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Recently, a new “super” genotype of oats (CDC SO-I or SO-I) has been developed. The objectives
of this study were to determine structural makeup (features) of oat grain in endosperm and pericarp
regions and to reveal and identify differences in protein amide | and Il and carbohydrate structural
makeup (conformation) between SO-I and two conventional oats (CDC Dancer and Derby) grown in
western Canada in 2006, using advanced synchrotron radiation based Fourier transform infrared
microspectroscopy (SRFTIRM). The SRFTIRM experiments were conducted at National Synchro-
tron Light Sources, Brookhaven National Laboratory (NSLS, BNL, U.S. Department of Energy).
From the results, it was observed that comparison between the new genotype oats and conventional
oats showed (1) differences in basic chemical and protein subfraction profiles and energy values
with the new SO-I oats containing lower lignin (21 g/kg of DM) and higher soluble crude protein
(530 g/kg CP), crude fat (59 g/kg of DM), and energy values (TDN, 820 g/kg of DM; NE, a4, 7.8 MJ/
kg of DM); (2) significant differences in rumen biodegradation kinetics of dry matter, starch, and
protein with the new SO-I oats containing lower EDDM (638 g/kg of DM) and higher EDCP (103 g/kg
of DM); (3) significant differences in nutrient supply with highest truly absorbed rumen undegraded
protein (ARUP, 23 g/kg of DM) and total metabolizable protein supply (MP, 81 g/kg of DM) from the
new SO-| oats; and (4) significant differences in structural makeup in terms of protein amide | in the
endosperm region (with amide | peak height from 0.13 to 0.22 IR absorbance unit) and cellulosic
compounds to carbohydrate ratio in the pericarp region (ratio from 0.02 to 0.06). The results suggest
that with the SRFTIRM technique, the structural makeup differences between the new genotype
oats (SO-I) and two conventional oats (Dancer and Derby) could be revealed.

KEYWORDS: Structural makeup; biopolymer conformation; biodegradation kinetics; modeling nutrient
supply; oats

INTRODUCTION For this reason, nutritional improvements to oat will need to be
made before oat grain becomes a favored feed for ruminants.
Recently, a new “super” genotype of oat variety CDC SO-I
(SO-I) has been developed by the Crop Development Centre’s oat
breeding program, University of Saskatchewan, Canada, using a
pedigree breeding system. It originated from the cross AC
Assiniboia x SA96121. Selection criteria for SO-I included high
yield potential, early maturity, straw strength, disease resistance
(B. Rossnagel, personal communication), and grain quality
including the combination of low acid detergent lignin hull and
high oil groat characteristics. Recently published results showed

In Canada, oat (Avena sativa L.) is the third most important
cereal crop after wheat and barley; the total stock estimate for oats
was 2.0 million tons in 2008, an increase of 30.3% from 2007 and
substantially above the five-year average of 1.6 million tons (7). Oat
use in the human food sector has recently increased because of the
positive health benefit attributed to oat (2), but ruminant livestock
feeding remains the primary use of oat grain. In parallel, with the
recent increase in feed grain prices (due to an dramatic increase of
bioethanol production), less wheat and barley grains are available

as livestock feed. Oat should receive serious consideration for more " > '
inclusion in animal feed. The feed value of oat grain has been that the SO-I would be a good cereal grain for feeding lactating

considered inferior to that of barley (3). This is mainly due to the dairy cows and can be fed whole, without any loss of performance
hull content of oat, which ranges from 20 to 30% (4). Oat hulls are in calf backgrounding diets in western Canada (6, 7).

fibrous and contain substantial amounts of indigestible lignin (5). Why does the new SO-I oat differ from conventional oats in
terms of animal performance? Is it because the molecular structural

*Corresponding author [telephone (306) 966-4132; e-mail peigiang. makeup was different between the oats? This was a question that
yu@usask.ca]. needed to be answered. Currently, data on molecular structural
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L Typical Spectrum of oat endosperm tissue
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(a) Oat endosperm: synchrotron-based FTIR Spectrum in the region: 4000-800 cm™

(a) Oat pericarp: synchrotron-based FTIR Spectrum in the region: 4000-800 cm™
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(b) Oat endosperm: Synchrotron-based FTIR Spectrum in the fingerprint region: (b) Oat pcri:‘.arp: Synchrotron-based FTIR Spectrum in the fingerprint region:

1800-800 cm!

1800-800 cm

Figure 1. Synchrotron-based FTIR spectrum in oat seed endosperm and pericarp tissues (pixel size: 10 um x 10 um): (a) whole region, ca. 4000—
800 cm™"; (b) fingerprint region, ca. 1800—800 cm™"; (¢) protein amide | region, 1720—1575 cm™"; (d) protein amide Il region, 1575—1485cm™"; () total

carbohydrate region, ca. 1185—800 cm™; (f) nonstructural carbohydrate (starch) region, ca. 1065—950 cm

makeup (features/conformation) at a cellular level of this new
variety of oats are limited, in comparison with the conventional oat
varieties. Advanced synchrotron radiation based FTIR microsepc-
troscopy (SRFTIRM), taking advantage of bright synchrotron
light (a million times brighter than sunlight), is capable of detecting
structure information at both cellular and molecular levels within
intact biological tissues. SRFTIRM can provide four kinds of
information simultaneously: tissue chemistry, tissue composition,
tissue environment, and tissue structure. Detailed advantages,
applications of SRFTIRM, why wet chemical analysis fails to
detect feed structural feature, and the need for SRFTIRM for feed
inherent structure research have been reported in British Journal
of Nutrition (8).

The objectives of this study were to use advanced SRFTIRM to
determine structural makeup (features/conformation) of the new
oats in the endosperm and pericarp tissues and to reveal and
identify differences in protein amides I and II and carbohydrate
structural makeup between the new genotype oats (SO-I) and two
conventional oats (CDC Dancer and Derby). The items assessed
included (1) structural differences in protein amide I and I intensity
and their ratios within cellular dimensions; (2) structural differences
in carbohydrate and component peak intensity ratio within cellular
dimensions; (3) structural differences in amides to carbohydrate
intensity ratio within cellular dimensions; and (4) chemical and
biological differences (biodegradation kinetics) and nutrient supply
(amodeling approach) between the new super genotype oats (SO-I)
and two conventional oats (Dancer and Derby).

MATERIALS AND METHODS

Sample Preparation: Newly Developed Genotype of Oats and
Conventional Oat Varieties. The newly developed genotype of oats

—1

(SO-I) and two conventional oat varieties (Dancer and Derby), grown at
the University of Saskatchewan research station (Saskatoon) in 2006,
were supplied by B. R. Rossnagel, Crop Development Centre (CDC),
University of Saskatchewan (Saskatoon, Canada). Dancer is a low
hulled, early maturing, milling oat. Derby is a low hulled, midseason type,
white-chaffed, milling/forage type oat, and SO-Iis a hulled, yellow to light
brown kerneled, spring, and forage type oat. The samples were ground
through a 0.5 mm screen for starch analysis and through a 1 mm screen for
other chemical analyses [Retsch ZM-1, Brinkmann Instruments (Canada)
Ltd., Ontario, Canada]. For rumen kinetics in situ study, the oats were
processed through a 0.533 mm gap roller mill (model GR, Robin-Dodwell
Manufacturing Ltd., Calgary, AB, Canada) at the Engineering Labora-
tory, University of Saskatchewan (Saskatoon, SK, Canada).

Biological Differences Determination Using an in Situ Rumen
Incubation Technique. Ruminal degradation characteristics were deter-
mined using the in situ method (9). Two Holstein dairy cows fitted with
rumen cannula were used for measuring rumen degradation characteri-
stics. The animals in this study were cared for in accordance with guidelines
established by the Canadian Council on Animal Care in 1990. Seven grams
of an individual ground sample was weighed into each preweighed and
numbered nylon bag (10 x 20 cm) with the pore size of approximately
40 um. These bags were tied about 2 cm below the top, allowing a ratio of
sample size to bag surface area of 28 mg/cm?”. The rumen incubations were
performed according to the “gradual addition/all out” schedule. Samples
were incubated in the rumen for 0, 2, 4, 8, 12, 24, and 48 h. The multibags
for each treatment and each incubation times were 2, 2, 2, 2, 3, 4, and 5
bags for incubation times 0, 2, 4, 8, 12, 24, and 48 h, respectively. After
incubation, the bags were removed from rumen and rinsed under a cold
stream of tap water to remove excess ruminal contents. The bags were
washed with cool water without detergent and subsequently dried at 55 °C
for 48 h. The 0 h incubation samples were only washed under the same
conditions. Dry samples were stored in a refrigerated room (4 °C) until
analysis. The residues were pooled according to oat variety, incubation
time, and animal for laboratory chemical analysis.
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Table 1. Basic Chemical Composition, Protein Subfractions, and Energy
Values of the Oats: Comparison of Newly Developed SO-I Oat with Normal
Oats (Dancer and Derby) Grown at the University of Saskatchewan Research
Station (Saskatoon) in 2006

oats

item Dancer  Derby  SO-I (super oat)

chemical and nutrient profiles

DM (g/kg) 939 937 942
ash (g/kg of DM) 32 32 37
CFat (g/kg of DM) 46 43 59
NDF (g/kg of DM) 279 277 322
ADF (g/kg of DM) 119 133 143
ADL (g/kg of DM) 40 33 21
starch (g/kg of DM) 468 389 452
protein characteristics
CP (g/kg of DM) 120 116 127
SCP(g/kg of CP) 402 475 530
NPN (g/kg of SCP) 304 170 216
NPN (g/kg of CP) 122 81 114
ADICP (g/kg of CP) 70 38 32
NDICP (g/kg of CP) 131 60 67
protein subfractions
PA (g/kg of CP) 122 81 114
PB1 (g/kg of CP) 279 394 415
PB2 (g/kg of CP) 467 466 403
PB3 (g/kg of CP) 61 22 35
PC (g/kg of CP) 70 38 32

energy value (MJ/kg of DM; NRC-2001
Dairy and NRC-1996 Beef)

TDN; . (g/kg of DM) 797 801 820
NEys,. (NRC-2001 dairy) 7.5 75 7.8
NE,, (NRC-1996 beef) 8.1 8.1 8.4
NE, (NRC-1996 beef) 54 54 56

Chemical Analysis. The dry matter (DM), ash, crude fat (CFat), and
crude protein (CP) contents were analyzed according to the procedure of
AOAC (10). The acid detergent fiber (ADF), neutral detergent fiber
(NDF), and acid detergent lignin (ADL) values were analyzed according
to the procedures of Van Soest et al. (/7). For determination of NDF,
ADF, and ADL, an ANKOM Fiber Analyzer was used. The starch was
analyzed using the Megazyme Total Starch Assay Kit (Megazyme Inter-
national Ireland Ltd., Wicklow, Ireland). The nonprotein nitrogen (NPN)
content was obtained by precipitation of true protein in the filtrate with
trichloroacetic acid (final concentration = 10%) and determined as the
difference between total N and the N content of the residue after filtration.
The amount of CP associated with NDF (NDICP) and ADF (ADICP)
was determined by analyzing the NDF and ADF residues for CP (10).

Rumen Biodegradation Kinetics. Rumen degradation characteristics
of DM, CP, and starch were determined by the in situ method. In this
technique, the results were calculated using the NLIN procedure of the
SAS using iterative least-squares regression (Gauss—Newton method) by
the following the first-order kinetics equations: R(1)=U + D x exp(—Ky X
(t — Tp)) for DM and CP and R(1) = D x exp(—Ky X t) for starch (12),
where R(7) stands for residue of the incubated material after 7 h of rumen
incubation (g/kg); U and D stand for the undegradable and potentially
degradable fractions, respectively (in g/kg); T is lag time (h); and Ky is the
degradation rate (h™'). The effective degradability (ED) values were
calculated as: EDCP (EDDM or EDST) (g/kg) =S + D x Ky/(K,, + Ky);
EDCP (g/kg of DM)=CP (g/kg of DM) x EDCP (g/kg); EDST (g/kg of
DM)=ST (g/kg of DM) x EDST (g/kg), where soluble fraction (S) in g/kg
and passage rate (K},) of 0.06 h™" were adopted (/2). The rumen undegrad-
able feed protein (RUP) value was calculated as RUP (g/kg) = U + D x
K,/(K;, + Kq) and RUP (g/kg of DM) =1.11 x CP (g/kg of DM) x RUP
(g/kg), where K, of 0.06 h™! was adopted. The rumen undegraded feed
starch (RUST) values were calculated as RUST (g/kg)=D x K,/(K, + Kq) +
0.1 x Sand RUST (g/kg of DM)=ST (g/kg of DM) x RUST (g/kg), where
K, of 0.06 h™" was adopted (12). For the factor 0.1 in the formula, it was
assumed that for starch, 100 g/kg of soluble fraction (S) escapes rumen
fermentation (12).
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Modeling Nutrient Supply from the Oats. The potential nutrient
supply from the oats in terms of (1) truly absorbed rumen undegraded feed
protein in the small intestine (ARUP, g/kg of DM), (2) truly absorbed
rumen synthesized microbial protein in the small intestine (AMC, g/kg of
DM), (3) total truly absorbed protein in the small intestine, (4) total
metabolizable protein (MP), and (5) degradable protein balance (OEB in
DVE/OEB model, PBD in NRC model) was modeled according to the
DVE/OEB system and the NRC-2001 model.

Using Synchrotron Radiation Based FTIR Microspectroscopy
(SRFTIRM) on Inherent Structural Chemical Makeup Analysis.
Structural—chemical makeup analysis in different types of cereal grains
was carried out using the SRFTIRM method described by Yu (8) and Yuet
al. (13). This technique takes advantage of synchrotron light brightness and
is capable of exploring the molecular chemistry within microstructures of
biological samples with high signal-to-noise ratio at ultraspatial resolutions
as fine as 3—10 um. SRFTIRM is able to identify molecular constituents in
biological samples from their vibration spectra in the mid-IR region. A
simplified explanation of this technique is when IR passes through a
sample, different functional groups and bonds of molecules of biological
components absorb (vibrate spectra) IR light independently and some IR
passes through. By measuring these different IR absorption characteristics
(fingerprint: i.e., absorbed intensity, intensity ratios, and spectral pattern),
it is possible to determine if functional groups (such as amide I, aromatic
compound, carbonyl ester) exist in particular biological tissues.

Synchrotron Sample Preparation, Light Sources, and SRF-
TIRM. Three varieties of oat, Dancer, Derby, and SO-I, were tested. The
seeds were cut into thin cross sections (ca. 6 um thick) using a microtome at
Western College of Veterinary, University of Saskatchewan, Saskatoon,
Canada. The synchrotron experiments were performed at the National
Synchrotron Light Source in Brookhaven National Laboratory (NSLS-
BNL; U.S. Department of Energy, New York). The unstained cross sections
of the oat grain tissues were mounted onto BaF, windows for transmission
mode SRFTIRM work. The spectroscopic data were collected using a
Nicolet Magna 860 synchrotron radiation-sourced Fourier transform infra-
red (IR) microspectroscopy (Thermo Nicolet Instruments, Madison, WI)
equipped with a Continuum IR microscope with a Schwartzshild 32x
objective and a 10x condenser. The bench was configured with a collimated
synchrotron light beamline at the NSLS-BNL, which served as an external
input to the Nicolet Magna 860. Spectra were collected in the mid-IR range
of 4000—800 cm ™" at a resolution of 4 cm ™" with 128 co-added scans and the
aperture setting of 10 x 10 4m. Stage control, spectrum data collection, and
processing were performed using OMNIC software 7.3.

Synchrotron-Based FTIR Spectral Data Collection and Analysis.
From oat grain windows, the spectra were collected from two important
regions: (a) pericarp region and (b) endosperm region. Spectral data were
analyzed using both univariate and multivariate molecular spectral
analyses (14, 15) to classify the seed inherent structures between the newly
developed SO-I and two conventional oat varieties.

Univariate Molecular Spectral Analysis. The spectral data were
analyzed using OMNIC software 7.3. Each biological component has an
unique molecular chemical—structural feature; each has its own unique IR
spectrum. Spectral features associated with protein and total, structural,
and nonstructural carbohydrates were assigned according to previous
publications (16 —24).

In the endosperm region, protein amide I (1650 cm ™', C=0 and C—N
stretching vibration), amide IT (1650 cm™'; N—H bending and C—N
stretching vibration), total amides I and 11, total carbohydrate (1180—800
em™', CHO; C—O stretching vibration), and carbohydrate component
peaks and their ratio were analyzed according to the peak area and height
intensities (Figure 1). For protein amide I analysis, the peak baseline was
ca. 1728—1483 cm™ ! and the region was 1745—1579 cm ™. For protein
amide II analysis, the peak baseline was ca. 1728—1483 cm™' and the
region was 1579—1485cm ™. For the CHO analysis, the peak baseline was
ca. 1180—800 cm™ ! and the region was 1180—950 cm™'. Three major
component peaks (peak 1, ca. 1184—1132 cm™'; peak 2, ca. 1129—
1066 cm™'; and peak 3, ca. 1066—949 cm ') associated with the CHO
regions were assessed for peak area and height intensity.

In the pericarp region, the peak area intensity of the cellulosic
compounds (ca. 1290—1197 cm ") and total CHO (ca. 1192—876 cm™")
were analyzed. Peak area intensity ratio was obtained by the height or area
under one functional group/biological component band or area under
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Table 2. Rumen Degradation Characteristics and Predicted Nutrient Availability of the Oats: Comparison of Newly Developed SO-I Oats with Normal Oats (Dancer
and Derby) Grown at the University of Saskatchewan Research Station (Saskatoon) in 20067

oats
item Dancer Derby SO-I (super oats) SEM
rumen degradation kinetics of dry matter (DM) (Qskov model)
S (g/kg) 173 a 159 ab 109 b 1.3
D (g/kg) 597 574 600 24
U (g/kg) 230 a 267 ab 291b 1.2
Ky (%/h) 46 44 45 3.6
RUDM (g/kg of DM) 300 a 337b 362b 7.7
EDDM (g/kg of DM) 700 a 663 b 638 b 7.7
rumen degradation kinetics of starch (ST) (DVE/OEB model)
S (g/kg) 136 a 213b 209 a 15
D (g/kg) 864 a 787 b 791b 1.5
Ky (%/h) 55 51 50 3.0
BST (g/kg of DM) 46 41 47 1.9
EDST (g/kg of DM) 422 a 349b 405 ¢ 1.9
rumen degradation kinetics of protein (CP) (Qskov model)
S (g/kg) 232 208 170 16.5
D (g/kg) 687 700 716 217
U (g/kg) 81 92 115 8.0
Ky (%/h) 42 39 49 25
BCP (g/kg of DM) 22a 24b 27¢ 0.2
RUP (g/kg of DM) 20a 22b 25¢ 0.2
EDCP (g/kg of DM) 100 a 95b 103 ¢ 0.2
modeling nutrient supply to dairy cattle
(1) truly absorbed rumen undegraded feed protein in the
small intestine (ARUP, g/kg of DM)
ARUP (DVE/OEB system) 19a 20b 23¢ 0.2
ARUP (NRC 2001 model) 17a 18b 21c 0.2
(2) truly absorbed rumen synthesized microbial protein
in the small intestine (AMCP, g/kg of DM)
AMCP (DVE /OEB system) 64 a 60 b 58 b 0.6
AMCP (NRC 2001 model) 54 a 51b 56 ¢ 0.1
(3) total truly absorbed protein in the small intestine or total
metabolizable protein supply (DVE or MP, g/kg of DM)
DVE (= AMCP + ARUP — ENDP) 68 63 63 1.3
MP (= AMCP -+ ARUP + AECP) 76a 74b 81c 0.1
(4) protein degraded balance (OEB or PDB g/kg DM)
OEB (DVE/OEB system) —2a —2a 9b 1.1
PDB (NRC 2001 model) —12a —18b —13a 0.2

@Means with the same letter in the same row are not significantly different (P > 0.05); SEM, standard error of mean.

Table 3. Structural Characteristics of Protein Amide I, Amide I, and Their Ratios in the Endosperm of Oats, Revealed Using SRFTIRM: Comparison of the Newly
Developed SO-I with Two Normal Oat Varieties (Derby and Dancer) (IR Absorbance Unit)

protein amide | and amide I1?

item: protein amide | protein amide Il protein amide | and Il area ratio of protein amide | to Il
amide peak position: ~1650 cm ™’ ~1650 cm ™ ~1550 cm ™" ~1550 cm ™!
oat variety (peak area) (peak height) (peak area) (peak height) ~1745—1485 cm ™" ~1650—~1550 cm ™"
Dancer 10.38 0.13a 7.30 0.04 13.26 2.88
Derby 17.04 0.22b 4.86 0.07 2219 443
SO 14.02 0.21ab 429 0.07 18.38 3.40
SEMP 2.140 0.023 2.940 0.011 2.845 0.716

?Protein amide data unit, IR absorbance unit; protein peak baseline, 1728—1483 cm™

1 1

; protein amide | area region, 1745—1579 cm™'; protein amide Il area region,

1579—1485 cm ™", ®SEM, pooled standard error of means. Means with the same letter in the same column are not significantly different (P> 0.05).

another functional group band, which represented the biological compo-
nent ratio intensity and distribution in the seed.

Multivariate Molecular Spectral Analysis. Agglomerative hierarch-
ical cluster analysis (CLA) and principal component analysis (PCA) were
performed using Statistica 7.0 software to clarify if these oat varieties differed
in molecular chemical makeup. For CLA, Ward’s algorithm method was
used without any prior parametrization of the spectral data. For the PCA,
the first three principal components (PC1, PC2, and PC3) were plotted.
Detailed discussions on CLA and PCA applications in feed structure and
feed molecular chemistry research have been reported (14, 15,23, 24).

Statistical Analysis. Statistical analyses were performed using the
Mixed Model procedure of the SAS by generalized least-squares analysis
(GLSA). Multitreatment comparisons were done using Fisher’s protected
LSD method. Significance was declared at P < 0.05.

RESULTS

Detecting Differences in Chemical Profiles, Protein Fraction,
Biodegradation Kinetics, and Nutrient Supply: Comparison between
New SO-I Oats and Conventional Oats. Chemical and protein
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fraction profiles, rumen biodegradation kinetics, and predicted
nutrient supply and availability for Dancer, Derby, and SO-I oats
are presented in Table 1. SO-I contained higher (>10% unit)
CFat, ADF, NDF, and SCP than Dancer and Derby oats.
Contrary to this, SO-I oat contained lower (<10% unit) ADL
than Dancer and Derby oats. In particular, ADL of SO-1 (21 g/kg
of DM) was lower by 47.5 and 36.4% units compared to the
values of Dancer (40 g/kg of DM) and Derby oats (33 g/kg of
DM), respectively. Compared to Derby oat, SO-I contained
higher NPN. However, SO-I and Derby were similar in NDICP
and ADICP. SO-I contained relatively higher TDN (820 g/kg of
DM) and energy values (NE 3, =7.8 MJ/kg of DM; NE,, =8.4
MIJ/kg of DM; NE, = 5.6 MJ/kg of DM). A comprehensive study
on the effects of growth year and oat varieties was reported (7)
In the in situ kinetic study, the extent and rate of degradation
are the most important parameters to be determined (Table 2).

Table 4. Structural Characteristics of Carbohydrate (CHO) in the Endosperm
in Terms of the Component Peak Areas and Height and Their Ratios of Oat
Seeds, Detected with SRFTIRM: Comparison of the Newly Developed SO-|
with Two Normal Oat Varieties (Derby and Dancer) (IR Absorbance Unit)

carbohydrate component (CHO)?

second  third peak

item: carbohydrate first peak  peak (starch)
CHO component peak
position: ~1180—800cm™"' ~1150 ~1080 ~1025
oat variety peak area em™ em™! cm™!
based on CHO component
peak area
Dancer 122.80 1333 24.11 72.32
Derby 158.13 18.70  31.11 91.04
SO-I 121.58 1365 2453 73.41
SEMP 16.795 2.005  3.200 9.971
based on CHO component
peak height
Dancer 0.24 0.17 0.64
Derby 0.31 0.21 0.78
SO-I 0.25 0.21 0.75
SEMP 0.029  0.028 0.107

@ Carbohydrate data unit: IR absorbance unit and the CHO peak baseline and
region, 1180—800, 1180, and 950 cm™', respectively. The oat CHO in the
endosperm region has three major component peaks with the first, second, and
third peaks at 1150, 1080, and 1025 cm ™, respectively. The first, second, and third
geak regions are 1184—1132, 1129—1066, and 1066—949 cm ', respectively.

SEM, pooled standard error of means; means with the same letter in the same
column are not significantly different (P > 0.05).
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For the degradation kinetics of DM, there was no difference in Ky
(P > 0.05), but significant differences in RUDM and EDDM
(P < 0.05) with lower EDDM in SO-I (638 g/kg of DM) and
Derby (663 g/kg of DM) and higher RUDM in SO-I (362 g/kg of
DM) and Derby (337 g/kg of DM) in comparison with Dancer.
For the degradation kinetics of starch, there was no difference in
Ky (P > 0.05), but significant differences in EDST (P < 0.05)
with lower values in SO-I (405 g/kg of DM) and Derby (349 g/kg
of DM) in comparison with Dancer (422 g/kg of DM). For the
degradation kinetics of protein, again there was no difference in
K4 (P > 0.05), but significant differences in BCP, RUP, EDCP
(P < 0.05) with higher values in SO-I. In the nutrient supply
prediction study, the new SO-I oat provided highest ARUP
(2123 g/kg of DM) and MP (81 g/kg of DM) (P < 0.05) as
compared to Dancer and Derby oats (Table 2).

Detecting Structural Makeup Difference in Endosperm Region:
Comparison between New SO-I Oats and Conventional Oats.
Univariate Spectral Analysis. Oat varieties did not differ (P >
0.05) in the relative IR absorbed intensity peak area and height of
amide I, amide II, and their ratios (Table 3), total CHO and its
component peaks (1, 2, and 3) and their ratios (Table 4), or ratio
of total amide I and I1 to CHO (Table 5) in the endosperm tissue.
The only exclusion was the amide I peak height, which was lower
(P < 0.05) for Dancer (0.13 vs 0.22 and 0.21, Derby and SO-I,
respectively) compared to Derby and SO-I.

Multivariate Spectral Analysis. CLA revealed that (Figures 2
and 4) the structural makeup of endosperm tissue between the oat
varieties were not fully distinguishable in protein amide I, amide
I (ca. 1728—1483 cm™ ', Figure 2), and CHO (1184—
809 cm ™ '; Figure 4) of the endosperm tissue. The results suggested
that the three oat varieties were not significantly different in
endosperm amides I and II and CHO molecular structural
makeup. Figure 3 presents a scatter plot of the first principal
component versus the second principal component (Figure 3a)
and the third principal component (Figure 3b) of PCA of amide I
and amide IT spectra obtained from Dancer, Derby, and SO-I
endosperm tissues within cellular dimension. The first, second,
and third principal components explained 92.1, 5.5, and 1.8% of
the total variance, respectively. PCA also showed that protein
amide I and II spectra from the endosperm between the varieties
cannot be grouped in separate ellipses by varieties. This indicated
that the endosperm structural makeup of these varieties is not
fully distinguishable.

In a similar fashion, the endosperm CHO structural makeups
of these varieties were not fully distinguishable (Figure 5). The
first three principal components explain 76.8, 17.6, and 3.4% of
the total variation in the CHO molecular structural spectrum.
Figures 3 and 5 further show that with regard to endosperm tissue,

Table 5. Structural Characteristics of Carbohydrate (CHO) in the Endosperm in Terms of the CHO Component Peak Area and Height Ratios of Oat Seeds, Detected
with SRFTIRM: Comparison of the Newly Developed SO-I with Two Normal QOat Varieties (Derby and Dancer) (IR Absorbance Unit)

carbohydrate (CHO)?

ratio of amide | and Il to CHO

item: ratio of CHO peak 1to peak 2 ratio of CHO peak 1to peak 3 ratio of CHO peak 2 to peak 3 ~ amide | and Il, ~1728—1483 cm ™"

CHO component peak position:

oat variety ~1150 cm ™~ "/~1080 cm ™" ~1150 cm ™ /~1025 cm ™" ~1080 cm ™ /~1025 cm ™" carbohydrate, ~1180—800 cm ™
based on CHO component peak area peak area
Dancer 0.57 0.18 0.33 0.11
Derby 0.60 0.20 0.34 0.15
SO-I 0.55 0.19 0.34 0.16
SEMP? 0.019 0.006 0.014 0.030

2 Carbohydrate data unit: IR absorbance unit and the CHO peak baseline and region, 1184—809, 1184, and 949 cm ™', respectively. The oat CHO in the endosperm region has
three major component peaks with the first, second, and third peaks at ca. 1150, 1080, and 1025 cm ', respectively. ” SEM, pooled standard error of means; means with the same

letter in the same column are not significantly different (P > 0.05).
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Figure 2. CLA cluster of synchrotron-based protein amide | and Il spectra (ca. 1728—1483 cm ™) obtained from oat grain endosperm regions at a cellular
level (pixel size 10 um x 10 um): (a) Dancer (G) versus Derby (H); (b) Dancer (G) versus SO-I (1); (¢c) Derby (H) versus SO-I (1)] [CLA: (1) spectrum
regions, ca. 1728—1483 cm™'; (2) distance method, Euclidean; (3) cluster method, Ward's algorithm].

Dancer and SO-I overlapped greatly as compared to SO-I and
Derby in protein and CHO molecular structural makeup.
Detecting Structural Makeup Difference in Pericarp Region:
Comparison between New SO-I Oats and Conventional Oats.
Univariate Spectral Analysis. Table 6 shows the structural char-
acteristics of cellulosic compound and total carbohydrate and
their ratios in pericarp regions of Dancer, Derby, and SO-I oats.
All three oat varieties were not different (P > 0.05) in cellulosic
compound intensity (1.7, 1.6, and 1.9 for Dancer, Derby, and SO-
I, respectively). SO-I was similar (P > 0.05) to Derby in total

CHO peak area intensity (34.6 vs 30.9), peak height (0.24 vs
0.22), and ratio of cellulosic compound to CHO peak area
(0.06 vs 0.05). The ratio of cellulosic compound to CHO peak
height in the pericarp region ranged from 0.07 to 0.19 with
the highest (P < 0.05) being in SO-I and intermediate in
Derby (0.14).

Multivariate Spectral Analysis. Figure 6 displays results of
the CLA of spectra in the fingerprint region ca. 1775—800 cm ™"
in the pericarp region of the oat grain in the form of a dendro-
gram. If the structural makeup differs among the plant varieties,
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Figure 3. Scatter plot of the first principal component versus the second
and third principal components of PCA of synchrotron-based protein amide
I'and Il spectra (ca. 1728—1483 cm ™) obtained from Dancer (G), Derby
(H), and SO-I (I) oat endosperm regions at a cellular level (pixel size
10 um x 10 um) from all original spot spectra. The first, second, and third
principal components explain 92.1, 5.5, and 1.8% of the total variance,
respectively.

the patterns of their spectra will be different. Initially, if the
spectra differ among plants, they will form separate groups by
oat varieties when spectral data sets are subjected to multi-
variate analysis. Our result shows spectral clusters between
Dancer and Derby (Figure 6a) in pericarp regions were diff-
erent, with a linkage distance of <5 and Derby and Dancer
forming different separate groups. The Dancer group forms one
distinct group just below a linkage distance of 2. The Derby
group forms one distinct group below a linkage of 5, whereas
these two groups form a single group at a linkage distance of
about 27. Greater linkage distance between clusters of two
varieties means the chance of similarity of these varieties is very
low. Overall, Dancer and Derby oats were distinguished, which
indicated their structural makeup were different. Panels b
and ¢ of Figure 6 show that SO-I versus Dancer or SO-I versus
Derby did not form different clusters, indicating similarity in
structural makeup.

PCA (Figure 7) indicated that the pericarp structural chemical
makeup of Dancer and Derby are fully distinguishable. PC1,
PC2, and PC3 individually explain 78.3, 7.9, and 4.0% of the total
variance, respectively. SO-I and Dancer can be almost grouped in
separate ellipses, but SO-I and Derby could not be grouped into
separate ellipses.
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Figure 4. CLA cluster of synchrotron-based carbohydrate spectra (ca.
1184—809 cm ") obtained from oat grain endosperm regions at a cellular
level (pixel size 10 um x 10 um): (a) Dancer (G) versus Derby (H); (b)
Dancer (G) versus SO-I (1); (c) Derby (H) versus SO-I ()] [CLA: (1)
spectrum regions, ca. 1184—809 em™ (2) distance method, Euclidean;
(3) cluster method, Ward’s algorithm].

DISCUSSION

Chemical Profiles, Protein Fraction, Biodegradation Kinetics,
and Nutrient Supply: Comparison between New SO-I Oats and
Conventional Oats. Oat grain refers to the entire kernel, hull and
groat inclusive. Major tissues of groat are endosperm, embryo,
and germ. The percentages of groat in Dancer, Derby, and SO-I
are 80.4, 61.3, and 62.0%, respectively, resulting in hull contents
of 19.6, 38.7, and 38.0% (6). As the present study indicates,
Dancer had lower ADF and greater starch contents than Derby
and SO-I oats. The major differences of SO-I oat in terms of
chemical content from conventional oat varieties are its lower
lignin (ADL) and higher fat contents. A significant difference in
effective degradability (EDDM, EDST) was detected between the
oat varieties. These results indicate that measuring DM degrada-
tion kinetics may not be indicative of the extent of starch
digestion, analogous to the findings of Ramsey et al. (25) on
barley. No variation in fermentation rate occurred among the
varieties of oat. Because lipids yield more than twice as much
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Figure 5. Scatter plot of the first principal component versus the second
and third principal components of PCA of synchrotron-based carbohydrate
spectra (ca. 1184—809 cm™ ') obtained from Dancer (G), Derby (H), and
SO~ (I) oat endosperm regions at a cellular level (pixel size 10 um x 10
um) from all original spot spectrum. For CHO, the first, second, and third
principal components explain 76.8, 17.6, and 3.4% of the total variance,
respectively.
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available energy per unit compared to carbohydrates or protein,
the higher lipid content of SO-I grain is an advantage over Dancer
and Derby oats in terms of energy content. Peterson and
Wood (26) stated that higher oil content is negatively correlated
with starch content, caused by a portion of the reduced carbon
redirected from starch into oil synthesis in high-oil oat varieties.
However, in the present study, differences in lipid levels among
the three varieties were not reflected much in starch: SO-I (452 g/
kg of DM) was not significantly lower than Dancer (468 g/kg of
DM) and was even higher than Derby oat (389 g/kg of DM) in
starch content. Welch (27) cited several studies from Europe and
North America that observed significant negative correlations
between protein and lipid contents of oat grains. However, in the
present study, we did not find a consistent inverse relationship
between oat protein and lipid contents. The National Research
Council gave a TDN of 785 g/kg of DM for oat grain; using the
same National Research Council calculations, Dancer (797),
Derby (801), and SO-I (820 g/kg of DM) had greater TDN.
According to the DVE/OEB and NRC systems, SO-I had a
slightly lower organic matter fraction, which is fermentable in the
rumen, and greater metabolizable protein (MP). Both Dancer
and Derby oats had negative OEB values, indicating a potential
shortage of N in the rumen. In contrast, SO-I oat had a positive
OEB value. Although there was an interaction of the nutrient
contents and varieties, overall, Derby and SO-I were relati-
vely similar in rumen degradation characteristics and predicted
nutrient availability aspects.

Detecting Structural Makeup Difference: Comparison between
New SO-I Oats and Conventional Qats. Recent studies have
explored the application of SRFTIRM to the study of feed
samples. Molecular imaging of corn and barley (28) has been
carried out to reveal spatial intensity and distribution of chemical
functional groups within the intact tissue. Such information is
useful for relating nutrient utilization and digestion characteri-
stics with the specific chemical makeup of the cereal grain (29).
The protein structure profile (o-helix, S-sheet, randon coil) has
been studied in feather protein (30). Yu et al. (/3) also used
SRFTIRM to compare the nonstructural carbohydrate—starch
and protein matrix of Harrington and Valier barley with reference
to differences in their physical digestibility characteristics. How-
ever, no publication was found regarding inherent structural

Table 6. Structural Characteristics of Carbohydrate (CHO) in the Pericarp in Terms of the Component Peak Areas and Height and Their Ratios of Oat Seeds,
Detected with SRFTIRM: Comparison of the Newly Developed SO-I with Two Normal Oat Varieties (Derby and Dancer) (IR Absorbance Unit)

carbohydrate component (CHO)?

items: cellulosic compounds

CHO component peak region:

ratio of cellulosic compound

total carbohydrate to total carbohydrate

oat variety ~1290—1197 cm ™" ~1192—876 cm ™! ~1290—1197 cm ™ '/~1192—876 cm ™'
based on peak area
Dancer 1.70 89.22a 0.02a
Derby 1.56 30.91b 0.05b
SO-I 1.89 34.57b 0.06b
SEMP 0.151 3.842 0.005
based on peak height
Dancer 0.04a 0.60a 0.07a
Derby 0.03b 0.22b 0.14b
SO-I 0.04a 0.24b 0.19¢
SEM? 0.003 0.024 0.008

2Carbohydrate data unit: IR absorbance unit. ®SEM, pooled standard error of means; means with the same letter in the same column are not significantly different

(P> 0.05).
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Figure 6. CLA cluster of synchrotron-based fingerprint spectra (ca.
1775—800 cm™ ") obtained from the pericarp regions of the three oat
varieties, (a) Dancer versus Derby, (b) Dancer versus SO-I, and (¢) Derby
versus SO-1, at a cellular level (pixel size 10 x 10 zm) [CLA: (1) spectrum
regions, ca. 1775—800 em™ (2) distance method, Euclidean; (3) cluster
method, Ward’s algorithm].

makeup of oat grains and their correlation with the nutritive
value from different varieties of oat. Both uni- and multivariate
spectral analyses revealed that Dancer, Derby, and SO-I were not
significantly different in terms of amides I and II and CHO peak
intensity within cellular dimensions in the endosperm tissues.
Protein within the endosperm tissue of cereal grains is arranged in
a matrix that surrounds and protects the starch granules, making
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Figure 7. Scatter plot of the first principal component versus the second
and third principal components of PCA of synchrotron-based fingerprint
region spectra (ca.1775—800 cm ") obtained from Dancer (G), Derby
(H), and SO-I (1) oat pericarp regions at a cellular level (pixel size 10 um x
10 um) from all original spot spectra. The first, second, and third principal
components explain 78.4, 7.9, and 4.0% of the total variance, respectively.

them less available for digestion by rumen bacteria (37). This may
be a major factor responsible for differences in rumen starch
degradation among different grain varieties. If more protein
within the grain endosperm relates to a stronger protein matrix,
higher protein content should indicate a larger degree of “protec-
tion”, which would be related to a reduction in the rate and extent
to which starch is able to be degraded. Therefore, a lower starch to
protein ratio may be indicative of a greater degree of protection of
starch granules within the protein matrix, resulting in a lower rate
and extent of rumen degradation (21). As previously reported, the
starch to protein IR absorbed intensity ratio was larger for
Dancer than for Derby and SO-I oats, suggesting that for Dancer
the endosperm tissue structural chemical makeup is slightly more
heterogeneous and less densely packed in the protein matrix,
relative to Derby and SO-I. The heterogeneities of SO-I and
Derby oats in their endosperm tissue chemical makeup are more
similar; furthermore, this implies that the starch granules could be
more closely associated with the protein matrix in these two oat
varieties than in Dancer. Although SO-I contained higher starch,
similar to Dancer, the starch to protein ratio was lower, which
was similar to Derby. Thus, the results suggested that investiga-
tion of feed components’ structural makeup in plant fragment in
cellular and subcellular levels, through SREFTIRM, can provide
more useful information to clarify the contribution of different
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parts of a particular grain on the nutritive value of feed. With this
knowledge, grains that have more desirable feeding qualities may
be selected and used in the formulation of feed rations. Overall, as
the present study indicated, the chemical structural makeup of
SO-Iis very similar to that of Derby for the pericarp region and to
that of Dancer for the endosperm tissue. Such a unique inherent
feature of SO-I in terms of structural makeup within the grain
kernel is probably involved with its superior nutritive value
compared with other available oat varieties.

In conclusion, comparison between the new genotype oats and
conventional oats showed (1) differences in basic chemical and
protein subfraction profile and energy values, with the new SO-I
oat containing lower lignin and higher soluble crude protein,
crude fat, and energy values; (2) significant differences in rumen
biodegradation kinetics; (3) significant differences in nutrient
supply with highest truly absorbed rumen undegraded protein
(ARUP) and total metabolizable protein supply (MP) from the
new SO-I oats; and (4) significant differences in structural
makeup in terms of protein amide I in the endosperm region
and cellulosic compounds to carbohydrate ratio in the pericarp
region. The results suggest that with the SRFTIRM technique,
the structural makeup differences between the new genotype oats
(SO-I) and two conventional oats (Dancer and Derby) could
be revealed. SRFTIRM has great potential to assess intrinsic
molecular structure and biopolymer conformation.

ABBREVIATIONS USED

ABCP, truly absorbed bypass protein in the small intestine;
ADF, acid detergent fiber; ADICP, acid detergent insoluble
crude protein; ADL, acid detergent lignin, AMCP, truly ab-
sorbed microbial protein in the small intestine; ARUP, truly
absorbed rumen undegraded protein in the small intestine; BCP,
rumen bypass feed protein estimated from the DVE/OEB system;
CFat, crude fat; CHO, total carbohydrate; D, insoluble, but
potentially degradable, fraction in the in situ incubations; DM,
dry matter; DVE, truly digested protein in the small intestine; ED,
effective degradation of feed DM, CP or starch (EDDM, EDCP
and EDST); Ky, rate of degradation of D fraction (%/h); ME,
metabolizable energy estimated from NRC model 2001; ME;,,
metabolizable energy at production level of intake estimated
(NRC model 2001); MP, total metabolizable protein (NRC,
2001); NDF, neutral detergent fiber; NDICP, neutral deter-
gent insoluble crude protein; NE; 3., net energy for lactation at
production level of intake estimated (NRC model 2001); NE,,,
net energy for maintenance estimated from NRC model 1996;
NE,, net energy for growth estimated from NRC model 1996;
NPN, nonprotein nitrogen; NSC, nonstructural carbohy-
drates; OEB, degraded protein balance (DVE/OEB system);
PA, fraction of CP that is instantaneously solubilized at time
zero; PB1, fraction of CP that is fast degradable in the rumen;
PB2, fraction of CP that is intermediately degradable in the
rumen; PB3, fraction of CP that is slowly degradable in the
rumen; PC, fraction of CP that is undegraded; PDB, degraded
protein balance (NRC 2001 model); RUP, rumen undegraded
feed protein; RUST, rumen undegraded feed starch; S, soluble
fraction in the in situ incubation; SCP, soluble crude protein;
TDNy,, total digestible nutrient; Ty, lag time in which no
degradation takes place (h); U, undegradable fraction in the in
situ incubation.
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