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Methane production by in vitro ruminal fermentation of feed ingredients
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Abstract

This study investigates the methane and carbon dioxide gas production, dry matter degradation, and 
final pH values obtained during the in vitro incubation of corn grain, soybean hulls, citrus pulp, corn 
silage, and crude glycerin. Experiments were performed using a randomized block design with four 
incubation periods. Each period featured four replicates per ingredient and four blanks, totaling 16 
repetitions per ingredient. The lowest total amount of produced gas (37.96 mL gincubated DM

-1) and the 
lowest final pH value (4.95) were obtained for crude glycerin (P < 0.05), which, however, exhibited 
the highest (P < 0.05) DM degradation. Citrus pulp produced the largest amount (P < 0.05) of CH4 per 
gram of incubated DM (13.56 mL g-1). However, when methane production was expressed per gram of 
degraded feed, the ingredients with lower degradation values, such as soybean hulls and corn silage, 
produced more CH4 per gram of degraded DM. Citrus pulp and corn grain produced more (P < 0.05) 
CO2 per gram of incubated DM. However, per gram of degraded food, citrus pulp produced the largest 
amount of CO2 (P < 0.05). Crude glycerin and corn grain produced less methane (per gram of degraded 
feed) than citrus pulp, soybean hulls, and corn silage. Differentiation of ingredients based on their 
methane production ability is important to express methane production per unit degraded food mass.
Key words: Carbon dioxide. Corn. Crude glycerin. Dry matter degradation. pH.

Resumo

Objetivou-se estudar os ingredientes milho, casca de soja, polpa cítrica, silagem de milho e glicerina 
bruta, avaliando a produção dos gases metano e carbônico, a degradação da matéria seca e o pH 
final da incubação in vitro. Utilizou-se o delineamento em blocos casualizados, com quatro períodos 
de incubações, em que cada período teve 4 repetições por ingrediente e 4 brancos, totalizando 16 
repetições por ingrediente. A glicerina bruta apresentou menor produção total de gases (37,96mL g-1 
de MS incubada), menor valor de pH final (4,95) aliado à maior degradação da MS. A polpa cítrica 
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foi o ingrediente com maior (P<0,05) produção de CH4 g
-1 MS incubada (13,56mL g-1), no entanto, 

ao expressar a produção de metano por unidade de alimento degradado, os ingredientes com menores 
degradações, como a casca de soja, a polpa cítrica e a silagem de milho, produziram mais CH4 g

-1 MS 
degradada. A polpa cítrica e o milho apresentaram maiores (P<0,05) produções de CO2 g

-1 MS incubada, 
porém, por unidade de alimento degradado, a polpa cítrica se destacou com maior produção (P<0,05). 
O milho e a glicerina bruta produzem menos metano por unidade de alimento degradado em relação à 
polpa cítrica, casca de soja e a silagem de milho. Para diferenciar a produção de metano dos ingredientes 
é importante expressar os valores por unidade de alimento degradado. 
Palavras-chave: Degradação da MS. Dióxido de carbono. Glicerina bruta. Milho. pH.

Introduction

Ruminal degradation of feeds produces short-
chain fatty acids (in particular, acetic, propionic, 
and butyric acids) as well as CO2 and H2. These 
two gases are converted into CH4 by methanogenic 
bacteria. It is estimated that 6-18% of the gross 
energy intake is wasted as ruminal methane, which is 
an aggravating factor for global warming, with 23% 
of the global methane originating from domestic 
ruminant animals (WUEBBLES; HAYHOE, 2002; 
PEDREIRA; PRIMAVESI, 2006; TODD et al., 
2011).

Several factors influence ruminal methane 
production, e.g., dry matter consumption, lipid 
supply, non-fiber carbohydrate diet, ingredient 
digestibility, and forage/concentrate ratios (ELLIS 
et al., 2007; TAMBURINI et al., 2010; GRAINGER; 
BEAUCHEMIN, 2011). When ruminants receive a 
large amount of forage, a higher amount of methane 
is produced from digested ingredients, while large 
amounts of grain decrease methane production. 
This behavior is directly related to the proportion 
of acetic, propionic, and butyric acids formed. 
For example, the higher proportion of propionate 
formed during ruminal fermentation enables H2 
capture without CO2 formation, which does not 
favor the methanogenic bacteria. On the other hand, 
the production of acetate and butyrate liberates CO2 
and H2, which are CH4 precursors, into the ruminal 
environment (VAN SOEST, 1994; JANSSEN, 2010). 
Ingredients with high non-fibrous carbohydrate 
content may increase the proportion of propionic 
acid produced, thus decreasing methane production 
(VAN NEVEL; DEMEYER, 1995; MITSUMORI; 
SUN, 2008). 

Only few studies have evaluated the above 
mentioned methane production by ruminal 
fermentation, which is greatly important to elaborate 
diets resulting in lesser methane production. 
Therefore, this study evaluated the production of 
CH4 and CO2 from some energy-rich ingredients 
used in ruminant feeds, employing an in vitro gas 
production technique.

Material and Methods

Three heads of cattle with a permanent rumen 
fistula were used in the experiment, being fed twice 
a day with a diet based on the studied ingredient, 
using 50% concentrate and 50% corn silage as 
forage.

In vitro incubation of ingredients

Prior to feeding, the rumen content was collected 
and filtered in a nylon bag (100 μm), and the ruminal 
fluid was diluted with an artificial saliva buffer in a 
1/2 ratio. The saliva buffer was composed of buffer 
solution A (KH2PO4 = 10.0; MgSO4·7H2O = 0.5; 
NaCl = 0.5; CaCl2·2H2O = 0.1, and urea = 0.5, all 
numbers in g L-1) and buffer solution B (Na2CO3 
= 15.0 and Na2S·9H2O = 1.0, all numbers in g L-1) 
in a 5:1 ratio (ANKOM Technology Method 3). 
Over a period of 24 h, four in vitro incubations of 
the energy-rich ingredients, namely corn grain, soy 
hulls, citrus pulp, corn silage, and crude glycerin, 
were performed. Crude glycerin was obtained from 
soy oil and contained around (g L-1) glycerol = 830.0 
glycerol, water = 109.9, salts = 60.0 and methanol = 
0.1(Caramuru Alimentos LTDA®).
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For the incubation process, except for the case 
of glycerin, the ingredients were ground to 1-mm 
particles in a Wiley-type mill, weighed, and placed 
into fermenters (250-mL Erlenmeyer flasks) in 
the proportion of 1.25 g DM per 100 mL of buffer 
ruminal fluid. For all incubation periods, the five 
ingredients were evaluated using four replications 
and four blank solutions (buffer ruminal fluid only).

The ingredients were incubated in a water bath 
under stirring at 39 °C in the dark, and the produced 
gases were collected by a capillary system and 
stored in a plastic container, where the total amount 
of produced gas was read after 24 h of incubation.

Methane analysis, in vitro DM degradation, and pH

Gas samples were injected into a gas 
chromatograph (Trace GC Ultra, Thermo Scientific) 
equipped with a methanator and a flame ionization 
detector, using argon as a carrier gas at a flow rate 
of 25 mL min-1 and an oven temperature of 70 °C. 
Calibration was performed using a standard gas 
mixture of CH4 and CO2, and the peak areas were 
integrated using Chromquest 5.0 software.

After incubation, the final pH values were 
determined by a Digimed DM-20 pH meter, and 
the non-degradable incubation residue was obtained 
by centrifugation at 1,000 g for 3 min at room 
temperature (Excelsa@ II 206 MP). The sediment 
obtained by centrifugation was dried in a forced 
air flow oven (Fanem 330) at 55 °C. The in vitro 
ruminal DM degradation was calculated as follows:

The ingredients were incubated in a water bath under stirring at 39 °C in the dark, and the produced 

gases were collected by a capillary system and stored in a plastic container, where the total amount of produced 

gas was read after 24 h of incubation. 

 

Methane analysis, in vitro DM degradation, and pH 

Gas samples were injected into a gas chromatograph (Trace GC Ultra, Thermo Scientific) equipped 

with a methanator and a flame ionization detector, using argon as a carrier gas at a flow rate of 25 mL min-1 

and an oven temperature of 70 °C. Calibration was performed using a standard gas mixture of CH4 and CO2, 

and the peak areas were integrated using Chromquest 5.0 software. 

After incubation, the final pH values were determined by a Digimed DM-20 pH meter, and the non-

degradable incubation residue was obtained by centrifugation at 1,000 g for 3 min at room temperature 

(Excelsa@ II 206 MP). The sediment obtained by centrifugation was dried in a forced air flow oven (Fanem 

330) at 55 °C. The in vitro ruminal DM degradation was calculated as follows: 

 

DMdeg = 
DMinc-(DMres+DMbl)

DMinc
  

 

where DMdeg stands for dry matter degradation, DMinc for incubated dry matter, DMres for residual 

dry matter, and DMbl for blank residual dry matter. 

The ingredients (Table 1) were analyzed according to their dry matter, crude protein, ethereal extract 

(AOAC, 1984), neutral detergent fiber (using -amylase), and sequential acid detergent fiber contents (VAN 

SOEST et al., 1991). The starch content was determined according to the method of Hendrix (1993). 

 

Table 1. Chemical composition of the ingredients used for in vitro fermentation. 

Ingredient  DM (g kg-1) g kg-1 DM 
CP EE NDF ADF Starch 

Corn silage 908 84 30 547 301 233 
Soy hulls 916 113 14 740 579 23 
Citrus pulp 883 74 22 238 180 6 
Corn grain 919 96 44 105 28 645 
Crude glycerin 890 - - - - - 

DM: dry matter; CP: crude protein; EE: ether extract; NDF: neutral detergent fiber; ADF: acid detergent fiber. 
 

Statistical analyses 

Data were analyzed using a randomized block design with four blocks, five treatments, and four 

replications. Treatment was used as a fixed effect, with period and treatment × period used as random effects 

in the statistical model utilizing the mixed procedure. The means were compared using the least square method.  

 

Results and Discussion 

The greatest gas production by incubated dry matter was observed for citrus pulp and corn grain, 

where DMdeg stands for dry matter degradation, 
DMinc for incubated dry matter, DMres for residual 
dry matter, and DMbl for blank residual dry matter.

The ingredients (Table 1) were analyzed 
according to their dry matter, crude protein, ethereal 
extract (AOAC, 1984), neutral detergent fiber 
(using α-amylase), and sequential acid detergent 
fiber contents (VAN SOEST et al., 1991). The starch 
content was determined according to the method of 
Hendrix (1993).

Table 1. Chemical composition of the ingredients used for in vitro fermentation.

Ingredient DM (g kg-1) g kg-1 DM
CP EE NDF ADF Starch

Corn silage 908 84 30 547 301 233
Soy hulls 916 113 14 740 579 23
Citrus pulp 883 74 22 238 180 6
Corn grain 919 96 44 105 28 645
Crude glycerin 890 - - - - -

DM: dry matter; CP: crude protein; EE: ether extract; NDF: neutral detergent fiber; ADF: acid detergent fiber.

Statistical analyses

Data were analyzed using a randomized block 
design with four blocks, five treatments, and four 
replications. Treatment was used as a fixed effect, 
with period and treatment × period used as random 
effects in the statistical model utilizing the mixed 
procedure. The means were compared using the 
least square method. 

Results and Discussion

The greatest gas production by incubated dry 
matter was observed for citrus pulp and corn grain, 
followed by soy hulls and corn silage, with the 
lowest value observed for crude glycerin (Figure 1). 
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Figure 1. Total gas production (in mL g-1) of incubated DM (grey) and degraded DM (black) in energy-rich ingredients.

followed by soy hulls and corn silage, with the lowest value observed for crude glycerin (Figure 1).  

 

Figure 1. Total gas production (in mL g-1) of incubated DM (grey) and degraded DM (black) in energy-rich 
ingredients. 

 
 

 

a,b,c Means followed by the same letters are not different (P > 0.05). 
w,x,y,z Means followed by the same letters are not different (P > 0.05). 

 

Citrus pulp is rich in pectin, which exhibits a fermentative behavior similar to that of non-fibrous 

carbohydrates, despite being a fibrous carbohydrate itself. This may lead to enhanced gas production, as in the 

case of corn grain. The elevated neutral detergent fiber NDF concentration in corn silage and soy hulls might 

explain their lower total gas production, because contrary to non-fibrous carbohydrates, NDF directly reduces 

in vitro gas production in 24 h (PIRONDINI et al., 2012). 

Glycerin showed fast fermentation during the first 12 h of incubation, which might justify its low 

total gas production after 24 h. According to Donkin (2008), around 50 to 70% of glycerin is consumed in the 

rumen within 4 h. This leads to a slower gas production by glycerol when evaluated over a long time period 

(FERRARO et al., 2009).  

The incubated glycerol, alone or mixed with corn/alfalfa, reduces in-vitro gas production in 24 h 

(FERRARO et al., 2009; LEE et al., 2011). The ruminal fermentation of glycerin can result in a higher 

propionate content, which is reflected in the total gas production (BLUMMEL et al., 1997; CONE, 1998; LEE 

et al., 2011). 

When the total gas production was expressed per gram of degraded dry matter, corn produced less 

gas than citrus pulp (Figure 1), reflecting the dominant ruminal dry matter degradation of the former. Corn and 

glycerin exhibited the lowest total gas productions expressed in relation to degradation, showing better 

efficiency of ruminal fermentation. The lower gas production is probably correlated with a larger extent of 

microbial growth (RYMER et al., 1999). 

Soy hulls exhibited the highest final pH value, followed by corn silage, citrus pulp, corn grain, and 

crude glycerin, in descending order (P < 0.05). A negative correlation (R2 = −0.76, P < 0.0001) was observed 

between the final pH and ruminal DM degradation of ingredients. Furthermore, high ruminal degradation is 

63.3a 60.1a
49.6b 49.5b

37.9c

185.7w

105.2y

172.3x
162.3x

47.8z

Citrus pulp Corn grain Corn silage Soy hull Glycrerin

a,b,c Means followed by the same letters are not different (P > 0.05).
w,x,y,z Means followed by the same letters are not different (P > 0.05).

Citrus pulp is rich in pectin, which exhibits a 
fermentative behavior similar to that of non-fibrous 
carbohydrates, despite being a fibrous carbohydrate 
itself. This may lead to enhanced gas production, 
as in the case of corn grain. The elevated neutral 
detergent fiber NDF concentration in corn silage 
and soy hulls might explain their lower total 
gas production, because contrary to non-fibrous 
carbohydrates, NDF directly reduces in vitro gas 
production in 24 h (PIRONDINI et al., 2012).

Glycerin showed fast fermentation during the 
first 12 h of incubation, which might justify its low 
total gas production after 24 h. According to Donkin 
(2008), around 50 to 70% of glycerin is consumed 
in the rumen within 4 h. This leads to a slower gas 
production by glycerol when evaluated over a long 
time period (FERRARO et al., 2009). 

The incubated glycerol, alone or mixed with 
corn/alfalfa, reduces in-vitro gas production in 24 
h (FERRARO et al., 2009; LEE et al., 2011). The 
ruminal fermentation of glycerin can result in a 
higher propionate content, which is reflected in 
the total gas production (BLUMMEL et al., 1997; 
CONE, 1998; LEE et al., 2011).

When the total gas production was expressed per 
gram of degraded dry matter, corn produced less gas 

than citrus pulp (Figure 1), reflecting the dominant 
ruminal dry matter degradation of the former. 
Corn and glycerin exhibited the lowest total gas 
productions expressed in relation to degradation, 
showing better efficiency of ruminal fermentation. 
The lower gas production is probably correlated 
with a larger extent of microbial growth (RYMER 
et al., 1999).

Soy hulls exhibited the highest final pH value, 
followed by corn silage, citrus pulp, corn grain, 
and crude glycerin, in descending order (P < 0.05). 
A negative correlation (R2 = −0.76, P < 0.0001) 
was observed between the final pH and ruminal 
DM degradation of ingredients. Furthermore, high 
ruminal degradation is possibly accompanied by 
increased acid production. However, the amounts of 
acids (lactic, acetic, propionic, and butyric) and their 
proportions are not the only factors determining the 
final pH.

Ingredients rich in fibrous carbohydrates, e.g., 
citrus pulp, soy hulls, and corn silage, exhibited 
minor DM degradation in comparison to corn and 
glycerin. Due to the dominant ruminal degradation 
of glycerin, its inclusion into the diet should enhance 
digestibility and increase propionate production 
(WANG et al., 2009).
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The extremely acidic pH obtained during in 
vitro incubation may interfere with the ruminal 
microorganism-related processes, inhibiting the 
action of fibrolytic and methanogenic bacteria 
and resulting in reduced DM degradation and gas 
production (VAN KESSEL; RUSSELL, 1996; 
HINDRICHSEN; KREUZER, 2009; RAMIN; 
HUHTANEN, 2012).

Citrus pulp produced more methane per gram 
of incubated DM (P < 0.05) than other ingredients. 
However, when methane production is evaluated 
based on degraded DM, the corresponding order 
of ingredients changes in accord with their fiber 
content. Corn grain and crude glycerin, exhibiting 
low fibrous carbohydrate contents, produced 
low amounts of methane (P < 0.05) per gram of 
degraded DM. Pectin, abundant in citrus pulp, might 
be fermented in the rumen, resulting in a higher 
proportion of acetic acid (POULSEN et al., 2012) 
that provides more H2 and CO2 and thus favors 
methane production. However, corn grain and crude 
glycerin enable propionate production due to their 
high starch and glycerol contents (WANG et al., 
2009). 

Citrus pulp and corn grain showed the highest 
CO2 production based on ingredient degradation 
(P < 0.05); however, when the above values were 
expressed per gram of degraded feed, only the citrus 
pulp showed the highest CO2 production value.

Fiber-rich ingredients, i.e., soy hulls, corn silage, 
and citrus pulp (Table 1) also exhibited high CH4 
production coupled with low CO2 production, 
when expressed per gram of degraded DM. Thus, 
the increased activity of methanogenic bacteria is 
possibly due to the greater availability of CO2 and 
H2, which are formed during acetate production by 
the fermentation of fiber.

The end products of ruminal fermentation depend 
on the diet ingredients, with the acetate:propionate 
ratio being lower for concentrates (cereals) than for 
fibrous feeds (forage). Decreased acetate:propionate 
ratios result in minor CH4 production and possibly 
enhance the efficiency of feed energy use (WOLIN, 
1960; BLAXTER, 1962; PEREIRA et al., 2006). 

A negative correlation was detected between DM 
degradation resulting in CH4 production (mL g-1 DM 
incubated, R2 = −0.25; P < 0.05; mL g-1 DM degraded, 
R2 = −0.84; P < 0.0001) and the final incubation 
pH value (Table 2). Occasionally, the higher DM 
degradation levels of corn grain and crude glycerin 
led to low final pH and low CH4 production. The 
starch-fermenting bacteria of ruminants produce 
significant quantities of propionate, exhibiting great 
potential to reduce the mean ruminal pH due to the 
formation of lactic acid as an intermediate during 
the conversion of starch to propionate (SLYTER et 
al., 1966; HUNGATE, 1966; RUSSELL, 1998).

Table 2. Final pH, DM degradation, and CH4 and CO2 production after 24-h in vitro incubation.

Ingredient final pH Deg, g kg-1 
DM

CH4 CO2

mL g-1 mL gd-1 mL g-1 mL gd-1

Citrus pulp 5.2 c 341 c 13.5 a 48.0 a 47.1 a 166.5 a

Corn grain 5.1 d 571 b 11.3 b 20.5 b 43.3 a 85.5 c

Corn silage 5.4 b 288 c 10.6 b 45.4 a 32.1 b 127.2 b

Soy hulls 5.5 a 305 c 11.9 b 45.2 a 32.2 b 127.7 b

Crude glycerin 4.9 e 792 a 11.7 b 16.9 b 21.0 c 26.2 d

P *** *** ns * *** *
SE 0.02 4.8 1.5 7.1 4.5 20.6

Means followed by the same letters are not different (P > 0.05). 
SE: standard error; gd: gram degraded
ns, not significant (P > 0.05); *(0.05 > P > 0.01); ***(P < 0.001).
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Conclusions

Corn grain and crude glycerin produce less 
methane per gram of degraded food. The correlation 
of methane production with the degradation of 
ingredients is important for their classification, 
being a possible tool for formulating diets with a 
lower methane production potential.
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