCA analysis in attempt to access the
attributes of varieties. The separation results are visually presented in Figure 3.5. We
realized that the analysis results of the six barley varieties overlapped together.
Therefore, in this study, the six barley varieties were contrasted to each other
respectively to achieve the separation.

The AHCA analysis of the spectra of CDC Helgason compared with other five barley
varieties was carried out and shown in Figure 3.5 (left column). Note that except CDC
Trey, in other four paired comparisons, spectral data from different varieties can be
obviously separated into two individual clusters within a linkage distance 100, implying
that CDC Helgason has a different spectroscopic features in contrast with the other four
varieties. However, the mixed dendrogram of CDC Helgason and CDC Trey showed
similarities of spectral data in fingerprint region between these two varieties.
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Figure 3.5 Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgson (D) with other five
barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1) Select
spectral region: fingerprint region: ca. 1800 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm; II:
principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure 3.5 (continued) Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgson (D) with
other five barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1)
Select spectral region: fingerprint region: ca. 1800 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm;
II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure 3.5 (continued) Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgson (D) with
other five barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1)
Select spectral region: fingerprint region: ca. 1800 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's
algorithm; II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components
(PC2).
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PCA analysis results of CDC Helgason compared with other five barley varieties are
shown as the 1st principal component (PC1) vs. the 2nd principal component (PC2) plot
figure in Figure 3.5 (right column). The first two principal components explained
predominant variation (88.30-97.90% for PC1 and 1.40-5.01% for PC2, respectively) of
the spectral data. PCA analysis illustrates the same results as that from AHCA analysis,
which clearly shows that CDC Helgason was distinguishable with AC Metcalfe, CDC
Dolly, McLeod and CDC Cowboy in the PC1 vs. PC2 scatter plot. The barley varieties
were grouped in different ellipses to detect the differences of chemical functional groups.
It is possible to distinguish CDC Helgason from other barley varieties with the exception
of CDC Trey. CDC Trey and CDC Helgason overlapped with each other, implying they
have similar spectroscopic information, which may arise from their similarities of
chemical and structural composition. Further study is necessary to detect the biological
differences between CDC Helgason and CDC Trey.

The paired comparison also exhibited that CDC Cowboy could be clearly distinguished
from AC Metcalfe, McLeod and CDC Trey in fingerprint region (see Appendix
supplementary material Figure A1).

AHCA and PCA analysis provide statistical evidences that differences exist in chemical
and structural conformation among the six barley varieties. This again supports our
conclusion that CDC Helgason is particularly unique. Due to the insufficiency of related
data from barley, more research is needed to make the classification and comparison
among varieties to determine the biological effects on microstructure and other features
associated with feed quality. As previously mentioned, in order to gain deeper insights of
the chemical differences among these six barley varieties, attention was subsequently
focused on the carbohydrates and protein. Comparisons, in collaboration of the
multivariate methods, were also made in amide I and II region (1715-1485 cm-1) and
CHO region (1185-800 cm-1).

The dendrograms and PCs scatter plots of barley varieties comparisons in protein (amide
I and II) region are presented in Figure 3.6. Both the AHCA and PCA analysis illustrate
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similar results which are linked to the differences of spectroscopic information associated
with chemical and physical properties of barley. As shown in Figure 3.6 (left column),
the appearing two cluster indicate that the examined varieties have distinct spectroscopic
features in amide I and II region. Except CDC Trey and CDC Dolly, CDC Helgason and
other three barley varieties were well separated, forming two clusters.

This separation of varieties is more obviously exhibited in PCA analysis in Figure 3.6
(right column), shown as the scatter plots of the first two PCs. We note that different
distribution in PCA plot represent different spectroscopic features linked to
inhomogeneous conformation. This segregates varieties into different groups. Although
CDC Helgason and CDC Trey form two individual ellipses in y-axis direction, the PC2
only explained 0.68% variation, which is not sufficient to demonstrate their dissimilarity
in protein matrix conformation. Correspondingly, the results emphasize that CDC
Helgason has thus been successfully differentiated from AC Metcalfe, CDC Dolly,
McLeod and CDC Cowboy in amide I and II region, illustrating their dissimilarities in
protein amide I and II region of 1715-1485 cm-1. Additionally, CDC Cowboy and CDC
Trey can be grouped into different family in protein region, indicating their differences in
protein conformation (see Appendix supplementary material Figure A2).

Whereas the relevant information is lacking, it is still difficult to conclude that CDC
Helgason and CDC Trey have the same protein structural and chemical make-up. In
addition, AHCA and PCA showed inconsistent results of comparison between CDC
Dolly and CDC Helgason. An earlier study found that both the β-sheet and α-helices
contribute to amide absorption respectively (Jackson and Mantsch 1991). More
characterizing methods, such as FSD involving protein secondary structure analysis, may
provide new angles on similarities and dissimilarities of chemical and structural
information of protein matrix of barley grain. This information may be helpful for rapid
evaluation of barley nutrient availability for ruminants.
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Figure 3.6 Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgason (D) with other five
barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1) Select
spectral region: amides I and II region: ca. 1715 to 1485 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm;
II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure 3.6 (continued) Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgason (D) with
other five barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1)
Select spectral spectral region: amides I and II region: ca. 1715 to 1485 cm-1; (2) Distance method: Euclidean; (3) Cluster method:
Ward's algorithm; II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal
components (PC2).
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Figure 3.6 (continued) Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgason (D) with
other five barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1)
Select spectral spectral region: amides I and II region: ca. 1715 to 1485 cm-1; (2) Distance method: Euclidean; (3) Cluster method:
Ward's algorithm; II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal
components (PC2).
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Comparisons were also made in spectral region assigned to CHO from 1185 to 800 cm-1
to further analyze the heterogeneity among the six varieties of the barley grain. As
illustrated in Figure 3.7, the characteristic bands were examined as well using AHCA and
PCA, two multivariate analysis methods. The dendrograms and the PCs scatter plots
derived from the original spectral data graphically reveal the differences of structural and
chemical make-up. Except CDC Trey, the uniqueness of CDC Helgason in structural and
chemical differences was descriptive compared with other four barley varieties. CDC
Trey and CDC Helgason could not be completely discriminated even though their
degradation rate and extent of starch are significantly different. Presumably, CHO is
more diverse than protein in barley, which is in agreement with the earlier study that
barley varieties vary markedly in carbohydrates composition (Yu 2007a). Nevertheless,
the information of CHO spectral difference using AHCA and PCA is completely lacking.
No more references could be found to do further discussion.

By comparing the analysis results, variations were detected among different barley
varieties, which evidenced that the protein amides I and II and/or CHO structural and
chemical make-up properties of barley may account for the cultivar differences in
digestibility for ruminants. The results indicated that the application of AHCA and PCA,
two multivariate techniques, with the IR spectroscopy, makes it possible to efficiently
discriminate and classify the inherent molecular structural features among the different
barley varieties. These methods are especially helpful when unknown tissue is examined.
Although the AC Metcalfe and CDC Dolly did not show significant differences using
AHCA and PCA analysis of the original spectral data set in this study, another previous
work (Yu 2007a) exhibited that these two barley varieties could be distinguished by
applying PCA analysis with Fourier self-deconvolution (FSD) spectral data in amide I
region (1710-1576 cm-1), indicating more spectral analysis methodologies can be used to
expand our understanding of the molecular information of the feed structure.
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Figure 3.7 Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgason (D) with other five
barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1) Select
spectral region: carbohydrate region: ca. 1185 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm; II:
principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure 3.7 (continued) Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgason (D) with
other five barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1)
Select spectral region: carbohydrate region: ca. 1185 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm;
II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure 3.7 (continued) Multivariate spectral analyses of barley structures in the whole seed: comparison of CDC Helgason (D) with
other five barley varieties (AC Metcalfe (A), CDC Dolly (B), McLeod (C), CDC Trey (E) and CDC Cowboy (F) I: cluster analysis (1)
Select spectral region: carbohydrate region: ca. 1185 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's
algorithm; II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components
(PC2).
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Paired comparison of CDC Cowboy and four other varieties (AC Metcalfe, CDC Dolly,
McLeod and CDC Trey) was computed. DRIFT spectral data of hull samples from six
barley varieties and the SFTIRM data sets were also analyzed using these two
multivariate methods. However, the results showed that it cannot be completely grouped
in separate cluster (for AHCA) or ellipse (for PCA) because of overlapping of each
paired comparison (data not shown). This may demonstrate that the microstructures of the
hull and endosperm tissues from these barley varieties are quite similar to each other.
Since this approach is so novel that few data have been reported, it should be pointed out
that the structural information obtained from these two analysis methods is not the only
determinant of cultivar variation. More study involving other structures of the barley
kernel, such as pericarp or aleurone, may provide further insight into the varieties
differences. Chemical mapping techniques may also provide further understanding on the
similarities and dissimilarities.

3.4. Conclusions
Traditional chemical analysis methods are difficult to explore the structure or spatial
conformation of feed samples. Failure to detect structural information and chemical
distribution of complex biological organisms using traditional chemical analysis drives
the development of novel research methodologies. DRIFT and SFTIRM techniques were
used to investigate the structural and chemical features of barley varieties. The
differences in chemical functional groups’ characteristics, which are associated with feed
nutrients, were determined in order to compare barley varieties. The results indicated that
FTIR spectroscopy techniques could be applied to the detection of nutrients- related
compounds that exist in barley grain. Therefore, the utilization of FTIR techniques for
complex organic samples can be worthy to develop.

It is also conclusive that the differences in the chemical make-up features of whole seed
and hull samples from the six barley varieties can be detected using DRIFT spectroscopy.
The barley varieties can be differentiated with small sample volumes using this technique
in comparison to traditional chemical analysis methodologies. The obtained results also
indicated that the multivariate analysis methods (AHCA and PCA) can graphically
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distinguish structural and chemical differences with spectroscopic information. With
these two multivariate spectral analysis techniques applied to the whole seed samples,
CDC Helgason was distinguished from AC Metcalfe, CDC Dolly, McLeod and CDC
Cowboy in the fingerprint (1800-800 cm-1) and CHO region (1185-800 cm-1), from AC
Metcalfe, McLeod and CDC Cowboy in the protein region (1715-1485 cm-1). However,
CDC Helgason could not be distinguished from CDC Trey in either protein/CHO region
or fingerprint region even though they exhibited significantly different degradation rate
and extent using in situ technique. In addition, the results indicated that these six barley
varieties may have similar structures of hull, but significant differences in whole seed.

Ultra-spatial resolved synchrotron IR microspectroscopy was used to monitor the
intrinsic distribution of chemical compounds associated with nutrition in barley
endosperm tissue. The informative results reflected that SFTIR spectroscopic analysis
with excellent ultra-spatial resolution allows the determination of spectral data with
structural and chemical information of the specimens in microscopic regions. In addition,
the synchrotron light source is preferred because of its superior brightness and S/N ratio.

The different grain properties of barley varieties may arise from their heterogeneous
nature of barley endosperm tissue. The structural differences among the barley varieties
may be one reason of various digestive behaviours and nutritive quality to ruminants.
Information from this study involving probing the seed internal structure of barley may
provide a further insight as to why barley varieties exhibit different biodegradation
behaviours. To provide an informative characterization of samples on both the feed
quality evaluation and breeding selection, this technique is worth developing practically
from theories.
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4. GENERAL DISCUSSION AND CONCLUSIONS
4.1. General discussion and conclusions
The results of this study show that there were significant differences in the mean and
median particle size, and rumen degradation kinetics of each individual nutrient (DM, CP
and starch) among the six barley varieties.

Based on the results obtained from in situ and mid-IR spectroscopy, it can be concluded
that significant variation exists in structural and chemical composition among barley
varieties. In addition, it is possible to select specific barley varieties for different purposes
depending on these biochemical differences. Suitable barley grains for feed purpose are
expected to have large particle size after simple processing and more starch and dietary
protein can reach the small intestine to benefit the animal. Based on the in situ study,
CDC Helgason exhibited the lowest degradation rate and extent of all nutrients (DM, CP
and starch) among the six barley varieties, indicating that CDC Helgason may be the
most ideal barley variety for feed purpose compared with the other five barley varieties.
AC Metcalfe, a barley variety for malting purpose, has a faster degradation rate and
greater degradation extent than feed type barely. An interesting result from this study is
that CDC Trey, a barley variety for feed purpose, exhibits quite similar parameters in
terms of particle size, degradation rate to the malting-purpose barley AC Metcalfe.

Inherent structural differences among the seeds of the six barley varieties in terms of hull,
endosperm and whole seeds were detected by the DRIFT Spectroscopy and SFTIRM
with univariate and multivariate spectral analyses. The results showed that the spectral
profiling differed among the barley samples. The differences in particle size and
structural and chemical make-up features may explain the various degradation
characteristics exhibited in the rumen among the six barley varieties. Through application
of these two multivariate techniques with the FTIR spectroscopy, it is possible to
discriminate and classify the inherent molecular structural features among the different
varieties. The AHCA and PCA enable us to deal with the informative data set. CDC
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Helgason was distinguished from AC Metcalfe, CDC Dolly, McLeod and CDC Cowboy
in fingerprint (1800-800 cm-1) and CHO region(1185-800 cm-1), from AC Metcalfe,
McLeod and CDC Cowboy in protein region (1715-1485 cm-1). However, CDC Helgason
cannot be distinguished from CDC Trey in either protein/CHO region or fingerprint
region using these two methods with spectroscopic information though they have
significant different degradation features. This suggests further spectroscopic analysis,
such as IR imaging, FSD and 2nd derivative data treatment may be necessary. Mapping
can also be utilized to identify the chemical compounds’ distribution of region and track
the difference. Besides the protein, CHO and fingerprint region, other spectral regions
associated with nutrients (for example, CH component bands centered at 2925 cm-1 and
CHO bands centered at 930 cm-1 and 860 cm-1) can also be examined in the future.

Significant correlations were found between median particle size (not mean particle size)
and the rate and extent of rumen degradation, but no strong correlations were found
between spectral functional groups’ intensity and their ratios and in situ data.

The studies demonstrated the potential of ultraspatially resolved synchrotron based
technology (SFTIRM) to reveal the structural and chemical make-up within cellular and
subcellular dimensions without destruction of the inherent structure of cereal seed tissue.
With the SFTIRM techniques, the structural characteristics of the cereal seeds were
illuminated among different cultivars at highly spatial resolution. The structural
differences of barley seeds may be one reason for the various digestive behaviours and
nutritive values for ruminants. Examination of other tissues such as aleurone layer and
pericarp may provide further insight as to why barley verities exhibit different
biodegradation behaviours, and provide a deeper and better indication of the chemical
make-up and structural information.

The potential of mid-IR IR techniques in feed science has emerged from this study and
other recent reports. More research is needed to achieve a deeper understanding of grains’
complexity and improve these spectroscopic techniques to be more mature in feed
science.
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4.2. Industry application
Infrared spectroscopy can be used in industrial and related field for quantitative and
qualitative analysis of organic or inorganic ingredients. The rising number of research
publications involving FTIR techniques in feed science heralds a broader future for
commercial application. Such a tool can enable plant breeders to optimize cultivar
selection strategies by rapidly analyzing the grains without chemical degradation. The
genetic relationship of plants can be characterized and identified according to the spectral
information. Combined with the multivariate spectral analyses (for example, AHCA and
PCA), the FTIR techniques make it possible to characterise varieties in a short time. It
can also be used for grain evaluation. The main constituents of grains are water,
carbohydrates, protein, fat, fibre, and minerals. Using FTIR techniques, the structural and
chemical composition information associated with nutrients can be rapidly obtained from
a small volume of samples and make it possible to predict the feed quality to diminish the
risk of metabolic disorders.

It is worth doing more studies to establish a rapid, non-destructive analytical technique to
meet analytical needs. It can be developed as an effective method for nutritionists, cereal
breeders, food and feed chemists, grain processors and scientists. To serve the industrial
analytical requirement, there is a need to select representative samples for model
establishment. A large number of analyses are also needed to ensure the accuracy.
However, with a mature prediction models, feed samples can be evaluated directly and
rapidly with minimal pre-treatment to obtain detailed information on chemical
compounds.

4.3. Future research
The application of FTIR techniques in combination with other chemical analysis can
avoid structural information losses and evaluate the quality of barley grain more exactly
and accurately. More study is needed to improve the effectiveness of analysis methods
and provide further understanding of the relationship between structural and nutritional
characteristics of feedstuffs. Suggestions for future research include expanded research to
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determine the relationship between feed inherent structure and degradation behaviours by
using many different feedstuffs with a large range in rumen degradability. Further
analysis is needed to determine differences in protein and carbohydrate molecular
conformation among feedstuffs. Additionally, grain hardness, small and large starch
granule ratio and conformation in endosperm tissue are also of interest. Partial Least
Squares (PLS) analysis associated with Mid-IR spectroscopy can also be employed to
provide deeper understanding of the structural and chemical make-up information of the
feedstuffs.
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APPENDIX: SUPPLEMENTARY MATERIAL
A.1. Using Mid-IR spectroscopy with multivariate molecular spectral analyses to
discriminate and classify molecular structure difference of barley seed: expanded
comparison
Paired comparisons were conducted among the six barley varieties using AHCA and
PCA analysis. Besides the results shown in Chapter 3 using DRIFT spectroscopic data
collected from whole seed sample to compare CDC Helgason with other five varieties in
fingerprint, protein and CHO region, the results also indicated that CDC Cowboy differed
with McLeod and CDC Trey in fingerprint region (Figure A1); differed with CDC Trey
in protein region(Figure A2); differed with CDC Dolly, McLeod and CDC Trey in CHO
region (Figure A3). DRIFT spectral data of hull sample from the six barley varieties and
the SFTIR spectral data of endosperm tissue were also analyzed using these two
multivariate methods. However, all the varieties comparison could not be grouped in
separated cluster (for AHCA) or ellipse (for PCA) due to overlapping.
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Figure A1. Multivariate spectral analyses of barley structures in the whole seed using DRIFT: comparison of CDC Cowboy (F) with
other four barley varieties AC Metcalfe (A), CDC Dolly (B), McLeod (C) and CDC Trey (E) I: cluster analysis (1) Select spectral
region: finger print region: ~1800 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm; II: principal
component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure A1. (continued) Multivariate spectral analyses of barley structures in the whole seed using DRIFT: comparison of CDC
Cowboy (F) with other four barley varieties AC Metcalfe (A), CDC Dolly (B), McLeod (C) and CDC Trey (E) I: cluster analysis (1)
Select spectral region: finger print region: ~1800 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm;
II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure A2. Multivariate spectral analyses of barley structures in the whole seed using DRIFT: comparison of CDC Cowboy (F) with
other four barley varieties AC Metcalfe (A), CDC Dolly (B), McLeod (C) and CDC Trey (E) I: (1) Select spectral region: amide I and
II region: ~1715 to 1485 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm; II: principal component
analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure A2. (continued) Multivariate spectral analyses of barley structures in the whole seed using DRIFT: comparison of CDC
Cowboy (F) with other four barley varieties AC Metcalfe (A), CDC Dolly (B), McLeod (C) and CDC Trey (E) I: (1) Select spectral
region: amide I and II region: ~1715 to 1485 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm; II:
principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure A3. Multivariate spectral analyses of barley structures in the whole seed using DRIFT: comparison of CDC Cowboy (F) with
other four barley varieties AC Metcalfe (A), CDC Dolly (B), McLeod (C) and CDC Trey (E) I: cluster analysis (1) Select spectral
region: carbohydrate molecular region: 1185 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's algorithm; II:
principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components (PC2).
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Figure A3. (continued) Multivariate spectral analyses of barley structures in the whole seed using DRIFT: comparison of CDC
Cowboy (F) with other four barley varieties AC Metcalfe (A), CDC Dolly (B), McLeod (C) and CDC Trey (E) I: cluster analysis (1)
Select spectral region: carbohydrate molecular region: 1185 to 800 cm-1; (2) Distance method: Euclidean; (3) Cluster method: Ward's
algorithm; II: principal component analysis: Scatter plots of the 1st principal components (PC1) vs. the 2nd principal components
(PC2).
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Figure A4. A photomicrograph of barley (cv. McLeod) section produced using ultraspatial resolution synchrotron-based FTIR microspectroscopy at NSLS U2B station.
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Table A.1 Trend of the comparison results of particle size, chemical file, in situ rumen
degradation kinetics of dry matter (DM), crude protein (CP), starch (ST), and DRIFT and
Synchrotron-based FTIR spectroscopic data among six barley varieties.
AC
Metcalfe

CDC
Dolly

McLeod

CDC
CDC
Helgason Trey

CDC
Cowboy

Particle size
Mean (mm)

Lz

Hz

H

Median (mm)

L

H

H

In situ rumen degradation kinetics of DM
S

L

H

D

L

H

U

H

L

Kd

H

EDDM%

H

L

L

H
L

H

In situ rumen degradation kinetics of CP
CP%

H

L

S

H

L

D

L

U

H

Kd

H

EDCP%

H

H

H
H
H

L

L
L

H

L

H

In situ rumen degradation kinetics of ST
ST%

H

H

L

Kd

H

L

L

H

EDST%

H

L

L

H
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L

AC
Metcalfe

CDC
Dolly

McLeod

CDC
CDC
Helgason Trey

CDC
Cowboy

DRIFT data
Hull sample
Lignin area

H

L

H

H

Cellulosic area

L

L

H

H

L

H

Total CHO area

L

Whole seed sample
Amide I area
Cellulosic area

L

L

H

L
L

Total CHO area

L

H
L

H
H

SFTIR data
Amide I area

L

H

L

Amide II area

L

H

L

H

L

H

H

L

H

CHO 1st area

H

L

H

CHO2nd area

H

L

H

CHO3th (starch)

H

L

H

Total CHO area
Cellulosic area

z

H

H= numerically high value; L= numerically low value.
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