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ABSTRACT: The synchrotron-based Fourier transform infrared microspectroscopy (SR-FTIRM) technique was used to
quantify molecular structural features of the four hulless barley lines with altered carbohydrate traits [amylose, 1—40% of dry
matter (DM); f-glucan, 5S—10% of DM] in relation to rumen degradation kinetics, intestinal nutrient digestion, and predicted
protein supply. Spectral features of ff-glucan (both area and heights) in hulless barley lines showed a negative correlation with
protein availability in the small intestine, including truly digested protein in the small intestine (DVE) (r = —0.76, P < 0.01; r =
—0.84, P < 0.01) and total metabolizable protein (MP) (r = —0.71, P < 0.0S; r = —0.84, P < 0.01). Variation in absorption
intensities of total carbohydrate (CHO) was observed with negative effects on protein degradation, digestion, and potential
protein supply (P < 0.0S). Molecular structural features of CHO in hulless barley have negative effects on the supply of true
protein to ruminants. The results clearly indicated the impact of the carbohydrate—protein structure and matrix.
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B INTRODUCTION

Advanced synchrotron-based Fourier transform infrared micro-
spectroscopy (SR-FTIRM) is a nondestructive bioanalytical
technique. It is capable of detecting the biomaterial structure of
plant-based foods and feeds at molecular and cellular levels with
the advantages of brilliant light brightness, fast data collection,
higher accuracy, and small effective source size (3—10 um).'
SR-FTIRM is able to image the molecular chemistry of different
botanical parts.” Several researchers applied advanced SR-
FTIRM techniques to evaluate feed quality and to detect the
inherent structure of plant-based feeds, such as dried distillers
grains with solubles (DDGS), wheat, triticale, canola, and
barley, with processing-induced and treatment-induced changes
in relation to rumen degradation characteristics."*™°

Barley is superior to corn in growing in areas with a humid
climate and variable precipitation (Zea mays L.) because barley
has a lower water-holding capacity.” Barley grain mainly
consists of a fibrous hull, pericarp, aleurone layer, endosperm,
and germ.® Endosperm tissue is the main storage site of starch
granules and, with the aleurone layer, usually accounts for the
major portion of the barley kernal”'® In the aleurone layer,
nonstarch polysaccharides, ﬂ-§lucan, and arabinoxylan are
mainly found in the cell wall.'"""* The main polymers in barley
starch granules are amylose and amylopectin, which normally
account for 150—250 and 750—850 g/kg of the starch,
respectively.'> Variations in starch among different cereal
grains, as well as variations within cultivars, are thought to
influence starch degradability in the rumen.'*™" In feed grains,
P-glucan cannot be digested by monogastric animals because of
a lack of f-glucanases but can be by ruminants because of the
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activity of microorganisms.'® In barley, f-glucan accounts for
20-70 g/kg of dry matter."” In the early 1970s, investigations
of the nutritional quality of barley found the hull content of
barley affected the digestible energy in monogastric animal
feeding,”® which led to the registration of some hulless barley
cultivars to further extend the use of hulless barley in food,
malt, and brewing.”' New hulless barley varieties used in this
project were developed by the University of Saskatchewan’s
Crop Development Centre with special targets for amylose and
P-glucan levels. The four hulless barley lines include the
following: zero-amylose type with a very high f-glucan level
(CDC Fibar), a low-amylose type with a high f-glucan level
(CDC Rattan), a normal-amylose type with a normal $-glucan
level (CDC McGwire), and a high-amylose type with a normal
p-glucan level (HB08302). The objectives of this study were
(1) to apply the SR-FTIRM approach to reveal molecular
structures of the four hulless barley varieties and (2) to quantify
molecular structural features in relation to rumen degradation
kinetics, intestinal nutrient digestion, and potential protein

supply.

B MATERIALS AND METHODS

Sample Preparation and Chemical Analysis. Five barley
cultivars (CDC Fibar, CDC Rattan, CDC McGwire, HB08302, and
CDC Copeland) were developed by the Crop Development Centre of
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the University of Saskatchewan and harvested at three consecutive
years (2008—2010), with the exception of HB08302 (2009 and 2010).
The four hulless cultivars were distinguished by their amylose and f-
glucan content, while CDC Copeland hulled barley was included as a
hulled control.>* Samples were ground through a 0.5 mm screen for
starch, amylose, and f-glucan analysis, and through a 1 mm screen for
analysis of other chemicals. Dry matter (DM), ash, crude fat (EE), and
crude protein (CP) contents were analyzed according to the procedure
of the AOAC.?® The acid detergent fiber (ADF), neutral detergent
fiber (NDF), and acid detergent lignin (ADL) contents were analyzed
following the procedures reported by Van Soest et al.** combined with
the ANKOM A200 filter bag technique (ANKOM Technology Corp.,
Fairport, NY). The starch, amylose, and p-glucan were analyzed
utilizing Megazyme test kits [catalog nos. K-TSTA, K-AMYL, and K-
BGLU, respectively (Megazyme International Ltd.,Wicklow, Ireland)].
The total amount of soluble crude protein (SCP) was determined
according to the procedure of Roe et al.>* The amount of neutral
detergent insoluble CP (NDICP) was determined by analyzing the
NDF residues for CP,** while the amount of nonprotein nitrogen
(NPN) was estimated by calculating the difference between the total
N content and the N content in the residue after trichloroacetic acid
filtration. The amount of nonstructural carbohydrate was calculated as
100 — (ash + CP + fat + NDF — NDICP), while the total amount of
carbohydrate (CHO) and the amount of true protein were calculated
according to the formulas of NRC Dairy 2001.%°

Rumen Incubation and Rumen Degradation Kinetics. Rumen
incubation procedures were adopted in the steps described by Yang et
al?* Samples (1 kg) were coarsely ground through a 0.203 mm roller
gap (Sven Grain Mill, Apollo Machine and Products Ltd., Saskatoon,
SK) at the Chemical and Biological Engineering Laboratory of the
University of Saskatchewan. Three dry Holstein cows fitted with a
rumen cannula were used and tended by the guidelines of the
Canadian Council on Animal Care.”” The rumen degradation
characteristics of DM, CP, starch, NDF, and CHO were determined
by the in situ rumen incubation method.”>*®

Degradation characteristics of DM, CP, starch, NDF, and CHO
were determined using the first-order kinetic degradation model
described by @rskov and McDonald® and modified by Robinson et
al.*® and by Tamminga et al.>* The results were calculated using the
nonlinear (NLIN) procedure of SAS and iterative least-squares
regression (Gauss—Newton method). Related parameters were
calculated as described by Damiran and Yu.**

Intestinal Digestion of Crude Protein, Starch, and Carbohy-
drates. The intestinal protein digestion was estimated using the three-
step in vitro procedure described by Calsamiglia and Stern.* Intestinal
digestion of carbohydrate, starch, and crude protein was estimated
from rumen degradation kinetics of residues after incubation as
described by Calsamiglia and Stern** and Nuez-Ortin and Yu.**

Prediction of Protein Supply and Availability: DVE/OEB
System and NRC Dairy 2001. The principles of the DVE/OEB
system® and NRC Dairy 2001 are similar except for some
differences in concepts and factors. In the DVE/OEB system, the
amount of truly digested protein in the small intestine (DVE) is
summarized with the truly absorbed rumen-synthesized microbial
protein in the small intestine (AMCP) and the truly absorbed rumen
undegraded feed protein in the small intestine (ARUP) with deduction
of the endogenous protein (ENCP). OEB refers to the balance
between available N and energy in the rumen.* A positive value
indicates a potential loss of energy, while a negative value represents a
shortage of N supply resulting in impaired protein synthesis.>"*>*¢ In
the NRC Dairy 2001 model, the amount of metabolizable protein
(MP) is used to describe the protein supply. However, MP is
considered to be the sum of truly absorbed rumen undegraded feed
CP (ARUP), truly absorbed microbial CP (AMCP), and truly
absorbed rumen endogenous protein in the small intestine
(AECP).*® Detailed calculation steps of two models followed the
procedures reported by Damiran and Yu.*’”

Sample Preparation for Collection of SR-FTIRM Spectra. Five
kernels of each barley variety harvested in different years were
randomly selected to be cross-sectioned for analysis of endosperm
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tissue at the Western College of Veterinary Medicine of the University
of Saskatchewan. The thin cross sections of tissues (6 ym) were
unstained and mounted on barium fluoride (BaF,) windows (Spectral
Systems, Hopewell Junction, NY) using the method of Yu et al®

Collection of SR-FTIRM Spectra. The SR-FTIRM experiment
was performed with the IR microspectroscopy instrument coupled
with synchrotron radiation from the U2B beamline at the National
Synchrotron Light Source [Brookhaven National Laboratory (NSLS-
BNL), Upton, NY]. Molecular spectra were collected 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
mercury cadmium telluride (MCT) detector. Liquid nitrogen was
added to cool the MCT detector every 8 h. The molecular structural
features were determined in the mid-infrared region (~4000—800
cm™") of the electromagnetic spectrum. Two hundred fifty-six scans
were co-added to each spot to produce a high-quality IR spectrum.
The spatial resolution was set at 4 cm™". The 10 spectral images from
10 randomly selected spots of each tissue endosperm window were
collected in the mid-infrared region (~4000—800 cm™) of the
electromagnetic spectrum. The total number of spectral samples was
10 (spectra) X S (windows) X {3 (harvest years replicates) X 4 [three
hulless barley (CDC Fibar, CDC Rattan, CDC McGwire) and one
hulled barley cultivars (CDC Copeland)] + 2 (harvest years replicates)
x 1 (HB08302)} = 700.

Univariate Analysis of Protein, f-Glucan, and Cellulosic
Compounds and Carbohydrate Molecular Structure of Barley
Varieties. Spectral data were analyzed by Nicolet OMNIC version 7.2
(Spectra Tech, Madison, WI). After baseline correction, the absorption
peak parameters (baseline, region, peak area, and peak center height)
of functional group spectral bands representing protein, -glucan, and
cellulosic compounds and carbohydrate molecular structures were
recorded for univariate analysis, in which the absorption heights of
protein secondary structures (a-helix and f-sheet) were identified
using the second-derivative option within the protein amide I region
under the same baseline of total protein area.

The absorbance bands of specific nutrients of these barley cultivars
were protein amide I area (~1768—1558 cm™) and height (~1647
cm™"), amide II area (~1558—1475 cm™) and height (~1542 cm™),
a-helix height (~1655 cm™), f-sheet height (~1628 cm™"), f-glucan
area (~1450-1390 cm™') and height (~1415 cm™), cellulosic
compound peak area (~1278—1205 cm™') and height (~1238
cm™'), total carbohydrate area (CHO, ~1195—945 cm™), and their
three major CHO peak areas: first peak (~1195—1128 cm™), second
peak (~1128—1049 cm™), and third peak (~1049—945 cm™).
Heights of these CHO peaks were collected at ~1152, ~1079, and
~1024 cm ™, respectively. Ratios of peak heights of protein amide I to
amide II as well as ratios of a-helix to f-sheet height were also
calculated.

Multivariate Molecular Spectral Analysis for SR-FTIRM
Spectra. For SR-FTIRM spectral analysis, the regions of the
functional group bands were separated as protein region (~1768—
1475 cm™), nonstarch CHO region (~1475—1195 cm™), and total
CHO region (~1195-945 cm™) for multivariate molecular spectral
analysis using Statistica version 8.0 (StatSoft Inc, Tulsa, OK).
Agglomerative hierarchical cluster analysis (CLA) results were
presented as dendograms, while principle component analysis
(PCA) results were plotted on the basis of the two highest factor
scores and plotted as a function of those scores.

Statistical Analysis. Because of uneven sampling of barley
cultivars over the years, the experimental design for this study was a
randomized incomplete block design. The statistical analyses were
performed using the MIXED procedure of SAS version 9.2 (SAS
Institute, Inc, Cary, NC). For nutrient profiles and absorbance
intensity, the model used for the analysis was Yj; = p + p; + a; + ¢ for
the in situ rumen degradation kinetic study, intestinal digestion and
nutrient prediction, the model used for analysis was Yy, = p + p; + @; +
Yk + €5 where Yy is an observation of the dependent variable ijkl, y is
the population mean for the variable, p; is the effect of harvest year as a
random effect, @; is the effect of the barley cultivar as a fixed effect, y is
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Table 1. Effects of Altered Carbohydrate Traits on the Spectral Characteristics of Protein Amide I and II and a-Helix and §-
Sheet Protein Secondary Structure in the Endosperm Region of Four Hulless Barley Varieties and One Hulled Barley Cultivar

Using SR-FTIRM“

hulled hulless
CDC CDC
peak region and Copeland CDC Fibar CDC Rattan McGwire HB08302 contrast, P value
center (cm™) (n=3) (n=3) (n=3) (n=23) (n=2) SEM® P value (hulled vs hulless)

amylose level 270b 25d 7.7 ¢ 258 b 369 a 0.56 <0.0001 <0.0001

(% of starch)
amylopectin level 73.0 ¢ 975 a 923 b 74.2 ¢ 63.1d 0.56 <0.0001 <0.0001

(% of starch)
P-glucan level 3.8 10.0 a 74 b 4.7 ¢ 75b 0.40 <0.0001 <0.0001

% DM)

baseline 1768—1475
amide I area 1768—1558 6.70 b 697 b 928 a 8.71 a 9.07 a 0.381 <0.0001 <0.0001
amide II area 1558—-1475 133 ¢ 1.55 be 211 a 175 b 1.66 bc 0.154 <0.0001 <0.0001
amide I peak height ~1647 0.10 b 0.10 b 0.13 a 0.13 a 0.13 a 0.006 <0.0001 <0.0001
amide II peak height ~1542 0.02 b 0.03 ab 0.03 a 0.03 a 0.03 ab 0.003 0.0006 0.0011
a-helix height ~1655 0.09 b 0.10 b 0.12 a 0.12 a 0.12 a 0.005 <0.0001 <0.0001
P-sheet height ~1628 0.08 ¢ 0.09 be 0.11 a 0.10 ab 0.11 ab 0.005 <0.0001 <0.0001
area ratio of amide I 8.27 6.06 5.62 8.61 7.24 1.449 0.3579 0.3320

to amide II
height ratio of a- 1.17 1.16 1.14 1.13 1.12 1.058 0.1281 0.0474

helix to f-sheet

“Means with different letters within the same row differ (P < 0.05). Multitreatment comparison via the Tukey—Kramer method. *Standard error of

the mean.

in situ run as a random effect, and ¢;, is the random error associated
with observation ijkl. Contrast statement was used to compare the
difference between hulled and hulless barley cultivars. Means were
compared using the Tukey—Kramer method, and a P < 0.05 level was
considered significant.

Because the data for the correlation study were not normally
distributed, rank correlations were performed using the PROC CORR
of SAS with an option of SPEARMAN to quantify molecular structural
features identified using SR-FTIRM techniques in relation to (1)
rumen degradation kinetics, (2) intestinal nutrient digestion, and (3)
prediction of protein supply to dairy cattle using the DVE/OEB
system and the NRC Dairy 2001 model.

B RESULTS AND DISCUSSION

Quantifying Spectral Features of Protein. Table 1
shows the absorbance peak area and height intensities of
protein in the endosperm tissue of hulled and hulless barley
varieties in the region of ~1768—1475 cm™'. From basic
chemical analysis, amylose levels of CDC Fibar account for
2.5% of total starch while its f-glucan level was highest among
barley cultivars (10.0% of DM; P < 0.05). HB08302 had the
highest amylose level and a fB-glucan level higher than those of
CDC McGwire and CDC Copeland. Compared to hulled
barley, hulless barley CDC Fibar exhibited absorbance peak
intensities in terms of protein amide I and II areas, heights, and
protein secondary structure heights similar to those of CDC
Copeland (P > 0.05). However, they both had smaller amide I
areas, shorter amide II peak heights, and shorter a-helix heights
than other hulless barley varieties (P < 0.05). CDC Rattan,
CDC McGwire, and HB08302 were similar with respect to
most of the protein spectral features in the endosperm tissue,
although CDC Rattan had a larger amide II area (2.11 IR unit)
than other barley cultivars (P < 0.05). Height ratios of a-helix
to f-sheet among the barley varieties ranged from 1.12 to 1.17
IR units instead of from 1.4 to 2.0 IR units for hulled barley®®
and hulless barley,*® and there were no significant differences
(P > 0.05) among barley varieties in terms of area ratios of
amide I to amide II and height ratios of a-helix to S-sheet.
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The CLA and PCA analyses were conducted to identify the
protein structural differences among the barley cultivars in the
endosperm tissue (Figure 1). Hulless barley and hulled barley
varieties were not fully distinguished from each other in the
protein region of 1768—1475 cm™". Upon comparison of CDC
Copeland (C) to CDC Fibar (F), no clear separate cluster
classes were grouped and 94.29% of the variation in protein
structure between the two cultivars was explained by the first
principal component (Figure 1, 1 and 2). There are overlapping
areas of the two ellipses found in the PCA plot, indicating there
were some similarities of protein spectral features between the
two varieties. Similar results were found for hulless barley
varieties upon comparison to hulless barley. With an altered
amylose level with respect to that of normal amylose hulless
barley, the clusters were not separated (Figure 1, 9—14). It
seemed like the level of amylose increased in the starch of
hulless barley; more overlapped ellipses were found in a PCA
plot upon comparison to normal amylose CDC McGwire (M).

Yu®® reported that protein secondary structures would have
an influence on protein value and protein availability by
affecting access to digestive enzymes. Table 2 shows the
correlation between protein structural features in endosperm
tissue of hulless barley and correlated parameters estimated by
rumen degradation, intestinal digestion, and predicted protein
supply from two models. With respect to rumen degradation of
nutrients, effective degradable crude protein (EDCP) was
negatively correlated to the ratio of amide I to amide II area (r
—0.66, P < 0.0S), while effective degradable NDF was
positively correlated to amide I area (r = 0.74, P < 0.05) and
protein secondary structure (r = 0.65, r = 0.82, P < 0.05). There
was no correlation found between intestinal nutrient digestion
and most of the protein spectral features except a negative
correlation between the ratio of amide I to amide II area and
the percentage of total digestible protein in total crude protein
(r = —0.75, P < 0.01) and between the ratio of protein
secondary structure on absorption peak intensity and intestinal
digestible bypass CHO (r = —0.61, P < 0.05). There was a
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Figure 1. Multivariate molecular spectral analyses of hulless barley cultivars [CDC Fibar (F), CDC Rattan (R), CDC McGwire (M), and HB08302
(H)] and a hulled barley cultivar [CDC Copeland (C)] in the SR-FTIRM protein fingerprint region (~1768—1475 cm™). CLA: (1) cluster method,
Ward'’s algorithm; (2) distance method, Euclidean. PCA: scatter plots of the first principal components (PC1) vs the second principal components

(PC2).

positive correlation between total digestible CHO and amide II
peak height (r = 0.63, P < 0.05). The area ratio of amide I to
amide II was negatively correlated with OEB, MCP, and AMCP
(r = —0.64, P < 0.05), while MCP estimated from TDN was
negatively correlated to protein spectral structure (P < 0.05).

The results suggested that protein structure differences
among hulless barley cultivars might affect the availability and
utilization of protein and CHO to the dairy cows, which was
partially supported by the work of Damiran and Yu,* who
reported that protein utilization was affected by protein
secondary structures. The results also indicated there was a
similarity in protein molecular structural makeup in endosperm
tissue between CDC Fibar and hulled barley, although a
significant difference between these two cultivars on protein
profiles was found in chemical analysis.*”
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Quantifying Spectral Features of Nonstarch CHO (8-
Glucan and Cellulosic Compounds). Table 3 shows the
absorbance intensity for nonstarch CHO, including $-glucan at
~1450—1390 cm™" and cellulosic compounds at ~1278—1205
cm™" for barley cultivars. There was no notable difference
found in p-glucan absorbance intensity among the hulless
barley cultivars except for CDC Fibar (P > 0.05). Hulled barley
showed a smaller f-glucan peak area (0.35 vs 0.42 IR unit, P <
0.05) and a shorter height (0.013 vs 0.016 IR unit, P < 0.05)
than CDC McGwire but larger than CDC Fibar (0.35 vs 0.21
IR unit and 0.013 vs 0.009 IR unit, respectively; P < 0.05).
CDC McGwire exhibited a larger peak area (0.33 IR unit) of
cellulosic compound absorbance intensity than other barley
cultivars (P < 0.05). CDC Fibar had the smallest peak area for
cellulosic compounds (0.21, P < 0.05). There were similar peak
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Spearman correlation R value

amide I  amide I peak  amide II  amide II peak a-helix p-sheet  ratio of amide I to amide  ratio of a-helix to -
area height area height height height II area sheet height
in situ rumen CP
degradation
BCP (% CP) 0.10 -021 -0.16 —-0.34 0.05 0.03 0.66° —0.44
EDCP (% CP) —-0.10 0.21 0.16 0.34 —0.05 —-0.03 —0.66° 0.44
EDCP —0.22 0.03 0.30 0.06 —0.23 —0.16 —0.66° 0.50
(g/kg of DM)
in situ rumen NDF
degradation
EDNDEF 0.74% 0.49 0.52 0.12 0.65° 0.82 —0.05 —-0.36
(g/kg of DM)
intestinal CP digestion
TDP (% CP) —0.15 -0.17 0.14 —0.09 —027 —0.08 —0.75¢ 0.15
intestinal CHO
digestion
IDBCHO 0.30 —0.06 —-0.08 —0.16 0.24 0.18 0.56° —0.61°
(% BCHO)
IDBCHO 0.37 0.04 0.13 —0.08 0.30 0.26 0.43 —0.61°
(g/kg of DM)
TDCHO 0.47 0.51 0.08 0.63° 0.55% 0.49 0.04 0.08
(g/kg of DM)
NRC Dairy 2001 model
MCPypy —0.64° -0.834 -0.797 -0.53% —0.66° -0.71° 0.54° —0.29
AMCPNRE —0.22 0.03 0.30 0.06 —0.23 —0.16 —0.64° 0.50
OEBNRC —0.22 0.03 0.30 0.06 —0.23 —0.16 —0.64° 0.50

“Abbreviations: BCP, rumen bypass crude protein; EDCP, effective degradability of crude protein; EDNDF, effective degradability of neutral
detergent fiber; TDP, total digestible protein; IDBCHO, intestinal digestible bypass CHO; BCHO, rumen bypass CHO; MCPrpy, microbial crude
protein estimated from TDN; OEB, degraded protein balance; AMCP, truly absorbed microbial protein. bP < 0.10. °P < 0.05. “P < 0.01.

Table 3. Effects of Altered Carbohydrate Traits on the Spectral Characteristics of Nonstarch Carbohydrates (f-glucan and
cellulosic compounds) in the Endosperm Region of Four Hulless Barley Cultivars and One Hulled Barley Cultivar Using SR-
FTIRM“

hulled hulless
CDC CDC
peak region and Copeland CDC Fibar CDC Rattan McGwire HB08302 contrast P value
center (cm™) (n=3) (n=3) (n=3) (n=3) (n=2) SEM” P value (hulled vs hulless)
amylose level 270 b 2.5d 7.7 ¢ 258 b 369 a 0.56 <0.0001 <0.0001
(% of starch)
amylopectin level 73.0 ¢ 97.5a 923b 742 ¢ 63.1d 0.56 <0.0001 <0.0001
(% of starch)
-glucan leve 8 c .0 a 7.4 7 ¢ 7. . <0.! <0.
gl level 3.8 10.0 b 4 Sb 0.40 0.0001 0.0001
(% DM)
P-glucan
peak area 1450—1390 035b 021 ¢ 0.39 ab 042 a 041 a 0.014 <0.0001 0.4291
peak height ~141S 0.013 b 0.009 ¢ 0.016 ab 0.016 a 0.016 ab 0.001 <0.0001 0.3486
cellulosic
compounds
peak area 1278—1208 026 b 021 ¢ 028 b 033 a 028 b 0.014 <0.0001 0.2903
peak height ~1238 0.01 b 0.01 b 0.02 ab 0.02 a 0.01 ab 0.001 <0.0001 0.1673

“Means with different letters within the same row differ (P < 0.05). Multitreatment comparison via the Tukey—Kramer method. bStandard error of
the mean.

heights (0.01 IR unit) among barley cultivars, except for CDC
McGwire (P > 0.05).

Although there were significant differences between barley
cultivars in terms of the absorbance intensity of nonstarch
CHO, the difference was not fully distinguishable from cluster
classes and PCA plots within the whole nonstarch CHO region
of ~1475—1195 cm™" (Figure 2). When CDC Copeland (C)
was used as a control, CDC Fibar (F), the lower-amylose level

11255

hulless barley, was found to have a smaller overlapped area
compared to other hulless barley varieties (Figure 2, 1—4). A
significant portion of the variation (95.5%) could be explained
by the first principal component between CDC Fibar and CDC
Copeland (Figure 2, 1 and 2). As the level of amylose increases
in hulless barley, greater similarity of spectral features in the
nonstarch CHO region was found with more overlapped areas
of the two ellipses from the PCA plots and mixed cluster classes
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Figure 2. Multivariate molecular spectral analyses of hulless barley CDC Fibar (F) in comparison with hulless barley CDC McGwire (M) and hulled
barley CDC Copeland (C) in the SR-FTIRM nonstarch carbohydrate fingerprint region (~1475—1195 cm™). CLA: (1) cluster method, Ward’s
algorithm; (2) distance method, Euclidean. PCA: scatter plots of the first principal components (PC1) vs the second principal components (PC2).

(P > 0.05). Similarly, in comparison with CDC Copeland, no
fully distinguished structures were found among hulless barley
cultivars in terms of nonstarch CHO (P > 0.05) (Figure 2, 3
and 4). Different from univariate analysis, the multivariate
analysis focused on a larger nonstarch CHO area compared to
the more specific f-glucan and cellulosic compound spectral
regions used for univariate analysis. Therefore, there might be
some other nonstarch CHO components in this region that
may affect spectral features resulting in no notable structural
difference from CLA clusters and PCA plots.

Because the differences in spectral characteristics of f-glucan
and cellulosic compounds were found among hulless barley
cultivars (Table 3), the variation of molecular structure may
affect the nutritional value in terms of rumen degradation,
intestinal digestion, and potential protein supply (Table 4).
Correlation results between structural features of f-glucan and
cellulosic compounds from FTIR and rumen digestive
parameters showed significant correlations with rumen
degradation kinetics and intestinal digestion of protein with
cellulosic compounds in hulless barley but few correlations with
P-glucan. However, spectral features of f-glucan detected by
SR-FTIRM showed more significant correlation to protein and
CHO metabolic characteristics than spectral features of
cellulosic compounds. The peak area and height of S-glucan
showed negative correlation with protein availability in rumen
and small intestine, including total digestible protein (TDP, r =
—0.73, P < 0.05; r = —0.84, P < 0.01) and degraded protein
balance in the DVE/OEB system (OEBPYE, r = —0.61, P <
0.0S; r = —0.72, P < 0.05). There was a positive correlation
between f-glucan peak area and total digestible CHO (r = 0.71,

P < 0.05). The peak area and height of cellulosic compounds
were positively correlated with effective degradable CHO
(TDCHO, r = 0.78, P < 0.01; r = 0.69, P < 0.05) in the rumen
as well as total digestible CHO in small intestine (TDCHO, r =
0.85, P < 0.001; r = 0.69, P < 0.05), whereas there was a
negative correlation between the peak area of cellulosic
compounds and truly absorbed bypass crude protein (ABCP,
r = —0.65, P < 0.05) as well as metabolizable protein (r =
—0.61, P < 0.05).

In normal barley, f-glucan accounts for 2—7% of the total dry
matter of barley.'®'” A higher f-glucan level may be correlated
with grain ground particle size because a higher f-glucan level
in the endosperm region will increase cell wall thickness,
especially in the barley cell wall.*> This may protect nutrients
from rumen degradation. SR-FTIRM detects endosperm cell
tissues that include structural CHO such as cellulosic
compounds and nonstructural CHO like p-glucan in
barley.*'~* This could explain the more significant correlations
between metabolic characteristics of crude protein and CHO
and f-glucan than cellulosic compounds (Table 4), due to the
fact that f-glucan is mainly located in the endosperm cell wall
of barley. Hence, molecular structures of $-glucan and cellulosic
compounds have an effect on the supply of protein and CHO
to ruminants. The higher spectral absorption intensity of -
glucan could be associated with a lower supply of truly
absorbed protein to rumen but higher total digestible CHO.

Quantifying Spectral Features of CHO. Distinct differ-
ences in absorption intensity of CHO molecular structures
were observed in the comparison between hulless barley and
hulled barley using univariate analyses. Table S shows the
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Table 4. Correlation Analysis between Structural
Characteristics of #-Glucan and Cellulosic Compounds in
the Endosperm Region of Four Hulless Barley Cultivars with
Altered Carbohydrate Traits and Nutrient Utilization and
Availability in Dairy Cattle®

Spearman correlation R value

differences in spectral features of CHO in the endosperm tissue
of barley cultivars in the region of ~1195—945 cm™'. Three
CHO peak areas were separated in the region at ~1195—1128,
~1128—1049, and ~1049—945 cm™'. Among hulless barley
cultivars, CDC McGwire and HB08302 had absorption areas
(7227 and 73.15 IR units, P < 0.05), CHO peak 2 areas (9.47
and 9.38 IR units, P < 0.05), CHO peak 1 heights (0.34 IR unit,

cellulosic P < 0.05), and peak 2 heights (0.47 and 0.49 IR unit, P < 0.05)
P-glucan compounds .
greater than those of amylose hulless barley cultivars and also
area height area height

in situ rumen CHO degradation

(g/kg of DM)
EDCHO 0.57° 0.48 0.78% 0.69°

in situ rumen CP degradation

(g/kg of DM)

greater than those of hulled barley (P < 0.05).

Because of the similarity of CHO among barley cultivars in
response to the IR source, SR-FTIRM failed to fully distinguish
the differences in spectral features in the total CHO region of
barley varieties, although the starch composition differed

EDCP —054* —078% —033 0.00 among hulless barley varieties. For example, with the
intestinal CP digestion comparison between CDC Fibar (F) and CDC Copeland
IDP (g/kg of DM) —0.64°  —060° —065  —040 (C) (Figure 3), there was no clear separation between the two
TDP (% CP) —044  —042  —024  —0.17 clusters. The PCA plot had well-overlapped ellipses with plots
TDP (g/kg of DM) —0.73°  —0847 —062° —029 representing the two cultivars, and there was only 70% variation

intestinal CHO digestion
(g/kg of DM)

TDCHO 0.71¢ 0.60° 0.85¢ 0.69°

DVE/OEB system
(g/kg of DM)

explained by the first principal component. There was no
sufficient difference detected in the whole CHO region among
the barley cultivars in the endosperm tissue.

Variation in CHO absorption peak intensity among the
hulless barley varieties was observed with mostly negative

ABCPPVE —-0.64°  —0.60° —065°  —040 ) Sl
DVE 076"  —084? —053®  —029 effects on rumen degradation, total tract digestion, and
OEBPVE 061°  —072°  —0.s8® 023 potential protein supply (Table 6). Absorption peak intensities

NRC Dairy 2001 model
(g/kg of DM)

of CHO were weakly correlated with effective degradable crude
protein, protein degraded balance (in both the DVE/OEB

AMCPNRC -054"  —0787  -033 0.00 system and the NRC Dairy 2001 model), truly absorbed
MPNRC —071°  —0847 —061° 023 microbial protein, and metabolizable protein (P < 0.05),
OEBNRC -054°  —0787  -033 0.00 intermediately strongly correlated with total digestible protein

“Abbreviations: EDCHO, effective degradability of CHO; EDCP,
effective degradability of crude protein; IDP, intestinal degradable
protein; TDP, total digestible protein; TDCHO, total digestible CHO;
ABCPPYE, truly absorbed bypass protein in the small intestine; DVE,
truly digested protein in the small intestine; OEB, degraded protein
balance; AMCP, truly absorbed microbial protein in the small
intestine; MP, metabolizable protein. bp < 0.10. °P < 0.05. 9P <
0.01. °P < 0.001.

(P < 0.01), and strongly correlated with truly digested protein
in small intestine (P < 0.001). This may explain the similar
negative correlation results between altered starch traits
(amylose and Ay:Ap ratio) and the same parameters for
metabolic characteristics. The positive correlation was found
only between the absorption intensity of nonstarch CHO and
total digestible CHO, which was also supported by previous
observation that the amylose (r = 0.54, P < 0.01) and Ay:Ap
ratio were positively correlated with TDCHO (r = 0.56, P <

Table S. Effects of Altered Carbohydrate Traits on the Spectral Characteristics of Total Carbohydrates in the Endosperm
Region of Four Barley Cultivars and One Hulled Barley Cultivar Using SR-FTIRM“

hulled hulless
CDC CDC
peak region and Copeland CDC Fibar CDC Rattan McGwire HB08302 contrast P value
center (cm™) (n=3) (n=3) (n=23) (n=3) (n=2) SEM® P value (hulled vs hulless)
amylose level 270b 2.5d 7.7 ¢ 258Db 369 a 0.56 <0.0001 <0.0001
(% of starch)
amylopectin level 73.0 ¢ 97.5 a 923 b 742 ¢ 63.1d 0.56 <0.0001 <0.0001
(% of starch)
P-glucan level 38 ¢ 10.0 a 74 b 4.7 ¢ 7.5b 0.40 <0.0001 <0.0001
% DM)
total area 1195-945 60.92 b 52.78 ¢ 65.82 b 7227 a 7315 a 2.184 <0.0001 0.0056
CHO peak 1 area 1195-1128 831b 5.76 ¢ 828 Db 947 a 938 a 0.343 <0.0001 0.7480
CHO peak 2 area 1128—-1049 16.69 bc 16.5 ¢ 18.22 be 19.77 ab 2328 a 0.868 <0.0001 0.0034
CHO peak 3 area 1049-945 3595 ¢ 3029 d 39.03 be 42.56 a 42.50 ab 1215 <0.0001 0.0101
CHO peak 1 height ~1152 029 b 0.20 ¢ 029 b 0.34 a 034 a 0.012 <0.0001 0.9015
CHO peak 2 height ~1079 0.40 bc 0.36 ¢ 043 b 047 a 049 a 0.016 0.0001 0.0015
CHO peak 3 height ~1024 0.54 ¢ 0.44 d 0.58 be 0.64 a 0.63 ab 0.022 0.0001 0.0332

“Means with different letters within the same row differ (P < 0.05). Multitreatment comparison via the Tukey—Kramer method. *Standard error of
the mean.
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Figure 3. Multivariate molecular spectral analyses of CDC Copeland (C) compared to hulless barley CDC Fibar (F) in the SR-FTIRM carbohydrate
fingerprint region (~1195—945 cm™). CLA: (1) cluster method, Ward’s algorithm; (2) distance method, Euclidean. PCA: scatter plots of the first

principal components (PC1) vs the second principal components (PC2).

Table 6. Correlation Analysis between Structure Spectral Characteristics of Carbohydrates in the Endosperm Region (SR-
FTIRM) of Four Hulless Barley Cultivars with Altered Carbohydrate Traits and Nutrient Availability and Utilization in Dairy
Cattle (in units of grams per kilogram of DM)“

Spearman correlation R value

CHO peak 1 CHO peak 2 CHO peak 3 CHO peak 1 CHO peak 2 CHO peak 3

total area area area area height height height
in situ rumen CP degradation
EDCP —0.73¢ —-0.75¢ —0.72° —0.68° -0.76% —0.70° —0.73¢
intestinal CP digestion
IDP —0.64° —0.61° —0.52 —0.60° —0.63° —-0.53° -0.60°
TDP —-0.837 —0.847 —0.75% —0.827 —0.87° —0.76% —0.85¢
intestinal CHO digestion
TDCHO 0.68° 0.67° 0.55% 0.70° 0.70¢ 0.62° 0.70°
DVE/OEB system
ABCPPVE —0.64° -0.61° —0.52 —0.60° —-0.63¢ -0.53° -0.60°
DVE —091° —0.92° —0.88° —0.89° —091° —0.90° —0.92°
OEBPVE —0.68° —-0.70° —0.56° —-0.71¢ —0.74% -0.59* —0.72¢
NRC Dairy 2001 model
OEBNRC —0.73¢ —-0.75¢ —0.72° —0.68° —-0.76% —0.70° —-0.73¢
AMCPNRC —0.73¢ —-0.75¢ —0.72° —0.68° —-0.76% —0.70° —0.73¢
MPNRE —0.72¢ —-0.71¢ —0.65°¢ —0.67¢ —-0.73¢ —0.67¢ —0.69°

“Abbreviations: EDCP, effective degradability of feed crude protein; IDP, intestinal degradable protein; TDP, total digestible protein; TDCHO, total
digestible CHO; ABCP, truly absorbed bypass protein in the small intestine; DVE, truly digested protein in the small intestine; OEB, degraded

protein balance; MP, metabolizable protein. bp < 0.10. °P < 0.05. “P < 0.01. °P < 0.00L.

0.01). Because starch and protein are the major components of
endosperm tissue, spectral features of CHO in endosperm
tissue were relevant to starch level in relation to nutrient
availability, although there was no notable difference found by
CLA and PCA among the hulless barley cultivars with altered
carbohydrate composition. A possible reason for that might still
be the insufficient difference detected by SR-FTIRM among
barley varieties in terms of total CHO molecular structures,
which included all CHO structural features instead of the one
specific CHO structure such as starch. With respect to starch,
the chemical structures and proportions of amylose to
amylopectin are the key factors.** Previous studies indicated
that hulless barley with lower amylose and higher f-glucan
levels contained higher protein and energy levels with greater
nutrient availability in the rumen and truly absorbed protein
supply for postruminal digestion, as well as better synchroniza-
tion of N and energy than other barley cultivars (P <

0.05).>****7 Via combination of barley quality for feed and
nutrient availability for ruminant, hulless barley with lower
amylose and higher S-glucan levels can be regarded as an
alternative for ruminant feeding, although caution must be used
upon addition of hulless barley to the diet due to the risk of
severe acid challenge and inefficient energy utilization.

As a nondestructive method, SR-FTIRM shows the ability to
detect inherent structural differences among five barley
varieties. Parameters of absorption peak intensity of all detected
functional group bands [protein, structure CHO (f-glucan and
cellulosic compounds), and total CHO] in hulless barley
cultivars were observed to have significant effects on protein,
CHO, and NDF availability estimated from rumen degradation,
intestinal digestion, and model predictions. This implies there
are differences in the molecular structure makeup in terms of
protein, nonstarch CHO, and total CHO in barley varieties,
which provides a possible explanation for various metabolic
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characteristics of hulless barley varieties from a molecular
structure perspective. However, because of the similarities
among barley CHO varities, more precise detection of specific
compounds within the total CHO region may be needed to
identify the possible inherent structural factors for the
differences of hulless barley varieties in the total CHO region.
In conclusion, inherent structural differences of five barley
varieties can be detected by SR-FTIRM in the endosperm
tissue because of its brilliant light source and small aperture
size. Univariate molecular spectral analysis and multivariate
analysis can be applied to analyze the absorption intensity of
peaks associated with functional group bands, including protein,
nonstarch CHO, and total CHO. The molecular structural
teatures of hulless barley with altered starch traits do have
significant effects on the availability of protein and CHO to
ruminants. Total digestible protein (TDP) and metabolizable
protein (MP) were negatively affected by absorbance intensities
of p-glucan and total CHO. Therefore, SR-FTIRM can be
considered as an approach to identify structural molecular
characteristics of cereal grain at cellular dimensions, even
though more research is needed to investigate the relationship
between absorption intensity of molecular structures and
metabolic characteristics of nutrients at other seed layers.
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