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Abstract

This study was designed to investigate the effect of three heating methods on the

ruminal and post-ruminal nutrient degradability and starch granule morphology of

barley grain (BG - Hordeum vulgare). Treatments were Control (CG): without

processing; Roasted (RG): roasted BG for 300 s at 130�C; Microwaved (MG): irradi-

ated BG for 120 s at 1200 W; and Steam flaked (SG): BG misted for 30 min under

steam flow of boiling water and flaked. Gas production and in situ techniques were

used to evaluate the ruminal degradability of treatments, and a modified three-step

method was utilised to estimate the total-tract digestibility. Morphological changes

of starch granules were determined by field emission scanning electron microscopy

(FESEM). Ruminal gas production and dry matter disappearance were increased (p <

.05) in SG vs. CG. Heat processing had different effects on starch and crude protein

degradability; however, starch degradability increased (p < .05) from CG to SG. Post-

ruminal disappearance of dry matter in CG was greater (p < .05) than other treat-

ments. These results validated by FESEM images that explained high barley grain

degradability in relation to the number of holes on the surface of starch granules.

Heat processing can enhance ruminal and post-ruminal utilisation efficiency of barley

grain, resulting in improvement of total-tract digestibility.
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1 | INTRODUCTION

One of the major purposes of ruminant feeding management is to pre-

dict better performance based on chemical composition and feedstuff

ingredients (Dehghan-Banadaky et al., 2007). To meet high

performance dairy cattle energy requirements, barley grain is widely

used, which can perform as well as corn grain when it is hull-less

(Giuberti et al., 2014; Yang et al., 2017). Several studies mention that

grain processing and mean particle size are major factors in microbial

protein synthesis and ruminal degradability of starch (Ferraretto et al.,

2013; Yang et al., 2000; Zhao et al., 2016). Factors such as chemical

composition, morphology and amount of crystallisation of starch

granules, endosperm vitreousness, the ratio of amylose to amylopec-

tin, and the presence of a complex of lipid amylose covering the

starch granules affect the digestion dynamics of starch (Giuberti

et al., 2014). Processing improves apparent digestibility of dry matter,

protein and starch and milk yield, but decreases fine particle size

(Ahmad et al., 2010; Yan et al., 2014). Improved ruminal N utilisation
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and reduced energy loss via decreasing methane production can be con-

sidered the advantages of heat processing (Zinn, 1993). Cereal starch

cannot be digested completely in the rumen, but it is a widely known

carbohydrate source used for ruminants. Because the intact pericarp of

barley grain is resistant to bacterial attachment and ruminal digestion,

barley grain should be processed before feeding to expose the endo-

sperm to the ruminal microbial population (Dehghan-Banadaky

et al., 2007; McAllister et al., 1994). Steam rolling of grain reduces fine

particles and synchronisation of heat and moisture causes gelatinization

of starch granules, and roasting may reduce ruminal digestibility of

starch, but escaped starch from the rumen can increase the energy effi-

ciency (Dehghan-Banadaky et al., 2007). Microwave irradiation of grains

can be effective in destroying the protein matrix of covered granules,

exposing them to microbial and enzymatic digestion (Khajehdizaj et al.,

2014). In order to determine the digestibility and ruminal degradation

extent of feed stuffs, several in vitro and in situ methods were devel-

oped, which can help us to study the different responses to variations in

rumen inoculum (López, 2005). Using new technologies leads us to more

precise data, compared with old methods, in revealing information

related to natural phenomena. The field emission scanning electron

microscope can offer new insight into ways of enhancing digestibility,

by providing not only more zoom range and resolution, but also more

field of depth, which aids observation of rugged, perforated, covered

surfaces and topography of objects, especially biological ones. Limited

data are available about images of starch contribution to digestibility

with special processing. Therefore, the purpose of the present study

was to introduce nano-technology instrumentation as a new assay for

illustrating the morphology and kinetics of digestion induced by the

number of digestion orifices made by the rumen biomass, digestion bar-

riers and their obviation in barley grain.

2 | MATERIALS AND METHODS

2.1 | Animals and feeding

All animal studies followed the Iranian Council on Animal Care guide-

lines (1995). Three cannulated adult Ghezel wethers with live weights

of 50 ± 3 kg were used to obtain rumen liquor and to estimate in situ

dry matter, crude protein and starch degradation. Wethers were fed

twice a day. The total mixed ration composition formulated with

CNCPS Sheep version 1.0.21 was 270 g kg−1 alfalfa hay, 302 g kg−1

barley straw and 284 g kg−1 concentrate including dry-rolled barley

grain, ground corn grain, soybean meal, wheat bran, mineral vitamin

premix and salt (DM basis) in equal meals at the maintenance level.

Animals had free access to fresh water (NRC, 2007).

2.2 | Samples preparation and treatments

Pure-bred CB-74-2 variety of barley samples were collected from the East

Azerbaijan Research and Education Center for Agriculture and Natural

Resources (RECANR). Treatments were (a) control: barley grain without

processing (CG), (b) roasted: grains roasted (Roasting Titan EF-6100 CE

220 V, 50–60 Hz, 1,400 watt) for 300 s at 130�C (RG), (c) microwaved:

grains irradiated in a Pyrex pan in which the height was not more than

1–2 cm for 120 s at 1200 W (MG), and (d) steam flaked: grains misted for

30 min in direct steam flow of boiling water and flaked (SG).

2.3 | Chemical analysis

Samples (n = 3) were dried in an oven at 135�C for 2 hr and the DM was

calculated (AOAC, 2005; Method 930.15). Samples were analysed for ash

at 600�C for 2 hr (AOAC, 2005; Method 942.05), N content was deter-

mined using Kjeldahl (Foss Electric, Copenhagen, Denmark) (AOAC, 2005;

Method 984.13). Cell-wall content of samples (acid detergent fibre (ADF)

and Neutral detergent fibre (NDF)) were determined, using Van Soest et al.

(1991) assay, in which a heat-stable α-amylase Sigma (Number A3306,

Sigma Chemical Co., St. Louis, MO) was utilised. Ether extract (EE) content

was extracted with ether (AOAC, 2005; Method 920.39). The starch con-

tent of the samples was measured using a spectrophotometer in the wave-

length of 630 nmwith Anthrone reagent (Hedge et al., 1962).

2.4 | In vitro Gas production

Samples of both treated and untreated barley grains were ground in a

Wiley Mill adjusted to 2 mm screening, 300 mg of each sample was

weighed into 50 mL volume glass vials, samples and prepared buffer

TABLE 1 Chemical composition (%, mean ± SD)a of treated and untreated barley grain treatments

Barley grain DM CP NDF ADF EE Ash

CG 90.53 ± 3.105b 9.91 ± 1.503 20.73 ± 1.101 6.13 ± 0.350 3.87 ± 0.490 1.93 ± 0.163

RG 91.19 ± 2.816ab 10.23 ± 0.800 21.06 ± 1.321 6.89 ± 1.052 3.07 ± 1.022 1.87 ± 0.181

MG 93.00 ± 2.717a 10.11 ± 0.991 22.00 ± 1.117 7.35 ± 0.353 3.69 ± 0.341 2.02 ± 0.120

SG 91.38 ± 0.103ab 11.02 ± 0.211 21.73 ± 0.308 7.53 ± 0.309 3.57 ± 0.501 2.20 ± 0.316

NRC 2001 91.0 12.4 20.8 7.2 2.2 1.9

a–bMeans within a column with different superscripts differ (p < .05).
aDM, dry matter; CP, crude protein; NDF, neutral detergent fibre; ADF, acid detergent fibre; EE, ether extract (mean ± SD); p-value = .0001).
bCG, whole barley grain; RG, roasted barley grain; MG, microwave-irradiated barley grain; SG, steam-flaked barley grain.
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(McDougall, 1948) were kept at 39�C in a water bath. Rumen fluids from

the three cannulated adult wethers were obtained 2 h after morning

feeding and all were mixed in the same proportion. Every treatment sam-

ple was incubated in six replicates of the digestion medium contained

rumen liquor and buffer solution (1:2 vol/vol) and six blank vials were

filled with only digestion medium. The experimental vials were placed in

a shaker platform after sealing and adjusted to 39�C. Gas production data

for each vial were recorded after 2, 4, 6, 8, 12, 16, 24, 36, 48, 72 and

96 hr of incubation according to Fedorah and Hrudey (1983).

2.5 | In situ ruminal degradability

Three wethers fitted with rumen cannulas were used for in situ proce-

dures. Wethers were adapted to the diet at the maintenance level for

14 days before starting the in-situ incubation; wethers had free access

to fresh water. Rumen digestion kinetics of both treated and

untreated barley grains were estimated using the in-situ method.

Briefly, 5 g dry matter (DM) of sample ground in a Wiley Mill adjusted

to 2 mm screening was weighed into bags (60 mm × 120 mm) made

of polyester (pore size of 50 ± 4 μm). Nylon bags were sealed with

glue and placed in a larger (15 cm × 15 cm) mesh bag prior to incuba-

tion in the rumen. Two sample bags were placed in the rumen of each

wether for every incubation time of 0, 4, 8, 12, 24, 36 and 48 hr. After

each time, sample bags were rinsed under running faucet water until

the sullage was limpid, and then the bags were oven dried for 48 hr at

60�C. The same washing method was used for zero-hour bags, and

DM, crude protein (CP) and starch disappearance were estimated.

2.6 | In vitro intestinal digestion

To evaluate in vitro intestinal digestibility of DM, a modified three-step

method (Gargallo et al., 2006) was used. Ruminal residues of treatments

incubated for 12 hr with the rumen of the three wethers in nylon bags

were washed in tap water until the water was clear. Polyester bags were

oven dried for 48 hr at 60�C and pooled by animal and sample. Dried

samples (0.5 g DM) were weighed into 5 cm × 5 cm polyester (pore size

of 50 ± 3 μm) bags. Every run had three empty bags as blanks. Bags were

incubated in the incubation solution contained hydrochloric acid (0.1 M,

pH of 1.9 at 39�C) and pepsin (1 g L−1 of P-7000 [Sigma, St. Louis, Mis-

souri]) for 60 min with a steady rotation at 39�C in a Daisy incubator.

Bags were then washed in cold faucet water. The bags were re-incubated

at 39�C for 24 hr with 120 RPM in the incubation bottles containing pre-

warmed pancreatin medium according to Mesgaran and Stern (2005).

Sample bags were then oven dried for 48 hr at 60�C. Weights of the

bags and their contents were recorded.

2.7 | Field emission scanning electron microscope

To ensure that incubation of the treatments in the rumen was similar

to previous tests, bags for the field emission scanning electron T
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microscope (FESEM) procedure were incubated in the rumen for 4, 8,

12, 24, 36 and 48 hr; 0 hr bags were treated as in the in situ procedure.

But there were some changes, after each incubation time. Bags were

rinsed under running faucet water until the sullage was limpid. Samples

were fixed using 4% glutaraldehyde at 4�C for overnight. After fixation,

the samples were washed with buffer (4% Glutaraldehyde in 2 M Sodium

cacodylate) for 15 min, then serially dehydrated using 30, 50, 70, 80,

90 and 100% acetone solutions for 15 min at each dilution, but the pro-

cedure was repeated for 100% acetone solutions for 15 min after dehy-

dration (Parakhia, 2017). Samples were oven dried at 38�C for 30 min.

Sub-samples of each treatment were collected and placed in a sputter

coater for gold-platinum coating (process current 10 mA for 2 min) and

then FESEM (MIRA3 TESCAN) photos were taken at the same scale and

same magnification for all samples.

2.8 | Calculations and statistical analyses

Collected data were evaluated in a complete randomised design

using SAS software (version 9.1, the ANOVA procedure) and the

SD was considered for differences between means. Kinetics of

digestion in the gas production procedure were described using

the model of GP = A(1−e−ct). The metabolizable energy (ME, MJ

kg−1 DM) content of treatments was calculated according to the

equation of Getachew et al. (2002), while the DOM (Digestible

organic matter), and SCFA (Short chain fatty acids) were calcu-

lated using the equations of Menke (1988).

Degradation kinetics of DM, CP and starch were calculated using

the following model:

y = a+ b 1– e−ct
� �

3 | RESULTS

3.1 | Chemical composition

A significant difference (p < .05) was found between the dry matter

(DM) content of the experimental treatments, whereas the MG had the

highest and CG had the lowest DM values. However, no significant dif-

ferences were observed for other nutrients (Table 1).

3.2 | Gas production

Steam-flaked grain samples (i.e., SG) showed greater (p < .05) gas

production vs. other treatments; however, the lowest value

belonged to control samples (Table 2). The differences (p < .05)

between the estimated values of ME, SCFA and OMD, which

observed among treatments, can be related to variation in gas pro-

duced during 24 hr. Gas production parameters (A and c) were

highest in SG and lowest (p < .05) in CG vs. other treatments

(Table 3).

3.3 | Ruminal degradability

Heat processing had different effects (p < .05) on starch and crude

protein degradability; starch degradability increased from 535 (for

CG) to 569, 692 and 747 g kg−1 DM (for RG, MG and SG), respec-

tively. The CP degradability decreased (p < .05) from 555 (for CG)

to 514, 484 and 444 g kg−1 DM (for RG, MG and SG), respectively

(Table 4).

3.4 | Intestinal digestion

The digestibility showed an increase (p < .05) after 12 hr of ruminal

incubation for treated barley grain, whereas post-ruminal digestibili-

ties decreased (p < .05) vs. untreated grain. However, untreated barley

grain and SG had lower and higher (p < .05) ruminal DM disappear-

ance, respectively, vs. other treatments (Table 5).

3.5 | Field emission scanning electron microscope

To make a good comparison and avoid destruction of granules, all

photos were taken by the field emission scanning electron microscope

(FESEM) in the magnification range of 5 kX and 5 kV, and the second-

ary detector from the starch granule surface was focused on the pro-

tein matrix and holes created by the rumen biomass. According to the

photos in Figures 1 to 4, protein matrices surrounded the starch gran-

ules and limited the access of amylolytic microbes to the starch gran-

ules. Mild to severe processing methods of RG, MG and SG showed a

TABLE 3 In vitro gas production parameters (mean ± SD)a of treated and untreated barley grainb

Barley grain ME SCFA DOM A c

CG 9.12 ± 0.012d 0.92 ± 0.005d 512.8 ± 0.06d 250.94 ± 0.056d 0.0801 ± 0.0002c

RG 9.98 ± 0.005c 1.06 ± 0.001c 576.1 ± 0.10c 287.85 ± 0.063c 0.0801 ± 0.0003c

MG 10.33 ± 0.007b 1.09 ± 0.004b 591.0 ± 0.10b 294.64 ± 0.108b 0.0815 ± 0.0001b

SG 10.53 ± 0.020a 1.12 ± 0.001a 603.6 ± 0.15a 304.83 ± 0.032a 0.0845 ± 0.0006a

a–dMeans within a column with different superscripts differ (p < .05).
aCG, whole barley grain; RG, roasted barley grain; MG, microwave-irradiated barley grain; SG, steam-flaked barley grain.
bME, metabolizable energy (MJ kg−1 DM); SCFA, short chain fatty acid (mMol/200 mg DM); DOM, digestible organic matter (g kg−1 DM), A: Potential gas

production (mL g−1 DM), c: Rate constant of gas production during incubation (mL h−1)-(mean ± SD); p-value = .0001).
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different amount of disruption in the protein matrix compared to

CG. Partial removal of the protein matrix allowed the starch granules

to be digested by rumen microbes. The vastness of starch granules in

CG and SG was lower and higher, respectively. The last processing

method could embed more colonies of ruminal microorganisms, which

could make further holes on the surface. The number of holes

increased during incubation, which was the lowest and the highest in

CG and SG, respectively.

4 | DISCUSSION

4.1 | Chemical composition and gas production

The DM, ADF, NDF and CP for treated and untreated barley grain

differed from that tabulated by NRC (2001) and Zhao et al. (2016).

These differences are probably due to the variances in variety, cultiva-

tion, processing, fertilisation, species and environmental conditions.

High gas production of cereal grains may be due to their greater

concentration of fermentable carbohydrates. Most of the carbohy-

drates are fermented to short chain fatty acids and gases, especially

methane and carbon dioxide (Blümmel and Ørskov, 1993). More than

50% of barley grain carbohydrate is starch; therefore, much gas can be

produced from a starch source fermentation of barley grain. There

was a significant difference among treatments at 2 hr until 96 hr of

incubation in which steam-flaked and control grain had higher and

lower (p < .05) values than those achieved for the other treatments.

The nature of the protein matrix covering starch granules of the most-

used cereals in the ruminant diet is more effective than starch content

in both rate and extent of digestion (McAllister and Cheng, 1996). In

the severe processing methods, such as steam flaking, more fermenta-

tion is expected due to the greater starch granule surface with less

F IGURE 1 FESEM photos (HV = 5.00 KV, MAG = 5.00 KX, Bar = 5.00 μm) for the kinetics of digestion. CG-A to CG-F for 0, 4, 8, 12, 24 and
48 hr of rumen incubation, respectively

TABLE 5 Ruminal, post-ruminal and total tract DM disappearance
(mean ± SD) of treated and untreated barley grain (g kg-1 DM)a

Barley grain Ruminal Post-ruminal Total tract

CG 497.1 ± 24.09d 124.4 ± 23.34a 621.5 ± 10.01d

RG 523.5 ± 16.36c 119.1 ± 12.02b 642.7 ± 19.83c

MG 548.5 ± 8.14b 112.1 ± 23.02c 660.6 ± 21.24b

SG 599.2 ± 11.55a 105.8 ± 10.61d 705.1 ± 15.46a

a–dMeans within a column with different superscripts differ (p < .05).
aCG, whole barley grain; RG, roasted barley grain; MG, microwave-

irradiated barley grain; SG, steam-flaked barley grain (mean ± SD); p-

value = .0001).
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protein matrix barrier, which prepares more substrate for rumen bio-

mass, resulting in the reduced effect of the protein barrier, and there-

fore leading to greater fermentation and gas production. Cumulative

gas production data for treated and untreated barley grain agreed with

those reported by other researchers (Khajehdizaj et al., 2014; Paya

et al., 2014). The estimated higher ME in the SG samples could lead to

high potential gas production (A) and DOM. An earlier study (Tellez

et al. 2006) reported more blood circulation in the total tract because

of more SCFA. However, the rate and site of digestion can be impor-

tant factors for evaluating ruminant performance. Having a greater

rate of gas production in SG than in the other treatments can result

from increased surface area because of synchronised heat and mois-

ture. Rate of digestion can affect the rumen ecosystem, VFA produc-

tion and microbial protein synthesis, which can affect animal

performance.

4.2 | Ruminal degradability

During ruminal incubation, a decrease in degradability of CG was evident.

However, the finer particles will have more losses at zero hour, and in

nylon bag technique, it was assumed that starch being washed out of the

bags was degraded completely at a rapid rate. Comparing results of nylon

bag studies with those of in vivo experiments for starch escaping the

rumen revealed an underestimation of the proportion of starch escaping

from slowly degraded corn, but an overestimation of rapidly degraded

barley, oats and wheat (Nocek and Tamminga, 1991). The SG had the

highest starch degradability at the initial 8 hr of incubation versus CG

(Table 4). Water absorption and disruption of hydrogen bonds allow

accessibility for microbial or enzymatic degradation of the starch granules

(Offner et al., 2003). Rumen degradable starch is responsible for only

about 60% of the variation associated with the rumen degradable carbo-

hydrate component, revealing that structural carbohydrate digestion can

contribute a large portion of the fermentable carbohydrate (Nocek &

Tamminga, 1991). Higher degradability is expected to threaten rumen

health, especially in high-producing dairy cows that consume greater

amounts of grain and are challenged with low rumen pH in the initial time

of feeding. Woods, O'Mara, and Moloney (2002) reported different

values for starch degradability of CG compared to our data (375.0

vs. 23.0 and 899.0 vs. 535.0 g kg−1 DM at 0 hr and 48 hr, respectively).

Arieli et al. (1995) showed that heat processing has no effect on starch

degradability, whereas Sadeghi and Shawrang (2008) showed that micro-

wave irradiated barley grain for 180 s increased degradability of starch,

and more than 300 s reduced extent and rate of starch and CP

F IGURE 2 FESEM photos (HV = 5.00 KV, MAG = 5.00 KX, Bar = 5.00 μm) for the kinetics of digestion. RG-A to RG-F for 0, 4, 8, 12, 24 and
48 hr of rumen incubation, respectively
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degradation. Malcolm and Kiesling (1993) showed that steam flaking of

barley grain can increase rumen DM degradability. Ruminal degradability

parameters (a, b, c) showed differences (p < .05) among the treatments.

This finding can be a result of starch gelatinization in treated barley grain,

which may reduce the a and c values, but can increase the b value.

4.3 | Intestinal digestion

The results showed that the barley treatments with higher ruminal

degradability had lower intestinal digestibility. The disappearance of

DM in the intestine was not a result of large intestinal digestibility;

other studies also have shown that fermentation in the large intestine

has only a restricted effect on the total intestinal disappearance, both

in nylon bags (Van Straalen et al., 1997; Voigt et al., 1985) and in

in vivo experiments (Van Straalen and Tamminga, 1990). According to

the recommendations of Gargallo et al. (2006) and Taghizadeh et al.

(2005), pre-incubated samples for 12 hr in the rumen were utilised to

determine the intestinal degradability, shows actual rumen retention

time is questionable. Incubated cereals for 8 hr in the rumen can

reflect the rumen residence time (De Boer et al., 1987). Nonetheless,

an 8 hr residence time may be appropriate for cereal grains. In fact, if

the ruminal retention time of cereal samples were lower than 12 hr,

the actual values of disappearance in the intestine would be higher

than those in Table 5. The post-ruminal digestion of RG, MG and SG

showed lower values in comparison with CG, indicating that heat-

treated barley grain shifted the digestion site. Barley feeding, espe-

cially processed barley, because of large ruminant inability to properly

chew and break down the husky kernels of whole barley grain,

decreases the need for capacious small intestinal absorption, thereby

reducing hindgut starch use and faecal nutrient loss absorption

(Nikkhah, 2012). Physical or chemical manipulation of barley grain,

although it increases VFA, may reduce ruminal pH and cause meta-

bolic disorders, specifically acidosis (Anele et al., 2014; Yang et al.,

2013), Therefore, depending on the animal's physiological state, dif-

ferent diet management decisions can be made, considering that

increased ruminal degradability of barley grain because of heat treat-

ment can be harmful for rumen health, whereas increasing the total

tract digestibility of barley grain can be beneficial.

4.4 | Field emission scanning electron microscope

Using new technologies leads us to more precise data, compared with

older methods. Field emission scanning electron microscopy (FESEM)

has become a perfect technology in most of the biological sciences

F IGURE 3 FESEM photos (HV = 5.00 KV, MAG = 5.00 KX, Bar = 5.00 μm) for the kinetics of digestion. MG-A to MG-F for 0, 4, 8, 12, 24 and
48 hr of rumen incubation, respectively
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and nanotechnology. Advanced FESEM imaging techniques were used

broadly in investigating cell morphology, tissue engineering, develop-

ment of biocompatible materials, and microbiology. Thus, FESEM can

offer new insight into ways of enhancing digestibility by having more

zoom range and resolution and more depth of field, which aids obser-

vation of rugged, perforated, covered surfaces and topography of

objects. Limited data are available from images of the contribution of

starch to digestibility with special processing. Starch granules are

strictly surrounded with a protein matrix. In corn, the granules are

within the concentric rings formed during deposition of starch,

whereas the protein matrix in barley and wheat is loosely associated

with starch granules throughout the entire endosperm (McAllister and

Cheng, 1996). Starch granules digestion of barley grain in the rumen

starts from a central point of attached microbial colonies on the sur-

face of the granule, resulting in a more accessible surface of the gran-

ules, which can increase the digestion rate, although the protein

matrix provides a barrier to bacterial attachment. It should be broken

down; consequently, we could find holes on the surface of the gran-

ules. FESEM photos revealed the effect of the protein matrix covering

the granules (Figure 1). Roasting caused shrinkage and disorganisation

of the three-dimensional shape of the matrix protein (Figure 2), which

could be a reason for reduction in CP degradation of cereal grains.

Heat processing caused granules to show up and facilitated bacterial

attachment with more colony numbers, resulting in high degradability

of starch and DM in barley grain because of high accessibility of fer-

mentable carbohydrates compared to CG. McNiven et al. (1994)

found that if the nutrient content of barley is accessed slowly because

of roasting, the animal can benefit because of nutrient digestion in the

small intestine. Microwave irradiation causes rapid internal heating

that evaporates the water inside the grain, and increased pressure

ruptures the grain protein coat (Paya et al., 2014). Changes in the

physical structure of microwave-treated barley grain can be due to

higher pressure and temperature; the starch granules and protein

matrix are formed prior to the seed coat (Figure 3). In the present

study, we found not only shrinkage but also rupture of the matrix in

treated barley. These changes tended toward high ruminal degradabil-

ity of DM and starch, but low ruminal degradability of CP compared

to CG. Yan et al. (2014) reported that microwave irradiation can

reduce ruminal degradation of feed CP. They found that microwave

irradiation changes protein sub fraction values. The ruminally degrad-

able (PB1) sub fraction shifts to a partially ruminally degradable (PB2)

sub fraction, which represents the scenario of reduction in ruminal CP

degradation rate in the treated barley grains. During the steam-flaking

procedure, shrinkage and rupture under different methods occur, while

F IGURE 4 FESEM photos (HV = 5.00 KV, MAG = 5.00 KX, Bar = 5.00 μm) for the kinetics of digestion. SG-A to SG-F for 0, 4, 8, 12, 24 and
48 hr of rumen incubation, respectively
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with flaking, gelatinized granules because of synchronised heat and mois-

ture increase the surface area (Figure 4). The numerous bacterial colonies

caused high ruminal degradability of DM and starch for SG. Synchronised

heat and moisture not only increase the surface, but they also may cause

the least CP degradability. Previous studies (Peng et al., 2014; Yu, 2011)

showed that the least CP degradability was associated with a change in

protein chemical profile, protein sub fractions, rumen protein degradabil-

ity, and intestinal digestibility; all are related to changes in protein molec-

ular structure in which the amide I-to-amide II ratio and α-helix-to-

β-sheet ratios differ within the treatments.

Different heat processing of barley grain, especially steam flaking

increased DM and starch degradability in the rumen resulting in high

gas production and high disappearance. Heat-processing decreased

ruminal protein degradability and intestinal digestibility of DM and

starch. All results were well documented by the number of holes on

the starch granule surface and the composition of protein matrix cov-

erage of the starch granule surface using taken images of FESEM. It

was concluded that new technologies can be used to describe diges-

tion kinetics and also heat-processing can be used to improve

utilisation of barley grain in the ruminants.

ACKNOWLEDGEMENTS

The authors are thankful to the staff of Advanced Animal Nutrition

Laboratory and Khalat-Pooshan Research Center of University of

Tabriz. The authors thank Dr. Hamid Paya for his technical and scien-

tific consultants.

ORCID

Abdelfattah Z. M. Salem https://orcid.org/0000-0001-7418-4170

REFERENCES

Ahmad, M., Gibb, D., McAllister, T., Yang, W., Helm, J., Zijlstra, R., &

Oba, M. (2010). Adjusting roller settings based on kernel size increased

ruminal starch digestibility of dry-rolled barley grain in cattle. Canadian

Journal of Animal Science, 90, 275–278.
Anele, U. Y., Refat, B., Swift, M. L., He, Z. X., Zhao, Y. L., McAllister, T. A., &

Yang, W. Z. (2014). Effects of bulk density, precision processing and

processing index on in vitro ruminal fermentation of dry-rolled barley

grain. Animal Feed Science and Technology, 195, 28–37.
AOAC. (2005). AOAC international guidelines for laboratories performing

microbiological and chemical analyses of food and pharmaceuticals: An

aid to interpretation of ISO/IEC 17025. Rockville, MD: AOAC

International.

Arieli, A., Bruckental, I., Kedar, O., & Sklan, D. (1995). In sacco disappear-

ance of starch nitrogen and fat in processed grains. Animal Feed Sci-

ence and Technology, 51, 287–295.
Blümmel, M., & Ørskov, E. R. (1993). Comparison of in vitro gas production

and nylon bag degradability of roughages in predicting feed intake in

cattle. Animal Feed Science and Technology, 40, 109–119.
De Boer, G., Murphy, J., & Kennelly, J. (1987). Mobile nylon bag for esti-

mating intestinal availability of rumen undegradable protein. Journal of

Dairy Science, 70, 977–982.
Dehghan-Banadaky, M., Corbett, R., & Oba, M. (2007). Effects of barley

grain processing on productivity of cattle. Animal Feed Science and

Technology, 137, 1–24.
Fedorah, P. M., & Hrudey, S. E. (1983). A simple apparatus for measuring

gas production by methanogenic cultures in serum bottles. Environ-

mental Technology Letters, 4, 425–432.

Ferraretto, L., Crump, P., & Shaver, R. (2013). Effect of cereal grain type

and corn grain harvesting and processing methods on intake, digestion,

and milk production by dairy cows through a meta-analysis. Journal of

Dairy Science, 96, 533–550.
Gargallo, S., Calsamiglia, S., & Ferret, A. (2006). A modified three-step

in vitro procedure to determine intestinal digestion of proteins. Journal

of Animal Science, 84, 2163–2167.
Getachew, G., Makkar, H. P. S., & Becker, K. (2002). Tropical browses:

Contents of phenolic compounds, in vitro gas production and stoichio-

metric relationship between short chain fatty acid and in vitro gas pro-

duction. The Journal of Agricultural Science, 139, 341–352.
Giuberti, G., Gallo, A., Masoero, F., Ferraretto, L. F., Hoffman, P. C., &

Shaver, R. D. (2014). Factors affecting starch utilization in large animal

food production system: A review. Starch-Stärke, 66, 72–90.
Hedge, J., Hofreiter, B., & Whistler, R. (1962). Carbohydrate chemistry

(p. 17). New York: Academic Press.

I.C.o.A.C. (1995). Guide to the care and use of experimental animals. Isfahan,

Iran: Isfahan University of Technology Isfahan.

Khajehdizaj, F. P., Taghizadeh, A., & Nobari, B. B. (2014). Effect of feed-

ing microwave irradiated sorghum grain on nutrient utilization,

rumen fermentation and serum metabolites in sheep. Livestock Sci-

ence, 167, 161–170.
López, S. (2005). In vitro and in situ techniques for estimating digestibility.

In J. Dijkstra J. M. Forbes & J. France (Eds.). Quantitative aspects of

ruminant digestion and metabolism (2nd ed., pp. 87–121). Wallingford,

UK: CAB International.

Malcolm, K. J., & Kiesling, H. E. (1993). Dry matter disappearance and gela-

tinization of grains as influenced by processing and conditioning. Ani-

mal Feed Science and Technology, 40, 321–330.
McAllister, T. A., Bae, H. D., Jones, G. A., & Cheng, K.-J. (1994). Microbial

attachment and feed digestion in the rumen. Journal of Animal Science,

72, 3004–3018.
McAllister, T. A., & Cheng, K.-J. (1996). Microbial strategies in the ruminal

digestion of cereal grains. Animal Feed Science and Technology, 62,

29–36.
McDougall, E. I. (1948). Studies on ruminant saliva. 1. The composition

and output of sheep's saliva. Biochemical Journal, 43, 99–109.
McNiven, M. A., Hamilton, R. M. G., Robinson, P. H., & deLeeuw, J. W.

(1994). Effect of flame roasting on the nutritional quality of common

cereal grains for non-ruminants and ruminants. Animal Feed Science and

Technology, 47, 31–40.
Menke, K. H. (1988). Estimation of the energetic feed value obtained from

chemical analysis and in vitro gas production using rumen fluid. Animal

Research and Development, 28, 7–55.
Mesgaran, M. D., & Stern, M. D. (2005). Ruminal and post-ruminal protein

disappearance of various feeds originating from Iranian plant varieties

determined by the in situ mobile bag technique and alternative

methods. Animal Feed Science and Technology, 118, 31–46.
Nikkhah, A. (2012). Barley grain for ruminants: A global treasure or trag-

edy. Journal of Animal Science and Biotechnology, 3, 22.

Nocek, J. E., & Tamminga, S. (1991). Site of digestion of starch in the gas-

trointestinal tract of dairy cows and its effect on milk yield and compo-

sition. Journal of Dairy Science, 74, 3598–3629.
NRC. (2007). Nutrient requirements of small ruminants: Sheep, goats, cervids,

and New World camelids. Washington, D.C.: The National Academies

Press.

NRC. (2001). Nutrient requirements of dairy cattle. Washington, D.C.: The

National Academies Press.

Offner, A., Bach, A., & Sauvant, D. (2003). Quantitative review of in situ

starch degradation in the rumen. Animal Feed Science and Technology,

106, 81–93.
Parakhia, M. V. (2017). Application of scanning electron microscope in

agriculture. New Delhi: MedCrave Group LLC, India, pp. 1–27.
Paya, H., Taghizadeh, A., Janmohammadi, H., Moghaddam, G. A.,

Khani, A. H., & Alijani, S. (2014). Effects of microwave irradiation on

SHIRMOHAMMADI ET AL. 517

https://orcid.org/0000-0001-7418-4170
https://orcid.org/0000-0001-7418-4170


in vitro ruminal fermentation and ruminal and post-ruminal disappear-

ance of safflower seed. Journal of Biodiversity and Environmental Sci-

ences, 5, 349–356.
Peng, Q., Khan, N. A., Wang, Z., & Yu, P. (2014). Moist and dry heating-

induced changes in protein molecular structure, protein subfractions,

and nutrient profiles in camelina seeds. Journal of Dairy Science, 97,

446–457.
Sadeghi, A. A., & Shawrang, P. (2008). Effects of microwave irradiation on

ruminal dry matter, protein and starch degradation characteristics of

barley grain. Animal Feed Science and Technology, 141, 184–194.
Taghizadeh, A., Mesgaran, M. D., Valizadeh, R., Shahroodi, F. E., &

Stanford, K. (2005). Digestion of feed amino acids in the rumen and

intestine of steers measured using a mobile nylon bag technique. Jour-

nal of Dairy Science, 88, 1807–1814.
Tellez, G., Higgins, S. E., Donoghue, A. M., & Hargis, B. M. (2006). Diges-

tive physiology and the role of microorganisms. Journal of Applied Poul-

try Research, 15, 136–144.
Van Soest, P. J., Robertson, J. B., & Lewis, B. A. (1991). Methods for die-

tary fiber, neutral detergent fiber, and nonstarch polysaccharides in

relation to animal nutrition. Journal of Dairy Science, 74, 3583–3597.
Van Straalen, W. M., Odinga, J. J., & Mostert, W. (1997). Digestion of

feed amino acids in the rumen and small intestine of dairy cows

measured with nylon-bag techniques. British Journal of Nutrition, 77,

83–97.
Van Straalen, W., & Tamminga, S. (1990). Protein degradation of ruminant

diets. In J. Wiseman & D. J. A. Cole (Eds.), Feedstuff evaluation (pp. 55–72).
Oxford, UK: Butterworth/Heinemann.

Voigt, J., Piatkowski, B., Engelmann, H., & Rudolph, E. (1985). Measure-

ment of the postruminal digestibility of crude protein by the bag tech-

nique in cows. Archiv für Tierernährung, 35, 555–562.
Woods, V., O'Mara, F., & Moloney, A. (2002). The in situ ruminal degrad-

ability of concentrate feedstuffs in steers as affected by level of feed

consumption and ratio of grass silage to concentrate. Animal Feed Sci-

ence and Technology, 100, 15–30.

Yan, X., Khan, N. A., Zhang, F., Yang, L., & Yu, P. (2014). Microwave irradia-

tion induced changes in protein molecular structures of barley grains:

Relationship to changes in protein chemical profile, protein sub-

fractions, and digestion in dairy cows. Journal of Agricultural and Food

Chemistry, 62, 6546–6555.
Yang, W. Z., Beauchemin, K. A., & Rode, L. M. (2000). Effects of barley

grain processing on extent of digestion and milk production of lactat-

ing cows. Journal of Dairy Science, 83, 554–568.
Yang, W. Z., Oba, M., & McAllister, T. A. (2013). Quality and precision

processing of barley grain affected intake and digestibility of dry

matter in feedlot steers. Canadian Journal of Animal Science, 93,

251–260.
Yang, Y., Ferreira, G., Teets, C. L., Corl, B. A., Thomason, W. E., &

Griffey, C. A. (2017). Effects of feeding hull-less barley on production

performance, milk fatty acid composition, and nutrient digestibility of

lactating dairy cows. Journal of Dairy Science, 100, 3576–3583.
Yu, P. (2011). Dry and moist heating-induced changes in protein molecular

structure, protein subfraction, and nutrient profiles in soybeans. Jour-

nal of Dairy Science, 94, 6092–6102.
Zhao, Y., Yan, S., He, Z., Anele, U. Y., Swift, M. L., McAllister, T. A., &

Yang, W. (2016). Effect of starch content and processing method on in

situ ruminal and in vitro intestinal digestion of barley grain in beef

heifers. Animal Feed Science and Technology, 216, 121–128.
Zinn, R. A. (1993). Influence of processing on the comparative feeding

value of barley for feedlot cattle. Journal of Animal Science, 71, 3–10.

How to cite this article: Shirmohammadi S, Taghizadeh A,

Hosseinkhani A, Moghaddam GA, Salem AZM, Pliego AB.

Ruminal and post-ruminal barley grain digestion and starch

granule morphology under three heat methods. Ann Appl Biol.

2021;178:508–518. https://doi.org/10.1111/aab.12662

518 SHIRMOHAMMADI ET AL.

https://doi.org/10.1111/aab.12662

	Ruminal and post-ruminal barley grain digestion and starch granule morphology under three heat methods
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animals and feeding
	2.2  Samples preparation and treatments
	2.3  Chemical analysis
	2.4  In vitro Gas production
	2.5  In situ ruminal degradability
	2.6  In vitro intestinal digestion
	2.7  Field emission scanning electron microscope
	2.8  Calculations and statistical analyses

	3  RESULTS
	3.1  Chemical composition
	3.2  Gas production
	3.3  Ruminal degradability
	3.4  Intestinal digestion
	3.5  Field emission scanning electron microscope

	4  DISCUSSION
	4.1  Chemical composition and gas production
	4.2  Ruminal degradability
	4.3  Intestinal digestion
	4.4  Field emission scanning electron microscope

	ACKNOWLEDGEMENTS
	REFERENCES


