THESIS

Davina Shalom
2024



University of Veterinary Medicine Budapest

Department of Animal Nutrition and Clinical Dietetics

Opportunities for Reduction of Methane Emissions by using different
Feed Ingredients in Ruminant Nutrition

By
Davina Shalom

Supervisor:
Professor Dr. Cenkvari Eva

Department of Animal Nutrition and Clinical Dietetics

Budapest, Hungary
2024



Absztrakt

A globalis felmelegedés veszélyének fokozddaséaval az allattenyésztési dgazat megvizsgélja,
hogyan csokkenthetik a kiilonboz6 takarmany-adalékanyagok az Uveghazhatasi gazok,
nevezetesen a metangaz kibocsatasat. A kiilonboz6 irodalom attekintései olyan Uj és innovativ
tdpanyag-kiegészitéseket tarnak fel a kérédz6 fajok napi adagjaban, amelyek jelentGsen
csokkentik a metankibocsatast az liveghdzhatasu gazok globalis csokkentése érdekében. A
metantermelést kivaltd enzimet elnyomé takarmany-adalékanyagok, valamint azok a
takarmany-adalékanyagok, amelyek a bendé mikrobiomajat modositjak, mint példaul a
kulonféle algak, takarmanyok és specifikus illdolaj-keverékek, csak néhany a megoldasok
koziil, amelyekrél ebben az attekintésben szd lesz. A forgalomban 1év6é engedélyezett
takarmany-adalékanyagokat, amelyek konnyen hozzaférhetéek és hatasukat mutatjak, szintén
értekelni fogjak. Kiilonbozo kisérleti modszereket alkalmazo in vitro és in vivo vizsgalatokrol

lesz sz6.

Abstract

As the threat of global warming escalates, the livestock industry looks into exploring how
different feed additives may reduce greenhouse gas emissions, namely methane gas. The
reviews of various literature explore new and innovative nutritional additions in the daily
rations of ruminant species that help reduce methane emissions significantly for the benefit of
reducing greenhouse gases globally. Feed additives which suppress the enzyme that triggers
methane production as well as those that modulate the rumen microbiome such as various
species of algae, forages and specific essential oil blends are only some of the solutions that
will be discussed in this review. Authorised feed additives on the market that are readily
available and showing their effects will also be evaluated. In vitro and in vivo studies using

different methods of experimenting will be discussed.
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1. Introduction

The phenomenal population growth in the world and ever-growing needs of its people place a
huge demand on a whole wide range of animal products. Ruminant livestock such as cattle,
buffalo, sheep and goats form the most popular and primary animals meeting such human
demands. Ruminants play an important role biologically and economically as they turn forage

and other feeds into high-quality and valuable protein sources of food.

Ruminants compared to other animals have a digestive system that allows for an optimised
conversion of energy from plant material. Their digestive system, namely the rumen, through
anaerobic and methanogenic processes is designed to ferment feedstuffs and generate
precursors for energy that can be used by the animal. Bacteria, archaea, protozoa and fungi in
the rumen microbiome carry out complex interactions that enhance the digestion of feedstuff
in ruminants[1]. These microorganisms produce end products that are utilised either directly

by the host or by other microorganisms as energy sources.

During the digestion of feed, carbon dioxide (CO2), methane (CH4), and hydrogen sulphide
(H2S) are produced in the rumen[2]. Depending on the composition and the digestibility of the
feed the rumen microbes produce quantities of CH4 which is then belched out. CH4 is a well-
known potent greenhouse gas that traps heat and has a warming effect on the atmosphere[3].
The emission of CH4 from ruminant livestock must be minimised and controlled as CH4 is the
key contributor to the formation of ground-level ozone, and therefore large quantities of CH4

is detrimental to the environment and life[4].

The ruminant diet consists mainly of cellulolytic plants such as straw, hay, silage and grass
which are broken down by cellulolytic bacteria. Secondary metabolites in plants like tannins,
saponins, terpenoids and flavonoids have been shown to alter the rumen microbiome, CH4
synthesis and proportions of volatile fatty acids in the rumen[5]. This may lead to alterations
in the rumen microbiome of the composition and diversity of the methanogen community.
Some rumen microbe species have been shown to improve the degradation of protein and fibre.
A reduction of feed energy loss as methane gas can also be seen leading to a reduction in
methane gas. Studies show that condensed tannins have a great anti-methanogenic effect as a

result of affecting rumen bacteria and methanogens. Saponins tend to disrupt the rumen
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protozoa membrane which leads to decreasing the number of methanogenic archaea and
protozoa. Essential oils impair the energy metabolism of archaea due to their volatile
constituents of terpenoid and non-terpenoid origin. It has been shown that up to 26% in
methane emission reductions have been seen in ruminants due to this characteristic. In vitro
studies suggest evidence for the significant potential of flavonoids as a compound in reducing

methane emissions.

Due to the various compositions of feed additives many not just plant supplements can
modulate the rumen microbiome and shift its function towards an antimethogenic role. The
enzymes that catalyse methane conversions are known as methyl-coenzyme M reductase and
methane monooxygenase[6]. Certain feed additives such as Bovaer® comprising of 3-

nitrooxypropanol can inhibit these enzymes significantly decreasing methane emissions[7].

Therefore, influencing the diet of ruminants may be considered the most effective and realistic
way to decrease CH4 emissions and increase nitrogen utilisation efficiency practically. The
manipulation of ruminant diet in decreasing CH4 emissions according to feed additives

experimented in vivo and in vitro studies will be discussed further in detail.

2. Objectives

It is quintessential to provide better understanding, draw evidence based strong inferences,
make comparisons and analyse trends as feasible in this study on CH4 emissions. The intent is
to provide comprehensive understanding and inferences from the results of multiple studies
and research conducted in recent years on the topic of CH4 emission in ruminants. The key

objectives are to:

e Identify opportunities for reduction of CH4 emissions from using different feed
ingredients in the nutrition of various ruminants of difference species and ages.

e Find which kind of feed additives play important roles in the mitigation of CH4.

e Summarise the effective ways for reduction of CH4 emissions with solutions.

e Presumably feed additives containing high amounts of plant secondary metabolites will

have the greatest impact in reducing CH4 emission.
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3. Literature Review

Several experimental research provide valuable knowledge on various forages, plant marcs,
essential oils and extracts, which are reviewed in detail. Information on bacteria, fungi and
insects is collected and evaluated as well. Additionally, research findings on authorised feed

additives that are licensed and on the market are also reviewed in this section.
3.1 Forage

90% of the ruminant diet predominantly consists of roughage which includes leaves, grass,
silage and crop residues. Forage being most of the feed for all ruminants plays a key role in
their nutrition and overall animal health[8]. The following are opportunities in which changes

can be made to the forage diet.

3.1.1 Sainfoin

In an in vitro study, sainfoin was co-ensiled with alfalfa in five rations. The results showed that
depending on the proportion of sainfoin CH4 was reduced with dry matter digestibility being
slightly negatively affected as well as suppressing silage proteolysis. Therefore, by adding
sainfoin a high-quality legume silage is produced as well as mitigating rumen CH4
emissions[9].

3.1.2 Fresh and ensiled Paulownia hybrid leaves

In an in vitro study using ruminal fluid, Paulownia leaves fresh and in silage form were
investigated for their CH4 mitigating effects[10]. It was shown that while ensiling the
Paulownia leaves the phenolic acids and flavonoids content increased. Cellulolytic bacteria
such as Fibrobacter succinogenes, Butyrivibrio fibrisolvens, and Prevotella spp. part of the gut
microbiota[11] were shown to be higher in the fresh Paulownia leaves and silage group
compared to the alfalfa silage group. The total archaea count was also lowest in Paulownia
silage group, intermediate in the fresh Paulownia leaves group and highest in the alfalfa silage
group. Therefore, it can be concluded that fresh Paulownia leaves and in silage form can
decrease CH4 production by inhibiting methanogens and by improving the fermentation
characteristics of the rumen.

A similar experiment was carried out with ensiled Paulownia leaves in vitro using the
RUSITEC system and cannulated lactating dairy cattle[12]. As the dose of Paulownia leaves
was increased a proportional decrease in CH4 concentration was observed. It was also observed

that ruminal propionate, isovalerate and valerate concentrations were increased. There was also
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an increase in rumen protozoa and bacteria, but archaea were decreased. The overall CH4

production was decreased by 11% when compared to the control as seen in figure 1.

Item Treatments® SEM P-value!

18 077 279
013 .32 2.4 0
107 461 851 0
381 29 290 0
218 183 4
036 45 4
036
164 .04 46
398 182 0.01
15 .20 1
.28 a8 0.01
433 0.01
Methanomicrobiales, x 10°/mL 382 321 0.13 <0.01
Dry matter intake 232 223 .08
Total-tract digestibility , o/kg DM
1 442
om 660 654 534
NDF 497 514 104 046
[« 616 554 607 <0.01
EE 696 747 1.4
CH,, g/d 459 410 230 <0.01
CH., g/kg DMI 221 185 .29 <0.01
Cogd 11403 203
€O;, g/kg DM 504 7.38 074

3CON control diet, PLS paulownia leaves silage diet; the percentage means of how many percentages of alfalfa was replaced with paulowina silage
®The results are considered to be significantly different at P < 0.05
DM dry matter, OM organic matter, CP crude protein, EE ether extract, NDF nentral detergent fiber

. L . .
‘Abundance (logyo number of copies of rrs gene/mL of rumen sample)

Figure 1. Table of bacteria, methanogens, methane production and digestibility of Paulownia leaves study[12].

3.1.3 Morinda citrifolia leaves and fruits

Herbs are readily available and were also studied for their effects on mitigating methane
emissions when added to ruminant diets. In this in vitro study the leaves and fruits of Morinda
citrifolia, a type of herb, containing tannins and saponins were evaluated[13]. The herb in leaf
(MCL) and fruit (MCF) form were added to incubation bottles containing Pennisetum
purpureum grass. The results showed that compared to the control, the trial with Morinda
citrifolia leaves has the highest gas production but with a decrease in methane gas production
as seen in figure 2. This shows that the addition of Morinda citrifolia leaves added to a diet
containing Pennisetum purpureum has the potential to decrease CH4 emission as well as

improving the overall feeding value.

Ireatment  Total gas (ml)  Methane (ml)  Methane (%gas)

RO 70.3° 233" 29.3%
R1 68.3* 20.9* 30.6°
R2 125.0¢ 38.1° 30.5*
R3 87.0° 22,9 26.3*
R4 111.8° 339" 30.3*
RS 111.3¢ 3310 29.7*
R6 111.5° 33.5° 30.0°
R7 109.8° 33.1° 30.2*
RS 1263 36.5™ 289

RO: 100% PPG, R1: 90% PPG + 10% MCL, R2: 80% PPG % MCL, R3:
70% PPG + 30% MCL, R4: 60% PPG + 40% MCL, RS: G+
MCF, R6: 80% PPG + 20% MCF, R7: 70% PPG + 30% MCF, and R8: 60%
PPG + 40% MCF.

Figure 2. Total gas production, CH4 production and concentration from dietary treatments with Morinda

citrifolia leaves [13].
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3.1.4 Olive leaves

In another in vitro study, two Hanwoo cows fed a basal diet of Timothy hay and corn were
cannululated and the rumen fluid collected. The results showed that CH4 production decreased
at the 12h mark of in vitro fermentation and the proportion of Fibrobacter succinogenes,
Ruminococcus albus, and Ruminococcus flavefaciens also known as cellulose-degrading

bacteria increased but decreased at 24h as in figure 3 [14].

Items Fermentation Time (h) Control 5% Olive leaves SEM71  p.Value

Absolute abundance 2

Total bacteria 12 3172 238% 015 00212
24 4652 2700 038 00216
Fung 12 3483 3369 10,80 09543
24 5522 0.66° 0.70 0.0079
Ciliate protozea 12 1.45 3.82 0.85 0.1184
24 097 1.09 043 08569
Methanogenic archaea 12 10.15 887 0.90 03712
24 16.60 = 584° 036 =0.0001

Relative proportion, % total bacteria

Fibrobacter succinogenes 12 10.54 1098 144 08313
24 13.20% 053° 0.38  =0.0001
Ruminococcus albus 12 4275 24.122 0.54  =0.0001
24 5292 2230 0.34  =0.0001
Ruminococcus flavefaciens 12 086t 1022 003 0.0012
24 0.66 063 0.02 02469
Prevotella ruminicola 12 2622° 31.04%= 148 0.0349
24 38097= 23.00° 1.07  =0.0001
Butyriviprio fibrisoivens 12 1992 1178 0.08 0.0012
24 2782 126° (3] 02469
Butynivibrio profeoclasticus 12 0362 0269 001 =0.0001
24 046= 032° 001 =0.0001
Anearovibrio lipolytica 12 0260 1162 0.08 =0.0001
24 093b 4.34 2 0.27  =0.0001

1 SEM, standard error of the mean 2 Total bacteria, <101? copies/mL of ruminal fluid; fungi
=108 copies/mL of ruminal fluid; ciliate protozoa, =10% copies/mL of ruminal fluid;
methanogenic archasa, =108 copies/mL of ruminal fluid; a.b means (n = 3) with different
superscripts within a row differ significantly (p < 0.05)

Figure 3. In vitro rumen fermentation conditions using Olive leaves and its effect on rumen microorganism
populations[14]

3.1.5 Cymbopogon citratus (CC), Matricaria chamomilla (MC) and Cosmaos bipinnatus (CB)

An in vivo study using three herbs such as “Cymbopogon citratus (CC), Matricaria chamomilla
(MC) and Cosmos bipinnatus (CB)” were provided to eight Charolais X Brown Swiss beef
cattle kept in respiration chambers. It was concluded that CC and CB had significantly reduced
CH4 production by 33% and 28% respectively while MC had no promising change. However,
a further experiment took place where CC levels were increased exceeding the 2% dry matter

intake, CH4 emissions were reduced but this was at the expense of decreasing digestibility.
3.1.6 Oats

The effect of oats was studied on sixteen lactating Nordic Red dairy cattle given a grass silage-

based diet in an in vivo experiment. A respirator chamber was used in the model of GreenFeed
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system to measure the methane emissions. The results showed as oats gradually increased in

the diet, CH4 emissions linearly decreased without having any production loss[15].
3.1.7 Hazel leaves

In an in vivo study, tannin-rich hazel leaves were supplemented to twenty lactating dairy cattle.
The basal ration was mixed with concentrates given as well to observe for CH4 mitigating
effects when supplemented with hazel leaves[16]. The experiment was done in open-circuit
respiration chambers for 2 days. The results showed that lower feed intake and digestibility
were observed when hazel leaves were given. This might have been due to the reduced feeding
value of hazel leaves compared to when alfalfa was given. The results showed a huge potential
to mitigate emissions of CH4 without any negative impact on the animal's performance at the

same time.
3.1.8 Lespedeza cuneata hay

An in vitro followed by an in vivo study was carried out on four adult Dohne Merino sheep to
study the effect of feeding Lespedeza cuneata hay containing high amounts of condensed
tannins and its effect on mitigating CH4 emissions. For the in vitro study all four sheep were
ruminally cannulated and for the in vivo study were placed in an open circuit respiration system
for 6 days measuring the CH4 emissions continuously over 24h period. The effect of different
amounts of hay was studied. As the inclusion level of this hay increased from 60% to 90% the
CH4 emissions decreased. The results showed that when giving L. cuneata on a dry matter
basis at 60% resulted in the highest reduction in methane emission by at least 21%. It can be
concluded that to improve a diets dry matter digestibility L. cuneata could be added thereby

increasing production from sheep as well as reducing methane emissions[17].
3.1.9 Gentiana straminea

An in vivo study was carried out similarly on thirty-two 5-week-old male Simmental calves
given a basal diet consisting of alfalfa and oat hay, some concentrates, supplemented with
different amounts of Gentiana straminea. The experiment was carried out in an open circuit
respiration chamber for 5 days during which CH4 emissions were recorded. The results showed
that Gentiana straminea could decrease CH4 emission without negative effects on the calves'
health[18].
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3.2 Plant marc (skins, seeds and stems)
3.2.1 Grape marc

Grape marc consists of the waste leftover of skins, seeds and stems of grapes composed
together from the remains of wine production. In this in vitro ruminal study thirty-two Holstein
dairy cattle early in their lactation period fed with perennial ryegrass basal diet were
supplemented with red or white grape marc. The results showed that there was a decrease in
CH4 emissions by 15% but this was at the expense of decreased milk production by 10% [19].
CH4 emissions were successfully mitigated due to the high concentrations of lignin and fat
contents of grape marc however there was a significant decrease in milk production due to the

reduced metabolisable energy taken in by the animal.
3.2.2 Grape pomace

Similarly grape pomace supplementation was studied by rumen fluids collected from four
rumen-fistulated sheep before morning feeding. The study showed total ruminal gas produced
was reduced as well as the methane production. There was evidence of nitrogen degradation,
and the number of methanogenic archaea was significantly lowered. When Lactobacillus
plantarum a “good bacterium” was added together with grape pomace there was a total gas
reduction, so methane production was reduced and there was a significant increase in the
digestibility of the silage. Therefore, grape pomace together with Lactobacillus plantarum
when added to silage shows a great synergistic effect[20].

3.2.3 Indian gooseberry pomace

An in vitro and in vivo study took place on three fistulated Murrah buffalo bulls and ten
lactating buffaloes respectively studying the effects of Emblica officinalis fruit pomace also
known as Indian Gooseberry which is waste from fruit processing plants[21]. However, this
compound is rich in polyphenolic compounds which can be seen as promising in reducing CH4
emissions. The results in vitro showed that CH4 production was decreased in higher doses.
Sulphur hexafluoride (SF6) tracer technique was used in the in vivo trial so methane emissions
from breath samples were recorded. The results from the in vivo study showed that not only
was the CH4 production lower than the control group but there was improved milk yield and
milk production efficiency. These results show great potential in using compounds with great

use that would have been disposed of otherwise.
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3.3 Essential oils/ extracts
3.3.1 Walnut (Juglans regia) leaf ethanolic extract

In an in vitro study, an increasing amount of walnut leaf ethanol extract (WLEE) was used on
a corn or barley grain or both mixed diet[22]. Three cows given a basal diet containing alfalfa
hay and concentrates were fistulated and ruminal fluid was collected to be analysed. The results
showed that the addition of WLEE in increasing doses significantly decreased gas production
and CH4 emissions linearly. The microbial population of “Fibrobacter succinogenes,
Ruminococcus flavefaciens and Ruminococcus albus” was reduced as a result of the addition

of WLEE depending on the proportion of the basal diet[22].
3.3.2 Rhodophyta extract

In this study five Rhodophyta species extracts were supplemented in an in vitro study using
rumen fluid donated by cannulated Holstein cows. These species include “Grateloupia
lanceolata Kawaguchi, Hypnea japonica Tanaka, Pterocladia capillacea Bornet, Chondria
crassicaulis Harvey, and Gelidium amansii Lamouroux” accordingly in the experiment. The
results showed total gas production at 24h and 72h was increased due to the supplementation
of the extracts. Further analysis took place using a Real-time Polymerase Chain Reaction
(rtPCR) test which indicated that at the 24h mark, methanogens such as Ruminococcus albus
and Ruminococcus flavefaciens decreased, while Fibrobacter succinogenes increased
suggesting an overall decrease in methane gas emissions[23].

3.3.3 Acacia mearnsii

Acacia mearnsii bark containing large amounts of tannins were supplemented to cattle to study
the long-term efficacy of the additive on methane emissions. To carry out the in vivo study
respiration chamber was used. A diet consisting of a mixed ration supplemented with grass
pellets, concentrates with a substitution of Acacia pellets in certain trials were given to twenty
lactating Brown Swiss dairy cows. The results showed that A. mearnsii extract could act as a

CH4 mitigating supplement[24].
3.3.4 Linseed oil

To identify the effects of increasing linseed oil concentrations in ruminant diet[25], an in vitro
study took place using twelve multiparous lactating Holstein cows with ruminal cannula. The

results showed that the increase in linseed oil can linearly reduce enteric CH4 emissions. At 2-
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3% linseed oil the effects of CH4 emissions can be mitigated up to 20% without impairing

productivity[25].
3.3.5 Cottonseed meal

An in vivo study was carried out on British cross steers using the GreenFeed system to measure
methane emissions when fed ad libitum low-quality bluestem hay with the supplementation of
cottonseed meal. The results showed that feed intake increased with the protein
supplementation and CH4 emissions decreased according to the proportion of gross energy
intake. This shows that supplementing low-quality forages with proteins helps decrease

greenhouse gas emissions per gross energy intake[26].

A similar study took place using eight crossbred steers in respiration calorimetry when fed low,
medium and high-quality forages supplemented with cottonseed meal. The results showed that
the protein supplementation had no effect on methane gas production in the low-quality forage
trial but increased dry matter, fibre, energy and protein digestion. It was seen that the methane
production per unit of energy decreased as protein was supplemented to low, medium and high-
quality hays showing that as the quality of forages increases, methane production could

potentially decrease[27].
3.3.5 Palm ail

An in vitro and in vivo study took place on four rumen-cannulated heifers fed low-quality grass
for rumen sampling and 3 days in respiration chambers to measure the methane gas production
when supplementing palm oil. As the supplementation of palm oil gradually increased so did
the ruminal concentration of propionic acid. However, the acetic and propionic ratio and
butyric acid and isobutyric acid decreased accordingly. The daily methane gas production total
was lower in diets containing palm oil than in the control without any supplementation. It is
possible as stated by the study that for every 10g/kg PO in the diet, methane gas can be reduced
by 4% without affecting the dry matter intake and apparent digestibility[28].

3.4 Seaweeds
3.4.1 Ecklonia stolonifera extract (brown algae species)

An in vitro study of Ecklonia stolonifera (E. stolonifera) extract was carried out to investigate
the effect of the supplementation on methane gas productions and ruminal fermentation due to

its phlorotannins that might be able to decrease methane gas production. In this experiment,
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one Holstein cow was cannulated and was fed timothy hay and concentrate. Timothy hay was
used as the substrate and rumen fluid from the cow was both used for the in vitro fermentation
which was also supplemented with E. stonifera extract at various concentrations. The results
showed that total gas production increased, with methane emissions increasing. This contrasts
with other in vitro studies done on brown algae extracts. A rtPCR test was carried out that
showed that Fibrobacteri succinogenes populations decreased while Ruminococcus
flavefaciens populations increased. Therefore, it can be concluded that E. stolonifera does not

negatively affect ruminal fermentation with no impact on mitigating methane emissions[29].
3.4.2 Brown Algae

An in vitro study was carried out to investigate the effects of “brown algae phlorotannin
derivatives such as phlorofucofuroeckol-A (PFFA), dieckol (DE), and 8,8'-bieckol (BE)”,
regarding methane gas production. Two Holstein cows were cannulated to be used as rumen
fluid donors which were then incubated in vitro culture systems for 24h and 48h
supplementation with each phlorotannin derivative. The results showed that the brown algae
phlorotannin derivatives of PFFA, DE and BE were able to reduce methane emission in the
rumen. Additionally, in the results in phlorotannin derivatives there was a positive correlation
between the number of hydroxyl groups and ether linkages to the mitigation of methane

emissions[30].
3.4.3 Asparagopsis taxiformis

A study was carried out to investigate the supplementation of Asparagopsis taxiformis and its
effects on methane emissions. Two in vitro and two in vivo experiments were carried out on
lactating dairy cows. The greenfeed system was used for in vivo experiments and rumen
samples were collected to analyse the ruminal fermentation characteristics. In vitro results
showed a decrease in methane emissions by 98% when A. taxiformis was added. In vivo studies
also showed a significant decrease in methane emissions. It can be stated that overall, when A.

taxiformis was added to the diet at 0.5% it can mitigate methane emissions greatly[31].
3.4.4 Asparagopsis armata

An in vivo study using the GreenFeed system evaluated the enteric CH4 emission production
over 21 days of twelve post-peak lactating Holstein cows supplied Asparagopsis armata on an
organic matter basis[32]. As seen in figure 4 due to the inclusion of seaweed into the diet there

was a methane reduction of up to 67%. CH4 production by dairy cattle is reduced by up to 60%
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when adjusted for milk production. As CH4 emissions decreased hydrogen and carbon dioxide

400 4 ;
] .
|
Cortrol 0s 1

Macroalgae dose (% OM)
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Methane production (g/d)

l
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Figure 4. Negative correlation between CH4 production (g/d) and macroalgae doses (% OM) [32].

3.5 Bacteria
3.5.1 Lactobacillus plantarum, Lactobacillus buchneri, Pediococcus pentosaceus

An in vitro ruminal fermentation study carried out using corn silage treated with bacterial
inoculants comprising of “Lactobacillus buchneri (LB), Lactobacillus plantarum (LP),
Pediococcus pentosaceus (PP)” with the concentration of 30%, 60% and 10% respectively have
shown a reduction in CH4 emissions[33]. These bacteria produce feruloyl acid esterases that
can hydrolyse esterified phenolic acids from plant cell walls improving silage quality by
decreasing the pH and increasing lactate production. This inoculum in the corn silage thereby
facilitated microbial digestion of lignified fibre and made rumen fermentation produce more

propionate as well as decrease its methane gas production.

The study previously mentioned consisting of grape pomace as a supplement alone or together
with Lactobacillus plantarum Al (Lp Al) can be discussed further in detail here regarding Lp
Al. Lp Al alone when added to alfalfa silage showed an increase in total gas and methane
production when compared to silages without Lp Al. However, when grape pomace is added
to the silage together with LP Al it reduces the total gas and methane production of silage.
This may be due to the tannins in grape pomace decreasing methane emissions as mentioned
earlier[34].

3.5.2 Pseudomonas aeruginosa

In a different kind of study, “nitrate-dependent anaerobic methane oxidation (AMO)” in rumen
fluid culture was made. This was done to investigate the organisms present in the rumen of
dairy goats that carry out the process of denitrifying anaerobic methane oxidising (DAMO) in
two enrichment culture systems. These two culture systems were supplied with only methane

gas and NaNO2. From the enrichment system Pseudomonas aeruginosa was isolated and was
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able to carry out the DAMO process on its own. Further in vitro rumen fermentation test was
carried out with the isolated Pseudomonas aeruginoas and results showed that it was able to

reduce CH4 emissions[35].
3.6 Fungi
3.6.1 Five white-rot fungi

In vitro fermentation of five white-rot fungi on corn straw were studied. These five species
include “Pleurotus ostreatus, Lentinus edodes, Hericium erinaceus, Pleurotus eryngii and
Flammulina filiformis”[36]. All fungi species studied, had a reduction in dry matter
digestibility and total volatile fatty acid concentration and total gas produced as fermentation
was prolonged. Except for F. filiformis, an in rumen fermentability was observed in all other
fungal species trials. A reduction in methane emission was seen in the F. filiformis trial while

no reduction in total gas production was observed in the L.edodes trial.
3.7 Insects
3.7.1 Acheta domesticus, Brachytrupes portentosus, Gryllus bimaculatus and Bombyx mori

Edible insects have a high nutritive value over the conventional ruminant feed. This study
partially substitutes soybean meal for four different kinds of edible insects with high protein
and fat contents[37]. The four insects include Acheta domesticus (A. domesticus) also known
as adult house crickets, Brachytrupes portentosus (B. portentosus) also known as adult giant
crickets, Gryllus bimaculatus (G. bimaculatus) also known as adult field crickets, and finally
Bombyx mori (B. mori) also known as silkworm pupae. Through in vitro incubation, 25% of
soybean meal was replaced by all four edible insects. The study showed that the inclusion of
all four edible insects did not affect the following parameters: nutrient digestibility, rumen
fermentation and volatile fatty acid production. The production of ammonia and nitrogen
however did increase. Significant methane mitigation was seen in the addition of Gryllus
bimaculatus and Bombyx mori by 18% and 16% respectively. Results show great possibility
towards a more sustainable livestock industry due to the significant mitigation of CH4

emissions and by substitution of a lower-in-cost protein source yet with a high nutritive value.
3.7.2 Piper beetle powder

An in vitro study with rumen inoculum from four multiparous Saanen goats was studied for

the effects of decreasing CH4 emission when Piper beetle powder (PBP) and/or sunflower oil

12


https://www.zotero.org/google-docs/?jmTsdN
https://www.zotero.org/google-docs/?yUqPc3
https://www.zotero.org/google-docs/?dIy2eR

(SFO) was supplemented with the basal diet. The results showed that PBP alone or with SFO
decreased CH4 production and the number of rumen protozoa significantly without

compromising rumen fermentation parameters[38].
3.7.3 Silkworm pupae oil

An in vitro study on the effect of mitigating CH4 emissions using silkworm pupae oil was
carried out on eighteen Mandya adult sheep fed a basal diet supplemented with 2% oil either
daily or intermittently. The results showed a decrease in enteric CH4 emissions by 15-20%

with no significant difference between the daily or intermittently fed groups [39].
3.7.4 Chitosan

A basal diet was supplemented with chitosan of different molecular weights in six different
units of an in vitro study. The gas chromatography technique was used to analyse and measure
the concentrations of methane emissions collected during the study. lllumina MiSeq platform
was used to analyse the relative abundances of the bacterial community and to sequence the
bacterial 16S rRNA genes. The results showed that propionate proportion was significantly
increased while CH4 and acetate production were significantly decreased. The analysis showed
a positive correlation between Prevotella to propionate production. Therefore it can be
concluded that by promoting the growth of amylolytic Bacteroidetes and Proteobacteria instead

of Firmicutes and Fibrobacteres which are fibrolytic, chitosan can reduce CH4 production[40].
3.8 Authorised feed additives
3.8.1 Mootral

Mootral a British-Swiss company developed a natural feed supplement called “Enterix™” or
also known as “Mootral” on the market, consists of “garlic powder (Allium sativum) and bitter

orange extracts (Citrus aurantium)” that works to reduce CH4 emissions from ruminants[41].

In this first study, eight Nordic Red dairy cows CH4 emissions were evaluated using open-
circuit respiratory chambers on 4 consecutive days[42]. The results showed that compared to
the control CH4 production decreased when diet included Mootral.

Another study on mootral took place to investigate its long-term effects by using the in vitro
rumen simulation technique (RUSITEC) system. To study this an experiment on Mootral was
conducted that lasted 38 days of investigation.[43]. The results showed that CH4 gas
production was reduced possibly due to the isoflavanoids that mootral contains such as
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naringin. However, the production rate of CH4 returned to the initial amount from day 18
onwards. Mootral was able to affect the ruminal fermentation by increasing relative abundance
of Methanomassiliicoccales and reducing the Methanomicrobia. However, this was a transient
effect and therefore the methane reduction is only transiently available with the
supplementation of mootral due to the abundances of bacterial families only slightly being
affected. During the application of mootral, the increase in the concentration of pyridoxine

(vitamin B6) was significant which highly benefits the animal.
3.8.2 Bovaer (3-NOP)

Bovaer is a feed supplement created by DSM with the aim to achieve a significant and
immediate reduction of CH4 emission and claims to have done so in dairy cattle by 30% and
in beef cattle by 45%][44]. It is also known as 3-Nitrooxypropanol (3-NOP). It comprises two
ingredients nitrate and biobased alcohol that suppresses the enzyme that generates CH4. To the
total mixed ration, when the lowest dose at 60 mg/kg DM of the total daily ration was added,
it can reduce CH4 emissions produced by dairy cows by 22-35%. Furthermore, in most trials
carried out, there was a 4% increase in the significance of the feed efficiency due to the increase
in milk fat and protein. It could be seen that the effect lasted more than 100 days and was
consistent with no sign of adaptation seen[45].

An in vitro study with eight ruminal cannulated cows took place that were given a plant protein
diet with 3-NOP supplementation. During the 3-NOP trial, the rumen ammonium peak after
feeding was lower than the control assuming it was due to the lower intake of digestible organic
matter resulting in limited nitrogen and energy therefore causing a reduction in the synthesis
of microbial amino acids[46]. Results showed the 3-NOP supplement to be highly effective in

mitigating CH4 emissions with this lower-quality diet.

An in vivo study took place where 100 crossbred steers were allowed access to the GreenFeed
emission monitoring system for 7 days while being supplemented with different doses of 3-
NOP. The decrease in methane emissions was as follows when supplementing 3-NOP in low,

medium, and high doses by 52%, 76%, and 63%, respectively.

Hydrogen emissions were also recorded showing a 5x increase while the ratio of acetate to
propionate rumen fluid was analysed showing a decrease as 3-NOP was supplemented. It can
be concluded that the other hydrogen-utilising pathways become more apparent as CH4 is
inhibited in the rumen[47].
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Another in vivo study took place where 3-NOP was supplemented to test if its efficacy was
persistent when fed to early lactation dairy cows. A basal diet consisting of “35% grass silage,
25% corn silage and 40% concentrate” was given to sixteen multiparous Holstein Friesan cows
during this study. For 5 days the dairy cattle were kept in respiration chambers where their total
gas production was measured. In this study their lactation production and feed intake was also
measured. The results showed that the responses such as feed efficiency, milk yield and dry
matter intake were not affected at all. Methane production was decreased but at different levels
according to the feed intake level most likely due to the different stages of lactation the animal
was in. The results also proved that with the use of 3-NOP, organic matter, gross energy and
total-tract digestibility of dry matter was increased compared to the control. Therefore, feeding
3-NOP to lactating dairy cattle does not have any negative impact but rather is an effective

supplementation in reducing methane emissions [48].

Similarly, another in vivo study using the GreenFeed system took place where the inclusion
rate of 3-NOP was studied on 49 multiparous Holstein cows. The results showed that compared
to the control the enteric methane emissions decreased from 22% to 40%. The three highest
doses 100, 150, and 200 mg/kg showed the maximum mitigation effect with no statistical
difference among all three. Hydrogen gas production was also recorded with a 6 to 10-fold
increase compared to the control trial. Carbon dioxide could be noticed as linearly increasing
as the 3-NOP doses were increased. The production parameters of the cows such as dry matter
intake and milk yield showed no significant change. The increase in concentration of de novo
synthesis of short-chain fatty acids (SCFA), resulted in the increase of yield and milk fat
concentration. Therefore, a suggested dose could be 100 mg/kg using the least amount of 3-
NOP with the maximum mitigation effect[49].
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4. Materials and Methods

4.1 Characterisation of Feed Ingredients

Feed ingredients are the component parts, or the constituents or the combination mixture that
comprises the animal food. The composition of the feed, its type and quality play a vital role
in the amount of CH4 emitted by the ruminant. Various feed ingredients in different
compositions have been used to study their effect on CH4 emissions and their productivity.

The feed ingredients are the materials used in the design of experiments or clinical trials in
understanding their effect on the emissions. In such studies, the amount of CH4 emission is
measured as the primary metric and the measures of productivity are the secondary metrics,
which together are the dependent variables or the outputs (). The materials of choice for a
study are the independent variables or the inputs (X), of which the compositions are changed
with reference to the control settings. It is important to recognize the presence of noise variables
(N) during experiments of those whose effect can only be quantified or controlled to a certain
extent. Certain independent variables remain constant (C) through the experimental study, thus
having no or minimum effect on the dependent variables. Figure 5 shows an example of a
schematic mapping of inputs and outputs for an experimental set-up. It is important to
characterise the independent variables involved in a study. Table 1 summarises the feed

additives used in the ‘in vitro’ studies and table 2 shows those used in the ‘in vivo’ studies.

Base feed
‘Water Content
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Rumen microbiota

Fermentation Time Rumi Di .
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Figure 5. A typical mapping of the inputs and outputs in an experimental study for methane emission reduction
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Table 1. Feed Additives used in the ‘in vitro’ studies.

Forage Plant marc Essential oils, Extracts Seaweed
Sainfoin Grape marc Walnut leaf ethanolic Brown algae species
Olive leaves extract
Fresh and ensiled | Grape pomace Rhodophyte extract Asparagopsis taxiformis
Paulownia hybnd
leaves.
Mornida citrifolia | Indian Gooseberry Acacia mearnsii
leaves and fruits pomace
Lespedeza cuneata Linseed o1l
havy
Bacteria Fungi Insects Authorized Feed Additives
Lactobacillus Five white-rot fungi Adult house crickets (A. | Mootral: garlic powder
plantarum (Pleurotus ostreatus, domesticus), adult giant | (Allium sativom) and bitter

- Lentinus edodes, crickets (B. orange extracts (Citrus
Lactobacillus

) Hericium erinaceus, portentosus), adult field | avrantium)
buchner
Pleurotus ervngii and crickets (G.
Flammulina filiformis) | bimaculatus), and
sillkkworm pupae (B.
mori)

Pediococcus Piper beetle powder J-nitrooxypropanol (3-
pentosaceus NOP, Bovaer)
Lactobacillus Silkworm pupae o1l
plantarum Al
Pseudomonas Chitosan
aeruginosa
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Table 2. Feed Additives used in the ‘in vivo’ studies.

Forage Plant marc | Essential oils, | Seaweed Authorized feed additives
Extracts
Cymbopogon citratus Indian Acacia Asparagopsis Mootral: garlic powder
(CC), Matricaria gooseberry | mearnsii taxiformis (Allium sativum) and
chamomilla (MC) and pomace bitter orange extracts
Cosmos bipinnatus (CB) (Citrus aurantium)
Hazel leaves Cottonseed Asparagopsis
meal armata
Oats Palm oil 3-nitrooxypropanol (3-
Lespedeza cuneata hay NOP, Bovaer)
Gentiana straminea

The various plant feed ingredients are made of secondary plant metabolites such as terpenoids,

phenolic compounds, alkaloids and sulphur-containing compounds as seen in figure 6. These

phytochemicals have an inhibitory effect on methanogens, protozoa and other hydrogen-

producing organisms which leads to significant CH4 mitigating effects[50].

Plant secondary metabolites I

1
I 1
| Terpenes | | Phenolics ] | N containing compounds | | 5 containing compounds
- Monoterpenes - Coumarin b Alkaloids - Glutathione
.. geraniol c.g.hydmxycmf.mannﬁ &.&. cocaine _  Glucosinolates
- Sesquiterpenes - Fnrann-cm_unarms Cyanogenic glucosides —  Phytoalexins
e.g. humulene eg me“" ¢.g. dhurrin —  Thionins
Diterpenes - Lignin Non-pratein amine acids -  Defensins
e.g. cafestol g res\'_em[ml €.g. canavanin = Allinin
|- Sesterterpenes F Flavonoids
e.g. geranylfamesol eg.quercitin
- Triterpenes -  Isoflavonoids
e.g. squalene c.g- genistein
- Sesquarterpenes -~ Taning
.. ferrugicadiol c.g. tannic acid
-  Tetraterpencs
e.z. lycopene,
L Polyterpencs
e.g. gutta-percha

Figure 6. Categorisation of various plant secondary metabolites [51]

The bacterial ingredients and shift in rumen fermentation affects the rumen microbiota

resulting in increase in propionate and reduction in CH4. The study also shows that edible

insects were analysed to be rich in fat and protein. They also have an essential amino acid

profile similar to soybean meal. Therefore, when substituting soybean meal for the tested

insects the fermentation profile and nutrient digestibility remains unchanged. There was a

reduction in methane gas production in G. bimaculatus and B. mori particularly by 18% and
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16% respectively. Chitosan on the other hand was able to shift the microbiota towards more
amylolytic bacteria such as Bacteroidetes and Proteobacteria that help reduce methane

emissions.

Authorised feed additives such as mootral can be seen as a natural feed supplement similarly
having secondary plant metabolites that have the characteristic of naturally mitigating CH4
production since it is made up of Allium sativum and Citrus aurantium. Bovaer on the other
hand is made up of the synthetic ingredient called 3-nitrooxypropanol. The main mechanism
of action is to suppress the enzyme known as methyl-coenzyme M reductase (MCR) which

inhibits the formation of methane gas without any adverse impact on the rumen microbiota[52].
4.2 Method of In Vitro Study

The vitro method of study uses the “in vitro gas production technique” (IVGPT) set-up, which
simulates the cows' ruminal fermentation of feedstuff. Therefore, when studying the production
of methane emissions, we can use this method to observe the amount of gas produced under
lab conditions[53]. Under these strict laboratory conditions, the main principle is to ferment
feedstuff by adding naturally occurring rumen microbes. According to the needs of the study
the feed materials are subjected to various treatments including an incubation at 39°C which
runs typically from 24, 48, 72, 96 or 144 h. Figure 7 gives a graphical extract of an in vitro
study.
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Figure 7. An example of in vitro study carried out using two algae species to measure CH4 gas production [54]

As we have seen in numerous studies mentioned previously rumen fluid is collected and this
method is carried out by supplementing different feed additives. The total gas produced is then
measured and analysed. In this case, we can then see how much methane gas was produced.
The results from IVGPT experiments are known as the amount of CH4 per gram of dry matter.
Different IVGPT systems are available for methane determination such as syringes, Rumen

simulation technique (RUSITEC)and closed vessel batch fermentation. The latter two are what
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have been used most often in the studies previously mentioned. All in vitro methods require

fresh rumen fluid obtained from ruminants that were fistulated.
4.3 Method of In Vivo Study

There are multiple different ways to carry out an in vivo study. The gold standard is the
respiration chambers. The chamber collects all exhaled air produced by the animal and
measures the amount of CH4 produced as seen in the studies mentioned earlier[53]. There are
two main types of respiration chamber systems. There are the closed circuit and open circuit
respiration chamber systems. Figures 8 and 9 show an open circuit system is used more often.
Air is either pumped into the chamber from outside or through an air conditioning system. The
flow and concentration of the air at the inlet and outlet of the chamber is calculated and

analysed to give the CH4 production.

Flow Pump

e Outlet air

Sensors for
analyse of air
composition (O,,
CO,, CH4 og Hy

—_—
Inlet air

Figure 8. lllustration of an open-circuit respiration chamber [53]

Figure 9. Example for Respiration chambers used in vivo studies [53]

Another method most commonly used in the in vivo studies mentioned was the GreenFeed
Pasture System as seen in figure 10. This is a turn-key system designed by C-Lock to measure
gas fluctuations of CH4, CO2, 02 and H2 from individual animals[55]. It is also possible to
determine herd averages when combining data from individual animals. Food acts as bait to
attract the animals to visit the system multiple times per day. The data collected is automatically

processed, giving an immediate report on the amount of total gas produced. The system is
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greatly advantageous as it allows for utilisation on the field. It allows the animals to roam freely

as well as express their natural behaviour and habits.

Air Flow Outlet -

CH, and CO, Sample Intake / )

Air flow Meter g
Feed Bin

Tracer

Nose Position Sensor/
RFID Reader

Tracer Release Points

Sample Flow
CH, and CO, Sensors

Figure 10. illustration of GreenFeed Pasture System [56]

Finally, the SF6 tracer technique is a method also used to collect and analyse methane
emissions from ruminants. Its use is based on allowing the animals to free roam as seen below
in figures 11 and 12. A tube is filled with SF6 gas which is then placed in animal rumen. Once
secured the collection of gases can begin. The results are then analysed using gas
chromatography.

Gas collection
canister

+ capillary tube
+ filter

SFg permeation tube
calibrated in laboratory |
8 =

Figure 11. An illustration of the SF6 Tracer method [57]

There are advantages and disadvantages to all the methods mentioned in the in vitro and in
vivo studies. In vitro methods allow for a strictly controlled environment to test out all
conditions and feed additive possibilities. However, in real life, the animal is not a sterile and
controlled being so the result may vary when done in the animal itself. There is a lack of
information available on the ruminal microbiota stability in the RUSITEC system[10]. IVGPT

in general only stimulates the fermentation of feed and does not allow for long-term adaptation
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of the ruminal microorganisms which is usually seen in ruminants. Therefore, it is suggested
in vivo experiments should be carried out with an adaptation period of at least two weeks.
Therefore, IVGPT technique should be only used to test out potential feedstuffs and conditions

before a more expensive in vivo experiment is carried out.

Figure 12. A study carried out using SF6 Tracer method [58]

Respiration chambers allow for a more accurate data collection of the amount of methane
emissions produced by each animal due to the controlled environment and the stability of the
instruments used. However, animals are not able to be kept in those chambers for extended
periods due to welfare reasons. Therefore, it does not allow for the animals to exhibit its natural
behaviours so results may vary according to real situations on the field. The GreenFeed system
is a respiration chamber system that allows for a more flexible data collection on the field.
Animals are allowed to come and go freely from the machine and a more accurate data
collection is done. The SF6 tracer technique allows for the system to be on the pasture and
allows for the animal to move freely. However large variations in results have been reported
when the technique has been used. This could be due to background gases being identified and
the type of flow restrictor being used. Windy or rainy weather conditions may also disturb the
results being recorded. Therefore, in comparison to SF6 tracer techniques, respiration chambers

are more reliable.

Overall, it is understood that based on the IVGPT analysis results, proceeding to the SF6
technique and respiration chamber method allows for a thorough animal experiment with

reliable data.

22


https://www.zotero.org/google-docs/?hHNT1q

5. Results

In the topic of forages many different feed additives were seen. In the in vitro studies, sainfoin
was able to decrease methane emissions as well as suppress silage proteolysis while fresh
Paulownia leaves and silage was able to decrease methane emissions by inhibiting various
methanogens and improving fermentation characteristics of rumen. Morinda citrifolia leaves
in vitro also showed mitigating methane emission effects. Olive leaves in vitro also showed a
decrease in methane production at 12h while the proportion of cellulose degrading bacteria
increased, however this decreased at 24h.

In the in vivo studies Cymbopogon citratus and Cosmos bipinnatus herb showed a significant
decrease in methane production by 33% and 28% respectively. When oats were given as a feed
supplement as its dosage increased the methane emissions reduced gradually without showing
any production loss in the dairy cattle. Hazel leaves were also observed to decrease methane
emissions but with lower feed intake and digestibility seen as well. Lespedeza cuneata hay had
both in vivo and in vitro studies done that showed an increase in dry matter digestibility
resulting in better production results and decreased methane production. Gentiana stramine

supplemented in calves in an in vivo study showed a decrease in CH4 production.

Grape marc is made of the components of the fruit itself such as the skins, seeds and stems. In
this by-product, there are high concentrations of lignin and fat which causes CH4 emissions to
decrease resulting in a decrease in intake of metabolizable energy therefore leading to a
decrease in milk production as well seen in this in vitro study. In the vitro study using grape
pomace instead, showed when Lactobacillus plantarum was added together there was a
synergistic effect of reduction in CH4 and there was an increase in silage digestibility. While
supplementing Indian Gooseberry pomade in vitro and in vivo the results were significantly

great as it reduced methane emissions, improved milk yield and milk production efficiency.

In the in vitro study with walnut leaf ethanol extract, as its dosage was increased, methane
production decreased, and microbial population shifted towards anti methanogenic bacteria. In
vitro study using five Rhodophyta species showed a decrease in overall methane gas
production. In vitro study of linseed oil showed that as concentrations increased, CH4 linearly
decreased. At 2-3% linseed oil, CH4 was able to be reduced up to 20% without any adverse

production results.

In vivo study using Acacia mearnsii bark showed that due to its increasingly high amounts of

tannins, it was able to reduce methane emission significantly in the twenty lactating cows. An
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in vivo study using cottonseed meal showed that feed intake was increased with the protein
supplementation and CH4 decreased according to the gross energy intake. This result shows
significant evidence to believe that supplementing protein to low-quality forages helps in
reducing CH4 emission. An in vitro and in vivo study took place supplementing palm oil that
showed that for every 10g/kg PO in the diet, methane gas can be reduced by 4% without
affecting the dry matter intake and apparent digestibility.

Multiple in vitro studies with brown algae were carried out however the first one using Ecklonia
stolonifera extract showed an increase in methane emissions due to a shift in microbial
population towards methanogenic bacteria. The next in vitro study that took place used three
different phlorotannin derivatives of brown algae. The number of hydroxyl groups and ether
linkages show positive correlation along with reduction in methane emissions in all three
groups. In vitro and in vivo studies took place using Asparagopsis taxiformis, a red macroalgae.
The results showed that even when added to the diet at 0.5% it was able to significantly reduce
methane emissions. An in vivo study took place on Asparagopsis armata where the results
showed a methane reduction of up to 67% and when adjusted for milk production CH4 reduced
up to 60%.

The in vitro study used mixed inoculants of lactobacillus and Pediococcus bacteria to enable
ester-linked phenolic acids released from plant cell walls, improving silage quality which
shifted rumen fermentation causing a decrease in methane emission. These in vitro rumen
fermentation results showed reduction in CH4 when supplemented with Pseudomonas
aeruginosa. All five fungi species in the in vitro trials significantly decreased lignin and

cellulose. However only F. filiformis species was able to reduce methane emissions.

Chemical analysis showed that the edible insects (Acheta domesticus, Brachytrupes
portentosus, Gryllus bimaculatus, and Bombyx mori) were rich in fat by about 14-26%. The
unsaturated fatty acids proportion of this was around 60-70%. These edible insects were also
rich in protein, around 48-61%. The essential amino acids and amino acid composition of these
edible insects were astoundingly similar to that of soybean meal. The in vivo study showed that
including insects as a feed supplement did not have any adverse effect on production of volatile
fatty acids and nutrient digestibility. Replacing 25% of the soybean meal used in the diet with
edible insects had the advantage of potential reduction in CH4 production with no other
negative effect. Significant methane mitigation was seen in the addition of Gryllus bimaculatus

and Bombyx mori by 18% and 16% respectively.
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In vitro study using piper beetle powder in goats showed a decrease in CH4 production and
rumen protozoa without affecting fermentation parameters. Another in vitro study used
silkworm pupae oil in adult sheep showing when supplemented with 2% oil daily or
intermittently, a decrease in enteric CH4 by 15-50% was observed. An in vitro study carried
out using chitosan as supplementation which showed that as propionate increased, CH4 and
acetate decreased. There was a positive correlation between propionate and Prevotella bacteria
showing that chitosan can promote the growth of anti-methanogenic bacteria decreasing the
overall CH4 production.

In vivo study carried out by supplementing Mootral showed that CH4 was able to be reduced.
However, in an in vitro study only a transient reduction in methane emission was observed for
18 days. It did so by being able to shift bacterial rumen fermentation, increasing vitamin B6

concentration which is of high benefits to the animal.

3-NOP in vitro study showed that it was highly effective in mitigating CH4 emission due to
being able to limit nitrogen and energy causing reduced synthesis of microbial amino acids.
An in vivo study showed that there was a decrease in methane emissions in low, medium and
high doses by 52%, 76%, and 63%, respectively. Hydrogen emissions could also be observed
as being 5x higher suggesting that other hydrogen utilising pathways became more apparent as
CH4 is inhibited in the trial. Another in vivo study took place that showed there was no effect
on lactational parameters when supplementing 3-NOP and was still able to reduce methane
emissions. The final in vivo study of 3-NOP showed there was methane emission decrease
from 22% to 40% when compared to the control. All three of the highest doses of 3-NOP (100,
150, and 200 mg/kg) showed the maximum mitigation effect. Therefore, it would be wise to

supplement with 100 mg/kg for the best feed efficiency.
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6. Discussion

Many feed additives were discussed from plants containing high amounts of phytochemicals
to bacteria, fungi and insects. All had different roles in ruminal fermentation processes that
allowed for the overall mitigation in methane emissions. The most commonly seen feed
additives were often found locally in the area of the study being carried out. An alternative
feeding solution allows for cheaper and better results for the environment as well as the

animals.

The many secondary plant metabolites in forages, plant marcs, essential oils and extracts play
a part in the anti-methanogenic effect of certain plant additives. From the studies, most often
polyphenols such as condensed tannins and saponins showed significant results in greatly
reducing methane gas emission. This is due to the inhibitory effect these phytochemicals have

on methanogens, protozoa and organisms that produce hydrogen in the rumen microbiome.

Grape pomace and marc allow for all parts of the fruit to be used and the waste disposal to be
reduced. In developing countries, this can have a huge impact on farmers making available
cheaper alternatives as well as mitigating their overall contribution to methane production.
Alfalfa silage is one of the most common silages in ruminant production due to its high protein
content. However, most alfalfa protein is hydrolysed into nonprotein nitrogen (NPN) during
ensiling which cannot be effectively used by ruminants and is excreted as urinary nitrogen,
resulting in protein loss and environmental pollution. Thus, by using grape pomace as
alternative feedstuff, it makes use of a waste by-product as well as is greatly beneficial to the
ruminants[34]. The large amounts of tannins in grape pomace improve the efficiency of feed
by decreasing methane production, alters nitrogen metabolism and improves rumen
fermentation. By supplementing grape pomace in the basal diet of ruminants, farmers can take
advantage of unwanted waste by-products as animal feed. However more in vivo trials should

take place to confirm these preliminary findings.

With decrease in dry matter intake, supplemented seaweed has high CH4 mitigating effects of
up to 60% [59]. It is easily available in certain regions that it is native to and its CH4 reduction

results are undeniable and can be of great use for a cleaner future in the livestock industry.

There was significant mitigation of CH4 up to 18% and 16% by the supplementation of Gryllus
bimaculatus and Bombyx mori. These edible insects were also rich in protein and their essential
amino acids and amino acid composition was similar to that of soybean meal. There is a

possible future in possibly replacing 25% of the soybean meal used in the diet for these edible
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insect species. Before this can take place, more in vivo trials have to be carried out to confirm

if these findings are similar to that of live ruminants.

With authorised feed additives such as Mootral and Bovaer on the market, | believe it is
possible to take the step towards a less poluting ruminant production process. However, more
research should be done in vivo for Mootral to be utilised for longer periods due to its transient
effect seen in the study earlier. It was also seen to increase the concentration of pyridoxine

which could potentially be of great additional benefit when supplementing this additive.

3-NOP as a feed additive has a vast amount of in vivo research done which allows for the feed
additive to be reliable, safe, and readily usable. It demonstrated that it was able to shift
microbial activity away from methanogenic species found in the rumen microbiota by moving

fermentation towards bacteria species that benefit from hydrogen which is in excess.

Many forage and plant marc feed additives have only crossed the in vitro process therefore
further in vivo experiments must take place before their further utilisation can happen. When
in vivo studies are carried out, the feed intake, nutrient digestibility, milk yield and lastly CH4
emissions should be taken into consideration. It is vital to take these production parameters
into account for the feed additive to be considered efficient and marketable in the industry.

There are not many studies done on small ruminants, of which there's a huge market for.
Although the methane emission contributed by sheep and goats is far less in comparison to
dairy cattle, it should still be considered in the grand scheme of this.
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7. Summary

From the information hereby presented, feeding ruminants valuable feed additives such as
Asparagopsis taxiformis, Acacia mearnsii extract, oats, Indian Gooseberry and 3-
nitrooxypropanol with clear in vivo results show great potential in significantly reducing
methane emissions in various ruminant species and age. As seen in the feed additives
mentioned here, most contain secondary plant metabolites that have a huge effect on mitigating
CH4 emissions. By doing so livestock production processes can reach a greener and cleaner
approach in the industry. More in vivo studies should be carried out to confirm preliminary

findings of the in vitro studies allowing for more opportunities to be utilised by everyone.
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