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Abstract
The scientific interest in volatile fatty acids (VFAs) as an energy source and chemical precursor in ruminant diets has been 
longstanding, as it has significant implications for animal physiology and well-being. The present study explores the substi-
tution of volatile fatty acids (VFAs) derived from agro-food residues via acidogenic fermentation as an alternative energy 
source in ruminant feed. Utilizing the gas production method, rumen digestibility assays were conducted, wherein the 
recovered VFA effluent from the acidogenic fermentation of apple pomace and potato protein liquor was substituted for 10%, 
20%, and 30% of the total mixed ration (TMR) energy. Various parameters such as gas, VFA yield and composition, VFA 
peak intervals, changes in pH, and ammonium nitrogen content were investigated. Based on the results obtained, provision 
of 20% and 30% of the energy with VFAs did not increase methane production or did not cause significant pH alternations. 
Nevertheless, such supplementation resulted in increased production and accumulation of VFAs in the rumen media. The 
bioconversion of agro-food side streams into VFAs opens a new path in sustainable nutrient recovery and feed production 
from low value agro-industrial residues.
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Introduction

The synthesis, metabolism, and effects of volatile fatty 
acids (VFAs) on ruminants’ health and products have been 
extensively studied over the past decades [1]. In addition 
to serving as a primary energy source for ruminants, VFAs 
also have diverse effects on gastrointestinal development, 
milk yield and composition, dry matter intake, body weight 
gain, rumen microbiota, insulin and glucagon regulation, 
intramuscular fat, and adipose tissue yield [1]. VFAs could 
be administered as feed supplement by ruminal infusion [2], 
oral supplementation [3] or added directly to the total mixed 
ration (TMR) [4].

The use of TMR as a feed strategy enhances cow produc-
tivity, diminishes methane emissions, enhances feed intake 
and digestibility, and sustains optimal rumen health and pH 
by minimizing the number of individual feed choices [5, 
6]. Cattle's energy requirements are influenced by age, sex, 
body size, physiological state, and environment. Energy-
dense feeds are crucial for optimal performance in high-
performance dairy cows. Energy feeds such as corn can be 
substituted with forage, but may increase feed costs and 
decrease forage intake [7]. Fibrous agro-food byproducts can 
be utilized without impacting feed intake or digestibility to a 
certain degree. However, it is important to take into account 
the local availability, nutrient content, and animal productiv-
ity when incorporating these feedstuffs into TMR [8]. Yet, 
the local availability, nutrient content, animal productivity of 
adding these feedstuffs to TMR must be considered. In this 
view, VFAs, with their similar digestible energy to metabo-
lizable energy, lack ruminal fermentation, do not incorporate 
in urine as inorganic nitrogen compounds, making them a 
suitable energy supplement and building block for lipids and 
glucose synthesis [9].

Studies on VFA supplementation in ruminants often use 
synthetic VFAs derived from fossil-based sources and pre-
sented in the form of sodium, calcium, or potassium salts 
[10], which are unsustainable and have a significant envi-
ronmental impact [11]. There is a unique opportunity for 
agro-food side streams and residues to meet the demand 
for VFAs with minimal carbon footprint through anaerobic 
digestion. Acidogenic fermentation of VFAs is built upon 
the anaerobic digestion approach of handling organic waste 
where methane production is inhibited. The particle -and 
microorganism- free VFA effluent obtained from acido-
genic fermentation of feed-grade agricultural residues have 
great potential to replace synthetic VFAs. To the authors’ 
knowledge, no study has utilized the residue derived VFAs 

produced in processes such as acidogenic fermentation in 
ruminant diets.

However, the supplementation of a VFAs mixture in 
TMR may present certain challenges. VFAs serve as pre-
cursors for methane production during anaerobic digestion. 
Therefore, supplementing TMR with a VFAs mixture could 
potentially increase both the rate and volume of methane 
production during ruminal fermentation. Moreover, it is 
important to note that VFAs are carboxylic acids, and their 
accumulation in the rumen can lead to a decrease in pH, dis-
turbing the buffering capacity of rumen fluid (RF). Another 
challenge associated with the supplementation of VFAs is 
the potential alteration in VFAs production and acid distri-
bution in rumen.

The combination of TMR with varying levels of VFAs 
mixture may influence the production rate, peak value, and 
distribution of individual acids during ruminal fermentation. 
Novel alternative feeds such as VFAs solution should focus 
on ruminant animals' quantitative digestion and metabolism 
to modulate their response in feed, based on rumen degra-
dability, and feed energy content changes [12]. Biological 
data from in vivo, in situ, and in vitro methods is needed to 
quantify digestive and metabolic processes. In vitro digestive 
models mimic in vivo digestion and manipulate animal state 
parameters. They can research animal responses to a single 
factor without additional variables affecting the primary 
impact. The Hohenheim gas test, also known as Menke's 
method, uses the correlation between rumen fermentation 
and gas generation to investigate fermentation kinetics on a 
single sample or multiple samples simultaneously [13]. This 
approach is effective for evaluating the energy value of agro-
industrial byproducts [14] and complex feeds [15]. However, 
sample size, donor animal-affected inoculum source, pH, 
temperature, shaking, and incubation medium composition 
and buffering capability may affect the Hohenheim gas test 
[13].

This study aimed to investigate the challenges and poten-
tial opportunities associated with supplementing agro-feed 
residues derived VFAs as energy carriers in ruminant feed. 
Specifically, the study focused on examining the impact of 
VFAs on ruminal feed digestibility, gas production, and the 
composition of ruminal microbiota. To achieve this, in vitro 
trials were conducted using the Hohenheim gas test, which 
is a widely used technique for estimating VFAs and gas pro-
duction in the rumen. Besides, the same amount of VFAs 
solution was added to the rumen media mixture at different 
intervals to investigate the effect of rumen fluid age effect 
on ruminal fermentation performance.
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Materials and methods

Characterization and preparation of feed and VFAs 
mixture

The effluent of VFAs utilized in this study was sourced 
from the acidogenic fermentation process involving a 
combination of apple pomace and potato protein liquor 
as substrate. Rumen fluid was employed as the inoculum 
within a bioreactor. Apple pomace (AP) was provided by 
the Herrljunga cider AB (Herrljunga, Sweden). Potato pro-
tein liquid (PPL) was provided by Lyckeby (Kristianstad, 
Sweden). The Swedish University of Agricultural Sciences 
(SLU) supplied rumen fluid obtained from fistulated Swed-
ish red cows (Lövsta, Sweden). Rumen fluid collection 
was carried out in accordance with the ethical approval 
obtained from Uppsala animal experiment ethics board, 
Sweden (diary no 5.8.8–11,182/2019). The reactor was 
outfitted with a peristaltic permeation pump, a tempera-
ture and pH probe, a programmable logic controller (PLC) 
unit, a pressure sensor, a flow meter, and a submerged flat 
sheet membrane panel that has a built-in gas sparger. The 
membrane bioreactor (MBR) utilized was a 4-L bioreactor 
with a working volume of 3.5 L. The immersed membrane 
bioreactor (iMBR) was supplied with a mixture of AP and 
PPL in a ratio of 1:1 based on the weight of volatile solids 
(VS). It was then inoculated with 300 mL of rumen fluid 
and filled to its operational volume with water. The bio-
reactor temperature was set at 39 °C. There was a daily 
pH adjustment to 6.5 after daily feeding. This research 
work was conducted using an Integrated Permeate Channel 
(IPC) flat sheet membrane designed and kindly supplied by 

the Flemish Institute for Technological Research (VITO 
NV) (Mol, Belgium). The effluent containing VFAs, 
devoid of particles and microorganisms, was effectively 
separated using a membrane that was integrated within the 
reactor [16]. Therefore, applying the VFAs mixture in the 
feed to pass through the rumen would not contradict the 
normal digestion process in the rumen. The specification 
of the VFAs bearing effluent is given in Table 1.

The experiment was designed within an isoenergetic 
scope. Therefore, a proportion of the total energy derived 
from dairy cattle feed was substituted with a specific volume 
of VFAs mixture with equivalent energy content. TMR of 
dairy cattle that was kindly provided by Husshållningssäl-
skapet Sjuhärad (Länghem, Sweden) was dried and ground 
to pass a 2 mm screen. TMR consisted of corn silage, wheat, 
barley, and protein concentrate (rapeseed meal). The chemi-
cal compositions and energy content of the feed and VFAs 
mixture are presented in Table 1. The molar mass of acetate, 
propionate, and butyrate are 60.05 g/mol, 74.08 g/mol, and 
88.11 g/mol, respectively. According to literature, each 
gram of acetate, propionate, and butyrate can provide 14.65, 
20.93, 25.12 kJ of energy respectively [17].

In vitro experiment design

The total energy content of the VFA solution has been esti-
mated by considering the distribution and concentration of 
each acid and their respective calorific values. However, the 
potential energy derived from other soluble constituents 
has not been considered due to their insignificant quanti-
ties. The experiment was designed in three treatments to 
replace 10%, 20%, and 30% of feed gross energy with a 
VFAs solution. About 400 mg TMR was used as a substrate 

Table 1  Chemical composition 
and energy content of feed 
and VFAs mixture used as a 
substrate for in vitro incubation

Dry Matter (DM); Acid detergent fiber (ADF)

Characteristics Amount (per DM)

TMR Dry matter, g/kg 377.7 ± 0.1
Moisture, g/kg 622.3 ± 0.3
Fat, g/kg 24.1 ± 0.2
Acid detergent fiber, g/kg 228 ± 0.2
Neutral detergent fiber, g/kg 371.6 ± 0.4
Crude fiber, g/kg 186.3 ± 0.2
Ash, g/kg 125.2 ± 0.1
Organic matter, g/kg 874.8 ± 0.1
Gross energy content, MJ/kg DM 18.76 ± 0.7

VFAs mixture Total VFAs, g/L 18.35 ± 0.3
Acetate, g/L 7.28 ± 0.1
Propionate, g/L 1.61 ± 0.2
Butyrate, g/L 9.46 ± 0.1
Ammonium nitrogen  (NH4+–N), mg/L 1110 ± 21
Gross energy content, J/mL 378.01 ± 8.7
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in each treatment and based on the level of replaced energy, 
different amount TMR were replaced with different vol-
ume of VFAs mixture. Approximately 10% of the energy 
content derived from a 400 mg of TMR was estimated to 
be roughly 750.4 J. In order to substitute this amount of 
energy, it is necessary to substitute 40 mg of TMR with 
1.99 mL of VFAs solution. Hence, this treatment is denoted 
as TMR1 + 10%VFAs. As a result, to substitute 20% and 
30% of the feed samples energy, it is necessary to replace 
80 and 120 mg of TMR with 3.98 and 5.97 mL of VFAs 
mixture, respectively. Additionally, the condition pertaining 
to the replacement of 20% energy of TMR is referred to as 
TMR2 + 20%VFAs, while the substitution of 30% energy of 
the TMR is denoted as TMR3 + 30%VFAs. Groups TMR1, 
TMR2, and TMR3 serve as controls for treatment groups 
in which VFAs solution is substituted for 10, 20, and 30% 
of TMR's energy, respectively. It is important to note that 
the control groups did not exhibit any distinct variations in 
their TMR formulation. However, each treatment group had 
its own respective control group and the only difference in 
TMR control groups (TMR1, TMR2, TMR3) was the initial 
pH level which was set according to the relevant treatment 
group. For studying the effect of time on the performance 
of rumen fluid in digestibility essays, the rumen fluid was 
sparged by  CO2 and sealed with a one-way valve to keep it 
in an anaerobic condition, then placed in an oven set at 39 
℃. The rumen fluid used in the experiment had been stored 
for 1 day prior to the start of the study.

The 120 mL serum bottles were used as fermentation 
vessels containing 20 mL of rumen fluid and 40 mL of 
the medium mixture. The medium mixture was prepared 
based on the gas production method protocol, consisting of 
(added in order) 400 mL  H2O, 0.1 mL solution A (13.2 g 
 CaCl2.2H2O, 10 g  MnCl4.  4H2O, 1 g  CoCl2.  6H2O, 8 g 
FeCl3.  6H2O and made up to 100 mL with  H2O), 200 mL 

solution B (39 g  NaHCO3/L  H2O), 200 mL solution C 
(5.7  g  Na2HPO4, 6.2  g  KH2PO4, 0.6  g  MgSO4.7H2O 
and made up to 1000 mL with  H2O), 1 mL resazurine 
(0.1%, w/v) and 40 mL reduction solution (95 mL  H2O, 
4 mL lM NaOH and 625 mg  Na2S.9H2O). The mixture 
was kept under  CO2 in a water bath at 39 °C and stirred 
by a magnetic stirrer [18]. Different amounts of TMR 
(400 mg, 360 mg, 320 mg, and 280 mg) and VFAs mix-
ture (1.99 mL, 3.98 mL, and 5.97 mL) were added to 
serum bottles containing 60 mL of rumen medium mix-
ture, and the pH of conditions in each trial was set at the 
pH of the mixture of feed and VFAs. To adjust the pH, an 
acid solution of 0.1 M HCl and a base solution of 0.1 M 
NaOH were used. In another trial, different volumes of 
VFAs (1.99 mL, 3.97 mL, 5.96 mL) were added to rumen 
medium mixture. The rumen fluid utilized in this trial 
was sourced from different age groups, comprising 2-, 6-, 
and 10-day-old samples. Three separate batches of VFAs 
media mixture were prepared, each utilizing rumen fluid of 
different ages: 2-day-old fluid was added to the first batch, 
6-day-old fluid to the second batch, and 10-day-old fluid 
to the third batch. The bottles were sealed by aluminum 
crimp seal with rubber stoppers and flushed with nitro-
gen gas for two minutes to provide the anaerobic condi-
tion. Fermentation was conducted in serum bottles in a 
water bath (LSB12, Grant, Cambridgeshire, UK) at 37 °C 
and 100 rpm. Biogas was collected by a gas-tight syringe 
(VICI, Precision Sampling Inc., USA) to analyze its com-
position and volume. To analyze VFAs distribution and 
concentration, 1 mL of fermentation liquid was taken by 
syringe. The gas and VFAs samples were taken at hours 
0, 4, 8, 12, 24, 32, 48, 56, 72, 80, and 96. Finally, the pH 
of the fermentation liquid and ammonium/ammonia con-
tent were measured at hours 0, 24, 48, 72, and 96. Table 2 
shows the details of each condition.

Table 2  Experimental design 
of feed and VFAs incubated in 
rumen media mixture

Condition Sample Rumen fluid 
(mL)

Medium mix-
ture (mL)

Number of 
replicates

Set pH VFAs + feed

1 TMR1 + 10%VFAs 20 40 3 As mixed
2 TMR1 20 40 3 Set at pH condition1
3 10%VFAs 20 40 3 Set at pH condition 1
4 Blank1 20 40 3 Set at pH condition 1
5 TMR2 + 20%VFAs 20 40 3 As mixed
6 TMR2 20 40 3 Set at pH condition5
7 20%VFAs 20 40 3 Set at pH condition 5
8 Blank2 20 40 3 Set at pH condition5
9 TMR3 + 30%VFAs 20 40 3 As mixed
10 TMR3 20 40 3 Set at pH condition 9
11 30%VFAs 20 40 3 Set at pH condition 9
12 Blank3 20 40 3 Set at pH condition 9
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Analytical method

Fiber analyzer A200 (ANKOM Technology, New York, 
USA) was used for acid detergent fiber (ADF), and neutral 
detergent fiber (NDF) analysis based on manufacturer’s pro-
vided protocol. For fat content analysis, fat was extracted 
from solid samples using an ST 255 Soxtec™ extractive 
system (FOSS, Hillerød, Denmark) and quantitated based 
on supplier’s protocol. Moisture, volatile solid, and ash con-
tents were analyzed using the standard method by Eaton, 
Clesceri [19]. Bomb Calorimeter, IKA 2000 (IKA-Werke 
GmbH & Co. KG, Staufen im Breisgau, Germany), was used 
to estimate the energy value of the TMR [20]. Analyzing 
ammonium nitrogen  (NH4

+–N) was performed using the 
Ammonium 100 test kit (Nanocolor, MACHEREY–NAGEL 
GmbH & Co. KG, Germany).  NH4

+–N concentrations were 
measured using the Nanocolor 500D Photometer (MACH-
EREY–NAGEL GmbH & Co. KG, Germany). By using gas 
chromatography (GC) (Clarus 590; Perkin-Elmer, Norwalk, 
CT, USA) benefitting from a packed column (CarboxenTM 
1000, 6 × 1.8 OD, 60/80 mesh, Supelco, Shelton, CT, USA), 
and a thermal conductivity detector (TCD) the volume and 
composition of gas  (CH4,  H2, and  CO2) was analyzed. The 
injection temperature for the GC-TCD was set to 200 °C, 
and the carrier gas was nitrogen at a flow rate of 30 mL/
min at 75 °C. Throughout the anaerobic digestion process, 
0.25 mL of gas samples were taken daily using a gas syringe 
(VICI, Precision Sampling Inc., USA). In this study, VFAs 
were determined using GC (Clarus 590; Perkin-Elmer, Nor-
walk, CT, USA) coupled to a capillary column (Elite-WAX 
ETR, 30 m 0.32 mm 1.00 m, Perkin-Elmer, Shelton, CT, 
USA) and flame ionized detector (FID). In the GC-FID con-
dition, injection and detection temperatures were 250 and 
300 degrees Celsius, respectively. The carrier gas was nitro-
gen with a flow rate of 2 mL/min and a pressure of 20 psi. 
Prior to VFAs analysis, 500 µL liquid samples were mixed 
with 100 µL acid mix (25 percent (v/v) formic acid and 25 
percent (v/v) ortho-phosphoric acid at a ratio of 1:3) and 
centrifuged at 10,000 × g for 5 min. To remove particles that 
were not dissolved, 0.2 m syringe filters were used to filter 
the supernatant from the experiment. VFAs concentrations 
and acid distributions are determined by mixing 250 µL of 
the supernatant with 250 µL butanol and 500 µL milli-Q 
water and analyzing with GC. Butanol at 1 g/L is used as an 
internal standard.

Statistical analysis

The design considered is a one-way experimental design 
since the effects of a single factor (VFAs replacement) on the 
dependent responses such as gas, VFAs production, altera-
tion in pH, and ammonia production are being explored. 
All experiments and analyses were conducted in triplicates. 

MINITAB® 21 (Minitab Ltd., Coventry, UK) was used for 
the statistical analysis of the data with the one-way ANOVA 
(analysis of variance) and a confidence interval of 95%. Pair-
wise comparisons were carried out according to Tukey's test.

Results and discussion

In the current study, the ruminal fermentation TMR was 
investigated both individually and in combination with a 
VFAs solution through batch assays. The ruminal produc-
tion of gas and VFAs were determined. The composition of 
the generated biogas was analyzed at different time inter-
vals to evaluate the influence of VFAs supplementation on 
rumen microbial performance and as an indicator of feed 
digestibility.

Gas production

The amount of biogas produced in different combinations of 
TMR and VFAs mixture is presented in Fig. 1. In addition, 
the comparison between variations and responses is given 
in Table 3. Hydrogen  (H2) has a central role in controlling 
methane  (CH4) and VFAs production, therefore, it is of great 
importance to determine the variations in hydrogen genera-
tion in different conditions. TMR1 produced 0.8 mL  H2 until 
hour 24, which was four-fold production compared with the 
amount produced by TMR1 + 10%VFAs (p = 0.02) (Fig. 1a). 
On the other hand, the mixture of TMR1 and 10%VFAs did 
not generate a high level of  H2. The production was elevated 
until hour 8 and kept constant at around 0.1 mL until the 
trial ended. TMR2 produced significantly higher  H2 than 
TMR1 (p = 0.03). TMR2 production rate kept increasing 
until 32 h before becoming stable. The mixture of TMR2 and 
20%VFAs (TMR2 + 20%VFAs) produced less  H2 (P = 0.04), 
but the rate was the same as TMR2. TMR3 produced more 
 H2 compared to the mixture of TMR3 and 30%VFAs 
(TMR3 + 30%VFAs) but the difference was not significant 
(p = 0.08). It is worth noting that adding higher levels of 
VFAs (20%, and 30%) resulted in producing a higher amount 
of  H2. Adding 30% VFAs to TMR produced more  H2 than 
20% VFAs addition, but the difference is not significant 
(p = 0.07). The accumulated  H2 by TMR1 + 10%VFAs is 
at the lowest amount among all other treatments, which 
justifies that hydrogen does not usually accumulate in the 
rumen media and the combination of TMR and 10%VFAs 
provides a favorable condition for a rapid metabolization rate 
of hydrogen with stoichiometric production of methane [21]. 
Accordingly, methane was produced from the initiation of 
the trial without any lag for TMR + 10%VFAs, while in other 
conditions, a lag time of between 4 to 32 h was experienced. 

The lag time could provide enough time for  H2 produc-
tion pathways to result in the accumulation of  H2 in the 
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system. Czerkawski, Harfoot [22] found a direct correlation 
between the rate of methane production and hydrogen uptake 
in the gas phase and the concentration of hydrogen. In their 

experiment where different amounts of hydrogen were 
sparged into the rumen fluid, it was observed that methane 
production was inversely related to hydrogen accumulation. 

Fig. 1  Content and composi-
tion of gas generated from 
TMR with and without energy 
replacement by VFAs a 10%, b 
20% and c 30%
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Replacing higher levels of energy with VFAs (20%, and 
30%) led to more hydrogen in the headspace (1.49 mL and 
1.47 mL). Increase in hydrogen levels in rumen fluid, is 
reported to suppress the activity of NADH ferredoxin oxi-
doreductase crucial for producing hydrogen during continu-
ous oxidation of reducing equivalents. In these conditions, 
there is a surge in hydrogen production in a 24-h period 
(diurnal hydrogen production), however, methanogenesis 
does not increase simultaneously. It could be said that, the 
amount of hydrogen that escapes from the fluid phase rep-
resents the amount of hydrogen that evades methanogenesis 
or any other hydrogen sink in the fluid phase [23].

Unlike the higher  H2 production trend by TMR1 com-
pared to TMR1 + 10%VFAs, the latter produced significantly 
higher amount of methane (p = 0.03) (Fig. 1b). While the 
 CH4 synthesis process was identical for both conditions until 
hour 12, TMR1 + 10%VFAs exhibited a notable rise from 
2 mL to over 8 mL, steadily increasing to reach 15 mL by 
the conclusion of the experiment. The trend was the same, 
but the methane production rate for TMR1 became slower 
from hour 12 until hour 96. This resulted in 4 mL less meth-
ane production compared to TMR1 + 10%VFAs (Table 3). 
TMR2 + 20%VFAs started to produce methane at hour 24 
and produced around 8 mL by the end of the experiment. 
Moreover, this trend was similar for TMR3 + 30%VFAs. In 
general, adding higher amounts of VFAs resulted in less  CH4 
production in terms of rate and extent. Hence, VFAs do not 
act as precursors for methane production during anaerobic 
digestion.

The amount of produced gas is an indicator of feed diges-
tion in the gas method [24]. At higher levels of added VFAs, 
VFAs supplemented treatments produced rather similar 

volume of gas as TMR alone, showing the same digestibil-
ity in both conditions. Considering the lower load of TMR 
in treatments with added VFAs, similar gas production as 
for TMR represents increase in digestibility in the pres-
ence of VFAs. This is also backed by higher VFAs levels 
in treatment groups with 20 and 30% VFAs replacement 
(6.88 g/L, and 5.79 g/L). Moreover, increasing the incuba-
tion time would increase the proportion of methane in the 
total gas produced. Getachew, Robinson [25] investigated 
the differences among TMR in methane production at 6, 
24, 30, 48 and 72 h of in vitro incubation. They suggested 
that the slowly digestible fraction of feed, i.e., structural car-
bohydrate, is associated with higher  CH4 production dur-
ing longer incubation. In this study, the average  CH4 pro-
duction by 48 h incubation was 12.3 mL, 3.5 mL, and 1.6 
mL for 10%, 20%, and 30% replaced VFAs, respectively. 
It could be concluded that by replacing higher amounts of 
energy with VFAs, the amount of structural carbohydrates 
in feed would be decreased, resulting in less methane pro-
duction and longer incubation time. However, factors such 
as NDF content of the feed, dilution rate and pH of rumen 
and medium, and feed particle size, could also affect the 
amounts of produced methane [25].

pH is another determining factor that can influence 
methanogens, therefore, the changes in the mean pH were 
recorded every 24 h and presented in Fig. 2. For all treat-
ments, upon incubation for 96 h, it was observed that the 
medium’s buffering capacity always maintained a pH within 
the range of 6.9–7.4 necessary for optimum cellulolytic bac-
teria and methanogens growth [26]. In in vitro techniques, 
incubation systems are designed to maintain the pH between 
6.7 and 7.0, which is considered to be the physiological 

Table 3  The comparison of 
various responses in different 
conditions

H2: Hydrogen;  CO2: Carbon dioxide;  CH4: Methane; TVFAs: Total Volatile fatty acids; ΔTVFAs: the dif-
ference in total VFAs production during 96 h;  NH4

+: Ammonium; ΔNH4
+: the difference in ammonium 

production during 96 h; NH3: Ammonia; ΔNH3: the difference in ammonia production during 96 h. Val-
ues with different superscript letter in a row are significantly different at 5% tukey test

Response Conditions

TMR1 + 10%VFAs TMR1 TMR2 + 20%VFAs TMR2 TMR3 + 30% 
VFAs

TMR3

H2 mL 0.1d 0.83c 1.49a 2.17b 1.47b 1.57b

CH4 mL 15.11a 11.06b 8.3c 7.92c 6.9d 6.2d

CO2 mL 24.22a 16.06c 13.77d 16.56b 17.86b 15.74c

TVFAs g/L 5.45c 5.55c 6.88a 5.88bc 5.79b 5.79bc

ΔTVFAs g/L 2.61bc 3.01ab 3.42a 3.49a 2.26c 3.19ab

Acetic acid g/L 2.88b 2.98b 3.38a 3.15ab 3.01b 3.18ab

Propionic acid g/L 1.07d 1.28bc 1.68a 1.54a 1.17 cd 1.41b

Butyric acid g/L 0.6d 0.82c 1.16b 0.62d 1.27a 0.58d

NH4
+ mg/L 440a 325c 385ab 320c 420a 330bc

ΔNH4
+ mg/L 150a 95a 105a 140a 50a 110a

NH3 mg/L 415a 305c 365ab 300c 400a 310bc

ΔNH3 mg/L 150a 115a 105a 80a 50a 100a
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range for a healthy and active rumen [27]. In this study, the 
usual trend of gas production for TMR and TMR + VFAs 
shows no exhaustion of the buffering capacity in the media 
and, the pH is maintained at the range 6.9 to 7.4 that makes 
a correlation with gas production. Compared to other stud-
ies [28, 29], those from Menke et al. [18] and Beuvink and 
Spoelstra [30] have a higher concentration of bicarbonate 
ions in media. To investigate the critical differences in the 
final pH, up to 12 mmol propionic acid, based on the amount 
and composition of the buffer, was added to different media 
with the same initial pH to simulate rumen fermentation. 
Accordingly, for Menke et al. [18] buffer, pH values were 
above 5.9, while in Theodorou et al. [28] and Huntington 
et al. [29] buffers, pH values were 5.42 and 5.29, respec-
tively. The present investigation demonstrates that maintain-
ing an incubation pH over 6.5 could potentially create an 
appropriate fermentation environment. Bertipaglia, Fond-
evila [31] reported that the gas production from a mixed 
concentrate feed after 24 h of incubation was 26% lower 
at pH 5.8 than at pH 6.5. As the fermentation medium pH 
decreased below 6.2, gas release became non-linear, empha-
sizing that the buffering capacity to contain fermentation 
end-products is limited and affected [30].

As a result, adding VFAs at the mentioned levels did not 
affect the ruminal pH. In addition, VFAs effluent used in this 
study contains a significant nitrogen content in the form of 
ammonium that assists with buffering.

The changes in the ammonia and ammonium content of 
the media during gas method analysis are presented in Fig. 3. 
At the beginning of the experiment, TMR3 + 30%VFAs 
had the highest amount of ammonia at 370 mg/L, due to 

higher VFAs solution addition. TMR1 + 10%VFAs had 
a high ammonia consumption rate as it reduced from 
265 mg/L to 195 mg/L in a 24 h interval followed by an 
increase in content from 48 to 96 h. Microorganisms could 
have used the supplied ammonia to proliferate in this 
period. Similar ammonia reduction trend was observed for 
TMR3 + 30%VFAs. There is a gradual increase in VFAs, 
and methane production confirms the feed fermentation and 
ammonia release in 48 h and 96 h by TMR1 + 10%VFAs. 
Also, fast-fermenting carbohydrates resulted in higher 
microbial synthesis [32]. Alternating higher levels of energy 
to higher levels of VFAs would remove a chunk of fast fer-
menting carbohydrate, hindering microbial growth.

VFAs production

The changes in total VFAs production and distribution are 
represented in Fig. 4. Replacing 10% of TMR energy with 
VFAs increased the total produced VFAs in the system. The 
initial VFAs concentration for TMR1 + 10%VFAs was 2.84 
g/L and reached 5.45 g/L by the end of the experiment. A 
higher production rate was recorded up to hour 48 and final 
VFAs concentration in the presence of 10% VFAs com-
pared to TMR1 (p = 0.02). The difference in total VFAs is 
an indicator of VFAs production during 96 h that is calcu-
lated based on the deduction of initial total VFAs from the 
amount produced at the end of the experiment (Table 3). 
The difference in total VFAs was 3.01 g/L for TMR1 and 
2.61 g/L for TMR1 + 10%VFAs. In both conditions, pro-
pionic and butyric acids gradually increased, but this was 
more pronounced for TMR1 + 10%VFAs. In contrast, TMR1 

Fig. 2  pH levels of different 
conditions of feed and supple-
mented VFAs solution
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had higher acetic acid (3.63 g/L) but it was not significant 
(p = 0.06). Propionic and butyric acids are more favored as 
they have a broad range of applications in ruminant bod-
ies and are important in different metabolic pathways, for 
instance propionate acts as glucose precursor in lactating 
cows [33]. Additionally, in high hydrogen generation situa-
tions propionic production can compete with methanogens 
on  H2 uptake.

Over 50% of generated acetate and butyrate by 
TMR1 + 10%VFAs was produced in the first 24 h. The VFAs 
mixture had a high level of acetate and butyrate and by 

replacing 20% of energy with it in TMR, hydrogen was pro-
duced at a high rate until hour 32 (1.5 mL) and became sta-
ble after that. At the same time, methane started to increase 
at 32 h (1.14 mL) and reached 3.53 mL at 48 h. Notably, 
the acetate, propionate, and butyrate gradually increased by 
48h (Fig. 4). Net hydrogen production is associated with 
acetate, and to a lesser extent, butyrate production from 
feed, respectively. As opposed to this, propionate production 
results in net hydrogen incorporation. Hydrogen was pro-
duced simultaneously in the acetate and butyrate production 
pathways. Based on the acetate and butyrate production rate, 

Fig. 3  Ammonia  (NH3) content 
of TMR and different levels of 
supplemented VFAs solution

Fig. 4  Total VFAs production and distribution during 96 h incubation of TMR, different levels of VFAs mixture, and rumen fluid media mixture
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a hydrogen pool peak is expected by 24 h. However, as meth-
anogenesis is the thermodynamically preferable approach for 
 H2 sink, from hour 24 there was a sharp increase in methane 
production, resulting in decreasing the  H2 production rate. 
In comparison, TMR1 has the same tendency in acetate and 
butyrate production and generates hydrogen at the same 
time. While the hydrogen uptake by methanogens in TMR1 
after 24 h was not as significant as the hydrogen uptake by 
methanogens in TMR1 + 10%VFAs after 24 h, the methane 
production pattern remained unchanged. TMR2 + 20%VFAs 
produced the highest amount of VFAs during the 96-h 
experiment but the difference was not significant (p = 0.07) 
compared to the VFAs production by TMR2. The initial total 
VFAs were 3.43 g/L and increased to 5.68 g/L at 48 h, while 
total VFAs production was 4.77 g/L for TMR2. From 48 h 
until 96 h for TMR2 + 20%VFAs and TMR2 the VFAs gen-
eration soared to 6.89 g/L and 5.88 g/L, respectively. The 
butyric acid production by TMR2 fluctuated by around 0.5 
g/L, while TMR2 + 20%VFAs experienced a gradual rise to 
reach 1.12 g/L at 96h. Furthermore, the TMR2 + 20%VFAs 
treatment resulted in a gradual increase in the production 
of propionic acid, with levels reaching 1.92 g/L by hour 80 
producing the highest amount of propionic acid among all 
treatments.

In systems characterized by a high hydrogen concentra-
tion, such as TMR1, TMR2, and TMR2 + 20%VFAs, the 
process of hydrogen generation is constrained, resulting in 
a reduction in the flux through the  H2 pool. In the pres-
ence of high  H2 concentrations, pathways that produce  H2 
are less thermodynamically favorable than other pathways. 
A smaller amount of  CH4 will be formed per unit of feed 
fermented in the media, as electrons will be channeled into 
other products, such as propionate. Consequently, lower  H2 
concentrations are required to maintain methanogens in the 
media, leading to the formation of more  H2 and a reduc-
tion in propionic acid production [34]. A close correlation 
exists between the profile of VFAs produced and  CH4 for-
mation [34]. Propionic acid and  CH4 compete as hydrogen 
sink, whereas acetate and butyrate produce hydrogen that 
methanogens can use it for  CO2 reduction to methane [35]. 
In vitro balances of hydrogen production and incorporation 
in TMR1 + 10%VFAs show an inverse correlation between 
produced hydrogen and methane (Fig. 1a, e)[36].

TMR1 + 10%VFAs produced the highest amount of  CO2 
(24.2 mL) followed by TMR1. The energy replacement at 
higher percentages resulted in less  CO2 production. The 
rate of  CO2 production by TMR3 + 30%VFAs and TMR3 
was noticeably fast until hour 24. After that, the produc-
tion increased gradually by the end of the trial to reach 17.3 
and 15.7 mL, respectively. The rate of  CO2 production by 
TMR2 + 20%VFAs and TMR2 was the lowest compared 
to other treatments at 13.7 and 16.5 mL, respectively.  CO2 
is produced as a result of both microbial fermentation and 

the reaction between fermentation products and the sodium 
bicarbonate contained in buffer [30].

TMR1 + 10%VFAs produced 19.7 mL  CO2 at 48 h, 
which was 80% of total generated  CO2, while it was 12.3 
mL  CO2 for TMR1 fermentation at the same time. Respect-
ing Fig.  4a, TMR1 + 10%VFAs produced more acetate 
(3.24 g/L) and butyrate (0.88 g/L) compared to TMR1 but 
the difference was not significant (p = 0.07). On the other 
hand, TMR1 + 10%VFAs produced less propionate com-
pared to TMR1 (p = 0.02). Since substrate fermentation to 
propionate yields gas only from buffering in the medium, 
lower gas production is associated with higher propionate 
production [37]. In TMR2 + 20%VFAs the conversion of 
 CO2 and  H2 led to acetate production instead of  CH4 and 
consequently reduction in the gas produced per mol of VFA 
[38], along with the uptake of net one mol of  CO2. There-
fore, it has lower  CO2 level compared to TMR1 + 10%VFAs. 
It is noteworthy that inhibition or reduced activity of the 
methanogens results in hydrogen accumulation and inhibi-
tion of hydrogenases. Consequently, carbohydrate ferment-
ing bacteria resort to other mechanisms to reduce equiva-
lent disposal (e.g. dehydrogenases of propionate synthesis) 
[39]. Consequently, it is plausible that the elevated con-
centration of  H2 in TMR2 + 20%VFAs, as compared to 
TMR1 + 10%VFAs, could potentially result in increased 
propionic acid synthesis and decreased  CH4 and  CO2 pro-
duction in TMR2 + 20%VFAs. In addition to that, VFAs sup-
plementation might have supported the growth of specific 
microorganisms such as fumarate-reducing enterococci, 
resulting in a rise in propionic acid production and reduc-
tion in methane production [40].

TMR3 + 30%VFAs and TMR3 had 3g/L acetic acid, the 
lowest amount among all conditions. Many authors have 
reported the significance of VFAs profile concerning  H2 
availability and methane production. Higher propionate and 
lower acetate and butyrate proportions contribute to lower 
 H2 production and less methane output [41]. Conversely, 
TMR2 + 20%VFAs had higher acetic, propionic, and butyric 
acid but it produced methane at the same level as TMR2 
with less hydrogen yield. Based on the amount of  H2 and 
 CH4 production, total VFAs generated and acids distribu-
tion, replacing 20% of TMR energy with VFAs solution is 
the most favorable condition which produces less gas and 
higher VFAs compared to its control group (TMR2).

Effect of rumen fluid age on gas and VFAs 
production

Introducing varying levels of VFAs (2 mL, 4 mL, 6 mL) 
into buffering media containing rumen fluid at different ages 
resulted in variations in gas and VFAs production which is 
presented in Fig. 5. The primary objective of this part of 
study was to examine the impact of the age of rumen fluid 
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as an inoculum on ruminal fermentation when supplemented 
with VFAs in the absence of a TMR. Additionally, the study 
aimed to investigate the effect of time on the preservation 
of rumen fluid under natural rumen conditions. Keeping 
rumen fluid at 39℃ with sparging nitrogen to maintain the 
anaerobic condition for 5 and 10 days affected microbial 
performance.

The addition of VFA with 10% TMR energy equivalent 
to rumen fluid of 10 days aged (10%VFAs + 10D) pro-
duced the highest amount of  H2 (0.15 mL) (Fig. 5a). It is 
worth noting that other percentages of VFAs with different 
rumen fluid ages produced negligible  H2. However, the 
20%VFAs in rumen fluid of 10 days old showed differ-
ent trends. Hydrogen production started at hour 24 and 
stayed constant till 32 h. All three levels of added VFAs 
to 10-day-old rumen fluid produced the highest amount 
of methane. Besides 10%VFAs + 10D had the highest 
production rate, whereas the two other additional lev-
els produced methane in a similar manner. However, the 
methane production rate of the addition of 30% energy of 

TMR in the form of VFAs to rumen fluid of 10 days aged 
(30%VFAs + 10D) was higher than the production rate of 
the addition of 20% energy of TMR in the form of VFAs 
to rumen fluid of 10 days aged (20%VFAs + 10D) at 52 h, 
producing 3.8 mL and 2.7 mL, respectively. Adding differ-
ent levels of VFAs to fresh rumen fluid did not influence 
VFAs production. The difference between the initial VFAs 
and the final VFAs was negligible. Adding higher levels 
of VFAs increased the initial VFAs concentration in the 
system, but the changes in total VFAs production were the 
same for all VFAs levels. It is noteworthy that all VFAs 
levels had the same production trend but different VFAs 
distribution. The 10%VFAs + 10D was the only condition 
where acetic acid was produced during the incubation. The 
microbiota had not been fed for more than 10 days prior to 
the assay, therefore, only the last stage of anaerobic diges-
tion, methanogenesis, was supplied with required precur-
sors. Nevertheless, total VFAs increased drastically from 
1.96 g/L at 4 h to 3.53 g/L at hour 8. VFAs production 
supports the sudden jump in  H2 at 8 h, as there was a 

Fig. 5  Gas (a, b, and c) and VFAs production by incubating VFAs with different rumen fluid ages: fresh (d, e and f), 5-day old (g, h and i) and 
10-day old (j, k and l)
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significant acetic and butyric acid production by that time. 
Considering the effect of ruminal fluid age on gas produc-
tion, the trend for gas production from fresh and 5-day-
old rumen fluid in this study was in line with Robinson, 
Mathews [42] findings. They found that the delays of up 
to 48 h from rumen fluid collection to the initiation of the 
fermentation experiment had no impact on the measured 
gas. Likewise, Cone, Van Gelder [43] observed that final 
gas production after storage of RF for 2, 4, 8, and 25 h at 
39°C was similar for RF stored for up to 4 h. However, the 
amount of gas produced by RF stored for more than 25 h 
was significantly lower, which differs from the findings 
of this study. In addition to rumen enzyme activity being 
influenced by the preservation treatment and the donor 
animal’s diet, different enzymes are susceptible to changes 
by temperature and pH in different ways.

Conclusion

This study investigated the partial energy replacement 
of TMR with the VFAs solution at three different sup-
plementation levels. Based on reduction in methane pro-
duction, increase in VFAs generation, and more favored 
VFAs distribution, replacing 20% of TMR energy with 
VFAs derived from agro-food residues could be a prom-
ising approach for introducing a sustainable alternative 
ingredient for supplying energy in ruminants’ feed. Hence, 
VFAs solution could act as a promising player in balanc-
ing the ration for animals at special physiologic stage such 
as dairy cows at post-partum stage or cows with negative 
energy balance, however, follow up in vivo trials are nec-
essary. Additionally, it is a convenient solution for farmers 
to bio convert agriculture residue to VFAs solution on site 
and step towards circularity in feed production.
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