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Abstract: Using nylon bag techniques, Cornell net carbohydrates and protein systems (CNCPS), and
scanning electron microscopy, the authors examined the digestibility and structure of Vicia ervilia
(ervil, bitter vetch) after steam flaking, roasting, and microwave processing. During the in situ
technique, the samples were incubated at 0, 2, 4, 6, 8, 12, 16, 24, 36, and 48 h. For the description of the
ruminal DM (dry matter) and CP (crude protein) degradation kinetics of treated and untreated Vicia
ervilia, different models were selected as the best fit for the dry matter (DM) and crude protein (CP)
degradation parameters of steam flaked samples. The results showed that both the steam flaking
and microwave treatment samples contained high levels of non-protein nitrogen and buffer soluble
protein, respectively. In comparison with steam flaking and microwave treatment, roasting decreased
and increased the buffer soluble protein and neutral detergent insoluble protein, respectively. The
control treatments showed the highest levels of neutral detergent soluble protein and the lowest levels
of acid detergent soluble protein. Moreover, steam flaking and roasting decreased and increased
the amount of acid detergent insoluble protein, respectively. When using dry heat (microwave and
roasting), the acid detergent soluble and insoluble protein fractions were increased. As a result of this
experiment, the nitrogen fractions were altered using heat processing. Hence, protein fermented feed
and ruminal fermentation conditions can be expressed using these results.

Keywords: Vicia ervilia; steam flaking; microwave; roasting; in situ; scanning electron microscopy (SEM)

1. Introduction

In addition to its high nutritional value and nitrogen fixation capacity, bitter vetch
(Vicia ervilia), also known as ervil, can be grown in poor soils [1]. Traditionally, heat
treatment has been used to increase ruminants’ ability to utilize protein from a variety
of feeds. The microbial degradation of legume seed proteins in the rumen is relatively
unknown [2]. The protein requirements of ruminants are expressed as Ruminal Degradable
Protein (RDP) and Undegradable Dietary Protein (UDP). Protozoal and bacterial activity
determine ruminal degradability, as well as the site where the bacteria attach. In order
to determine whether legume seeds are suitable for use as animal feed, it is necessary
to evaluate the extent of the nutrient’s association and the antinutritional effects. Many
antinutritive factors can also be destroyed using heat treatment in some legume seeds [3].
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Various treatment methods, such as dry-heating (roasting), heat-moisture (steam flaking),
physical processing (grinding), and microwave treatment, affect the ruminal degradation of
cereal grains. In the case of highly degradable feeds, heat processing is known to increase
their disappearance rate [4]. According to McNiven et al. [5], flame roasting reduced the
loss of dry matter and crude protein in the rumen but did not have an effect on nutrient
digestibility in the gut. For roasted barley grain, Robinson and McNiven [5] observed low
rates of dry matter degradation but no effects on the extent of degradability. It has been
shown that barley grain treated using steam flaking, flame roasting and exploring may
reduce the crude protein in the rumen [5]. In a study by Fiems et al. [6], ruminal crude
protein degradability was decreased after the barley grain was processed using steam
flaking. Several methods for determining the rate of the degradation of feedstuffs in the
rumen have been described, including the incubation of nylon bags for different periods of
time in the rumen [7]. The in sacco method is a more accurate way of simulating the rumen
environment than any other method used for estimating ruminal protein and carbohydrate
digestion [8]. Although this technique has its advantages, it also has some limitations.
One of the possible issues is that the residue present in the bags after incubation might
be contaminated with microbial N, which would result in an overestimation of rumen
escape N. In spite of its limitations, it is a reasonably useful technique for determining
rumen degradation characteristics [9]. The aim of the research was to assess how effectively
these models could be used to determine the parameters related to the degradability of
DM (dry matter), CP (crude protein), nano structures, and protein fractions of untreated
and heat treated samples after steam flaking, microwave treatment, and roasting, using
in situ scanning electron microscope, and Cornell net carbohydrates and protein systems
(CNCPS) methods.

2. Materials and Methods
2.1. Methods of Preparation and Processing of Samples

The authors collected a sample of Vicia ervilia from a dairy farm in the northwest of
Iran. The experimental treatments included grinding and then roasting, microwaving,
and steam flaking. In the milling process, the treatments were screened at 2.0 mm. Steam
flakes were prepared by treating with steam at 100 ◦C for 30 min, passing the sample
through rollers, letting them air for 48 h, then sealing them in plastic bags. A roasting
treatment at 120 ◦C for 10 min and a microwave irradiation (Nasional at 800 watts) for
3 min were performed. For the nylon bag technique, fabric bags (4 cm × 6 cm; 47-µm pore
size) were used.

2.2. Chemical Analysis

For the preparation of the samples, oven drying was performed (65 ◦C for 24 h). The
dry matter, ash (924.05), crude protein (948.13) and ether extract (954.02) of the experimental
treatments were determined according to the procedures of AOAC [10]. The neutral
detergent fiber (NDF) and acid detergent fiber (ADF) of the treatments were determined
using the methods of Van Soest et al. [11].

2.3. In Situ Ruminal Procedure

The rumen degradability of feed was measured using three fistulated Gizel sheep. A
sheep’s diet consists of 60% roughage and 40% concentrate. Five grams of the samples were
placed inside nylon bags (4 × 6 cm; 47-µm pore size) and incubated (durations 0, 2, 4, 8, 16,
24 and 48 h). After they were taken out of the rumen, the nylon bags were washed under
cold water with the zero time bags (that had not been incubated in the rumen) for 20 min,
and then they were dried at 65 °C for 48 h. An analysis of the residues was conducted after
they were weighed.
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2.4. Crude Protein Fractionation

In accordance with Sniffen et al. [12], the CP was divided into five fractions (A, B1,
B2, B3 and C), based on the recommended standardization procedures by Licitra et al. [13].
A fraction A contains non-protein nitrogen (NPN), which is calculated by subtracting the
total nitrogen from the true protein nitrogen, based on the equations of protein degradation
in the rumen; fraction C cannot contain insoluble nitrogen in acid detergent (ADIN); the
B fraction can be classified into rapid (B1), intermediate (B2), and slow (B3) fractions [12].
A comprehensive analysis of the precipitated true protein, buffer insoluble protein, neutral
detergent insoluble protein (NDIP), and acid detergent insoluble protein (ADIP) was
performed by Licitra et al. [13]. In order to determine the true protein, Kjeldahl analysis
was performed on the residue following precipitation with trichloroacetic acid (TCA) and
filtration. To obtain the crude protein fractions B1–B3, the following subtractions were
performed: B1 was calculated by subtracting the true protein from the buffer-insoluble
protein; B2 was calculated by subtracting the buffer-insoluble protein from the NDIP; and
B3 was calculated by subtracting the ADIP from the NDIP.

2.5. Calculations and Statistical Analysis

As illustrated in Table 1; different models (Ørskov and McDonald [14] including and
not including lag time; Dhanoa [15] with and without lag time; France [16] without lag
time) were considered for describing the ruminal DM and CP degradability kinetics of
treated and untreated Vicia ervilia, where p reflected the degradation at time t, a soluble
fraction, b insoluble fraction, c rate of degradation, t was the time of incubation, l was the
lag time (time interval before degradation commences), k, d was the mathematical constant.
A Statistical Analysis System was deployed to analyze the DM and CP disappearance in
situ and the Cornell data. Duncan’s multiple range tests were applied to compare the
means. To estimate the ruminal degradation parameters, each model was fitted using
nonlinear regression, using SAS PROC NLIN (Cary, NC, USA) [17].

Table 1. Models.

Ørskov and McDonald without lag time [14] P = a + b (1− e−ct)
Ørskov and McDonald with lag time [14] P = a + b (1− e−c(t−l))

France without lag time [16] P = a + b (tc/(tc + kc)

Dhanoa without lag time [15] P = a + b (1−−c (t)−5 (
√

t) )

Dhanoa with lag time [15] P = a + b (1− e−c (t−l)−d (
√

t−
√

1 ))

3. Results
3.1. Chemical Analysis

The compositions of the treatments are summarized in Table 2. A chemical composition
change occurred during processing. In comparison with the other treatments, steam flaking
showed a lower DM (p < 0.05). Steam flaking, roasting, and microwave heating lost CP
content, respectively, from 20.82, 21.62, and 21.37 percent. It was found that the microwave
treatment led to higher NDF and lower ADF amounts, which were considered significantly
different (p < 0.05). CA and EE did not yield statistically significant differences (p > 0.05).
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Table 2. Chemical composition data of the experimental treatments (%DM).

Treatments SEM
n = 3Item Control Steam Flaking Roasting Microwave

DM 94.97 b 89.74 c 97.84 a 96.63 ab 0.32
CP 20.89 ab 20.82 b 21.62 a 21.37 ab 0.12
EE 4.94 3.86 5.29 5.9 1.07
CA 2.65 2.24 2.16 2.8 0.07

NDF 13.37 c 14.3 c 18.47 ab 20.67 a 0.94
ADF 10.44 b 11.06 a 11.35 a 9.5 b 0.53

SEM: Standard error of the mean. In this table, means within any one row that do not have a common superscript
are considered significantly different (p < 0.05).

3.2. In Situ DM and CP Disappearance

The DM and CP disappearances at different stages of incubation are shown in Table 3.
Increasing the incubation time resulted in more DM and CP disappearing from the nylon
bags. After several incubation times, the parameters of the DM and CP were found to differ
among the treatments. As compared to the other treatments, steam flaking demonstrated
a greater in situ disappearance of DM and CP at 48 h (p < 0.05). Steam flaking and intact
grain led to an increased retention time in the rumen. According to the results obtained at
0 h, steam flaking resulted in a higher CP and DM disappearance than other treatments. It
was found that in situ DM and CP disappearance were lower in roasting samples at 48 h
than in other treatments (p < 0.05), similar to observations made with protein supplements
subjected to different protective methods.

Table 3. DM and CP disappearance of treated and untreated Vicia ervilia from incubated in situ trials,
expressed as percentages.

DM Disappearance CP Disappearance

Incubation
Time (h) Control Steam

Flaking Microwave Roasting SEM
n = 4 Control Steam

Flaking Microwave Roasting SEM
n = 4

0 14.92 a 14.74 a 11.83 ab 7.7 b 0.759 12.25 a 14.19 a 12.12 a 9.35 b 0.36
2 28.88 b 33.46 a 24.76 bc 21.74 c 0.661 21.66 b 25.23 a 17.9 c 15.5 c 0.4
4 35.36 b 35.4 b 39.8 a 25.53 c 0.61 28.13 b 31.67 a 27.12 b 22.87 c 0.5
8 44.59 45.67 44.28 39.92 0.909 35.1 b 38.17 a 34.36 b 25.56 c 0.36

12 72.72 a 52.59 b 44.96 b 53.48 b 1.805 41.02 b 44.53 a 39.78 b 32.58 c 0.46
24 82.22 60.18 60.77 60.77 3.34 45.99 ab 47.39 a 45.23 ab 42.98 b 0.55
36 92.95 a 96.88 b 84.56 b 75.95 c 0.51 63.43 ab 64.35 a 61.07 ab 59.36 b 0.64
48 95.44 b 99.38 a 87.29 c 79.11 d 0.462 85.2 a 90.32 a 85.09 c 73.83 b 1.32

Significant differences are considered between the means within the same rows with different letters (p < 0.05).
SEM = Standard error of the mean.

3.3. Determine DM Degradability Parameters Using Digestive Models

Various mathematical models were considered as potential options for describing
the ruminal DM and CP degradation kinetics for treated as well as untreated samples,
based on data collected using the in situ polyester bag method. Table 4 displays the
DM degradability parameters. Five models were used: Ørskov and McDonald with
and without lag time [14], Dhanoa with and without lag time [15], and France without
lag time [16]. The degree of variability in disappearance was found to be linked to the
washout fraction of the treatments, as well as to the impact of the heat treatment on
altering the feeds’ fractional degradation rate; plus, as a result, the pattern of ruminal
degradability for the treatments. The choice of goodness-of-fit models was based on the
coefficient of determination (r-square) calculated for the different models, convergence or
non-convergence, and the biological justification. The results show that the France [16]
model is the best fitted model to determine the components of the DM degradability of
control and roasting. The Dhanoa with lag time model is the best fitted model based on the
model of the coefficient of the determination value for roasting; however, the presence of
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lag time cannot be proved for this treatment on the basis of biological justification and the
problem of convergence in the final fitted model for the Ørskov model with lag time. For
the microwave treatment, models with the lag phase ran into trouble in the convergence
and the closest fitted model also had a lower coefficient of determination than the rest of
the models; therefore, the lag time could not be verified. Given that the highest coefficient
of determination obtained for the Dhanoa without lag time model, this model can be
selected as the optimal model to fit the DM degradability using microwave treatment.
For steam flaking, although the Ørskov with lag time model had a higher coefficient of
determination, the excellence of Ørskov with the lag time model cannot be verified with
steam flaking because there is no biological justification for the lag time. In general, the
Dhanoa without lag time model is the best model based on the different models of the
coefficient of determination. The France model also provides a better prediction of the
roasting treatment compared to the Ørskov models.

Table 4. Degradation parameters for DM in the in situ trial.

Model a b c l d k SSM CSST R-Square Explanation

Control

1 14.98 83.48 0.0743 20,191.8 21,169.6 95.38
2 14.87 83.49 0.074 10−8 20,191.8 21,169.6 95.38 †
3 15.97 80.06 0.1001 0.4378 20,203.1 21,169.6 95.43
4 15.43 82.49 0.079 −0.0138 20193.6 21,169.6 95.39
5 14.08 77.86 0.1465 0.4171 −0.192 19,957.6 21,169.6 94.27 †

Microwave

1 18.05 76.14 0.47 14,137.7 15,156.6 93.28
2 14.48 79.72 0.47 −0.963 14,137.7 15,156.6 93.28 †
3 16.98 81.44 0.26 4.588 14,184.2 15,156.6 93.58
4 13.98 81.5 0.0 31 0.0804 14,329.8 15,156.6 94.55
5 12.93 71.12 0.129 0.485 −0.18 13,262.8 15,156.6 87.51 †

Steam flaking

1 20.48 79.52 0.48 80,278.5 80,966 99.15
2 17.71 81.39 0.48 −0.594 80,281.4 80,966 99.16
3 21.43 78.57 0.51 0.744 80,273.9 80,966 99.14
4 17.57 82.43 0.04 −0.04 80,340.8 80,966 99.22
5 25 75 0.06 0.442 −0.08 80,023.9 80,966 98.84 †

Roasting

1 9.8 70.36 0.069 14,115.8 14,753.2 95.68
2 5.64 74.54 0.069 −0.829 6.152 14,115.8 14,753.2 95.68 †
3 9.08 75.73 0.033 14,148.2 14,753.2 95.90
4 7.53 77.67 0.042 0.073 14,160.2 14,753.2 95.98
5 7.7 81.81 0.025 0.2881 0.0139 14,163.7 14,753.2 96.00

1: Ørskov and McDonald without lag time (1979); 2: Ørskov and McDonald with lag time (1979); 3: France without
lag time (1990); 4: Dhanoa without lag time (1995); 5: Dhanoa with lag time (1995). a: SSM: sum-of-squares means;
CSST: corrected sum-of-squares-time; R-square: SSM/CSST; †: non-convergence.

3.4. Determine CP Degradability Parameters Using Digestive Models

The CP degradability parameters are shown in Table 5. For each model, the coefficients
of determination (r-square) were calculated, convergence or non-convergence was deter-
mined, and the biological justification was used to select the best models. According to the
results, the Dhanoa is the best fitted model for calculating the coefficients of determination
based on the different non-convergence models for the control, microwave treatment, and
steam flaking. For roasting treatment, the Ørskov without lag time is the best fitted model.
Dry roasting reduced the soluble fraction, and rate of degradation. Reports have shown
that the heat-treatment of various types of seeds, including cotton, lupins, canola, faba bean,
soybean, and legumes, has a comparable impact on the degradation of CP in the rumen.
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3.5. Crude Protein Fractions of Treatments

Protein fractions of Vicia ervilia are listed in Table 6. The fraction “B1” was found to be
the highest for microwave treatment and the lowest for roasting. The A fraction for steam
flaking and roasting was higher than the other treatments. The neutral detergent soluble
protein (B2) fraction was highest for grinding Vicia ervilia (control) and roasting. The B3
fraction for roasting and microwave treatment was higher than the other treatments.

Table 5. Degradation parameters for CP in the in situ trial.

Model a b c l d k SSM CSST R-Square Explanation

Control

1 12.5 88 0.028 −1.736 17,453.1 17,722.7 98.47
2 12.5 88 0.025 17,495.1 17,722.7 98.71
3 12.5 87.50 0.024 1.527 17,495.1 17,722.7 98.49
4 12 42.59 0.2 0.04 17,497.1 17,722.7 98.72
5 11.55 87 0.027 0.0005 0.024 17,441.1 17,722.7 98.41 †

Microwave

1 15 84 0.026 16,733.1 16,981.5 98.53
2 14 85 0.024 −0.793 16,725.8 16,981.5 98.49 †
3 12 87 0.027 1.009 16,719.1 16,981.5 98.45
4 12 88 0.02 0.027 16,737.5 16,981.5 98.56
5 11 87 0.027 0.0189 0.0225 16,677.9 16,981.5 98.12 †

Steam flaking

1 19.78 80.14 0.027 19,457 19,825.2 98.14 †
2 19.42 85 0.025 −0.0316 19,457.2 19,825.2 98.14 †
3 14 66.77 0.041 1.798 19,313.6 19,825.2 97.41 †
4 12 88 0.018 0.0638 19,461.2 19,825.2 98.16
5 11.99 87 0.03 0.0017 0.0299 19,374.5 19,825.2 97.72 †

Roasting

1 11.36 88.64 0.022 13,322.5 13,387.2 99.51
2 10.98 85 0.023 −0.1472 13,317.3 13,387.2 99.47 †
3 11.36 70 0.079 80.49 13,242.0 13,387.2 98.91 †
4 11.36 89 0.0217 12,429.9 13,387.2 92.84 †
5 12 87 0.02 0.002 0.001 13,285.9 13,387.2 99.24 †

1: Ørskov and McDonald without lag time (1979); 2: Ørskov and McDonald with lag time (1979); 3: France
without lag time (1990); 4: Dhanoa without lag time (1995); 5: Dhanoa with lag time (1995). a: SSM: sum-of square
means; CSST: corrected sum-of-squares-time; R-square: SSM/CSST*100; †: non-convergence.

Table 6. Protein fractions of treatments (% CP).

Treatments
SEM

Item Control Steam Flaking Roasting Microwave

A 4.97 ab 6.58 a 5.14 ab 3.95 b 0.25
B1 12.68 13.67 12.00 14.3 0.38
B2 60.3 a 56.52 ab 56.7 ab 55.17 b 0.63
B3 18.78 b 20.78 ab 22.24 a 22.58 a 0.36
C 3.27 b 2.45 b 3.93 a 4.00 a 0.19

The means of the same row, marked by different letters, have significant differences (p < 0.05). A: non-protein
nitrogen; B1: True soluble protein; B2: Neutral detergent soluble protein; B3: Neutral detergent insoluble protein
but soluble in acid detergent; C: Insoluble protein in acid detergent.

3.6. Microscopic Images Taken from Different Treatments before the Ruminal Incubation Time

The treatments’ effects on the surface of the granules of starch and protein matrix are
clearly visible in the SEM (scanning electron microscope) images. The SEM images taken
from steam flaking, microwaving, and roasting Vicia ervilia grain are shown in Figure 1.
According to the images taken of the treatments, heat processing changed the physical and
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chemical properties. In all treatments involving physical and heat processing, cracking
in the protein matrix and starch granules has occurred. According to the images and
compared to the control, the steam flaking and microwaved samples show swelling and
cracking in the starch granules, the granules’ size has increased due to gelatinization,
and they have lost their crystalline structure depending on the duration of processing
(A, C). Roasting causes a reduction in size and shrinkage of the starch granules due to
the impact of heat processing on their structure. It appears that roasting does not result
in any swelling of the starch granules. This phenomenon can be spotted in the SEM
images. In the microwave heat treatment, the cracking is from the inside to the outside and
causes the denaturation of the protein matrix. For the roasting treatments, the effects of
heat treatment for 10 min caused shrinkage in the starch granules and some cracking (D).
Changes in protein digestibility can change the properties of digestible starch because the
starch granules are contained in a matrix of protein; roasting seeds can reduce the digestion
of starch by increasing the resistance of the protein matrix, which reduces access to the
starch contents for microorganisms.
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crowaving (3 min), (D) Roasting (10 min).

3.7. Microscopic Images Taken from Different Treatments at 48 h of Ruminal Incubation Time

The SEM images of the treatments are shown in Figures 2 and 3. Comparisons of the
digestion channels and the size of the starch granules are shown in Table 7. Investigation
of the treatments after 48 h of incubation showed that the number and diameter of the
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digestion channels compared to the size of the starch granules were different; it was highest
for the microwave treatment, which shows the high degradability of this treatment. For
the control treatment at 48 h of incubation, time shrinkage, cracking and low digestion
channels on the surface starch granules are visible (Figure 2A,B). For the microwave
treatment, the proportion of the digestion channels compared to the size of the starch
granules was higher than the other treatments; in this treatment, part of the starch granule
is also surrounded by a visible protein matrix (Figure 2C,D). The presence of the protein
matrix that surrounds the starch granules can also reduce the extent of starch digestion.
For the steam flaking treatment, swelling and cracking in the starch granules occurred and
the size of the granules increased due to gelatinization, which provides conditions for the
activities of the microorganisms and enzymes involved in digestion (Figure 3A,B).

Fermentation 2023, 9, x FOR PEER REVIEW 8 of 14 
 

 

3.7. Microscopic Images Taken from Different Treatments at 48 h of Ruminal Incubation Time 

The SEM images of the treatments are shown in Figures 2 and 3. Comparisons of the 

digestion channels and the size of the starch granules are shown in Table 7. Investigation 

of the treatments after 48 h of incubation showed that the number and diameter of the 

digestion channels compared to the size of the starch granules were different; it was high-

est for the microwave treatment, which shows the high degradability of this treatment. 

For the control treatment at 48 h of incubation, time shrinkage, cracking and low digestion 

channels on the surface starch granules are visible (Figure 2A,B). For the microwave treat-

ment, the proportion of the digestion channels compared to the size of the starch granules 

was higher than the other treatments; in this treatment, part of the starch granule is also 

surrounded by a visible protein matrix (Figure 2C,D). The presence of the protein matrix 

that surrounds the starch granules can also reduce the extent of starch digestion. For the 

steam flaking treatment, swelling and cracking in the starch granules occurred and the 

size of the granules increased due to gelatinization, which provides conditions for the ac-

tivities of the microorganisms and enzymes involved in digestion (Figure 3A,B). 

 

Figure 2. SEM image for treatments at 48 h of incubation time. (A,B) Control (shrinkage, cracking 

and the digestion channels of the starch granules are visible); (C,D) Microwave treatment ((C) di-

gestion channels of the starch granule are visible; (D) part of the starch granule is visible and sur-

rounded by a protein matrix). 

Figure 2. SEM image for treatments at 48 h of incubation time. (A,B) Control (shrinkage, cracking and
the digestion channels of the starch granules are visible); (C,D) Microwave treatment ((C) digestion
channels of the starch granule are visible; (D) part of the starch granule is visible and surrounded by
a protein matrix).
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Table 7. Comparison of the digestion channels with the size of the starch granule in differ-
ent treatments.

Feeds
Average Diameter of Starch

Granules at
0 h

Average Digestion Channels of
Starch Granules at 48 h of Incubation

Comparison of Digestion
Channels with Diameter of

Starch Granules

Control 8.97 0.37 0.04
Steam flaking 17.02 0.49 0.03

Roasting 15.85 0.4 0.02
Microwave 12.34 0.57 0.05
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4. Discussion
4.1. Chemical Composition

There is a possibility that some amino acids were partially removed during the heating
process, which contributed to the loss of protein. High drying temperatures induce the
NDF values. The field’s NDF value was best approximated with the microwave treatment.
The trend towards an increased NDF with increased microwave exposure was confirmed
by other researchers.
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4.2. In Situ Dry Matter and Crude Protein Disappearance

The rumen degradability decreased from 0.83 (raw) to 0.47 (136 ◦C/15 min) after
pressure toasting [18]. Rumen degradation can be reduced through heat treatments [19].
A study conducted by Taghizadeh et al. [20] observed that the DM and CP in cotton seed
meal disappeared at 48 h at a rate of 43.19% and 46.46%, respectively. It has been reported
that the heat treatment of soybean meal decreases the rumen degradability of DM and
CP, but increases its intestinal availability [21]. Ljøkjel et al. [22] found that treating barley
grain at 100 ◦C and 150 ◦C decreased CP degradation. It is thought that the intensity of the
effect is influenced by the time of exposure and the temperature reached [23,24], as well as
the particle’s size and moisture during processing. Protein availability in the intestinal tract
should increase as rumen protein degradation decreases. The bypass protein is increased
with heat treatment, but optimal heat conditions have not been found for each legume
seed [25]. In addition, prolonged treatment with high temperature may lead to Maillard
reactions of carbohydrates with amino acids, reducing the animal’s amino acid availability.
In a study by Paya et al. [26], 69% of DM and 55.6% of CP had disappeared by 48 h after
soybean meal preparation. It was found by Fiems et al. [6] that steam processing reduced
the degradation rate of the CP in barley and wheat. The types, varieties, and processing can
all contribute to these differences. In comparison with dry rolled barley, Engstrom et al. [27]
found that steam rolling reduced DM disappearance from in sacco samples at 0, 8 and 24 h,
and starch disappearance by 21.2% at 0 h and 12.8% at 8 h of incubation. This was consistent
with the findings of Fathi Nassri [21] and Ljøkjel et al. [22]. DM and CP degradation is
reduced with heat treatment, in part because microbial proteolysis enzyme receptor sites
are blocked, and in part due to protein solubility being reduced [28]. The starch granule’s
size and the contents of the intracellular space (protein matrix, starch) were observed to
influence DM disappearance with incubation time and chemical composition. A strong
correlation was found between in situ DM disappearance and chemical composition [29].

4.3. Determine DM Degradability Parameters Using Digestive Models

Fathi et al. [21] obtained the DM soluble fraction values for soybean grain using the
models of France, Ørskov, and Lopez, which were 47.96%, 45.31% and 41.08%,
respectively—these do not match the values obtained in this study. In a study by Fathi [21],
the percentage of DM and CP disappearance for heated whole soybeans were found to be
less than raw soybeans. The difference in the rate of disappearance depends on the method
and duration of washing, the effect of the heat process on the degradation rate, and the
change in the pattern of the feeds’ ruminal degradability. Gonzalez et al. [30] reported
that the soluble fraction, insoluble fraction (function of time), and effective degradability
of the DM of Vicia ervilia are 29.2%, 59.7%, and 62.7%, respectively. The effect of different
treatments on the DM degradation parameters showed that steam flaking and roasting had
higher and lower degradability, respectively. Dry roasting reduced the soluble fraction, rate
of degradation, and increased the degradation part. The temperature and time of exposure
affect the intensity of these effects [31]. As well as irreversible bonding between carbohy-
drate aldehydes and amino acids, mainly lysine’s e-amino group, this effect is a result of
the bonds (crosslinking) between and within proteins. It was reported by Lindberg [32]
that rapeseed and soybean meals did not exhibit pronounced ruminal degradation when
moderately heated. In the rumen, the digestibility of raw fiber depends on the amount of
forage consumed and the digestive capacity of the animal. It has been possible to develop
different mathematical models that describe the ratio of rumen disappearance through the
application of various mathematical models to estimate the parameters of a feed’s degrad-
ability, and to formulate hypotheses about the biological principles governing ruminal
digestion separation [33].

4.4. Determine CP Degradability Parameters Using Digestive Models

Based on Mc Meniman and Armstrong’s study [34], heating faba beans did not increase
protein flow to the cattle’s duodenum, but 105 ◦C did not protect the protein. In Yu’s [18]
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study, dry roasting at a lower temperature (110 ◦C) did not affect the soluble fraction, rate
of degradation, or the degradation degree, but the degradability of rumen protein was
higher than that of raw beans. The authors’ results are comparable to those reported in
those studies. In the rumen, dry roasting at 110 ◦C increased crude protein fermentation.
Subjecting beans to high-temperature steaming (at 136 ◦C) can significantly enhance their
protein value. In a study by Sadeghi and Shawrang [35], microwave irradiation for 7 min
decreased both the water-soluble and potentially degradable components of corn grain
starch (p < 0.05).

4.5. Crude Protein Fractions of Treatments

The ADIN fractions for roasting and microwave treatment were higher than the other
treatments. However, the increase in ADIN after heat treatment is in agreement with other
results [36–38]. Fraction B1 is rapidly degraded by rumen microorganisms but the heat
treatment of feedstuffs can decrease B1 by blocking reactive sites for microbial proteolytic
enzymes [28]. Heat processing reduced the buffer soluble protein, which was consistent
with the results of other studies [39–41]. The destiny of fraction B2 relies on the speed of
digestion and passage; some of it is degraded in the rumen, the rest passes through to the
intestine. Fraction B3 is less susceptible to degradation in the rumen as it is linked to the
cell wall [12]. The CNCPS model presupposes that ruminal bacteria cannot break down the
ADIN (C fraction). Thus, the CP of steam flaking is highly degradable in the rumen. These
dissimilarities are explained by differences in the processing techniques, methodology, and
the variations in the type of feed.

4.6. Microscopic Images Taken from Different Treatments before the Ruminal Incubation Time

The increase in the size of the starch granules and gelatinization depends on the type
of seed and the intracellular content because Vicia ervilia has lower starch and higher protein
than other grains, such as wheat, barley and sorghum. The extent of starch gelatinization
in animal feeds is positively correlated with its digestibility [42]. The processing method
used (i.e., steam flaking, pelleting, expanding, extrusion) and various operational factors
(including water addition level, temperature, and retention time) affect the extent of starch
gelatinization. According to research by McDonough et al. [43], adding more water during
tempering leads to higher flake moisture, which enhances both the structural integrity of
the flakes and the degree of starch gelatinization. Ruminants benefit from heat processing
since the molecular structure of proteins is changed, which reduces the degradation of
proteins in the rumen and optimizes their utilization of protein.

4.7. Microscopic Images Taken from Different Treatments at 48 h of Ruminal Incubation Time

For instance, the high temperature treatment of sorghum reduces its digestibility, which
was explained as stemming from the polymerization of prolamin, and from crosslinked
prolamin (via disulphide bonds) [44]. However, in the case of the roasting treatment, visible
digestion channels can be observed. Prolonged roasting can reduce starch digestibility
by increasing the resistance of the protein network and hindering rumen microorganisms
from accessing and breaking down feed starch. Consequently, the degradability of this
treatment was found to be the lowest among all of the treatments. The treatment values
obtained from the images in this study were consistent with the degradability of the DM
and CP obtained using the in situ method. McNiven [5] reported that barley grain treated
with steam flaking, flame roasting, and exploring, could decrease ruminal crude protein.
Similarly, Ljøkjel et al. [22] found that heat treatment reduced the ruminal degradation of
starch in both barley grain and pea grain. Srakaew et al. [45] and Kokić et al. [46] found
that microorganisms have access to more starch in the rumen due to heat and moisture.
The disorganization of the starch granules in the grain’s endosperm and disruption of the
protein matrix may be to blame for this problem. Since starch digestion is not complete, the
grains continue to be processed to expand the gelatinization of the starch and, thereby, its
digestibility [47].
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5. Conclusions

According to the analysis of the SEM images, it was found that the structure of the
feed materials’ surface strongly correlates with its DM and CP degradation values. The
surface structure was determined using the different treatment methods.

Because steam flaking has a high degradability, it can be used in diet formulations
to improve the digestion processes in animals. This study points towards the benefits of
steam flaking over other methods, and additional studies are recommended to investigate
the aspects of rumen health, processing, and transport (life cycle), as well as animal-related
factors, to arrive at a complete cost-benefit overview.
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