
 

I 

 

Supplying dairy cows with 
Propionibacterium to reduce enteric 

methane emission 
 

Tilskudd av Propionibacterium til melkekyr for å redusere utslipp av 
enterisk metan 

 
 
 

Philosophiae Doctor (PhD) Thesis 
 
 

Jikun Chen 
 
 

Norwegian University of Life Sciences 
Faculty of Biosciences 

Department of Animal and Aquacultural Sciences 
 
 

Ås (2021) 
 
 

 
 
 
 
 
 
 
 
 
 
 

Thesis number: 2021: 16 
ISSN: 1894-6402 

ISBN: 978-82-575-1780-9 

 



 

II  

 

Supervisors 

Odd Magne Harstad (Main supervisor until August 2019) 

Professor emeritus 

Department of Animal and Aquacultural Sciences 

Faculty of Biosciences 

Norwegian University of Life Sciences 

P.O. Box 5003, 1432, Ås, Norway 

 

Angela Schwarm  (Main supervisor since September 2019) 

Associate Professor 

Department of Animal and Aquacultural Sciences 

Faculty of Biosciences 

Norwegian University of Life Sciences 

P.O. Box 5003, 1432, Ås, Norway 

 

Helge Holo (Co-supervisor) 

Professor 

Faculty of Chemistry, Biotechnology and Food Science 

Norwegian University of Life Sciences 

P.O. Box 5003, 1432, Ås, Norway 

 

Tim  A. McAllister , Ph.D. (Co-supervisor) 

Principal Research Scientist 

Lethbridge Research and Development Centre 

Agriculture and Agri-Food Canada 

5403 1st Avenue South, Lethbridge, Alberta, T1J 4B1, Canada 

 

Karen Beauchemin , Ph.D. (Co-supervisor) 

Research Scientist 

Lethbridge Research and Development Centre 

Agriculture and Agri-Food Canada 

5403 1st Avenue South, Lethbridge, Alberta, T1J 4B1, Canada 



 

III  

 

Evaluation Committee 

Martin Riis Weisbjerg  

Professor 

Department of Animal Science 

Aarhus University 

Blichers Allé 20, building C20, 3040, 8830 Tjele, Denmark 

 

Sophie Julie Krizsan  

Associate Professor 

Department of Agricultural Research for Northern Sweden 

Swedish University of Agricultural Sciences 

Husdjursskötsel, 90183 Umeå, Sweden 

 

Øystein Holand  

Professor 

Department of Animal and Aquacultural Sciences 

Faculty of Biosciences 

Norwegian University of Life Sciences 

P.O. Box 5003, 1432, Ås, Norway 

 

 

 

 

 



 

IV  

 

ACKNOWLEDGEMENTS 

This project «Greenhouse gases from domestic animals» 

(Klimagasser fra husdyr) was funded by Norwegian Research Council 

(Norges Forskningsråd, approval number: 193613), Norwegian 

Agriculture Agency (Landbruksdirektoratet, Oslo), Felleskjøpet 

Fôrutvikling AS (Trondheim), TINE SA (Oslo), Animalia SA (Oslo) and 

Nortura SA (Slakterisamvirke Bondens Selskap, Økern). 

I would like to express my gratitude to my supervisors: Professor 

Odd Magne Harstad, Associate Professor Angela Schwarm, Professor 

Helge Holo, Dr. Tim A. McAllister and Dr. Karen Beauchemin. 

Furthermore, I would like to express my gratitude to Professor 

Tormod Ådnøy and Dr. Elise Norberg, the head of the Department of 

Animal and Aquacultural Sciences. Thank you for your guidance and 

support through the period of my PhD studies. 

I would like to express my gratitude to all the staff in the animal 

experimental unit (Stoffskifteavdelingen, IHA, NMBU) led by Dag-

Kristoffer Forberg for your help with  my animal experiments. 

Finally, I would like to express my gratitude to my family. Thank 

you for your support through the period of my PhD studies. 

 

 

Ås, December 2020 

 

 

Jikun Chen 

 



 

V 

 

TABLE OF CONTENT 

SUMMARY .................................................................................................................. 1 

SAMMENDRAG ......................................................................................................... 4 

LIST OF PAPERS ...................................................................................................... 6 

ABBREVIATIONS ..................................................................................................... 7 

1. BACKGROUND, OBJECTIVES AND HYPOTHESES .................................. 8 

2. GENERAL INTRODUCTION .......................................................................... 10 

2.1 Probiotics .................................................................................................... 10 

2.1.1 Rumen microbiota and propionibacteria ............................... 11 

2.1.2 Effects of propionibacteria on ruminants .............................. 16 

2.2 Methane formation and measurement in ruminants ................. 24 

2.2.1 Enteric methane emissions .......................................................... 25 

2.2.2 Mitigate the methane emission by propionibacteria ......... 28 

2.2.3 Methane measurement techniques .......................................... 34 

3. SUMMARY OF PAPERS (I-III)  ...................................................................... 41 

3.1 Paper I .......................................................................................................... 41 

3.2 Paper II ......................................................................................................... 43 

3.3 Paper III ....................................................................................................... 44 

4. GENERAL DISCUSSION .................................................................................. 46 

4.1 Effects of propionibacteria on volatile fatty acids ....................... 47 

4.2 Effects of propionibacteria on methane production .................. 57 

4.3 Effects of propionibacteria on feed degradation ......................... 68 

4.4 Effects of propionibacteria on animal performance .................. 75 

5. CONCLUSIONS AND FUTURE PERSPECTIVE ........................................ 81 

6. REFERENCES ..................................................................................................... 83 

7. PAPERS (I-III)  ................................................................................................... 96 

Paper I - III have individual page numbers 
 



 

1 

 

SUMMARY 

The primary target of this research was to explore the 

ability of promising propionibacteria strains to reduce the 

enteric methane emission from dairy cows. The second 

objective was to study the effect of propionibacteria on 

ruminal propionate production and the milk production.  

The objective of our first study was to investigate 

numerous propionic acid bacteria (most of them are 

propionibacteria) isolates for their ability to affect the 

production of methane, volatile fatty acids, and substrate 

degradation in vitro. Thirty-one strains were screened for the 

effects on the methane production and volatile fatty acids 

concentrations in incubated rumen fluid from non-lactating 

dairy cows. Two strains inoculated showed capability to 

mitigate methane emission by up to 20% (v/v). Seven strains 

could promote (P < 0.05) total volatile fatty acids production 

and five strains stimulated (P < 0.05) the yield of propionate. 

Seven strains promoted (P < 0.05) the substrate degradation. 

Propionibacterium thoenii T159 substantially mitigated 

ruminal methane emission by 20%, and elevated (P < 0.05) 

overall substrate degradation by 8%. Moreover, this strain 

elevated total ruminal production of volatile fatty acids by 

21%, compared with the control group. From these in vitro 

results we concluded that Propionibacterium thoenii T159 
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was the most promising strain to be used in subsequent in 

vivo studies. 

The objective of our second study was to determine the 

ability of Propionibacterium thoenii T159 to establish in the 

rumen of dairy cows at high feeding level. The strain  

Propionibacterium thoenii T159 (5 × 1011 CFU/head × day) 

was infused into the rumen of four cows via rumen cannula 

for eight days. After the propionibacteria inoculation ceased, 

we could still find that three of four donor cows presented 

substantially increased total population of the 

propionibacteria (106 CFU/mL rumen content) in the rumen 

as determined by PCR. The present work showed that strain 

Propionibacterium thoenii T159 was able to persist for at least 

five days in the rumen of dairy cows at high feed intake. 

The objective of our third study was to examine the efficacy 

of the strain Propionibacterium thoenii T159 to mitigate 

enteric methane emissions, to alter rumen fermentation and 

to improve the performance of dairy  cows in a cyclic change-

over design. This study consisted of two subsequent 

experiments with  five intact cows (exp1) and four rumen 

cannulated cows (exp2). The strain Propionibacterium thoenii 

T159 (8.5 × 1011 CFU / head × day) was inoculated into the 

rumen via esophageal tubing in exp1 and through cannulas in 

exp2.  In both tria ls the strain Propionibacterium thoenii T159 

failed to mitigate enteric methane emission and did not 

increase milk production. Feed intake, rumen fermentation 



 

3 

 

pattern and digestibility were not, or only negligibly affected 

by Propionibacterium thoenii T159. In conclusion, the 

methane mitigation potential of Propionibacterium thoenii 

T159 shown in vitro, could not be confirmed in vivo. 
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SAMMENDRAG 

Hovedmålet med denne forskningen var å utforske om 

lovende Propionibacterium (PB)-stammer kunne redusere 

utslippet av enterisk metan fra melkekyr. Delmål var å 

undersøke om PB kunne øke produksjonen av propionsyre i 

vomma og melkeproduksjonen. 

I den første studien var målet å undersøke mange 

propionsyrebakterie (PAB)-isolater for evnen til å påvirke 

produksjonen av metan og flyktige fettsyrer (Volatile fatty 

acids= VFA), samt nedbrytningen/fordøyelsen av substratet 

in vitro. Trettien stammer ble testet for effekten på 

metanproduksjon og konsentrasjon av VFA i inkubert 

vomvæske fra ikke-lakterende mjølkekyr. To stammer 

reduserte metanutslippet med inntil 20% (volum / volum). 

Syn stammer økte (P < 0,05) total VFA-produksjon, og fem 

stammer økte (P < 0,05) produksjonen av propionat. Syn 

stammer økte (P < 0,05) nedbrytingen/fordøyelsen av 

substratet. Propionibacterium thoenii T159 reduserte 

metanutslippet med hele 20%, og økte (P <0,05) 

nedbrytningen/fordøyelsen av substratet med 8% samt økte 

den totale VFA-produksjonen med 21%, sammenlignet med 

kontrollgruppen. Med bakgrunn i disse resultatene oppnådd 

in vitro  konkluderte vi med at Propionibacterium thoenii 

T159, som var den mest lovende stammen, skulle brukes i de 

påfølgende in vivo-studiene. 
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Hovedhensikten med den andre studien var å undersøke om 

Propionibacterium thoenii T159 kunne etablere seg i vomma 

til melkekyr på høyt fôrnivå. Stammen Propionibacterium 

thoenii T159 (5 × 1011 CFU/ku × dag) ble tilført vomma til fire 

kyr i 8 dager. Etter at PB-tilførselen stoppet, viste tre av de 

fire kyr ne fortsatt betydelig forhøyet totalt antall PB (106 CFU 

/ ml vommen innhold) bestemt ved PCR. Forsøket viste at 

Propionibacterium thoenii T159 var etablert i minst fem dager 

i vomma til melkekyr på høyt fôrnivå.  

I den tredje studien var hensikten å undersøke om 

Propionibacterium thoenii T159 reduserte utslippet av 

enterisk metan, påvirket gjæringsmønstret i vomma og økte 

ytelsen til mjølkekyr i et syklisk ombyttingsforsøk. Denne 

studien besto av to påfølgende eksperimenter med fem 

intakte kyr (Forsøk 1) og fire vomfistulerte kyr  (Forsøk 2). 

Stammen Propionibacterium thoenii T159 (8,5 × 1011 CFU/ku 

× dag) ble tilført vomma via slange i Forsøk 1 og gjennom 

vomfistel i Forsøk 2. Propionibacterium thoenii T159 viste 

ingen effekt hverken på utslippet av enterisk metan eller 

mjølkeproduksjonen i de to forsøka. Opptaket av fôr, 

gjæringsmønster i vomma og fordøyeligheten av rasjonen ble 

ikke, eller bare ubetydelig påvirket av Propionibacterium 

thoenii T159. Det er konkludert med at den reduksjonen i 

utslippet av metan oppnådd med T 159 in vitro ikke kunne 

verifiseres in vivo.  
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1. BACKGROUND, OBJECTIVES AND 

HYPOTHESES 

The enteric methane from ruminant s accounts for 

approximately 6% of the anthropogenic greenhouse gas 

emissions globally (Beauchemin et al., 2020). The methane 

losses account for 2% to 12% of the gross energy consumed 

by ruminants (Johnson and Johnson, 1995). Because of the 

increase in the global population from 2010 to 2050, an 

elevated global demand for meat and milk is estimated of 73% 

and 58%, respectively (Beauchemin et al., 2020). Our 

challenge is how to decrease the energy loss from methane 

emission of ruminants and increase the animal performance 

by the administration of probiotics to meet the growing needs 

of the meat and milk globally. 

As one of the less conventional probiotics for domestic 

animals, propionibacteria is a propionate producer that can 

utilize hydrogen and pyruvate/ lactate to produce propionate 

anaerobically (Piveteau et al., 1999; Vorobjeva et al., 1999).  

The primary target of this study was to investigate the 

ability of promising propionibacteria strains to mitigate the 

enteric methane emission of dairy cows. The second objective 

was to explore the effect of propionibacteria on propionate 

production in the rumen and the milk production of dairy 

cattle.  

The hypotheses of this study were:  
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(1) The propionibacteria strains (n = 31) differ in their 

capability to reduce methane production and to shift the 

volatile fatty acid pattern in a screening experiment in vitro.  

(2) The propionibacteria could survive for at least five days 

in the rumen of dairy cows at high dry matter intake. 

(3) The promising propionibacteria strain selected from 

the in vitro experiment reduces enteric methane emission 

from dairy cows and increase their productive performance. 
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2. GENERAL INTRODUCTION 

The general introduction consists of two main sections. In 

the first section, the rumen microbiota  and the probiotics for 

animals are introduced in general. As an indigenous  

inhabitant in the rumen, the biological characteristics of 

propionibacteria and their possible effects on the rumen 

fermentation are specified in this section as well. In the 

second section, the principle of the methanogenesis by 

methanogens in the rumen and the approach to mitigate the 

enteric methane emission by microorganisms are illustrated. 

In the last part,  the techniques of methane measurements in 

vitro and in vivo are elucidated. The tables in the introduction 

exhibit an overview of the parameters reported so far and 

thereby highlight the gaps of knowledge in this field.  

 

2.1 Probiotics 

 Probiotics are a source of live, naturally occurring 

microorganisms (Seo et al., 2010) which beneficially affect the 

hosts by improving their gastrointestinal microbial balance 

(Yosi et al., 2020). Probiotics are also referred to as direct-fed 

microbials (DFM) by FDA (1995). 

Propionibacteria (Propionibacterium spp.) is a kind of  

probiotics for domestic animals. In the following three 

sections, the rumen microbiota, the biological characteristics 
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of propionibacteria, and the studies of the propionibacteria 

administration for  ruminants are elucidated successively. 

 

2.1.1 Rumen microbiota and propionibacteria 

The rumen is an essential digestive organ of ruminants, and 

the main location for dietary fiber (DF) fermentation. Rumen 

microbiota consists of archaea, bacteria, fungi, protozoa and 

phages, etc. The rumen harbors more than 200 species of 

bacteria (McSweeney et al., 2005). Rumen bacteria are mostly 

Gram-negative, strictly anaerobic with the optimal pH 6.5 ~  

6.9 (Mitsumori and Minato, 1997).  

Propionibacteria is a kind of facultative anaerobic 

actinobacteria which produce propionate as one of the end 

products in the anaerobic fermentation (Gonzalez-Garcia et 

al., 2017). They can grow at 15 ~  40 °C (Vorobjeva, 1999), pH 

5.1 ~  8.5 (Campaniello et al., 2015) and could be divided into 

two groups (Zarate and Perez, 2015) by their habitats: dairy 

propionibacteria and cutaneous propionibacteria. Dairy 

propionibacteria grow optimally at 28 °C to 30 °C and pH 6.5 

to 7.0. They are the potential probiotics for animals (Zarate 

and Perez, 2015). 

Propionibacteria is one of the rumen indigenous 

inhabitants in the population of 103 ~ 104 CFU per gram of wet 

rumen content (Davidson, 1998), which account for 1.4% of 

total rumen microbes (Azzaz et al., 2019), and 4.3% of rumen 
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epimural bacteria (Mead and Jones, 1981; Vyas et al., 2014a). 

Generally, there are two species of propionibacteria which 

occur in the rumen: Propionibacterium acidipropionici (96%) 

and P.  jensenii (4%) (Davidson, 1998). Propionibacteria can 

adhere to rumen epithelium (Zarate et al., 2002).  

In the rumen, propionibacteria could produce propionate 

anaerobically (Figure 2.1). In the first step, pyruvate, 

methylmalony-CoA and carbon dioxide will be carboxylated 

to oxaloacetic acid (OAA), accompanied by several mid-

products of the citric acid cycle. Afterwards, OAA is reduced 

to succinate, succinyl-CoA and propionyl-CoA from malate 

and fumarate. Finally, succinate is converted to propionate 

and succinyl-CoA by CoA transferase in the Wood-Werkman 

cycle (Piveteau et al., 1999; Gonzalez-Garcia et al., 2017).  
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Figure 2.1 Pathways of propionate formation in microbial fermentation. 

LHD: lactate dehydrogenase; PolyɀPn: polyphosphate; PPi: 

pyrophosphate. For reasons of clarity, only the pyrophosphate dependent 

conversion of fructoseɀ6ɀP to fructoseɀ1, 6ɀdiP is shown and ATP 

generation by the electron transfer system is omitted. All the reactions are 

directed towards propionate production, even though the reactions are 

reversible (Piveteau et al., 1999). 
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Propionibacteria produce not only propionate, but also 

acetate in the lactate fermentation (Zarate and Perez 2015). 

The metabolic activities of propionibacteria in the rumen can 

influence ruminal pH. The ruminal pH is mainly determined 

by the total amount of acetate and propionate, because the 

level of ruminal lactate is low (Russell et al., 1998). 

Methanogens cannot absorb H2 effectively in the rumen when 

pH is low (Van Kessel et al., 1996), and it could decrease the 

ruminal ammonia level and mitigating enteric methane 

emission (Lana et al., 1998). Wood-Werkman cycle (Figure 

2.1) is the major and efficient pathway for propionate 

production by propionibacteria (Gonzalez-Garcia et al., 

2017). Theoretically, 1.5 mol of glucose can produce up to 6.0 

mol ATP with two possible ATP syntheses by sodium 

gradients (Figure 2.2) (Pritchard, 1977). 
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Figure 2.2  The process of microbial propionate formation (Chen et al., 

2019). 

 

A high population of propionibacteria in the rumen might 

be helpful in the improvement of the rumen fermentation 

pattern and/or mitigate the enteric methane emission. Until 

now, there are four reports of the propionibacteria 

administration in vivo (Vyas et al., 2014a; Vyas et al., 2014b; 

Vyas et al., 2016; Jeyanathan et al., 2019) demonstrated the 

relative abundance, resistance and maintenance of the 

propionibacteria in the rumen by qPCR.  
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2.1.2 Effects of propionibacteria on ruminants 

As one of the indigenous inhabitants in the rumen, specific 

strains of propionibacteria could be utilized as a kind of 

probiotics to increase the relative abundance of 

propionibacteria and the propionate level in the rumen.  

Several researchers have investigated the effect of the 

propionibacteria on the rumen fermentation, digestibility and 

performance of  ruminants. These previous studies have been 

performed in vitro and in vivo and the rumen fermentation 

parameters are summarized in Table 2.1a, 2.2a (in vitro) and 

Tables 2.1b, 2.2b, 2.3 (in vivo).  Most of the reports showed the 

effects of Propionibacterium freudenreichii, P. acidipropionici 

and P. jensenii strains on the cattle. Only a few studies in vitro 

are available so far and only two studies in vitro included a 

larger screening of different propionibacteria strains in vitro 

(Table 2.1a). However, these two larger screenings used the 

rumen fluid from beef cattle which are fed differently than 

dairy cows and therefore a different response could be 

expected. Hence, the batch culture in vitro by using the rumen 

fluid from dairy cattle is necessary to fill the gaps of the 

research work recently. 

Propionibacteria may increase the propionate production 

in the rumen and  alter ruminal volatile fatty acids profile  in 

vivo (Table 2.1b, 2.2b and 2.3). Glucose is one of the major fuel 

supplies for ruminants and propionate is one of the essential 

precursors for gluconeogenesis (Drackley et al., 1999), 
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accounting for 61 ~ 67% of the total glucose synthesis of the 

cattle (Thompson, 2011). Ruminal propionate could increase 

blood glucose and reduce DMI, stimulating insulin production 

and oxidative metabolism, and consequently preserve 

glycogenic amino acids for protein synthesis, which may 

lower the maintenance costs of metabolizable proteins and 

avoid the energy loss (Stein et al., 2006). Propionate could be 

utilized in the citric acid cycle in the form of acetyl-CoA 

(Lehloenya et al., 2008b).  

According to Table 2.1a and 2.1b, three reports (Yang et al., 

2004; Luo et al., 2012; Alazzeh et al., 2013) and two reports 

(Ghorbani et al., 2002; Vyas et al., 2016) focused on the rumen 

fermentation parameters of P. thoenii strains in vitro and in 

vivo, respectively. Two studies focused on one specific P. 

thoenii strain P15 in vitro (Yang et al., 2004) and in vivo 

(Ghorbani et al., 2002) in beef cattle, respectively. In Table 

2.1b, Vyas et al. (2016) reported the effect of the 

Propionibacterium thoenii T159 on DMI, ruminal pH and 

ruminal fermentation characteristics in vivo. In Table 2.2b and 

Table 2.3,  only a few studies focused on the digestibility and 

the performance of the cattle by the administration  of 

propionibacteria in vivo, however, there is no report on the 

administration of Propionibacterium thoenii strains in vivo 

until  recently. 

Therefore, it is essential for us to investigate the effect of  

the administration of Propionibacterium thoenii T159 on 
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dairy cow, especially the effect on the enteric methane 

emission, milk production , nitrogen balance and digestibility  

in vivo, which was not reported previously. 
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Table 2.1a Overview of studies on the effect of propionibacteria on ruminal fermentation parameters in vitro  

Strain  Cattle pH VFA A P B A:P L AM Reference 
Propionibacterium freudenreichii P63 Beef  + - - - - - + - Parrott, 1997 
P. acidipropionici P5 Dairy - - + + + + - - Akay, 2001 
P. thoenii P15 Beef + + + + + + + + Yang, 2004 
P. freudenreichii P63 Dairy + + + + + + - - Dolecheck, 2011 
P. acidipropionici 1; P. freudenreichii 2; P. propionicus 3; P. jensenii 4; P. thoenii 5 Beef  + - + + + + + - Luo, 2012 
P. freudenreichii 6; P. jensenii 7; P. japonicus 8; P. propionicus 9; P. thoenii 10 Beef  - - + + + - - - Alazzeh, 2013 
P. acidipropionici P169 Heifer - + + + + + - - Alazzeh, 2014 
P. freudenreichii NP24 Dairy + + + + + + - + Meale, 2014 
P. freudenreichii subsp. shermanii ATCC 8262 Dairy - + + + + + - - Ding, 2017 

 
+: data reported; -: data not reported; Cattle: The type of cattle used in the trial; VFA: Molar concentration of volatile fatty acid (mM); A: Molar proportion of acetate 
(mol/100 mol volatile fatty acids); P: Molar proportion of propionate (mol/100 mol volatile fatty acids); B: Molar proportion of butyrate(mol/100 mol volatile fatty 
acids); L: Molar concentration of lactate (mM); AM: Molar concentration of ammonia (mM); P. acidipropionici 1: strain 341 and ATCC 25562; P. freudenreichii 2: strain CSCC 
2206 and CSCC 2207; P. propionicus 3: strain T7, T37, T83 and T90; P. jensenii 4: strain 702 and NCFB 572; P. thoenii 5: ATCC 4874; P. freudenreichii 6: strain T5, T28, T31, 
T54, T114 and T146; P. jensenii 7: strain T1, T121, T122 and T130; P. japonicus 8: strain T7 and T37; P. propionicus 9: strain T83 and T90; P. thoenii 10: strain T159 and 
ATCC4874. 
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Table 2.1b Overview of studies on the effect of propionibacteria on ruminal fermentation parameters in vivo 

Strain  Cattle pH VFA A P B A:P L AM Reference 
Propionibacterium freudenreichii P63 Beef + - - - - - + - Parrott, 1997 
Propionibacterium spp. 1 Beef + + + + + + - - Davidson, 1998 
P. thoenii P15 Beef + + + + + + + + Ghorbani, 2002 
P. acidipropionici DH42 Beef + - + + - + + - Kim, 2002 
P. jensenii P169 Dairy + - + + + - - - Stein, 2004 
P. jensenii P169 Dairy + - + + + - - - Stein, 2006 
P. jensenii P169 Dairy + + + + + + + + Lehloenya, 2008b 
P. freudenreichii NP24 Dairy + + + + + + + + Raeth-Knight, 2007 
P. jensenii P169 Dairy - - + + + + - - Weiss, 2008 
P. jensenii P169 Beef + + + + + + + + Lehloenya, 2008a 
P. freudenreichii NP24 Dairy + + + + + + + + Thompson, 2011 
P. acidipropionici P169 Beef + + + + + + + + Narvaez, 2014 
P. acidipropionici P169 Heifer + + + + - + - + Sanchez, 2014 
P. acidipropionici P169; P. acidipropionici P5; P. jensenii P54 Heifer + + + + + + - + Vyas, 2014a 
P. acidipropionici P169; P. acidipropionici P5; P. jensenii P54 Heifer + + + + + + + + Vyas, 2014b 
P. freudenreichii T114; P. freudenreichii T54; P. thoenii T159 Heifer + + + + + + + + Vyas, 2016 
P. freudenreichii NP24 Dairy + - + + + + - - Dickey, 2016 
P. acidipropionici P169 Beef - + - - - - - + Azad, 2017 
P. freudenreichii P63 Dairy + + + + + + + + Philippeau, 2017 
P. freudenreichii 53-W (DSM 20271) Dairy + + + + + + - - Jeyanathan, 2019 

 
+: data reported; -: data not reported; Cattle: The type of cattle used in the trial;  VFA: Molar concentration of volatile fatty acid (mM); A: Molar proportion of acetate 
(mol/100 mol volatile fatty acids); P: Molar proportion of propionate (mol/100 mol volatile fatty acids); B: Molar proportion of butyrate (mol/100 mol volatile fatty 
acids); L: Molar concentration of lactate (mM); AM: Molar concentration ammonia (mM); Propionibacterium spp. 1: Unidentified strains P54, P81, P89 and P104.
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Table 2.2a Overview of studies on the effect of propionibacteria on substrate degradation in vitro  

Strain  Cattle DMD OMD ADFD NDFD  SRD Reference 
Propionibacterium acidipropionici P5 Dairy + - - + + Akay, 2001 
P. thoenii P15 Beef - - + + + Yang, 2004 
P. freudenreichii NP24 Beef + - - - - Meale, 2014 

 
+: data reported; -: data not reported; Cattle: The type of cattle used in the trial; DMD: Dry matter degradability (%); OMD: Organic matter degradability (%); ADFD: Acid 
detergent fiber degradability (%); NDFD: Neutral detergent fiber degradability (%); SRD: Starch degradability (%).
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Table 2.2b Overview of studies on the effect of propionibacteria on feed digestibility  in cattle (in vivo) 

Strain  Cattle DMD OMD CPD NDFD ADFD SRD Reference 
P. freudenreichii ssp. Shermanii JS (DSM 7067) Dairy + - - - - - Jatkauskas, 2006 
P. freudenreichii NP24 Dairy + - + + - + Reath-Knight, 2007 
P. jensenii P169 Beef - + - + + - Lehloenya, 2008a 
P. acidipropionici  Beef + - + + - - Kamarloiy, 2008 
P. freudenreichii Dairy + - + + + - Arriola, 2011 
P. freudenreichii NP24 Dairy + - + + + - Byod, 2011 
P. acidipropionici P169 Heifer - - - + + - Sanchez, 2014 
P. acidipropionici P169; P. acidipropionici P5; P. jensenii P54 Heifer + + + + + + Vyas, 2014a 
P. acidipropionici P169; P. acidipropionici P5; P. jensenii P54 Heifer + + + + + + Vyas, 2014b 
P.  freudenreichii P169 & Saccharomyces cerevisiae SC Buffalo + + + + + - Azzaz, 2015 
P. freudenreichii NP24 Dairy - + - + - + Dickey, 2016 
P. freudenreichii P63 Dairy + + - + + - Philippeau, 2017 

 
+: data reported; -: data not reported; Cattle: The type of cattle used in the trial; DMD: Dry matter digestibility  (%); OMD: Organic matter digestibility  (%); CPD: Crude 
protein digestibility  (%); NDFD: Neutral detergent fiber digestibility  (%); ADFD: Acid detergent fiber digestibility  (%); SRD: Starch digestibility  (%).
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Table 2.3 Overview of studies on the effect of propionibacteria on the performance of dairy cow 

Strain  MYD ECM MLA MPT MF MUN ECM/DMI MYD/DMI  Reference 
Propionibacterium jensenii P169 + + + + + + + + Francisco, 2002 
P. jensenii P169 - + + + + + - - Stein, 2006 
P. freudenreichii ssp. shermanii JS, DSM 7067 - + - + + - - + Jatkauskas, 2006 
P. jensenii P169 + - + + + + - - Lehloenya, 2008b 
P. freudenreichii NP24 + + + + + + - - Raeth- Knight, 2007 
P. freudenreichii P169 + - + + + + - - Ondarza, 2008 
P. jensenii P169 + - + + + + - - Weiss, 2008 
P. freudenreichii NP24 + - - + + - + + Boyd, 2009 
P. freudenreichii NP24 + + - + + - + + Boyd, 2011 
P. freudenreichii NP24 + - + + + + - - Thompson, 2011 
P. frendenreichii + - - + + - - - Vibhute, 2011 
P. freudenreichii NP24 + + - + + - + - West, 2011 
P. freudenreichii NP24 + - - + + + - - Ferraretto, 2015 
P. freudenreichii, P169 + - + + + + - - Sawall, 2015 
P. freudenreichii NP24 + - - + + + + + Dickey, 2016 
P. freudenreichii + - + + + + - - Sawant, 2016 
P. freudenreichii P63 + - - + + + - - Philippeau, 2017 
P. freudenreichii 53-W (DSM 20271) + + - + + - + - Jeyanathan, 2019 

 
+: data reported; -: data not reported; MYD: Milk yield per head per day (kg); ECM: Energy-corrected milk per head per day (kg); MLA: Concentration of milk  lactose (%) 
or milk lactose yield (kg/day) ; MPT: Concentration of milk protein (%) or milk protein yield (kg/day) ; MF: Concentration of milk fat (%) or milk fat yield (kg/day) ; MUN: 
Concentration of milk urea nitrogen (mM); DMI: Dry matter intake (kg).
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2.2 Methane formation and measurement in 

ruminants 

Carbon dioxide, methane, and nitrous oxide are three 

essential greenhouse gas in the atmosphere which contribute 

to 77%, 14% and 8% of total global greenhouse gas emission, 

respectively (IPCC 2019). Despite of the lower atmospheric 

concentration of methane which is only 0.49% of carbon 

dioxide, the total global greenhouse effect of all the methane 

in the atmosphere is 25% of carbon dioxide (Zhao et al., 

1999). The residence time of methane in the atmosphere 

could be approximately 9 to 12 years. Therefore, methane 

contributes significantly to the global warming.  

Enteric methane emissions from ruminants account for 

17% of global methane emissions (Knapp et al., 2014), and 

80% of total methane emissions from livestock (Gill et al., 

2010). 
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2.2.1 Enteric methane emissions 

Generally, approximately 89% of enteric methane from 

ruminants is released into the atmosphere by eructation 

(Thorpe, 2009). Methanogens (MG) play an irreplaceable role 

in the methanogenesis (MGS) of the rumen. Methanogens are 

a kind of strictly anaerobic archaea in the rumen, which 

account for less than 1% of total rumen microbes (Wright and 

Klieve, 2011). The metabolism and the maintenance of the 

population of methanogens are influenced by the diet, feeding 

frequency, and the management of the ruminants (Kumar et 

al., 2011, 2013; Sirohi et al., 2013). All methanogens in the 

rumen contribute to enteric methane emission (Morgavi et al., 

2010). 

Due to the low threshold for hydrogen partial pressure 

(PH2) and fast doubling time, methanogens can grow easily in 

the optimal growing condition of pH 7.0 and mesophilic 

temperature in the rumen (Cheng et al., 2013). Most 

methanogens can utilize  hydrogen as the electron donor to 

reduce carbon dioxide and produce methane in the rumen 

(Cersosimo and Wright , 2015). Additionally , a few species of 

methanogens in the rumen could also utilize  hydrogen to 

reduce formate, methanol and methylamine, and produce 

methane in the rumen (Cheng et al., 2013).  

Ruminal hydrogenotrophic methanogens could establish a 

symbiotic association with hydrogen producers, such as 
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protozoa,  anerobic fungi and hydrogen-producing bacteria in 

the rumen (Lange et al., 2005).  

The methanogenesis and enteric methane emission 

intimately associate with protozoa positively in the rumen 

(Beauchemin et al., 2020). The cytoplasm of protozoa 

contains hydrogenosomes which produce hydrogen as a kind 

of byproduct in the metabolism of acetate or butyrate 

(Williams and Coleman 1992). However, when the 

intracellular hydrogen of the protozoa reaches a high level, 

there will be a feedback suppression in the metabolism of the 

protozoa and therefore hydrogen in the cytoplasm of the 

protozoa needs to be eliminated soon (Zheng and Chen, 

2003). Most methanogens can be swallowed by protozoa and 

remain alive in the cytoplasm as the endosymbiotic 

methanogens to eliminate the hydrogen for protozoa (Finlay 

et al., 1994). In the mutually beneficial symbiotic relationship, 

the endosymbiotic methanogens could utilize hydrogen 

produced by the intracellular hydrogenosome of the protozoa 

directly and rapidly  (Feng et al., 2004).  

In addition, there is a small population of methanogens 

which live on the cell membrane of protozoa, and are 

ectosymbiotic methanogens (Feng et al., 2004). Both 

ectosymbiotic and endosymbiotic methanogens could 

produce methane by interspecies hydrogen transfer with 

protozoa (Ng, 2016). Nevertheless, endosymbiotic 

methanogens are in higher population and they are more 
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important in the metabolism of ruminal methanogenesis than 

that of ectosymbiotic methanogens (Feng et al., 2004). 

Furthermore, several strains of methanogens in the rumen 

could acquire electrons from hydrogen by syntrophic 

metabolism with cellulolytic bacteria or ruminal anaerobic 

fungi (Kumar et al., 2015), which produce hydrogen in the 

process of degrading plant cell wall in the diet (Feng et al., 

2004).  
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2.2.2 Mitigate the methane emission by 

propionibacteria 

As a reducing agent, hydrogen is a meaningful restrictive 

factor in the formation of methane. Besides, enzyme is 

another factor to limit  the rate of the methanogenesis in the 

rumen (Ungerfeld, 2020).  In recent years , there are several 

microbial additives options for researchers that can help to 

avoid the incorporation of hydrogen into the methanogenesis. 

In principle, there are two main approaches to mitigate 

methane formation (Ungerfeld, 2020): 

a) Microbials can incorporate hydrogen into the pathways 

other than methanogenesis;  

b) Microbials can avoid producing hydrogen in the 

pathway of reduction. 

The approach a) is applicable for ruminants in the scientific 

research and practical use in agriculture, since it might be a 

challenge to manipulate the metabolism of hydrogen 

producing microbes in the rumen (Cai et al., 2020). 

Consequently, by the infusion of the living propionibacteria 

strain culture into the rumen, propionibacteria might be able 

to compete for hydrogen with methanogens by reducing 

fumarate to succinate, thereby diminish methanogenesis. 

Therefore, the propionate production in the rumen may be 

promoted, and the energy utilization of ruminants could be 

improved. 
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Compared with the methanogenesis, the microbial 

production of propionate by propionibacteria indicates 

significant advantages in the thermodynamics of chemical 

reactions (Table 2.4). The reaction between hydrogen and the 

electron acceptor is a redox reaction with a redox pair. The 

kinetics of a redox pair depends on the thermodynamic 

function of the reaction and Gibbs free energy (ɝG0', kJ/mol). 

The lower ɝG is, the easier the reaction could proceed, and 

more energy will be released during the chemical reaction. If 

ɝG0' > 0, the chemical reaction cannot proceed spontaneously. 

Table 2.4 shows the ɝE0 and ɝG0' of the two redox couples. 

Fumarate is an electron acceptor in the reaction of which 

redox potential is higher than carbon dioxide. Due to the 

advantages in the redox reaction thermodynamics, fumarate 

could obtain the electrons from hydrogen anaerobically, and 

then produce propionate. In addition, the PH2 threshold 

required in the succinate formation is much lower than that 

of methanogenesis by the reduction of carbon dioxide (Table 

2.4).  

Theoretically, propionibacteria may be capable to compete 

with the methanogens for hydrogen and promote ruminal 

propionate formation in the rumen. Until now, only three 

studies reported the effect of propionibacteria on methane 

production in vitro (Table 2.5a), whereof only one includes a 

larger screening of different propionibacteria strains 
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performed with rumen fluid from beef cattle. Only six studies 

reported the effect of propionibacteria on methane 

production from cattle in vivo, only two of which (Table 2.5b) 

were performed with dairy cows. Until now, the effect of the 

strain T159 on enteric methane emission of cattle was only 

investigated in beef cow in vivo (Vyas et al., 2016), and the 

results of milk production and nitrogen balance are absent. 

Therefore, it is worthwhile  for us to explore the effect of 

Propionibacterium thoenii T159 in batch culture in vitro and 

the administration in dairy cow in vivo. 
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Table 2.4  Standard reduction potentials of several common redox couples at pH = 7.0 and Gibbs free energy liberated between 
hydrogen and two electron acceptors (Prescott et al., 2010; Attwood and McSweeney, 2008; Tratnyek and Macalady, 2000) 

 

Redox couples Reduction Half -reaction  ɝ%0 (mV)  ɝ'πȭ (kJ/mol)  Threshold of H 2 (ppm)  
Carbon dioxide/Methane CO2 + 8H+ + 8e- O  #(4 + 2H2O Ϻ 238 Ϻ 68.3 28.0 ~ 100 
Fumarate/Succinate HOOCCH=CHCOOH + 2H+ + 2e- O  (//#ɉ#(2)2COOH + 32.0 Ϻ 86.2 0.90 

 

ɝE0: Standard reduction-oxidation potential (mV); ɝ'0ȭȡ Standard free energy change (kJ/mol). 
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Table 2.5a  Overview of studies on the effect of propionibacteria on methane production in vitro 

Strain  Cattle Gas Gas/DM CH4 CH4/DM  CH4/DMD  CM Reference 
Propionibacterium freudenreichii P63 Dairy - - - - - + Dolecheck, 2011 
P. freudenreichii 1; P. jensenii 2; P. japonicus 3; P. propionicus 4; P. thoenii 5 Beef - + - + - - Alazzeh, 2013 
P. acidipropionici P169 Heifer - + - + - - Alazzeh, 2014 
P. freudenreichii NP24 Dairy + - + + + - Meale, 2014 
P. freudenreichii subsp. shermanii ATCC 8262 Dairy + + - + + - Ding, 2017 

 

+: Data reported; -: Data not reported; Cattle: The type of donor animal used in the trial; Gas: The amount of gas per vial per day (mL); CH4: The methane emission per 
vial per day (mL); DM: Dry matter of substrate added per vial (g); DMD: Dry matter digested per vial (g); CM: The amount of methane emission per vial per day (mmol); 
1P. freudenreichii: strain T5, T28, T31, T54, T114, T146; 2P. jensenii: strain T1, T121, T122, T130; 3P. japonicus: strain T7, T37; 4P. propionicus: strain  T83, T90; 5P. thoenii: 
strain T159, ATCC4874. 
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Table 2.5b Overview of studies on the effect of propionibacteria on the methane production in vivo 

Strain  Animal  CH4 CH4/
DMI 

CH4/
OMI 

CH4/
MYD 

CH4/
ECM 

CH4/
FCM 

CH4/
GEI 

Reference 

P. acidipropionici P169; P. acidipropionici P5; P. jensenii P54 Beef + + - - - - + Vyas, 2014a 
P. acidipropionici P169; P. acidipropionici P5; P. jensenii P54 Beef + + - - - - + Vyas, 2014b 
P. freudenreichii T114; P. thoenii T159; P. freudenreichii T54 Beef + + - - - - + Vyas, 2016 
P. freudenreichii 53-W (DSM20271) Sheep - + - - - - - Jeyanathan,  2016 
P. freudenreichii P63 Dairy + + + + - + + Philippeau, 2017 
P. freudenreichii 53-W Dairy + + - + + - - Jeyanathan, 2019 

 

+: Data reported; -: Data not reported; Animal: The type of donor animals used in the trial (beef cow, dairy cow or sheep); CH4: The methane emission per head per day 
(g); DMI: Dry matter intake per head per day (kg); OMI: Organic matter intake per head per day (kg); MYD: milk yield per head per day (kg); ECM: Energy-corrected milk 
per head per day (kg); FCM: 4% Fat-corrected milk per head per day (kg); GEI: General energy intake per head per day (MJ).
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2.2.3 Methane measurement techniques 

The determination of methane concentration in the gas 

samples is convenient, accurate and precise by modern 

instrumental analytical techniques. Therefore, the challenge 

is the gas sampling from ruminants. 

 

2.2.3.1 Gas sampling technology 

General information  

In the trials in vitro, the rumen fluid from ruminants is 

transferred to an incubation container with the anaerobic 

headspace, which is normally an airtight vial sealed by a 

rubber stopper. After 24 hours or longer time, the gas 

pressure of the head space is measured, and the gas samples 

are collected by introducing a gas-tight syringe directly into 

the vial through the rubber stopper. Then the methane 

concentration of the gas samples is analyzed by gas 

chromatography (GC) (Alazzeh et al., 2013; Alazzeh et al., 

2014) or other means.  

There are several gas sampling techniques in vivo. The 

study which conducted in respiratory calorimetry chambers, 

such as whole animal chambers, head boxes and face masks, 

were frequently used before 1990s. The sulphur  hexafluoride 

(SF6) tracer gas technique was invented in 1990 and became 

a popular and low-cost mean for researchers to investigate 
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the enteric methane emission without the need for restraint 

or enclosure of animals (Beauchemin et al., 2020). 

The whole animal chamber is an accurate method for gas 

sampling. Researchers place one animal in an airtight room 

and calculate the methane emissions based on the airflow rate 

and the methane concentration difference between in- and 

outflowing air of the chamber (Zhao et al., 2011). The 

advantage of this method is that researchers could measure 

the enteric methane produced from both rumen and hindgut 

fermentation which reflects the total enteric emissions of one 

animal. Therefore, it is the most accurate mean of methane 

sampling (Zhao et al., 2011). The disadvantage is that the 

number of animals measured is limited for the availability of 

airtight room s, and the cost is high. Furthermore, the methane 

emissions of ruminants on the pasture cannot be determined 

by this technique, so the animals measured need to be trained 

and adaptation for the restraint or enclosure in the chamber 

in advance (Zhao et al., 2011). 

The face mask of the cattle is a convenient method of gas 

sampling. The mask covers the nose and the mouth of the 

animals, collecting all the gas around their  head. The methane 

emission is calculated based on the methane concentration of 

the gas collected and the rate of air flow (Hu et al., 2011). The 

cost of this method is low, and the operation is simple as well. 

Therefore, it is suitable for various circumstances in the trial 
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(Hu et al., 2011). However, the disadvantage is that only the 

methane exhaled from the mouth and nose of ruminants can 

be collected, but not the methane emission from hindgut. 

Furthermore, the breathing mask restrict the eating and 

drinking behavior of the animals(Hu et al., 2011). 

Sulfur hexafluoride  tracer method  

The sulfur hexafluoride (SF6) tracer technique is a popular 

mean of gas sampling from ruminants since 1990s. The 

advantage is that the researchers could measure the methane 

emissions for a large quantity of animals at the same time at a 

low cost. There are some disadvantages. First, it cannot be 

used in windy locations since the wind can blow away the 

exhaled methane and lead to inaccurate results. Second, it 

cannot collect the methane emission from the hindgut of 

ruminants.  

In this study, the sulfur hexafluoride tracer technique was 

applied (Figure 2.3). According to GB/T 32760-2016 (2016), 

sulfur hexafluoride can be used as an internal marker in the 

gas samples. First, researchers measure the permeation rate 

of the sulfur hexafluoride tube, then place it into the rumen. 

When animals exhale, the ruminal sulfur hexafluoride tube 

releases sulfur hexafluoride at a steady low speed. Then the 

exhaled air from the mouth of  donor animals, including sulfur 

hexafluoride and methane, could be collected into a gas 

collection device. The device for gas collection is a U-shaped 
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collection canister like a yoke placed on the neck of animals 

with the connection of a long metal pipe, the end of which 

extends to the nose and mouth of animals. 

Afterwards, the collected gas samples are analyzed with 

instruments for the concentration of methane and sulfur 

hexafluoride. Based on the permeation rate of the sulfur 

hexafluoride tube, and the concentration of sulfur 

hexafluoride and methane, the emission rate of methane can 

be determined. Furthermore, the total amount of methane 

emission of the animal in a certain period can be calculated.  

According to GB/T 32760-2016 (2016), researchers place 

the sulfur hexafluoride tube into the rumen in the first step. 

Then researchers should check the air tightness of the gas 

collection device by flushing which with N2ȟ ÁÎÄ ÖÁÃÕÕÍ ɉϺ 

0.1 MPa) it for 3 ~  4 times. If the gas pressure of the device 

does not change after 24 hours, it means that there is no gas 

leakage in the device. Next step, researchers place the gas 

collection device on the neck of the donor animals and begin 

to collect the gas samples. After 24 hours, researchers need to 

replace the gas collection device and collect gas samples in the 

surroundings as a background control. The gas pressure 

should be 0.00 ~  0.05 MPa after collection for 24 hours. Next 

step, researchers connect the gas collection device to the N2 

bottle and flush N2 into it until the gas pressure reaches 0.10 

~  0.15 MPa. Furthermore, researchers collect a certain 
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amount of gas sample from the device by a syringe and inject 

it into a pre-prepared vacuum glass vial with a sealed rubber 

stopper. Finally, the concentration of methane and sulfur 

hexafluoride in the gas samples should be analyzed within 48 

hours. 

Hence, the enteric methane production (Ὑ , g/ day) is 

calculated as follows (Lassey, 2013):  

Ὑ  Ὑ    
• •

• •
  
ὓὡ

ὓὡ
  

Where Ὑ  is known release rate of sulfur hexafluoride 

from the permeation tube (g/day) ; •  is the methane 

concentration in the canister (ppm) , •  is the sulfur 

hexafluoride concentration in the canister (ppm), • is the 

background concentration of methane (ppm), • is the 

background concentration of sulfur hexafluoride (ppm); 

ὓὡ  is the molecular mass of methane (16.04 g/mol), and  

ὓὡ  is the molecular mass of sulfur hexafluoride (146.06 

g/mol ) . 
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Figure  2.3  Methane collection equipment as worn by a grazing cow: (a) 

collection canister; (b) halter; (c) filter inlet connected to capillary 

tubing;(d) leather muzzle protector; (e) stainless steel capillary tubing 

attached to halter; (f) quick-connect coupling of tubing to canister; (g) 

Teflon tubing between shut-off valve and quick-connect to capillary 

tubing; (h) shut-off valve on canister; (i) Velcro strip to anchor canister to 

halter (DeRamus et al., 2003). 
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2.2.3.2 The methane determination in the gas samples  

The quantification of methane concentration in gas 

samples is accurate, precise and convenient by automatic 

analytical instruments. 

Gas chromatography (GC) (Liu et al., 2018; Zhou and Wang, 

2003), cavity ring-down spectroscopy (CRDS) technique 

(Chen et al., 2010) and infrared (IR) detectors (Kosterev et al., 

1999) can be used for methane quantification in gas samples. 

Methane gas analyzers (MGA) could be applied for rapid 

monitoring of methane levels in the wild field and laboratory. 

Gas chromatography is a rapid and accurate mean for the 

methane quantification. The gas samples were separated in 

the column of gas chromatography according to various 

capacity of physical adsorption of different gas components. 

The concentrations of different components in gas samples 

could be determined by flame ionization detector and thermal 

conductivity detector separately (Flores et al., 2015). Gas 

chromatography is used for methane analysis in this study 

(Chen et al., 2020a; Paper III ) in vitro and in vivo. 
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3. SUMMARY OF PAPERS (I-III) 

3.1 Paper I 

Propionic acid bacteria enhance ruminal feed 

degradation and reduce methane production in vitro  

Methane production represents an energy loss for the 

ruminants constituting 3 ~  10% of their  gross energy intake. 

As a kind of probiotics, propionibacteria may have the 

potential to mitigate the enteric methane emission and 

improve the milk production  of dairy cattle. In this study, 

using rumen fluid from Norwegian Red dairy cows, we 

studied many propionic acid bacteria isolates for their ability 

to affect the production of methane and of the volatile fatty 

acids, and the ruminal feed degradation in vitro. 

Thirty -one strains of propionic acid bacteria (most of them 

are propionibacteria) were screened for their effects on 

methane production and volatile fatty acid concentrations 

using in vitro assays of rumen fluid from Norwegian dairy 

cows and a grass silageɀconcentrate mixture as substrate. 

Nine strains were further analyzed for effects on substrate 

degradation.  

Propionic acid bacteria led to reductions of up to 20% in 

methane production. Seven strains stimulated volatile fatty 

acid production, and in their presence in vitro substrate 

degradation tended to increase (P < 0. 10). Among all the 

strains screened in the trial , Propionibacterium thoenii T159 
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could reduce methane production by 20%. In addition, the 

strain T159 could increase the overall substrate degradation 

by 8% (P < 0. 05) and total volatile fatty acid production by 

21% (P < 0. 05).  

In conclusion, the strain T159 may be a promising strain to 

mitigate the enteric methane emission and improve the  

productive performance of dairy cows. 
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3.2 Paper II 

Ruminal survival of Propionibacterium thoenii  T159 in 

dairy cows at high feed intake  

Propionibacteria could produce propionate anaerobically 

and have been applied as probiotics for ruminants to improve 

their performance. Propionibacteria is a natural inhabitant in 

the rumen and several previous reports have demonstrated 

the survival status of the specific inoculated propionibacteria 

strains in rumen within 24 h.  

In this study, Propionibacterium thoenii T159 (5 × 1011 

CFU/head × day) were administered daily into the rumens of 

four Norwegian Red cows. Total population of the 

propionibacteria in the rumen of three cows were 

substantially increased during and after the treatment with 

Propionibacterium thoenii T159 relative to the background.  

In conclusion, the strain Propionibacterium thoenii T159 

was able to persist for at least five days in the rumen of dairy 

cows at high dry matter intake (3.9% of body weight). 
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3.3 Paper III 

Effect of Propionibacterium thoenii  T159 on methane 

emission, ruminal characteristics, and milk produc tion in 

dairy cows at high feed intake  

In our previous studies, we have found the strain 

Propionibacterium thoenii T159 performed the significant 

improvement in the ruminal propionate production and 

methane mitigation in vitro. Additionally, we reported that 

the strain Propionibacterium thoenii T159 was able to persist 

for at least five days in the rumen in vivo. Hence, it is 

worthwhile  to examine the effect of strain Propionibacterium 

thoenii T159 administered into the rumen of dairy cow in vivo.  

The objective of this study was to test the efficacy of the 

strain Propionibacterium thoenii T159 to mitigate enteric 

methane emissions, to improve the performance of 

Norwegian Red cows, and to identify interactions between 

treatment and pretreatment in a changeover design. Two 

consecutive experiments were conducted with five intact 

cows and four ruminally cannulated cows fed the same basal 

diet consisting of 60 : 40 of silage : concentrate (DM basis). 

The strain Propionibacterium thoenii T159 (8.5 × 1011 

CFU/head × day) was administrated for the cows to examine 

the effect of methane mitigation, milk production, milk 

composition and digestibility. The results showed that 

Propionibacterium thoenii T159 failed to improve rumen 
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fermentation pattern and milk yield, and to mitigate enteric 

methane emission.  
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4. GENERAL DISCUSSION 

There are four sections in this discussion. First, the effect of 

propionibacteria on the rumen fermentation parameters in the 

trials in vitro and in vivo is explained. Second, the effect of 

propionibacteria on dry matter intake, the ruminal methane 

production, methane emission intensity and their relationship in 

vitro and in vivo is illustrated. Third, the effect of propionibacteria 

on the digestibility in vitro and in vivo is elucidated. Fourth, the 

performance of the Norwegian Red cow in vivo is discussed. The 

four sections contain tables summarized the results of previous 

literature and this study.  
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4.1 Effects of propionibacteria on volatile 

fatty acids 

In this study in vitro, thirty -one strains of propionate 

producing bacteria were investigated in batch culture (Chen 

et al., 2020a). In the degradation trials  (forage : concentrate  

ratio of substrate = 60 : 40), three strains (T159, LMGT2832 

and LMGT2841) stimulated the molar proportion of 

propionate (P < 0.05) in the total volatile fatty acids in vitro 

(Chen et al., 2020a). Five propionibacteria strains 

(LMGT2842, LMGT2864, T83, T88 and T93) could stimulate 

the production of total volatile fatty acids (P < 0.05). 

Until now, there were twelve studies reported the effect of     

the propionibacteria administration on the profiles  of volatile 

fatty acids in the rumen (Table 4.1a) in vitro. Among these 

cases, eight report s showed an elevated molar proportion  of 

propionate (P < 0.05) in vitro. Meantime, three cases showed 

an elevation of molar proportion  of acetate and/or butyrate 

(P < 0.05), indicating that the propionibacteria might 

stimulate rumen bacteria to produce several intermediates 

that facilitate the conversion of pyruvate to acetate 

(Ungerfeld et al., 2005) in vitro. On the other side, Sanchez et 

al. (2014) demonstrated a decrease of molar proportion  of 

acetate by P. acidipropionici P169 (P < 0.05) with two 

different substrates (forage : concentrate ratio= 100 : 0 or 50 

: 50) in vitro. Conversely, Alazzeh et al. (2013, 2014) reported 
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a significant decline in molar proportion  of propionate (P < 

0.05) within 24 hours in batch culture in vitro with two 

different substrates (forage : concentrate ratio = 100 : 0 or 0 : 

100), but the molar proportion  of butyrate increased in the 

trial with the substrate of 100% forage. Meale et al. (2014) 

and Sanchez et al. (2014) presented an elevation in the molar 

concentration of total volatile fatty acids (P < 0.05) in vitro. 

Furthermore, eight studies in vitro reported a declined 

acetate : propionate ratio by propionibacteria administration 

(Table 4.1a). By contrast, the previous studies in vivo 

exhibited fewer positive results regarding the improvement 

in the profiles of volatile fatty acids (Table 4.1b).  
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Table 4.1a Summary of reported results of the effect of propionibacteria on the rumen fermentation in vitro 

Reference Strain  Dose Diet  Cattle pH VFA A P B A:P  L AM 
Parrott, 1997 Propionibacterium freudenreichii P63 1×107 NR Beef + - - -  - - + - 

Davidson, 
1998 

P. acidipropionici; P. freudenreichii; P. jensenii; P. 
thoenii 

1×107 NR Beef Hc - - - - - - - 

Akay, 2001 P. acidipropionici P5 1×103, 1×106, 
1×109 

100:0;  
0:100 

Beef - - Hc Hc Hc Lc - - 

Yang, 2004 P. thoenii P15 2×105 60:40;  
40:60 

Beef  + + + + + + + + 

Dolecheck, 
2011 

P. freudenreichii P63 1×106 60:40;  
40:60 

Dairy + Hb + + Hb + - - 

Luo, 2012 P. acidipropionici a; P. freudenreichii b; P. propionicus 
c; P. jensenii d; P. thoenii e 

3.3×102; 
3.3×107 

NR Beef Ha - Ha Ha Ha Lb La - 

Alazzeh, 2013 P. freudenreichii f; P. jensenii g; P. japonicus h; P. 
propionicus i; P. thoenii j 

1.4×108 ~  
6.7×109 

0:100; Beef - Hc Lc/Hc Hc Lc/Hc Lc - - 

100:0 - Hc Lc Hc Lc/Hc Lc - - 

Alazzeh, 2014 P. acidipropionici P169 1.2×104 0:100 Heifer - + + + + + - - 
1.2×106 + + + + + 
1.2×108 + + + + + 
1.2×104 100:0 - + + + + + - - 
1.2×106 + + + + + 
1.2×108 + + + + + 
2.4×106 60:40 - + + + + + - - 
2.4×108 Hc + Hc + Lc 

Meale, 2014 P. freudenreichii T54 6×109 15:85 Beef + Hb Lc Ha + La - + 
Sanchez, 
2014 

P. acidipropionici P169 6×1010 100:0; Heifer - Ha La Ha - La   
50:50 - Ha + Ha - La   

Ding, 2017 P. freudenreichii subsp. shermanii ATCC 8262 2.5×107 87:13 Dairy - + + + + + - - 
Chen, 2020a  
This study  

P. thoenii T159 2×108 ~ 4×108 60:40 Dairy - Hc Hc Hc Hc Hc - - 
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+: data reported, insignificant difference with control group; -: data not reported; H: Higher than control; L: Lower than control; a: P < 0.001; b: P < 0.01; c: P < 0.05; Dose: 

Colony-forming unit of the microbes offered per vial per day; Diet: The ratio of forage to concentrate; Cattle: The type of cattle used in the trial; VFA: Molar concentration of 
volatile fatty acid (mM); A: Molar proportion of acetate (mol/100 mol volatile fatty acids); P: Molar proportion of propionate (mol/100 mol volatile fatty acids); B: Molar 
proportion of butyrate(mol/100 mol volatile fatty acids); L: Molar concentration of lactate (mM); AM: Molar concentration of ammonia (mM); NR: No record; P. 
acidipropionici a: strain 341, ATCC 25562; P. freudenreichii b: strain CSCC 2206, CSCC 2207; P. propionicus c: strain T7, T37, T83, T90; P. jensenii d: strain 702, NCFB 572; P. 
thoenii e:ATCC 4874; P. freudenreichii f: strain T5, T28, T31, T54, T114, T146; P. jensenii g: strain T1, T121, T122, T130; P. japonicus h: strain T7, T37; P. propionicus i: strain 
T83, T90; P. thoenii j: strain T159, ATCC4874. 
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Table 4.1b  Summary of reported results of the effect of propionibacteria on the rumen fermentation in vivo 

Reference Strain  Dose Diet  AT pH VFA A P B A:P L AM 
Davidson, 1998 Propionibacterium spp. a 1×107 10:90; 

25:75; 
40:60; 
55:45; 
70:30. 

Beef + + + + + + - - 

Ghorbani, 2002 P. thoenii P15 1×1010 9:91 Beef + + + + Hc + ND + 
Kim, 2002 P. acidipropionici DH42 1×107; 1×108; 1×109 9:91 Steer + - Lc Ha - La + - 
Stein, 2006 P. jensenii P169 6×1010; 6×1011 40:60 Dairy Lc - + Hc + Ld - - 
Raeth-Knight, 
2007 

Lactobacillus acidophilus LA747 & P. 
freudenreichii NP24; L. acidophilus LA45 & 
NP24 

NP24: 2×109; 
LA747: 1×109; LA45: 
5×109 

60:40;  
40:60 

Dairy + + + + + + + + 

Lehloenya, 
2008b 

P. jensenii P169 6×1011 46:54 Dairy + + + Hc + Ld ND + 

Weiss, 2008 P. jensenii P169 6×1011 54:46 Dairy - - Lb Hc Hc Hc - - 
Thompson, 
2011 

P. freudenreichii NP24 1×109 36:64 Dairy + + + + + + + Lc 

Lettat, 2012 P. freudenreichii P63 1×1011 80:20 Sheep La Lb Lb + Lb - Lb Lb 
Ebeid, 2013 P. freudenreichii P169 6×109;1.2×1010 30:70 Sheep + + + + + Lc - + 
Narvaez, 2014 P. acidipropionici P169 1×1011 12:88 Steer + + Lc + Hb + + Ha 
Raphélis-
soissan, 2014 

P. acidipropionici 1.15 × 1011 NR Sheep Hc Lc + + + + - - 

Sanchez, 2014 P. acidipropionici P169 6 × 1010 64:36 Heifer + + + Ha - Hb - Ha 
Dickey, 2016 Bovamine® 

L. acidophilus NP51 & P. freudenreichii NP24 
NP51: 1×109; NP24: 
2×109 

36:64 Dairy  + - + + + + - - 

Philippeau, 
2017 

P. freudenreichii P63  1×1010 55:45 Dairy Hb + + + + + Lc + 

Vyas, 2014a P. acidipropionici P169; P. acidipropionici P5; 
P. jensenii P54 

5×109 70:30 Heifer + + + + + + - + 
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Vyas, 2014b P. acidipropionici P169; P. acidipropionici P5; 
P. jensenii P54 

5×109 10:90 Heifer + + + + + + + + 

Vyas, 2016 P. freudenreichii T114; P. freudenreichii T54; 
P. thoenii T159 

1×1011 60:40 Heifer + + Lc 
(T159) 

+ + Hc 
(T114) 

+ + 

Azad, 2017 P. acidipropionici P169 1×1011 NR (high 
corn) 

Beef - Hc - - - - - Hc 

Jeyanathan, 
2019 

P. freudenreichii 53-W (DSM 20271) 1×1011 55:45 Dairy + + + + + + - - 

Paper III  
This study  

P. thoenii T159 8.5×1011 60:40 Dairy + + + + Ha + + + 

 
+: data reported, insignificant difference with control group; -: data not reported; H: Higher than control; L: Lower than control; a: P < 0.001; b: P < 0.01; c: P < 0.05; d: 
0.05 Ѕ P < 0.10; ND: Not detected; Dose: Colony-forming unit of the microbes offered per head per day; Diet: The ratio of forage to concentrate; AT: The type of donor animal 
used in the trial (beef cattle, dairy cattle, steer, heifer or sheep); NR: No record; VFA: Molar concentration of volatile fatty acid (mM); A: Molar proportion  of acetate 
(mol/100 mol volatile fatty acids); P: Molar proportion of propionate (mol/100 mol volatile fatty acids);  B: Molar proportion  of butyrate (mol/100 mol volatile fatty 
acids); L: Molar concentration of lactate (mM); AM: Molar concentration of ammonia (mM); Propionibacterium spp. a: Unspecified propionibacteria strains: P54, P81, P89, 
and P104.
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In total, twenty-one studies in vivo, including this study 

(Paper III ), reported the effect of propionibacteria on profiles 

of volatile fatty acids in livestock, five studies of which 

observed an elevation (P < 0.05) in the molar proportion  of 

propionate in vivo by the administration  of propionibacteria 

(Table 4.1b). On the other side, five studies reported a decline 

(P < 0.05) in the molar proportion  of acetate by the 

administration  of propionibacteria in vivo. Especially, Vyas et 

al. (2016) demonstrated a declined acetate level (P < 0.05) by 

the strain T159, the identical strain with this study (Paper 

III ), in the Canadian ruminally cannulated beef cattle. 

However, we observed an elevation of acetate level in 

Norwegian Red cow (67.4 mol/100 mol volatile fatty acids in 

control group vs. 72.1 mol/100 mol volatile fatty acids in the 

Propionibacterium thoenii T159 group, P = 0.20) by the 

administration  of Propionibacterium thoenii T159, though we 

used the diet with the same forage : concentrate (60 : 40) ratio 

as Vyas et al. (2016).  Moreover, four studies, including this 

study (Paper III ), showed an elevation of butyrate level (P < 

0.05) by the administration  of propionibacteria, and Lettat et 

al. (2012) showed a decline of butyrate level (P < 0.05) in 

sheep by the administration of propionibacteria. Azad et al. 

(2017) showed a significant elevation in the concentration of 

total volatile fatty acids by the propionibacteria 

administration . Besides, three studies and four studies 

reported an elevation and decline of A : P ratio (P < 0.05) by 
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the propionibacteria administration , respectively. Four 

studies demonstrated a significant difference in ruminal pH 

by the propionibacteria administration .  

Among the five studies in vivo showing elevated ruminal 

propionate level (P < 0.05) in the propionibacteria treatment 

group (Table 4.1b), the feed types were inconsistent, and the 

proportion of forage in the feed varied from 9% (Kim et al., 

2000, Kim et al., 2002) to 53.5% (Weiss et al., 2008), 

indicating that the different forage : concentrate (F : C) ratio 

of the diets may have little  impact on the metabolic activity of 

the inoculated propionibacteria in the rumen. Mateos et al. 

(2015), on the other hand, discovered that for both trials in 

vivo and in vitro, the effect of forage on ruminal fermentation 

could be consistent, and the reason need to be further  

investigated. Normally, high concentrate diet leads to a high 

yield of propionate. However, it is not always the case. Patel 

et al. (2011) only observed the changing of butyrate level in 

vivo accompanied by the different feed types offered to the 

cattle. Besides, Moss et al. (1995) reported that the 

propionate level was declined, and the butyrate level was 

increased with the elevating proportion of concentrate in the 

diets. Murphy et al. (2000) showed there was no relationship 

between the proportion of concentrate in the feed and the 

production of ruminal propionate in vivo. Generally, 

Huhtanen et al. (1998) argued that the degree of silage 

fermentation for the preparation of the grass silage diets 
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might affect the volatile fatty acids profiles in the rumen. In 

summary, there is no consistent evidence that the high-

concentrate diet could promote the growth and/ or 

metabolism of the propionibacteria on the propionate 

production, regardless of the exogenous or indigenous 

propionibacteria in the rumen. This viewpoint  is contrary to 

Sanchez et al. (2014), who speculated that the high forage 

diets contained more starch may produce more glucose, and 

the effect of the propionibacteria on the molar proportion of 

propionate in the total volatile fatty acids was insignificant 

subsequently. Nevertheless, although the dairy cows were fed 

high concentrate (91%) diets (Kim, 2002), propionibacteria 

may still play a critical role in the elevation of the ruminal 

propionate level in a short period. However, Reath-Knight et 

al. (2007) demonstrated an insignificant improvement in 

total volatile fatty acids and volatile fatty acids profiles by the 

strain NP24 administration  in the dairy cows fed the diet with 

the same F : C ratio (60 : 40) as this study (Paper III ). 

In Table 4.1b, five trials , including this study (Paper III ),  

demonstrated a significant elevation of butyrate level in the 

propionibacteria group, but few reports revealed a significant 

lower butyrate level except Lettat et al. (2012) in sheep. 

Reasonably, the concentration  of the total volatile fatty acids 

is also a slightly higher in T159 treatment group (P = 0.14) 

than in control group in this study in vivo (Paper III ). Butyrate 

is absorbed and then significantly inhibit utilization of 
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propionate by liver, inhibiting gluconeogenesis subsequently 

(Bergman et al., 1990). In this study (Paper III ), the molar 

proportion of propionate in the rumen are higher but not 

significant in T159 treatment group (P > 0.10), it is possible 

that a large amount of propionate absorbed by rumen 

epithelium had been transferred to the liver afterwards (Feng 

et al., 2004). Hence, it might be critical to lower the butyrate 

level in the rumen while increasing the yield of ruminal 

propionate. Only in this way could we ensure that most 

propionate could be utilized in the gluconeogenesis, 

improving energy status in early lactating period, and offering 

energy for milk production and metabolisms of cattle 

afterwards. Ruminal propionate level, however, did not 

present a significant increase in most of the studies in vivo, 

including this study (Paper III ). The reason might be related 

to the metabolic inactivity of the exogenous propionibacteria 

strains in the propionate fermentation of the rumen.  
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4.2 Effects of propionibacteria on methane 

production 

According to Table 4.2a, Alazzeh et al. (2013) reported that 

eight propionibacteria strains, including Propionibacterium 

thoenii T159, could significantly mitigate methane emissions 

within 24 hours in vitro. In this study in vitro (Chen, 2020a), 

three propionibacteria strains (T159, LMGT 2826 and LMGT 

2827) demonstrated a decline (P < 0.05) in methane yield of 

18%, 8% and 20% in batch culture in vitro, respectively, 

compared with the control groups. However, the strain 

Propionibacterium thoenii T159 had no impact on methane 

yield in vivo (Paper III ), although they may survive and 

persist in the rumen for five days at least (Chen et al., 2020b). 

One of the possible reasons is that the strain 

Propionibacterium thoenii T159 may stimulate the 

metabolism of several indigenous propionate producers in 

the rumen fluid in vitro to promote the propionate production 

(Alazzeh et al., 2013; Chen et al., 2020b), nevertheless, they 

might not be able to achieve it  in vivo. 

Table 4.2b summarizes the results of this study (Paper III ) 

and previous studies in vivo. In this study in vivo (Paper III ), 

propionibacteria did not significantly mitigate methane 

emissions in Norwegian Red cows. This is consistent with the 

previous study by Vyas et al. (2016) who found that 

Propionibacterium thoenii T159 had no impact on daily 
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methane emissions and methane emission intensity (g/DMI) 

in Canadian beef cattle fed the mixed diet. and the F : C ratio 

(60 : 40) of the diet is identical to this study (Paper III ). 

Moreover, Vyas et al. (2016) showed similar methane 

emission intensity (20.0 ~ 24.1 g/DMI)  as this study (21.7 ~ 

23.3 g/DMI , Paper III ). However, the average DMI of the 

Canadian beef cattle (Vyas et al., 2016) is much lower than 

this study (Paper III ). One of the possible reasons is that the 

average methane emission per cow (381 ~ 440 g/day)  in this 

study is much higher than that of Vyas et al. (2016) (172.3 ~ 

210.0 g/ day). 
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Table 4.2a Summary of reported results of the effect of propionibacteria on methane production in vitro 
 

Reference Strain  Dose Diet  Cattle Gas/DM Gas CH4 CH4/DM  CH4/DMD  CM 

Dolecheck, 2011 P. freudenreichii P63 1×106 60:40;  
40:60 

Dairy - - - - - + 

Alazzeh, 2013 P. freudenreichii a; P. jensenii b; P. japonicus c; P. 
propionicus d; P. thoenii e 

1.4×108 ~ 
6.7×109 

0:100 Beef  Lc - - Lc - - 

100:0 Lc - - Lc - - 

Alazzeh, 2014 P. acidipropionici P169 1.2×104 0:100 Heifer Hc - - Hc - - 

1.2×106 Hc - - Hc - - 

1.2×108 Hc - - Hc - - 

1.2×104 100:0 Hc - - + - - 

1.2×106 + - - + - - 

1.2×108 + - - + - - 

2.4×106 60:40 + - - + - - 

2.4×108 + - - + - - 

Meale, 2014 P. freudenreichii T54 6×109 15:85 Beef  + + La La La - 

Ding, 2017 P. freudenreichii subsp. shermanii ATCC 8262 2.5×107 87:13 Dairy + + - - - - 

Chen, 2020a 
This study  

P. thoenii T159 2×108 ~ 4×108 60:40 Dairy + + La La La La 

 
+: data reported, insignificant difference with control group; -: data not reported; H: Higher than control; L: Lower than control; a: P < 0.001; b: P < 0.01; c: P < 0.05; d: 
0.05 Ѕ P < 0.10;; Dose: Colony-forming unit of the microbes offered per vial per day; Diet: The ratio of forage to concentrate; Cattle: The type of cattle used in the trial; Gas: 
The gas amount per vial per day (mL); CH4: Daily methane emission per vial per day (g); DM: Dry matter of substrate added per vial (g); DMD: Average dry matter 
degraded per vial (g); CM: Methane emission per vial per day (mmol) ; P. freudenreichii a: strain T5, T28, T31, T54, T114, T146; P. jensenii b: strain T1, T121, T122, T130; 
P. japonicus c: strain T7, T37; P. propionicus d: strain T83, T90; P. thoenii e: strain T159, ATCC4874. 
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Table 4.2b  Summary of reported results of the effect of propionibacteria on methane production in vivo 

Reference Strain  Dose Diet  AT DMI CH4 CH4/
DMI 

CH4/
OMI 

CH4/
MYD 

CH4/ 
ECM 

CH4/ 
FCM 

CH4/ 
GEI 

Vyas, 2014a P. acidipropionici P169; P. 
acidipropionici P5; P. jensenii P54 

5×109 70:30 Beef + + Lc - - - - + 

Vyas, 2014b P. acidipropionici P169; P. 
acidipropionici P5; P. jensenii P54 

5×109 10:90 Beef + + + - - - - + 

Jeyanathan, 
2016 

P. freudenreichii 53-W (DSM20271); L. 
pentosus D31; L. bulgaricus D1 

53-W: 6×1010; 
D31: 6×1010; 
D1: 3×1010 

70:30 Sheep  - - + - - - - - 

Vyas, 2016 P. freudenreichii T114; P. freudenreichii 
T54; P. thoenii T159 

1×1011 60:40 Beef  + + + - - - - + 

Philippeau, 
2017 

P. freudenreichii P63 1×1010 55:45 Dairy + + + + + - + + 

Jeyanathan, 
2019 

P. freudenreichii 53-W 
(DSM 20271) 

1×1011 55:45 Dairy + + + - Hc 
(high 
starch) 

+ - - 

Paper III  
This study  

P. thoenii T159 8.5×1011 60:40 Dairy + + + - + + - - 

 
+: data reported, insignificant difference from control group; -: data not reported; H: Higher than control; L: Lower than control; c: P < 0.05; d: 0.05 Ѕ P < 0.10; Dose: 

Colony-forming unit of the microbes offered per head per day; Diet: The ratio of forage to concentrate; AT: The type of animal (beef cow, dairy cow or sheep) used in the trial; 
CH4: The daily methane emission per head per day (g); DMI: Dry matter intake per head per day (kg); OMI: Organic matter intake per head per day (kg); MYD: milk yield 
per head per day (kg); ECM: Energy corrected milk per head per day (kg); FCM: 4% Fat-corrected milk per head per day (kg)GEI: General energy intake per head per day 
(MJ).
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Jeyanathan et al. (2019) observed a significant elevation in 

methane emission intensity (g /kg milk yield ) in 55% forage-

fed (high starch, 27.4% of the DM basis) dairy cows (P < 0.05). 

Meanwhile, Vyas et al. (2014a,b) fed the beef cattle with 

different types of diets (F : C = 70 : 30 or 10 : 90) added one of 

the propionibacteria strains P169, P5 or P54, however, three 

strains slightly promoted the enteric methane emissions (P > 

0.10) in Canadian beef cattle. However, due to a higher DMI (P 

> 0.10) in the propionibacteria treatment group (Table 4.2b), 

there was a slightly decrease (P > 0.10) in methane yield 

(g/DMI)  except the strain P54 in beef cattle fed with a corn 

grain finishing diet (Vyas et al., 2014b). This study in vivo 

(Paper III ) showed the similar results with a different mixed 

diet (F : C ratio = 60 : 40). Both methane production and 

methane yield (g/DMI)  showed an increase (P > 0.10) in exp1 

and a decrease (P > 0.10) in exp2 (Paper III ). Philippeau et al. 

(2017) reported the cows fed the propionibacteria strain P63 

presented no effect (Table 4.2b) in daily methane emission 

(g/day), methane yield (g/DMI , g/OMI) and methane 

emission intensity (g/kg milk yield). Nevertheless, Philippeau 

et al. (2017) reported that methane emission intensity (g/kg 

4% fat-corrected milk) by the combined administration of the 

strains P63 and Lactobacillus rhamnosus 32 showed a trend 

of significant lower result (0.05 < P Ḷ 0.10) compared with 

the control groups. The F : C ratio (55 : 45) of the diets in the 

study of Philippeau et al. (2017) was similar to this study 
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(Paper III ) (60 : 40), but the strain (Propionibacterium 

freudenreichii P63 and Lactobacillus rhamnosus 32) offered 

for the dairy cattle was different (Table 4.2b) from this study 

(Paper III ). In this study (Paper III ), we observed the similar  

methane emission intensity (g/kg milk yield  and g/kg ECM) 

between the T159 treatment group and the control group in 

exp1. However, in exp2 (Paper III ) we observed the slightly 

lower (P > 0.10) methane emission intensity (g/kg milk yield  

and g/kg ECM)  in the T159 treatment group than in the 

control group. These results indicated that Propionibacterium 

freudenreichii P63 may present similar metabolic activity in 

the propionate production as the strain Propionibacterium 

thoenii T159 (Paper III ). In summary, all studies in vivo 

(Table 4.2b), including this study (Paper III ), indicated that 

the propionibacteria administration for the cattle may not 

mitigate the enteric methane emissions in vivo significantly in 

a short-period administration , regardless of the cattle type, 

the diet type, the propionibacteria strain and the daily dose of 

the strain. 

Lehloenya et al. (2008a) reported that propionibacteria 

strains did not affect the passage rate of ruminal feed particle, 

rate of rumen fluid and turnaround time. The average DMI 

and the methane emission in vivo were not affected by 

propionibacteria in most cases (Table 4.2b). Until  now, there 

were six studies (Table 4.2b), including this study (Paper III ) 

report ing daily methane yield (g/DMI) of the cattle and only 
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one study (Vyas et al., 2014a) reported a decline (P < 0.05) 

(25.7 g/DMI in control group,  22.7 g/DMI in P169 treatment 

group,  23.5 g/DMI in strain P5 treatment group and 22.4 

g/DMI in strain P54 treatment group) in the ruminally 

cannulated cows  fed high forage diets (F : C ratio  = 70 : 30) 

among all of the propionibacteria treatment groups. The 

average DMI (9.2 ~ 9.7 kg/head × day) by Vyas et al. (2014a) 

was much lower than this study (Paper II and  III ). By 

contrast, in this study (Paper III ), the DMI was 17.6 kg/head 

× day for intact cows and 18.6 ~ 18.8 kg/head × day for 

ruminally cannulated cows. The methane yield in this study 

(Paper III ) was 21.7 ~ 22.0 g/DMI  in the intact cows and 22.5 

~ 23.3 g/DMI  in the ruminally cannulated cows, a little lower 

than that of Vyas et al. (2014a). The methane emission (381 ~ 

440 g/day) in this study (Paper III ) was much higher than 

Vyas et al. (2014a) (167 ~ 190 g/day) . This can be explained 

by the higher feed intake, which is the major driver of 

methane emission. Feed intake and thus methane emission 

was numerically higher in cannulated cows than intact cows, 

which can be explained by the sampling of rumen content via 

rumen cannula, the lactation number and lactation stage of 

the cows in the experiments. The F : C ratio of the diets in this 

study (Paper I and III )  was 60 : 40, and the forage proportion 

is lower (Table 4.2b) than Vyas et al. (2014a). Nevertheless, 

the methane yield (g/DMI) in this study (Paper III ) was 

higher than Vyas et al. (2014b) and Vyas et al. (2016),  
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supporting the higher relevance of feed intake than dietary 

ingredients. Therefore, we expected that the strain T159 may 

mitigate the enteric methane emission and increase the milk 

production in the cattle at a high feed intake level. However, 

according to the results in this study (Paper  III ),  it seems that 

the effect of propionibacteria on methane emission is not 

related to the feed intake level of the animals. Vyas et al. 

(2014b) showed the methane yields between 13.9 ~ 17.9 

g/DMI and Vyas et al. (2016) showed the methane yields 

between 20.0 ~ 22.7 g/DMI in ruminally cannulated beef 

cattle. Vyas et al. (2016) showed similar methane yield 

(g/DMI) as this study (Paper III ). Vyas et al. (2014b) used a 

diet with a F : C ration of 10 : 90 and Vyas et al. (2016) used a 

diet with  an identical F : C ratio (60 : 40) to this study (Paper 

III ). The higher daily methane production (g/d ay) in this 

study (Paper III ) than Vyas et al. (2014a,b, 2016) could be 

attribute d to a higher DMI of Norwegian Red cow than 

Canadian beef cow. Vyas et al. (2016) showed 

propionibacteria had no treatment effect on methane yield 

(g/DMI) in Canadian beef cow. Consistently, strain T159 in 

this study had no treatment effect on the methane yield 

(g/DMI)  of dairy cows either (Paper III ). It appears that 

Propionibacterium thoenii T159 may have little impact on the 

rumen fermentation pattern and the mitigation of methane 

regardless of the feed intake level. 
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Moreover, Philippeau et al. (2017) and Jeyanathan et al. 

(2019) presented a lower average daily methane emission 

(g/head × day) than in this study in vivo (Paper III ). Both 

studies showed that the cattle in propionibacteria treatment 

group had no impact on daily methane emission (P > 0.10) 

(207 g/day in both groups, Philippeau et al., 2017) or 

increased daily methane emission slightly (291 g/day in 

control group vs. 310 g/day in strain 53W treatment group, 

from Jeyanathan et al., 2019). Both studies used the diets of F 

: C ratio (55 : 45)  which was similar to this study (F : C = 60 : 

40) (Paper III ). However, methane yield (g/DMI) in these two 

trials were quite different, which may be attribute d to the 

different DMI in different breeds of cattle. Philippeau et al. 

(2017) showed a higher DMI (18.5 kg/day vs. 19.5 kg/day) in 

propionibacteria treatment group. By contrast, Jeyanathan et 

al. (2019) showed a lower DMI (12.2 kg/day vs. 12.5 kg/day) 

in propionibacteria treatment group. The DMI in the study of 

Philippeau et al. (2017) was similar to this study (Paper III ), 

but the DMI in the study of Jeyanathan et al. (2019) was much 

lower than the DMI in this study (Paper III ). Hence, the 

methane yield (g/DMI) in the study of Philippeau et al. (2017) 

was much lower than Jeyanathan et al. (2019) and this study 

(Paper III ). The methane emission intensity (g/kg milk and 

g/kg ECM) in the study of Philippeau et al. (2017) was also 

lower than Jeyanathan et al. (2019) and this study (Paper III ). 

In addition, the breed of cattle was also different in these 
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reports mentioned above. Philippeau et al. (2017) and 

Jeyanathan et al. (2019) used Holstein dairy cows, by 

contrast, we used Norwegian Red cow in this study (Paper 

III ). Different breeds of cattle are featured with diverse 

methanogens microbiota which might affect the physiological 

states of ruminal methanogenesis and the enteric methane 

emission. 

As a kind of hydrogenotrophic anaerobic actinobacteria, 

propionibacteria need to compete for electrons from 

hydrogen with methanogens in the rumen in order to produce 

propionate. However, the powerful redox potential of 

methanogens and their intimate physical relationship with 

hydrogen donors such as protozoa (< 10 ʈm), whether by 

attaching to the cell membrane or by living in the cytoplasm 

in a symbiotic relationship, could enable methanogens to 

obtain hydrogen efficiently and rapidly  (Hegarty and Gerdes, 

1999).  

Perhaps this theory could explain the high level of ruminal 

propionate by long-term (32 weeks) administrat ion of 

Propionibacterium jensenii P169 in the study of Stein et al. 

(2006, with no methane emission measurements), and the 

failure of propionate increasing and concomitant mitigating 

methane emission of this study (Paper III ) and Vyas et al. 

(2014a,b, 2016) with the administration  of propionibacteria 

for only a short period (28 days in Vyas 2014a,b; 21 days in 

Vyas et al., 2016 and this study, Paper III ). Long-term 
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administration of exogenous propionibacteria may establish 

and maintain a high population of living propionibacteria in 

the rumen microbiota continuously that may affect the 

fermentation pattern in the rumen significantly in a long 

period. However, when the administration is only over a short 

period, the effect on the rumen fermentation and the 

mitigation of methane may not be established sufficiently.  

In this study (Chen et al., 2020b), Propionibacterium thoenii 

T159 survived or stimulated the growth/reproduction  of the 

indigenous propionibacteria in the rumen of dairy cattle for 

at least five days. Furthermore, we also observed a 

pretreatment effect for methane emission intensity (g/kg 

ECM) (Paper III ), which indicated that the strain T159 may 

be able to survive in the rumen even much longer than five 

days in this study in vivo. Nevertheless, this might have not 

been long enough to establish and maintain a high population 

of the strain in the rumen micro-community sufficiently. The 

long-term survival of T159 and the long-term effect of T159 

on enteric methane emission could be investigated and 

elucidated further in the future.  

Moreover, Propionibacterium jensenii LMGT2826 and 

Propionibacterium thoenii LMGT2827 reduced methane yield 

(g/DMI)  in vitro, although they did not promote the 

propionate production. These two strains might be further 

investigated in vivo in the future.  
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4.3 Effects of propionibacteria on feed 

degradation 

The previous studies of the feed degradation by the 

administration of propionibacteria in vitro and in vivo are 

summarized in Table 4.3a and Table 4.3b, respectively. In this 

study in vitro (Chen et al., 2020a), seven propionibacteria 

strains increased the degradation of the substrates in batch 

culture, but the effects were not consistent in total four 

substrate degradation trials  of this study in vitro. Two strains 

(P. jensenii LMGT2824 and P. thoenii T159) presented a 

significant elevation in the substrate degradation in two of 

four trials  in this study (Chen et al., 2020a) in vitro. By 

contrast, the strain Propionibacterium thoenii T159 did not 

improve the digestibility of organic matter and neutral 

detergent fiber in vivo (Paper III ). The inconsistent results of 

the digestibility between the trials in vitro (Chen et al., 2020a) 

and in vivo (Paper III ) indicated that the strain T159 may not 

have the ability to improve the rumen fermentation pattern in 

vivo.
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Table 4.3a Summary of reported results of the effect of propionibacteria on the substrate degradation in vitro  

Reference Strains  Dose Diet  Cattle DMD OMD ADFD NDFD SRD 
Akay, 2001 Propionibacterium acidipropionici P5 1×103, 1×106, 1×109 100:0; 0:100 Dairy  Lb - - Lb Hc/Lc 
Yang, 2004 P. thoenii P15 2×105 60:40; 40:60 Beef + + + + + 
Meale, 2014 P.  freudenreichii NP24 6×109 15:85 Beef + - - - - 
Chen, 2020a 
This study  

P. thoenii T159 4×108 60:40 Dairy Hc - - - - 

 
+: reported, insignificant difference with control group ; -: not reported; H: Increased compared to control; L: Decreased compared to control; b: P < 0.01; c: P < 0.05; Dose: 

Colony-forming unit of the microbes offered per vial per day; Diet: The ratio of forage to concentrate; Cattle: The type of donor cattle used in the trial; DMD: Dry matter 
degradability (%); OMD: Organic matter degradability (%); ADFD: Acid detergent fiber degradability (%); NDFD: Neutral detergent fiber degradability (%); SRD: Starch 
degradability (%). 
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Table 4.3b Summary of reported results of the effect of propionibacteria on the feed digestibility  in vivo 

Reference Strain  Dose Diet  Cattle DMD CPD OMD ADFD NDFD SRD NI 
Jatkauskas, 
2006 

P. freudenreichii ssp. Shermanii JS DSM 
7067 & L. rhamnosus LC 705 DSM7061 

4 × 1010 75:25 Dairy + - - - - - - 

Reath-Knight, 
2007 

Lactobacillus acidophilus LA747 & P. 
freudenreichii NP24; L. acidophilus 
LA45 & NP24 

NP24: 2 × 109; LA747: 
109; LA45: 5 × 109 

60:40;  
40:60 

Dairy + + - - + + - 

Lehloenya, 
2008a 

P. jensenii P169 6 × 1011 46:54 Steer - - + + + - + 

Kamarloiy, 
2008 

L. plantarum & P. acidipropionici  Unspecified 94.5:5.5 Beef  Hc Hc - Hc Hc - - 

Arriola, 2011 Pediococcus pentosaceus PP, P. 
freudenreichii PF & L. buchneri LB 

PP: 1.6 × 109; PF: 1.6 × 
109; LB: 1.6 × 109 

50:50 Dairy + + - Lc Ld - - 

Byod, 2011 Bovamine® 
L. acidophilus NP51 & P. freudenreichii 
NP24 

4 × 109, a blend CFU of 
NP51 and NP24 

48:52 Dairy Hb Hc - Hb Ha - - 

Thompson, 
2011 

Bovamine® 
L. acidophilus NP51 & P. freudenreichii 
NP24 

NP51: 1 × 109 

NP24: 1 × 109 
35.8:64.2 Dairy + + + + + - - 

Morsy, 2014 P. freudenreichii P169 6 × 1010; 6 × 1011 30:70 Buffalo + + + + + - - 

Sanchez, 
2014 

P. acidipropionici P169 6 × 1010 64:36 Heifer - - + - + - - 

Vyas, 2014a P. acidipropionici P169; P. 
acidipropionici P5; P. jensenii P54 

5 × 109 70:30 Beef + + + + + - - 

Vyas, 2014b P. acidipropionici P169; P.  
acidipropionici P5; P. jensenii P54 

5 × 109 10:90 Beef + + + + + + - 

Azzaz, 2015 P.  freudenreichii P169 & 
Saccharomyces cerevisiae SC 

P169: 1.2 × 1011; SC: 1.3 
× 106  

50:50 Buffalo Hc Hc Hc Hc Hc - - 

Dickey, 2016 P. freudenreichii NP24 NP51: 1 × 109; NP24: 2 × 
109 

36:64 Dairy - - + - + + + 
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Philippeau, 
2017 

P. freudenreichii P63 1 × 1010 55:45 Dairy + - + + + - - 

Paper III  
This study  

P. thoenii T159 8.5 × 1011 60:40 Dairy - - + - + - + 

 
+: data reported, insignificant difference with control  group; -: data not reported; H: Higher than control; L: Lower than control; a: P < 0.001; b: P < 0.01; c: P < 0.05; d: 
0.05 Ѕ P < 0.10; Dose: Colony-forming unit of the microbes offered per head per day); Diet: The ratio of forage to concentrate; Cattle: The type of donor cattle used in the trial; 
NR: No record; DMD: Dry matter digestibility   (%); CPD: Crude protein digestibility  (%); OMD: Organic matter digestibility  (%); ADFD: Acid detergent fiber digestibility  
(%); NDFD: Neutral detergent fiber digestibility  (%); SRD: Starch digestibility  (%); NI: Data about nitrogen metabolism.
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Until now, there are four reports depicting results on the 

substrate degradation by the administration  of 

propionibacteria in vitro (Table 4.3a). Akay et al. (2001) 

reported a higher starch degradation (P < 0.01), and a lower 

degradation of neutral detergent fiber (P < 0.01)and true dry 

matter (P < 0.01) in the strain P5 treatment group (109 

CFU/g) in vitro. Yang et al. (2004) and Meale et al. (2014), 

however, did not report any significant difference between 

the control group and the propionibacteria group in vitro.  

These three findings in vitro were inconsistent with this study 

(Chen et al., 2020a) which may be attribute d to the different 

strains of propionibacteria, different doses of the strains, or 

different rumen fluid used in the trials . Feed digestibility in 

vivo was reported in Table 4.3b. Several studies reported an 

improved digestibility of several nutrients of feed in cattle. 

Arriola  et al. (2011) reported a lower digestibility  of neutral 

detergent fiber and acid detergent fiber in the 

propionibacteria group than the control group in the trial  in 

vivo. Furthermore, three studies in Table 4.3b showed higher 

feed digestibility  in the trial  in vivo by the combined 

administration of several different probiotic s (e.g. 

Lactobacillus spp. and Propionibacterium spp., 

Bifidobacterium spp. and Propionibacterium spp.). The effects 

of these combinations of several species of probiotics on the 

digestibility of livestock were unclear and needed to be 

explored further in the future. 
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In this study (Paper III ) in vivo, the DMI of cannulated cow 

in T159 treatment group tended to decrease (P < 0.10). 

Consistently, Ferraretto et al. (2015) showed a trend for a 

decline of DMI (P < 0.08) in vivo. Furthermore, Francisco et al. 

(2002) reported a lower (P < 0.01) DMI (g/kg BW) in the dairy 

cattle fed P. jensenii P169 in vivo. However, several trials in 

vivo reporting increased digestibility presented an elevation 

(P < 0.05) of DMI (Azzaz et al., 2015; Kamarloiy et al., 2008) 

by the propionibacteria administration . Several trials 

reporting a decline of digestibility also exhibited an elevation 

in the DMI of cattle (Arriola et al., 2011) or a decline in the 

DMI of buffalo (Morsy et al., 2014) by the administration  of 

propionibacteria. However, we observed a slight decline 

(approx. 1%) of DMI in the T159 treatment group (exp1: P < 

0.10; exp2: P > 0.10) of this study (Paper III ). In summary, the 

strain T159 had no impact on the digestibility of organic 

matter and neutral detergent fiber in this study in vivo. The 

influence of propionibacteria on the metabolism of rumen 

microbiota seem to be limited and it  might be due to their 

incapability to compete, integrate in the rumen microbiota 

and maintain high metabolic activity in the rumen micro-

community. 

Nevertheless, among all the strains screened in this study 

in vitro (Chen et al., 2020a),  Propionibacterium jensenii 

LMGT2824 significantly increased the substrate degradation 

in two of the four trials in vitro. Although Propionibacterium 
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jensenii LMGT2824 did not stimulate the propionate 

production, it is valuable to investigate the substrate 

degradation of the strain LMGT2824 in rusitec in vitro and in 

the animal experiment in vivo in the future.  
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4.4 Effects of propionibacteria on animal 

performance  

We hypothesized that the administration of 

propionibacteria may increase the milk production of dairy 

cows since propionibacteria may increase the propionate 

production in the rumen which may promote milk synthesis. 

The propionate is the primary source of glucose in the 

ruminants to produce milk (Stein et al., 2006). According to 

our knowledge, none of the previous reports (Table 4.4) 

studied the effect of the strain T159 on the milk yield and milk 

composition of dairy cattle until now. Therefore, this study 

(Paper III ) should be first report in this area. Unfortunately, 

the strain T159 did not presented any significant difference in 

the milk yield of ruminally cannulated cow in T159 treatment 

group, while the percentage of lactose in milk and milk urea 

nitrogen in the ruminally cannulated cows increased 

significantly in T159 treatment group (P < 0.05), which 

suggested that the propionibacteria strain may manipulate 

the milk lactose level and affect the way of absorbing serum 

milk urea nitrogen by mammary gland (Stein et al., 2006). 

However, we did not observe the similar effect in the intact 

cows of exp1 (Paper III ).  

The previous studies (Table 4.4) which reported the effect 

of the administration of propionibacteria on the performance 

of dairy cows are summarized in Table 4.4,  including this 
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study (Paper III ). Among these cases, several studies 

reported a significant increase of milk yield (kg/day)  by the 

administration of the propionibacteria strains. However, 

Weiss et al., (2008) reported that Propionibacterium jensenii 

P169 (6 × 1011 CFU/head × day) caused milk depression of 

Holstein dairy cow fed a mixed diet (F : C = 60 : 40) in a 17-

week administration . By contrast, Stein et al. (2006) reported 

that P. jensenii P169 (6 × 1010 and 6 × 1011 CFU/head × day) 

could increase (P < 0.003) the milk yield (4% fat-corrected 

milk, kg/day)  of Holstein dairy cow fed a mixed diet (F : C = 

53.5 : 46.5) in a 32-week administration . The difference could 

be attributed to the different diets between the study of Stein 

et al. (2006) and Weiss et al. (2008). However, in this study in 

vivo, the strain T159 had little  impact on the milk production 

except the percentage of milk lactose and the molar 

concentration of urea content in milk which are differed 

between exp1 and exp2 in this study (Paper III ). Compared 

with the milk composition of the intact cows in exp1, the 

significantly higher milk lactose and urea content (P < 0.05) 

in T159 supplied cows in exp2 might be attribute d to the 

rumen content sampling of the ruminally cannulated cows. 

However, the reason needs to be explored further in the 

future. 
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Table 4.4 Summary of reported results of the effect of propionibacteria on the performance of dairy cows 

Reference Strain  Dose Diet  DMI MYD ECM MLA MPT MF MUN ED MD 
Francisco, 
2002 

Propionibacterium jensenii 
P169 

6×1010 53:47 Lb + + + Hb + + + + 

Stein, 2006 P. jensenii P169 6×1010; 
6×1011 

40:60 - - - Hb Ha Hc Hc - - 

Jatkauskas, 
2006 

P. freudenreichii ssp. Shermanii 
JS (DSM 7067) 

4×1010  75:25 + + + - + + - - - 

Lehloenya, 
2008b 

P. jensenii P169 6×1011 46:54 - Hc - Hd Hc (true 

protein)  
Lc + - - 

Raeth- 
Knight, 2007 

P. freudenreichii NP24 NP24: 2×109; LA747: 1×109; 
LA45: 5×109 

60:40;  
40:60 

+ + + + + + + + - 

Ondarza, 
2008 

P. freudenreichii P169 6×1010 NR Hc Hc - + Hb (true 

protein)  
+ + - - 

Weiss, 2008 P. jensenii P169 6×1011 53.5:46.5 Lc + + + + + + + - 
Boyd, 2011 Bovamine® 

L. acidophilus NP51 & P. 
freudenreichii NP24 

4×109, a blend CFU of NP51 
and NP24 

48:52 + Hb Hc - Hd (true 

protein)  
+ - + + 

Thompson, 
2011 

P. freudenreichii NP24 1×109 35.8:64.2 + + - + + + + - - 

Vibhute, 
2011 

P. frendenreichii PF, L. 
acidophilus LA, S. cerevisiae SC-
47 & S. boulardii SB 

PF: 5×108, 7.5×108, 1×109; 
SC-47: 3×109, 4.5×109, 6×109; 
SB: 5×108, 7.5×108, 1×109; 
LA: 4.5×108, 6.75×108, 9×108 

40:60 - + - - + + - - - 

West, 2011 L. acidophilus NP45, P. 
freudenreichii NP24 & L. 
Acidophilus NP51 

NP24: 2×109; NP51: 5×108, 
1×109; NP45: 5×108 

40:60 + Hd Hc - + Hc 
(true 
fat) 

- Hc - 

Morsy, 2014 
(Buffalo) 

P. Freudenreichii, Pro P169 6×1010; 6×1011 30:70 Lc + - + + + - - - 

Azzaz, 2015 
(Buffalo) 

P. Freudenreichii, Pro P169 & 
Saccharomyces cerevisiae SC 

P169: 1.2×1011; SC: 1.3×106  50:50 Hc Hc - Hc Hc Hc - - - 
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Ferraretto, 
2015 

Bovamine® 
L. acidophilus NP51 & P. 
freudenreichii NP24 

NP51: 1×109; NP24: 2×109 54:46 Ld + - - + + + - - 

Sawall, 2015 P. freudenreichii, P169 6×1011 78:13 - Hc 
(high 
starch) 

+ + + + + + - 

Dickey, 2016 Bovamine® 
L. acidophilus NP51 & P. 
freudenreichii NP24 

NP51: 109; NP24: 2×109 36:64 + Hc Hb - Ha (true 

protein)  
Hc 
(true 
fat) 

Ha + Hd 

Sawant, 
2016 

Biovet® 
L. acidophilus LA, S. cerevisiae 
SC, S. boulardii SB &  
Propionibacterium 
freudenreichii PF 

LA: 2.25×1010; SC: 1.5×1011; 
SB: 2.5×1010; PF: 2.5×1010 
 

97:3 - + - - + + - - - 

Philippeau, 
2017 

P. freudenreichii P63 
 

1×1010 55:45 + + - - + + + - - 

Jeyanathan, 
2019 

P. freudenreichii 53-W 
(DSM 20271) 

1×1011 55:45 + + + - + + - + - 

Paper III  
This study  

P. thoenii T159 8.5×1011 60:40 + + + + + + + + - 

 
+: data reported, insignificant difference with control group; -: data not reported; H: Higher than control; L: Lower than control; a: P < 0.001; b: P < 0.01; c: P < 0.05; d: 
0.05 Ѕ P < 0.10; Dose: Colony-forming unit of the microbes offered per head per Day; Diet: The ratio of forage to concentrate; NR: No record; DMI: Dry matter intake per head 
per day (kg); MYD: Milk yield per head per day (kg); ECM: Energy-corrected milk per head per day (kg); MLA: Concentration of milk  lactose (%) or milk lactose yield 
(kg/day) ; MPT: Concentration of milk protein (%) or milk protein yield (kg/day) ; MF: Concentration of milk fat (%) or milk fat yield (kg/day) ; MUN: Concentration of 
milk urea nitrogen (mM); ED: Energy-corrected milk (kg) per kg of dry matter intake; MD: Milk yield (kg) per kg of dry matter intake; True protein: The total nitrogen of 
milk minus the nonprotein nitrogen (kg/day); True fat: The fat content of milk (kg/day) .
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All the previous reports with positive or no effect on the 

milk production offered a similar dose of the propionibacteria 

strains (mostly 109 ~ 1011 CFU/head × day) to the cattle in the 

trials ,  which was consistent to this study (Paper III ) (8.5 × 

1011/head × day). There was no difference in the forage to 

concentrate proportion of the diets between the cases with 

positive effect and the cases with no effect on the milk 

production. In this study (Paper III ), the cows were fed with 

high forage (F : C = 60 : 40) diets. In the previous cases with 

positive effect, the F : C of the diets were between 40 : 60 and 

97 : 3, and those cases which showed no effect on the milk 

production by the administration  of the propionibacteria 

strains in vivo also used the diet with different  F : C ratios. The 

only difference between the cases with positive effects and 

the cases with no effect is the administration period. 

However, although we discovered that the long-term trials 

(32 weeks) may demonstrate high possibility of positive 

effect in vivo (Stein et al., 2006; Lehloenya et al., 2008b),  there 

were a few cases in short period that showed positive effects 

(Table 4.4), for instance, Azzaz et al. (2015) and Sawant et al. 

(2016) presented the elevation of the milk production by the 

administration of the propionibacteria strains in vivo for 8 

weeks and 6 weeks, respectively. However, the duration of 

these trials was still much longer than this study (Paper III ) 

(3 weeks). By contrast, Raeth-knight et al. (2007) and Weiss 

et al. (2008) found no effect of the propionibacteria strains on 
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milk production  in the 12-week and 17-week trials  (P > 0.05), 

respectively. Especially, Stein et al. (2006) and Lehloenya et 

al. (2008b) found positive effects of the administration of the 

strain P169 on milk production compared with the control 

group (P < 0.05). The F : C ratio of the diets in the trials above 

are similar, which is 40 : 60 for stein et al. (2006), 46: 54 for 

Lehloenya et al. (2008b) and 53.5 : 46.5 for Weiss et al. 

(2008), all of which showed lower forage proportion in the 

diet than this study (Paper III ). However, the strain (P169) 

used in these three trials above is different from this study 

(T159) (Paper III ). It is possible that if we increase the length 

of the period in this study (e.g. longer than 32 weeks) and 

increase the ratio of concentrate in the diet, it would be 

possible to observe the positive effect on the milk production 

by the administration of strain T159 in the lactating cows. 

Based on the reports (Table 4.4) above, the effect of the 

propionibacteria on the milk production is unstable and 

complicated in different studies. In the future, the principle of 

fermentation patterns of different propionibacteria strains in 

the rumen needs to be explored by the trials in different doses 

of the strains in a long-period administration . 
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5. CONCLUSIONS AND FUTURE 

PERSPECTIVE 

The main conclusions from the present work are: 

Propionibacterium thoenii strain T159 could stimulate the 

substrate degradation and substantially inhibit methane 

formation using a typical diet for dairy cows in vitro  (Chen et 

al., 2020a).   

However, the strain T159 was unable to improve the 

rumen fermentation pattern, and therefore cannot decrease 

enteric methane emission and improve milk production  in 

dairy cow at a high feed intake level in vivo (Paper III ). 

Specifically, the results in the trial in vitro showed the 

increased ruminal propionate proportion and dry matter 

degradation in the incubation after 24 hours (Chen et al., 

2020a), however, the identical effect could not be observed in 

a 3-week administration  by the strain T159 in vivo (Paper 

III ).  

Still promising was that the strain T159 was able to persist 

or stimulate the growth or reproduction of the indigenous 

propionibacteria in the rumen for at least five days in the 

rumen of dairy cows at high feed intake (Chen et al., 2020b). 

The pretreatment effects observed in the 3-week animal 

experiments in vivo (Paper III ) may confirm this conclusion.  

The comparison with the previous literature suggested 

that the observed effect of propionibacteria on methane 
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emission and milk production was independent both from the 

species and the doses of propionibacteria administered. Still, 

the duration of the administration and the combination of 

several probiotics (including propionibacteria)  could have an 

effect, by the administration of single or combined probiotics 

longer than 6 weeks showing partly positive effects on milk 

production.  

Additionally , the comparison with the previous studies 

suggested that the observed effect of propionibacteria on 

methane emission and/or  milk production might be 

independent from the ruminant species, the feed intake levels 

and the F : C ratios of the diet. 

For the future perspective, the C14-labeled substrates 

technique may be used to identify the different sources of the 

propionate in the rumen (Sutton et al., 2003). More 

explorations could be accomplished to identify the 

propionate produced by diverse ruminal propionate 

produces by C14-labeled substrates, so that we could 

understand the pathway of propionate production by diverse 

propionate or succinate producers in the rumen better. 
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