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  INTRODUCTION 
A high correlation was reported between digestibility 
measured in vivo and predicted from an in vitro rumen gas 
production technique for the first time in mid-19th (Menke 
et al. 1979). Since then a considerable amount of research 
has used in vitro rumen gas techniques to predict digestibil-
ity of feeds and assess the kinetics of fermentation of vari-
ous feeds for ruminants (Rymer et al. 2005). In vitro rumen 
gas techniques are a favorable technique because the 
kinetics of fermentation can be studied with this method on 
a single and relatively small amount of sample. They are 
also less time-consuming, laborious and expensive 
compared to in vivo methods. The sequence of processes 

that take place following the incubation of feedstuff with 
buffered rumen fluid has been described in some early pub-
lications (Demeyer, 1981; Hillman et al. 1993; Van Milgen 
et al. 1993). Upon incubation, substrates are partly solubi-
lized. The soluble components are rapidly fermentable after 
incubation. A gradual shift subsequently occurs towards the 
fermentation of the insoluble parts, which need to be hy-
drated and colonized by rumen microorganisms before they 
can be fermented (Van Milgen et al. 1993). Mathematical 
description of gas production profiles allows analysis of 
data and comparison of substrates or fermentation environ-
ment characteristics and can provide useful information 
concerning the substrate composition and the fermentability 
of soluble and slowly fermentable components of the sub-

 

Two multi-phasic models (logistic (LOG) and Michaelis-Menten (MM)) with three sub-curves were used to 
describe gas production kinetics of corn (CG), barley (BG), wheat (WG) and triticale (TG) grains. In each 
model sub curve, 1 describes the gas production caused by fermentation of the soluble fraction, gas produc-
tion caused by fermentation of the non-soluble fraction is described in sub curve 2 and sub curve 3 repre-
sents gas production by microbial turnover. With MM model TG and WG had highest gas production from 
the soluble fraction followed by BG and CG. With LOG model there was no difference in gas production 
from the soluble fraction between BG and CG (P>0.05) and TG and WG (P>0.05) but TG and WG had 
higher gas volume from this fraction comparing to CG and BG (P<0.05). For gas production caused by 
fermentation of the non-soluble fraction, CG had the highest volume using MM model and CG and BG had 
higher volume with LOG model comparing to WG and TG (P<0.05). With MM model BG had highest gas 
production by microbial turnover but with LOG model WG and TG had higher gas production for the third 
sub curve. The LOG model had a slightly better fitting performance comparing to MM model in the present 
study but considering the methodology of this trial and the nature of models it does not necessarily repre-
sent the superiority of LOG model over MM model.
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strate (Groot et al. 1996). More recent studies also have 
confirmed that fast and slow fermenting substrates which 
represent soluble and insoluble parts of feedstuff have dif-
ferent fermentation patterns, in vitro gas production kinetics 
and result in different volatile fatty acid profiles (Piquer et 
al. 2009; Cone and Becker, 2012). Multiphasic models are 
useful tools for assessing the kinetics of fermentation of 
various feeds for ruminants and can provide valuable in-
formation concerning the substrate composition and the 
fermentability of soluble and slowly fermentable compo-
nents of the substrate. The aim of this paper was to deter-
mine fermentation kinetics of starchy feeds using two dif-
ferent multiphasic models. These equations will enable us 
to distinguish gas production kinetics of different fractions 
of feedstuff as well as the gas production fractional rates of 
each fraction.   

 

  MATERIALS AND METHODS 
Sample collection and preparation 
Samples of barley (BG), corn (CG), triticale (TG) and 
wheat (WG) grains were obtained from cooperatives 
located in Khorasan province, Iran. Once in the laboratory, 
samples were ground up and frozen (-20 ˚C) until analysis. 
A part of each frozen sample was oven-dried (at 70 ˚C for 
48 h) and ground to pass through a 1 mm for the in vitro 
gas production analysis. The chemical composition of test 
feeds is presented in Table 1. Soluble washout fraction 
(SWF) of test feeds were determined using combined frac-
tionation method as described by (Azarfar et al. 2009). To 
fractionate the whole grain, 5.5 g of feed sample was 
weighed into a pre-weighed nylon bag. The bag was placed 
in a polypropylene centrifuge tube, distilled water was 
added to reach a dilution of 20 mL water/g feed and the 
tube was shaken at 150 rpm for 1 h in a shaking bath. The 
nylon bag was subsequently removed from the centrifuge 
tube and rinsed on the outside with a small quantity of dis-
tilled water. The tube was then centrifuged at 715 × g for 
20 min in a Beckman 2-21 M centrifuge (Fullerton, USA). 
After centrifugation, the supernatant was filtered through a 
Whatman filter paper no.541 (Whatman Corp., Springfield 
Mill, Maidstone, England). The resulting water, assumed to 
be the SWF, was decanted into a pre-weighed aluminum 
container and freeze-dried to determine the size of the 
SWF.  
  
Gas production procedure 
For the gas production procedure, rumen inoculum was 
collected from three ruminally fistulated steers (580±4.5 kg, 
body weight) prior to offering the morning feeding. Ani-
mals were fed 10.4 kg dry matter (DM), a diet containing 
alfalfa hay (50%), wheat straw (20%), barley grain (15%), 
soybean meal (14%) and mineral-vitamin premix (1%).  

The ruminal content was immediately blended and 
strained through four layers of cheesecloth to eliminate 
large feed particles and transferred to the laboratory in a 
pre-warmed thermos. A sample of 250 mg was weighed 
into 125 mL serum bottles in 3 runs and 4 replicates. The 
filtrate was then mixed with carbonate buffer (containing 
ammonium bicarbonate at 4 g/L) and sodium bicarbonate 
(35 g/L in N-rich incubation medium and only sodium bi-
carbonate at 39.25 g/L in N-low medium), macro-mineral 
solution (5.7 g anhydrous Na2HPO4, 6.2 g anhydrous 
KH2PO4 and 0.6 g MgSO4·7H2O per liter), and deionized 
water in a ratio of 1:1:0.5:1.5 and 0.1 mL micro-mineral 
solution (13.2 g CaCl2·2H2O, 10.0 g MnCl2·4H2O, 1 g 
CoCl2·6H2O and 8.0 g FeCl3·6H2O per 100 mL) was 
added. The medium was then reduced by addition of 41.7 
mL reducing agent (40 Ml deionized water, 1 mL 1N 
NaOH and 1 gNa2S·9H2O) per liter. 

Twenty milliliters of medium were dispensed into a 125 
mL glass serum bottle whose top was stopped with rubber 
and aluminum caps and placed in a 39 ˚C water bath for 72 
h. Blank samples were also incubated simultaneously to 
make a correction in gas production, if any, from the me-
dium. Rumen liquor was handled under a constant stream 
of CO2 and all containers used were pre-warmed at 39 ˚C 
and filled with CO2. Gas production was measured at 2, 4, 
6, 8, 10, 12, 24, 48 and 72 h of the incubation by inserting a 
23 gauge (0.6 mm) needle attached to a pressure transducer 
(model PX4200- 015GI, Omega Engineering, Inc., Laval, 
Que., Canada) connected to a visual display (Data Track, 
Christchurch, UK) into the headspace of serum bottles. The 
transducer was then removed leaving the needle in place to 
permit venting.  

Pressure values were corrected for the amount of sub-
strate organic matter (OM) incubated and the gas released 
from negative controls. In order to prevent accumulation of 
produced gases, the gas in the headspace of each bottle was 
released at each measuring.  
 
Models and curve-fitting 
In order to describe and interpret the fermentation kinetics 
of samples, two models were tested: The three pool Micha-
elis-Menten (MM) model (Groot et al. 1996) and three pool 
logistic (LOG) model, (Schofield et al. 1994; Pell et al. 
1998).  

These models were fitted to the cumulative gas produc-
tion (individual measurements) after subtraction of gas 
which accumulated in the correspondent control culture. 
The Michaelis-Menten (MM) model can be described as:�

�
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In this equation, G (mL) denotes the amount of gas pro-
duced per gram of feed sample incubated at time t after 
incubation. Ai (mL) represents the asymptotic gas produc-
tion. Ri (h) is the time after incubation at which half of the 
asymptotic amount of gas has been formed, and Ci is a con-
stant determining the sharpness of the switching character-
istic of the profile. The value of i indicates the number of 
phases in the profile (i=1, 3). The curvature is determined 
by B and C, resulting in a high flexibility. Curvature C de-
termines the position of the point of inflection. Further 
characterization of the gas production profile is possible by 
estimating the maximum rate of gas production (Ө) and the 
time at which this maximum rate (TR) is reached (Yang et 
al. 2005): 
 
 
 
 
 
The logistic models can be described as: 
 

 
 
Where:  
G: cumulative volume of produced gas at time t (h).  
A (mL): maximum gas production.  
Ө: specific gas production rate.  
t: time (h).  
 

The value of i indicates the number of phases in the pro-
file (i=1, 3). 

In each model, sub-curves 1 to 3 describe the gas produc-
tion caused by fermentation of the water-soluble fraction, 
non-soluble fraction and gas production by microbial turn-
over after exhaustion of the substrate respectively (Cone et 
al. 1997). 
 
Goodness of fit of the models and statistical analysis 
Coefficient of determination (R2) was obtained by analyz-
ing the data of gas volume from 2 to 96 h with NLREG 
(Sherrod, 2005). Root mean square prediction error 
(rMSPE) is an indicator of overall deviation between the 
observed and predicted values and can be calculated as: 
  

 
Where:  
VPi and VOi: predicted and observed gas volumes respec-
tively.  

n: number of data points defining each individual curve.  
 

The MSPE is divided into three components resulting 
from bias, slope and random variation around the regression 
line (Bibby and Toutenburg, 1977; Dhanoa et al. 1999), 
which are calculated as:  
 

 
 
Where:  
VP and VO: average predicted and observed gas volumes, 
respectively.  
SVP and SVO: standard deviations of predicted and ob-
served gas volumes, respectively.  
r: calculated as: 
 

 
 

Both models were fitted by using SAS (8.2) package pro-
gram NLIN command and Levenberg Marquardt algorithm 
(SAS, 2001). 

In vitro gas production parameters were analyzed using 
the general linear models (GLM) procedure of SAS (2001). 
Data were analyzed within a completely randomized ex-
perimental design. Treatment means were separated using 
Duncan multiple range test at 0.05 probability level.  

 

  RESULTS AND DISCUSSION 
First sub curve 
Gas production parameters of test feed fitted to the MM and 
LOG models are presented in Tables 2 and 3. With MM 
model WG and TG had higher gas production for the first 
sub curve followed by BG and CG while the rate of gas 
production in this sub curve was higher for BG comparing 
to other test feeds and there was no significant difference 
between WG, TG and CG.  

Estimations for this parameter were slightly higher for all 
test feeds with LOG model comparing to MM model which 
is accompanied by a lower rate of gas production with LOG 
in comparison with MM. With LOG model WG and TG 
had higher gas production compared to BG and CG while 
the rate of gas production from soluble fraction was highest 
for BG followed by WG and TG and CG had the lowest 
rate of gas production in first sub curve. Gas production 
volumes caused by fermentation of the soluble fraction are 
in accordance with the proportion of SWF in test feeds (Ta-
ble 1).  
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The values for A1 and Ө1 parameters for test feeds with 
both models were consistent with those obtained by Cone 
and Becker (2012) except for parameters A1 and Ө1 for 
WG and TG with LOG model. The higher rate of gas pro-
duction in sub curve 1 comparing to sub curve 2 can be 
related to the chemical composition of SWF. There is very 
little starch and almost no neutral detergent fiber (NDF) 
insoluble fraction of starchy grains and this fraction mostly 
consists of protein, sugars and residual nonstarch polysac-
charides (Yang et al. 2005; Azarfar et al. 2009). This latter 
fraction is probably oligosaccharides or water-soluble non-
starch polysaccharides containing β-glucans, at least in bar-
ley (Chesson, 2000).  

Results of fitting in vitro gas production data (72 h incu-
bation) to a biphasic model showed that gas production 
caused by fermentation of the soluble fraction, from CG 
was lower than that for BG and there was no difference 
between BG and WG (Cone and Becker, 2012). Relatively 
low gas production in the early phase of fermentation for 
CG has been reported by other researchers. In an in vitro 
study with a total incubation time of 72 hours using a bi-
phasic model, asymptotic gas production for CG was sig-
nificantly lower in the first sub curve comparing to peas 
and faba beans and was numerically lower than BG (112 vs. 
126.5 mL) (Azarfar, 2007).  

Also in agreement with our results, Azarfar et al. (2009) 
reported that following a 72 h incubation of SWF extracted 
from BG had higher cumulative gas volume comparing to 
SWF extracted from CG. In contradiction with present data, 
in the latter study, the maximum rate of gas production was 
higher for SWF extracted from CG comparing to that of 
BG. 
 
Second sub curve 
With MM model gas production caused by fermentation of 
the non-soluble fraction for CG was higher than other test 
feeds while with LOG model BG and CG had higher gas 
production than WG and TG. The rate of gas production 
fitting data to both models resulted in lower value for CG 
and differences among other test feeds were not significant. 

 
 
 
 
 
 
 
 
 
 
 
  

Table 1 Chemical composition and DM fractions (g/kg DM) of barley, corn, wheat and triticale grains (Mean±Sd)

Variables Barley Corn Wheat Triticale 

DM (g/kg) 894±11 878±7 874±9 882±10 

CP (g/kg DM) 112±3 91±2 123±3 103±2 

EE (g/kg DM) 17±3 34±2 17±2 12±1 

Ash (g/kg DM) 24±4 17±3 21±4 24±4 

NDF (g/kg DM) 215±4 112±6 154±7 118±5 

ADF (g/kg DM) 54±6 34±6 21±8 33±5 

NFC (g/kg DM) 632±13 746±11 685±15 743±10 

SWF 71±3 52±2 84±1 79±3 

WF 224±5 170±4 231±2 215±4 
DM: dry matter; CP: crude protein; EE: ether extract; NDF: neutral detergent fiber; ADF: acid detergent fiber; NFC: none fiber carbohydrate; SWF: soluble washout fraction 
and WF: washout fraction. 

Our results are in agreement with Yang et al. (2005) who 
reported that following 48 h incubation, the maximum rate 
of degradation was considerably higher for BG than for 
CG. The insoluble fraction in starchy feedstuff mostly con-
sists of starch and NDF and most probably represents the 
fermentation characteristics of starch in samples due to the 
high proportion of starch in this fraction (Azarfar et al. 
2009). Our results are in agreement with previous 
researchers that reported slower degradation of CG starch 
comparing to other starch feedstuff such as WG and BG 
(Hindle et al. 2005; Lanzas et al. 2007). 

Differences in starch properties among different test feed 
can cause different fermentation patterns and it has been 
reported that starch in BG is more rapidly fermented than 
starch from CG (Nocek and Tamminga, 1991). Differences 
in both starch granules and the protein matrix can affect 
degradability of cereal (Fellner et al. 2008; Lopes et al. 
2009). Proteins associated with starch granules are naturally 
located both within and on the surface of starch granules 
and they can be divided into two types: (1) endosperm stor-
age proteins (mainly prolamins), primarily surface localized 
on the exterior of starch granule, and (2) starch granule-
associated proteins which are distinctly different from stor-
age proteins and are surface and / or intragranular 
(Baldwin, 2001). Prolamins are the major endosperm stor-
age proteins in most feed grains and have a major effect on 
starch digestion. For each feed grain, they have specific and 
historical names: wheat (gliadin), barley (hordein), rye 
(secalin), corn (zein), sorghum (kafirin), and oats (avenin) 
(Shewry and Halford, 2002). The greater resistance to pro-
teolytic attack of CG starch granules compared with wheat 
and barley starch granules may explain why CG starch is 
more resistant than WG or BG starch to fermentation 
(McAllister et al. 1990). The fact that several of the pre-
dominant amylolytic bacteria also possess a high prote-
olytic activity represents an evolutionary adaptation which 
is vital for the efficient fermentation of cereal grains 
(Giuberti et al. 2014). As mentioned earlier all the NDF 
content of starchy feedstuff remains in non-soluble fraction 
after extraction of SWF (Azarfar et al. 2009).  
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For insoluble components, associated with the cell-wall 
fraction of substrates, the rate of gas production is more 
likely to be affected when either chemical or structural bar-
riers are encountered. Structural barriers to digestion and 
fiber characteristics depend on the plant anatomy of sam-
ples (Cornu et al. 1994; Agbagla-Dohnani et al. 2012; Cao 
et al. 2015). These characteristics are related to factors such 
as plant species, stage of maturity and chemical pretreat-
ment (Lynd et al. 2002; Boon et al. 2005) and different 
chemical structure can even affect bacterial attachment as a 
primary stage in fiber digestion (Huws et al. 2014). 
 
Third sub curve 
For the MM model, BG had higher gas production than 
other test feeds with almost the same rate of gas production 
for all test feeds (Table 2). With LOG model TG and WG 
had higher gas production compared to BG and CG and 
there was no significant difference between the rate of gas 
production (Table 3). It has been reported that fast ferment-
ing substrates cause higher amounts of microbial protein in 
the rumen than more slowly fermenting substrates (Cone 
and Becker, 2012). With the LOG model, TG and WG 
which had higher gas production in the first sub curve also 
had higher gas production in the third sub curve as a result 
of higher amounts of microbial protein from the 
fermentation of fast fermenting substrates. More likely this 
phase is due to turnover and fermentation of the microbial  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

population (Theodorou et al. 1995; Cone et al. 1997). 
In an in vitro trial Cone et al. (1997), reported that mi-

crobial protein in incubation bottles increased up to 10 h of 
incubation, coinciding with the moment all glucose was 
fermented and decreased upon prolonged incubation. In that 
trial, the NH3 concentration inversely followed the concen-
tration of microbial protein. This pattern most likely repre-
sents the microbial turnover. Gas production from micro-
bial turnover complicates the interpretation of cumulative 
gas production profiles. 

Using the gas production technique, the gas production 
profiles are corrected for a blank to correct for gas produc-
tion in rumen fluid without the addition of a sample. Rumen 
fluid might contain some fermentable organic matter, dis-
turbing the interpretation of the gas production data. How-
ever, gas production in the blank may not only be caused by 
fermentation of organic matter but can also be caused by 
turnover of the microbial population, which will start as 
soon as the organic matter is fermented (Cone et al. 1997). 
Correction for gas production in blanks after the exhaustion 
of fermentable substrates can be a source of bias because 
microbial turnover in does not proceed simultaneously in 
the blank and in the samples. Correcting for total blank gas 
production means that the gas production in the blank 
caused by microbial turnover is subtracted from gas pro-
duction by the sample caused by fermentation of mainly the 
soluble fraction and partly the non-soluble fraction.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2 Gas production parameters of test feeds fitted to the Michaelis-Menten (MM) model

Test feeds 

Parameter SEM 

Barley grain Corn grain Wheat grain Triticale grain 

 
 
 
 
 
 
 
 
 
 
 
 

A1  52.21b 37.91c 70.92a 74.34a 2.10 

Ө1 0.48a 0.4b 0.35bc 0.31c 0.02 

A2  211.13b 263.92a 208.11b 196.33b 10.2 

Ө2 0.09a 0.04b 0.08a 0.08a 0.02 

A3  38.12a 19.73b 21.24b 20.31b 1.10 

Ө3 0.04 0.04 0.05 0.04 0.01 
A1: gas production (mL) caused by fermentation of the soluble fraction; A2: gas production (mL) caused by fermentation of the non-soluble fraction; A3: gas production by 
microbial turnover after exhaustion of the substrate and Ө1, Ө2 and Ө3: maximum rate of gas production (mLh-1) for each phase. 

SEM: standard error of the means. 

Table 3 Gas production parameters of test feeds fitted to the logistic (LOG) model

Test feeds 

Parameter SEM 

Barley grain Corn grain Wheat grain Triticale grain 

A1 61.63b 58.81b 107.72a 103.23a 12.1 

Ө1 0.29a 0.18c 0.24b 0.23b 0.02 

A2 187.34a 198.82a 112.12b 107.23b 11.7 

Ө2 0.08a 0.05b 0.09a 0.10a 0.01 

A3 40.33b 38.82b 78.41a 80.01a 7.1 

0.04 0.01 0.02 0.02 0.02 Ө3 
A1: gas production (mL) caused by fermentation of the soluble fraction; A2: gas production (mL) caused by fermentation of the non-soluble fraction; A3: gas production by 
microbial turnover after exhaustion of the substrate and Ө1, Ө2 and Ө3: maximum rate of gas production (mLh-1) for each phase. 

SEM: standard error of the means. 
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Based on this reasoning Cone et al. (1997) suggested that 
no correction for a blank is probably better than correcting 
for a blank since only a very small part of the gas produc-
tion in the blank is caused by fermentation of organic mat-
ter.  
 
Statistical performance of models 
Summary of root mean squared prediction error (rMSPE) 
and components of MSPE after fitting models are presented 
in Table 4. The mean square prediction error comprises 
errors in central tendency, errors due to regression and er-
rors due to uncontrolled disturbance. Errors in central ten-
dency are also known as mean bias and similarly, errors due 
to regression are known as slope or systematic bias (Bibby 
and Toutenburg, 1977). The LOG model is classic growth 
function and has been first employed for modeling in vitro 
gas production multiphasically by Schofield et al. (1994). 
The MM model was developed for enzyme kinetics and 
first employed in describing in vitro gas production kinetics 
by Groot et al. (1996). Residual mean square of prediction 
was lower and coefficient of determination was higher for 
all test feeds with LOG comparing to MM model. Also, 
predictions with MM model showed lower errors in central 
tendency, errors due to regression comparing to LOG ex-
cept for CG that had higher mean bias with MM model. 
Multi phasic models have been reported previously to pre-
sent acceptable goodness of fit to the cumulative gas pro-
duction (Wang et al. 2011; Peripolli et al. 2014). Different 
studies reported superior (Calabrò et al. 2005; Huhtanen et 
al. 2008) to moderate fit (Dhanoa et al. 2000) for MM 
model. In our study, the MM had lower goodness-of-fit 
comparing to LOG model and higher model-predicted as-
ymptotic gas volumes which is consistent with Huhtanen et 
al. (2008). It has been reported previously that prolonged 
incubation times (Huhtanen et al. 2008) and increasing 
numbers of data points (Calabrò et al. 2005) might favor 
the fit performance of the MM model. It should be noted 
that although LOG model showed slightly better fitting 
performance in present study, Dhanoa et al. (2000) and 
Huhtanen et al. (2008) indicated that the LOG model was 
not necessarily a good alternative because the main con-
straints of LOG model in fitting raw gas data were fixed 
inflexion points and positive intercepts at ‘t= 0’. 
 

 
 
 
 
 
 
 
 

Table 4 Summary of root mean squared prediction error (rMSPE) and components of MSPE after fitting models

Multiphasic model 

Test feeds Logestic Michaelis-Menten  
2 2 rMSPE Bias Slope Random R rMSPE Bias Slope Random R

Barley grain 23.96 5.2 16.20 141.10 0.96 40.65 4.1 12.20 164.5 0.89 

Triticale grain 24.56 4.37 13.90 121.70 0.97 37.69 3.7 10.91 138.7 0.94 

Corn grain 21.59 3.2 17.98 170.50 0.95 37.88 13.6 15.32 215.8 0.89 

Wheat grain 22.47 3.7 17.41 157.30 0.96 38.52 5.8 11.76 154.6 0.90 

  CONCLUSION 

Both models can describe the in vitro gas production of 
starchy feedstuff with three pools and results are consistent 
with the nature of test feeds and literature. The LOG model 
had a slightly better fitting performance comparing to MM 
model in the present study but considering the methodology 
of this trial and the nature of models it does not necessarily 
represent the superiority of LOG model over MM model. 
 

  ACKNOWLEDGEMENT 
The authors wish to acknowledge the financial support re-
ceived from the Ferdowsi University of Mashhad, Iran; 
Project Number 3/23617. 
 

  REFERENCES 
Agbagla-Dohnani A., Cornu A. and Broudiscou L. (2012). Rumen 

digestion of rice straw structural polysaccharides: Effect of 
ammonia treatment and lucerne extract supplementation in 
vitro. Animal. 6, 1642-1647. 

Azarfar A. (2007). Fractions of ruminant feeds: Kinetics of 
degradation in vitro. Ph D. Thesis. Wageningen Institute of 
Animal Science, Wageningen Univ., the Netherlands. 

Azarfar A., Namgay K., Pellikaan W.F., Tamminga S. and van der 
Poel A.F. (2009). In vitro gas production profiles and 
fermentation end products in processed barley, maize and 
milo. J. Sci. Food Agric. 89, 1697-1708. 

Baldwin P.M. (2001). Starch granule associated proteins and 
polypeptides: A review. Starch Stärke. 53, 475-503. 

Bibby J. and Toutenburg H. (1977). Prediction and improved 
estimation in linear models. Wiley and Sons, Chichester, New 
York. 

Boon E., Engels F., Struik P. and Cone J. (2005). Stem 
characteristics of two forage maize (Zea mays). cultivars 
varying in whole plant digestibility. II. Relation between in 
vitro rumen fermentation characteristics and anatomical and 
chemical features within a single internode. NJAS Wagen. J. 
Llife Sci. 53, 87-109.  

Calabrò S., Lopez S., Piccolo V., Dijkstra J., Dhanoa M. and 
France J. (2005). Comparative analysis of gas production 
profiles obtained with buffalo and sheep ruminal fluid as the 
source of inoculum. Anim. Feed Sci. Technol. 123, 51-65. 

Cao B., Wang R., Yang H. and Jiang L. (2015). In situ ruminal 
degradation of phenolic acid, cellulose and hemicellulose in 

414-407, )3(8) 8201(Animal Science Applied  ofIranian Journal   412 



Parand et al. 
  

crop brans and husks differing in ferulic and p-coumaric acid 
patterns. J. Agric. Sci. 153, 1312-1320. 

Chesson A. (2000).  Feed characterization. Pp. 11-33 in Feed 
Evaluation Models. M.K. Theodorou, Ed. CAB International, 
Wallingford, United Kingdom. 

Cone J.W. and Becker P.M. (2012). Fermentation kinetics and 
production of volatile fatty acids and microbial protein by 
starchy feedstuffs. Anim. Feed Sci. Technol. 172, 34-41. 

Cone J.W., van Gelder A.H. and Driehuis F. (1997). Description 
of gas production profiles with a three-phasic model. Anim. 
Feed Sci. Technol. 66, 31-45. 

Cornu A., Besle J., Mosoni P. and Grenet E. (1994). Lignin-
carbohydrate complexes in forages: Structure and 
consequences in the ruminal degradation of cell-wall 
carbohydrates. Reprod. Nutr. Dev. 34, 385-398. 

Demeyer D. (1981). Rumen microbes and digestion of plant cell 
walls.  Agric. Environ. 6, 295-337. 

Dhanoa M., Lister S., France J. and Barnes R. (1999). Use of 
mean square prediction error analysis and reproducibility 
measures to study near infrared calibration equation 
performance. J. Near Infrared Spectrosc. 7, 133-144. 

Dhanoa M., Lopez S., Dijkstra J., Davies D., Sanderson R., 
Williams B., Sileshi Z. and France J. (2000). Estimating the 
extent of degradation of ruminant feeds from a description of 
their gas production profiles observed in vitro: Comparison of 
models. Br. J. Nutr. 83, 131-142. 

Fellner V., Burns J. and Marshall D. (2008). Effect of feeding 
corn, hull-less or hulled barley on fermentation by mixed 
cultures of ruminal microorganisms. J. Dairy Sci. 91, 1936-
1941. 

Giuberti G., Gallo A., Masoero F., Ferraretto L.F., Hoffman P.C. 
and Shaver R.D. (2014). Factors affecting starch utilization in 
large animal food production system: A review. Starch Stärke. 
66, 72-90. 

Groot J.C., Cone J.W., Williams B.A., Debersaques F.M. and 
Lantinga E.A. (1996). Multiphasic analysis of gas production 
kinetics for in vitro fermentation of ruminant feeds. Anim. 
Feed Sci. Technol. 64, 77-89. 

Hillman K., Newbold C. and Stewart C. (1993). The contributions 
of bacteria and protozoa to ruminal forage fermentation in 
vitro, as determined by microbial gas production. Anim. Feed 
Sci. Technol. 42, 193-208. 

Hindle V., Klop A., Mathijssen Kamman A., Van Gelder A. and 
Cone J. (2005). Site and extent of starch degradation in the 
dairy cow–a comparison between in vivo, in situ and in vitro 
measurements. J. Anim. Physiol. Anim. Nutr. 89, 158-165. 

Huhtanen P., Seppälä A., Ahvenjärvi S. and Rinne M. (2008). 
Prediction of in vivo neutral detergent fiber digestibility and 
digestion rate of potentially digestible neutral detergent fiber: 
Comparison of models.  J. Anim. Sci. 86, 2657-2669. 

Huws S., Mayorga O., Theodorou M., Kim E., Cookson A. and 
Newbold C. (2014). Differential colonization of plant parts by 
the rumen microbiota is likely to be due to different forage 
chemistries. J. Microb. Biochem. Technol. 6, 80-86. 

Lanzas C., Fox D. and Pell A. (2007). Digestion kinetics of dried 
cereal grains. Anim. Feed Sci. Technol. 136, 265-280. 

Lopes J., Shaver R., Hoffman P., Akins M., Bertics S., Gencoglu 
H. and Coors J. (2009). Type of corn endosperm influences 

nutrient digestibility in lactating dairy cows. J. Dairy Sci. 92, 
4541-4548. 

Lynd L.R., Weimer P.J., Van Zyl W.H. and Pretorius I.S. (2002). 
Microbial cellulose utilization: Fundamentals and biotech-
nology. Microbiol. Mol. Biol. Rev. 66, 506-577. 

McAllister T.A., Cheng K.J., Rode L.M. and Forsberg C.W. 
(1990). Digestion of barley, maize, and wheat by selected 
species of ruminal bacteria. Appl. Environ. Microbiol. 56, 
3146-3153. 

Menke K., Raab L., Salewski A., Steingass H., Fritz D. and 
Schneider W. (1979). The estimation of the digestibility and 
metabolizable energy content of ruminant feedingstuffs from 
the gas production when they are incubated with rumen liquor 
in vitro. J. Agric. Sci. 93, 217-722. 

Nocek J.E. and Tamminga S. (1991). Site of digestion of starch in 
the gastrointestinal tract of dairy cows and its effect on milk 
yield and composition. J. Dairy Sci. 74, 3598-3629. 

Pell A.N., Pitt R.E., Doane P.H. and Schofield P. (1998). The 
development, use and application of the gas production 
technique at Cornell University, USA. Pp. 45-54 in Proc. In 
vitro Vechniques for Measuring Nutrient supply to Ruminants. 
E.R. Deaville, E. Owen, A.T. Adesogen, C. Rymer, J.A. 
Huntington and T.L.J. Lawrence, Ed. Occasional Publication, 
British Society of Animal Science, Edinburgh, United 
Kingdom. 

Peripolli V., Prates E.R., Barcellos J.O., McManus C.M., Wilbert 
C.A., Neto J.B., Camargo C.M. and Lopes R.B. (2014). 
Models for gas production adjustment in ruminant diets 
containing crude glycerol. Livest. Res. Rural Dev. 26(2), 28-
35. 

Piquer O., Casado C., Biglia S., Fernández C., Blas E. and Pascual 
J. (2009). In vitro gas production kinetics of whole citrus 
fruits.  J. Anim. Feed Sci. 663, 127-135. 

Rymer C., Huntington J., Williams B. and Givens D. (2005). In 
vitro cumulative gas production techniques: History, 
methodological considerations and challenges. Anim. Feed 
Sci. Technol. 123, 19-30. 

SAS Institute. (2001). SAS®/STAT Software, Release 8.2. SAS 
Institute, Inc., Cary, NC. USA. 

Schofield P., Pitt R. and Pell A. (1994). Kinetics of fiber digestion 
from in vitro gas production.  J. Anim Sci. 72, 2980-2991. 

Sherrod P.H. (2005). Nonlinear Regression Analysis Program 
Phillip H. Sherrod Nashville, USA. 

Shewry P.R. and Halford N.G. (2002). Cereal seed storage 
proteins: structures, properties and role in grain utilization. J. 
Exp. Bot. 53, 947-958. 

Theodorou M.K., Davies D.R., Nielsen B.B., Lawrence M.I. and 
Trinci A.P. (1995). Determination of growth of anaerobic 
fungi on soluble and cellulosic substrates using a pressure 
transducer. Microbiology. 141, 671-678. 

Van Milgen J., Berger L.L. and Murphy M.R. (1993). An 
integrated, dynamic model of feed hydration anddigestion, and 
subsequent bacterial mass accumulation in the rumen. Br. J. 
Nutr. 70, 471-483. 

Wang M., Tang S.X. and Tan Z.L. (2011). Modeling in vitro gas 
production kinetics: Derivation of logistic-exponential (LE) 
equations and comparison of models. Anim. Feed Sci. 
Technol. 165, 137-150. 

414-407, )3(8) 8201(Animal Science Applied  ofIranian Journal   413 



Comparison of Multiphasic Gas Production Models  
  
  

Yang H., Tamminga S., Williams B.A., Dijkstra J. and Boer H. 
(2005). In vitro gas and volatile fatty acids production profiles 

of barley and maize and their soluble and washout fractions af-
ter feed processing. Anim. Feed Sci. Technol. 120, 125-140. 

  

 

414-407, )3(8) 8201(Animal Science Applied  ofIranian Journal   414 


