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abstract
the aim of the study was to determine the effect of the method of fragmentation of hybrid rye and 
maize grain on digestibility parameters for ruminants. Varying degrees of fragmentation – none 
(whole grains; Wg), crushed (cg) or ground to pass through a 4.0 (gg4.0) or 1.5 mm (gg1.5) 
screen – were estimated by the in sacco nylon bag technique, in vitro true digestibility (iVtd), and 
the in vitro gas production (gp) technique. Wg, cg, gg4.0 and gg1.5 were categorized as none, 
slight, moderate and extensive fragmentation of the grain kernel, respectively. three non-lactating 
cows fitted with ruminal and duodenal cannulas were used to determine the effective rumen degra-
dability (Erd) and intestinal and total tract digestibility (id and ttd, respectively) of dry matter 
(dm), crude protein (cp) and starch. iVtd was determined with an anKom daisyii incubator, 
and gp and in vitro organic matter digestibility were determined with an anKomrf gas produc-
tion system. dry matter, cp and starch of hybrid rye grain were rapidly degraded in the rumen, 
and this degradability as well as id and ttd was only marginally affected by the method of kernel 
fragmentation; however, among the methods used, the Erd of gg4.0 rye was the lowest. on the 
other hand, the greater the degree of kernel fragmentation, the higher Erd, id and ttd were 
obtained for the dm, cp and starch of maize grain. in summary, rye grain is more susceptible to 
fermentation in the rumen than maize grain, but the means of grain processing may alter the rate, 
extent and site of their digestion, particularly for maize grain.
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Maize grain is one of the most popular cereal grains used in diets for ruminants. 
However, due to the relatively high prices of maize grain and some difficulties in 
maize cultivation (e.g. low resistance to drought and increasing difficulties in con-
trolling pests), a search for alternatives to maize grain in ruminant nutrition is justi-
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fied. Compared to maize, hybrid varieties of rye are resistant to disease and frost and 
are less often contaminated with mycotoxins (Grajewski et al., 2012). Furthermore, 
the yield potential of hybrid varieties of rye is higher and much more stable than that 
of open-pollinated varieties (Petr, 2005).

Compared with the starch of maize grain, rye grain starch is rapidly fermented 
in the rumen (Micek, 2008; Benninghoff et al., 2015; Krieg et al., 2017), which may 
increase the risk of ruminal acidosis (Plaizier et al., 2009). This, in combination with 
the lower energy content of rye grain as compared to maize grain (NRC, 2001), often 
leads to unwilling use of rye grain in diets for high-yielding dairy cows or finish-
ing beef cattle (Micek, 2008). In contrast, when ruminants are fed grain containing 
starch that degrades slowly in the rumen, such as maize, substantial quantities of 
starch may avoid microbial fermentation in the rumen and become available for di-
gestion in the small intestine (Tothi et al., 2003). Although post-ruminal starch diges-
tion is energetically more favourable for ruminants (Sauvant, 1997), excessive starch 
escape from the rumen may limit microbial protein synthesis in the rumen, and thus 
the amount of protein available to the animal (Wang et al., 2009). Furthermore, be-
cause intestinal starch digestion in ruminants is limited (Owens et al., 1986), an 
excessive amount of starch entering the small intestine may cause starch to flow into 
the colon, leading to undesired starch fermentation in this part of the gastrointestinal 
tract (Mills et al., 1999).

Several strategies have been developed to accelerate or slow down the digestion 
kinetics of cereal grains in the rumen, depending on the intensity of grain fermenta-
tion in the rumen and the desired impact on livestock performance (Svihus et al., 
2005). Physical processing of cereal grains for ruminants usually involves grind-
ing (milling), cracking, flaking (rolling) or steam-flaking. Of these methods, cereal 
grains are commonly ground prior to feeding to increase nutrient availability as well 
as to facilitate mixing of grain with other feeds. Grinding breaks the pericarp, result-
ing in greater exposure of the endosperm to digestive enzymes. Therefore, the rate of 
starch digestion in the rumen increases inversely to the extent of kernel fragmenta-
tion (Ørskov, 1986). However, the final results of grain kernel processing can vary 
between cereal species or even cultivars. For example, the number of broken starch 
granules during grinding is influenced by the strength of the bond between the starch 
and the protein matrix surrounding the starch granules. In maize, the bond between 
the protein and starch is quite strong, resulting in a large number of broken starch 
granules in ground material (Hoseney, 1994) and a large surface area for digestion, 
which may at least partly explain why grinding increases ruminal degradation of 
starch more in maize than in rye, barley or wheat (Svihus et al., 2005; Micek, 2008). 

The effects of cereal grain fragmentation and other grain processing methods 
on nutrient utilization by ruminants have been reviewed extensively (Ørskov, 1986; 
Rowe et al., 1999; Svihus et al., 2005). However, most studies have focused on the 
effect of physical treatment of grain on starch utilization, while much less attention 
has been devoted to crude protein (CP) utilization. When cereal grains account for 
a substantial proportion of dietary dry matter (DM), e.g. in diets for high-yielding 
cows or finishing beef cattle, a significant amount of protein is also supplied with ce-
real grains. Therefore, a full characterization of the nutritional value of cereal grains 
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for ruminants requires knowledge not only of starch degradation in the rumen, but 
also protein degradation, as well as its post-ruminal digestion (Woods et al., 2003).

The hypothesis of this study was that although rye grain is more rapidly degraded 
in the rumen than maize grain, the site of its digestion along the gastrointestinal tract 
could be altered by grain fragmentation. The specific aim of the study was to char-
acterize the ruminal degradability and post-ruminal digestibility of the DM, CP and 
starch of whole, crushed and coarsely or finely ground rye and maize grain using in 
sacco and in vitro methods.

material and methods

The study was conducted at the Department of Animal Nutrition and Dietetics of 
the University of Agriculture in Krakow, Poland. Three fistulated cows were kept at 
the National Research Institute of Animal Production (Balice, Poland). Animal care 
procedures followed the recommendations of the Local Ethics Committee (Krakow, 
Poland).

materials 
Rye grain of a hybrid variety (Brasetto cultivar; KWS Lochow, Prusy, Poland) 

and maize grain (Podium cultivar; KWS Lochow, Prusy, Poland) were i) not pro-
cessed (whole grain; WG), ii) crushed (with a ROmiLL S100 mill, BAG Polska, 
Krzemieniewo, Poland; CG); or ground (with a Pulverisette 15 Laboratory Cutting 
Mill, Fritsh GmbH, Idar-Oberstein, Germany) to pass through a iii) 4.0 mm sieve 
(coarsely ground; GG4.0) or iv) 1.5 mm sieve (finely ground; GG1.5). WG, CG, 
GG4.0 and GG1.5 were categorized as none, slight, moderate and extensive frag-
mentation of grain kernel. The aim of this study was to establish whether rye grain 
degradability in the rumen and post-ruminal digestion can be altered to any extent by 
processing intensity and method. Representative photos of processed cereal grains 
are presented in Figure 3.

In sacco measurements
Dry matter, CP and starch degradation in the rumen was determined in situ us-

ing the nylon bag technique as described by Ørskov and McDonald (1979) with 
minor modification (Kowalski et al., 1995). Three non-lactating Holstein-Friesian 
cows (610 ± 30 kg) fitted with rumen cannulas and a T-shaped (gutter flange) duo-
denal cannulas were used for the study. The animals were fed 7.6 kg of DM/day of 
a diet consisting of 70% hay and 30% concentrate (DM basis). Feed was supplied in 
two equal meals at 8 a.m. and 4 p.m. The animals had free access to water and salt  
licks. 

Four separated runs of the analysis for each cow were completed with 2 feeds 
incubated simultaneously within each run (4 runs × 2 feeds). Additionally, each run 
was accompanied by 2 bags of standard feed (grass hay, 8 h of incubation) per cow 
with known DM. There were no differences between runs in DM degradability of 
standard feed and no corrections of in situ results were made. 
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Figure 3. Rye grain of hybrid variety (A) and maize grain (B) processed to obtain four degrees of kernel 
fragmentation: whole grain (WG), crushed (CG), or ground to pass through a 4.0 mm sieve (coarsely 

ground; GG4.0) or a 1.5 mm sieve (finely ground; GG1.5)

Samples of 3.2 g of whole or processed grains were weighed into nylon bags 
(Ankom Technology, Fairport, NY, USA; pore size 50 μm; internal dimensions:  
7 × 12 cm), yielding a ratio of sample mass per bag area of 19 mg/cm2. Bags were 
introduced in the rumen at the same time just before the morning feeding and pulled 
out after 2, 4, 8, 16, 24, 48 or 72 h of incubation. Twenty four measurements (eight 
replications for each of three cows) were made for each incubation time and each 
feed. After removal from the rumen, the bags were rinsed in cold water and fro-
zen (−20ºC). After delivery to the laboratory, the bags were thawed and washed in  
a washing machine with two successive 10 min washings without centrifugation. 
Then they were dried at 60°C for 48 h and weighed. Residues from bags for each 
animal and for each incubation time separately were then pulled and used for perfor-
mance of chemical analysis. Bags with samples of feed not incubated in the rumen 
(zero incubation time), handled similarly to the incubated ones, were used to esti-
mate washing losses from bags. Prior to washing procedures, these bags were soaked 
in warm water (39°C) for 30 min. 

Intestinal digestibility was determined as previously described by Peyraud et al. 
(1988) using polyester nitrogen-free bags (Ankom Technology; 6 × 6 cm, pore size 
50 µm). Before incubation, the bags were rinsed with acetone and oven-dried for  
1 h at 105°C, and then filled with 1.2 g of sample, which was about 1.0 g of DM per 
bag. Four separate runs for each cow were completed with 2 samples (feeds) per run 
and twelve bags used per each sample (2 sample × 12 bags). Additionally, 2 bags 
of standard feed (grass hay) per cow and per run were always analysed. Bags were 
pre-incubated in the rumen for 16 h. Incubation began before afternoon feeding and 
was completed before morning feeding the next day. After removal from the rumen, 
the bags were pre-rinsed with tap water and then incubated at 39°C for 2.5 h in 
pepsin-HCl solution (Sigma-Aldrich, St. Louis, MO, USA; 3 g of pepsin per 1 L of 
0.1 n HCl, pH = 2.0). After incubation, the bags were rinsed with cold tap water and 
inserted into the duodenum (three bags simultaneously; 12 min intervals between 
sets of bags). Bags recovered from feces were pre-washed in tap water, then rinsed 
in a washing machine (two rinse cycles without centrifugation) and dried in an air-
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forced oven at 55°C for 48 h, cooled in desiccators, and weighed. Residues from 
bags for each animal and for each sample were then pulled and used for performance 
of chemical analysis. Only bags recovered from feces within 24 h after insertion into 
the duodenum were used in this procedure. 

In vitro true digestibility 
In vitro true digestibility (IVTD) was carried out using F57 bags (Ankom Tech-

nology; 50 × 55 mm, pore size 25 μm) according to ANKOM Technology Me- 
thod 3 (https://www.ankom.com/sites/default/files/document-files/Method_3_Invit-
ro_D200_D200I.pdf). The bags were rinsed in acetone for 5 min, dried (2 h, 105°C) 
and weighed. Exactly 0.250 g of sample was weighed into the bag and then the bag 
was heat-sealed. At the same time, eight bags with each feed were incubated in four 
jars (2 bags per jar) and this procedure was repeated 3 times (3 runs). One bag per 
jar was left empty (blank sample) and one bag per jar was filled with a standard feed 
(grass hay with known IVTD). Pre-warmed buffer A (KH2PO4 – 10.0 g/L, NaCl – 0.5 
g/L, MgSO4 × 7H2O – 0.5 g/L, CaCl2 × 2H2O – 0.1 g/L, Urea – 0.5 g/L; 39°C) and 
buffer B (Na2CO3 – 15.0 g/L, Na2S × 9H2O – 1.0 g/L; 39°C) were mixed in a 5:1 ra-
tio, and the pH was adjusted to 6.8. A 160 mL volume of buffer solution was poured 
into each jar. Bags with samples were placed in the incubation jars 20 min before 
starting the incubation (this was the time necessary to prepare the inoculum).

Rumen digesta (both fluid and solid fractions) were collected before morning 
feeding from the three Holstein-Friesian cows previously used for the in sacco meas-
urements. The digesta was blended (Standmixer, Bosch, type CNSM03ST) at the 
highest speed for 30 s and then filtered through four layers of cheesecloth into a pre-
heated (39°C) beaker. A 400 mL volume of filtered mixed digesta was added to each 
jar with buffer solution. The samples were incubated in a DaisyII Incubator (Ankom 
Technology) for 24 h at 39°C. The inoculum was purged for 30 s with CO2 at each 
step of handling and preparation.

Bags removed from incubation jars were rinsed with cold tap water and placed in 
an ANKOM200 Fiber Analyzer (Ankom Technology). The procedure described below 
for NDF determination was followed. After analysis, the bags were dried to constant 
weight in an air-forced oven at 55°C, cooled in desiccators and weighed. IVTD was 
calculated as follows:

where: 
W1 = bag tare weight (g), 
W2 = sample weight (g),
W3 = final bag weight after in vitro incubation and sequential neutral detergent 

treatment (g), C1 = blank bag correction (final oven-dried weight/original blank bag 
weight).

%IVTD = (DM basis) =
100 – (W3 – [W1 × C1])

([W]2 × DM)
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gas production technique
In vitro gas production (GP) was determined using the ANKOM RF Gas Produc-

tion System (Ankom Technology). The system consisted of 12 bottles equipped with 
pressure sensors (RF modules with a lid), a receiving base station, and a computer. 
For all experimental samples a total of 48 bottles ([4 treatments × 2 cereal species 
+ 2 blanks + 2 standard feed = 12) in 4 separate runs (12 × 4 = 48]) were incubated.  
A standard feed was a grass hay with known GP24 and GP kinetics. Air-dried sam-
ples of feeds (500 mg) were weighed in triplicate into 250 mL glass bottles and 
incubated overnight in a buffered solution (Goering and Van Soest, 1970) at 39°C. 
Rumen digesta was collected as described for IVTD measurements. The digesta was 
filtered through two layers of cheesecloth and mixed with the buffer in a 1:5 ratio. 
A 125 mL volume of this mixture was poured into each bottle with a sample. Glass 
bottles were purged with CO2, closed with the lid, and incubated in a water bath with 
shaker for 24 h at 39°C. Gas pressure in the bottles was recorded every 10 min. Then 
the gas pressure change during 24 h of incubation (ΔP) was converted to gas volume 
(GP24, mL) using the ideal gas law (Tagliapietra et al., 2011):

GP24 = (ΔP/Po) × Vo

where: 
ΔP = cumulated pressure change (psi) in the bottle headspace, 
Vo = bottle headspace volume (ml), 
Po = atmospheric pressure measured by the equipment at the beginning of the 

study. 

The final GP24 volume of bottles with no feed (blank) was subtracted from the 
final GP24 volume for bottles with feed to correct for baseline fermentation in the 
rumen fluid. In vitro organic matter digestibility (OMD) of samples was calculated 
from the volume of gas produced according to an equation proposed by Menke and 
Steingass (1988):

OMD (%) = 14.88 + 0.889GP200 + 0.45CP + 0.065Ash

where: 
GP200 = cumulative gas production during 24 hour incubation expressed in mL 

per 200 mg of DM, 
CP = crude protein content in the sample (% DM),
Ash = crude ash in the sample (% DM).

chemical analysis 
Air-dried samples of rye and maize grain were ground to pass through a 1 mm 

sieve and analysed for content of DM, ash, CP and ether extract (EE) using stand-
ard analytical procedures (procedure nos. 934.01, 942.05, 976.05 and 920.39, for 
DM, ash, CP and EE, respectively; AOAC, 2005). Neutral detergent fibre, performed 
with heat-stable amylase (NDF; Mertens, 2002), acid detergent fibre (ADF; AOAC, 
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2005; official method 973.18), and acid detergent lignin (ADL; Robertson and Van 
Soest, 1981) were determined using an Ankom220 Fiber Analyzer (Ankom Technol-
ogy). The starch content was determined by an enzymatic method (Faisant et al., 
1995). The same procedures were used for chemical analyses of the residues from 
the in sacco measurements and in vitro technique (IVTD). Total content of non-
starch polysaccharides (T-NSP), including water-soluble non-starch polysaccharides 
(WS-NSP) and water-insoluble non-starch polysaccharides (WIS-NSP), was deter-
mined by chromatography (Englyst and Cummings, 1984) as the sum of sugars: 
rhamnose, fructose, arabinose, xylose, mannose, galactose and glucose. Total dietary 
fibre (TDF; method no. 32-25; AACC, 2011) was determined as the sum of T-NSP, 
uronic acids, resistant starch and lignin.

calculations and statistical analysis 
Effective rumen degradability (ERD) and degradation constants (A, B, C) were 

calculated by the Marquardt method (NLIN procedure of SAS; SAS Inst. Inc., Cary, 
NC, USA) using an equation proposed by Ørskov and McDonald (1979):

ERD (%) = A + ([B × C]/[C + k])

where: 
A = soluble fraction immediately degraded in the rumen (%), 
B = fraction degraded in the rumen at rate C (%), 
C = rate of rumen degradability of fraction B (%/h), 
k = rate of outflow from the rumen 0.06/h.

Intestinal digestibility (ID) coefficients of by-pass DM, CP and starch were cal-
culated according to Kowalski et al. (1995):

ID (%) = 100 × (F × [100 – RD16] – F × [100 – TTD]) / (F × [100 – RD16])

where: 
F = DM or nutrient contents is sample before incubation (g), 
RD16 = 16 h rumen degradability (%),
TTD = total tract digestibility (TTD (%) = 100 × [F – G] / F), 
F = DM or nutrient contents is sample recovered from feces (g).

To calculate ID and total tract digestibility (TTD), 16 h ruminal degradability 
from the previously described in situ study was considered. 

Data were subjected to two-way analysis of variance using PROC MIXED in 
SAS (SAS Inst. Inc., Cary, NC, USA). The statistical model included the effect of 
the cereal type (maize vs rye), grain fragmentation (WG, CG, GG4.0 or GG1.5), and 
the cereal type × grain fragmentation interaction, as fixed effects. When a significant 
effect of the interaction was found, means were separated using the PDIFF procedure 
in SAS with Duncan’s adjustment. Data from in sacco studies (rumen degradabil-
ity and intestinal digestibility parameters) were analysed by considering cow as the 
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experimental unit. For in situ data, the calculations were performed for each animal, 
using the incubated bags at each time point as repeated measurements. IVTD data 
were analysed as a randomized complete block design, in which the incubation series 
(runs) was considered as a block and the mean value of the two bags of each sample 
in each experimental jar from each series as the experimental unit (n = 12). In the 
case of the results for 24 hour gas production (GP24) and organic matter digestibility 
(OMD), the model included individual bottles from each run as the experimental 
unit (n=4). Linear regression between selected parameters was calculated using the 
REG procedure of SAS. Data are presented as least squares means and standard er-
ror of the mean (SEM). Differences between means were considered significant at  
P<0.05. 

results

Compared with maize grain, rye grain had higher CP, NDF, ADF and ADL con-
tent, but lower starch and EE content (Table 1). T-NSP in rye grain was over two 
times higher than in maize grain, mainly due to WS-NSP content that was over five 
times higher in rye grain. Rye grain contained over twice as much TDF, arabinose, 
xylose and glucose, and over 10 times more galactose than maize grain. 

Table 1. Chemical composition and carbohydrate structure of hybrid rye and maize grain (g/kg DM)
Item Rye grain Maize grain

Crude protein 125.6 102.0
Ether extract 16.1 54.6
Ash 20.9 15.5
Starch 767.5 823.9
NDF 205.2 102.1
ADF 60.2 48.2
ADL 29.9 21.0
NFC1 632.2 725.8
T-NSP2 146.7 67.3
WIS-NSP3 93.0 57.0
WS-NSP4 53.7 10.3
TDF5 187.0 91.0
Arabinose 33.0 14.1
Xylose 49.5 16.6
Mannose 6.2 4.8
Galactose 4.1 0.4
Glucose 53.9 28.2

1Non-fibre carbohydrates; NFC = 1000 – (NDF + CP + EE + Ash).
2Total content of non-starch polysaccharides.
3Water-insoluble non-starch polysaccharides.
4Water-soluble non-starch polysaccharides.
5Total dietary fibre.
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Irrespective of grain processing, ERD of DM was higher for rye grain than for 
maize grain (cereal grain, P<0.001; Table 2). Fragmentation of rye grain increased 
the ERD of DM from 10.3% for WG to over 75% for processed grain. For processed 
rye, ERD of DM was lowest for GG4.0, intermediate for CG, and highest for GG1.5. 
For maize grain, ERD of DM increased with the degree of grain fragmentation, but 
did not exceed 55% (cereal grain × grain fragmentation interaction, P=0.001). Fur-
thermore, the difference between fragmentation methods was as high as 44% (CG vs 
GG1.5). In the case of processed rye grain, fraction A of DM was lowest for GG4.0, 
intermediate for CG, and highest for GG1.5, while for processed maize grain, frac-
tion A increased from CG to GG4.0 to GG1.5 (cereal grain × grain fragmentation 
interaction, P=0.001). 

The ID and TTD of DM for processed rye grain were close to or exceeded 90% 
(Table 2). On the other hand, the ID and TTD of DM for processed maize grain in-
creased from CG to GG1.5, with values comparable to those observed for rye grain 
only for GG1.5 maize (cereal grain × grain fragmentation interaction, P≤0.026). Fur-
thermore, TTD of DM for WG rye was much higher than for WG maize (53.2 vs 
17.7% for rye and maize grain, respectively).

Table 2. Effect of grain fragmentation on effective rumen degradability (ERD), degradability constants 
(A, B, C), intestinal digestibility (ID) and total tract digestibility (TTD) of dry matter of hybrid rye and 

maize grain

Item Grain 
fragmentation1 A (%) B (%) C (%/h) ERD (%) ID (%) TTD (%)

Cereal grain     Rye WG 1.6 e 96.7 a 1.2 c 10.3 g 45.3 e 53.2 d

CG 52.3 b 41.7 ef 11.3 b 79.8 b 92.3 a 93.5 a

GG4.0 27.6 c 63.5 cd 19.0 a 75.8 a 89.3 b 90.9 b

GG1.5 65.7 a 28.3 f 18.3 a 86.8 c 91.9 a 93.2 a

Maize WG 1.1 e 50.6 de 0.5 c 4.4 h 13.6 f 17.7 e

CG 2.2 e 97.1 a 2.2 c 30.9 f 52.6 d 54.8 d

GG4.0 11.2 d 88.2 ab 4.3 c 47.3 e 74.3 c 75.5 c

GG1.5 29.9 c 76.3 bc 4.1 c 54.8 d 93.0 a 93.3 a

Effect  (P-value) Grain (G) <0.001 <0.001 <0.001 <0.001 0.001 0.001

Fragmentation (F) <0.001 <0.001 0.036 <0.001 <0.001 <0.001

G × F2 0.001 <0.001 0.002 0.001 0.026 0.003

SEM 1.76 3.47 0.98 0.56 2.46 2.31

a, b, c Means within a column with different superscripts are significantly different (P≤0.01).
1WG – whole grain; CG – crushed grain; GG4.0 – grain ground to pass through 4.0 mm sieve; GG1.5 – grain 

ground to pass through 1.5 mm sieve.
2Interaction between cereal grain and grain fragmentation.

As in the case of ERD of DM, ERD of starch was much higher for rye grain than 
for maize grain (cereal grain, P<0.001; Table 3), and grain fragmentation increased 
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the ERD of rye starch from 18.3% for WG to over 85% for processed grain. Starch 
of processed rye grain, especially CG and GG1.5, was rapidly degraded during the 
first 8 h of incubation in the rumen (Figure 1 A). On the other hand, the ERD of 
maize grain starch increased with the degree of grain fragmentation, but did not ex-
ceed 57.5% (cereal grain × grain fragmentation interaction, P=0.001). Furthermore, 
as in the case of ERD of DM, ERD of starch for processed rye grain was lowest 
for GG4.0, intermediate for CG, and highest for GG1.5, but the difference between 
processed grains did not exceed 11%, as compared with 36% differences between 
differently processed maize grains. For processed rye, fraction A of starch was low-
est for GG4.0, intermediate for CG, and highest for GG1.5, whereas for maize grain, 
fraction A increased from CG to GG4.0 to GG1.5 (cereal grain × grain fragmentation 
interaction, P=0.001). The reverse results were observed for fraction B. Effective 
rumen degradability of starch for WG was very low.

Starch of processed rye grain was nearly completely digested in the total digestive 
tract (> 99%), whereas such high digestion of starch for maize grain was observed 
only for GG1.5 maize (cereal grain × grain fragmentation interaction, P=0.006; Ta-
ble 3). On the other hand, ID of starch for rye grain increased with grain fragmen-
tation, whereas for maize grain it was lowest for GG4.0, intermediate for CG, and 
highest for GG1.5; however, the difference between CG and GG4.0 was only 2%. It 
is worth noting that both ID and TTD of starch for WG rye exceeded 50%, whereas 
ID and TTD of starch for WG maize was under 25%.

Table 3. Effect of processing on degradability constants (A, B, C), effective rumen degradability 
(ERD), intestinal digestibility (ID) and total tract digestibility (TTD) of starch of hybrid rye and maize 

grain

Item Grain 
fragmentation1 A (%) B (%) C (%/h) ERD (%) ID (%) TTD (%)

Cereal grain     Rye WG 8.8 ef 86.9 ab 2.4 d 18.3 g 56.4 d 64.9 c

CG 49.3 b 49.4 d 50.5 a 92.5 b 73.0 bc 99.2 a

GG4.0 37.7 c 60.3 c 25.3 bc 85.5 c 87.2 b 99.1 a

GG1.5 71.6 a 27.9 e 48.2 ab 96.0 a 100.0 a 100.0 a

Maize WG 1.2 f 36.5 e 0.1 d 4.6 h 19.9 e 24.9 e

CG 3.5 f 96.0 a 2.3 d 36.9 f 58.7 c 61.3 d

GG4.0 12.2 e 87.3 ab 4.2 cd 50.5 e 55.3 d 81.9 b

GG1.5 21.4 d 78.3 b 4.0 cd 57.5 d 98.0 a 99.2 a

Effect  (P-value) Grain (G) <0.001 <0.001 0.001 <0.001 <0.001 <0.001

Fragmentation (F) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

G × F2 0.001 0.001 0.003 0.001 0.002 0.006

SEM 1.66 1.87 1.09 0.21 2.61 2.26

a, b, c Means within a column with different superscripts are significantly different (P≤0.01).
1WG – whole grain; CG – crushed grain; GG4.0 – grain ground to pass through 4.0 mm sieve; GG1.5 – grain 

ground to pass through 1.5 mm sieve.
2Interaction between cereal grain and grain fragmentation.
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Irrespective of grain processing, ERD of CP was about two times higher for rye 
grain than for maize grain (cereal grain, P=0.001; Table 4). Fragmentation of rye 
grain increased the ERD of CP from 15.9% for WG to 83.8% for processed grain. 
Most of the CP of processed rye grain was degraded in the first 8 h of incubation in 
the rumen (Figure 1 B). For processed rye, ERD of CP was lowest for GG4.0, inter-
mediate for CG, and highest for GG1.5. ERD of CP for maize grain increased with 
the degree of grain fragmentation (cereal grain × grain fragmentation interaction, 
P<0.001), and difference between fragmentation methods was as high as 51% (CG 
vs GG1.5). In the case of processed rye grain, fraction A of CP was lowest for GG4.0, 
intermediate for CG, and highest for GG1.5, whereas for processed maize grain, 
fraction A increased from CG to GG4.0 to GG1.5 (cereal grain × grain fragmenta-
tion interaction, P<0.001). Effective rumen degradability of CP for whole grain was 
15.9% and 6.9% for rye and maize grain, respectively.

Table 4. Effect of processing on effective rumen degradability (ERD), degradability constants (A, B, C), 
intestinal digestibility (ID) and total tract digestibility (TTD) of crude protein of hybrid rye and maize 

grain

Item Grain 
fragmentation1 A (%) B (%) C (%/h) ERD (%) ID (%) TTD (%)

Cereal grain     Rye WG 6.0 e 90.8 ab 1.0 c 15.9 g 49.6 e 53.9 e

CG 31.7 b 61.0 d 2.2 a 78.6 b 66.4 b 95.1 a

GG4.0 27.4 bc 65.9 cd 13.1 b 74.0 c 64.7 c 93.9 b

GG1.5 55.0 a 41.0 e 14.4 b 83.8 a 62.1 c 95.7 a

                     Maize WG 2.4 e 43.6 e 0.2 c 6.9 h 2.0 f 9.7 f

CG 2.2 e 97.2 a 1.3 c 25.4 f 56.8 d 60.2 d

GG4.0 16.3 d 80.6 abc 3.0 c 43.5 e 57.4 d 78.6 c

GG1.5 21.4 cd 78.1 bcd 3.1 c 51.6 d 91.3 a 95.9 a

Effect  (P-value) Grain (G) 0.001 0.007 <0.001 <0.001 <0.001 0.001

Fragmentation (F) <0.001 0.003 <0.001 <0.001 <0.001 <0.001

G × F2 <0.001 0.001 0.001 <0.001 0.009 0.007

SEM 1.68 3.50 0.69 0.42 2.43 2.54
a, b, c Means within a column with different superscripts are significantly different (P≤0.01).
1WG – whole grain; CG – crushed grain; GG4.0 – grain ground to pass through 4.0 mm sieve; GG1.5 – grain 

ground to pass through 1.5 mm sieve.
2Interaction between cereal grain and grain fragmentation.

Irrespective of grain processing, ID of CP for rye grain did not exceed 67%, 
whereas it increased to 91.3% for GG1.5 maize (cereal grain × grain fragmentation 
interaction, P=0.009; Table 4). TTD of CP for processed rye grain was close to or 
higher than 95%, whereas such a high TTD of CP was found only for GG1.5 maize 
(cereal grain × grain fragmentation interaction, P=0.007).

Irrespective of grain type, GP24 was the lowest and even negative for WG (Ta-
ble 5, Figure 2). On the other hand, GP24 was higher for CG rye compared with 
CG maize as well as higher for GG1.5 rye compared with GG1.5 maize, indicating 
higher GP24 for processed rye grain (cereal grain × grain fragmentation interaction, 
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P<0.001). Since OMD was calculated based on GP24, similar differences between 
treatments were observed for this parameter. Irrespective of grain fragmentation, rye 
grain had higher OMD than maize grain. A significant cereal grain × grain fragmen-
tation interaction (P=0.001) confirmed different effects of grain fragmentation on 
OMD within each cereal. 

WG – whole grain; CG – crushed grain; GG4.0 – ground grain to pass through 4.0 mm sieve; GG1.5 – 
ground grain to pass through 1.5 mm sieve.

Figure 1. In situ starch (A) and CP (B) degradability in the rumen of hybrid rye and maize depending 
on grain processing

Irrespective of grain type, IVTD considerably increased from WG to GG1.5 
(grain fragmentation, P<0.001; Table 5). However, IVTD for WG rye was higher 
than for WG maize (23.0% vs 2.6%, respectively), whereas GG4.0 and GG1.5 maize 
had higher IVTD than rye grain processed in the same way. Furthermore, IVTD for 
CG rye was higher than for GG4.0 rye (cereal grain × grain fragmentation interac-
tion, P<0.001).
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WG – whole grain; CG – crushed grain; GG4.0 – ground grain to pass through 4.0 mm sieve; GG1.5 – 
ground grain to pass through 1.5 mm sieve.

Figure 2. Cumulative gas production of hybrid rye and maize depending on grain processing

Table 5. In vitro gas production (GP24), organic matter digestibility (OMD) estimated by the gas  
production technique during 24 hour incubation, and in vitro true digestibility (IVTD) of hybrid rye and 

maize grain

Item Grain 
fragmentation1 GP24 (ml) OMD (%) IVTD (%)

Cereal grain     Rye WG –1.42 e 18.8 e 23.0 d

CG 35.97 c 52.0 c 90.7 b

GG4.0 32.67 c 49.1 c 88.9 b

GG1.5 44.14 a 59.3 a 91.7 a

                    Maize WG –2.83 e 16.7 e 2.6 e

CG 19.79 d 36.8 d 83.0 c

GG4.0 32.98 c 48.6 c 93.6 a

GG1.5 40.68 b 55.4 b 93.4 a

Effect  (p-value) Grain (G) <0.001 <0.001 <0.001

Fragmentation (F) <0.001 <0.001 <0.001

G × F2 <0.001 0.001 <0.001

SEM 3.59 3.20 4.29
a, b, c Means within a column with different superscripts are significantly different (P≤0.01).
1WG – whole grain; CG – crushed grain; GG4.0 – grain ground to pass through 4.0 mm sieve; GG1.5 – grain 

ground to pass through 1.5 mm sieve.
2Interaction between cereal grain and grain fragmentation.

discussion

The main aim of mechanical processing of cereal grains for ruminants is to break 
the pericarp on the outside of the kernel in order to increase microbial access to 
starch and thereby enhance ruminal starch digestibility. However, depending on the 
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physical properties of cereal grain (e.g. pericarp thickness) and fermentation char-
acteristics of starch, optimal fragmentation of the kernel may differ depending on 
the cereal grain. Furthermore, significant differences in the rate and extent of starch 
degradation in the rumen have been observed between different varieties of the same 
crop plant (Philippeau and Michalet-Doreau, 1998; Micek, 2008). Given that each 
year new varieties of crop plants are available on the market (e.g. hybrid varieties 
of rye), there is a continuous demand for digestibility trials evaluating the nutritive 
value of these ‘new’ feeds.

In the present study, processed hybrid rye grain was generally rapidly degraded 
in the rumen, and this degradability was only marginally affected by the method of 
kernel fragmentation. Rapid degradation of rye grain in the rumen, in particular rye 
starch, has been shown in other studies (Micek, 2008; Krieg et al., 2017). On the oth-
er hand, maize starch is degraded in the rumen to a lesser extent, resulting in a greater 
amount of starch bypassing the rumen (Philippeau et al., 1999; Rémond et al., 2004; 
Svihus et al., 2005). According to McAllister et al. (1993), the protein matrix and 
structural carbohydrates present in the kernel largely determine ruminal starch di-
gestibility. For example, the content of some proteins (e.g. albumins, globulins, and 
prolamins) and their distribution in the endosperm differ between different cereal 
grains (Nikokyris and Kandylis, 1997). This in turn affects the susceptibility of pro-
tein to microbial fermentation (Seifried et al., 2016), resulting in differences in the 
ruminal digestibility of starch (Svihus et al., 2005; Krieg et al., 2017). Furthermore, 
based on the results of an in vitro study, Crowe et al. (2000) argue that the interaction 
between amylose and fatty acids present within the kernel may be an important fac-
tor, reducing the rate of enzymatic digestion of starch. Fat content is higher in maize 
grain than in rye grain (in the present study 54.6 vs 16.1 g/kg DM for maize and rye 
grain, respectively). This may explain the greater impact of the physical processing 
of maize grain on its ruminal digestion, due to the more intensive processing needed 
to destroy chemical bonds between nutrients and ensure that ruminal microbes have 
access to these nutrients. It is also worth noting that T-NSP and soluble sugars found 
in rye grain, such as glucose, fructose, sucrose or fructans, may contribute to the 
high ruminal fermentability of rye grain. Rye contains significant levels of phenolic 
compounds and water-soluble polysaccharides, especially arabinoxylans. Moreover, 
the content of fructans in rye grain is four to ten times higher than in wheat grain 
(Andersson et al., 2014). The presence of these carbohydrates in rye grain and their 
impact on the ruminal digestibility of rye grain requires detailed studies.

As mentioned above, processing is necessary to break the pericarp of the ker-
nel in order to improve grain digestibility. However, rapid ruminal fermentation of 
starch may lead to digestive upsets in ruminants (Plaizier et al., 2009). Substantial 
reduction of kernel particle size due to grinding increases the rate and extent of 
grain fermentation in the rumen (Bertipaglia et al., 2010), which is not necessarily 
desired when cereal grains that are highly fermentable in the rumen are used as feed. 
Therefore, crushing of cereal grain may be a better method of fragmentation of rye 
kernels. In the present study, however, ERD of DM and starch for CG rye was even 
higher than for GG4.0 rye, confirming that the intensive ruminal fermentation of rye 
starch is independent of the intensity of kernel processing. The higher ERD of DM 
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and starch for CG rye than GG4.0 rye is difficult to explain, but could simply be due 
to more effective breaking of the pericarp of rye grain by crushing than by passing 
through a 4.0 mm sieve. Given the diameter of rye grain (≈ 3–4 mm), some kernels 
could pass through a 4.0 mm sieve intact (Figure 3). However, based on the results 
of the present study, moderate fragmentation of rye grain (e.g. by passing through  
a 4.0 mm sieve) could be recommended for practical use. Compared to crushing, this 
mechanical processing method may at least partially reduce the rate and extent of 
rye grain digestibility in the rumen, without compromising intestinal digestibility. As 
the TTD of maize grain starch was highest when grain was ground to pass through  
a 4.0 mm sieve, moderate fragmentation of maize grain can be also recommended. 

In line with the results of the present study, Philippeau et al. (1999) showed that 
ruminal degradation of starch was lower for crushed than for ground maize grain. 
Furthermore, similarly to the results of the present study, higher ERD was accom-
panied by higher content of fraction A and a higher starch degradation rate (con- 
stant C). Also, Knowlton et al. (1998) demonstrated that ground maize grain had  
a higher rate of in vitro starch digestion than crushed grain. On the other hand, when 
different methods of processing were applied to maize grain, a decrease in ruminal 
starch digestibility was associated with a decrease in small intestinal starch digest-
ibility in cattle (Rémond et al., 2004). In general, our study showed that post-ruminal 
digestion of maize starch increased with the processing intensity of the grain, as op-
posed to the negligible effect of processing intensity on the post-ruminal digestibility 
of rye grain. Since enzymatic digestion of starch escaping the rumen and entering 
the small intestine is energetically more efficient for ruminants than utilization of ru-
minal short-chain fatty acids (Offner and Sauvant, 2004), the site of starch digestion 
along the gastrointestinal tract may have a substantial effect on dairy or beef cattle 
performance. As a result, the effect of maize grain processing on postruminal diges-
tion should be taken into account when formulating diets for ruminants, whereas 
such an impact on post-ruminal rye grain digestibility is much less evident.

It is worth noting that rapid degradation of rye grain in the rumen is also a result 
of its rapid CP degradation. According to McAllister et al. (1993) and Krieg et al. 
(2017), interactions of the protein matrix with starch granules and variation in the 
properties of cereal grain proteins could contribute to differences in starch degrada-
tion kinetics. In the present study, the kinetics of in situ CP degradation did in fact 
show a similar trend to that observed for the kinetics of starch degradation. Further-
more, the correlation between ERD of starch and ERD of CP was high (r = 0.995), 
supporting the widely suggested (Svihus et al., 2005; Krieg et al., 2017) impact of 
solubility and susceptibility of protein to ruminal fermentation on ERD of starch.

The in situ nylon bag technique is commonly used to characterize the degrada-
tion and kinetics of degradation of feeds (their components) in the rumen. However, 
in this technique, small particles of grain (starch granules) may escape from the 
bag without being degraded by ruminal microbes. The data provided by Offner and 
Sauvant (2004) suggest that the in situ technique underestimates ruminal starch deg-
radability for slowly degradable starch sources, such as maize, and overestimates it 
for rapidly degradable starch sources such as rye. Therefore, ideally several methods 
should be applied to fully characterize the nutritive value of cereal grains for rumi-
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nants. In the present study, a high correlation was observed between in situ ERD of 
DM and in vitro GP24 or OMD (r = 0.92 and r = 0.93, respectively), suggesting that 
in vitro techniques could be used to provide a simulation of the in situ situation with 
almost equal effectiveness. In general, the results obtained by the in situ and in vitro 
GP technique were comparable, with both confirming very rapid rumen degradation 
of DM and starch for rye grain, while the method of kernel fragmentation had only a 
minor impact on this process. However, a negative gas production value after 8 h of 
incubation was shown for WG. A similar ‘problem’ has been reported by Araujo et 
al. (2011). According to our best hypothesis, the easily degradable fraction of organic 
matter contained in jars with WG was probably entirely used up by the microbial 
population during the first 8 h of incubation. Then, in the next 16 h, the amount of 
gas produced gradually decreased, even below the values observed for blanks. This 
means that after 14 h of incubation, the gas production in samples containing WG 
of rye or corn were lower than in blank samples containing only buffered rumen 
fluid. This biologically inappropriate effect is not clear and difficult to explain but 
we hypothesize that the reduction in gas production in WG jars may suggest that the 
addition of untreated grains significantly affects fermentation of organic matter, not 
only derived from substrate, but also from the inoculum.

Compared to the in situ and GP method, the IVTD technique is an easier and 
less time-consuming method of predicting DM digestibility in the rumen. However, 
IVTD seems to be the less useful method for differentiating the impact of grain 
processing on its digestibility in the rumen. Its use is limited to feeds that do not 
contain a high level of small indigestible derivatives that might escape from the 
bag during incubation (Mabjeesh et al., 2000). Grains become floury when ground. 
Therefore, sample processing, particularly grinding intensity, interacts with the pore 
size of the bag and affects the extent of feed disappearance. As a result, the differ-
ences between processed grains can largely be explained by differences in the final 
particle size of the sample, which is also the case for the in situ method. However, 
the latter method measures the disappearance of feed nutrients in time, which in turn 
affects degradability. Thus, the time criterion is more relevant for the in situ method, 
where so-called washing losses from bags are considered a ‘0’ incubation time and 
the inclusion of different incubation times allows for measuring the rate of digestion. 
The 24 h incubation time used in the present study for IVTD seems to be sufficient 
for comparing the digestion of cereal grains, but the final results are still associated 
with error due to the potential escape of undigested material from the bag. On the 
other hand, the use of a 48 h incubation time instead of 24 h would probably result in 
complete digestion of samples of processed grains. 

In conclusion, the greater degree of rye and maize grain fragmentation, the high-
er effective rumen degradability and intestinal digestibility of starch. However, rye 
starch and crude protein are more susceptible to fermentation in the rumen than 
maize, and way of grain processing may alter the site and extent of its digestion 
along the gastrointestinal tract. In this context, grain fragmentation may affect rumen 
degradability and post-ruminal digestion to a much greater extent for maize grain 
than rye grain. 
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