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Abstract 
This study assessed the impact of rumen fluid source, basal diet, and dissolved 
oxygen content in rumen liquor on in vitro rumen fermentation, ruminal gas 
production, and changes in ruminal microbiota diversity. Two sets of in vitro 
experiments were conducted. The first study examined the effects of sources 
of individual or equally pooled rumen liquors (Exp. 1) on ruminal pH, green-
house gas (GHG) emissions, and microbiota changes. The second part of the 
experiment (Exp. 2) focused on assessing how different levels of dissolved ox-
ygen (O2) and different diets (grain-based versus forage-based) influence in 
vitro digestibility (IVDMD), methane (CH4) and other gas emissions, rumen fer-
mentation, and microbial populations. All gases were collected using an ANKOM 
Gas Production System to analyze CH4, nitrous oxide (N2O), and hydrogen sul-
fide (H2S). Triplicate qPCR analyses were used to evaluate microbial diversity 
in the rumen of cannulated steers. Incubations with mixed rumen fluid (RF) 
produced more gas (P < 0.01) than those with RF from individual donor steers. 
Consequently, CH4 and H2S production, Firmicutes (F), Bacteroidetes (B), F/B 
ratio, and total methanogens were at intermediate levels with mixed RF com-
pared to individual donor steer samples. The dissolved O2 treatment did not 
affect the average in vitro dry matter disappearance rate (IVDMD), with no 
significant diet × treatment interactions. Increasing O2 supply reduced (P < 
0.05) total gas (mL/24h), CH4 (mL/24h), and H2S (mL/24h) production in the 
forage-based diet, with no significant diet × treatment interaction (P > 0.05). 
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The findings indicated that RF obtained from a single animal was prone to 
error due to host-animal variation and suggested that mixed RF from multiple 
donor animals can be used in an in vitro study. Dissolved O2 levels in the ru-
men and diets significantly influenced rumen gas production, resulting in dif-
ferent fermentation end products, microbiome diversity, and total methano-
gen abundance. 
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1. Introduction 

The effect of rumen fluid donors on in vitro rumen fermentation associated with 
microbiota is significant. Different rumen fluid donors and diets can influence the 
fermentation process, the resulting fermentation end products, and microbiome 
diversity [1]. Since in vivo measurement of nutrient digestion in the rumen re-
quires ruminally cannulated animals, which are invasive, costly, labor-intensive, 
and prone to errors due to host-animal variation, alternative techniques have been 
developed. These include in vitro procedures for estimating ruminal fermentation 
and nutrient digestion of potential feeds or feed additives [2]-[4]. In vitro methods 
using rumen fluid from animals as an inoculum have been widely used for years 
to evaluate dietary feed ingredients [5] [6]. However, few studies have examined 
the effects of one or more donor steers on in vitro gas production, rumen fermen-
tation profiles, changes in bacterial diversity, and greenhouse gas (GHG) emis-
sions. Furthermore, research using rumen-fistulated animals has shown no sig-
nificant differences between cannulated and non-cannulated cows in dry matter 
intake (DMI), volatile fatty acid (VFA) profiles, milk production, milk composi-
tion, or enteric methane (CH4) emissions. However, it was noted that the CH4 
yield and intensity decreased [7] [8], suggesting that trace levels of oxygen (<20 
µM O2) may inhibit CH4 emissions by suppressing the viability of methanogens. 
Nonetheless, no in vitro or in vivo studies have confirmed this hypothesis. There-
fore, we hypothesize that using an elevated dissolved O2-water supply during in 
vitro fermentation could inhibit and alter methanogenesis and alter the bacterial 
community. 

Collecting rumen liquor from multiple donor animals is common for in vitro 
studies [9] [10]; however, to our knowledge, no studies have directly examined 
how one or more donor steers, about dissolved oxygen (O2) levels in the rumen 
fluid (RF), affect in vitro rumen fermentation profiles, gas production, changes in 
rumen bacteria, and greenhouse gas (GHG) emissions. Although it is well estab-
lished that rumen microbes are strictly anaerobic, and only particular species can 
survive for some time when exposed to more than a few parts per million (ppm) 
of O2 [11], specific information on how dissolved O2 levels in the rumen liquor 
influence ruminal dry matter (DM) digestibility (DMD), GHG emissions [CH4, 
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nitrous oxide (N2O)], and microbial dynamics during in vitro incubation appears 
to be lacking. Additionally, while the O2 sensitivity of methanogen growth is well 
known [12] [13], the presence of O2 and its impact on methanogenesis in rumen 
liquor have been overlooked, and no published data exist on attempts to measure 
its concentration.  

It has been suggested that O2 may enter the rumen with food, saliva, or by dif-
fusion from the blood [14]. Typically, a small proportion of O2 (0.5% - 6.5% by 
volume) is found in rumen gases [15] [16]. The rumen contains facultatively an-
aerobic bacteria that can tolerate or utilize O2 [11]. For example, coliform bacteria, 
which are facultative anaerobes, have been isolated from the rumen [17]. It has 
been reported that methanogenesis and growth of methanogens (Methanococcus 
voltae, M. vannielii, Methanosarcina, and Methanobacterium ruminantium) were 
inhibited after short-term (10 min) exposure to O2 (up to 5 KPa O2) [12] [18] [19]. 
However, recent research shows that some methanogens, such as M. bryantii, are 
O2-stable and can survive exposure to air for several hours or more without losing 
viability [20]. Typically, up to 500 nmol/L O2 has been found in the rumen of cows, 
sheep, and goats [16]. An O2-affinity study [13] reported that rumen ciliates like 
Polyplastron multivesiculatum and Eudiplodinium maggii could tolerate O2 con-
centrations of up to 5 to 10 µM, with apparent half-saturation constants (Km val-
ues) of 1.0, 1.7, and 5.2 µM O2, respectively. Rumen ciliate species such as Dasytricha 
ruminantium and Isotricha prosoma, along with rumen fungus Neocallimastix 
patriciarum, also possess hydrogenosomes related to O2 utilization [21]-[24]. 
However, exposure to liquid-phase O2 concentrations above 10 µM causes rapid 
inactivation of respiration, and an excess of 14 µM leads to 50% inhibition of H2 
production in the hydrogenosome-containing rumen fungus Neocallimastix patri-
ciarum [24]. Some rumen bacteria, such as Bacteroides ruminicola, contain CO2-
binding cytochromes, and O2-consuming substrates have been isolated from ru-
men microorganisms, such as Butyrivibrio fibrisolvens. The current study aims to 
evaluate: 1) the potential effects of a single or pooled ruminal inoculum and dis-
solved oxygen (O2) concentrations on gas production and GHG emissions over a 
24-hour incubation, and 2) how various levels of dissolved O2 and different dietary 
contrasts influence in vitro digestibility, CH4 and other gas emissions, fermenta-
tion rate, and microbial changes. 

2. Materials and Methods 

The experiment was conducted at the Caprine Research and Education Unit at 
Tuskegee University. The Tuskegee University Animal Care and Use Committee 
approved the animal care, handling, and sampling procedures for this experiment 
(#T02-2002-1). 

2.1. Experimental Design 

Two sets of in vitro experiments were conducted. An initial study evaluated the 
effects of individual or equally pooled rumen liquors and dissolved oxygen (O2) 
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concentration on ruminal pH, gas production, CH4 production, and changes in 
microbiota. The second objective involved experiments to assess the effects of var-
ious levels of dissolved O2 concentration [control (0 ppm), 0.1 ppm, and 0.2 
ppm], and two contrast diets (grain-based vs. forage-based diets) on the in vitro 
digestibility, CH4 and other gas emissions, rumen fermentation rate, and micro-
bial changes.  

2.2. Rumen Fluid Donor Animals 

This experiment was conducted to compare the utility of using ruminal popula-
tions collected separately from six individual steers with that of a mixture pre-
pared from those six steers. Six individual rumen-cannulated steers were selected 
as donors (2 years of age, Black Angus; Bos taurus) based on similar body weight 
(BW; 795.0 ± 23.76 kg). Rumen fluid was collected from each of the six steers 2 h 
after feeding. Animals had been receiving a total mixed ration (TMR) diet based 
on steam-flaked corn (52%), WDGS (20%), wet corn gluten (10%), cottonseed 
meal (10%), chopped corn stalks (7%), and mineral and vitamin premix (1%).  

Ruminal contents from individual steers were placed into pre-warmed insu-
lated thermal bottles, transported to the laboratory, homogenized, filtered through 
4 layers of cheesecloth, and used as an in vitro inoculum. Once filtered, an equal 
volume of each liquor collected was sampled and equally pooled with the others 
to obtain the seventh treatment (e.g., pooled rumen fluid). Rumen fluid was main-
tained in a water bath at 39˚C under CO2-saturated conditions until inoculation. 
The duplicated anaerobic condition was maintained by continuously flushing the 
bottle headspace with CO2. 

2.3. In Vitro Experiment 

All gases were collected using an ANKOM Gas Production system for analyses of 
CH4, nitrous oxide (N2O), and hydrogen sulfide (H2S). For in vitro incubations, 
substrates of mixed diets containing steam-flaked corn (62.5%), WDGS (30%), 
cotton-seed meal (7.0%), and urea (0.5% as-fed) were placed in 250 mL ANKOM 
(ANKOM Technology Corp. Macedon, NY) sample bottles containing 6.0 g of 
substrate, 50 mL of the individual or pooled ruminal fluid (pH 5.8) and either 40 
mL artificial saliva (pH 6.8, as fed) or 40 mL of different levels of dissolved O2-
contained artificial saliva for 24 h incubation (pH 6.8); [25] [26]. It has been re-
ported that over the range of substrate concentrations (0.2 - 2.0 g/100mL buffer 
solution) used, the quantity of substrate added to the bottle had no significant 
effect on the lag time and fractional rates of gas production, except the total amount 
of gas production [27].  

2.3.1. Experiment 1 
A set of in vitro incubations was conducted to evaluate the effects of individual or 
equally pooled rumen liquors and dissolved oxygen (O2) concentration on ruminal 
pH, gas production, CH4 production, and changes in microbiota. For in vitro incu-
bations, 2.5 g of feedlot ration diets (% as-fed; Table 1) were placed in 250 mL 
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ANKOM (ANKOM Technology Corp. Macedon, NY) sample bottles containing ei-
ther 40 mL of pooled ruminal fluid (pH 5.61) and or 40 mL of individually collected 
rumen fluid incubated with 160 mL artificial saliva (pH 6.8; Min et al., 2005). Each 
incubation was done in three replications. The bottle was flushed with CO2 gas be-
fore being capped with an ANKOM Gas Production module. Dissolved oxygen (O2) 
concentration was measured before the experiment commenced (Day 0) and after 
completion (Day 30). An initial ruminal pH was measured prior to the start of ru-
men incubation. Bottles were flushed with CO2 gas before being capped with an 
ANKOM Gas Production module. One-liter FlexFoil PLUS sample bags (SKC Inc., 
Eighty-Four, PA) were connected to the modules. Bottles were placed in a shaking 
incubator at 39˚C—bottles containing only inoculum and buffer served as blanks. 
 
Table 1. Ingredients and nutrient composition (% DM) of the experimental diets tested in 
vitro. 

Item1 Diet (% as-is)  

 SFC Alfalfa Grain-based Forage-based SEM 

Ingredients      

Steam-flacked corn - - 65.0 19.0  

WDGS - - 10.0 10.0  

Cottonseed meal - - 5.5 5.5  

Alfalfa, ground - - 19.0 65.0  

Urea - - 0.5 0.5  

Chemical composition      

DM 90.3 91.0 94.9 94.6 0.04 

CP 9.6 24.4 17.2 18.9 0.81 

ADF 3.9 29.7 7.2 21.1 0.82 

NDF 9.2 37.3 15.2 35.3 2.27 

Lignin 1.4 6.8 2.7 11.1 0.25 

NFC 76.7 23.0 48.6 24.5 0.11 

Starch 76.0 0.7 31.4 10.1 0.33 

CF 3.2 2.2 4.7 4.6 0.25 

Ash 1.5 13.2 14.3 16.7 0.28 

TDN 71.7 59.0 69.0 59.9 1.68 

SFC = steam-flacked corn, WDGS = wet distiller’s grains, soluble, DM = dry matter, CP = 
crude protein, ADF = acid detergent fiber, NDF = neutral detergent fiber, NFC = non-fiber 
carbohydrate (100-CP-NDF-CF-ash), CF = crude fat, TDN = total digestible nutrient [86.2 
− (0.513 × % NDF) × 0.88]. 
 

After 24 hours of incubation, two 1.0 mL samples were taken from each sample 
bag for gas analysis. Gas sample bags were closed and separated from the module, 
and gas concentrations (CH4 and N2O) were then determined using an SRI gas 
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chromatograph equipped with a mechanized electron capture detector (ECD) and 
flame ionization detector (FID) (SRI Instruments, Torrance, CA). Analyzers were 
calibrated with GHG gases of known concentrations. Hydrogen sulfide (H2S) pro-
duction was measured with a gas monitor (GX2012 model, RIKIN KEIKI Co., 
Ltd., Tokyo, Japan). Specific gas concentrations were plotted against total gas pro-
duction to estimate total gas emission per hour or gas produced on a DM basis. 

2.3.2. Experiment 2 
The second part of the experiment (Exp. 2) focused on assessing how different 
levels of dissolved oxygen (O2) and different diets (grain-based versus forage-based) 
influence in vitro digestibility (IVDMD), methane (CH4) and other gas emissions, 
rumen fermentation, and microbial populations. Triplicate in vitro gas produc-
tion and 16S pyrosequencing analyses were conducted. All other in vitro fermen-
tation conditions were similar to those described in Exp. 1. Anaerobic conditions 
were maintained by continuous flushing of the bottle headspace with CO2. 

For the different dissolved O2 concentration test, O2 gas was prepared as a pre-
made stock solution with different dissolved O2 levels in a buffer solution, bubbled 
at 2.0 psi, and then added to each fermenter. The final dissolved O2 concentrations 
in the fermenters were set to 0.0 (control), 0.1 (3.13), and 0.2 (6.25) ppm (µM/L), 
respectively. Cumulative ruminal gas production was recorded every 30 min for 
24 h [28] via the ANKOM system, which records pressure buildup in individual 
vessels. Cumulative ruminal gas productions were recorded for 24 h because ru-
minal CO2 and CH4 productions were generally produced with short intervals 
throughout 15 to 24 h after feeding (alfalfa hay and grain diets) [29]. 

2.4. Laboratory Analysis 

Dairy One Forage Testing Laboratory (Ithaca, NY) analyzed the nutrient and min-
eral content of ingredients and dry matter. Analytical DM concentrations of diet 
samples were determined by oven-drying at 105˚C for 24 h [30] [31]. Ash, ether 
extract, and minerals were analyzed according to AOAC methods [30] [31]. Con-
centrations of N were determined using an organic elemental analyzer (Flash 2000; 
CE Elantech Inc., Lakewood, NJ, USA; AOAC, 1998). Concentrations of neutral de-
tergent fiber (NDF) and acid detergent fiber (ADF) were sequentially determined 
using an ANKOM200/220 Fiber Analyzer (ANKOM Technology, Macedon, NY, 
USA) according to the company’s methodology, based on [32]. Sodium sulfite was 
used in the procedure for NDF determination and pre-treated with heat-stable am-
ylase (Type XI-A from Bacillus subtilis; Sigma-Aldrich Corporation, St. Louis, MO, 
USA). Total digestible nutrient (TDN) concentrations were calculated based on % 
NDF content [TDN = 86.2 − (% NDF × 0.513) × 0.88]; [30]. The ether extract was 
measured [31] using a fat analyzer (XT20, ANKOM Technology).  

Following 24 h of fermentation, 1 mL samples from each incubator were trans-
ferred into 5 mL Falcon tubes and stored at −80˚C for future volatile fatty acids (VFA) 
analysis. Fermentation products (alcohols, VFAs, and aromatic ring compounds) in 
frozen samples were analyzed by gas chromatography (Hewlett-Packard 6890, Ag-
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ilent Technologies, Palo Alto, CA) as previously described [31]. L-Lactate was ana-
lyzed using an autoanalyzer (Model 2700, Yellow Springs Instrument, Yellow Springs, 
OH). Additionally, two 10 mL samples were collected from each sample bag for anal-
ysis. Gas sample bags were sealed and separated from the module. Then the gas con-
centrations of CH4 and N2O were determined using an SRI gas chromatograph 
equipped with an electron capture detector (ECD) and a flame ionization detector 
(FID) (SRI Instruments, Torrance, CA; Bucha et al., 2025). The analyzers were cali-
brated using a known gas concentration. Hydrogen sulfide (H2S) production was 
measured using a gas monitor (GX2012 model, RIKIN KEIKI Co. Ltd., Tokyo, Ja-
pan). Specific gas concentrations were plotted against total gas production to esti-
mate overall gas emissions per hour or gas produced on a dry matter basis. 

2.5. Genomic DNA Extraction and Quantitative PCR 

Triplicate qPCR analyses were conducted to quantify the diversities of three major 
bacterial phyla: Bacteroidetes, Firmicutes, and total methanogens (Table 2). By ne-
cessity, this required an examination of bacterial phylum (as measured by Firmicu-
tes and Bacteroidetes) and total methanogen changes associated with CH4 emission 
and digestibility. One mL aliquots of rumen fluid samples were centrifuged at 
17,000× g for 1 min. According to the manufacturer’s protocol, DNA was extracted 
from 100 mg of the collected pellets using the Quick-DNA Fungal/Bacterial Mini-
prep Kit (ZymoResearch, Irvine, CA). DNA was quantified using the Quant-iT 
PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA) using a Synergy 2 Micro-
plate Reader (BioTek Instruments, Winooski, VT). Samples were diluted to a final 
concentration of 5 ng∙µL−1. Quantitative PCR was performed using primers specific 
to Firmicutes, Bacteroidetes, and total methanogens, as described by Min et al. [25]. 
 

Table 2. Primers were used for qPCR of rumen microorganisms in the current study. 

Target Primer/probe name App. Size Product (bp) Annealing Temp. ˚C Reference 

Bacteroidetes     

Bact 934F GGARCATGTGGTTTAATTCGATGAT 126 60 Guo et al., 2008 

Bact 1060 R AGCTGACGACAACCATGCAG    

Firmicutes     

Firm 934R GGAGYATGTGGTTTAATTCGAAGCA 160 60 Guo et al., 2008 

Firm 1060R AGCTGACGACAACCATGCAC    

Total methanogens     

UniMet-1F CCGGAGATGGAACCTGAG AC 160 60 Zhou et al., 2009 

UniMet-1R CGGTCTTGCCCAGCTCTTATTC    

2.6. Data Analysis and Interpretation 

The statistical model included the fixed effects of animal, dietary treatment, and 
their interaction. All the data in the Tables were analyzed by the GLM procedure 
of SAS (SAS Inst. Inc., Cary, NC) using the following statistical model: 
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Yijk = µ + Ti +Yj + TYij + eij 

where Yijk = observation; µ = overall mean for each parameter; Ti = effect of diet; Yj 
= effect of host animal; TYij = interaction between treatments; and eij = random er-
ror, used to test diet, host animal (Exp. 1), and diet × dissolved O2 levels (Exp. 2) 
interactions. Animals were the experimental unit (Exp. 1) and were treated as a ran-
dom effect. Treatment means were separated by the least significant differences when 
the diet × dissolved O2 levels interaction was significant (P < 0.05). Significance levels 
were predetermined at P < 0.05; trends were determined at 0.05 < P < 0.10. 

3. Results and Discussion 

Chemical Composition of Diets 
The chemical composition of the dietary components and treatments is pre-

sented in Table 1. Of the primary ingredients used in this study, steam-flaked corn 
had higher starch contents (76.0% DM) than alfalfa hay (0.7% DM). However, 
steam-flaked corn had a lower NDF (9.2%) and ADF (3.9% DM) compared to 
alfalfa forage (37.3% and 29.7% DM, respectively). In grain-based diet, DM, CP, 
ADF, NDF, lignin, NFC, starch, and TDN contents were 94.9%, 17.2%, 7.2%, 
15.2%, 2.7%, 48.6%, 31.4%, and 69.0% DM, while forage-based diets for DM, CP, 
ADF, NDF, lignin, NFC, starch, and TDN contents were 94.6%, 18.9%, 21.1%, 
35.3%, 11.1%, 24.5%, 10.1%, and 59.9% DM, respectively (Table 1). Therefore, the 
nutrient contents of the experimental diets increased for CP, ADF, NDF, and lig-
nin with increasing alfalfa inclusion in the forage-based diet. Across the experi-
mental grain-based diets, NFC, starch, and TDN increased as steam-flaked corn 
content increased. 

3.1. Experiment 1 

Individual animal variations 
The effect of single or multiple liquor-donor steers on rumen bacterial phylum, 

methanogens populations, and dissolved oxygen (O2) concentration is presented 
in Table 3.  

The study by Brulc et al. [33] revealed significant differences in microbiome 
composition among different animals. The same authors reported that one steer 
had a markedly different microbiome composition from the other, despite similar 
housing and dietary conditions and without apparent differences in the animals’ 
physiology. These results are consistent with the present study. In the present 
study, the bacterial population of Firmicutes (23.3 × 10−8) and Bacteroidetes (19.5 
× 10−8) phyla was greater for steer tag # 9 than for other steers’ rumen fluid. How-
ever, total methanogen archaea populations in the rumen were most heightened 
composition for steer tag # 18 (41.5 × 10−5), intermediate for steers # 19 (30.3 × 
10−5) and # 7 (26.8 × 10−5), and lowest methanogens for steers # 6 (9.8 × 10), #9 
(4.3), #13 (6.6), and mixed rumen fluid (13.4 × 10−5) when animals received the 
similar feedlot diets. Likewise, Durso et al. [34] reported significant animal-to-
animal variation in microbial communities when typical feedlot diets were fed, 
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variation that could not be attributed to breed, gender, diet, age, or weather among 
beef cattle. Several factors affect rumen microbial activity [35], including collec-
tion time [36] [37], donor animals, diet type [38], and the final dilution rate with 
buffer [39] [40]. As a result, the variation in the rumen microbiome due to inoc-
ulum source is ultimately attributed to variation in rumen gas production and 
rumen fermentation profiles. Therefore, collecting rumen inoculum from several 
animals is often recommended, and combining it can reduce variation [38]. 
 

Table 3. The effect of single or multiple liquor-donor steers on rumen bacterial phylum, methanogens 
populations, and dissolved oxygen (O2) concentration. 

  Source of rumen fluid (RF)    

Item Mixed RF Steer 6 Steer 7 Steer 9 Steer 13 Steer 18 Steer 19 SEM P-value 

Initial BW, kg - 784.9 824.5 897.1 752.3 688.3 823.1 23.76 - 

Rumen bacterial phylum and total methanogens     

Firmicutes (F: 1 × 10−8) 12.5b 12.8b 14.3b 23.3a 15.1b 13.2b 12.1b 1.45 0.01 

Bacteroidetes (F: 1 × 10−8) 9.3b 11.7b 11.5b 19.5a 7.7c 14.3b 9.5b 1.44 0.01 

F/B ratio 1.34ab 1.09b 1.24b 1.19b 1.96a 0.92b 1.27ab 0.04 0.01 

Total methanogen (1 × 10−5) 13.4c 9.8d 26.8b 4.3c 6.6c 41.5a 30.3b 1.34 0.001 

Dissolved O2 concentration3          

Day 0 ppm 0.39cd 0.25d 0.54c 0.63b 0.85a 0.34cd 0.34cd 0.039 0.01 

µM/L 12.19cd 7.81d 16.88c 20.0b 25.56a 10.63cd 10.63cd 1.04 0.01 

Day 30 ppm 0.15 0.06c 0.08c 0.26b 0.33b 0.36ab 0.54a 0.030 0.01 

µM/L 4.69 1.88c 2.50c 8.13b 10.31b 11.25ab 16.88a 0.946 0.01 

Average ppm 0.27c 0.16c 0.31b 0.45a 0.59a 0.35b 0.44a 0.024 0.01 

µM/L 8.44c 4.85c 9.69b 14.07a 17.93a 10.94b 13.76a 0.790 0.01 

a-dnumbers in a row with superscript letters are significantly different (P < 0.05). 
 

Oxygen exists in the rumen of cattle, both in the liquid phase [12] and in the 
gas phase [41] [42]. Interestingly, concentrations of O2 and N2 in rumen gas in-
creased during feeding, while concentrations of CO2 and CH4 decreased in can-
nulated sheep fed 100% hay and/or 20%:80% corn-flacked hay diets [41]. The pre-
sent study showed that dissolved O2 concentrations in rumen liquors on day 0 
were 0.25 (7.8), 0.54 (16.4), 0.15 (4.7), 0.63 (19.7), 0.85 (26.6), 0.34 (10.6), and 0.39 
(12.2) ppm in cannulated steers #6, #7, #9, #13, #18, #19, and mixed rumen fluid 
(Table 3), respectively, which is similar to other data [16]. These results indicate 
that dissolved O2 concentrations in the rumen of cannulated steers were measured 
(on day 0 and day 30) and varied (SD = 0.21) among animals. It has been reported 
that a rumen cannula may permit outside air into the rumen headspace [43]. 

In addition, high levels of dissolved O2 concentration in the rumen fluid in 
steers # 9 and #13 on day 0 (Table 3) were relatively lower levels of the total meth-
anogen population (4.3 and 6.6 × 10−5) compared to other lower O2-groups (9.8 
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to 41.5 × 10−5), indicating that short- or long-term exposures of O2 through rumen 
cannula could be inhibited methanogenesis activity [16]. These results are con-
sistent with other data [16] [44]. Their research indicates that ruminal methano-
genesis was totally and irreversibly inhibited after short-term exposure (about 10 
min) to 5 KPa (37.5 mmHg or 0.05 atm) [12]. Previous studies have shown that 
CH4 production is dependent on dissolved O2 concentrations in ruminal fluid [12] 
[45] [46], reflecting the high sensitivity of methanogenic bacteria to O2. However, 
the protozoal and bacterial populations had equivalent rates of O2 utilization at 
both the lower detectable level of O2 within the rumen (0.25 µM) and at the 
concentration range attained immediately before feeding in sheep, goats, and 
cattle (1.0 to 7.0 µM; [13] [16] [47]). These results could also be related to the 
fundamental differences among individual animals [48] [49]. Methanogenic ar-
chaea comprise a distinct cluster of strictly anaerobic microorganisms that ob-
tain energy for growth by reducing CO2 or other simple compounds (e.g., ace-
tate, formate, methanol, and alkylamines) to CH4 [20]. It has been reported that 
rumen cannulation did not affect dry matter intake (DMI), milk production, 
milk composition, or CH4 emissions (g/d per cow); however, CH4 yield (g/kg 
per DMI) and intensity (g/kg per energy corrected milk) were decreased [8], 
indicating that trace amount of dissolved O2 concentration in the rumen may 
alter ruminal CH4 production and selected methanogen populations. Thus, it is 
possible to hypothesize that trace amounts of dissolved O2 in the rumen fluid 
could lead to greater anti-methanogenic activity and warrant further study. 
However, some studies show interrelationships between individual animals’ ge-
netics and their microbiome, as well as the heritability of some rumen microbi-
ome constituents [50] [51]. 

Oxygen can come into the rumen 1) with food and drink, 2) with saliva, or 3) 
from the blood and rumen tissues [45] [52]. In the present study, dissolved O2 
concentration in the grain-based, forage-based diets and control blank (rumen 
fluid only without diet) fermenters decreased (P < 0.01) with increasing incuba-
tion time (0 h vs. 24 h; Figure 1(a)), while ruminal pH increased with increasing 
incubation time (Figure 1(b)): forage-based diet and blank significantly increased 
(P < 0.001) the ruminal pH with incubation time (Figure 1(b)). These results are 
consistent with other studies in sheep, goats, and cattle [12] [47]. Although the 
rumen has been frequently regarded as an anaerobic atmosphere [11] [53], direct 
measurement of dissolved ruminal gases in rumen-cannulated sheep, goats, and 
cattle has shown that dissolved O2 is present in ruminal fluid at concentrations of 
0.4 µM/L in goats, 0.5 - 1.0 µM/L in sheep, and 4.5 - 7.0 µM/L in cattle. However, 
these O2 intensities were undetectable (<0.25 µM) 15 - 30 min after post-feeding 
in the rumen of goats [16] [47]. This could elucidate that the O2 ingested with the 
food is promptly utilized by the facultatively aerobic organisms present in the 
rumen [12]. Some microbes seek O2 concentration in the following ranges: Bacil-
lus subtilis, an obligate aerobe, 200 µM; Escherichia coli, a facultative anaerobe, 
50 µM; Azospirillum brasilense, a microaerophile, 4 µM; and Desulfovibrio vul-
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gari, an aerotolerant anaerobe, 0.4 µM [54]-[56]. In addition, Hillman et al. (1989) 
[47] reported that the presence of rumen protozoa decreases the O2 sensitivity of 
CH4 production by suspensions of a cultured methanogenic bacterium Methano-
sarcina barkeri. This could be explained by the fact that rumen protozoa and some 
facultative aerobic bacteria play a role in ruminal O2 utilization, in addition to 
producing fermentation end products (e.g., VFAs) utilized by the ruminant and 
H2 utilized by methanogenic bacteria [47]. In addition, some rumen microbes 
may have an energy-sensing mechanism, such as an aerotaxi system [57]. Aerotaxi 
is a response to changes in respiratory electron flow that result from an increase 
or decrease in O2 concentration [58] [59]. This is the basis for electron acceptor 
taxis [57]. Optimal electron transport requires an adequate source of electron 
donors (NADH or FADH2) and O2 or an alternative electron acceptor to serve as 
a sink for electrons [60]. In the presence of O2, alternative electron acceptors such  
 

 

Figure 1. Dissolved O2 concentration (a) and ruminal pH (b) among grain-based, for-
age-based diets, and blank (only rumen fluid without dietary supplementation) incu-
bated with pooled rumen fluid (pH 5.2) at the beginning (0 h) and 24 h. Asterisks (***) 
indicate significance at P < 0.001. 
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as fumarate and nitrate support electron flow [57]. Further research is necessary 
to determine the specific contributions of bacteria, protozoa, and methanogens, 
which play a crucial role in maintaining the rumen under near-anoxic conditions. 

The effect of the source of rumen fluid on in vitro gas production was extensively 
discussed [61] and frequently the primary source of variation both within and 
among donor animals [3] [4] was studied to study the fermentation kinetics of ru-
minant feeds. In the present study, cumulative in vitro gas, total gas production, and 
bacterial phylum changes as a function of animal variation among individual can-
nulated donor steers are presented in Table 4 and Figure 2. In the current study, 
incubations with pooled rumen fluid resulted in improved (P < 0.01) in vitro gas 
production (Figure 2 and Table 4), CH4, and N2O emissions (P < 0.001; Table 4) 
compared with rumen fluid collected from individual steers. In this experiment, sig-
nificant differences were observed in the gas production profiles among the donor 
animals’ rumen fluid sources. Part of this variation is likely due to factors such as 
host animals, as while the animals were fed the same diet throughout the experi-
ment, considerable day-to-day variation has been observed in the rumen metabo-
lism profiles of sheep [7]. However, CH4 and H2S production, Firmicutes (F), Bac-
teroidetes (B), F/B ratio, and total methanogens (Table 4) were intermediate values 
for the pooled rumen fluid than for the individual steer rumen fluid samples. Results 
indicated that variation in rumen gas production due to inoculum source is ulti-
mately attributed to differences in microbial population profiles in the rumen. 
 

 

Figure 2. Cumulative in vitro gas production using combined rumen fluid (RF) or single RF-donor steers (Experi-
ment 1: Individual RF versus pooled RF; n = 2). Asterisks (***) indicate significance at P < 0.001. 
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Table 4. The effect of the source of rumen fluid on in vitro gases emissions. 

  Source of rumen fluid (RF)1    

Item Mixed RF Steer 6 Steer 7 Steer 9 Steer 13 Steer 18 Steer 19 SEM P-value 

In vitro gas production (n =3)          

Total gas production1 181.0a 106.2c 70.3d 92.9c 41.9d 141.3b 125.6b 14.93 0.001 

CH4, mL 24 h−1 0.97a 0.32b 0.43b 0.41b 0.39b 0.94a 0.87a 0.052 0.001 

N2O ppm 24 h−1 3.7a -2 -2 0.12c 0.46b 0.20c 0.69b 0.069 0.001 

H2S ppm 24 h−1 5.0b 41.8a 19.6ab 3.5b 3.2b 2.9b 12.5b 5.69 0.01 

1All the gas production was substituted by blank gas production with rumen fluid and buffer solutions without substrates (total gas 
= 6.48 ± 0.34; n = 3). Inoculum for in vitro gas production was used on day 0 only. 2Lost gas samples. a-dnumbers in a row with 
superscript letters are significantly different (P < 0.05). 

3.2. Experiment 2 

In vitro ruminal gas production 
In the present study, pooled rumen fluid produced more consistent CH4 gas 

and microbial diversity results than individual rumen fluid donors. Therefore, 
combined rumen fluid was chosen as the inoculum source in experiment 2 based 
on these preliminary data. The current study evaluated the effects of dissolved O2 
supply associated with two contrasts, grain-based and forage-based dietary sup-
plementations, on in vitro DMD, cumulative gas, and GHG emissions over a 24-
hour incubation (Figure 3; Table 5). There was no dissolved O2 treatment effect 
on average IVDMD, with no diet x treatment interactions, but IVDMD was lower 
(P < 0.01) for forage-based diets than for grain-based diets (41.8% vs. 52.6%, re-
spectively). Czerkawski and Breckenridge [45] reported that neither the disap-
pearance rate of sugar nor the digestibility of organic matter and the production 
of volatile fatty acids (VFA) were affected by the addition of O2 at the three differ-
ent incubation times. 

In the present study (Table 5), overall mean values of total ruminal gas (18.7 vs. 
18.6 mL/23h) and CH4 (3.9 vs. 3.8 mL/h) were similar between grain-based and for-
age-based diets, while H2S (0.34 vs. 0.93 mL/d) gas production was higher (P < 0.05) 
for the forage-based diet than for the grain-based diet, respectively. However, in-
creasing O2 supply in the diet decreased (P < 0.05) total gas (mL/24h), CH4 (mL/24h), 
and H2S (mL/24h) production in the forage-based diet, with no diet × treatment in-
teraction (P > 0.05). In addition, cumulative in vitro gas production (Figure 3) was 
generally lower (P < 0.05 - 0.01) in the O2-contained water supply group, particularly 
in the forage-based diet compared to the grain-based diet (Figure 3), similar to what 
was reported by Czerkawski and Breckenridge [45]. Czerkawski and Breckenridge 
[45] reported that the 15 mL of O2 infusion into an in vitro rumen fermenter had 
little or no effect on CH4 production, but the addition of 26 mL of O2 supply resulted 
in progressive inhibition of CH4 production and accumulation of hydrogen (H2). 
Similar results regarding the effects of O2 on CH4 production have been reported [16] 
[62]. This agrees with the data from Scott et al. [12], who reported that increasing 
the partial pressure of O2 in the gas phase decreased methanogenesis. This decreased 
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methanogenesis is partially reversible even after exposure to 2.5 kPa O2 (6.25 mmHg 
O2); 5 kPa O2 (15.0 mmHg O2) results in a significant, total interruption of CH4 pro-
duction [12]. Results indicated that trace levels of O2 concentration, ranging from 2.5 
to 5.0 kPa [12], in the rumen could reduce CH4 emissions from ruminants without 
affecting IVDMD and warrant further study. 
 

Table 5. The effect of oxygenated water supply and different basal diets on in vitro ruminal gas production and microbiota 
changes in either grain-based (GBD) or forage-based diets (FBD) supplementation1. 

 Dietary treatment Average 

SEM Diet Tret 
Diet × 
Tret Diet/O2, ppm 

Grain-based diet Forage-based diet 
Grain Forage Control 

0 ppm 
0.1 ppm 0.2 ppm 

Control 
0 ppm 

0.1 ppm 0.2 ppm 

IVDMD, % 53.9 53.1 50.8 41.2 42.8 41.1 52.6a 41.7b 0.63 0.01 0.71 0.68 

Ruminal gas production             

Total gas production, 24 h 18.9 17.7 19.4 19.9A 17.7B 18.2AB 18.7 18.6 0.30 0.60 0.03 0.25 

CH4, mL/24h 4.1 3.6 3.9 4.4A 3.4B 3.5B 3.9 3.8 0.14 0.99 0.05 0.68 

H2S, mL/24h 0.34 0.26 0.43 1.2A 0.7B 0.9AB 0.34b 0.93a 0.08 0.01 0.05 0.52 

Rumen bacterial phylum and total methanogens 

Firmicutes (F: 1 × 10−8) 13.1c 18.1b 20.6a 28.1A 25.0B 23.7B 17.3b 25.6a 0.73 0.01 0.50 0.01 

Bacteroidetes (B: 1 × 10−8) 15.1a 12.4b 11.3b 14.7B 18.0AB 19.2A 12.9b 17.3a 0.12 0.01 0.01 0.01 

F/B ratio 0.9b 1.0ab 1.1a 1.9B 2.0AB 2.1A 1.00b 2.00a 0.05 0.01 0.01 0.01 

Total methanogen (1 × 10−5) 5.7b 8.9a 8.3ab 21.0B 24.3A 21.2B 7.6b 22.2a 0.73 0.001 0.001 0.001 

140 mL of buffer solutions containing different levels of dissolved O2 (40 mL) and 50 mL of rumen fluid were added. Diet = 
grain-based vs. forage-based diets. IVDMD = in vitro dry matter digestibility. a,b,c and A,B,C numbers in a row with superscript 
letters are significantly different (P < 0.05) for grain-based and forage-based diets, respectively. 
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Asterisks (*) and (**) denote significance at P < 0.05 and P < 0.01, respectively. 

Figure 3. Cumulative in vitro gas production (n = 2) with various levels of dissolved O2-
concentration. Dissolved O2 concentration was 0, 0.1, and 0.2 ppm, either grain-based (a) 
or forage-based (b) diets, supplemented with mixed rumen fluid for 24 h. 

3.3. Rumen Microbial Community Changes 

The modification of the rumen microbiota community due to dietary changes is 
of considerable interest, as it increases rumen energy supply and improves feed 
efficiency and animal performance [63]-[65]. In addition, the rumen microbiota 
is a complex, highly diverse community in a dynamic rumen environment, shaped 
by host physiology. We investigated how rumen O2 concentration affects bacterial 
microbiota composition and total methanogen abundance. We also assessed 
whether two contrasting diets (grain-based vs. forage-based) on rumen bacteria 
(Firmicutes vs. Bacteroidetes) and total methanogens changes (Table 5 and Fig-
ure 4). An average phylum population was lower (P < 0.01; average 15.1%) for 
Bacteroidetes than for Firmicutes (average 21.5%) for both forage-based and 
grain-based diets, with diet × treatment interactions (P < 0.01), indicating that 
increased O2 concentration and dietary ration may alter the composition of the 
rumen microbial composition. However, direct evidence for the role of the rumen 
microbiota in regulating O2 levels remains lacking. In the present study, there 
were increased (P < 0.01) F/B ratios with a forage-based diet (2.0) compared to a 
grain-based diet (1.0; Table 5), similar to the earlier reports where a shift from 
grain to fiber-rich diets led to an increase in the F/B ratios [66]-[68]. During tran-
sition periods when ruminants are moved from a primarily forage-based diet to a 
high-grain diet, significant alterations in the microbiome’s relative abundances 
are observed. The shift from a forage-based diet to a high-grain diet (80% grain) 
led to numerous changes in the microbiome, including alterations in the F/B ratio, 
decreased abundance of cellulolytic bacteria such as Fibrobacter spp., and in-
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creased abundance of Prevotella spp., among others [67]. These changes have also 
been demonstrated in other studies [69]-[71], which support the results of the 
present study. The ratio of F/B has been connected with other phenotypical fea-
tures, namely, in adipose metabolism [66] [72]-[74]. In addition, the abundances 
of the Bacteroidetes and Proteobacteria phyla increased as the grain-based diet 
became a more significant percentage of the diet, which may be more efficient at 
fermenting the soluble carbohydrates existing in grain-based diets [67]. They may 
also be tolerant of the lower pH that occurs when larger amounts of VFA and 
lactic acid are produced. It has been reported that the proportion of Bacteroidetes 
decreased drastically when animals were switched from a diet containing a low 
level of fat to a high level of a plant-based diet [74], even though Bacteroidetes can 
utilize starch, xylan, pectin, galactomannan, and arabinogalactan (Martine et al., 
2011). 
 

 
Solutions: 40 mL of dissolved O2-water, 40 mL buffer solution, and 50 ML of rumen fluid were added. Dissolved O2 
concentrations in the in vitro rumen incubation were 0.0 (control), 0.1, and 0.2 ppm. Asterisks (***) indicate signifi-
cance at P < 0.001. 

Figure 4. Effects of a level of dissolved O2 concentration on in vitro rumen bacterial community changes in either 
grain-based or forage-based diets supplemented using an RT-qPCR.  

 
Methane production is a subject of significant attention worldwide due to its 

role in GHG emissions. Numerous sources of CH4 emissions exist, including 
wetlands, energy sectors, biomass burning, landfills, and ruminant animals, 
among which enteric fermentation is the most significant [75] [76]. Increasing 
dissolved O2-supply decreased (P < 0.05) CH4 emissions, but quadratic increased 
total methanogens population when addition of O2 solution at 0.1 ppm/mL of O2, 
with diets × treatment (P < 0.001) interactions (Table 5), suggesting that small 
amounts of oxygen (<0.1 µM/L) addition primarily transit increased total meth-
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anogen populations when forage-based diet was suspended in the rumen incu-
bation compared to the grain-based diet. However, increased O2 supply to 0.2 
µM/L was unaffected by the total Methanogen population concentration, con-
sistent with previous data [45] [77]. Tholen et al. [77] reported that the addition 
of a specific O2 flux of 0.45 µM (mg dry weight)/h did not influence the meth-
anogenesis of the cell suspensions, while higher O2 flux of 1.35 µM (mg dry 
weight)/h, CH4 production caused a reversible decrease in methanogenesis, 
which was accompanied by a reversible, partial conversion of coenzyme F420 to 
factor F390. The same authors reported that Methanobrevibacter cuticularis 
could simultaneously produce CH4 and consume O2. Seedorf et al. [78] showed 
that O2 consumption in Methanobrevibacter arboriphilus is mediated by F420H2 
oxidase (FprA), an A-type flavoprotein that catalyzes the reduction of O2 to 
H2O. In the presence of O2, F420H2 is thought to be oxidized by O2 more rapidly 
than F420 is reduced by H2, leading to an accumulation of the oxidized form [78]. 
Consequently, Czerkawski and Breckenridge [52] reported that the 15 mL of O2 
solution (9% initial concentration of O2 in stock solution) infusion into an in 
vitro rumen fermenter had little or no effect on CH4 production, but the addi-
tion of 26 mL of O2 supply resulted in progressive inhibition of CH4 production 
and accumulation of H2. It has been reported that CH4 production was positively 
correlated with Methanobrevibacter thaueri, Methanobrevibacter millerae, and 
Methanobrevibacter smithii compared with Methanobrevibacter ruminantium 
and Methanobrevibacter olleyae, whereas no relationship was found between 
CH4 production and total number of methanogens in dairy cattle fed grain plus 
forage mixed (500:500 g/kg DMI) diets [79]. Likewise, Methanobacterium wolfeii, 
Methanomicrobia barkeri, and Methanobacterium formicicum are highly resistant 
to acute O2 exposure (2 h), as reported [80]. Therefore, the assumption that 
methanogens are completely metabolically inactive in the presence of O2 [81] 
[82] must be reconsidered [77]. 

In the present study, the average methanogen population was greater (P < 0.001; 
22.2 vs. 7.6 × 10−5) for a forage-based diet than for a grain-based diet. Results re-
veal that an increase in the forage-based diet increased the total methanogen pop-
ulations (Table 5). The results are similar to previous studies in dairy cattle, where 
a similar increase in the methanogen population was observed with a roughage-
rich diet [79] [83]. This suggests that increasing dietary concentrate levels de-
creased the ruminal archaeal population [83] [84] and CH4 production [79]. It has 
been reported that as the proportion of concentrate increased in diets, the relative 
abundance of cellulolytic bacteria (e.g., Fibrobacter and Saccharofermentans) and 
ciliates protozoa (Ostracodinium and Polyplastron) linearly decreased, but line-
arly increased the relative abundance of Entodium ciliates, which is a non-fibrous 
carbohydrate degrader [83] [84]. Therefore, the observed associative effect of diets 
and a high level of dissolved O2 concentration in the rumen on the suppression of 
methanogenesis was primarily due to their anti-methanogenic activity and, sec-
ondarily, to their modification of microbial community structures (e.g., Firmicu-
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tes) and rumen fermentation profiles. 

3.4. Oxygen Levels and Rumen Fermentation Profiles 

Table 6. The effect of dissolved oxygenated water supply and different basal diets on in vitro ruminal gas produc-
tion either grain-based (GBD) or forage-based diets (FBD) supplementation1. 

 Volatile fatty acids, mM Average 

SEM Diet Tret Diet × Tret 
Diet/O2, ppm 

Grain-based diet Forage-based diet 
Grain Forage Control 

0 ppm 
0.1 ppm 0.2 ppm 

Control 
0 ppm 

0.1 ppm 0.2 ppm 

Propanol 0.54 0.99 1.10 0.10 0.01 0.01 0.88a 0.04b 0.216 0.001 0.54 0.34 

Butanol 0.16 0.14 0.08 0.02 0.03 0.03 0.12a 0.03b 0.03 0.01 0.54 0.35 

Pentanol 0.06 0.02 0.05 0.02 0.02 0.01 0.04a 0.01b 0.009 0.01 0.20 0.19 

Acetate 64.8c 58.8b 69.2a 75.5 76.3 76.2 64.3b 76.0a 1.28 0.001 0.02 0.01 

Propionate 47.3a 43.0b 50.3a 30.8 31.3 31.2 46.9a 31.1b 1.027 0.001 0.03 0.03 

Iso-butyrate 1.0 1.0 1.1 1.9 1.9 1.2 1.03b 1.67a 0.04 0.01 0.38 0.68 

Butyrate 10.3 9.6 11.1 12.7 12.3 12.6 10.3b 12.5a 0.25 0.001 0.04 0.11 

Iso-valerate 1.3 1.2 1.4 3.7A 3.5B 3.6aB 1.3b 3.6a 0.06 0.001 0.10 0.30 

Valerate 8.6 8.1 8.7 7.5 7.3 7.2 8.4a 7.3b 0.22 0.001 0.29 0.39 

Iso-hexanoate 0.26 0.29 0.29 0.12 0.01 0.0 0.28a 0.04b 0.07 0.01 0.79 0.55 

Hexanoate 5.4 3.6 3.0 1.7 1.7 0.0 4.0 1.1 1.72 0.08 0.53 0.88 

Heptanoate 0.48 0.45 0.55 0.38 0.35 0.34 0.50a 0.36b 0.043 0.01 0.59 0.43 

Octanoate 0.77 0.68 0.77 0.48 0.0 0.86 0.74 0.45 0.206 0.13 0.14 0.25 

Phenol 0.05 0.04 0.05 0.04 0.03 0.04 0.05a 0.03b 0.006 0.04 0.69 0.83 

p-cresol 0.23 0.21 0.24 0.28 0.26 0.26 0.23 0.27 0.02 0.06 0.57 0.87 

4-Ethylphenol 0.10 0.12 0.15 0.37 0.40 0.39 0.13b 0.39a 0.021 0.001 0.29 0.75 

Indole 0.03 0.04 0.03 0.03 0.06 0.06 0.03 0.05 0.010 0.08 0.35 0.21 

Skatole 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.006 0.22 0.38 0.56 

Benzoate 0.04 0.04 0.03 0.06 0.10 0.09 0.04b 0.08a 0.011 0.01 0.35 0.40 

Phenylacetate 0.24 0.25 0.26 0.85 0.84 0.82 0.25b 0.84a 0.016 0.001 0.98 0.29 

Phenylpropionate 0.28 0.29 0.33 0.91 0.92 0.91 0.30b 0.91a 0.015 0.01 0.61 0.22 

A/P ratio 1.36 1.36 1.37 2.5 2.4 2.4 1.37b 2.45a 0.02 0.001 0.92 0.96 

140 mL of different levels of dissolved O2-containing buffer solution and 50 mL of rumen fluid were added. Diet = 
grain-based vs. forage-based diets. a,b,c and A,B,C numbers in a row with superscript letters are significantly different 
(P < 0.05) for grain-based and forage-based diets, respectively. 

 

It has been reported that as the level of dietary concentrate increased from 20 to 
80% DM, the acetate: propionate (A/P) ratio and the proportion of acetate de-
creased linearly [83], which supports the results of the present study (Table 6). 
Decreased A/P ratio (1.37 vs. 2.45) was observed when increasing the grain-based 
diet, suggesting that the grain-based diet increased feed efficiency (as measured 

https://doi.org/10.4236/ojas.2026.164025


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 387 Open Journal of Animal Sciences 
 

by A/P ratio). Concerning the effect of a grain-based diet on the A/P ratio, the 
results of the current study were comparable to those of Min et al. [10], who found 
that A/P ratios for a grain-based diet were lower compared to those for a forage-
based diet. Similar results were observed in sheep fed [85]. Among volatile fatty 
acids (VFA), propionate was the major VFA contributing to glucogenesis [63]. 
Therefore, the higher ratio of ruminal propionate fed a high-concentrate diet 
could be beneficial to the energy metabolism, even though the detection of phys-
iological functions of ruminal pH should be warranted. Lower A/P ratios are 
associated with higher average daily gain [86]. Diets with a high proportion of 
grain have been shown to decrease CH4 production (g/kg DMI) per unit of DMI, 
which has been linked to enhanced growth of starch-fermenting bacteria, result-
ing in lower A/P ratios and H2 production and thus reduced CH4 production 
[87] [88]. In addition, the increased proportion of propionate could be associ-
ated with a decrease in rumen pH, which has been suggested to slow methano-
gen activity [89] [90]. In contrast, diets with a high proportion of forage have 
been shown to increase CH4 production (g/kg DMI); [6]. This is most likely due 
to the fermentation of plant cell wall carbohydrates, increasing A/P ratios com-
pared with the fermentation of soluble carbohydrates [6] [91]. However, there 
is very limited research available on the effect of dissolved O2 concentration in 
the rumen, particularly in steers, on rumen fermentation rate from cattle. In the 
presence of O2, the average concentration of propanil, pentanol, propionate, val-
erate, iso-hexanoate, heptanoate, and phenol decreased (P < 0.05 - 0.01), 
whereas acetate, iso-butyrate, butyrate, iso-valerate, 4-ethylphenol, benzoate, 
phenylacetate, phenylpropionate, and A/P ratio increased with increasing for-
age diet (Table 6). In the presence of O2, quadratic responses with O2 by diets 
(P < 0.03 - 0.01) for acetate and propionate production suggested that it may be 
possible to have a minimum of O2 concentration in the rumen to alter rumen 
fermentation and suppress CH4 losses. 

4. Conclusion 

The findings indicated that rumen fluid obtained from a single donor animal was 
prone to error due to host-animal variation and suggested that mixed RF from mul-
tiple donor animals can be used in an in vitro study. Dissolved O2 levels in the rumen 
and diets potentially influenced ruminal gas production, resulting in different fer-
mentation end products, some bacterial diversity, and methanogen abundance. Fur-
thermore, studies investigating the associations among CH4 emissions, rumen meth-
anogen abundance, rumen fermentation profiles, and feed efficiency are needed to 
develop more specific nutritional management strategies that reduce CH4 emissions 
without compromising animal health, growth, and productivity. 

Funding 

USDA National Institute of Food and Agriculture, McIntire-Stennis program 

https://doi.org/10.4236/ojas.2026.164025


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 388 Open Journal of Animal Sciences 
 

(project # ALX-SRS22), and the USDA/NRCS (NR233A750004G103).  

Supplementary Material 

Not applicable. 

Data Availability 

Upon reasonable request, the datasets of this study can be made available from 
the corresponding author. 

Ethics Approval 

Tuskegee University. Tuskegee University Animal Care and Use Committee ap-
proved animal care, handling, and sampling procedures for this experiment (#T02-
2002-1). 

Declaration of Generative 

No AI tools were used in this article. 

Acknowledgements 

We want to thank the Cooperative Extension Program for Agricultural Environ-
mental Sciences, Tuskegee University, Tuskegee, AL. 

Author Contributions 

Conceptualization: Byeng Min and Richard Puchala, Data Curation: Byeng 
Min, Mariline Hilaire, Santosh Chaudhary, Vivian Kanyi: Heba Abdo, Hossam 
Ismael, and Richard Puchala; 

Methodology: Byeng R. Min, Hosam Ismael; 
Software: Byeng R. Min, Richard Puchala; 
Investigation: Byeng R. Min; 
Validation: Richard Puchala; 
Writing/review: All the authors. 

Conflicts of Interest 

We declare that we have no financial and personal relationships with other people 
or organizations that can inappropriately influence our work, and there is no pro-
fessional or other personal interest of any nature or kind in any product, service, 
and/or company that could be construed as influencing the content of this paper. 

References 
[1] Rossi, G., Massaro, S., Arango, S., Currò, S., Spanghero, M., Giannuzzi, D., et al. (2024) 

Rumen Fluid from Donor Cows Fed Different Additives Can Affect the in Vitro Fer-
mentation Parameters. Italian Journal of Animal Science, 24, 53-60.  
https://doi.org/10.1080/1828051x.2024.2442044 

[2] Stern, M.D., Bach, A. and Calsamiglia, S. (1997) Alternative Techniques for Measur-

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.1080/1828051x.2024.2442044


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 389 Open Journal of Animal Sciences 
 

ing Nutrient Digestion in Ruminants. Journal of Animal Science, 75, 2256-2276.  
https://doi.org/10.2527/1997.7582256x 

[3] Mould, F.L., Morgan, R., Kliem, K.E. and Krystallidou, E. (2005) A Review and Sim-
plification of the in Vitro Incubation Medium. Animal Feed Science and Technology, 
123, 155-172. https://doi.org/10.1016/j.anifeedsci.2005.05.002 

[4] Soder, K.J. (2005) Influence of Rumen Inoculum Source on in Vitro Dry Matter Di-
gestibility of Pasture. The Professional Animal Scientist, 21, 45-49.  
https://doi.org/10.15232/s1080-7446(15)31165-7 

[5] Goering, H.K. and Van Soest, P.J. (1970) Forage Fiber Analysis (Apparatus Reagents, 
Procedures and Some Applications). Agriculture Handbook.  

[6] Min, B.R., Wright, P.H., Eun, J.S., Gurung, N. and Shange, R. (2014) The Effect of 
Phytochemical Tannins-Containing Diet on Rumen Fermentation Characteristics and 
Microbial Diversity Dynamics in Goats Using 16S rDNA Amplicon Pyrosequencing. 
Agriculture, Food and Analytical Bacteriology, 4, 195-211.  

[7] Huntington, J.A. and Offer, N.W. (1994) Observations on the Stability of Rumen Me-
tabolism and Their Implications for Experimental Design. Proceedings of the British 
Society of Animal Production (1972), 1994, 74-74.  
https://doi.org/10.1017/s0308229600026210 

[8] Moate, P.J., Williams, S.R.O., Deighton, M.H., Hannah, M.C., Ribaux, B.E., Morris, 
G.L., et al. (2018) Effects of Feeding Wheat or Corn and of Rumen Fistulation on 
Milk Production and Methane Emissions of Dairy Cows. Animal Production Science, 
59, 891-905. https://doi.org/10.1071/an17433 

[9] Palmonari, A., Fustini, M., Canestrari, G., Grilli, E. and Formigoni, A. (2014) Influ-
ence of Maturity on Alfalfa Hay Nutritional Fractions and Indigestible Fiber Content. 
Journal of Dairy Science, 97, 7729-7734. https://doi.org/10.3168/jds.2014-8123 

[10] Min, B.R., Hart, S.P., Sahlu, T. and Satter, L.D. (2005) The Effect of Diets on Milk 
Production and Composition, and on Lactation Curves in Pastured Dairy Goats. Jour-
nal of Dairy Science, 88, 2604-2615.  
https://doi.org/10.3168/jds.s0022-0302(05)72937-4 

[11] Hungate, R.E. (1966) The Rumen and Its Microbes. Academic Press, 8-90.  
https://doi.org/10.1016/C2013-0-12555-X  

[12] Scott, R.I., Williams, T.N. and Lloyd, D. (1983) Oxygen Sensitivity of Methanogenesis 
in Rumen and Anaerobic Digester Populations Using Mass Spectrometry. Biotechnol-
ogy Letters, 5, 375-380. https://doi.org/10.1007/bf00131275 

[13] Ellis, J.E., Williams, A.G. and Lloyd, D. (1989) Oxygen Consumption by Ruminal Mi-
croorganisms: Protozoal and Bacterial Contributions. Applied and Environmental Mi-
crobiology, 55, 2583-2587. https://doi.org/10.1128/aem.55.10.2583-2587.1989 

[14] Czerkawski, J.W. and Clapperton, J.L. (1968) Analysis of Gas Produced by Metabo-
lism of Microorganisms. Lab. Pract, 994-996.  

[15] McArthur, J.M. and Miltimore, J.E. (1961) Rumen Gas Analysis by Gas-Solid Chro-
matography. Canadian Journal of Animal Science, 41, 187-196.  
https://doi.org/10.4141/cjas61-026 

[16] Scott, R.I., Yarlett, N., Hillman, K., Williams, A.G., Lloyd, D. and Williams, T.N. 
(1983) The Presence of Oxygen in Rumen Liquor and Its Effects on Methanogenesis. 
Journal of Applied Bacteriology, 55, 143-149.  
https://doi.org/10.1111/j.1365-2672.1983.tb02658.x 

[17] Krishnamurti, C.R. and McElroy, L.W. (1967) Studies on Rumen Coliform Organ-
isms: I. Incidence, Isolation and Characteristics. Canadian Journal of Animal Science, 

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.2527/1997.7582256x
https://doi.org/10.1016/j.anifeedsci.2005.05.002
https://doi.org/10.15232/s1080-7446(15)31165-7
https://doi.org/10.1017/s0308229600026210
https://doi.org/10.1071/an17433
https://doi.org/10.3168/jds.2014-8123
https://doi.org/10.3168/jds.s0022-0302(05)72937-4
https://doi.org/10.1016/C2013-0-12555-X
https://doi.org/10.1007/bf00131275
https://doi.org/10.1128/aem.55.10.2583-2587.1989
https://doi.org/10.4141/cjas61-026
https://doi.org/10.1111/j.1365-2672.1983.tb02658.x


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 390 Open Journal of Animal Sciences 
 

47, 193-198. https://doi.org/10.4141/cjas67-030 

[18] Kiener, A. and Leisinger, T. (1983) Oxygen Sensitivity of Methanogenic Bacteria. Sys-
tematic and Applied Microbiology, 4, 305-312.  
https://doi.org/10.1016/s0723-2020(83)80017-4 

[19] Zhilina, T.N. (1972) Dying-Off of Methanosarcina Exposed to Air. Mikrobiologiia, 
41, 1105-1106.  

[20] Jarrell, K.F. (1985) Extreme Oxygen Sensitivity in Methanogenic Archaebacteria. Bi-
oScience, 35, 298-302. https://doi.org/10.2307/1309929 

[21] Kim, M., Lee, H., Chanda, D., Thoudam, T., Kang, H., Harris, R.A., et al. (2023) The 
Role of Pyruvate Metabolism in Mitochondrial Quality Control and Inflammation. 
Molecules and Cells, 46, 259-267. https://doi.org/10.14348/molcells.2023.2128 

[22] Yarlett, N., Hann, A.C., Lloyd, D. and Williams, A. (1981) Hydrogenosomes in the 
Rumen Protozoon Dasytricha ruminantium Schuberg. Biochemical Journal, 200, 
365-372. https://doi.org/10.1042/bj2000365 

[23] Yarlett, N., Hann, A.C., Lloyd, D. and Williams, A.G. (1983) Hydrogenosomes in a 
Mixed Isolate of Isotricha prostoma and Isotricha intestinalis from Ovine Rumen Con-
tents. Comparative Biochemistry and Physiology Part B: Comparative Biochemistry, 
74, 357-364. https://doi.org/10.1016/0305-0491(83)90025-1 

[24] Yarlett, N., Rowlands, C., Evans, J.C. and Lloyd, D. (1987) Respiration of the Hy-
drogenosome-Containing Fungus Neocallimastix patriciarum. Archives of Microbi-
ology, 148, 25-28. https://doi.org/10.1007/bf00429642 

[25] Min, B.R., Gurung, N., Shange, R. and Solaiman, S. (2019) Potential Role of Rumen 
Microbiota in Altering Average Daily Gain and Feed Efficiency in Meat Goats Fed Sim-
ple and Mixed Pastures Using Bacterial Tag-Encoded FLX Amplicon Pyrosequencing. 
Journal of Animal Science, 97, 3523-3534. https://doi.org/10.1093/jas/skz193 

[26] Sarnataro, C. and Spanghero, M. (2020) In Vitro Rumen Fermentation of Feed Sub-
strates Added with Chestnut Tannins or an Extract from Stevia rebaudiana Bertoni. 
Animal Nutrition, 6, 54-60. https://doi.org/10.1016/j.aninu.2019.11.009 

[27] Theodorou, M.K., Williams, B.A., Dhanoa, M.S., McAllan, A.B. and France, J. (1994) 
A Simple Gas Production Method Using a Pressure Transducer to Determine the Fer-
mentation Kinetics of Ruminant Feeds. Animal Feed Science and Technology, 48, 185-
197. https://doi.org/10.1016/0377-8401(94)90171-6 

[28] Sarnataro, C., Spanghero, M. and Lavrenčič, A. (2020) Supplementation of Diets with 
Tannins from Chestnut Wood or an Extract from Stevia rebaudiana Bertoni and Ef-
fects on in Vitro Rumen Fermentation, Protozoa Count and Methane Production. 
Journal of Animal Physiology and Animal Nutrition, 104, 1310-1316.  
https://doi.org/10.1111/jpn.13414 

[29] Washburn, L.E. and Brody, S. (1929) Methane, Hydrogen, and Carbon Dioxide Pro-
duction in the Digestive Tract of Ruminants in Relation to the Respiratory Exchange. 
In Growth and Development with Special Reference to Domestic Animals, College of 
Agriculture, University of Missouri, 1-40. 

[30] Undersander, D., Greub, L., Leep, R., Beuselinck, P., Wedberg, J., Smith, D., et al. 
(1993) Birdsfoot Trefoil for Grazing and Harvested Forage. North Central Regional 
Extension Publication, 474 p. 

[31] AOAC (1998) Official Methods of Analysis of the Association of Official Analytical 
Chemists. 16th Edition, AOAC. 

[32] Van Soest, P.J., Robertson, J.B. and Lewis, B.A. (1991) Methods for Dietary Fiber, 
Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nu-

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.4141/cjas67-030
https://doi.org/10.1016/s0723-2020(83)80017-4
https://doi.org/10.2307/1309929
https://doi.org/10.14348/molcells.2023.2128
https://doi.org/10.1042/bj2000365
https://doi.org/10.1016/0305-0491(83)90025-1
https://doi.org/10.1007/bf00429642
https://doi.org/10.1093/jas/skz193
https://doi.org/10.1016/j.aninu.2019.11.009
https://doi.org/10.1016/0377-8401(94)90171-6
https://doi.org/10.1111/jpn.13414


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 391 Open Journal of Animal Sciences 
 

trition. Journal of Dairy Science, 74, 3583-3597.  
https://doi.org/10.3168/jds.s0022-0302(91)78551-2 

[33] Brulc, J.M., Antonopoulos, D.A., Berg Miller, M.E., Wilson, M.K., Yannarell, A.C., 
Dinsdale, E.A., et al. (2009) Gene-Centric Metagenomics of the Fiber-Adherent Bo-
vine Rumen Microbiome Reveals Forage Specific Glycoside Hydrolases. Proceedings 
of the National Academy of Sciences of the United States of America, 106, 1948-1953.  
https://doi.org/10.1073/pnas.0806191105 

[34] Durso, L.M., Harhay, G.P., Smith, T.P.L., Bono, J.L., DeSantis, T.Z., Harhay, D.M., et 
al. (2010) Animal-to-Animal Variation in Fecal Microbial Diversity among Beef Cat-
tle. Applied and Environmental Microbiology, 76, 4858-4862.  
https://doi.org/10.1128/aem.00207-10 

[35] Jessop, N.S. and Herrero, M. (1996) Influence of Soluble Components on Parameter 
Estimation Using the in Vitro Gas Production Technique. Proceedings of the National 
Academy of Sciences of the United States of America, 1996, 23-23.  
https://doi.org/10.1017/s1752756200592278 

[36] Menke, K.H. and Stengass, H. (1988) Estimation of Energetic Feed Value Obtained 
from Chemical Analysis and in Vitro Gas Production Using Rumen Fluid. Animal Re-
search and Development, 28, 7-55. 

[37] Nagadi, S., Herrero, M. and Jessop, N.S. (1999) Effect of Frequency of Ovine Ruminal 
Sampling on Microbial Activity and Substrate Fermentation. Proceedings of the Brit-
ish Society of Animal Science, 1999, 154-154.  
https://doi.org/10.1017/s1752756200003094 

[38] Yang, W. (2017) Factors Affecting Rumen Fermentation Using Batch Culture Tech-
nique. In: Jozala, A.F., Ed., Fermentation Processes, InTech, 1063-1073.  
https://doi.org/10.5772/64207 

[39] Pell, A.N. and Schofield, P. (1993) Computerized Monitoring of Gas Production to 
Measure Forage Digestion in Vitro. Journal of Dairy Science, 76, 1063-1073.  
https://doi.org/10.3168/jds.s0022-0302(93)77435-4 

[40] Rymer, C., Huntington, J.A. and Givens, D.I. (1999) Effects of Inoculum Preparation 
Method and Concentration, Method of Inoculation and Pre-Soaking the Substrate on 
the Gas Production Profile of High Temperature Dried Grass. Animal Feed Science 
and Technology, 78, 199-213. https://doi.org/10.1016/s0377-8401(99)00006-1 

[41] Barry, T.N., Thompson, A. and Armstrong, D.G. (1977) Rumen Fermentation Stud-
ies on Two Contrasting Diets. 1. Some Characteristics of the in Vivo Fermentation, with 
Special Reference to the Composition of the Gas Phase, Oxidation/Reduction State and 
Volatile Fatty Acid Proportions. The Journal of Agricultural Science, 89, 183-195.  
https://doi.org/10.1017/s0021859600027362 

[42] Marounek, M., Bartos, S. and Kalachnyuk, G.I. (1982) Dynamics of the Redox Poten-
tial and RH of the Rumen Fluid of Goats. Physiologia Bohemoslovaca, 31, 369-374. 

[43] Beauchemin, K.A., Coates, T., Farr, B. and McGinn, S.M. (2012) Technical Note: Can 
the Sulfur Hexafluoride Tracer Gas Technique Be Used to Accurately Measure En-
teric Methane Production from Ruminally Cannulated Cattle? Journal of Animal Sci-
ence, 90, 2727-2732. https://doi.org/10.2527/jas.2011-4681 

[44] Hillman, D.L.K., Yarlett, N. and Williams, A.G. (1989) Hydrogen Production by Ru-
men Holotrich Protozoa: Effects of Oxygen and Implications for Metabolic Control 
by in Situ Conditions. The Journal of Protozoology, 36, 205-213.  
https://doi.org/10.1111/j.1550-7408.1989.tb01075.x 

[45] Czerkawski, J.W. and Breckenridge, G. (1969) The Effect of Oxygen on Fermentation 

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.3168/jds.s0022-0302(91)78551-2
https://doi.org/10.1073/pnas.0806191105
https://doi.org/10.1128/aem.00207-10
https://doi.org/10.1017/s1752756200592278
https://doi.org/10.1017/s1752756200003094
https://doi.org/10.5772/64207
https://doi.org/10.3168/jds.s0022-0302(93)77435-4
https://doi.org/10.1016/s0377-8401(99)00006-1
https://doi.org/10.1017/s0021859600027362
https://doi.org/10.2527/jas.2011-4681
https://doi.org/10.1111/j.1550-7408.1989.tb01075.x


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 392 Open Journal of Animal Sciences 
 

of Sucrose by Rumen Micro-Organisms in Vitro. British Journal of Nutrition, 23, 67-
80. https://doi.org/10.1079/bjn19690010 

[46] Wilhelm, E., Battino, R. and Wilcock, R.J. (1977) Low-Pressure Solubility of Gases in 
Liquid Water. Chemical Reviews, 77, 219-262. https://doi.org/10.1021/cr60306a003 

[47] Hillman, K., Lloyd, D. and Williams, A.G. (1988) Interactions between the Methan-
ogen Methanosarcina barkeri and Rumen Holotrich Ciliate Protozoa. Letters in Ap-
plied Microbiology, 7, 49-53. https://doi.org/10.1111/j.1472-765x.1988.tb01250.x 

[48] Kjeldsen, K.U., Joulian, C. and Ingvorsen, K. (2004) Oxygen Tolerance of Sulfate-
Reducing Bacteria in Activated Sludge. Environmental Science & Technology, 38, 
2038-2043. https://doi.org/10.1021/es034777e 

[49] Mogensen, G.L., Kjeldsen, K.U. and Ingvorsen, K. (2005) Desulfovibrio Aerotolerans 
sp. Nov., an Oxygen Tolerant Sulphate-Reducing Bacterium Isolated from Activated 
Sludge. Anaerobe, 11, 339-349. https://doi.org/10.1016/j.anaerobe.2005.04.002 

[50] Roehe, R., Dewhurst, R.J., Duthie, C., Rooke, J.A., McKain, N., Ross, D.W., et al. 
(2016) Bovine Host Genetic Variation Influences Rumen Microbial Methane Produc-
tion with Best Selection Criterion for Low Methane Emitting and Efficiently Feed Con-
verting Hosts Based on Metagenomic Gene Abundance. PLOS Genetics, 12, e1005846.  
https://doi.org/10.1371/journal.pgen.1005846 

[51] Sasson, G., Kruger Ben-Shabat, S., Seroussi, E., Doron-Faigenboim, A., Shterzer, N., 
Yaacoby, S., et al. (2017) Heritable Bovine Rumen Bacteria Are Phylogenetically Re-
lated and Correlated with the Cow’s Capacity to Harvest Energy from Its Feed. mBio, 
8, e00703-17. https://doi.org/10.1128/mbio.00703-17 

[52] Czerkawski, J.W. (1969) Methane Production in Ruminants and Its Significance. 
World Review of Nutrition and Dietetics, 11, 240-282.  
https://doi.org/10.1159/000387580 

[53] Hobson, P.N. (1976) The Microflora of the Rumen. Meadowfield Press, 1-49. 

[54] Johnson, M.S., Zhulin, I.B., Gapuzan, M.E. and Taylor, B.L. (1997) Oxygen-Depend-
ent Growth of the Obligate Anaerobe Desulfovibrio Vulgaris Hildenborough. Journal 
of Bacteriology, 179, 5598-5601. https://doi.org/10.1128/jb.179.17.5598-5601.1997 

[55] Wong, L.S., Johnson, M.S., Zhulin, I.B. and Taylor, B.L. (1995) Role of Methylation 
in Aerotaxis in Bacillus Subtilis. Journal of Bacteriology, 177, 3985-3991.  
https://doi.org/10.1128/jb.177.14.3985-3991.1995 

[56] Zhulin, I.B., Bespalov, V.A., Johnson, M.S. and Taylor, B.L. (1996) Oxygen Taxis and 
Proton Motive Force in Azospirillum brasilense. Journal of Bacteriology, 178, 5199-
5204. https://doi.org/10.1128/jb.178.17.5199-5204.1996 

[57] Taylor, B.L. (1983) Role of Proton Motive Force in Sensory Transduction in Bacteria. 
Annual Review of Microbiology, 37, 551-573.  
https://doi.org/10.1146/annurev.mi.37.100183.003003 

[58] Laszlo, D.J. and Taylor, B.L. (1981) Aerotaxis in Salmonella Typhimurium: Role of 
Electron Transport. Journal of Bacteriology, 145, 990-1001.  
https://doi.org/10.1128/jb.145.2.990-1001.1981 

[59] Shioi, J., Tribhuwan, R.C., Berg, S.T. and Taylor, B.L. (1988) Signal Transduction in 
Chemotaxis to Oxygen in Escherichia coli and Salmonella typhimurium. Journal of 
Bacteriology, 170, 5507-5511. https://doi.org/10.1128/jb.170.12.5507-5511.1988 

[60] Gennis, R.B. and Stewart, V. (1996) Respiration. In: Neidhardt, F.C., et al., Eds., Esch-
erichia coli and Salmonella: Cellular and Molecular Biology (2nd Edition), American 
Society for Microbiology, 217-261. 

[61] Rymer, C., Williams, B.A., Brooks, A.E., Davies, D.R. and Givens, D.I. (2005) Interla-

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.1079/bjn19690010
https://doi.org/10.1021/cr60306a003
https://doi.org/10.1111/j.1472-765x.1988.tb01250.x
https://doi.org/10.1021/es034777e
https://doi.org/10.1016/j.anaerobe.2005.04.002
https://doi.org/10.1371/journal.pgen.1005846
https://doi.org/10.1128/mbio.00703-17
https://doi.org/10.1159/000387580
https://doi.org/10.1128/jb.179.17.5598-5601.1997
https://doi.org/10.1128/jb.177.14.3985-3991.1995
https://doi.org/10.1128/jb.178.17.5199-5204.1996
https://doi.org/10.1146/annurev.mi.37.100183.003003
https://doi.org/10.1128/jb.145.2.990-1001.1981
https://doi.org/10.1128/jb.170.12.5507-5511.1988


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 393 Open Journal of Animal Sciences 
 

boratory Variation of in Vitro Cumulative Gas Production Profiles of Feeds Using 
Manual and Automated Methods. Animal Feed Science and Technology, 123, 225-
241. https://doi.org/10.1016/j.anifeedsci.2005.04.029 

[62] Demeyer, D.I., van Nevel, C.J. and Henderson, C. (1972) Stoichiometry of Oxygen 
Utilization by Rumen Contents. 2nd World Congress on Animal Feeding, Madrid, 
23-28 October 1972, 33-37. 

[63] Black, J.L., Gill, M., Beever, D., Thornley, J.M. and Oldham, J.D. (1987) Simulation of 
the Metabolism of Absorbed Energy-Yielding Nutrients in Young Sheep: Efficiency of 
Utilization of Acetate. The Journal of Nutrition, 117, 105-115.  
https://doi.org/10.1093/jn/117.1.105 

[64] Belanche, A., Doreau, M., Edwards, J.E., Moorby, J.M., Pinloche, E. and Newbold, 
C.J. (2012) Shifts in the Rumen Microbiota Due to the Type of Carbohydrate and 
Level of Protein Ingested by Dairy Cattle Are Associated with Changes in Rumen 
Fermentation. The Journal of Nutrition, 142, 1684-1692.  
https://doi.org/10.3945/jn.112.159574 

[65] Zhang, H., Hu, J., Kleeman, M. and Ying, Q. (2014) Source Apportionment of Sulfate 
and Nitrate Particulate Matter in the Eastern United States and Effectiveness of Emis-
sion Control Programs. Science of the Total Environment, 490, 171-181.  
https://doi.org/10.1016/j.scitotenv.2014.04.064 

[66] Jami, E., White, B.A. and Mizrahi, I. (2014) Potential Role of the Bovine Rumen Micro-
biome in Modulating Milk Composition and Feed Efficiency. PLOS ONE, 9, e85423.  
https://doi.org/10.1371/journal.pone.0085423 

[67] Fernando, S.C., Purvis, H.T., Najar, F.Z., Sukharnikov, L.O., Krehbiel, C.R., Nagaraja, 
T.G., et al. (2010) Rumen Microbial Population Dynamics during Adaptation to a 
High-Grain Diet. Applied and Environmental Microbiology, 76, 7482-7490.  
https://doi.org/10.1128/aem.00388-10 

[68] Nathani, N.M., Patel, A.K., Mootapally, C.S., Reddy, B., Shah, S.V., Lunagaria, P.M., 
et al. (2015) Effect of Roughage on Rumen Microbiota Composition in the Efficient 
Feed Converter and Sturdy Indian Jaffrabadi Buffalo (Bubalus bubalis). BMC Ge-
nomics, 16, Article No. 1116. https://doi.org/10.1186/s12864-015-2340-4 

[69] Khafipour, E., Li, S., Plaizier, J.C. and Krause, D.O. (2009) Rumen Microbiome Com-
position Determined Using Two Nutritional Models of Subacute Ruminal Acidosis. 
Applied and Environmental Microbiology, 75, 7115-7124.  
https://doi.org/10.1128/aem.00739-09 

[70] Petri, R.M., Schwaiger, T., Penner, G.B., Beauchemin, K.A., Forster, R.J., McKinnon, 
J.J., et al. (2013) Characterization of the Core Rumen Microbiome in Cattle during 
Transition from Forage to Concentrate as Well as during and after an Acidotic Chal-
lenge. PLOS ONE, 8, e83424. https://doi.org/10.1371/journal.pone.0083424 

[71] Weimer, P.J., Cox, M.S., Vieira de Paula, T., Lin, M., Hall, M.B. and Suen, G. (2017) 
Transient Changes in Milk Production Efficiency and Bacterial Community Compo-
sition Resulting from Near-Total Exchange of Ruminal Contents between High- and 
Low-Efficiency Holstein Cows. Journal of Dairy Science, 100, 7165-7182.  
https://doi.org/10.3168/jds.2017-12746 

[72] Ley, R.E., Bäckhed, F., Turnbaugh, P., Lozupone, C.A., Knight, R.D. and Gordon, J.I. 
(2005) Obesity Alters Gut Microbial Ecology. Proceedings of the National Academy 
of Sciences of the United States of America, 102, 11070-11075.  
https://doi.org/10.1073/pnas.0504978102 

[73] Turnbaugh, P.J., Hamady, M., Yatsunenko, T., Cantarel, B.L., Duncan, A., Ley, R.E., 
et al. (2008) A Core Gut Microbiome in Obese and Lean Twins. Nature, 457, 480-

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.1016/j.anifeedsci.2005.04.029
https://doi.org/10.1093/jn/117.1.105
https://doi.org/10.3945/jn.112.159574
https://doi.org/10.1016/j.scitotenv.2014.04.064
https://doi.org/10.1371/journal.pone.0085423
https://doi.org/10.1128/aem.00388-10
https://doi.org/10.1186/s12864-015-2340-4
https://doi.org/10.1128/aem.00739-09
https://doi.org/10.1371/journal.pone.0083424
https://doi.org/10.3168/jds.2017-12746
https://doi.org/10.1073/pnas.0504978102


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 394 Open Journal of Animal Sciences 
 

484. https://doi.org/10.1038/nature07540 

[74] Turnbaugh, P.J., Ridaura, V.K., Faith, J.J., Rey, F.E., Knight, R. and Gordon, J.I. 
(2009) The Effect of Diet on the Human Gut Microbiome: A Metagenomic Analysis 
in Humanized Gnotobiotic Mice. Science Translational Medicine, 1, 6ra14.  
https://doi.org/10.1126/scitranslmed.3000322 

[75] Mastepanov, M., Sigsgaard, C., Dlugokencky, E.J., Houweling, S., Ström, L., 
Tamstorf, M.P., et al. (2008) Large Tundra Methane Burst during Onset of Freezing. 
Nature, 456, 628-630. https://doi.org/10.1038/nature07464 

[76] WRIGHT, A. (2004) Reducing Methane Emissions in Sheep by Immunization against 
Rumen Methanogens. Vaccine, 22, 3976-3985.  
https://doi.org/10.1016/j.vaccine.2004.03.053 

[77] Tholen, A., Pester, M. and Brune, A. (2007) Simultaneous Methanogenesis and Oxy-
gen Reduction by Methanobrevibacter cuticularis at Low Oxygen Fluxes. FEMS Mi-
crobiology Ecology, 62, 303-312. https://doi.org/10.1111/j.1574-6941.2007.00390.x 

[78] Seedorf, H., Dreisbach, A., Hedderich, R., Shima, S. and Thauer, R. (2004) F420H2 
Oxidase (FprA) from Methanobrevibacter arboriphilus, a Coenzyme F420-Depend-
ent Enzyme Involved in O2 Detoxification. Archives of Microbiology, 182, 126-137.  
https://doi.org/10.1007/s00203-004-0675-3 

[79] Danielsson, R., Schnürer, A., Arthurson, V. and Bertilsson, J. (2012) Methanogenic 
Population and CH4 Production in Swedish Dairy Cows Fed Different Levels of For-
age. Applied and Environmental Microbiology, 78, 6172-6179.  
https://doi.org/10.1128/aem.00675-12 

[80] McAllister, S.A. and Krai, T.A. (2003) Oxygen Resistance of Methanogens: Aerobic 
Research Technique for Exobiology. Arkansas-Oklahoma Center for Space and Plan-
etary Sciences. University of Arkansas, Fayetteville, AR.  
http://spacecenter.uark.edu/reu/pastprograms/2003/mcbee_john_abstract.pdf  

[81] Gloss, L.M. and Hausinger, R.P. (1988) Methanogen Factor 390 Formation: Species 
Distribution, Reversibility and Effects of Non-Oxidative Cellular Stresses. Biofactors, 
1, 237-240. 

[82] Gerritse, J. and Gottschal, J.C. (1993) Two-Membered Mixed Cultures of Methano-
genic and Aerobic Bacteria in O2-Limited Chemostats. Journal of General Microbi-
ology, 139, 1853-1860. https://doi.org/10.1099/00221287-139-8-1853 

[83] Zhang, J., Shi, H., Wang, Y., Li, S., Cao, Z., Ji, S., et al. (2017) Effect of Dietary Forage 
to Concentrate Ratios on Dynamic Profile Changes and Interactions of Ruminal Mi-
crobiota and Metabolites in Holstein Heifers. Frontiers in Microbiology, 8, Article 
2206. https://doi.org/10.3389/fmicb.2017.02206 

[84] Mao, H., Mao, H., Wang, J.K., Liu, J.X. and Yoon, I. (2013) Effects of Saccharomyces 
Cerevisiae Fermentation Product on in Vitro Fermentation and Microbial Commu-
nities of Low-Quality Forages and Mixed Diets1. Journal of Animal Science, 91, 3291-
3298. https://doi.org/10.2527/jas.2012-5851 

[85] Christophersen, C.T., Wright, A.G. and Vercoe, P.E. (2008) In Vitro Methane Emis-
sion and Acetate: Propionate Ratio Are Decreased When Artificial Stimulation of the 
Rumen Wall Is Combined with Increasing Grain Diets in Sheep. Journal of Animal 
Science, 86, 384-389. https://doi.org/10.2527/jas.2007-0373 

[86] Waghorn, G.C. and Barry, T.N. (1987) Pasture as a Nutrient Source. In: Nicol, A.M., 
Ed., Livestock Feeding on Pasture, New Zealand Society of Animal Production, 21-
37. 

[87] Johnson, K.A. and Johnson, D.E. (1995) Methane Emissions from Cattle. Journal of 

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.1038/nature07540
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1038/nature07464
https://doi.org/10.1016/j.vaccine.2004.03.053
https://doi.org/10.1111/j.1574-6941.2007.00390.x
https://doi.org/10.1007/s00203-004-0675-3
https://doi.org/10.1128/aem.00675-12
http://spacecenter.uark.edu/reu/pastprograms/2003/mcbee_john_abstract.pdf
https://doi.org/10.1099/00221287-139-8-1853
https://doi.org/10.3389/fmicb.2017.02206
https://doi.org/10.2527/jas.2012-5851
https://doi.org/10.2527/jas.2007-0373


B. R. Min et al. 
 

 

DOI: 10.4236/ojas.2026.164025 395 Open Journal of Animal Sciences 
 

Animal Science, 73, 2483-2492. https://doi.org/10.2527/1995.7382483x 

[88] Thompson, L.R. and Rowntree, J.E. (2020) Invited Review: Methane Sources, Quan-
tification, and Mitigation in Grazing Beef Systems. Applied Animal Science, 36, 556-
573. https://doi.org/10.15232/aas.2019-01951  

[89] Hegarty, R.S. (1999) Reducing Rumen Methane Emissions through Elimination of 
Rumen Protozoa. Australian Journal of Agricultural Research, 50, 1321-1328.  
https://doi.org/10.1071/ar99008 

[90] Hünerberg, M., McGinn, S.M., Beauchemin, K.A., Entz, T., Okine, E.K., Harstad, 
O.M., et al. (2015) Impact of Ruminal Ph on Enteric Methane Emissions1. Journal of 
Animal Science, 93, 1760-1766. https://doi.org/10.2527/jas.2014-8469 

[91] Ku-Vera, J.C., Castelán-Ortega, O.A., Galindo-Maldonado, F.A., Arango, J., Chirinda, 
N., Jiménez-Ocampo, R., et al. (2020) Review: Strategies for Enteric Methane Mitigation 
in Cattle Fed Tropical Forages. Animal, 14, s453-s463.  
https://doi.org/10.1017/s1751731120001780 

https://doi.org/10.4236/ojas.2026.164025
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.15232/aas.2019-01951
https://doi.org/10.1071/ar99008
https://doi.org/10.2527/jas.2014-8469
https://doi.org/10.1017/s1751731120001780

	The Effect of Sources of Rumen Fluid and Dissolved Oxygen Concentration on Rumen Fermentation Parameters, Methane Gas Emissions, and Microbiota Diversity Changes in Laboratory Conditions
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Design
	2.2. Rumen Fluid Donor Animals
	2.3. In Vitro Experiment
	2.3.1. Experiment 1
	2.3.2. Experiment 2

	2.4. Laboratory Analysis
	2.5. Genomic DNA Extraction and Quantitative PCR
	2.6. Data Analysis and Interpretation

	3. Results and Discussion
	3.1. Experiment 1
	3.2. Experiment 2
	3.3. Rumen Microbial Community Changes
	3.4. Oxygen Levels and Rumen Fermentation Profiles

	4. Conclusion
	Funding
	Supplementary Material
	Data Availability
	Ethics Approval
	Declaration of Generative
	Acknowledgements
	Author Contributions
	Conflicts of Interest
	References

