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Abstract
This experiment aimed to investigate the correlation between rumen degrada-
tion characteristics and protein molecular structure of corn silage, and to es-
tablish fitting equations. The nylon bag method was used to determine the
rumen degradation rates of dry matter, protein, and neutral detergent fiber in
11 corn silage varieties, and their degradation characteristics were calculated.
Fourier transform infrared spectroscopy (FTIR) was employed to analyze the
protein molecular structure (amide I band, amide II band, �-helix, �-sheet) of
corn silage samples. The results showed that the peak height of amide II band
was extremely significantly correlated with dry matter effective degradation rate
(DMED) (r=-0.71, P<0.01), significantly correlated with degradation rate of the
slowly degradable fraction of neutral detergent fiber (NDFc) (r=-0.52, P<0.05)
and undegradable fraction (NDFu) (r=-0.46, P<0.05). The peak height ratio
of amide I to II bands was significantly correlated with rapidly degradable frac-
tion of dry matter (DMa) (r=0.57, P<0.05), slowly degradable fraction of dry
matter (DMb) (r=-0.55, P<0.05), significantly correlated with undegradable
fraction of protein (CPu) (r=-0.50, P<0.05), and tended to be correlated with
protein effective degradation rate (CPED) (r=0.38, P<0.10). The peak height
of �-helix was extremely significantly correlated with undegradable fraction of
dry matter (DMu) (r=0.59, P<0.01) and significantly correlated with rapidly
degradable fraction of protein (CPa) (r=0.45, P<0.05). The peak height ra-
tio of �-helix to �-sheet was extremely significantly correlated with degradation
rate of the slowly degradable fraction of dry matter (DMc) (r=0.59, P<0.01),
significantly correlated with degradation rate of the slowly degradable fraction
of protein (CPc) (r=0.57, P<0.05), and significantly correlated with CPED
(r=0.43, P<0.05). Protein molecular structure was not correlated with slowly
degradable fraction of protein (CPb), rapidly degradable fraction of neutral de-
tergent fiber (NDFa), or slowly degradable fraction of neutral detergent fiber
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(NDFb) (P>0.10). Protein molecular structure of corn silage showed the best fit
for DMED (R2=0.50) and CPED (R2=0.48). Preliminary results demonstrated
that FTIR technology can be used to analyze the correlation between rumen
degradation characteristics and protein molecular structure of corn silage, and
to establish regression equations. The quantitative relationship between the two
can be utilized for rapid, non-destructive analysis of the nutritional value of corn
silage, thereby reducing the disadvantages of traditional chemical analysis such
as being time-consuming, labor-intensive, and causing environmental pollution.
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Abstract

This study aimed to explore the correlation between rumen degradation char-
acteristics of corn silage and its protein molecular structure, and to establish
predictive equations. The nylon bag technique was employed to determine the
rumen degradation rates of dry matter (DM), crude protein (CP), and neutral
detergent fiber (NDF) in 11 corn silage varieties, and their degradation charac-
teristics were calculated. Fourier transform infrared spectroscopy (FTIR) was
used to analyze the protein molecular structures (amide I band, amide II band,
�-helix, �-sheet) of corn silage samples. Results showed that the peak height of
amide II was very significantly correlated with the effective degradability of DM
(DMED) (r = –0.71, P < 0.01), significantly correlated with the degradation
rate of the slowly degraded fraction of NDF (NDFc) (r = –0.52, P < 0.05) and
the undegradable fraction of NDF (NDFu) (r = –0.46, P < 0.05). The peak
height ratio of amide I to amide II was significantly correlated with the rapidly
degraded fraction of DM (DMa) (r = 0.57, P < 0.05) and the slowly degraded
fraction of DM (DMb) (r = –0.55, P < 0.05), significantly correlated with the
undegradable fraction of CP (CPu) (r = –0.50, P < 0.05), and tended to be cor-
related with the effective degradability of CP (CPED) (r = 0.38, P < 0.10). The
peak height of �-helix was very significantly correlated with the undegradable
fraction of DM (DMu) (r = 0.59, P < 0.01) and significantly correlated with the
rapidly degraded fraction of CP (CPa) (r = 0.45, P < 0.05). The peak height
ratio of �-helix to �-sheet was very significantly correlated with the degradation
rate of the slowly degraded fraction of DM (DMc) (r = 0.59, P < 0.01), signif-
icantly correlated with the degradation rate of the slowly degraded fraction of
CP (CPc) (r = 0.57, P < 0.05), and significantly correlated with CPED (r =
0.43, P < 0.05). No correlation was found between protein molecular structures
and the slowly degraded fraction of CP (CPb), the rapidly degraded fraction of
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NDF (NDFa), or the slowly degraded fraction of NDF (NDFb) (P > 0.10).

Protein molecular structures provided the best fit for DMED (R² = 0.50) and
CPED (R² = 0.48). These findings preliminarily demonstrate that FTIR tech-
nology can be used to analyze the relationship between rumen degradation char-
acteristics and protein molecular structures in corn silage, and to establish re-
gression equations. Using this quantitative relationship, the nutritional value
of corn silage can be rapidly and non-destructively analyzed, thereby overcom-
ing the drawbacks of traditional chemical analysis methods, which are time-
consuming, labor-intensive, and environmentally polluting.

Keywords: rumen degradation characteristics; Fourier transform infrared spec-
troscopy; protein molecular structure; correlation; multiple regression

Introduction
Optimizing nutrient utilization in ruminant feeding requires a simple, rapid, and
accurate method for estimating the nutritional value of dietary ingredients [?, ?].
Current approaches primarily involve determining the chemical composition, ru-
men degradation characteristics, and digestibility of feeds. Rumen degradation
characteristics not only affect feed nutritional value but also serve as a basis
for diet formulation to meet energy and nitrogen balance requirements, thereby
synchronizing rumen nutrition, enhancing microbial protein synthesis, and im-
proving feed utilization efficiency [?].

Yu et al. [?] compared two types of barley with similar chemical composition
(malting barley and feed barley) and found they exhibited different rumen
degradation extents, with malting barley showing stronger degradation than
feed barley. Liu et al. [?] reported that different barley varieties with similar
chemical composition showed significant differences in degradation characteris-
tics. These findings indicate that traditional chemical analysis methods destroy
the intrinsic molecular structure and physicochemical properties during process-
ing or measurement, providing only information on chemical components but
failing to reveal the relationship between protein intrinsic molecular structure
and nutritional value or utilization efficiency [?, ?]. Lu et al. [?] noted that
FTIR technology is a powerful tool for quantitatively calculating protein sec-
ondary structures. FTIR analysis is a rapid, direct, and minimally destructive
technique that can reveal the molecular structural characteristics of biological
feed components [?, ?]. Since each biological component has specific molecular
structural information, it possesses unique spectral signatures. For example,
the protein molecular spectral region is divided into amide I band (primarily
80% C=O and 20% C—N stretching vibrations) and amide II band (primarily
60% N—H bending vibrations and 40% C—N stretching vibrations) [?]. The sec-
ondary structures in the amide I region mainly include �-helix, �-sheet, and small
amounts of �-turn and random coil [?]. Each functional group is closely related
to the nutritional components and biological characteristics of the sample.
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Therefore, this study aimed to use FTIR technology to scan corn silage samples,
obtain spectral characteristics in the protein region, and conduct correlation and
regression analyses with rumen degradation characteristics to explore whether
protein molecular structural features of corn silage are related to its rumen
degradation characteristics.

Materials and Methods
1.1 Experimental Materials

The corn silage samples (n = 11) used in this study were collected from May to
September 2014 from dairy farms located in Harbin, Qiqihar, and Daqing cities
in Heilongjiang Province. The corn varieties are listed in Table 1 .

Collected samples were dried at 65 °C for 48 h, ground through a 100-mesh sieve
for spectral analysis, through a 1-mm sieve for chemical analysis, and through
a 2-mm sieve for rumen degradation experiments.

Table 1 Basic information of experimental samples

Corn silage No. Producing area Variety
Harbin (Wuchang) Xianyu 335, Yangguang No. 1, Jinling 17
Qiqihar (Fularji) Jinling 17, Dajingjiu 23
Jiamusi (Fujin) Yangguang No. 1
Daqing (Lindian) Ping’an 14
Daqing (Dorbod) Ping’an 14
Jixi (Mishan) Zhongyuandan 32
Suihua (Zhaodong) Suiyu 7, Kendan 10, Yuqing 23

1.2 Experimental Animals and Diet

Three healthy Holstein dairy cows fitted with permanent rumen fistulas were
used for rumen degradation experiments at the Xiangfang Experimental Base
of Northeast Agricultural University. The diet was formulated according to
Chinese dairy feeding standards, with composition and nutrient levels shown in
Table 2 . Cows were fed at 08:00 and 16:00 daily, had free access to water, and
were housed individually.

Table 2 Composition and nutrient levels of the experimental diet (air-dry basis),
%

Items Content
Ingredients
Corn
Wheat bran
Molasses
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Items Content
Soybean meal
Dried distillers grain
Cottonseed meal
Corn fiber meal
Corn germ meal
Premix¹
Chinese wild rye
Corn silage
Total
Nutrient levels²
NEL/(MJ/kg)
CP
NDF
ADF
Ca

¹ Each kilogram of premix contained: VA 800,000 IU, VD 700,000 IU, VE 10,000
IU, Fe 1,600 mg, Cu 1,500 mg, Zn 10,000 mg, Mn 3,500 mg, Se 80 mg, I 120
mg, Co 50 mg.
² NEL was a calculated value [?], while other nutrient levels were measured
values.

1.3.1 Routine Nutrient Determination

Dry matter (DM) and crude protein (CP) were determined according to AOAC
methods [?], and neutral detergent fiber (NDF) was determined according to
Van Soest et al. [?].

1.3.2 Rumen Nylon Bag Technique

Following the method of Peng et al. [?], approximately 7 g of ground sample
was placed in nylon bags (10 cm × 20 cm, 50 �m pore size) of known weight, tied
with nylon string 2 cm from the bag opening, resulting in a sample-to-surface-
area ratio of approximately 19 mg/cm². Each sample was prepared in triplicate.
Following the principle of“sequential insertion and simultaneous removal,”bags
were randomly placed in a 45 cm × 45 cm rumen mesh bag secured to the rumen
fistula with a 90 cm rope before feeding, and incubated for 72, 48, 36, 24, 16,
12, 8, 4, and 0 h. No more than 28 bags were placed in the rumen per cow per
time point. After removal (including 0 h), bags were rinsed under tap water
until the water ran clear, then dried at 65 °C for 48 h to constant weight. The
total weight of residue and nylon bag was recorded, and the residue was ground
through a 1-mm sieve and stored in sealed bags for subsequent analysis.
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1.3.3 Mid-Infrared Spectroscopy Detection

A BRUKER ALPHA mid-infrared spectrometer (Bruker Optics, Germany) was
used. Following the method of Jiao et al. [?], under infrared lamp illumina-
tion and dry conditions, with potassium bromide (spectroscopic grade) as back-
ground, 2 mg of sample was thoroughly ground and mixed with 200 mg KBr in
an agate mortar, pressed into pellets, and analyzed. Spectral acquisition param-
eters followed Kim et al. [?]: scanning range 700–4,000 cm�¹ (Figure 1 [Figure 1:
see original paper]), 128 scans, resolution 4 cm�¹, with each sample loaded five
times (Figure 2 [Figure 2: see original paper]) and repeated twice.

Figure 1 The region of amide I and amide II of FTIR protein spectroscopy in
11 kinds of corn silages

Figure 2 The region of amide I and amide II of FTIR protein spectroscopy in
11 kinds of corn silages

1.4.1 Calculation of Degradation Characteristics Parameters

The rumen disappearance rate of a component (%) was calculated as:
100 × (mass of component –mass of component in residue) / mass of component.

Rumen degradation kinetics were calculated using the exponential model of
Ørskov et al. [?]:
Y = a + b(1 –e���)
where Y is the rumen disappearance rate (%) after incubation time t, a is
the rapidly degraded fraction (%), b is the slowly degraded fraction (%), c is
the degradation rate of the slowly degraded fraction (%/h), and t is rumen
incubation time (h).

The undegradable fraction was calculated as: u = 1 –(a + b), where u is the
undegradable fraction (%).

Effective degradability was calculated as: ED = a + [(b × c)/(c + k)], where k
is the rumen outflow rate (0.031/h) [?] and ED is effective degradability (%).

1.4.2 Mid-Infrared Spectral Analysis

Spectral processing software Ominic 8.2 (Spectra Tech, Madison, WI, USA) was
used to analyze the protein region amide band segment (1,720–1,480 cm�¹), with
baseline correction applied to both amide I and amide II bands. The amide I
region was subjected to second-derivative treatment, and the resulting spectrum
was smoothed to identify corresponding protein secondary structure positions
in the original spectrum [?]: �-helix appears at 1,658–1,648 cm�¹, and �-sheet
appears at 1,640–1,620 cm�¹. This study analyzed peak height, peak area, peak
height ratio, and peak area ratio of amide I and amide II bands, as well as
peak height and peak height ratio of protein secondary structures �-helix and
�-sheet, to explore potential relationships between corn silage protein molecular
structures and rumen degradation characteristics of DM, CP, and NDF.
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1.4.3 Statistical Analysis

Data were initially processed using Excel 2010. The PROC MIXED procedure
in SAS 9.2 software was used to analyze rumen degradation parameters (rapidly
degraded fraction, slowly degraded fraction, degradation rate of slowly degraded
fraction, undegradable fraction, effective degradability) and protein molecular
spectral data (peak area, peak height, peak area ratio, and peak height ratio
of amide I and amide II bands; peak height and peak height ratio of secondary
structures �-helix and �-sheet). The PROC CORR procedure was used to ana-
lyze Pearson correlations between rumen degradation characteristics and protein
spectral data (P < 0.01 = very significant correlation; P < 0.05 = significant
correlation; P < 0.10 = tendency to correlate; P � 0.10 = no correlation). The
PROC REG procedure was used for multiple regression analysis (R² < 0.2 =
weak fit; R² < 0.4 = moderate fit; R² < 0.6 = moderately strong fit; R² > 0.6
= strong fit).

Results
Rumen Degradation and Protein Molecular Structure Parameters

The rumen degradation parameters of the 11 corn silages are summarized in
Table 3. The rapidly degraded fraction of DM (DMa) ranged from 14.86% to
32.80%, the slowly degraded fraction (DMb) ranged from 43.58% to 67.36%, the
degradation rate of the slowly degraded fraction (DMc) ranged from 1.46%/h
to 4.93%/h, the undegradable fraction (DMu) ranged from 11.75% to 31.16%,
and DMED ranged from 40.99% to 54.58%. For CP, CPa ranged from 35.80%
to 61.02%, CPb ranged from 12.24% to 46.09%, CPc ranged from 0.85%/h to
7.07%/h, CPu ranged from 10.41% to 44.66%, and CPED ranged from 45.85%
to 69.35%. For NDF, NDFa ranged from 1.03% to 22.70%, NDFb ranged from
46.34% to 88.05%, NDFc ranged from 1.23%/h to 4.12%/h, NDFu ranged from
8.81% to 35.39%, and NDFED ranged from 32.98% to 47.59%. The substantial
variation in rumen degradation parameters among corn silages from different
regions provided robust data support for subsequent correlation and regression
analyses.

Table 3 Summary of rumen degradation characteristics data of corn silages

Items Mean Range Minimum Maximum SD
DM
a (%)
b (%)
c (%/h)
u (%)
ED (%)
CP
a (%)
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Items Mean Range Minimum Maximum SD
b (%)
c (%/h)
u (%)
ED (%)
NDF
a (%)
b (%)
c (%/h)
u (%)
ED (%)

a, rapidly degraded fraction; b, slowly degraded fraction; c, degradation rate of
b; u, undegradable fraction; ED, effective degradability. The same as below.

The protein molecular structural information of the 11 corn silages is presented
in Table 4. Amide I peak area (A_�) ranged from 4.66 to 11.68, amide II peak
area (A_�) ranged from 0.39 to 1.00, amide I peak height (H_�) ranged from
0.06 to 0.14, amide II peak height (H_�) ranged from 0.02 to 0.05, �-helix peak
height (�) ranged from 0.05 to 0.10, �-sheet peak height (�) ranged from 0.06 to
0.14, amide I to II peak area ratio (A_�_�) ranged from 5.53 to 22.02, amide I
to II peak height ratio (H_�_�) ranged from 1.72 to 4.34, and �-helix to �-sheet
peak height ratio (�_�) ranged from 0.58 to 1.00. Substantial variation was
observed in protein molecular structure parameters among the 11 corn silages
from different regions.

Table 4 Summary of protein structural characteristics data of corn silages

Items Mean Range Minimum Maximum
A_�
A_�
A_�_�
H_�
H_�
H_�_�
�
�
�_�

A_�, peak area of amide I; A_�, peak area of amide II; A_�_�, ratio of amide I
peak area to amide II; H_�, peak height of amide I; H_�, peak height of amide
II; H_�_�, ratio of amide I peak height to amide II; �, peak height of �-helix; �,
peak height of �-sheet; �_�, ratio of �-helix peak height to �-sheet. The same as
below.
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Correlations between Rumen Degradation Characteristics and Pro-
tein Molecular Structures

2.2.1 Dry Matter Rumen Degradation Characteristics and Protein
Molecular Structures As shown in Table 5 , DMa was significantly nega-
tively correlated with A_� (r = –0.47, P = 0.03) and significantly positively
correlated with A_�_� (r = 0.45, P = 0.03) and H_�_� (r = 0.57, P = 0.01).
DMb tended to be negatively correlated with A_�_� (r = –0.37, P = 0.09) and
was significantly negatively correlated with H_�_� (r = –0.55, P = 0.01). DMc
tended to be negatively correlated with H_� (r = –0.37, P = 0.09) and positively
correlated with � (r = 0.37, P = 0.09), and was very significantly positively cor-
related with �_� (r = 0.59, P = 0.004). DMu was very significantly positively
correlated with � (r = 0.59, P = 0.004) and tended to be positively correlated
with � (r = 0.43, P = 0.05). DMED was very significantly negatively correlated
with A_� and H_� (r = –0.61, P = 0.003; r = –0.71, P = 0.0002), significantly
positively correlated with A_�_� (r = 0.44, P = 0.04), and very significantly
positively correlated with H_�_� (r = 0.61, P = 0.003).

Table 5 Correlation between rumen degradation characteristics of dry matter
and protein structural characteristics of corn silages

Items A_� A_� A_�_� H_� H_� H_�_� � � �_�
DM
a
b
c (%/h)
u
ED

r, correlation coefficient; P, P-value. The same as below.

2.2.2 Crude Protein Rumen Degradation Characteristics and Protein
Molecular Structures As shown in Table 6 , CPa was significantly positively
correlated with � (r = 0.45, P = 0.04) and tended to be positively correlated
with H_�_� and �_� (r = 0.37, P = 0.09; r = 0.39, P = 0.07). CPc tended
to be negatively correlated with A_� and � (r = –0.38, P = 0.08; r = –0.38,
P = 0.08), was significantly negatively correlated with A_�_� (r = –0.46, P =
0.03), and significantly positively correlated with �_� (r = 0.57, P = 0.01). CPu
was significantly positively correlated with A_� (r = 0.50, P = 0.02), signifi-
cantly negatively correlated with A_�_� (r = –0.48, P = 0.03), and significantly
positively correlated with H_�_� (r = 0.50, P = 0.02). CPED tended to be
negatively correlated with A_� (r = –0.40, P = 0.06), positively correlated with
� and H_�_� (r = 0.38, P = 0.09; r = 0.38, P = 0.08), and significantly positively
correlated with �_� (r = 0.43, P = 0.04).
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Table 6 Correlation between rumen degradation characteristics of crude protein
and protein structural characteristics of corn silages

Items A_� A_� A_�_� H_� H_� H_�_� � � �_�
CP
a
b
c (%/h)
u
ED

2.2.3 Neutral Detergent Fiber Rumen Degradation Characteristics
and Protein Molecular Structures As shown in Table 7 , NDFa showed
no correlation with protein molecular structures (P > 0.10). NDFb tended to
be positively correlated with H_� (r = 0.39, P = 0.08). NDFc was significantly
negatively correlated with H_� (r = –0.52, P = 0.01) and tended to be positively
correlated with �_� (r = 0.39, P = 0.08). NDFu was significantly negatively
correlated with H_� (r = –0.46, P = 0.03). NDFED tended to be positively
correlated with �_� (r = 0.42, P = 0.05).

Table 7 Correlation between rumen degradation characteristics of neutral de-
tergent fiber and protein structural characteristics of corn silages

Items A_� A_� A_�_� H_� H_� H_�_� � � �_�
NDF
a
b
c (%/h)
u
ED

Regression Analysis between Rumen Degradation Characteristics and
Protein Molecular Structures

2.3.1 Regression Analysis for Dry Matter Rumen Degradation Char-
acteristics and Protein Molecular Structures As shown in Table 8 ,
H_�_� was the best independent variable for fitting regression equations of DMa
and DMb, with determination coefficients (R²) of 0.32 and 0.30, respectively,
indicating moderate fit. � was the best independent variable for fitting DMu (R²
= 0.34, moderate fit). �_� was the best independent variable for fitting DMc
(R² = 0.35, moderate fit). H_� showed good fit with DMED (R² = 0.50).

2.3.2 Regression Analysis for Crude Protein Rumen Degradation
Characteristics and Protein Molecular Structures As shown in Table
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8, � could fit CPa (R² = 0.20). No fitting equation was obtained for CPb with
protein molecular structures. �_� moderately fitted CPc (R² = 0.33). H_�_�
was the best independent variable for fitting both CPu and CPED, with R²
values of 0.25 and 0.48, respectively, showing the best fit for CPED.

2.3.3 Regression Analysis for Neutral Detergent Fiber Rumen Degra-
dation Characteristics and Protein Molecular Structures As shown in
Table 8, protein molecular structures showed weak correlations with NDFa and
NDFb, and no fitting equations were obtained. H_� could fit both NDFc and
NDFu, with R² values of 0.27 and 0.21, respectively. �_� could fit NDFED, but
the fit was weak (R² = 0.18).

Table 8 Regression relationships between protein structural characteristics and
rumen degradation characteristics of corn silages

Predicted variables
(Y)

Variable selection
(x)

Prediction
equations R²

P-
value

DM
a H_�_� Y = 8.982 +

4.343 × x
0.32

b H_�_� Y = 71.949 –
6.095 × x

0.30

c (%/h) �_� Y = –2.019 +
5.683 × x

0.35

u � Y = 3.531 +
269.132 × x

0.34

ED H_� Y = 58.106 –
353.667 × x

0.50

CP
a � Y = 27.200 +

229.081 × x
0.20

c (%/h) �_� Y = 4.352 +
5.510 × x1 +
39.033 × x2

0.33

u H_�_� Y = –5.575 +
10.646 × x

0.25

ED H_�_� Y = 54.331 –
6.826 × x

0.48

NDF
c (%/h) H_� Y = 4.424 –

57.506 × x
0.27

u H_� Y = 40.446 –
500.980 × x

0.21

ED �_� Y = 23.206 +
18.736 × x

0.18
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Discussion
3.1 Relationship between Dry Matter Rumen Degradation Charac-
teristics and Protein Molecular Structure

Protein molecular structures showed better fit for DMb than DMa, possibly
because DMa is more closely associated with protein molecular structures than
DMb. The correlation between DMc and protein molecular structures partially
disagreed with Zhang et al. [?], who used air as background for direct sample
detection—a principle consistent with this study. The discrepancy may be at-
tributed to different research objects, as their study investigated the relationship
between five different ratios of corn distillers dried grains with solubles (DDGS)
and hulless barley mixtures and rumen degradation characteristics. Different
feed types have different nutritional values, which may lead to variations in
the relationship between protein molecular structures and rumen degradation
characteristics.

The ability to establish relationships between DM degradation characteristics
and protein molecular structures, with some degradation features showing good
fit, may be due to associations with aromatic compound vibrations in fiber,
which concentrate in the 1,498–1,587 cm�¹ spectral range [?] within the protein
structural spectral region, thus creating certain connections.

3.2 Relationship between Crude Protein Rumen Degradation Char-
acteristics and Protein Molecular Structure

Protein molecular spectral characteristics (spectral intensities of amide I and
II bands, secondary structure intensities, and their ratios) affect CP quality
and utilization efficiency [?, ?], primarily because protein structure influences
microbial and gastrointestinal digestive enzyme access to CP. Therefore, study-
ing protein molecular structure is crucial for understanding CP composition,
quality, and rumen degradation characteristics. Feed CP rumen degradation
characteristics are closely linked to molecular structure [?].

Liu et al. [?] used diffuse reflectance infrared spectroscopy to study degradation
differences between hull and seed of six barley varieties, finding that CPa was
significantly positively correlated with the �-helix to �-sheet peak height ratio—a
conclusion consistent with this study. However, they did not find the significant
positive correlation between CPa and �-helix peak height observed in our study,
possibly due to differences in protein sources and processing methods. Zhang
et al. [?] found no relationship between CPc and �-helix peak height, consistent
with our results, but our finding that CPc was negatively correlated with �-sheet
peak height and significantly positively correlated with �-helix to �-sheet peak
height ratio disagreed with their report of no correlation. Our conclusion that
the �-helix to �-sheet peak height ratio showed no correlation with CPu but
significant positive correlation with CPED, with good fit, aligns with reports
by Jiao et al. [?], Wu et al. [?], Liu et al. [?], and Yari et al. [?], indicating
that higher �-helix to �-sheet peak height ratios in feed protein correspond to
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higher effective degradability. Zhang et al. [?] noted that the �-helix to �-sheet
peak height ratio is closely related to protein nutritional value and utilization
efficiency, though the amide I to II peak area ratio is not completely correlated.
Our study found no correlation between CPED and amide I to II peak area
ratio, consistent with Liu et al. [?].

Compared to barley, oats, and wheat, feathers contain up to 84% �-sheet but
have the lowest protein utilization efficiency, closely related to structural fea-
tures including �-sheet content, keratin content, and disulfide bonds [?]. This
demonstrates that the nutritional value of plant feed proteins is not only related
to protein type and total protein and amino acid content but also to sensitivity
to hydrolytic enzymes in the rumen and, more importantly, to protein molecular
structure. The proportion of �-sheet is typically associated with accessibility to
gastrointestinal digestive enzymes. Yu [?] found in studies on different process-
ing methods for golden flaxseed that heating increased protein-lignin linkages
and Maillard reaction products, while increased �-sheet proportion in protein
secondary structure affected protein absorption and utilization. Therefore, sim-
ilar protein contents with different proportions of �-helix and �-sheet secondary
structures can lead to different degradation characteristics [?], with high �-sheet
proportions generally resulting in low nutritional value [?, ?, ?].

3.3 Relationship between Neutral Detergent Fiber Rumen Degrada-
tion Characteristics and Protein Molecular Structure

The rumen degradation characteristics of NDF are more closely related to the
carbohydrate spectral region [?, ?], with limited research on its relationship
with protein molecular structures. Our results also indicated weak associations
between protein molecular structures and NDF rumen degradation character-
istics, with no fitting equations obtained for NDFa and NDFb, and low fit for
NDFED. This weak relationship may similarly be due to the presence of aro-
matic compounds in lignin that are not utilized by microorganisms, with some
aromatic compound vibrations interfering with protein amide bands [?].

Conclusions
1. FTIR technology can obtain spectral information on corn silage protein

molecular structures and establish regression equations based on correla-
tions with rumen degradation characteristics. The peak height of amide
II band was very significantly correlated with DMED and showed the best
fit. The peak height ratio of amide I to II and the peak height ratio of
protein secondary structures (�-helix and �-sheet) showed the best fit for
CPED. Protein secondary structures showed weak fit for NDFED.

2. FTIR technology can simultaneously analyze multiple rumen degradation
characteristics with rapid analysis speed, offering advantages over conven-
tional methods. Evaluating some rumen degradation characteristics using
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corn silage protein molecular structures is feasible, with the best evalua-
tion results for DM and CP effective degradability.
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