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Résumeé

La réduction des émissions de méthane ,jGtes ruminants permet de limiter les
impacts environnementaux négatifs de leur élevagiaenéliorer leur efficacité digestive.
Dans le rumen, le CHest majoritairement produit par les méthanogenesamdir de
'hydrogene (H). La disponibilité de I'H pour ces micro-organismes est réduite en limitant
sa production par les protozoairesa(un apport de lipides ou extraits de plantes dans |
ration) ou en stimulant des voies utilisatrices ddédmpétitives a la méthanogenese (via un
apport alimentaire de nitrate). Aucune étude n’atéaur I'association de stratégies
alimentaires jouant a la fois sur la productiotiwgilisation d’H, pour diminuer les émissions
de CH,. Notre objectif était de comprendre I'importanes dlifférentes voies métaboliques de
I'H , dans le rumen. Nous avons émis I'hypothése quepmian simultanément la production
et l'utilisation de I'H, permet une diminution plus importante des émissaCH plutét que
d’agir sur un seul niveau. Nos résultats expériuenbnt montré I'additivité de I'association
lipides du lin-nitrate sur la méthanogenese des bovins. Cet effet &agigpant mais non
bénéfique pour les performances digestives ettasi des animaux. L'associatisaponine
de thé-nitrate n’a pas été efficace pour réduire les émission€ldecar I'effet dépressif de
la saponine sur les protozoaires n'a pas été obs@wtte thése ouvre la possibilité d’étudier
le potentiel anti-méthanogéne de nouvelles assocgte stratégies alimentaires ayant des
mécanismes d’action différents dans le rumen. baslitions d’utilisation de ces stratégies en

élevage devront étre délimitées, et leur rent&dibuvée, pour étre acceptées par I'éleveur.

Mots clés: Fermentation; Hydrogene; Méthane; Microbiote; Ruemis; Stratégies de

réduction.



Abstract

Reduction of methane (GH emissions from ruminants may limit the negative
environmental impacts of their breeding and mayrowp their digestive efficiency. In the
rumen, CH is mainly produced by methanogens from hydroges). (Hydrogen availability
for these micro-organisms is reduced by limiting production by protozoavi@ lipids or
plants extracts supplementation in diets) or bynsgkating pathways competing with
methanogenesis for Hconsumption \{ia nitrate supplementation in diets). No study tested
association of dietary strategies acting on botiptdduction and consumption to reduce,CH
emissions. Our objective was to understand the itapoe of the different Hmetabolic
pathways in the rumen. We assumed that simultane@urspulation of H production and
consumption reduces GHmissions to a higher extent than acting on aesipgthway. Our
experimental results showed the additive,@hitigating effect of the associatidipids from
linseed-nitrate supplemented to bovine. This effect was persisberitnot beneficial for
digestive and lactating performances of animal® d$sociatiotea saponin-nitratewas not
efficient to reduce Cldemissions, as the depressive effect of saponimarttsvprotozoa has
not been observed. This PhD thesis opens the pdgsib study the anti-methanogenic
potential of new association of dietary stratediaging different mechanisms of action in the
rumen. Conditions of use of these strategies abtbeding scale will have to be delineated,
and their cost effectiveness proved to be accdptddrmers.

Keywords: Fermentation; Hydrogen; Methane; Microbiota; Matign strategy; Ruminants.
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General introduction

CONSTRAINTS OF RUMINANTS BREEDING IN THE (FUTURE)
AGRICULTURAL CHALLENGE: PRODUCE MORE AND BETTER
WITH FEWER RESOURCES

Nowadays, the world population is significantlcieasing, and is expected to pass
from 7 billion (2014) to more than 9 billion in 20%Steinfeld et al., 2006). In addition, the
individual level of consumption of animal produdtscreased for the last 40 years in
developing countries: between 1962 and 2003, mewt milk consumption passed
respectively from 10 to 29 kg/person/year, and fi28nto 48 kg/person/year. Consequently,
to fulfil the increasing demand of livestock prothjca rise of meat and milk production is
expected in the future (Figure 1), and developmehtsustainable systems of animal
production that do not directly compete with mawkfor foodstuffs is clearly necessai.
this global context, ruminants play a major role inthe human food supply chain by
converting non-consumable fibrous feedstuff for hurans to highly nutritional products.
However, ruminants are criticized for their high contribution to greenhouse gas (GHG)
emissions, and their impact on climate change ismajor concern worldwide (Steinfeld

et al., 2006).
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Figure 1 Past and projected meat and milk production irettgped and developing countries
from 1970 to 2050 (from Steinfeld et al., 2006)

1.1. Interest of ruminants production: valorizatiohforage to highly nutritional products

for human consumption

Ruminants own a specific compartment at the beéginof their digestive tract, the
rumen, in which feeds are fermented by microbess dilgestive particularity offers them the

ability of producing human food using fibrous fetdis that cannot be directly used by

2
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humans and mono-gastric animals. On the contragg, gnd chicken diets based on cereals
are competitive with human food. However, among ftitare human protein sources, their
feed conversion ratio (25 kg feed/kilogram edibleight) is the highest compared to pork
(9.1), poultry (4.5) and crickets (2.1) (van H2613). Nowadays, ruminants are almost the
sole source of milk for humans, by providing 644lion tons of milk (fat-protein corrected
milk), among which dairy cattle is the main produ@&gure 2). Ruminants also provide 77.3
million tons of meat (carcass weight) represenfifgo of the overall world meat production
(Figure 2) (Gerber et al., 2013b).

Beside this major economic role, ruminants managesktensive system also have a
major role in terms of ecosystem services suchaadscape management (Harrison et al.,
2010). Among others, they help to maintain herbaseareas difficult to access such as
mountainous areas and prevent the development edfl \aad shrub species responsible for

fire development and losses in plant biodiversity.

GOATS
SHEEP_ 205 ,~BUFFALO
3% 1%
o
DAIRY
CATTLE GOATS
10% 2%
BEEF ____ SHEEP _ "
CATTLE 1%
13% DAIRY
CATTLE
79%
Meat Milk

Figure 2 Contribution of ruminants to the overall world rmead milk production (from
Gerber et al., 2013b)

1.2. Downside of ruminants breeding: contributian greenhouse gases emissions via

enteric methane production

Ruminants’ production is accused of having a $icgmt impact on the environment at
the local and global level. Locally, the main issueoncern intensive operations that
contaminate the air, land or water with nitrogencompounds and phosphorous releases.

Globally, ruminants are pointed out for their cdmition to GHG emissions, which occurs in
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both intensive and extensive systems (Steinfell.eP006). Carbon dioxide (GJ) methane
(CHg4) and nitrous oxide (pO) are the main GHG from anthropic origin (77, #l 8% of
total GHG produced, respectively), with a globarmwag potential (GWP) of 1, 25 and 298
(IPCC, 2007). According to latest estimations (@ergt al., 2013b), contribution of livestock
supply chain to total anthropogenic GHG emissi@ises at 14.5%, with CHN,O and CQ
emissions representing 44, 29 and 27%, respectiyekpressed as Geequivalent).
Ruminants are mostly involved in GHmissions, which represent 80% of L£émissions
from the livestock supply chain, the remaining 206ming from manure management (Gill
et al., 2010). In ruminants, 87% of ¢k produced in the rumen and eructated in the
atmosphere, the remaining coming from the reshefdigestive tract (Murray et al., 1976). In
France, cattle contributes more than 90% to tottdree CH, emissions (Figure 3; Vermorel
et al., 2008).

SHEEP GOATS

6% \ / 1%

DAIRY
COWS
MALES AND 32%
GROWING
CATTLE
35%
BEEF COWS
26%

Figure 3 Contribution of cattle, sheep and goat to totathaee emissions from ruminants in
France (from Vermorel et al., 2008)

In addition to be the main GHG emitted at the féenel, CH, released by ruminants
constitutes an energetic loss for the animal, rapdgiom 2 to 12% of gross energy intake
(GEI) by the animal (Johnson and Johnson, 198&)k(s0.4% of digestible energy intake for
pigs for instance; Noblet and van Milgen, 2004).n€smuently, reduction of enteric ¢H
emissions from ruminants is desirable as a strat@ggduce global GHG emissions, without
altering their productivity and their feed conversefficiency.

Several strategies have been tested worldwidenio methanogenesis (Grainger and
Beauchemin, 2011; Gerber et al., 2013a; Knapp et28i14). Most of them consist in

manipulating rumen parametervia feeding (modification of diet composition,
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supplementation of dietary additives) or bioteclgas (defaunation, use of probiotics,
exogenous microbial products or vaccines). Gersgtiection of low Chemitting animals is

a more recent strategy. However, none of thestegtes reduce CHemissions on the long-
term without losses in animals’ performances, whiéng cheap and safe for the animal and
the consumers. In this PhD thesis, we chose to wordietary strategies as they allow getting

results in a shorter term than other strategies.

Il. HOW TO REDUCE METHANE EMISSIONS FROM RUMINANTS VIA
DIETARY STRATEGIES? OBJECTIVES AND SCIENTIFIC APPRO ACH
OF THIS PHD THESIS

In the rumen, microbes find their energy in thexfaf ATP through dehydrogenation
reactions releasing hydrogen,jHAs soon as produced;li$ used by methanogenic archaea,
a microbial group distinct from Eubacteria, to reeCQ into CH; according to the following
equation: CQ + 4H, > CH; + 2 HO. Methanogenesis is essential for an optimal
performance of the rumen by avoiding Biccumulation which would inhibit fermentations.
Consequently, Hand methanogenic archaea are the two determirangmeters of CiH
production in the rumen.

Recent results suggest that a reduction of metgemo archaea activity can be
achieved by a reduction of,Hvailability for these microorganisms (Popova, 201To
reduce H availability in the rumen, we classified the diffat dietary ChH-mitigating
strategies proposed by Gerber et al. (2013a) ingiwaps:

1/ Strategies reducing.Hproduction (Table 1). This can be reached by ingithe
number of protozoa in the rumen. Indeed, they mportant H producers and they would be
involved in 10 to 35% of CHHproduction according to the diets (Morgavi et 2010).
Addition of lipids or plants extracts (tannins, sams, essential oils) in diets may reduce the
number of protozoa in the rumen.

2/ Strategies stimulating Htonsumption by other pathways (Table 2). Biochemica
pathways using Hand/or chemicals directly inhibiting methanogearchaea would allow
reducing the proportion of Hdirected towards methanogenesis. In this objectiliets
including H-sinks (nitrate, sulfate), propionate enhancergdpoic acids, high concentrate
diets) or methanogens’ inhibitors (chloroform) héeen tested.
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Today, a lot of these dietary strategies have hested individually to reduce
methanogenesis, but to our knowledge no studiesrtexp the effects of the association of

strategy acting on Horoduction with a strategy acting on ttilization.

The objective of this PhD thesis was to better undstand the importance of the
different metabolic pathways of H (production AND utilization) in the rumen, in order
to propose and evaluate new dietary strategies toitigate CH, emissions We assumed
that manipulating at the same time production aildation of H, allows a more important

reduction of CH emissions than acting on a single pathway (praolnié®R utilization). To

a

deal with this hypothesis, the scientific prograimttos PhD thesis was based on different

approaches:

1/ Bibliographical approach. A literature revieetailed the biological processes of H

production and consumption in the rumen. In addjte quantitative analysis of the literature

(meta-analysis) aimed at studying the influence aofvariation of rumen protozga

concentration on CHemissions.

2/ Experimental approach. We testedvivo the CH-mitigating effect of different

dietary strategies fed alone or in associationaie-lactating and dairy cows. The originality

of our approach consisted in combining strategesng different mechanisms of action pn

the rumen H pool. Measurements of GHemissions were linked with measurements

digestive efficiencies and animals’ performanceshew possible, rumen fermentation

(fermentative and microbial parameters) were alsalyged in order to explain the

of

S

mechanisms of action of tested strategies. In terimemen microbiota analysis, we mainly

focused on populations producing (protozoa) andguginethanogens) AHTo complete this
in vivo approach, we estimateal vitro and in presence of differentidinks, the distribution

of Hz in the fermentation end-products.

A final critical analysis of the overall results svanade in the last section of this manuscripr.
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Table 1 Overview of dietary enteric methane-mitigatingagtgies tested in ruminants to decrease hydrogetugtion (adapted from Gerber et

al., 2013a)
Active N Long term R!Sk for Effect on digestibility and Reference (Review or meta-
compound CH.-mitigating effect effect environment animals’ performances analysis; Experimental studies)
P established  and animal P analysis, =xp

Lipids Significant effect of medium-chain Yes No Reduction of performancefRasmussen and Harrison, 2011;
(lauric, myristic acid) and with doses higher than 4%Beauchemin et al., 2009;
polyunsaturated (linoleic and added fat Machmiller et al., 2000; Martin et
especially linolenic acid) fatty acids al., 2011; Martin et al., 2008

Tannins Variable effect according to tested No No Frequent reduction ofGoel and Makkar, 2012; Animut et
source and dose digestive efficiencies al., 2008; Grainger, 2009;

Poungchompu et al., 2009

Saponins Variable effect according to tested No No Variable effect accordingHoltshausen et al., 2009; Zhou et
source and dose to tested source and dose al., 2012

Essential oils Variable effect according to tested No No Variable effect accordingBenchaar and Greathead, 2011;

source and dose

to tested source and dose Calsamiglia et al., 2007;
Klevenhusen et al., 2011; Shinkai
etal., 2012
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Table 2 Overview of dietary enteric methane-mitigatingatggies tested in ruminants to modify hydrogen aonion (adapted from Gerber et

al., 2013a)
Mechanism of Long term Effect on
. Active o g Risks for environment  digestibility and Reference (Review or meta-
action in the compound CH.-mitigating effect effect and animal animals’ analysis; Experimental studies)
rumen P established anaysis, £xp
performances
Hydrogen- Nitrate Significant and linear  Yes Risks of blood metHb; No Lee and Beauchemin, 2014b;
sinks dose response effect Nitrogen release poorly El-Zaiat et al., 2014; Nolan et
studied al., 2010; Van Zijderveld et al.,
2011; Veneman et al., 2014
Sulfate Significant effect No Risks of Not studied Van Zijderveld et al., 2010
polioencephalomalacia
Nitroethane Significant effect No Not studied Nutdied Anderson et al., 2006; Brown
etal., 2011
Propionate Malic acid, Variable effect No No No Bayaru et al., 2001; Fokty
enhancers fumaric acid al., 2009; Wood et al., 2009
lonophores Variable effect. May No Not studied No Appuhamy et al., 2013; Guan,
(monensin) also have a toxic effect 2006; McGinn et al., 2004
towards protozoa
Methanogens Chloroform, Significant effect No Not sudied No Abecia et &012; Knight et
inhibitors BCM, BES, al., 2011; Mohammed et al.,
Cyclodextrin 2004
Fungal Variable effect No Not studied Not studied Morgavial., 2013; Ramirez-
metabolites Restrepo et al., 2014

BCM: bromochloromethane; BES: 2-bromo-ethane salfenmetHb: methemoglobin
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CHAPTER 1: Ruminal hydrogen production: importarafe

eukaryotes

In the rumen, dihydrogen (further named hydrogerHg) is produced by bacteria,
protozoa and fungi during feed fermentation. Thiscpss is essential as it allows products
reduced during feed fermentation (coenzymes andvpye) to be oxidized and used in
further fermentative reactions.

Two oxidation-reductiohreactions are involved in 4production (Figure 4). In the
first redox reaction (1: Prag + 2H + 2€ + Fedy > Prody + FeGeq + 2H" + 2€), the
reduced product (Prod) is oxidized thanks to aefiwkin (Fed). In the second redox reaction
(2: FeGeg+ 2H" + 2€ <> Fedy + Hy), the reduced Fed is oxidized leading tosinthesis.

The three following sections will describe i) theechanisms of Fed reduction in
prokaryotes and eukaryotes (first redox reactioRigure 4), ii) the production of Hluring
the oxidation of Fed (second redox reaction in Fegd), and iii) the solubility and

concentration of Klin this digestive compartment.

Prod 4+ @ @

2H* + 2¢ Fodex H,

FEdTed +
Prod,, 2H 1 2¢

Figure 4 Oxidation-reduction reactions involved in production (Prods = reduced product,
Prodx = oxidized product, Fed= oxidized ferredoxin and Fgd= reduced ferredoxin) (from
Hegarty and Gerdes, 1999)

FERREDOXIN REDUCTION IN RUMEN MICROBES
1.1. Definition and microbial distribution of femexin

Ferredoxins are proteins able to shuttle electfoor® a donor to an acceptor. This

property is achieved thanks to the presence of@msulfur cluster (F£5; or FeS,) at the

! Oxidation-reduction reactions (or redox reactidgnsplve two redox couples exchanging electrons.
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core of the protein. The redox state of the iroe) (@oms reflects the redox state of the Fed:
when Fe is reduced (£®, the Fed is reduced and when Fe is oxidized"JFehe Fed is
oxidized (Stiefel and George, 1994).

Ferredoxins have been reported in a wide rangeaoferia from various biological
environments (review of Yoch and Valentine, 1978)the rumen, their presence have been
reported in methanogenic archaea (Thauer et al7)1$h several genera of bacteria such as
RuminococcusSelenomonadvegasphaerandDesulfovibrio(Glass et al., 1977; Michel and
Macy, 1990; Valentine and Wolfe, 1963), in the emamorphid and holotrich orders of
protozoa (Paul et al., 1990; Yarlett et al., 1986) in the anaerobic fungieocallismatix
spp. (Rees et al., 1998; Yarlett et al., 1986).

1.2. Ferredoxin production during microbial feednfentation
Reduced Fed are produced during feed fermenta#han.carbohydrates are the
predominant components in ruminants’ diet, Fednaostly reduced during the fermentation
of sugars into volatile fatty acids (VFA). To a minextent, Fed are also reduced during

protein fermentation (Czerkawski, 1986).

1.2.1. Production of reduced ferredoxins during carbohtgdrdermentation

When carbohydrates enter the rumen, they are lymd by several microbial
exogenous enzymes which act in synergy to gengtatmse or xylulose. The subsequent
fermentation of these two products leads to VFAicWlare the main source of energy for the
ruminant. In prokaryote, the fermentation of gluzesainly generates acetate, butyrate and
propionate, whereas in eukaryote, acetate and diaetare mainly synthesized (Jarrige et al.,
1995; Williams and Coleman, 1997).

The production of reduced Fed during glucose fataten is different between VFA.
In prokaryotes (bacteria; Figure 5), the productdtiwo moles acetate or one mole butyrate
from glucose generates 8 and 4 moles reduced Fedpioduction of propionate requires 4
moles reduced Fed. In eukaryotes (protozoa and;fkigure 6), the production of two moles
acetate from one mole glucose leads to the pramuadf 8 or 12 moles reduced Fed,
depending on the fermentative route (through mpldtkee formation of one mole butyrate
generates 4 moles reduced Fed. Finally, knowing tthe ratio of acetate to propionate to
butyrate to valerate is approximately 66:19:11:4hmrumen (Sauvant et al., 2011), it is clear

that glucose fermentation to VFA results in an imgat production of reduced Fed.

11



Literature review: Hydrogen metabolism in the rumen
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Figure 5 Carbohydrates hydrolysis and glucose fermentapathway in prokaryotes.
Reactions leading to the production of reducecetioxins are in green. Reactions leading to
the production of oxidized ferredoxins are in r@dom Fonty et al., 1995; Prescott et al.,
2010)
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Figure 6 Carbohydrates hydrolysis and glucose fermentgtaithway in eukaryotes including
hydrogenosome. Reactions leading to the produatioreduced ferredoxins are in green.
Reactions leading to the production of oxidizedddoxins are in red. (from Muller, 1993;
Williams and Coleman, 1997)
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1.2.2. Production of reduced ferredoxins during protemmfentation

Proteins entering the rumen are hydrolyzed by erogs enzymes to generate amino
acids (AA). During further microbial fermentatiorh AA, Fed are also reduced (Wu, 2013;
Figure 7).
Amino acids
2Fed, € NAD(P)~ ~ FAD > 2Fedy
2Fed,, C NAD(P)H +H~ </CFADH7H‘é>‘ ~ 2Fed,,
o-ketoacids + Ammonia
2Fedny €~ NAD(P)
2Fed,, — C NAD(P)H + H- D
Glutamate ﬁ Glutamine
NAD(P) NAD(P)H +H*

2Fed, 2Fed,,
Glutamate Glutamine

v Oxaloacetate | C Pyruvate
«—

Aspartate Alanine

Asparagine

u-ketoglutarate

Figure 7 Microbial fermentation of amino acids in the rumexemple of glutamine and
asparagine, which serve as substrates for the baéreynthesis of all other amino acids.
Reactions leading to the production of reducect®oxins are in green. (from Wu, 2013)

1.3. Mechanisms of ferredoxin reduction

Ferredoxins are reduced during the oxidation @negmes in both prokaryotes and

eukaryotes, but also during pyruvate oxidationukagyotes only (Figure 5, Figure 6).

1.3.1. Ferredoxin reduction from coenzymes

Ferredoxin reduction from coenzymeakes place in the cytoplasmic membrane of
rumen prokaryotes and in the cytosol or in the bgdnosome of eukaryotes (more details
about hydrogenosome will be given in following $&as$). The reaction is carried out by a
coenzyme dehydrogenase which uptakes the eledirmmscoenzymes reduced during feed
fermentation to the oxidized Fed (Valentine and #/01963). The reaction catalyzed by the
NAD(P)H dehydrogenase is:

2 Coenzymes are organic compounds which include vitamin and vitamin derivatives. Adenosine
triphosphate (ATP) responsible for phosphate texng§ an example of non-vitamin derivative. Vitamin
derivatives include nicotinamide adenine dinucd®@{NAD") and nicotinamide adenine dinucleotide phosphate
(NADP") derivating from vitamin B (niacin) or flavin-adenine dinucleotide (FAD) afidvin mononucleotide
(FMN) derivating from vitamin B (riboflavin). These coenzymes serve as reversialgiers of reducing
equivalents. (Broderick, J. B. 2001. Coenzymesafdctors. Encyclopedia of life sciences, NaturblBhing
Group.)
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NAD(P)H + H + 2 Fedxy > NAD(P)" + 2 Feghg + 2H' + 26

And the reaction catalyzed by the FADH dehydrogensis
FADH + H + 2 Fedyx > FAD + 2 Fegy+ 2H + 26

Where NAD(P)H + H and FADH + H are the reduced coenzymes, &&d the oxidized
Fed, NAD and FAD are the oxidized coenzymes, [&ei$ the reduced Fed and is the
electron. As the standard reduction potential oCN#nd FAD are more positive than the one
of Fed (more precisions about thermodynamic lawsgaren in chapter 2), the NAD(P)H and
FADH dehydrogenases can work only in the directidnFed reduction, and the reverse
direction is strongly inhibited by NAD(P)H, tor FADH, H (Gottschalk, 1986).

Whereas eukaryotes and some bacteria sudRuagnococcus albudo not require
additional electron carriers (Glass et al., 19739me bacteria require a cytochrome
(cytochrome c) which is an intermediate electromieabetween the coenzyme and the Fed
(Dolla et al., 1990). This transport of electronsotigh different electron carriers is named the
electron transport chain. The presence of cytockrbima sub-unit of cytochrome c, has been
detected in different rumen bacterial species sashPrevotella (White et al., 1962),
Fibrobacter succinogenededdy and Bryant, 1977%elenomonas ruminantiu®tewart et
al., 1997) andolinella succinogeng&ern and Simon, 2009; Krbger et al., 2002).

Then, Fed reduction allows re-generating coenzyimestheir oxidized form. As the
concentration of coenzymes is fixed in the rumdns tprocess is essential to let the
fermentations going on (Hegarty and Gerdes, 19B®pur knowledge, very few information
exists about the concentration of coenzymes imuheen. Indeed, coenzymes concentration is
difficult to measure as they are quickly metabalizand their dosage requires an extraction
from the cell followed by purification. In am vivo experiment, the concentration of NAD
analyzed from cells pellets from the ruminal flwifidairy cows fed a barley or an oat based
diet averaged 3.21 and 2.2MMprespectively (Abdouli and Schaefer, 1986).

1.3.2. Direct ferredoxin reduction from pyruvate

In rumen eukaryotes, Fed reduction also occurnedng the direct oxidation of
pyruvate. This process occurs in the cytosol buy mlao occur within a specific organelle

called the hydrogenosome (Martin and Muller, 20@dler et al., 2012).

Structure and occurrence of hydrogenosoniBglrogenosomes are membrane-bound
organelles (Figure 8) which have only been repomeskveral anaerobic or microaerophilic

unicellular eukaryotes. They share some similaritrgth mitochondria as they both use
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pyruvate as a major substrate leading to the ptomuof acetyl-CoA and ATP (Mdller,
1993). However, as they do not co-exist with mitowdiria, it was hypothesized that these two
organelles come from the same symbiont which woialde evolved differently according to
its environment. In aerobic environment, this syonbi would have generated the
mitochondria and in anaerobic environment, it woblave created the hydrogenosome.
Genomes comparison validated this assumption, dseoggnosomal genome appeared to be
highly related to mitochondrial genome (Akhmanovale 1998; Martin, 2005).
Hydrogenosomes have been reported in several rupretozoa: Polyplastron
multivesiculatun(Paul et al., 1990Fudiplodinium maggandEpidinium ecaudatunlYarlett
et al., 1984)Dasytricha ruminantiun{Yarlett et al., 1981)lsotricha prostomaandIsotricha
intestinalis(Yarlett et al., 1983). This organelle has alserbeeported in some rumen fungi
such adNeocallimastix patriciarunfYarlett et al., 1986). Nevertheless, hydrogeneaoimave
not been detected in some protozoal species sudBnexlinium caudatumEntodinium
simplexandDiploplastron affine(Yarlett et al., 1984). On the contrary, they heshitosome,
a recently discovered organelle which does not yrectnergy, and whose function has not
been clarified (Hackstein, 2010). For these spetigproduction and associated mechanisms

take place in the cytosol of the cell.
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Figure 8 Electron micrograph of rumen fungudlgocallimastix patriciarumn showing
hydrogenosome organelles. The scale bar repredepts), the red arrow points out one
hydrogenosome. (from Yarlett et al., 1986)

Mechanism of pyruvate oxidatioBukaryotes directly reduce pyruvate to acetyl-CoA,
which is further converted to acetate or butyratarlett et al., 1985). The conversion of one
mole pyruvate to one mole acetyl-CoA is performgdalpyruvate-ferredoxin oxidoreductase
through the reduction of two moles Fed:

Pyruvate + 2 Feg &> Acetyl-CoA + 2 Fegdy
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This reaction is direct as no electron carrierdhsag cytochromes or coenzymes are required

between the pyruvate and the Fed (Muller et all220

Il. HYDROGEN PRODUCTION DURING FERREDOXIN OXIDATION

To ensure continuous fermentations, reduced Fed teebe oxidized. This process is
concomitant to the production of;Hby a hydrogenase. Hydrogenases are present imga la
number of prokaryotes (Schwarz and Friedrich, 2G08) eukaryotes (Mdller et al., 2012).
They are responsible for the reduction or oxidatbhi,:

2H" + 26 & H,

The direction of this reversible reaction depemts the redox potential of the
environment (Vignais and Colbeau, 2004). The ruineing a highly reducing environment
(Eh = -150 to -400 mV; Marden, 2007), the reactsdirected towards production.

2.1.General composition and classification of hyggnoeases in anaerobic environments

Most hydrogenases are metallo-enzymes. Theiryti&taite consists of a heterodimer,
which is a protein complex made of two differenb4units. The first sub-unit is the iron-
sulfur cluster [FeS,, Fe-S, or F@Ss] which is responsible for the transport of elestrdo
the second sub-unit, or active site (Beinert etl&l97). Hydrogenases can be sorted into three
classes according to the metal atoms of their adite (general reviews about hydrogenases:
Vignais et al., 2001; Vignais and Colbeau, 2004):

- The [Ni-Fe] hydrogenases are the most numerous amgsre found in both bacteria

and archaea. They are divided into four groups. flisé group gathers respiratory
hydrogenases which are responsible for dfidation coupled to the reduction of
electron acceptors (NQ SQ?, CO,, Os...). Hydrogenases of the second group are
responsible for the activation of the expressiomyafrogenase structural genes (Barz
et al., 2010). The third group of hydrogenases Ssoaated to the coenzymes
dehydrogenase in charge of the reduction péitl the oxidation of reduced cofactors
(NAD(P)H, H"). The last and fourth group of hydrogenases istijnasvolved in the
disposal of reducing equivalents produced duringoa@@ monoxide or formate

oxidation.
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- The [Fe-Fe] hydrogenases active site consists ffeaFe] subunit, also called H-

cluster. These hydrogenases are found in anaepobkaryotes, but they also are the
only type of hydrogenases found in eukaryotes saglprotozoa or fungi. In these
microorganisms, they are exclusively located inhiidrogenosomes. These enzymes
are mostly involved in K production. Due to their occurrence in very dieers

microbes, they can be associated to various eleettoeptors and donors.

- The [Fe-S] cluster free hydrogenases are found oimes specific methanogenic

archaea. These enzymes do not contain nickel gs rttustly grow under nickel
limited environment. They also differ from the [Re] and [Fe-Fe] hydrogenases by
their primary and tertiary structures and, by thet fthat, iron is not redox active.
Consequently, they have specific cofactors and tteeyot catalyze the oxidation or
the reduction of Bl On the contrary, they are mostly involved in tieeuction of

methylene groups.

2.2. Hydrogenases involved in ruminal hydrogen patichn

The rumen anaerobic environment offers good cawdit for the production and
activity of hydrogenases, as oxygen)@egatively affects most of hydrogenases actiflity
Penna, 2010; Stripp et al., 2009). IndeedwOuld react with the active site of the enzyme,
creating a superoxide {E +0.9V) which may be released only in the presesfcan electron
acceptor with a higher standard reduction potentiare detailed thermodynamics approach
will be given in Chapter 2.

Hydrogenases have been purified and detectedreralaumen bacterial species such
as Bacteroides clostridiiformis Butyrivibrio fibrisolvens Eubacterium limosum
Fusobacterium necrophoryriviegasphaera elsdeniRuminococcus albusndRuminococcus
flavefaciens(Joyner et al., 1977; Van Dijk et al., 1979). Tgresence of hydrogenases has
also been reported in ruminal protozoa and fungiu{Ret al., 1990; Yarlett et al., 1981,
Yarlett et al., 1986).

To our knowledge, hydrogenases composition hasrlypdoeen studied. Using
radioactivity, it was reported thatvolinella succinogeneswns a [Ni-Fe] hydrogenase
(Unden et al., 1982). Recent sequencing of cDNAmgpdor a small piece of hydrogenase
(“H-cluster”) showed that Mgasphaera elsdeniseveral species of the geribssulfovibrio

and rumen eukaryotes host [Fe-Fe] hydrogenasedoddimetic analyses also revealed that
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there is few relationship between [Fe-Fe] hydrogesafrom prokaryotes and eukaryotes
(Boxma et al., 2007).

2.3. Balance of hydrogen production in the rumenndumicrobial feed fermentation

Within rumen microbes, hydrogenases are respan$iblthe oxidation of two moles
reduced Fed while producing one molg(Bottschalk, 1986):
2 FeQeq+ 2H + 2€ <> 2Feqy + Hy
Consequently, we can now calculate the molar priomlucof H, during carbohydrates
fermentation (Table 3). The production of one matetate or one mole butyrate from one
mole glucose generates 2 moles Whereas 1 mole His required to produce one mole
propionate. These results are similar to Sauvardl.et2011. As eukaryotes preferentially
ferments glucose to acetate and butyrate (Williams Coleman, 1997), they are considered

as important Bproducers.

Table 3Molar H, production during fermentation of one mole glucose
Moles from one  Reduced ferredoxin

VFA mole glucose production (moles) H; production (moles)
Acetate 2 +8 +4
Butyrate 1 +4 +2
Propionate 2 -4 -2

Concerning protein fermentation, the balance ef grbduction is less evident to
calculate as it is dependent on AA profiles. Howeve has been estimated that when
microbes grow on AA as the sole N sourcewduld be produced at a rate of 0.58 moles per
kilogram of microbes, assuming a microbial composibf 53 g protein/100g dry microbial
matter (Mills et al., 2001).

[I. RUMEN HYDROGEN SOLUBILITY AND CONCENTRATION

After its production, Hdiffuses through the cell cytoplasmic membrangéruminal
environment in a dissolved form. The diffusion ragedependent on the microbial cell
physiology (cell size and form) and on the exteidaktoncentration: the higher the external
dissolved H concentration, the lower is the diffusion ratéHafout of the cell. This maintains

an equilibrated gradient between the cell and mgirenment (Boone et al., 1989). The

18



Literature review: Hydrogen metabolism in the rumen

external H concentration is in turn an equilibrium betweerssdived and gaseous; H

concentrations.

3.1. Dissolved hydrogen concentration in the rutiepnd phase

3.1.1. Hydrogen solubility and maximum theoretical concatidn

The theoretical maximum4toncentration in the liquid phase of the rumesgdived
H,) is related to its solubility. Hydrogen solubiliip water (M/atm) is a function of
temperature (T, K) and salinity (S, %o). Its caldida involves the determination of Bunsen

solubility coefficient §, ml dissolved Hin 1 mL HO; Wiesenburg and Guinasso, 1979):

nB=Al+A2x20 1 A3 x1 <T>+S>< B1+ B2X 4 B3x—
np= T "\100 ( 100 1002

Where Al = -47.8948, A2 = 65.0368, A3 = 20.1709,8BD.082225, B2 = 0.049564 and B3
=-0.0078689.

Then, at ruminal temperature (39°C or 312K) ansuasng a null salinity in the
rumen, B is equal to 0.0166 ml #ml H,O. By applying the equation of ideal gas law in
normal pressure (1.01325 x>Ha) and temperature (273K) conditions, greolubility of H,
is 740.9 M. Consequently, the maximum concentration of dissbH; in the rumen is 740.9
MM assuming there is no other dissolved gas in thadi This result is coherent, knowing the
standard H solubility (759 M) at 30°C in water with zero salinity (Wiesenburgda
Guinasso, 1979).

3.1.2. Observed rumen dissolved hydrogen concentration

Measure of dissolved jtoncentrationsOwing to the high volatility of B and its
high turnover time (0.08 sec; Smolenski and Robind®88), the dosage of dissolved H
concentrations is not easy. In the literature, $tumlies succeeded to measiarsitu dissolved
H, concentrations in the rumen. In the first one I(H#Nn et al., 1985), dissolved; Hiffused
in a Clark-type oxygen electrode placed within tisenen. Hydrogen concentration was
determinedvia a mass spectrometer. In the second one (SmolamskiRobinson, 1988),
dissolved H was uptaken by a carrier gas (helium) passingitiir@a probe immerged into the
rumen. The gas mixture was then heated in ordesefmarate helium from 41and B

concentration was measured with a gas chromatograph
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Other developed methods are based on point-by-pagllysis by gas chromatography
of gas extracted from rumen juice. Rumen fluid vgasnpled in a syringe and,Hvas
extractedvia two methods: i) W was gasified by heating the sample (Hungate, 196Dy
injecting the sample into a basic solution (Robims al., 1981); ii) Nitrogen (N) was
diffused into the sample and after mixing and aiten of upper gas, Hconcentration was

determined according to N dilution (Czerkawski &rdckenridge, 1971; Wang et al., 2014).

Observed ruminal dissolved;Honcentrationsln a normal functioning rumen and
outside feeding time, the basal concentration séalved H is low, ranging between 0.6 and
3.4 M (Table 4). This corresponds to a range betwee810ahd 0.459% of its maximal
solubility. Two factors induce variations in thesmcentrations: the diet composition and the
feeding time (Janssen, 2010). Dissolved d¢éncentrations increased from 2 to 3 hours
postfeeding due to the increase in fermentatioguiei 9; Czerkawski and Breckenridge,
1971). This postfeeding rise is all the more imaottas diets are rich in quickly and readily
fermentable feed (e.g. high grain diets).

Table 4 Dissolved hydrogen concentration in the rumenvarfi@ or cattle.

Reference Anlm_al Diet DISSOIVed.H
species concentrations
Hungate (1967) Bovine 100% lucerne hay 0.6-1B
Hillman et al. (1985) Ovine 100% grass hay 0.68v
Smolenski et Robinson . High forage diet (composition 1-1.4 gM (20 pM 10 min
Bovine . .
(1988) not mentioned) postfeeding)
. : . 1M (15 1 h
Robinson et al. (1981) Bovine 75% grain + 25% hay KM ( WI
postfeeding)

. Molassed sugar beet before H 48 UM (20 min
Czerkawski et al. : . ostfeedin
(1971) Ovine measurement (complete diet not p 9

mentioned) 1-2 M (5 h postfeeding)
58% lucerne pellet + 25%
: , . . 22.6 3h
Morgavi et al. (2012) Ovine cracked maize grain + 17% M (.
- postfeeding)
prairie hay
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Figure 9 Ruminal dissolved hydrogen concentrations of shggeen 500 g molassed sugar
beet pulp at time 0 (from Czerkawski and BreckegeidL971)

3.2. Equilibrium between dissolved and gaseousduyelr in the dorsal sac

3.2.1. Theoretical equilibrium between dissolved and gasdtdrogen

The presence of a dissolved gas in a liquid phasessarily involves the presence of
its gaseous form. Then, according to the dissolgdoncentration in the rumen, it may be
possible to calculate the theoretical partial presof gaseous Hin the dorsal sac of this
digestive compartment according to the Henry's (8ander, 1999):

Ky =

Pg
Where K, is the Henry's law constanM(atm), G is the concentration of Hn the liquid
phase 1) and g is the partial pressure ok kh the gaseous phase (atm).

The Henry's law constant Kdepends on the medium temperature as the equitibri

between dissolved and gaseous phase is dependtis @arameter:

Ky = Kg X exp [—A (l - i)]
T TO
Where K, is Ky at standard temperature conditions (i 7.8x10* M/atm), A is a constant
depending on the enthalpy of the solution (A = 5)0Kis the temperature in the medium and
TY is the standard temperaturd & 298K). Finally, at rumen temperature (T = 312K}, is
equal to 0.00084M/atm. Consequently, if dissolved; ldoncentrations reach its maximum

(ca=740.9 M), the theoretical partial pressure of Would be 0.88 atm (88%H
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However, a recenin vitro ruminal study showed that an increase of dissoMed
concentrations is not necessarily linked with azrease of gaseous iWang et al., 2014). In
that study, the authors concluded that the equilbrbetween dissolved and gaseouysdy
not completely respect Henry's law, probably beeaof mass-transfédimitation. Indeed,
the transfer of Kifrom the rumen liquid phase to the rumen gasebasg@may be affected by
the diffusity coefficient of this gas and by thexing efficiency of this digestive compartment
(Pauss et al., 1990). Then; IFhay accumulate in certain part of the rumen, Imgitthe
possibility to calculate gaseous Ebncentrations from dissolved idoncentrations measured
in one part of the rumen, andce versa This also highlights the importance iof vivo
measurement of Hconcentrations in both phases. Nonetheless, toknawledge, such

experiment has still not been carried out.

3.2.2. Observed hydrogen concentrations in the rumen gasglmase

Measure of gaseousytdoncentration in the dorsal sac of the rum8everal methods
have been applied to measure tbncentrations in the rumen gaseous phase. With no
canulated cows, gas has always been sampled byhogemtesis, and gas composition was
analyzed by gas chromatography (Jouany and Set8u@; McArthur and Miltimore, 1961,
Moate et al., 1997; Moate et al., 2013; Moate et 2014) or by the Orsat gas analyzer
(Olson, 1940). With cannulated cows, gas has bed#lected with a bag attached to the
cannula and filled thanks to rumen contraction (Bat al., 1977) or with a syringe inserted
through the plug of the rumen cannula (Moate e8l13). Gas composition was analyzed by

gas chromatography.

Observed gaseous;HoncentrationsPartial pressure of Hin the gaseous phase of
bovine and ovine rumen ranges between 0.023 arsb@@Table 5). Several factors may
explain the within-experiment variability. Gasedtdisconcentrations are higher during the 2 h
following meals (Barry et al., 1977; Jouany and &eh 1979) and when rapidly-degradable
substrates are fed (Barry et al., 1977). Bloatechals after legumes feeding may have higher
gaseous blproportions, probably linked with a rumen dysfuoict(Olson, 1940). However,

Moate et al. (1997) did not observe differenceg@seous K between bloated and non-

% Mass transfer is defined as the movement of a fmassone phase to another.
* The Orsat gas analyser system is based on alisogitgases of interest by specific chemical sohgi
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bloated dairy cows. Between-experiments variabilitygaseous Fconcentrations may be
explained by the presence or absence of rumen mantannulated animals have lowes H
proportions than non-cannulated animals, probablabse of air exchangga the cannula

between the rumen and its external environment {#ehal., 2013).
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Table 5 Composition of rumen headspace gas (adapted fregatty and Gerdes, 1999)

Rumen headspace gas

Reference Q‘n;n;izls Diet composition (%)
P CO, CH, H,
Sweet clover
- Non bloated 60.7 0.14 9.36
Olson. 1940 Bovine - Bloated 62.0 15.3 0.31
Alfalfa
- Non bloated 53.5 0.05 26.5
- Bloated 59.8 18.4 0.05
McArthur and . -
Miltimore, 1961 Bovine Unspecified 65.4 26.8 0.18
100% hay
- before feeding 47.1 36.2 0.033
- feeding time 24.5 12.0 0.046
- 2 h postfeeding 47.5 33.0 0.062

Barry et al., 1977 Ovine
80% hay, 20% concentrate

- before feeding 54.3 26.1 0.023
- feeding time 35.7 16.3 0.319
- 2 h postfeeding 68.4 24.8 0.135

40% dehydrated lucerne, 9% wheat
straw, 51% concentrate

‘;Z‘:]Z%a:g?g Ovine - 1 h postfeeding 62.6 320 168
’ - 5 h postfeeding 57.3 328 1.10
- 10 h postfeeding 45.0 35.7 0.05
Moate et al White clover pasture
1997 N Bovine - Non bloated 75.8 23.1 <0.10
- Bloated 75.0 23,5 <0.10
54% grain, 46% alfalfa hay
g/loola;e etal, Bovine - Non-cannulated 49.8 26.1 0.14
- Cannulated 134 3.8 0.03
Alfafa hay (AH), grain, dry or ensiled
grape marc (DGM or EGM)
2/'0036 etal, Bovine - 76% AH, 24% grain 62.8 371 0.11
- 50% AH, 27% DGM, 23% grain 60.1 39.8 0.13
- 50% AH, 27% EGM, 23% grain 61.3 38.6 0.11
Average 54.4 23.9 2.1
SD 1531 1229 6.27

SD: Standard deviation
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CHAPTER 2: Methanogenesis, not a unique pathwaggusi

hydrogen in the rumen

Hydrogenases activity can be inhibited by an aadation of H in their environment,
with bacterial hydrogenases ([Ni-Fe] hydrogenabe&)g even more sensitive than protozoal
hydrogenases ([Fe-Fe] hydrogenases) (Fourmond.et2@13). Consequently, to ensure
continuity of fermentation in the rumen, it is ests& to maintain a low kFlconcentratiorvia

efficient mechanisms of removal and uptake af H

METHANE PRODUCTION

Methane production is the main pathway using Ezerkawski (1986) estimated that
48% of produced Hwould be used towards this pathway. With a difiempproach, a more
recent mechanistic model even increased this pemgeno 80% with the assumption that
methanogenesis uses the excessoWkich has not been used by other using pathways
(Mills et al., 2001).

In the rumen, hydrogenotrophic methanogens usesHan energy source for their
growth while producing Cki

CO, +4H, > CHy + 2H,0
The linear and positive relationship between rumdgroncentration and CHproduction has
been emphasized in four vitro experiments (Czerkawski et al., 1972; Hungate 719%ang
et al.,, 2014; Zaill and Kaltwasser, 1979): corm@hatbetween dissolved ;Hand CH
concentration in headspace would average 0.92 (Waag, 2014) and Zail3 and Kaltwasser
(2979) reported a correlation of 0.90 between hgenase activity and methanogenesis.

The microbial mechanisms under g£Hroduction involve interspecies,Hransfer
between H-producers and methanogens (Wolin et al., 1997¢ miost studied example of
this H, transfer is the symbiotic relationship betweenharbgens and protozoa (Finlay et al.,
1994; Newbold et al., 1995; Stumm et al., 1982;itlsland Jouany, 1996; Vogels et al.,
1980): methanogens are positioned on the protazesdticethe distance for diffusion of H
from thehydrogenosomeThese methanogens associated with protozoa wmiletsponsible
for between 9 and 25% of methanogenesis in rumed {Newbold et al., 1995). A recent

analysis of the literature highlighted a positiveationship between protozoa and £H
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emissions: a reduction of 0.12 lggorotozoa cells/mL would reduce GHy 1 g/kg DMI
(Morgavi et al.,, 2010). By am vitro approach Entodiniumspecies were found to be the
protozoal genus contributing the most to /G#hnissions, followed b¥pidinium caudatum
Polyplastronhad the lowest contribution (Newbold et al., 1995)

Il. VOLATILE FATTY ACIDS SYNTHESIS

Volatile fatty acids synthesis would be resporesifdr 19-33% of the K uptake
(Czerkawski, 1986; Mills et al., 2001). Only propate and valerate formation uses ttith
one mole Hrequired per mole produced propionate or valerate.

Two propionate precursors have been tested tacee@i, emissions. Firstly, based
on stoichiometry, the conversion of one mole furtear® propionate would reduce ¢H
emissions by 5.6L (Newbold et al., 2005). HoweWemaric acid testeth vivo, showed a low
and variable anti-methanogenic effect which is dase-dependent (4% GHeduction per
percent added fumaric acid, on average). A redaafdCH, emissions (g/kg DMI) of 21.8%
was reported when supplying 2.0% of fumaric acidnale steers (Bayaru et al., 2001). In
beef cattle, Chlemissions (g/kg DMI) raised by 10.2% while feedg% of fumaric acid
(Beauchemin and McGinn, 2006). In dairy cattle%2.6f fumaric acid did not affect CH
emissions (g/kg DMI; Van Zijderveld et al., 2011k).sheep supplied with 10% of fumaric
acid, CH, emissions (g/kg DMI) were reduced by 57% (Woodlgt2009). The contradictory
CH; mitigating effect of fumarate was also reportedewhanalyzing severain vitro
experiments by a meta-analysis approach (Ungedela., 2007). These authors calculated
that only 48% of added fumarate would be convemal propionate, confirming previous
results (Newbold et al., 2005). They assumed thiatihcomplete conversion of fumarate may
be caused by its rapid disappearance in the rumen.

Secondly, the anti-methanogenic effect of maliad saeems to be low (2% GH
reduction per percent malic acid, on average) nre repeatable with doses equal or higher
than 2%. Malic acid at a dose of 1.2% did not aftald, emissions (g/kg DMI) of dairy cows
(Doreau et al., 2014b). With a dose of 2.0% fednale steers, malic acid reduced CH
emissions (g/kg DMI) by 17.3% (Lila et al., 200dsing malic acid at doses of 3.5 and 7.5%,
CH,4 emissions (g/kg DMI) of heifers were linearly redd from 2.7% to 9.2%, respectively
(Foley et al., 2009).
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[I. MICROBIAL BIOMASS SYNTHESIS

According to calculations, bacteria and protozoaul be composed of 6.23 H
atoms/100 g cells (Reichl and Baldwin, 1975; Ta®leThen, H is essential for microbial
synthesis, but their requirement level is variablthe literature. Czerkawski (1986) estimated
that 12% of produced Hs used for microbial growth. In the model of Mikt al. (2001), this
percentage is much lower, considering that 0.6%l0fvould be directed towards microbial
growth. This important difference between the twalges must come from the different ways
of calculation of microbial composition. Mills et €2001) estimated that microbes require H
only when they grow with non-protein nitrogen (NRMEhd this requirement was assessed at
0.41 moles H per kilogram of microbes. This requirement levak lbeen set considering
polysaccharide-free microbial dry matter, whereesvipus studies took into account the
storage polysaccharide (Benchaar et al., 1998)sé&prently, in order to precisely assess the
amount of H used for microbial biomass synthesis, it will bec@ssary to standardize the
methods of calculation.

The between-experiment variability irp Ilequirement for microbial growth may also
come from the level of nutrients deficiency in thiets. Indeed, when the crude protein (CP)
content of the diet is low, microbes have to useNNddurce, which increases microbial
growth efficiency and then, Hiptake (Leng, 2014).

Table 6 Bacterial composition (from Reichl and Baldwin,759

Protein Nucleic acid Polysaccharide Lipid Ash
Bacteria (g/100g dry cells) 54.46 9.08 20.16 11.54 4.76
Bacteria (mol/100g cells) 0.474 0.028 0.124 0.019 - -
Hydrogen (atoms/mol) 7.59 12 10 55.8 -

V. BIOHYDROGENATION OF POLY-UNSATURATED FATTY ACIDS

Czerkawski (1986) and Mills et al. (2001) estindatieat only between 1 and 2.6% of
H, is uptaken for biohydrogenation, which consistsHnsaturation of double bonds of
unsaturated fatty acids. This means that the remuat CH, emissions observed in several
experiments testing polyunsaturated fatty acidsFH&RUN ruminants diets (Beauchemin and
McGinn, 2006; Beauchemin et al., 2009; Chung et24l11; Martin et al., 2008) cannot be

solely explained by biohydrogenation.
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For instance, we can assume that a complete satudd oleic acid (C18:1), linoleic
acid (C18:2) and linolenic acid (C18:3) requires2land 3 moles k respectively. When
applying these coefficients to the experiment oftMaet al. (2008), feeding 5.8% linseed oil
(49.2% C18:3; 21.3% C18:2; 15.1% C18:1) to lactatoows eating 14.7 kg DM would
reduce CH emissions by 25.1 g/day. However in this experim€rl, was reduced by 268.9
g/day which was 10 times more than theoreticallicudated, showing the absence of
relationship between the quantity of saturated tibbnds and the extent of ¢Hhhibition.

In other words, this difference highlights that tid, mitigating effect of PUFA is only partly
due to H uptake for biohydrogenation. Other reasons maya@xphe negative effects of
lipids on methanogenesis. PUFA must have a toxecebn protozoa which are importang H
producers (Doreau and Ferlay, 1995). The degratafiaiet digestibility with high doses of
PUFA (more than 5% added fat in Martin et al., 2068ist reduce K production and
availability for methanogens. As lipids are mostlgested in the intestine,,Hbroduction in

the rumen is reduced when fed in substitution db@lydrates.

V. OTHER HYDROGEN-SINKS COMPETING METHANOGENESIS

In aerobic environment, oxygen {QAs the most important #kink, due to its high
affinity for H, (O, + 2H, = 2H,0). Inversely, in anaerobic environment, £ @ropionate
precursors (Hattori and Matsui, 2008; Hendersor8019Reddy and Peck, 1978), nitrate,
sulfate (Laverman et al., 2012; Van Zijderveldlet2010), iron or manganese (Lovley, 1991,
Nealson and Saffarini, 1994) can play the role g&iHk. When all these electrons acceptors
are present in an anaerobic environment, thermadiynlaws define the ranking of molecules

reduction.

5.1. Thermodynamic laws governing the affinityle€®ons acceptors for hydrogen

Reactions betweenztand electrons acceptors are oxidation-reductiaoti@ns, which
involve two redox couples exchanging electrons hiamuple is composed of an oxidant (Ox)
and a reducer (Red):

Couple 1 (Ox¥Red): Red = Ox + ne (Oxidation)
Couple 2 (O¥/Red): Ox; + ne = Red (Reduction)
Final equation balance: Retl Ox, = Ox, + Red
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Each redox couple is characterized by an equilibrconstant between the oxidant
and the reducer, named the “standard reductionnpake (Eo, V) which measures the
tendency of the reducing agent to lose electrons (

Table 7). The exchange of electrons between two couplespantaneously possible if the
variationAEg between their standard reduction potential is pas{exergonic reaction):

AEy = B (Reduction) - & (Oxidation) > 0
Should this not be the caseH, < 0), the reaction would require energy (endergogaction).
The affinity between two redox couples is deterinyy the “Gibbs free energy’AG)
liberated during their reaction:

AG = -nF XAEg

Where n = number of electrons involved in the pssce= = Faraday constant (96.500
kJ/VImol) andAE, = the difference of standard reduction potentistveen the two redox
couples (V). In spontaneous process, is negative and the lower it is, the higher Wwél the
free energy liberated. This means that redox ceuplgh negative E will tend to give
electrons to redox couples with the more positiyeTen, in an given environment; Mill
have a decreasing affinity foL,NOs, MnOy, F€*, Fumarate, S§ and CQ (Table 8).

Table 7 Standard reduction potentials of several commdoxeouples at pH = 7 (Prescott et
al., 2010; Tratnyek and Macalady, 2000)

Redox couples Reduction half-reaction o (B)
H*/H, 2H" +26 > H, -0.42
Fedy/Fedeq Fedy+ € 2 Fedeq -0.42
NAD(P)'/NAD(P)H NAD(P)" + 2H" + 26 > NAD(P)H + H' -0.32
CO,/CH, CO,+ 8H + 86 > CH, + 2H,0 -0.25
SOZ/HS SOZ + 9H' + 8¢ > HS + 4H0 -0.21
FAD/FADH, FAD + 2H +2€ > FADH, -0.18
Fumarate/Succinate HOOCCH=CHCOOH +"2H2€ - HOOC(CH,),COOH +0.03
NO;/NO, NO; + 2H + 26 & NO, + H,O +0.42
Fe*'/IFe Fe' + e > F&' +0.77
O,/H,0O O, + 4H + 46 > 2H,0 +0.82
MnO,/Mn?* MnO, + 8H" + 56 > Mn*" + 4H,0 +0.84
NO,/NH," NO, + 8H + 6€ & NH," + 2H,0 +0.90
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Table 8 Gibbs free energy liberated betweenatd several electron acceptors

Redox couples AG (kJ)
O,/H,0 -239
NO;/NOy -162
MnO,/Mn** -122
Fe*'/IFe” -115
Fumarate/succinate -87
SOZ/HS -41
CO,/CH, -33

5.2. Electrons acceptors tested in rumen

The rumen being an anaerobic environmentc@&hnot be used to oxidize,HOthers
electrons acceptors have been tested in the rumereduce methanogenesis with the
hypothesis that they can efficiently compete fos, Heducing its availability for CiH
production. To our knowledge, fumarate (mentionbdva), nitrate and sulfate are the only
other electrons acceptors which have been téstedo.

Four moles K would be used in the reduction of 1 mole nitratel tmole ammonia
(via nitrite production by a periplasmic reductase;nveo et al., 2001; Simon et al., 2003) or
in the reduction of 1 mole sulfate to 1 mole hydmogulfide. Consequently, knowing that 4
moles H are also required to produce 1 moleCtHeoretically, 1 mole nitrate or sulfate in
diets would reduce CHproduction by 1 mole (22.4 L). Im vivo experiments, nitrate or
sulfate effectively reduced GHproduction (Table 9). Methane reduction efficiency
calculated as the ratio between observed @Hissions and expected ¢émissions based on
stoichiometry, ranged between 42 and 119%. Thdidmeit use of nitrate and sulfate may be
explained by the higher proportion of acetate i@ thmen of animals supplemented with
nitrate, which synthesis produces tbunteracting the reduction of, ldvailability caused by
these two chemicals (Nolan et al., 2010; Hulshafle2012; Veneman et al., 2014).
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Table 9 Efficiency of methane reduction when supplementingiinants with electrons
acceptors.

CH, reduction
Animal  Electron  Dose (9/kg DMI) Efficiency"

Reference species acceptor (% DM) Expected Observed (%)
Van Zijderveld et al.,, 2010  Ovine Nitrate 2.6 6.7 59 89
Van Zijderveld et al., 2011 Cattle Nitrate 2.1 5.4 3.0 56
Hulshof et al., 2012 Cattle Nitrate 2.2 5.7 6.1 107
Nolan et al., 2012 Ovine Nitrate 2.5 6.5 4.8 74
Veneman et al., 2014 Cattle Nitrate 2.0 5.2 4.6 89
Veneman et al., 2014 Cattle Nitrate 2.0 5.2 6.1 119
Van Zijderveld et al., 2010 Ovine Sulfate 2.6 6.7 82 42

1 Efficiency was calculated as the ratio betweerepledin vivo CH, emissions and expected ¢€H
emissions based on stoichiometry.

Supplementation of animals with nitrate or sulfatesents risks for their health,
which explain why large scale use of these two c¢bals is still not authorized in animal
nutrition. Indeed, rapid ingestion by animals ofthidoses of nitrate may induce nitrite
accumulation in the rumen which enters blood thhodlge rumen wall, leading to the
conversion of hemoglobin (Hb) to methemoglobin (rietLewis, 1951). Contrary to Hb,
metHb cannot transport oxygen and its accumulatiag become life-threatening. Hydrogen
sulfide coming from sulfate reduction may be erterdaby the animal and re-enter the body
during respiration. Inhalation of this gas by ruamts may induce polyoencephalomalacia
which is a neurologic disorders characterized lyams of the cerebral cortex (Gould, 1998).
Consequently, to counter the negative effects wate and sulfate, it would be interesting to
test novel electron acceptors.

Knowing the Gibbs free energy liberated during teédox reaction between,tand
iron (Table 8), we assumed that iron 1Il {Hecan also be an efficient electrons acceptor in
the rumen, by diverting one electron from methaneges. We tested this hypothesis
(unpublished data) using an automaidsitro rumen batch culture system (Muetzel et al.,
2014). Five sources of iron (4Nh iron Il sulfate, iron Il chloride, iron Il acewtiron Il
sulfate and iron IIl chloride) were incubated fd8 4 with a substrate made of hay and
concentrate (50:50) and a pasture-fed bovine inmeulhe iron Il sources were used to know
the outcome of iron Il coming from iron Ill reduati. Both iron Il and iron Il sources

reduced methanogenesis. Iron Ghitigating efficiencies, calculated as the ratietvieen
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expected Chlemissions based on stoichiometry and observegde@tissions, ranged between
84 and 93% for iron Il sources and averaged 84%dorlll sources.

As iron |l presented the same EHitigating efficiency than iron Ill, we made two
assumptions. Firstly, we assumed that iron may reéhanother pathway using lduch as
microbial biomass. To test this effect, iron Il &te (4 M) and iron Il chloride (4 M) were
incubated again for 48 h with glucose as the sodem-free substrate to quantify the effect
of iron on microbial growth. We observed that iioereased the concentration in insoluble
proteins (Figure 12), indicating that iron may emt& H uptakevia a better microbial
biomass synthesis. An additional dose-responseg sty highlight to which extent microbes
are sensitive to iron availability. Anyway, knowitige low contribution of microbes in the
use of H, other mechanisms must be involved in the,@titigating effect of iron.

Then, owing to the change in color of the mediuithiw the first 10 h incubation
(from green to dark black, Figure 10), we assunhedl iton Il and Il are reduced in another
form of iron while using electrons. In the rumemplving the average pH ([5.5;6.5]; Lettat,
2012) and Eh ([-150;-350]lmV; Marden, 2007; persatathbase), diagrams of iron minerals
indicate that iron should be in the form of viviEniFe(PQ,),.8(H.0)) and/or magnetite
(F&04) (Figure 11). Then, to reduce iron Il to ironniay be 3 rather than 1 electron which
would be deviated from methanogenesis.

Figure 10 Color of the medium after 48 h incubation with hawyd concentrate (50:50)
supplemented with (left bottle) or without (righdtbe) iron sources.
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Figure 11 Forms of iron minerals according to Eh and pH\{&ianite; B: siderite; Lemos et
al., 2007). Vertical and horizontal lines respedv correspond to pH and Eh ranges
commonly found in ruminal conditions. The red sguaepresents all the possible
combinations of pH and Eh in the rumen, with assed forms of iron.
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Figure 12 Insoluble protein concentration during 48 h indidrawith hay and concentrate
(50:50) supplemented with iron Il acetate (Mnand iron Il chloride (4 mif). Error bars
indicate standard deviation.
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CHAPTER 3: Emissions of gaseous hydrogen from the

rumen: small energetic losses

Rumen stoichiometric models aiming to predict,@&rhissions generally assume that
the amount of B produced is equal to the amount of iised on a molar basis (Alemu et al.,
2011; Benchaar et al., 1998; Mills et al., 2001jisThypothesis means that the idcovery in
CH,, VFA and microbial synthesis would be equal to%0Q®ith no B gas emitted from the
animal. Consequently, fewn vivo studies measured concentrations of émissions.
However, results from these studies showed tha¢rhissions occur, even if they generally

remain low, hardly detectable and represent a lenggntage of GEI (less than 1% GEI).

FACTORS OF VARIATION OF GASEOUS HYDROGEN EMISSIONS

1.1. Measurement of hydrogen emissions

In the literature, two methods have been useduntify gaseous Hemissions. In
both of them, animals were placed in respiratorgnebers but these methods differed in
terms of gas sampling method. The first one coedish manual sampling of gas with a
syringe in the chamber air intake and exhaust dQ¢ss Zijderveld et al., 2011). In the
second method, gas was automatically sampiad shunt from the air intake and exhaust
duct going directly to a gas analyzer (Pinaresf@att al., 2012a).

Gas composition was then analyzed by gas chromagiby. Two detectors have been
used, having different detection levels: an elexttemical H detector with a detection level
of 5 to 10 ppm (Pinares-Patifio et al., 2012a) aQ@luentron Breathtracker with a detection
level of 1 to 2 ppm (Van Zijderveld et al., 2011).

1.2. Factors influencing hydrogen emissions

1.2.1. Intake level and meals frequency
The higher the amounts of DMI, the lower areardd CH emissions (% GEI). Indeed,

the comparison of gaseous emissions of sheep ¢eelaising amounts of forage (DMI ranging

from 0.40 kg forage/day to 1.60 kg/day) showed (@Hl, and H emissions were linearly
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reduced: from 8.39% GEI to 6.02% GEI for £&hd from 0.052% GEI to 0.034% GEI fog H
(Hammond et al., 2013).

A low frequency of meals distribution induces highmostfeeding peaks of ;H
emissions associated to lower CEmissions. One study compared émissions of two
groups of sheep fed the same diet (60:40 mixtulaadrne hay and wheat grain) distributed
either two or eight times per day (Swainson et 2011; Figure 13). Daily CHemissions
were lower for sheep fed twice daily (3.47 vs 6.36%l) whereas klemissions were similar
between the two groups (0.061% GEI). However, sliegpwice daily presented high peaks
of H, emissions till 40 ppm one hour postfeeding, diyedbtllowed by peaks of CH
emissions (up to 180 ppm). Gaseous emissions resml@wver and basal value within 3 h for
H, (0 ppm) and 7 h for CH40 ppm). Inversely, sheep fed eight times a dagented more
regular gaseous emissions within a day, which nes&ched values higher than 15 ppm for

H, and which ranged between 80 and 160 ppm foy. CH
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graph) times daily. The arrows indictitees of feeding. (from Swainson et al.,

1.2.1. Diet composition and additives supplementation

High

starch diets reduce Gldmissions without necessarily reducingéthissions. A

comparison between sheep fed either grass or & &@ixture of lucerne hay and wheat grain
showed that KH emissions from animals fed the high concentragt ipresented 0.115%
GEI, which was six times more than the sheep fadg)(0.019% GEI) (Pinares-Patifio et al.,
2010). Inversely, Cklemissions were lower for sheep fed the high camatndiet (7.31 vs
11.66% GEIl). However, it was recently shown thatest fed 92.5% of concentrates
significantly emitted less Hthan steers fed a mixed diet with 52% concentréte$7 vs
1.79% GEI) whereas CHemissions (% GEI) were reduced by 37% with thd ligncentrate
diet (Rooke et al., 2014).

Some chemicals supplemented in the diet of rumenémt reducing Cll emissions

give rise to H emissions. While inhibiting methanogenesis by 4.6%l with 0.2% of
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hemiacetal of chloral and starch in diet, éiissions were detected in rams up to 1.7% GElI
(Johnson, 1972). Similarly, using the same inhibitath half of previous dosage (GH
reduction of 3.94% GEI), Hemissions represented 0.8% GEI (Johnson, 1974Yye Mo
recently, using 2.1% nitrate to reduce {3y 1% GEI, dairy cows emitted more than 0.017%
GEI, which was 2.5 times more than control cow80% GEI; Figure 14; Van Zijderveld et
al., 2011). When having a closer look to the kostione may observe that the peak of
gaseous kcaused by nitrate is situated 2 h postfeedinglahdefore the postprandial peak
of CH, emissions from control cows. Hydrogen release witrate supplementation may be
explained by the punctual inhibiting effect of thihlemical towards hydrogenotrophic

methanogens (lwamoto et al., 2001; Van Zijdervelal.e 2010).
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Figure 14 Methane and hydrogen emissions kinetics of dawyscsupplemented with nitrate.
The arrow indicates time of feeding. (from Van £ijdeld et al, 2011b)

Finally, H, emissions represent a low spoilage of energy (flo@06 to 1.8% GEI)
which is not used by the animal to produce VFA acrobial biomass. These low,Hevels
point out that the molecule is quickly metabolizedhe rumen. The relationship between H
and CH emissions is different betweém vitro andin vivo experiments, as a positive and
linear relationship has been reporiadvitro between these two factors (chapterlig)vivo,
this relationship would be dependent op ¢bncentrations: above 0.1% GEI, a rise of H
emissions may be associated with a reduction of, €rissions (Johnson, 1974, 1972,
Pinares-Patifio et al., 2010; Van Zijderveld et 20]1). Inversely, under 0.1% GElI; ldnd
CH, emissions are either not correlated (Swainsonl.et2811) or positively correlated
(Hammond et al., 2013).
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Il. CAUSES OF HYDROGEN EMISSIONS AND CONSEQUENCES

2.1. Two potential causes of hydrogen emissions

To our knowledge, nan vivo experiment reported simultaneous measurements of
dissolved H in the liquid phase of the rumen, gaseoyusrithe dorsal sac of the rumen and
emissions of K from the rumen. However, knowing the relationshgiween dissolved and
gaseous bl we assume that an increase of émissions is linked to an evacuation of
excessive gaseous;Homing from high dissolved Hconcentrations in the liquid phase.
Different scenarii may explain a build-up of i the rumen liquid phase: i) an increase in H
production with a constant,Hise, ii/ a constant Hproduction with a lower KHuse.

The first scenario may be applied in the case rofircrease of DMI, a higher
percentage of starch in diet or a lower feed fragyeénducing the arrival of a large amount of
feed in the rumen quickly fermented te.Hn that case, the rate of production of iHay
overload the capacity of methanogens to uséRdoke et al., 2014), therefore resulting ixn H
emissions (Swainson et al.,, 2011). Conversely,sé@nd scenario may be applied while
using anti-methanogenic strategies such as nithiteate was shown to reduce the quantity
of methanogens (Van Zijderveld et al., 2011), wrach consequently not sufficient enough to
compensate for the arrival ogbKbllowing ingestion.

2.2. Consequences of hydrogen emissions

Hydrogen is an indirect GHG: it does not intenath solar and terrestrial radiations,
but it perturbs the global distribution of importaBHG such as CHand ozone (§), by
reacting with hydroxyl radicals. However, beforasigering H emissions as a new source of
pollution from ruminants, two factors have to beptken mind. Firstly, despite some
variations, H emissions from ruminants remain at very low lev8kscondly, the GWP for H
is 5.8, which is much lower than GKHGWP = 21) (Derwent et al., 2006).
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Abstract

A meta-analysis was conducted to evaluate the teffefcprotozoa concentration on methane
emission from ruminants. A database was built fEShpublications reporting data from if6
vivo experiments. The experiments included in the det@abecorded methane production and
rumen protozoa concentration measured on the saogpg of animals. Quantitative data
such as diet chemical composition, rumen fermesrtatnd microbial parameters, and
gualitative information such as methane mitigatgimtegies were also collected. In the
database, 31% of the experiments reported a corteamieduction of both protozoa
concentration and methane emission (g/kg dry mattake). Nearly all of these experiments
tested lipids as methane mitigation strategiesc@yrast, 21% of the experiments reported a
variation in methane emission without changes imtqamoa numbers indicating that
methanogenesis is also regulated by other mechamsminvolving protozoa. Experiments
that used chemical compounds as an antimethanotgieaiment belonged to this group. The
relationship between methane emission and protaxweentration was studied with a
variance-covariance model, with experiment as adfieffect. The experiments included in
the analysis had a within-experiment variation aftpzoa concentration higher than 5.3;k0g
cells/ml corresponding to the average standardr exfdhe mean of the database for this
variable. To detect potential interfering factoos the relationship, the influence of several
gualitative and quantitative secondary factors wested. This meta-analysis showed a
significant linear relationship between methanession and protozoa concentration: H
(g/kg dry matter intake) = -30.7 + 8.14 x protoZtm; o cells/ml) with 28 experiments (91
treatments), root mean square error = 1.94 andstdjuR? = 0.90. The proportion of butyrate
in the rumen positively influenced the least squaeans of this relationship.

Keywords: methane, protozoa, meta-analysis, ruminant, Veltity acids

Implications

Our meta-analysis allows the effect of a variationrumen protozoa concentration on
methane emission to be quantified when protozogedmetween 4.5 and 7.3 {ggells/ml.
From selected experiments, a reduction of 0.12lpgptozoa cells/ml induced a significant
reduction of 1g methane/kg dry matter intake. Amutmg experiments of the database, 31%
reported a reduction of both protozoa concentraiod methane emission, most of these

using lipids. However, a reduction of methane emiswith no change in protozoa was
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reported in 21% of the experiments, showing thatqaoa are not the only factor responsible

for reduced methanogenesis.

Introduction

In the rumen, methanogens produce methane)(@tdinly from carbon dioxide (C£ and
hydrogen (H) released during fermentation of feeds by bacteristozoa and fungi. Protozoa
are involved in methanogenesis through their highdpction of butyrate (C4) and acetate
(C2), two volatile fatty acids (VFA) whose biosya#lis liberates 2 and 4 moles o H
respectively, per mole of fermented glucose (Sauggal., 2011). Half of this His used by
methanogens inside or in close association wittogoa cells, to produce GHCzerkawski,
1986; Williams and Coleman, 1992). Hence it wasatlypsized that the reduction of rumen
protozoa concentration might be an efficient waydexrease CHemission (Finlay et al.,
1994). Previous experiments testing experiment@wtation reported CHeduction ranging
from 13% to 35%n vivo (Hegarty, 1999; Morgavi et al., 2008; Morgavi &t 2012) and
from 9% to 25%in vitro (Newbold et al., 1995). However, the relationdbgbween protozoa
concentration and CHemission is not precisely quantified. Preliminavgrk on a limited
number of publications indicated that these twoapwaters were positively correlated
(Morgavi et al., 2010). This finding prompted usctnry out a deeper analysis of the effects
of a variation in protozoa concentration on Lémission, by applying a meta-analysis
approach with a variance-covariance model (Sauwnial., 2008). To this end, we
exhaustively gathered evidence from experimentsrtieyg simultaneous measurements of
CH,4 emission and rumen protozoa concentrations orsdah@g groups of animals. To refine
the study, we also tested the influence of qual#adnd quantitative interfering factors for

this relationship.

Material and methods

Selection of publications

We included in the database only publications répgm vivo data of both Chlemission and
rumen protozoa concentration measured on the samn@gof animals. To find publications,
bibliographical databases of editorial platforms efwWof Knowledge, ScienceDirect and
Google Scholar) were interrogated, with methanetozoa and ruminants as keywords.
Unpublished experiments from our research groufRANUMR1213 Herbivores) were also

added. Quantitative factors (intake, chemical cositmm of the diet, total tract digestibility,
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rumen VFA concentrations, rumen pH, rumen bactend methanogen concentrations, and
rumen sampling time relative to feeding time) wadged to the database when available,
with standard errors (s.e.) and statistical diffiees between treatments. Reported data of
rumen parameters in kinetics were averaged. Qtia#itefactors (animal species, GH
mitigation strategies, and techniques for measutiHg emission and protozoa concentration)
were also collected. Publications using /dission calculated from equations instead of
actual measures were excluded.

When relevant, treatments testing an additive ppEument were characterized by the main
active compound in the additive (e.g. C18:1n-9rfgeseed, diallyl disulfide for garlic, or
tannin for Quillaja saponarig, by the quantity of the additive and of the maictive
compound in dry matter, and by the physical fornth&f additive (grain, powder, oil). For
linseed, sunflower, rapeseed, soya, coconut artdnsged, when the lipid values were not
available, the quantity of the main fatty acid veadculated from tables of composition and
nutritive value of raw ingredients (Sauvant et 2004). An experiment was defined as one
control treatment and at least one experimentatrtrent testing one or several £H
mitigation strategies with the same basal diet. Whadevant, one publication could supply
different experiments, if controls were differefithe final curated database contained 59
papers (number of experiments Nexp = 76, numbetrezftments Nt = 219) including 6
unpublished experiments (Nt = 24) from our resegrciup. The list of published papers used

is given in Supplementary material S1.

Coding of experiments

Experiments were first classified into four growgzsording to their Cldmitigation strategy.
The group “biotechnology” (Nexp=13, Nt=35) consikte experiments testing experimental
defaunation, probioticsLactobacillus Propionibacterium SaccharomycesTrichosporon,
prebiotics (galacto-oligosaccharides) or exogenousrobial products (fibrolytic enzyme,
secondary metabolites froMonascus The group “additives” (Nexp=26, Nt=64) consisted
of experiments testing chemical compounds (iodogmep nitrate, sulfate), organic acids
(malate, fumarate) or plants rich in tannin, sapomi essential oil (anacardic acid, diallyl
disulfide, carvacrol, allyl isothiocyanate). Theogp “feed components” (Nexp=25, Nt=74)
consisted of experiments testing lipids (C12:0, :014C18:1n-9, C18:2n-6, C18:3n-3),
forages Cichorium intybusLolium perenngTrifolium repens, Trifolium pratens&edicago
sativa, Vigna unguiculajaor cereal grains (wheat, maize, barley). The grtassociation”

(Nexp=12, Nt=46) grouped experiments associatingrse strategies.
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Experiments were further coded according to théribdigion of the additive. Experiments
with a “dose-response effect” tested different amtewf an additive (Nexp=41, Nt=105).
Experiments with a “source effect” tested differepurces of an active compound given at
equal doses (e.g. the comparison between tannigmating from chestnut tree or acacia,
Nexp=21, Nt=62). Experiments with a “form effec&sted different forms of an additive
given at equal doses (e.g. the comparison betweseed fatty acids supplied as seed or all,
Nexp=2, Nt=6). Experiments testing experimentaladahtion were considered as having a
dose-response effect with protozoa as the actimgoond (Nexp=7, Nt=17).

Experiments were then sorted into four classes rdowp to their variations in CHor
protozoa: no variation of either parameters, vemmein protozoa concentration only, variation
in CH, emission only or variation in both parameters.tézoa concentration was expressed
as logp cells/ml, to ensure normal distribution of residud$iree experiments reporting
protozoa concentration as proportion of protoz&8 tDNA per total bacterial 16S rDNA, or
as log gene copies of protozoal 18S rRNA/g of fnesttter, could not be used, as conversion
to logp cells/ml was not possible. Methane emission wep@essed in g per kg dry matter
intake (DMI) to allow interpretation of data fromieals with different levels of DM intake,
i.e. large and small ruminants. Two papers hadet@Xxcluded, as DMI was not mentioned.
Experiments were considered as reporting a sigmfivariation in protozoa or GHf the
within-experiment variation of the parameter waspeztively higher than one or two times
the database average standard error of the meamJ(sfor the parameter. The threshold
levels for protozoa and GHvere then 5.3 log cells/ml (2.2 x 18&ml) and 1.1 g/kg DM,

respectively.

Statistical analysis

Description of the meta-desigmhe relationship between the four Chiitigation strategies
and their effects on protozoa concentration or, @hhission was assessed with three chi
square tests. The effect of the following classe<él, mitigation strategies was tested: (i)
variation in protozoa&s.no variation in protozoa, (ii) variation in GMs.no variation in Chj,

and (iii) variation in protozoa and/or GH

In addition, the relationship between quantitatisetors (see further) and rumen protozoa
concentration (log cells/ml) or CH emission (g/kg DMI) was examined to gain a better
understanding of the effect of these factors onrétationship between CHand protozoa.
This analysis was performed using all the experismanthe database except for those testing

defaunation, as they presented a high leveragetefieone-way ANOVA was used to test
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wether protozoa or CHvaried according to qualitative factors. In orderelucidate the
relationship between protozoa or £Bnd quantitative factors, various and complemgntar
approaches were taken. Firstly, global correlatiwas calculated using all treatments
irrespective of the experiment. Secondly, the betwexperiment correlation was calculated
using for each experiment, the mean of each faeaimd the mean of the protozoa
concentration or of the CHemission. Thirdly, the within-experiment correteti was
calculated with a general linear model (GLM) usiexperiments with a reliable within-
experiment variation of protozoa concentration b @mission:

Factor = a+ a; + B X protozoa + f5; X protozoa + e [1]

Factor =a+ a;+ BXCH,+ B; XCH,+ e [17]

where o = the overall intercepty; = the fixed effect of the experimenton the overall
intercepta, B = the overall slopgj; = the fixed effect of the experimeinbn the slope and e =

the random residual error.

Response of CHemission to a variation in rumen protozoa concatibn. The average
response law was sought using experiments thatlsdficient variation in rumen protozoa
concentration between control and treatment (aeevathin-experiment variation of 5.3 lgg
cells/ml). Five experiments using defaunated arsmare excluded, as justified above. A
GLM was applied to determine the relationship befw€H, (g/kg DMI) and rumen protozoa
concentration (log cells/ml):

CH, =a+ a; + B X protozoa + (; X protozoa + e [2]
whereaq, a;, B, i and e were as defined in equation 1. A quadrajusaédent was also tested
and compared with the linear one. The experimdateWas included in the model as a fixed
factor. Given that quantitative and qualitativetfas differed between experiments and that
they were not documented for all treatments, ont@imajor aims of this work was to study
and explain how these factors might affect theticiahip between protozoa and £H
emission. Normality of residuals was tested (AndetBarling test) and normalized residuals
were calculated. Treatments with high normalizesidgals (Nout, less than -3 or greater than
+3) were identified and discarded from the modedtasistical outliers if they also had a high

leverage effect based on Hi calculation and Costadce (Sauvant et al., 2008).

Determination of factors influencing the responawe.|Potential interfering factors for the
response of Clito protozoa were investigated. The interfering njative factors tested

were: intake level (g DMI/day per kg BW), total dtadigestibility of organic matter (OM),
44



Literature review: Hydrogen metabolism in the rumen

NDF, starch and CP (%), rumen total concentratioviFeAs (mmol/l), proportions of C2, C4
and propionate (C3) (mol/100mol), C2/C3 and (C2+C3) ratios (mol/mol), pH and
concentrations of bacteria and methanogens (cd)isim rumen fluid. The interfering
gualitative factors tested were: method of ,Ghkasurement ($Fchamber), Chimitigation
strategy (biotechnology, additives, feed componeassociation), animal species (large or
small ruminants), method of distribution of the iidd (dose-response, source, form) and
rumen sampling time (before feeding, i.e. more thiarhours after last feeding; after feeding,
i.e. less than six hours after last feeding; aretaye of before and after feeding).
The influence of these factors on the responseolfa@H, to protozoa was tested in a three-
step process as described previously (Loncke et2809). The first step consisted in
highlighting the interfering factors influencingetithree parameters of the model: slopes, least
square means (LSMeans) and residuals (i.e. therelifte between observed CH4 emission
and emission predicted by the response law). Aofdnfluencing the slopes or residuals may
explain differences in variations of Gldmission between experiments for a similar vamati
in protozoa concentration. A factor influencing t8Means may explain the differences in
CH,4 emission between experiments for a same levelatbpoa. Slopes and LSMeans of each
experiment used in the determination of the respdss were calculated and their correlation
with quantitative factors was tested. Residuals€obed minus predicted Gldmission) were
calculated for all the treatments in the databesegpt for experiments testing defaunation, in
order to ensure a normal distribution of the reaisluThe relationship between residuals and
guantitative factors was tested using the GLM pdoce with experiment as a fixed factor:
Residuals = a + a; + f X factor + [; X factor + e [3]
whereaq, a; B, Bi, and e were as defined in equation 1. A reliabl&iwiexperiment response is
achieved only with a minimal variation of the fact@hus for each factor, the within-
experiment variation was calculated and the exptsipresenting the 25% lowest variations
were not included in the GLM. The influence of diadive factors on the model parameters
was tested with a one-way ANOVA.
In the second step of the analysis, the significemerfering factors were included
individually in equation 2. Quantitative factors iwdested as additional covariable, either in
substitution of the experiment effect (equation) [d} in addition to the experiment effect
(equation [4']):
CH, = a+ [ X protozoa +y X factor + e [4]
CH, =a+ a; + B X protozoa + f; X protozoa +y X factor + y; X factor + e[4]
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whereo, o;, B, fi, and e were as defined in equatiory- the linear term for the factor agyd=
the fixed effect of the experimenbn the factor slope. This approach allows thetifleation

of factors able to replace the experiment effectlavbxplaining a part of the variability
between experiments not explained by the model.li@tiee factors were added as fixed
effects to the equation 2 with the experiment effexsted within the factor:

CH, = a + «a;(factor) + B X protozoa + factor + factor X protozoa + e [5]
wherea, p and e were as defined in equation 1 and the fixed effect of the experiment
(nested within the qualitative factor) on the oVenatercepto. In a third step, significant
interfering quantitative factors were included shitaoeously in equation 2 to rank them in
terms of how much they contributed to the relatmm®etween Chland protozoa.

At each step of the meta-analysis process, grapbluservations were made to check the
coherence of relationships, and to identify obvipabnormal values. All statistical analyses
were carried out using Minitab, Version 16. Statadtsignificance was consideredRa0.05
and a trend was declaredRat0.1.

Results

Description of the meta-design

A summary of the main database parameters is givérable 1. Information is presented
separately for large and small ruminants, represehy 37 experiments with dairy and beef
cattle and 39 experiments with sheep and goats.stdtstical difference was observed
between animal species for ¢mission (g/kg DMIP=0.707; g/kg LW,P=0.207), intake
level (g DMI/day per kg BWP=0.492), gross energy of the diet (MJ/kg DR%0.452) or
diet CP and OM content (g/kg DNP=0.103 andP=0.645, respectively). In contrast, small
ruminants had a more fibrous diet with a higher N&fatent (g/kg DM,P<0.001) and a
lower diet OM digestibility (%/=0.001), inducing a higher proportion in the runaénC2
and lower proportions of C3 and C4 (mol/100n#®t0.001) than in large ruminants. Rumen
protozoa concentration (lggcells/ml) tended to be lower in small than in Emminants
(P=0.075).

The CH, emission tended to be higher when expressed ig digestible OM intake
(P=0.074), and lower when expressed as a percenfagess energy intakePE0.097), in
small compared to large ruminants. On these reddeggisets presenting measurements of
OM digestibility or gross energy intake, ¢lEmission expressed in g/kg DMI did not differ
between small and large ruminan®s-0.899 and”=0.481, respectively).
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Table 1 Description of the complete database: methanesamisintake, diet composition and rumen parametelage and small ruminants

Large ruminants

Small ruminants

Species effect

Nt Mean  s.d. Min  Max Nt Mean s.d. Min Max P-value
Methane emission (g/kg DMI) 96 18.7 6.4 2.4 36.3 151 19.0 5.7 7.9 40.5 0.707
Methane emission (g/kg DOMI) 49 27.9 10.2 3.7 519 72 30.7 6.9 13.0 50.9 0.074
Methane emission (g/kg LW) 73 0.44 0.21 0.09 1.17 104 0.48 0.23 0.10 1.39 0.207
Methane emission (% of GE intake) 78 5.99 1.68 2.310.80 67 5.50 1.86 2.36 10.41 0.097
Intake (g DMI/day per kg BW) 77 24.9 9.3 11.5 43.2 100 25.9 9.6 11.5 46.4 0.492
Dietary composition (g/kg DM)
oM 69 916.0 30.0 800.0 966.0 62 9134 33.3 804.049.0 0.645
NDF 77  367.0 89.4 169.0 671.0 97 441.1 834 239.678.0 <0.001
Starch 33 2279 129.0 223 4720 6 224.0 44.2 0158.253.0 0.943
CP 81 1553 33.0 59.0 230.0 101 146.6 37.2 25.1 6.025 0.103
Gross energy (MJ/kg DM) 44 18.4 1.2 16.7 21.7 46 851 1.0 16.4 20.0 0.578
Concentrate: Forage (%) 92 46.2 16.6 0.0 90.0 117235 26.0 0.0 83.0 <0.001
OM total tract digestibility (%) 59 69.2 5.5 520 3.8 68 64.1 10.6 39.9 83.3 0.001
Rumen parameters
Protozoa (log cells/ml) 100 5.58 0.80 0.00 6.80 107 5.22 1.86.000 7.31 0.075
Total VFA (mmol/l) 85 108.0 25.0 447  165.3 112 .90 316 229 171.1 <0.001
C2 (mol/100mol) 89 62.1 4.8 48.2 74.3 112 69.5 4.460.3 79.1 <0.001
C3 (mol/100mol) 89 21.8 4.2 12.2 36.0 112 184 4195 27.5 <0.001
C4 (mol/100mol) 89 11.5 2.0 6.7 16.1 112 8.9 23 45 16.0 <0.001
Cc2/C3 89 2.99 0.79 1.34 6.07 112 402 120 234 228. <0.001
(C2+C4)/C3 89 3.54 0.91 1.54 6.89 112 454 135542 935 <0.001
pH 81 6.40 0.40 5.06 7.33 92 6.60 0.33 5.66 7.16 0.04

Min = Minimum; Max = Maximum; Nt = number of treaémts; DMI = dry matter intake; LW = live weight; GEgross energy; DOMI = digestible organic

matter intake; OM = organic matter; VFA = volafiitdty acids; C2 = acetate; C3 = propionate; C4 tytate.
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To measure CiHemission, 31 experiments (Nt=88) used the ®8&cer technique and 45
experiments (Nt=131) used open or closed chamBeosozoa concentration was determined
from rumen samples taken before feeding (Nexp=196M), after feeding (Nexp=34, Nt=89)
and both before and after feeding (Nexp=17, Nt=4hjs information was unclear or not
reported in six experiments (Nt=19). To determin®tqzoa concentrations, counting
chambers were used in 70 experiments (Nt=201) nekperiments (Nt=18) used gPCR.
Information on CH emission (g/kg DMI) and protozoa concentratiorg{docells/ml) was
collected for 70 experiments (Nt=198). The disttitwu of these experiments according to

their variation in CH or protozoa is presented in Table 2.

Table 2 Number of experiments without or with significamithin-experiment variation of
protozoa concentration (lggcells/ml) or methane emission (g/kg dry mattealked

No protozoa variation Protozoa variation
No CH, variation CH variation No CH variation CH variation
Biotechnology
Defaunation 2 0 3 2
Pro/Prebiotics,
Microbial products 2 3 1 0
Additives
Chemicals 0 2 0 0
Organic acids 2 2 0 0
Plant extracts
Tannins 1 0 2 2
Saponins 5 1 2 0
Essentials oll 1 3 0 1
Feed components
Lipids 1 4 1 10
Forages 5 0 1 1
Concentrates 0 0 1 1
Association 0 0 3 5

The chi square tests showed that no variationatogpa was mostly observed in experiments
from the “additives” strategy, whereas all the ekpents in the “association” strategy
reported variation in protozod£0.004). Conversely, if the effect on protozoa vvent
considered, no specific strategy affected,@hhission P=0.376). Looking simultaneously at
their effects on protozoa concentration and/or, @rhission, strategies were statistically
related to specific effects on these parameter.032). No variation in either protozoa or
CH,4 was observed in 19 experiments, in particulardghesting different forages. Conversely,

15 experiments reported a variation in Skth no variation in protozoa, mostly experiments
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testing chemicals or essential oils. Fourteen expts reported a reduction of protozoa
concentration with no change in ¢ldmission. A reduction of protozoa concentratiors wa
associated with a reduction of gl@mission in 22 experiments. Experiments testimaites
and lipids were the most numerous in this last grou

Table 3 reports the correlations between rumenopoat concentration and quantitative
factors. With a global analysis approach, rumertqz@a were negatively correlated to OM
and CP total tract digestibilityP€0.001), rumen total VFA concentratioR=0.001), C3
proportion P<0.001) and bacteria concentratid?=0.005). Using the same approach, rumen
protozoa concentration was positively correlateduimen pH P=0.019), proportion of C2
(P<0.001) and the ratios C2/C3 and (C2+C4)/@30.001). Similar trends were observed
with the between-experiment analysis approach, mxt rumen pH and bacteria which
were no longer correlated to protozoa. With thehimdexperiment approach, intake, NDF
digestibility, rumen proportion of C2 and the rati62/C3 and (C2+C4)/C3 were positively
correlated with protozoaP&0.001,P=0.018,P=0.009,P=0.047 andP=0.039, respectively)
whereas rumen proportion of C3 was again negaticetgelated to this parameter (P=0.003).
In none of these approaches were rumen proportio@4oand number of methanogens
correlated to protozoa. The rumen protozoa werrifgigntly affected by animal species,
CH, mitigation strategy and rumen sampling tirRe@.027,P=0.031,P=0.006, respectively;
data not shown) and a tendency was observed watmgthod of distribution (dose-response,
source, form) of the additivé€0.061; data not shown).

Table 4 reports the correlations between, @hhission and quantitative factors. With a global
approach, Chl emissions were negatively correlated with intaRe0(016), C3 proportion
(P<0.001) and rumen methanoge®s=@.012) and positively correlated with OM and NDF
digestibility (P<0.001 and?=0.002), C2 and C4 proportionB50.012 and?<0.001), C2/C3
and (C2+C4)/C3 ratios PE0.007 and P=0.001), rumen pH R<0.001) and bacteria
concentration B=0.017). With the between-experiment approach, Oigetibility, C4
proportion and rumen pH were also positively cated with CH (P=0.008,P=0.030 and
P=0.013, respectively) and C3 proportion and metbanoconcentration were negatively
correlated with ChH (P=0.009 andP=0.016). The within-experiment approach yielded the
same information as the between-experiment approexbept that C2 proportion was
positively correlated with CiH(P<0.001) unlike C4 proportiorPE0.169). Methane emission
was not significantly affected by animal species$i,@nitigation strategy, ClHmethod of
measurement or the method of distribution of thditagt (dose-response, source, form)
(P=0.131,P=0.431,P=0.084,P=0.331, respectively; data not shown).
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Table 3 Global correlation, between and within-experim@guation 1) relationship between rumen protozazentration and quantitative
factors

Rumen protozoa concentration (Jjpgells/ml)

Global Between experiment Within-experiment
Quantitative factors Nt r P-value Nexp r P-value Nexp Nt Slope  P-value
Intake (g DMI/day per kg BW) 151 -0.068 0.405 55 -0.079 0.564 27 83 2.618 <0.001
Total tract digestibility (%)
OM 125 -0.299 0.001 43 -0.326 0.033 21 68 1.254 0.382
NDF 125 -0.032 0.725 45 -0.089 0.563 18 57 4.305 0.018
Starch 31 -0.221 0.233 10 -0.253 0.480 4 13 -0.537 0.355
CP 71 -0.495 <0.001 28 -0.561 0.002 11 32  -0.009 0.997
Rumen parameters
Total VFA (mmol/l) 164 -0.249 0.001 57 -0.243 0.068 25 80 -0.372 0.921
C2 (mol/100mol) 168 0.365 <0.001 59 0.361 0.005 26 82 2.310 0.009
C3 (mol/100mol) 168 -0.435 <0.001 59 -0.452 <0.001 26 82 -2.432 0.003
C4 (mol/100mol) 168 -0.035 0.656 59 -0.062 0.643 26 82 0.665 0.159
C2/C3 168 0.462 <0.001 59 0.528 <0.001 26 82 0.426 0.047
(C2+C4)/C3 168 0.460 <0.001 59 0.525 <0.001 26 82 0.512 0.039
pH 154 0.188 0.019 54 0.217 0.116 23 74 0.116 0.065
Methanogens (cells/ml) 28 0.117 0.555 12 -0.010 0.975 3 8 4.090 0.717
Bacteria (cells/ml) 67 -0.340 0.005 22 -0.320 0.146 13 45  -6.200 0.725

Nexp = number of experiments; Nt = number of treaite; DMI = dry matter intake; OM = organic mattéFA = volatile fatty acids; C2 = acetate; C3 =
propionate; C4 = butyrate.
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Table 4 Global correlation, between and within-experim@afuation 1’) relationship between methane emisammhquantitative factors

Methane emission (g/kg DMI)

Global Between experiment Within-experiment
Quantitative factors Nt r P-value Nexp r P-value Nexp Nt Slope  P-value
Intake (g DMl/day per kg BW) 159 -0.191 0.016 59 0.196 0.138 34 99 0.038 0.382
Total tract digestibility (%)
OM 121 0.369 <0.001 42 0.404 0.008 21 69 0.292 00D.
NDF 121 0.278 0.002 44 0.269 0.077 22 65 0.356 00D.
Starch 31 0.082 0.661 10 0.019 0.958 7 25 0.053 .8090
CP 67 0.085 0.492 27 0.162 0.420 12 32 -0.176  8%:0.2
Rumen parameters
Total VFA (mmol/l) 172 0.018 0.819 61 0.008 0.951 33 102 0.046 0.879
C2 (mol/100mol) 176 0.188 0.012 63 0.174 0.171 35106 0.280 <0.001
C3 (mol/100mol) 176 -0.333 <0.001 63 -0.328 0.009 35 106  -0.312 <0.001
C4 (mol/100mol) 176 0.269 <0.001 63 0.274 0.030 5 3 106 0.049 0.169
C2/C3 176 0.204 0.007 63 0.188 0.139 35 106 0.075<0.001
(C2+C4)/C3 176 0.238 0.001 63 0.225 0.077 35 1060.087 <0.001
pH 160 0.293 <0.001 57 0.328 0.013 28 84 0.004 399D.
Methanogens (cells/ml) 28 -0.468 0.012 12 -0.673 .01® 9 22 0.262 0.097
Bacteria (cells/ml) 67 0.291 0.017 22 0.373 0.088 10 34 -0.770 0.910

Nexp = number of experiments; Nt =

propionate; C4 = butyrate.

number of treatts; DMI = dry matter intake; OM = organic mattéFA = volatile fatty acids; C2 = acetate; C3 =
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Effects of a variation of rumen protozoa concentrabn CH, emission
The within-experiment relationship between rumesigoa concentration and glmission
is presented in Figure 1. When protozoa conceatratanged between 4.5 and 7.3:lpg
cells/ml (0.3 and 206x2@ells/ml), the response law relating £emission (g/kg DMI) to
rumen protozoa concentration (legells/ml) was linear (equation 2):

CH, = -30.74 (s.e. 5.09) + 8.14 (s.e. 0.85) x protozoa
Where Nt = 91, Nexp = 28, residual mean square ¢rmm.s.e.) = 1.94, R? = 0.93, adjusted
R2 =0.90 and Nout = 0.

40

Methane emission (g/kg DM

3

4.5 50 5,5 6,0 6,5 7,0 7,5
Rumen protozoa concentration (log10 cells/mi)

Figure 1 Relationship between methane emission and rumetozma concentration (raw
data). The black dashed line represents the avevialm-experiment relationship (equation
2).

Effects of interfering factors for the response lahating CH, to protozoa

Table 5 presents the correlations between slopgd. 8Means of experiments from equation
2 with quantitative factors. One experiment presgnt very high slope value had to be
excluded to get a normal distribution of slop&-{.210) and LSMeansP£0.141). The
digestibility of OM and CP and the rumen proportioinC4 were positively correlated to
LSMeans P=0.013,P<0.001 andP=0.017, respectively) and slopes were correlateth wi
intake @=0.018) and CP digestibilityPE0.016). No other significant correlation was

observed.
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Table 5 Correlations between slopes and LSMeans of expgetsnfrom equation 2 with
guantitative factors

o Slope LSMeans
Quantitative factors Nexp Pvalue p Pvalue
Intake (g DMI/day per kg BW) 26 -0.460 0.018 -M32 0.111
Total tract digestibility (%)

oM 20 0.113 0.635 0.544 0.013
NDF 17 0.151 0.564 -0.080 0.759
Starch 4 -0.126 0.874 0.657 0.343
CP 10 0.731 0.016 0.911 <0.001
Rumen parameters
Total VFA (mmol/l) 25 -0.369 0.069 0.062 0.770
C2 (mol/100mol) 25 -0.153 0.465 -0.122 0.560
C3 (mol/100mol) 25 0.192 0.357 0.003 0.988
C4 (mol/100mol) 25 0.021 0.919 0.474 0.017
C2/C3 25 -0.257 0.216 -0.196 0.348
(C2+C4)/C3 25 -0.259 0.211 -0.158 0.450
pH 22 -0.096 0.670 -0.083 0.712
Methanogens (cells/ml) 3 0.890 0.301 -0.753 0.458
Bacteria (cells/ml) 13 0.161 0.600 -0.183 0.550

Nexp = number of experiments; LSMeans = least sguagans; DMI = dry matter intake; OM =
organic matter; VFA = volatile fatty acids; C2 =etate; C3 = propionate; C4 = butyrate.

Table 6 gives the within-experiment correlationvwedn quantitative factors and residuals
determined from equation 2 for all the experimeimtsthe database. The distribution of
calculated residuals did not significantly differofn normality P=0.054). They were
positively correlated to rumen proportion of CP=0.008) and the ratios C2/C3 and
(C2+C4)/C3 P<0.001) and negatively correlated to rumen proportf C3 P=0.013). No
gualitative factors influenced slopes or LSMeansrbaiduals were influenced by method of
CH; measurement, CHmitigation strategy, distribution of additive, aral species and
rumen sampling timeP&0.003,P=0.021,P=0.003,P=0.018 and”=0.006, respectively; data

not shown).
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Table 6 Within-experiment relationship between the resisifabserved Ckminus predicted CHwith equation 2) and quantitative factors
(equation 3)

Quantitative factors Var Nexp Nt Nout Intercepe(s. P-value Slope (s.e.) P-value r.m.s.e. R2
Intake (g DMI/day per kg BW) 0.3 41 119 2 13.5@®.6 0.019 -0.402 (0.213) 0.062 2.970 0.88
Total tract digestibility (%)
OM 1.8 32 94 3 -10.7 (7.49) 0.157 0.202 (0.113) 78.0 3.118 0.86
NDF 2.3 31 92 3 -1.2 (4.73) 0.806 0.096 (0.085) 66.2 3.206 0.80
Starch 0.3 8 27 0 -9.5 (31.75) 0.769 0.123 (0.337) 0.719 4.205 0.68
CP 1.2 20 50 2 5.2 (5.44) 0.350 -0.029 (0.090) D75 2.492 0.91
Rumen parameters
Total VFA (mmol/l) 4.0 43 128 4 2.3(3.48) 0.514 0@9 (0.035) 0.800 3.131 0.88
C2 (mol/100mol) 11 43 126 1 -23.2 (9.97) 0.023 0.420 (0.154) 0.008 831 0.87
C3 (mol/100mol) 11 43 125 1 12.4 (3.65) 0.001 36.40.172) 0.013 3.325 0.84
C4 (mol/100mol) 0.7 46 135 3 3.4 (2.96) 0.257 0.02a83) 0.945 3.147 0.86
C2/C3 0.2 43 123 1 -5.3 (2.37) 0.028 2.544 (0.667) <0.001 3.086 0.88
(C2+C4)/C3 0.3 42 121 1 -5.5 (2.44) 0.027 2.216Q8) <0.001 3.164 0.87
pH 0.1 40 119 3 6.6 (17.62) 0.709 -0.466 (2.717) 8640. 3.219 0.87
Methanogens (cells/ml) 0.2 10 23 0 1.1 (1.92) 0.582 0.756 (0.370) 0.064 3.435 0.81
Bacteria (cells/ml) 1.0 14 48 1 0.7 (0.93) 0.485 .082 (0.004) 0.647 2.777 0.92

Var = minimum within-experiment variation level thfe tested factor; Nexp = number of experiments; Number of treatments; Nout = number of outliers;
s.e. = standard error; r.m.s.e. = residual meaarsgerror; DMI = dry matter intake; OM = organictteg; VFA = volatile fatty acids; C2 = acetate; €3
propionate; C4 = butyrate.
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factors in addition (equation 4’) or in substitutiequation 4) of the experiment effect

Protozoa Factor
Quantitative factors Nexp Nt Nout Intercept (s.e.lP-value Slope (s.e.) P-value Slope (s.e.) P-value rms.e R?
Equation 2 28 91 0 -30.7 (5.1) <0.001 8.14 (0.85%0.001 - - 194 0.93
With experiment effect (equation 4)
Intake (g DMI/day per kg BW) 24 74 0 -28.3 (6.5) .61 8.51 (0.99) <0.001 -0.202 (0.223) 0.371 22.00.94
OM digestibility (%) 18 59 0 -38.7 (7.8) 0.001 8.0.87) <0.001 0.101 (0.098) 0.309 1.82 0.92
CP digestibility (%) 10 30 0 -15.0 (9.5) 0.131 B(1.12) <0.001 -0.273 (0.108)  0.020 161 0.89
C2 (mol/100mol) 23 73 0 -42.9 (10.3) <0.001 50P8) <0.001 0.376 (0.164) 0.027 1.68 0.95
C3 (mol/100mol) 23 73 1 -0.7 (7.2) 0.918 4.98 (0.9 <0.001 -0.578 (0.142) <0.001 153 0.96
C4 (mol/100mol) 23 73 0 -24.0 (5.3) <0.001 6.1310 <0.001 0.527 (0.226) 0.024 1.68 0.95
C2/C3 23 73 1 -24.3 (4.8) <0.001 5.50 (0.86) <0.00 2.437(0.619) <0.001 154 0.96
(C2+C4)/C3 23 73 1 -23.6 (4.8) <0.001 5.39 (0.85%0.001 2.110 (0.515) <0.001 153 0.96
Without experiment effect (equation 4)
Intake (g DMl/day per kg BW) - 74 1 -7.1(8.1) 0538 5.01 (1.38) 0.001 -0.229 (0.099) 0.023 6.11 180.
OM digestibility (%) - 59 1 -30.4 (8.0) <0.001 6.11.00) <0.001 0.253 (0.059) <0.001 422 0.38
CP digestibility (%) - 30 0 -30.6 (11.7) 0.015 b@.27) <0.001 0.247 (0.076) 0.003 3.00 043
C2 (mol/100mol) - 73 1 -8.2 (9.0) 0.362 4.19 (3.54 0.008 0.009 (0.115) 0.937 6.07 0.12
C3 (mol/100mol) - 73 1 1.04 (11.2) 0.927 3.337.5 0.038 -0.182 (0.156)  0.245 6.01 0.14
C4 (mol/100mol) - 73 2 -21.9 (8.2) 0.010 4.77 §).2 <0.001 1.093 (0.274) <0.001 548 0.28
C2/C3 - 73 1 -9.2 (8.8) 0.303 4.58 (1.65) 0.007 0.214 (0.570) 0.709 6.06 0.12
(C2+C4)/C3 - 73 1 -8.0 (8.8) 0.368 4.25(1.65) 1@.0 -0.002 (0.530)  0.996 6.07 0.12

Nexp = number of experiments;

Nt = number of treatte; Nout = number of outliers; s.e. = standardrer.m.s.e. = residual mean square error; DMh= d
matter intake; OM = organic matter; C2 = acetat@=(ropionate; C4 = butyrate.
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None of the qualitative factors appeared significahen included in the model with the
experiment effect nested within the factor (equato data not shown). Table 7 shows the
response law relating GHo protozoa with significant quantitative factoaslded to or
substituted for the experiment effect. Added toesixpent effect, CP digestibility and C3
proportion were negatively correlated to £émission P=0.020 andP<0.001), whereas C2
and C4 proportions and the ratios C2/C3 and (C2&Z3#Ayvere positively correlated to GH
emission P=0.027,P=0.024,P<0.001 and”<0.001, respectively). Substituted for experiment
effect, OM and CP digestibility and rumen C4 prdjwor were positively correlated to GH
emission P<0.001, P=0.003 andP<0.001, respectively), whereas intake was negativel
correlated to Cllemission P=0.023). When simultaneously including these fauargitative
factors in equation 2 together with protozoa cobegion (data not shown), protozoa
concentration #=0.028) and C4 proportion (P=0.018) explained 3986 d@8% of the
variability, experiment effect excluded. Intake attidestibility of OM and CP digestibility

were not significant.

Discussion

The database was well-balanced for animal specigd, almost the same number of
treatments between small and large ruminants. Afocmaing effect between diet
composition and animal species was noteworthy, laitpe ruminants having a diet richer in
energy than small ruminants. This led to differenge rumen fermentation profiles, with
lower proportion of C2 and higher proportion of @8large ruminants. However, GH
emission (expressed in g/kg DMI or g/kg LW) andtproa concentration (Iggcells/ml)
were homogeneously distributed between animal epe€onsequently, it appears unlikely

that any potential animal species effect wouldéwealed in further analyses.

Influence of CH mitigation strategy on CHand protozoa

Although the database was not built to evaluatégatibn strategies for their effect on ¢H
emission and rumen protozoa, the chi square tegtdighted that most experiments testing
lipids or tannins reduced both protozoa concemtnaind CH emission. This information
confirmed that a potential mode of action of thesmpounds on methanogenesis is through
protozoal inhibition. These additives may changaqroa membrane permeability, leading to
cell lysis (Doreau and Ferlay, 1995; Goel et &00%). As reported in a previous review, the
effect of these compounds is variable dependinghensource, the mode and the length of

administration (Popova et al., 2011). This coulglax the variability of the effects of these
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additives on protozoa concentration. As an examipliel, effect on protozoa is dependent on
the fatty acid profile, with a higher effect of niawoh chain fatty acids than polyunsaturated
ones, which was confirmed by our data: lauric aerdied to reduce protozoa more markedly
than polyunsaturated fatty acids (Jordan et aD620

Defaunation studies did not necessarily observedaation of CH emission. Difference in
diets may explain this variable effect as removapmtozoa has a more marked effect on
methanogenesis with high concentrate diets (Hegd@99). However, this effect was not
clearly seen in our database, as two out of foyesments reporting no variation in gGH
emission after defaunation used a diet with 83%caifcentrate. Conversely, in the two
experiments showing a reduction of £émission after defaunation, animals were fed & die
with more than 60% of concentrate.

Chemicals, essential oils and organic acids wesmntifled as methanogenesis reducers
without affecting protozoa. Two different mechanssoan be pointed out for these additives.
On the one hand, some essential oils are knowriréztly inhibit growth and activity of
methanogens inducing a direct reduction of,@rhission (Calsamiglia et al., 2007). On the
other hand, some chemicals and organic acids diderfrom methanogenesis to other
pathways. For example, nitrate and sulfate arecetitio ammonia and hydrogen sulfide,
respectively, with the consumption of four moles lf (Ungerfeld and Kohn, 2006).
Enhancing C3 synthesis with malate or fumarateckviare precursors of C3, is another way
to divert H from methanogenesis (Ungerfeld et al., 2007). Hareexperiments testing
organic acids in our database were inconclusiveali@Eady reported in a previous review
(Hook et al., 2010). A part of added fumarate mayubed for C2 production, balancing the
effect on C3 production (Ungerfeld et al., 2007).

Finally, in our dataset, forage modification, aduditof probiotics, prebiotics or exogenous
microbial products had a weak influence on protoamacentration, while their effect on GH
emission was variable. The mechanisms of actiaihede additives on GHmission remain

to be clarified. Probiotics and prebiotics may eitenhance specific microbial groups able to
use excess Hfor C3 synthesis, or stimulate microbial growttadang to a higher H
consumption for microbial biomass synthesis (Jeyamaet al., 2014). However, in one
experiment testing probiotics, GHield was reduced by 25% with no changes in rumina

fermentation and protozoa (Lettat, 2012).
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Effects of a variation in protozoa concentration@H, emission

To our knowledge, only one publication has esthblisa quantitative relationship between
numbers of protozoa and Gldmission (Morgavi et al., 2010). In that work @sandataset of
21 experiments, the number of protozoa explainé 47 the variability in CH emission
(r.m.s.e. = 3.25). Methane was reduced by 1g/KtHDMI by every decrease of 0.12 lgg
protozoa cells/ml. In agreement with these finding®e showed that rumen protozoa
concentration explained 93% of the variability ikl emission, and that a reduction of 0.12
logio protozoa cells/ml induced a reduction of 1g4&g DMI (r.m.s.e. = 1.94). Our analysis
is more reliable than the previous work as it ideld seven additional experiments and
presented a lower r.m.s.e. In addition, our apgradistinguished between intra and inter-
experiment effects, and focused more specificallyegperiments with a significant within-
experiment variation of protozoa concentration. €gaation 2 can be used to quantify with a
good accuracy the impact of changes in protozozertration (in the range 4.5-7.3 lgg
cells/ml) on CH emission in the wide diversity of intake level aidt composition defined
by the meta-design. However, the significant expernt effect implies that this equation
cannot accurately estimate the absolute 4 Céinission from a measured protozoa

concentration. Consequently, the study of intemfigfactors is required.

Interfering factors for the response law relatingl£to protozoa

One aim of this study was to improve our understandf the relationship between ¢lnd
protozoa by testing different quantitative and gaale potential interfering factors. A
reliable interfering factor can be accepted ifimtslusion into the response law does not lead
to a large variation in the initial equation slofpeotozoa linear term). When including the
experiment effect, the slopes associated with @eBstibility, VFA proportions and the ratios
C2/C3 and (C2+C4)/C3 were significant, but the s.m. of the overall equations were only
slightly improved. However, the change in the medwpe (or its s.e.) associated with
protozoa demonstrated confounding effects betwegantgative interfering factors and
experiment effect. A positive relationship betwdbe C2/C3 ratio and CHemission has
already been quantified by a meta-analysis appr¢@abvant et al., 2011). With the present
database, a similar relationship was obser®d 05, data not shown), and the residuals of
this relationship were evidenced to be positivayrelated to rumen protozoR<0.001, data
not shown).

When substituting for the experiment effect, intakeM and CP digestibility, and rumen

proportion of C4 significantly influenced the resge law relating CiHto protozoa, but
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strongly modified the slope associated with protgzmnd markedly increased the r.m.s.e. This
result shows that taking into account experimeetf#cts provides the most precise estimate
of the influence of protozoa on Gldroduction.

When simultaneously adding intake, OM and CP dilgdisy and rumen proportion of C4 in
equation 2, C4 proportion was the main interferiqgantitative factor, with a strong
contribution to the explained variability. It is éwn that protozoa preferentially ferment OM
to C4 rather than to C2 or C3 (Williams and Colem&af92; Brossard et al., 2004).
Surprisingly, in our database, we did not find amynificant relationship between protozoa
and C4, showing that C4 concentration cannot baidered as a direct indicator of rumen
protozoa activity. Other microbial populations nisey/responsible for C4 production, such as
Butyrivibrio fibrisolvens(Stewart et al., 1997). Unfortunately, our databesntained limited
information about quantity or diversity of otherran microbes, precluding further analyses.
The response law relating GHo protozoa is independent of qualitative facteugh as
method of CH measurement, animal species or 4Ciditigation strategy. No effect of
mitigation strategies was observed on the relatipnbetween protozoa and GHas only
experiments showing a relevant within-experimeniat@mn of protozoa concentration were
included in the analysis, which strongly orientbe selection towards experiments testing

lipids (nearly half of the eligible experiments).

Conclusion

By building an exhaustive database from experimeiits data for CH emission and rumen
protozoa concentration on the same groups of asjmaé showed that a reduction of
protozoa concentration was in most cases indicativaereduction of Cklemission. We also
guantitatively assessed the effect of a variatioprotozoa concentration on ¢ldmission.
We showed that this relationship was positivelyueahced by the proportion of butyrate in

the rumen.
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Table 10Steps and associated experiments conducted dherghiD thesis and justification for selection afreals and dietary treatments

Associated Animal type Justification
Steps experiment Number _ Dietary treatments Animals Dietary treatments Perspective
(approach) Experimental design

1&4

1/ CON: 50% hay + 50% concentrate
2/ NIT: CON + 2.3% nitrate (from calcium nitrate)
3/ LIN: CON + 2.6% added lipids (from linseed oil)

Non-lactating cows

1 n=4 Physiologically

« High-starch diet to favor protozoa

NIT and LIN doses calculated to reach 15cundamental and
20% CH, reduction when fed individually —mechanistic

(Invivo) 2 x 2 factorial design ;|\ s NIT: CON + 2.3% nitrate + 1.0% added ~ St20l€ animals -0 " 23040% reduction when fed in  study
lipids association
* Basal diet close to farm conditions
Lactating cows 1/ CON: 54% maize silage + 6% hay + 40% e Lower NIT dose to avoid health issues
2 2 n=38 concentrate Animals farm  with producing animals On-farm
(In vivo) Randomized block 2/ LIN+NIT: CON + 1.8% nitrate (from calcium of interest « Extruded linseed chosen as favored in applicability
design nitrate) + 3.5% added lipids (from extruded lingeed animal feed production (pelleting process
is more difficult with oil)
 High-starch diet to favor protozoa
. 1/ CON: 50% hay + 50% concentrate
Non-lacti\tlng COWS 5/ \IT: CON + 2.3% nitrate (from calcium nitrate) Physiologically NIT and TEA doses palculated to reacFrundamen_ta! and
3&4 n=4 3/ TEA: CON + 0.5% in (from t table animals 15-20% CH reduction when fed mechanistic
2 x 2 factorial design | 5% saponin (from tea) _ Stable animais individually and 30-40% reduction when study
3 4/ TEA+NIT: CON + 2.3% nitrate + 0.5% saponin . o
: fed in association
(In vivo)
Lactating cows 1/ CON: 54% maize silage + 6% hay + 40% . Basal diet close to farm conditions
_ Animals farm . . . On-farm
3 n=7 concentrate of interest TEA dose similar to the experiment with aplicabilit
2 x 2 crossover design 2/ TEA: CON + 0.5% saponin (from tea) non-lactating cows bp y
Non-lactating cows 1/ CON: 50% hay + 50% concentrate Phvsioloaicall Basal diet close to diet fed in experiments
n=2 2/ CON + 1, 2, 4 or 6 mM nitrate (from ammonium y gicaly 1 and 3 to non-lactating cows
2 repeated incubations nitrate) stable animals Nitrate doses chosen from literature revie
4 “Eundamental and
5 (In vitro) mechanistic
study

Non-lactating cows 1/ CON: 100% glucose
n=2 2/ CON + 1, 2, 4 or 6 mM nitrate (from ammonium
2 repeated incubations nitrate)

Physiologically
stable animals

Basal diet chosen to favor microbial
biomass synthesis

Nitrate doses chosen from literature review
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EXPERIMENTAL STRATEGY OF THE PHD THESIS

The literature review highlighted the importancd minal H, pool in
methanogenesis. Nowadays, dietary ,@hitigating strategies aimed at reducing its
availability for methanogensia a reduction of its productiolwr a modification of its
utilization. In the meta-analysis, we reported tifatls and plant extracts would be the most
pertinent strategies to reduce ptoductionvia a reduction of protozoa, whereas nitrate would
be the best user ofHtompeting with methanogenesis. However, thes¢egies have been
tested individually to reduce methanogenesis, ltstudies reported the Gihitigating
effect of their association.

We assumed that simultaneous manipulation gptdduction AND utilization allows
a more important reduction of GHemissions than when acting on a single pathway
(production OR utilization). Consequently the amaity of our experimental approach
consisted in associating lipids or plant extracthwitrate, in order to combine dietary
strategies having different mechanisms of actiothenrumen H pool. Then, this PhD thesis

was divided into 5 steps, corresponding to 4 expents (Table 10), which objectives were:

Step 1.1/ To evaluate the effect of association of fegditrategies acting onHbroduction
(lipids from linseed, toxic effect towards protozoa) and Htilization (itrate from calcium

nitrate, Hy-sink through nitrate reduction to nitrite and anma) on CH emissions, diet
digestibility and N balance of non-lactating co®6To understand the GHinitigating effect
of these feeding strategies fed alone or in asBonidy focusing on rumen Hpool and

fermentation parameters.

Step 2.1/ To evaluate the long-term effect iseed plus nitrate on CH, emissions,
lactating performances of dairy cows and animallthe@lood metHb, nitrate and nitrite
residues in milk and processed milk products).@theck the effect of linseed plus nitrate on

total tract digestibility, N balance and rumen fentation after long-term supplementation.

Step 3.1/ To evaluate the CHhmitigating effect and associated ruminal mechagissh
another feeding strategy acting on production ¢aponin from tea toxic effect towards
protozoa) fed alone or in association with nittateon-lactating cows. 2/ To assess effect of

tea saponin on diet digestibility, N balance arudaang performances.
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Step 4.To understand the effect of tested &hitigating strategies fed alone (linseed, tea
saponin, nitrate) or in association (linseed plusate or tea saponin plus nitrate) on the
guantity, activity and diversity of rumen microtadtom non-lactating cows.

Step 5.1/ To study the dose response effect of nitratenomitro production of rumen
fermentation end-products such as gas,(@htl ), VFA and microbial biomass (estimated
from insoluble protein). 2/ To understand the ,@Hitigating mechanisms of nitrate by

estimating metabolic Hdistribution between rumen fermentation end-pragiuc

Il. MATERIALS AND METHODS

During this PhD thesis, two new techniques havenlgeveloped in the team and will
be detailed in the next sections: i) continuous andivo measurement of enteric GH
emissions with open chambers; ii) continuous amdsitu measurement of dissolved; H

concentration in the rumen.

2.1. Continuous and in vivo measurement of entadthane emissions: open chambers

Quantification of individual Chlemissions is an essential measurement in this.work
Currently, our team has the skills and expertistherquantification of Cklemissions using
the SF6 tracer technique. However, this method doegive indications about daily kinetics
of emissions (Johnson et al., 1994). Inversely, dh@mber technique is considered as the
reference technique, and has the advantage tahconisly quantify Chl (and CQ) emissions
of ruminants, which provides interesting informatio explain fermentation pattern (Pinares-
Patiio and Waghorn, 2012). Consequently, four agembers for cattle were built by the
team in 2012 and were firstly used during this RhéEsis.

2.1.1. Description of the system and measuring principle

To measure kinetics of enteric ¢Hand CQ) emissions of cattle, our system
comprised 3 main components:
1/ The open chamberwas 2.2 m high, 3.6 m long and 2.1 m wide, givangolume of 16.6
m3. Floor dimensions gave the animal a 2 m? movérasa, which was close to its stall

condition. The chambers were made of steel withsparent polycarbonate walls allowing
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sight contact between animals and with the farnsgrerel. Chambers had front and rear
doors, with the front doors used for animal feeding the rear doors used to enter or milk the
animals, or to remove feces and urine collecte@ @aily in a wheeled box.

2/ The ventilation systemproduced an airflow between 500 and 1000 m3/hr&mas no
automated controller to adjust the airflow to theesand type of animal or to the gas
concentrations in chambers. In our experimentdloairwas manually set and averaged
75050 m3/h (approximately 45 air changes per lgaoh chamber. Air entered the chamber
through an aperture at the bottom of the rear @@icm high, 2.1 m long). The air exited the
chamber thanks to the air extractoa the exhaust duct situated at the top of the chgmbe
above the head of the animal. Airflow in the exhaligt of each chamber was continuously
measured (CP300, KIMO, Montpon-Ménestérol, Frarae) recorded with one data point
every 5 min (KT-210-A0, KIMO, Montpon-Ménestérokdnace).

3/ The gas analyzer(Ultramat 6, Siemens, Karlsruhe, Germany) altévebt measured
concentration (ppm) of gases (¢lnd CQ) in the barn (ambient air) and in the four
chambers at a 0.1 Hz sample frequency (one datg é@esec) for 5 min every 25 min. Gas
sample from ambient air was taken at the bottorthefrear doors from the four chambers,
where entered the airflow. Gas samples from eaambler were taken from the exhaust duct.
When entering the analyzer, gas samples were ditaca filter. The analyzer was fitted with
a data recording system (Nanodac Invensys, EurotBertomation SAS, Dardilly, France).

Open chamber Exhaust duct

Gas extraction for
analysis

Alr extractor

Air flow setting and
recording

Inflow

Figure 15 Description of the system for continuous monitgraf enteric CH emissions from
cattle. The yellow arrows linked with the dotteddiindicate the direction of the air flow
within the open chamber, from the inflow to theftmy.
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The gas analyzer operated with an infrared (IR¢ater, using the principle that some
gases are able to absorb specific wavelengths o&yR Figure 16). A transmitter sent an
infrared radiation which was divided into two beamn)sthe reference beam which passed
through a reference cell with nitrogen gas)(Msistant to IR rays; ii) the measurement beam
which passed though the measurement cell with #sesgmple to analyze. As ¢Hnd CQ
absorb IR radiation (C{d 3-9 um; CQ: 14 um), the concentration of Gknd CQ was
positively correlated with the amount of absorbd®l fdays. Then, the reference and
measurement beams arrived in the receiving cefil thie detector. They were compared using
the reference beam as a baseline, and the amoanritiofy IR rays was quantified. According

to the calibration curve, the concentration of,GHd CQ were finally calculated.

i .
m ) m
l Infrared beam
Gas analyser Measurement beam Reference beam

AN
Entry of the gas to analyze \\\ E .
o
o
S ®
< g
g 2
3 o
o o
= Q
T =
)
= >
/// . N
7
Exit of analyzed gas

A\ 4 v

Receiving cell

Figure 16 Functional schematic of the methane and carbaxidbayas analyzer

2.1.2. System setup and functioning

The week before starting measurement, the gagzaralas calibrated with a defined
gas mixture of Ch (650 ppm) and C®O(700 ppm), and with a pure gas,{Nvhich allowed
blank calibration. During the measurement weekl|oairand gas data were collected daily,

and treated with an home-made Excel macro to atle@H emissions (L/day):
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1/ For each chamber and ambient, ;,Githta were averaged over the 5-min interval and
interpolated by linear regression to get one datat@very 5 min.
2/ For each data point and for each chamber, amkiel concentration was subtracted to
CH, concentration of each chamber.
3/ For each chamber, Glemissions (L/day) were calculated from Ltbncentration (ppm)
and airflow (L/h):

CH, (L/day) = CH, (ppm) X 107% X airflow x 24

Since the gas going into the analyzer was driegl,assumed that to obtain ¢H
emissions in the environmental sampling conditianhsyas necessary to apply the Wexler
equation on airflow data (Pinares-Patifio et al122). This equation required to get the
temperature (T), pressure (P) and relative humifii) in the chamber (exhaust duct) to
calculate the volume mixing ratio of water vapoMR):

(ap+ay XT+ ag XT? 4+ a, XT3 +as XT*+ag XT° +a; XxT®) X RH
P
With ay, @&, &, &, &, & and a being the coefficients of water vapor (6.11, 0843 x 10,
2.65 x 10°, 3.02 x 1@, 2.04 x 1¢ and 6.39 x 18", respectively). The VMR was then used

to calculate the dry gas flow (DGF), which is thdlaw (L/h) corrected for environmental

VMR =

conditions:

100 — VMR

~ 100

The airflow corrected for environmental conditiowss converted to have the airflow in

DGF = Airflow X (

standard condition of temperature and pressure (5§
P X DGF 273.15
T T+273.15  1013.25
Finally, CH, emissions (L/day) were calculated from fLebncentrations (ppm) and STP

(L/h):

STP

CH, (L/day) = CH, (ppm) X 1076 X STP x 24
However, the difference between uncorrected ancectad CH emissions by environmental
parameters was low (~3%), leading us to the coraiubat this correction is not appropriate

in our experimental conditions.
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2.2. Continuous monitoring of rumen dissolved hgéroconcentration: adaptation of a

H,-sensor to the rumen environment

According to the literature review (chapter 1))yotwo methods allowin situ and

continuous measurement of dissolveglddncentrations in the rumen. Hillman et al. (1985)

used a Clark-type oxygen electrode placed withiea thmen and connected to a mass

spectrometer. In the method of Smolenski and Robir$988), dissolved Hs uptaken by a

carrier gas passing through a probe immerged iné rumen and connected to a gas

chromatograph. These methods have two disadvantdghsy require important equipment

(mass spectrometer) and large-size probes whichdmsayb the ruminal environment; ii) the

response time is quite long (90% response in 2 mhgreas the turnover time ot kh the

rumen is much quicker (0.08 sec). Consequentlychase to adapt ajkéensor commonly

used in marine research forsitu and continuous measurement of dissolve@dhcentration

in the rumen.

2.2.1.

Description of the system and measuring principle

Monometer

Rumen content

Silver cathode
(reference electrode)

N Reduction:
20+ 2¢ > H,

H,-sensor

Electrolyte

Silicone membrane

Platinum anode

C%_ Oxidation:
H,> 2H" + 2¢

Figure 17 Description of the system fon situ and continuous monitoring of dissolved H

concentration in the rumen
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For in situ and continuous measurement of dissolvedcéhcentration in the rumen,
the system included 3 componerfg(re 17):
1/ The H,-sensor(H2-500, Unisense, Denmark) was 17 cm long and dias@tere 22 mm
at the top and 0.6 mm at the tip. The limit of gifecation of H, concentration was 0.3Mu
and the sensor gave a 90% response in 3-15 secgldabg-made tip hosted a Clark-type
electrode made of a silver cathode (referencerelde} and a platinum anode, which both
bathed into a conductive solution (or electrolyid)e tip was closed by a silicone membrane
allowing ruminal dissolved o diffuse into the sensor.
2/ The current amplifier or monometer (Microsensor Monometer Version 1.0, Unisense,
Denmark) generated an electric current flowingha H-sensor in a closed-circuit system,
from the cathode to the anode, and from the anmdeet cathode through the electrolyte. The
electrical voltage (800 mV), dependent on the casitipm of the gas to analyze, was set
according to manufacturer instructions.
3/ The computer set with the Sensor Trace Basic softwa (Version 3.1.3., Unisense,
Denmark) calculated and recorded dissolve@dhcentrations every second.

Concentration of dissolved,ivas measured in a two-step process:
1/ Dissolved Hin rumen content diffused into the sensor throtnghsilicone membrane until
reaching an equilibrium concentration.
2/ Dissolved H was oxidized at the anode. Electrons flowed frbm @anode to the cathode
(opposite direction of the electric current), gextiexg a low-intensity electric signal measured
by the monometer. Protons remained in the eled&alytil their reduction with electrons
coming out of the cathode.

Then, higher was Hconcentration in the rumen and in the sensor relgte, higher
was the electric signal generated during electiftow. In other words, the electric signal

measured by the monometer was positively correlatdddissolved H concentration.

2.2.1. System setup and functioning

According to manufacturer instructions, a pre-paion period was applied before
using the sensor, during which it was simply come@do the monometer set to its electrical
voltage (800 mV). This process was essential tahletsensor retrieving a stable and weak

baseline,via elimination of B which could have accumulated in the electrolyteindu
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storage. Then, longer was the period of non-agtivit the sensor, longer was the time
required for pre-polarization (from 10 minutes tb@irs).

After pre-polarization, the sensor was calibratgith a defined gas mixture ofHand
H.-free inert bulk carrier gas (80%,H20% CQ). Knowing that H solubility is dependent
on salinity and temperature (Wiesenburg and Gumat879), the sensor was placed in a
water bath at 39°C in order to reach similar caodg to the rumen. As the sensor linearly
detected partial pressure of,H two-point calibration curve was created asmenended by
Unisense: the sensor was immerged into the watarveghout bubbling (0 M Hy) and the
electric signal read by the monometer after stzddilon was recorded (first calibration point).
Then, the defined gas mixture of Was allowed to bubble until stabilization and meinog of
the electric signal (second calibration point). Kaag that the maximum concentration of
dissolved H in the rumen is 740.9M (see literature review for calculation), the diged H,
concentration is 740.9x0.8 = 592.Mwhen a 80% klgas is bubbling.

After completing these two steps, the sensor veasly for measurement. Before
inserting the sensor into the rumen through thengka) it was protected with a custom-made
plastic cap, and ballasted with a 1-kg weight teuee continuous measurement of dissolved
H, concentration at the bottom of the rumen (Figue 1

Plastic cap
for H, sensor
protection

1-kg weight

Figure 18 Protection cap of the #sensor
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The sensor in its protection was connected to rttmometervia a 10-m wire
extension protected in a plastic tube. After insartof the sensor into the rumen, the
protected wire was attached to the cow with a resn® make sure the animal cannot move
the device. The cannula was closed with a plastik to limit rumen liquid and gas leakage
(Figure 19).

Harness

Protected wire extension

Plastic cork

Figure 19 Hydrogen sensor setup on the animal
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Linseed plus nitrate reduce methanogenesis Results

STEP 1: Additive effect between dietary linseedamitl nitrate

as methane emission-reducer in cattle

Objective

1/ To evaluate the effect of association of feeditrgtegies acting onsHproduction (lipids from linseed, toxic
effect towards protozoa) and, Htilization (nitrate from calcium nitrate, ;k$ink through nitrate reduction to
nitrite and ammonia) on GHemissions, diet digestibility and N balance of #actating cows.

2/ To understand the GHmitigating effect of these feeding strategies bygusing on rumen Hpool and
fermentation parameters.

Experimental approach

4 non-lactating cows 3— 2 x 2 Factorial desigi—» CON: 50% hay + 50% pelleted concentrate
e NIT: CON + 2.3% nitrate (from calcium nitrate)
LIN : CON + 2.6% added lipids (from linseed oil)
i = LIN+NIT : CON + 1.0% added lipids + 2.3% nitrate

4 experimental periods of 5 weeks (wk 1 to 2 = Adtpn; wk 3 to 5 = Measurement)

WEEK 12| 3| 4| 5
Daily intake
Blood metHb (3 h after morning feeding, once a week)
Kinetics of rumen dissolved ftoncentrations (during 6 h after morning "ﬂ
feeding, one day/cow)
Total tract digestibility, N balance (6 days)
Rumen fermentation (0 and 3 h after morning feedinigre a week)
Daily kinetics of CH emissions (4 days)
Daily kinetics of rumen pH (6 days)
Main results
Diet P-Value
) ) Linseed
CON NIT LIN LIN+NIT  SEM Nitrate Linseed ]
x nitrate
DM intake (kg/day) 12.4 12.3 12.3 12.2 0.59 0.22 350. 0.86
CH, emissions (g/kg DM intake) 25.0 194 20.7 17.0 00.7 <0.01 <0.01 0.18
DM digestibility (%) 63.7 64.1 64.0 63.3 0.77 0.85 0.65 0.43
N balance (% of N intake) 7.4 11.8 4.0 4.8 2.25 00.2 0.03 0.35
Rumen protozoa (lagmL, 0h) 587 571 555 5.73 0.060  0.91 0.03 0.02
Rumen C2/C3 (0 h) 474 468  3.97 4.41 0.221 0.39 0.04 0.26
Rumen H concentrations (M) 3.6 453 4.0 21.0 14.10 0.07 0.41 0.39
Conclusion

Nitrate plus lipids from linseed have an additivel,&nitigating effect without altering digestibilitynd N

balance. These two dietary strategies have diffemedes of action on the rumern idool. Further work is
necessary to assess the long-term effect of tligcaion on methanogenesis, rumen microbiota aunthed
performances.
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Abstract

The objective of this study was to test the effeictinseed oil and nitrate fed alone or in
combination on methane (GHemissions and diet digestibility in cows. The exment was
conducted as a 2 x 2 factorial design using 4 paitius non-lactating Holstein cows (initial
BW 656 + 31 kg). Each experimental period lastegegks, with measures performed in the
final 3 weeks (wk 3 to wk 5). Diets given on a DMsls were: 1) control (CON, 50% natural
grassland hay and 50% concentrate), 2) CON withlid%ged oil (LIN), 3) CON with 3%
calcium nitrate (NIT), 4) CON with 4% linseed olup 3% calcium nitrate (LIN+NIT). Diets
were offered twice daily and were formulated toival similar amounts (DM basis) of CP
(12.2%), starch (25.5%) and NDF (39.5%). Feed offes restricted to 90% of voluntary
intake (12.4 kg DMI/d). Total tract digestibilitynd N balance were determined from total
feces and urine collected separately for 6 d dunikgl. Daily CH, emissions were quantified
using open chambers for 4 d during wk 5. Rumen éatation and microbial parameters were
analyzed from samples taken before and 3 h afeemibrning feed. Rumen concentrations of
dissolved hydrogen (Hl were measured continuously up to 6 h post-feedisiogg a H
sensor. Compared with CON, linseed oil and nitdgereasedR < 0.01) CH emissions
(g/kg DMI) by 17 and 22%, respectively, when fedred and by 32% when combined. The
LIN diet reduced CH production throughout the day, increasdd £ 0.02) propionate
proportion and decrease® € 0.03) ruminal protozoa concentration compareth \@ON.
The NIT diet strongly reduced Ghyroduction 3 h post-feeding, with a simultaneousease

in rumen dissolved Hconcentration, suggesting that nitrate does niyt act as an electron
acceptor. As a combined effect, linseed plus mitedso increased toncentrations in the
rumen. Diets had no effecP (> 0.05) on total tract digestibility of nutrientexcept with
linseed oil which tended to reduce € 0.10) fiber digestibility. Nitrogen balance (% N
intake) was positive for all diets but retentionsawasser B = 0.03) with linseed oil. This
study demonstrates an additive effect between teit@and linseed oil for reducing
methanogenesis in cows without altering diet digdiy.

Keywords: hydrogen, lipid, methane mitigation, nitrate, raamt
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Introduction

Enteric methane (CH from ruminants is one of the most important gherrse gas at the
farm level (Gerber et al., 2013), and representerargy loss to the animal (2-12% of GE
intake; Johnson and Johnson, 1995). Lipids anatrittNQ) emerged as persistent and
viable dietary options for mitigating GHemissions from ruminants (Doreau et al., 2014a).
Linseed reduced methanogenesis (-5.6% per 1% ddfddoreau et al., 2011) but this effect
was not always reported (Chung et al., 2011; Vemem@a al.,, 2014). Linseed, rich in
polyunsaturated fatty acids (PUFA), may improvenaali product quality (Scollan et al.,
2001; Chilliard et al., 2009), but fat doses gre#éttean 5% may lower animals’ performance
(McGinn et al., 2004; Martin et al., 2008). In tihet, NO;” repeatably reduced GHmissions
(-10% per 1% added NQ Lee and Beauchemin, 2014), but its use as asubstitute still
requires investigations into its possible impaatsamimal health, digestive parameters and
residuals in animal products for human consumption.

In the rumen, ChHis mainly produced by methanogens using carbomiadko(CQ) and
hydrogen (H). Both are fermentation end-products, but asidlimiting, modulating its
concentration could reduce methanogenesis (HegadyGerdes, 1999). Linseed and ;NO
affect the rumen Kpool in unique ways. Linseed reduces pfioduction mainly through its
toxic effect against rumen protozoa, which are mepproducers (Morgavi et al., 2010). As
fat is not fermented in the rumen, substitutiomuwhen fermentable substrates for lipids may
also reduce Kproduction. To a lesser degree, PUFA can redycavHilability in the rumen
by consuming K during biohydrogenation (Czerkawski, 1986). Ngramodifies H
consumption by reducing the number of methanog¥as {ijderveld et al., 2010) and by
acting as a kisink (Lewis, 1951).

As these dietary treatments share different mesh@of action, we hypothesized that their
combination would have an additive effect that etullesser net methanogenesis than when
they are individually fed. However, as a feedingatelgy should reduce GHemissions
without adverse effect on animals’ digestive effimy, performance and health, our
hypothesis was tested in an in vivo experiment wihcows designed to evaluate the effect
of linseed plus nitrate on: 1) GHemissions and mechanisms involved in methanogenesi

(rumen H pool and fermentation); 2) diet digestibility ami¢rogen balance.
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Materials and methods

The experiment was conducted at the animal fagsliaf the Experimental Unit UERT at the
INRA’s Theix Research Centre (Saint-Genés-Champ@nErance) from January to June
2013. Procedures involving animals were perfornreddcordance with French Ministry of
Agriculture guidelines for animal research and witte applicable EU guidelines and
regulations on experiments with animals. The expent was approved by the local
Auvergne-region ethics committee on animal expeniisgon, approval number CE50-12.

Animals, experimental design and diets

Four multiparous non-lactating Holstein cows fitteih rumen cannulas (initial average BW
of 656 = 31 kg and age of 6.7 £ 1.5 years, mearD} &d habituated to handling were
housed in individual stalls during the experimefhe cows were randomly assigned to 4
dietary treatments in a 2 x 2 factorial designngsither calcium nitrate or linseed oil at two
different doses (0 and 3% for calcium nitrate; @ 486 for linseed oil). Each experimental
period lasted 5 weeks, with measures performedhenfinal 3 weeks (wk 3 to wk 5). The
diets, given on a DM basis, were: 1) control (COR)CON with 4% linseed oil (LIN), 3)
CON with 3% calcium nitrate (NIT), 4) CON with 4%ms$eed oil and 3% calcium nitrate
(LIN+NIT). The doses of linseed oil (Vandeputte BSawmerie et Huilerie, Mouscron,
Belgium) and calcium nitrate (75% NQOn DM; Phytosem, Pont-du-Chateau, France) were
calculated to achieve a theoretical Otdduction of 20% when distributed alone (Martin et
al., 2008; Van Zijderveld et al., 2011; Hulshobét 2012).

Ingredients and chemical composition of the expental diets are reported in Table 1. The
CON diet consisted of 50% natural grass hay (héedes semi-mountainous and permanent
grassland areas) and 50% concentrate (DM basig)s Biere formulated at the beginning of
the experiment to meet at least the ME requiremiamtsnaintenance of non-lactating cows
(INRA, 2010) and to get sufficient and similar l&ssef NDF (to avoid any risk of acidosis;
Krause and Oetzel, 2006), starch (to favor protodeaelopment; Jouany, 1989), and CP.
Diet levels of fermentable N were kept moderaterigler to assess the effect of nitrate on N
output. Diets were adjusted to have the same NGandoncentrations by including urea and
calcium carbonate in the non-NIT diets (i.e. COM &iN). Calcium carbonate was used as it
has low solubility in the rumen and thus avoids thenation of calcium salts with lipids
(Keyser et al., 1985). A commercial mineral-vitanpiremix was added in equal amounts to
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all diets. Forage was distributed without furtheogessing. All other ingredients including

linseed oil or nitrate or both were pelleted in camtrates (InVivo NSA, Chierry, France).

Table 1Ingredients and chemical composition of the expenital diets

Diet'
Item CON NIT LIN LIN+NIT
Ingredient, % of DM
Hay 50.00 50.00 50.00 50.00
Pelleted concentrate
Wheat 25.23 25.23 25.23 25.23
Maize 15.00 15.00 15.00 15.00
Calcium nitraté 0 3 0 3
Linseed oil 0 0 4 4
Calcium carbonate 1.7 0 1.7 0
Urea 1.22 0 1.22 0
Dehydrated beet pulp 4.08 4 0.08 0
Molasses beet 1 1 1 1
Binder 1 1 1 1
Mineral-vitamin mix 0.75 0.75 0.75 0.75
Aroma 0.02 0.02 0.02 0.02
Chemical composition
OM, % of DM 91.3 91.5 91.8 91.8
CP, % of DM 12.7 12.2 12.1 11.7
NDF, % of DM 40.1 40.2 38.8 38.7
ADF, % of DM 23.3 23.1 22.2 22.2
Starch, % of DM 25.4 25.7 25.7 25.3
Ether extract, % of DM 2.08 1.90 4.66 3.12
Total fatty acids, % of DM 1.61 1.24 3.53 2.05
GE, MJ/kg of DM 17.4 16.6 18.3 17.7
Fatty acid, % of total fatty acids
Ci16:0 18.56 24.55 14.18 20.38
C18:0 1.98 2.58 4,92 6.56
C18:1 n-9 19.53 22.90 23.13 28.60
C18:2 n-6 47.50 29.33 24.89 21.22
C18:3n-3 8.01 7.72 29.37 17.63

1 CON = control; NIT = diet CON containing 3% caleiwnitrate; LIN = diet CON containing 4%
linseed oil; LIN+NIT = diet CON containing 4% linsg oil and 3% calcium nitrate.
2 5Ca(NQ),.NH,NO;.10H,0; 75% NQ in DM.

Feeding and management
Two weeks before starting the experiment, cows ealeCON ad libitum. Then, throughout
the experiment, offered feed was restricted to @%ndividual voluntary feed intakes (1.8

times ME requirements for maintenance) to ensunepbete consumption. The LIN, NIT and
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LIN+NIT concentrates were progressively suppliedreglacing the CON concentrate. The
LIN concentrate was distributed at maximal doseradt 5-d transition period. The NIT and
LIN+NIT concentrates were distributed at their nmaal dose after a 10-d transition period.
Throughout the experiment, feed was offered twiakyd66% at 0800 h and 34% at 1600 h
for hay; 60% between 0800 and 0930 h in 3 equdigr® and 40% between 1600 and 1630 h
in 2 equal portions for concentrates). Distribut@fnconcentrates was fractionated to reduce
the risk of methemoglobinemia (metHb; Morris et, 41958). Forage-to-concentrate ratio
(50:50) was kept as close as possible to the taagjet by adjusting the amounts of hay and

concentrates offered daily. Cows had free accesster throughout the experiment.

Measurements and analyses

Intake. Feed intake was weighed and recorded daily thrautgtice experiment to estimate
DMI. There were no refusals during the experim&atnples of each feed (200 g of hay and
concentrates) were taken on 2 days in wk 4 and wk &ch period. One sub-sample was
used to determine DM content (103°C for 24 h) andtlzer sub-sample was stored at 4°C
before being pooled at the end of the experimehés€& pooled samples were ground down
using an Ultra Centrifugal Mill (0.75 mm sieve; Bt GmbH, Haan, Germany) and analyzed
for chemical composition.

Organic matter was determined by ashing at 550G fb (method 942.05; AOAC, 2005).
Total N was analyzed by combustion according to Ehenas method (method 968.06;
AOAC, 2005), and CP content was calculated as N.256.6Fiber (NDF and ADF) was
determined by sequential procedures (Van Soest, di9891) after pretreatment with amylase,
and expressed exclusive of residual ash. Starchamal/zed using an enzymatic method
(Faisant et al., 1995). The GE was analyzed byeisbgplic calorimetry (C200 model, KA,
Staufen, Germany). Ether extract (EE) was deterghaiter acid hydrolysis (method 954.02;
AOAC, 2005), and fatty acid (FA) composition wadeaitmined by gas chromatography of
methyl esters (method 969.33; AOAC, 2005).

Cow liveweights and methemoglobinem@ows were weighed at the beginning of the
experiment and at the end of each experimentabgelievels of blood metHb were measured
on all cows 3 h after morning feeding (1100 h) ba tay before the start of the experiment
(control blood) and then at d 3 and 5 (1% calciutrate in the diet), d 10 (2% calcium nitrate
in the diet) and d 12, 17, 19 and 22 (3% calciutnate in the diet) of each experimental

80



Linseed plus nitrate reduce methanogenesis Results

period for cows fed NIT and LIN+NIT. Blood from cewed CON and LIN was not analyzed
as we assumed that there was no risk of metHb.dB(®0 mL) was sampled from the jugular
vein into K2-EDTA collection tubes (Venosafe, TemnGuyancourt, France) and packed on
ice for metHb content to be determined by specwophetry (UV-160, Shimadzu, Marne-
La-Vallée, France) within 1 h at the nearest hasdi€CHU Gabriel Montpied, Clermont-
Ferrand, France; method of Kaplan, 1965). A metHiegshold value was set at 30%
hemoglobin (Hb). Any animal meeting this cut-off wld be removed from the experiment
and treated with 1% methylene blue (The UnitedeSt&harmacopeial Convention, 2008).

Diet digestibility and nitrogen balanceTotal tract digestibility and N balance were
determined from total and separate collection ce$eand urine for 6 days during wk 4 of
each experimental period. To separate urine fraresiecows were fitted with flexible pipes
(Doreau et al., 2014b) connected to a 30-L flagktaiaing 500 mL of 3 M sulfuric acid to
achieve a urine pH < 3 and thus avoid N volatilmat Feces and urine were removed once
daily.

Each morning, after weighing and mixing of fecesl% fresh aliquot was used for DM
determination (103°C for 24 h) and a 0.5% freskjualt was pooled across days for each
animal and frozen (-20°C). At the end of the expent, pooled samples were thawed, dried
(60°C for 72 h) and ground (1-mm screen) to deteen®M, N, NDF and ADF content as
previously described.

Each morning, after weighing urine, a 0.5% freshjumlt was pooled across days for each
animal and frozen (-20°C). At the end of the expent, the N content of thawed urine was
determined by the Kjeldahl method (method 2001AQAC, 2005) as it was impossible to

apply the Dumas method on fresh urine.

Rumen fermentation parameterBotal rumen contents were sampled (~200 g) from th
ventral sac through the cannula before (0745 h)&ahdafter (1100 h) the morning feed on 2
non-consecutive days (d 3 and 5) in wk 4 of eagbeamental period. The samples were
strained through a polyester monofilament fabri®0(2um pore size) and filtrate was
subsampled for subsequent analyses. For VFA asalyd mL of filtrate was mixed with 0.5
mL of a 0.5 M HCI solution containing 2% (w/v) mphesphoric acid and 0.4% (w/v)
crotonic acid. For ammonia-nitrogen (BtN) analysis, 1 mL of filtrate was mixed with 0.1

mL of 5% orthophosphoric acid. For lactate andab@mitrite concentrations analysis, 3 mL

81



Linseed plus nitrate reduce methanogenesis Results

and 20 mL of filtrate, respectively, were collectedhout preservative (Sar et al., 2004). All
these samples were stored at -20°C until analifsis protozoa counts, 2 mL of filtrate was
mixed with 2 mL of methyl green-formalin solutiondastored away from direct light until
counting.

Concentrations of VFA and NMN were analyzed by gas chromatography with a flame
ionization detector and by colorimetry, respectivgdMorgavi et al., 2008). Lactate
concentrations were determined by colorimetry (DRittic acid, BioSentec, Auzeville-
Tolosane, France). Nitrate and nitrite concentretiovere analyzed by colorimetry (method
EPA 353.2; SmartChem 200, Unity Scientific, Broekdi USA; Laboratoire Vétérinaire et
Biologique, Lempdes, France). Protozoa were coubtednicroscopy and categorized as
either small (< 100 pum) or large (> 100 um) entadmorphs, or as holotrich®ésytrichaor
Isotricha) (Williams and Coleman, 1992). Data for protozoerevliogoe-transformed before

statistical analysis.

Monitoring pH and dissolved Hconcentration in the rumerRumen pH was monitored
continuously over wk 5 using commercial bolusesofeB, eCow, Exeter, UK). One day
before measurement, the boluses were calibratedy umiffer solutions (pH 4 and 7; HM
Digital, Culver City, CA). One bolus per cow wasnrarsed in the ventral sac of the rumen.
Data were then recorded every 15 min during 6 dalys, after which the boluses were
removed. At the end of each experimental perioth dere uploaded by telemetry to a digital
tablet before being transferred to a computer.

The dynamics of dissolved,Honcentrations in the rumen were successively anedson
each cow in wk 3 (one day per cow) with a $¢nsor (H2-500, Unisense, Denmark). The
electrode was connected to a microsensor monomietex 10-m wire extension (Unisense,
Denmark), and the monometer was connected to algertomputer running Sensor Trace
Basic software (Version 3.1.3; Unisense, Denmarkg sensor was polarized (800 mV) once
in wk 3 (8 h before the start of measurement) aaldbmated daily by immersion in a water
bath at 39°C bubbling with a 80%,&0% CQ gas mixture. The sensor and wire extension
were protected using a custom-made plastic capub®d(Figure 1). The system was ballasted
with a 1-kg weight and introduced into the cow'swival sac through the cannula at 30 min
before the morning feed (i.e. 0730 h). The setus fitted taking care to avoid gas and liquid

leakage from the rumen. Dissolved ¢bncentration readings were recorded every sefmnd

82



Linseed plus nitrate reduce methanogenesis Results

6 h after the morning feed. For an easier use@ft#nsor, it was essential to remove it when

the rumen was not full i.e. before the afternoadfeg.

A H_-sensor

/\ Monometer

B

Passage of
rumen fluid to
theH,-sensr

Custom-made plastic |
cap and tuk

1 kg weight

Figure 1. Use of B-sensor (Unisense, Denmark): A. Overall setup wé&hsor, monometer
and computer; B. Protection cap of the sensor.

Methane and carbon dioxide emissiofrswk 5, animals were placed in open chambers (1
animal/chamber) for 4 consecutive days. Individt@bl CH, and CQ emissions were
measured continuously fromd 1 (0730 h) to d 5 Q073

Each chamber was 2.2 m high, 3.6 m long and 2.lide,wgiving a volume of 16.6 m3. The
chambers were made of steel with clear polycarlmonails allowing sight contact between
animals and with the farm personnel. Chambers tad &ind rear doors, with the front doors
used for animal feeding and the rear doors usexhtier the animals and to remove feces and
urine collected in a wheeled recovery box. Frordt esar doors were never simultaneously
opened in order to avoid an air stream into thendyea. The feces and urine recovery boxes

were removed each morning and immediately replagéd new ones in order to minimize
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chamber opening time (5 min per chamber on averd§fagn rear doors were closed, front
doors were opened (5 min per chamber on average)dming (1 portion of hay at 0800h, 3
portions of concentrates at 0800, 0830 and 093@thaternoon (1 portion of hay at 1600h, 2
portions of concentrates at 1600 and 1630h) feeding

The chambers operated at a slight negative pressiitean air flow oscillating between 700
and 800 m3/h (approximately 45 air changes peAmjlow entered the chamber through an
aperture at the bottom of the rear door (0.42 md)exited through an exhaust duct situated at
the top of the chamber, over the head of the animiallow in the exhaust duct of each
chamber was continuously measured (CP300, KIMO, tptamMénestérol, France) and
recorded with one datapoint every 5 min (KT-210-A0MO, Montpon-Ménestérol, France).
Concentration of gases in the barn and in the #nblees was alternatively analyzed at a 0.1
Hz sample frequency for 5 min every 25 min usingrdrared detector (Ultramat 6, Siemens,
Karlsruhe, Germany) and recorded (Nanodac Inven&sotherm Automation SAS,
Dardilly, France). The detector was manually calibd the day before each measurement
period using pure Nand a mixture of CIH(650 ppm) and C&O(700 ppm) in M. Missing data
between 2 measurement intervals were recoverethegrlregression. Chamber doors were
never opened during gas analysis, so no data wasede Real-time gas emissions in a
chamber were calculated by the difference betw&amber and ambient gas concentrations
multiplied by the airflow corrected for temperaturelative humidity and pressure according

to the Wexler equation (Pinares-Patifio et al., 2012

Statistical analyses

Except for metHb, data were analyzed using the MIXfocedure of SAS (Version 9.2; SAS
Institute, 2009). Gaseous emissions (Cdhd CQ) and rumen fermentation parameters
measured during several days (n = 4 and 2 daypectsely) were averaged per period
before being included in the statistical analy3é® model included the random effect of cow
(n = 4) and fixed effects of period (n = 4), niggCON and LIN versus NIT and LIN+NIT),
linseed (CON and NIT versus LIN and LIN+NIT) andetinteraction nitrate x linseed.
Rumen fermentation data obtained before and adetifig (VFA, NH-N, lactate, protozoa,
nitrate and nitrite concentrations) were analyzgidgithe same model and for the 2 sampling
hours separately. Continuous measurements of rlipkhadissolved H concentrations and
CH, emissions were analyzed by repeated time. Sevevariance structures were compared,

and compound symmetry (CS) was selected as itteglsn the lowest values for the Akaike’s
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information criteria. The model included the fixetfects of period, hour, nitrate, linseed,
nitrate x linseed and the interactions between lamat dietary treatments (linseed x hour,
nitrate x hour, linseed x nitrate x hour). Diffeces among treatments were tested using the
PDIFF option. Data were considered significar®® a 0.05. Least squares means are reported

throughout.

Results

Liveweight and blood methemoglobin

Animals gained on average 26.5 kg per experimgmaabdd, with a final BW at the end of the
trial of 762 + 47 kg. For diets containing nitrgdd!T and LIN+NIT), blood metHb gradually
increased the first 12 d of adaptation period,fmuanimal exceeded 26.3% metHb (Figure 2).
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Figure 2 Boxplot of blood metHb levels of non-lactating oved diets containing 3%
calcium nitrate with or without 4% linseed oil (n8F. The box represents the quartiles with
the median at the center and the vertical lineseggmt the maximum and minimum value
within 1.5 interquartile range of the higher anevéo quartile, respectively. Values greater
than 1.5 interquartile range are considered aseosithnd are identified with a star. Blood was
analyzed during the 3-wk adaptation period, thevaindicates the start of the measurement
period.

Methane and carbon dioxide emissions
Dry matter intake of cows while in chambers wasghme as outside, showing the absence of
stress of animals, and that Cldetermination in our experimental conditions aately

reflected emissions throughout the trial. Methamedpction was different among diets
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irrespective of the unit of expression (TableP2< 0.01). Compared with CON, GHg/d)
was 18, 23 and 33% lesser for LIN, NIT and LIN+NIBspectively. An additive CH
mitigating effect between linseed and nitrate @i x nitrateP > 0.05) was observed when
CH,4 was expressed as a function of DMI, digested Digested OM or as a percentage of
GE intake. When expressed per kg of digested NDH, €nissions from cows fed nitrate-
containing diets were lesser than emissions fromscted other dietsR = 0.01). With
LIN+NIT, CH4 emissions were close to those of animals fed Nidwsng the absence of
additive effect between nitrate and linseed.

Diets affected the daily pattern of gldmissions in different ways (Figure 3). For CON, 2
peaks of CH production were observed at around 2 h after fegdvith the largest peak after
the morning feeding that represented 66% of tred tiily ration. The Clklemissions pattern
of LIN was similar to CON but emissions of LIN werensistently lesser throughout the day.
In contrast to CON, with NIT and LIN+NIT, the peakgre not observed, and ¢Emissions

increased at 3 h post-feeding. Contrary to,OEO, emissions (g/d or g/kg DMI) were not
affected by dietary treatments.

Table 2 Methane and carbon dioxide emissions of non-lexgjatows fed diets containing
linseed oil and calcium nitrate alone or in assomma(n = 4)

Diet’ P-value
CON NIT LN LIN®NIT SEM Nitrate Linseed -89
nitrate
DM intake, kg/d 12.4 12.3 12.3 12.2 0.59 0.22 0.35 0.86
Methane emissions
g CHyd 308.6 238.1 252.7 206.8 9.61 <0.01 <0.01 0.08
g CHy/kg DM intake 25.0 19.4 20.7 17.0 0.70 <0.01 <0.01 0.18
g CHykg digested DM 39.3 30.3 324 27.0 1.18 <0.01 ¥0.0 0.14
g CHy/kg digested OM 36.8 28.3 30.3 25.1 1.06 <0.01 ¥0.0 0.12
g CHykg digested NDF 55.9 43.1 47.1 43.1 2.42 0.01 0.06 0.07
% of GE intake 7.2 5.8 5.6 4.8 0.20 <0.01 <0.01 40.2
Carbon dioxide emissions
g Co/d 9191 9323 8988 8789 562.1 0.84 0.06 0.35
g CO/kg DM intake 745 757 732 721 28.1 0.98 0.19 0.49

! Data were collected during 4 consecutive dayskisw

2 CON = control; NIT = diet CON containing 3% caleiwnitrate; LIN = diet CON containing 4%
linseed oil; LIN+NIT = diet CON containing 4% linse oil and 3% calcium nitrate.

% Linseed = main effect of linseed (CON and NIT wsr&IN and LIN+NIT); Nitrate = main effect of

nitrate (CON and LIN versus NIT and LIN+NIT); Linse x nitrate = interaction between main effects
of linseed and nitrate.
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Figure 3 Daily methane production pattern of non-lactatiogs fed diets containing linseed oil and calciumnaté alone or in association (n =
4). Errors bars indicate SD. Treatments consistemwatrol diet (CON), CON containing 3% calciumrate (NIT), CON containing 4% linseed
oil (LIN) and CON containing 4% linseed oil and 3%icium nitrate (LIN+NIT). The arrows indicate tinoé feeding. Symbols indicate hourly
statistical comparison Pk0.10; *P<0.05; **P<0.01; **P<0.001) between treatments: linseed = main effedhseed (CON and NIT versus
LIN and LIN+NIT); nitrate = main effect of nitrat6CON and LIN versus NIT and LIN+NIT); linseed x naite = interaction between main

effects of linseed and nitrate.
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Rumen fermentation parameters

Mean rumen pH was greater for NIT and LIN+NIT comgmawith CON and LIN (Table 3;
+0.23 units on averagd® = 0.03). Diet LIN+NIT showed significantly greatpH values
compared with CON during daytime, starting 3 hrafite morning feeding (Figure 4). Mean
dissolved H concentrations in the rumen tend€&< 0.07) to be greater for diets including
nitrate compared with other diets (+89%). Theddncentration was constantly low up to 6 h
post-feeding for CON and LIN (3.8 Figure 5) but showed a significant jump as eagyl

h post-feeding nitrate (NIT and LIN+NIT). Hydrogeoncentrations started to decrease 2 h
post-feeding for LIN+NIT and at 3 h post-feeding fdIT. Compared with CON, #
concentrations were on average 5.9 and 12.6 timesgay for LIN+NIT and NIT treatments,
respectively.

Concentrations of total VFA were similar among slibefore and after feeding. Linseed-
containing diets increased propionate proporticefere and after feedind?(= 0.02), leading

to lesser acetate: propionate and (acetate + ejyf@opionate ratios compared with other
diets. Nitrate-containing diets modified VFA prefl after feeding onlyP( = 0.01), with
greater acetate and lesser propionate proportiodscing greater acetate: propionate and
(acetate + butyrate): propionate ratios compardd wther diets. At least, nitrate-containing
diets increased Ni-N (+20%;P = 0.04) concentrations before feeding. Nitratecemtrations

in the rumen were lesser than the limit of quardiion (13.3 mg/L or 0.22 k).
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Figure 4 Daily pattern of rumen pH of non-lactating cows fdidts containing linseed oil and calcium nitralena or in association (n= 4).
Errors bars indicate SD. Treatments consisted imtrabdiet (CON), CON containing 3% calcium nitrgdéiT), CON containing 4% linseed oil
(LIN) and CON containing 4% linseed oil and 3% aatc nitrate (LIN+NIT). The arrows indicate time ftdeding. Symbols indicate hourly
statistical comparison Pk0.10; *P<0.05; **P<0.01; **P<0.001) between treatments: linseed = main effetihseed (CON and NIT versus
LIN and LIN+NIT); nitrate = main effect of nitratdCON and LIN versus NIT and LIN+NIT); linseed x naite = interaction between main
effects of linseed and nitrate.
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Figure 5 Rumen dissolved hydrogen concentrations up to &dn geeding non-lactating cows with diets contagnhilinseed oil and calcium
nitrate alone or in association (n = 4). Treatmewissisted in control diet (CON), CON containing 8&%cium nitrate (NIT), CON containing
4% linseed oil (LIN) and CON containing 4% linseaitland 3% calcium nitrate (LIN+NIT). The arrow iiedtes time of morning feeding.
Symbols indicate hourly statistical comparisoR<0.10; *P<0.05; **P<0.01; **P<0.001) between treatments: linseed = main effethseed
(CON and NIT versus LIN and LIN+NIT); nitrate = maeffect of nitrate (CON and LIN versus NIT and HNIT); linseed x nitrate =
interaction between main effects of linseed anchtat

90



Linseed plus nitrate reduce methanogenesis

Table 3Rumen fermentation characteristics of non-lactatiows fed diets containing linseed
oil and calcium nitrate alone or in associatior (4)

Results

Dief’ P-value’
Time after . : Linseed
lten . CON NIT LIN LIN+NIT  SEM Nitrate  Linseed .
feeding (h) x nitrate
Total VFA, mM 0 73.8 72.7 69.4 71.4 6.42 0.93 0.56 0.75
3 111.9 102.6 102.6 107.7 6.52 0.74 0.74 0.28
VFA composition,
mol/100 mol
Acetate (A) 0 70.9 69.5 69.5 69.6 1.00 0.53 0.53  430.
3 70.2 73.4 67.0 73.1 1.07 0.01 0.15 0.23
Propionate (P) 0 150 15.0 17.6 16.0 0.59 0.20 0.02 0.23
3 15.8 14.8 194 154 0.95 0.01 0.02 0.06
Butyrate (B) 0 10.3 114 9.0 10.4 0.71 0.08 0.11  810.
3 104 8.7 10.1 8.4 1.20 0.19 0.82 0.98
Minor VFA* 0 3.79 4.15 3.58 3.94 0.321 0.31 0.54 1.00
3 3.77 3.08 3.54 3.10 0.197 0.01 0.46 0.37
A:P 0 4.74 4.68 3.97 4.41 0.221 0.39 0.04 0.26
3 4.48 5.03 3.52 4.79 0.233 <0.01 0.01 0.09
(A+B):P 0 5.43 5.44 4.48 5.06 0.230 0.20 0.02 0.22
3 5.14 5.62 4.07 5.34 0.278 <0.01 0.01 0.08
NHs-N, mM 0 5.84 6.79 4.87 6.68 0.555 0.04 0.34 0.44
3 15.11 14.34 16.15 14.35 0.932 0.22 0.59 0.60
Total lactate, il 0 0.56 0.65 0.57 0.65 0.039 0.06 0.81 0.97
3 0.83 0.71 0.78 0.68 0.107 0.24 0.69 0.91
Nitrate, mg/L° 0 <LoQ <LoQ <LoQ <LoQ -- -- -- -
3 <LoQ <LoQ <LoQ <LoQ -- -- -- --
Nitrite, mg/L 0 0.12 0.58 0.12 0.83 0.246 0.07 0.66 0.66
3 0.24 0.45 0.24 0.37 0.168 0.32 0.79 0.79
pH Mean 6.20 6.30 6.07 6.42 0.101 0.03 0.94 0.15
Hydrogen, M Mean 3.58 45.28 4.03 21.00 14.097 0.07 0.41 0.39

! Data were collected during 2 non-consecutive daysk 4.
2 CON = control: NIT = diet CON containing 3% caleiwnitrate; LIN = diet CON containing 4%
linseed oil; LIN+NIT = diet CON containing 4% linsg oil and 3% calcium nitrate.

® Linseed = main effect of linseed (CON and NIT wer&IN and LIN+NIT); Nitrate = main effect of
nitrate (CON and LIN versus NIT and LIN+NIT); Linse x nitrate = interaction between main effects
of linseed and nitrate.

4 Minor VFA = sum of isobutyrate, isovalerate, valerand caproate.

® LoQ = Limit of Quantification = 13.3 mg/L or 0.28M.

The diet LIN decreased(= 0.03) total protozoa concentration in the rurbefore feeding
whereas NIT did not affect this population. Theitoaffect of linseed towards protozoa was
not observed when associated with nitréte=(0.02; Table 4). Compared with CON, diet LIN

reduced total protozoa concentration by specificatting on entodiniomorphs (-52%).
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Inversely, diet NIT tended to increade £ 0.09) large entodiniomorphs and increaded: (

0.02)Isotrichabefore feeding.

Table 4 Rumen protozoa populations of non-lactating coeg diets containing linseed oil
and calcium nitrate alone or in association (n = 4)

Diet’ P-value’
Time after . . Linseed x
ltemt . CON NIT LIN LIN+NIT  SEM Nitrate  Linseed )
feeding (h) nitrate
Total protozoa, 0 5.87 5.71 5.55 5.73 0.060 0.91 0.03 0.02
logi/mL 3 5.71 5.49 5.37 5.58 0.080 0.95 0.14 0.03
Entodiniomorphs,
logio/mL
Small 0 5.86 5.68 5.54 5.71 0.057 0.95 0.03 0.02
(<100 um) 3 5.69 5.46 5.36 5.56 0.080 0.86 0.16 0.03
Large 0 4.09 4.18 3.66 4.01 0.110 0.09 0.03 0.29
(>100 pm) 3 3.97 4.00 3.62 3.97 0.109 0.14 0.13 0.18
Holotrichs,
logi/mL
Dasytricha 0 3.51 3.65 2.67 3.58 0.497 0.29 0.35 0.42
(<100 um) 3 3.49 3.78 2.75 3.69 0.521 0.23 0.40 0.51
Isotricha 0 1.90 3.19 2.29 3.11 0.484 0.02 0.63 0.47
(>100 um) 3 2.88 3.25 2.53 2.89 0.494 0.42 0.42 1.00

! Data were collected during 2 non-consecutive daygk 4.

2 CON = control; NIT = diet CON containing 3% caleiwnitrate; LIN = diet CON containing 4%
linseed oil; LIN+NIT = diet CON containing 4% linsg oil and 3% calcium nitrate.

% Linseed = main effect of linseed (CON and NIT wer&IN and LIN+NIT); Nitrate = main effect of
nitrate (CON and LIN versus NIT and LIN+NIT); Linse x nitrate = interaction between main effects
of linseed and nitrate.

Diet digestibility and nitrogen balance

Daily DM and OM intake were not affected by treattseand averaged 12.4 kg DMI/d
(Table 5). Fiber intake was reduced with linseedtaming diets R < 0.01) compared with
other diets. Linseed associated with nitrate haomélar reducing effect towards fiber intake.
Total tract digestibility of DM and OM was not afted by diets and linseed supplemented
alone or in association with nitrate tended to oed@ < 0.10) fiber digestibility.

Total N losses (% of N intake) were greater fotgiacluding linseed compared with other
diets P = 0.03) leading to lesser N retention for LIN dd®l+NIT (P = 0.03; Table 6). This
was not related to differences in daily fecal Nskss between diets, but to numerically greater

urinary N losses with linseed-containing dig?s<0.08).
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Results

Table 5 Daily nutrient intake and total tract digestibjliof non-lactating cows fed diets
containing linseed oil and calcium nitrate alonénoassociation (n = 4)

Diet’ P-valué
ltenmt CON NIT LIN  LIN+NIT SEM Nitrate  Linseed -"3€€d>
nitrate
Daily nutrient intake, kg/d
DM 12.4 12.3 12.5 12.3 055  0.09 0.73 0.51
oM 11.4 11.3 11.4 11.3 051 014 0.74 0.45
NDF 5.0 5.0 4.8 4.7 022 008 <001 0.41
ADF 2.9 2.9 28 27 013 005 <001 0.76
GE intake, MJ/d 2168 2051 2285 217.2 967  <0.01<0.01 0.88
Total tract digestibility, %
DM 63.7 64.1 64.0 63.3 077 085 0.65 0.43
oM 68.1 68.5 68.3 67.9 064 098 0.76 0.50
NDF 44.8 452 442 40.1 158  0.22 0.07 0.14
ADF 445 45.1 42.9 38.4 211 031 0.06 0.20

! Data were collected during 6 consecutive dayskistw

2 CON = control; NIT = diet CON containing 3% caleiwnitrate; LIN = diet CON containing 4%
linseed oil; LIN+NIT = diet CON containing 4% linse oil and 3% calcium nitrate.
% Linseed = main effect of linseed (CON and NIT wesr&IN and LIN+NIT); Nitrate = main effect of

nitrate (CON and LIN versus NIT and LIN+NIT); Linse x nitrate = interaction between main effects

of linseed and nitrate.
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Table 6 Nitrogen balance of non-lactating cows fed dieistaining linseed oil and calcium
nitrate alone or in association (n = 4)

Diet’ P-value
CON NIT LIN LIN+NIT  SEM  Nitrate Linseed -89
nitrate

N intake, g/d 252.5 242.5 242.5 227.5 11.59 <0.01 0.0%x 0.13
Fecal N losses

g/d 101.6 95.4 94.8 96.8 4.28 0.47 0.37 0.18

As % of N intake 40.1 39.4 39.5 425 1.18 0.27 0.25 0.10
Urinary N losses

g/d 133.1 117.7 135.8 120.2 6.13 0.02 0.61 0.99

As % of N intake 52.5 48.8 56.5 52.7 1.82 0.09 0.08 0.97
Total N losses

g/d 234.7 213.0 230.6 217.0 9.12 0.01 0.99 0.45

As % of N intake 92.6 88.3 96.0 95.2 2.25 0.20 0.03 0.35
N retained

g/d 18.5 28.3 10.7 11.8 5.82 0.26 0.03 0.36

As % of N intake 7.4 11.8 4.0 4.8 2.25 0.20 0.03 350.

! Data were collected during 6 consecutive dayski@w

2 CON = control; NIT = diet CON containing 3% caleiunitrate; LIN = diet CON containing 4%
linseed oil; LIN+NIT = diet CON containing 4% linse oil and 3% calcium nitrate.

® Linseed = main effect of linseed (CON and NIT wer&IN and LIN+NIT); Nitrate = main effect of
nitrate (CON and LIN versus NIT and LIN+NIT); Linse x nitrate = interaction between main effects
of linseed and nitrate.

Discussion

Effect of nitrate on cows’ health

In the rumen, nitrate is converted to nitrite ahdnt ammonia. While nitrate is non-toxic,
nitrite can be poisonous for the animal. If nit@ecumulates in the rumen, it can pass through
the rumen wall into the blood and convert Hb to Hietwhich cannot then transport oxygen
to the tissues (Lewis, 1951). The level of bloodHhiedetermines the severity of symptoms,
which are brown mucous membrane discoloration, elsgd feed intake and animal
performances, and even coma and death in extreses ¢Bruning-Fann and Kaneene, 1993).
Throughout this experiment, animals were unaffebtgditrate supplementation, as shown by
the BW gain, the constant intake, and the low ru@mcentrations of nitrate and nitrite and
blood metHb. Nitrate feeding requires precise memant of its distribution and careful
control of animal health status. To deal with thissees, the use of slow-release encapsulated
nitrate was shown to be effective at mitigating,&thissions of lambs (3.4% nitrate in DM,

inducing a 9.7% Cldreduction per percent added nitrate; El-Zaial.e2814) or beef heifers
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(2.3% nitrate in DM, inducing a 8.0% GHeduction per percent added nitrate; Lee et al.,

2014a, b) without raising blood metHb levels.

Methane emissions

We observed that supplying 2.6% added fat fromekasoil reduced CH(g/kg DMI) by
17%, corresponding to a 6.5% reduction in,Qdr percentage unit of added lipids from
linseed. This result is in the range of previougayanalysis data reporting that €ky/kg
DMI) is reduced by 4.4% per percentage unit of faéspective of lipid source) added to diet
(Grainger and Beauchemin, 2011) or by 5.6% pergmage unit of linolenic acid from
linseed (Doreau et al., 2011). Conversely, Veneetaa. (2013) did not explain the absence
of any CH-mitigative effect (g/kg DMI, g/kg milk) of a simal level of linseed oil in
lactating cows.

Nitrate fed alone reduced GHg/kg DMI) by 22%, corresponding to a 9.8% redoctper
percentage unit of nitrate fed. This result is e range of previous experimental data
reporting a Chl (g/kg DMI) reduction of between 7.9 and 12.2% percentage unit of added
nitrate in the diet of sheep (Nolan et al., 201@n\Zijderveld et al., 2010) or cattle (Van
Zijderveld et al., 2011; Hulshof et al., 2012; Veran et al., 2013). The GHhnitigating effect

of nitrate is consequently greatly repeatable whatéhe diet and the ruminant species.

The association of nitrate and linseed oil redu€#dl (g/kg DMI) by 32%. This result
showed for the first time that there is a positiwel additive effect between nitrate and linseed
oil on methanogenesis. Theoretically, as thesadiatrategies have different mechanisms of
action, CH reduction should reach 39% for a fully additivéeef. Several reasons may
explain the difference between theoretical and teseCH, reduction. First, we suggest that
linseed reduced Hproduction and that nitrate only acted on thisupsdl H pool. Then,
according to stoichiometry and considering thattedrCH, emissions is equal to 100, ¢H
emissions corrected for the Ghhitigating effect of LIN (17%) would be 100 — 1800.17 =
83. These Chlemissions corrected for the Ghhitigating effect of NIT (22%) would be 83 —
83 x 0.22 = 65. In total, this corresponds to apeeted CH reduction of 35% with
LIN+NIT, which is close to the observed level of Ci¢duction. In addition, LIN+NIT had
lesser FA content compared with LIN, which may bekdd to unnoticed pellets
manufacturing issues. Knowing that 1% added fainftomseed reduced CHoy 6.5%, the
difference in FA content between LIN+NIT (1.0% addiat) and LIN (2.6% added fat)

corresponded to a GHmitigation potential of 10.4%, suggesting a fuldgditive effect
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between linseed oil and nitrate. At least, the faion of calcium salts via the reaction
between lipids and soluble calcium from calciunraté may reduce the additive effects of
LIN+NIT (Keyser et al., 1985).

The association of nitrate and linseed oil appedesesting: this same level of Gleduction
with linseed oil or nitrate fed individually couldot be achieved without greater risks of
metHb for nitrate or lesser diet digestibility fianseed oil. Other kinds of antimethanogenic
combinations have shown various interactions. Tag#omisin and soybean oil reduced £H
(g/kg DMI) from lambs by 27% and 14%, respectivelhen distributed alone and by 19%
when fed in association (Mao et al., 2010). Agairlaimbs, CH (g/kg DMI) was reduced by
25% by chestnut tannin, 14% by coconut oil and 388the association chestnut tannin plus
coconut oil (Liu et al., 2011). A fully additivefett was observed with twozk$ink products
fed to lambs, with a Cireduction of 32% with nitrate, 16% with sulfatedadv% with nitrate
plus sulfate (Van Zijderveld et al., 2010).

Mechanisms of Clkreduction: focus on rumen fermentation parameters

The reduction in Cklemissions observed in this trial did not causamen dysfunction, as
VFA concentration was not affected by diet and pBiswonly marginally modified. Two
factors may explain the GHnitigating effect of linseed oil. On the one hatigids from
linseed oil half-reduced the rumen concentratioprotozoa, although not as strongly as in
previous experiments testing similar levels ofdg{-82% in a silage-based diet, Chung et al.,
2011; -84% in a concentrate-rich hay-based dietlas al., 2003). The anti-protozoal effect
of linseed combined with nitrate was less evidpripably because of the lesser fat content in
LIN+NIT compared with LIN. Protozoa are known to imeportant H producers via their
hydrogenosomes (Morgavi et al., 2012) and theiuctdn is often associated with a decrease
in methanogenesis (Guyader et al., 2014). Conséguem this study, linseed
supplementation reduced iHroduction, but as dissolved Honcentrations in the rumen were
not affected by lipids, we assume that methanogdss used less 4 On the other hand,
linseed oil increased propionate proportion whih iH-consuming pathway competing with
methanogenesis (Newbold et al., 2005). Most liteeatreports do not show an effect of
linseed on rumen VFA composition (Chung et al., 2Z(oreau et al., 2009; Martin et al.,
2011). To a minor extent,Hnay have been consumed during PUFA biohydrogemaliot
this pathway would deviate only 1 to 2.6% of runhiHa (Czerkawski, 1986). The lesser £H
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emissions throughout the day from LIN cows compavied CON cows indicated that linseed
oil continuously modified rumen fermentation anctrabial parameters.

Nitrate is an electron acceptor in several anaerebvironments. Its CHmitigating effect is
assumed to be related to a reduction ghiilability for methanogens due to its reduction
nitrite and ammonia (Ungerfeld and Kohn, 2006).000 knowledge, ours is the first study to
report a post-feeding pattern of dissolvedddncentrations in the rumen. The CON and LIN
diets presented stable and low rumercbihcentrations (3.8M on average), which are in the
range of concentrations (0.1 to 5Mugiven by a literature review (Janssen, 2010). e\,
adding nitrate to the diet with or without linseeitl induced a peak in rumen dissolved H
concentrations up to 2 h post-feeding (up to 88 @n average), coinciding with a drop in
CH, emissions and a rise of gaseous (hheasured in wk 5 of the last two experimental
periods; data not shown) as already reported by Xiglerveld et al. (2011). In presence of
nitrate, the excess of dissolved tdrther released in belched gas means thav&$ produced
at a greater rate than it was utilized. This masultefrom a toxic effect of nitrate (Van
Zijderveld et al., 2010) or nitrite (Iwamoto et,a2001) on H-users such as methanogens.
This putative action is transient, lasting for pdst-feeding, as shown by the increase i, CH

emissions from nitrate-fed cows up to levels sintikacontrol-diet cows.

Diet digestibility and nitrogen balance

Supplying diets with linseed oil (2.6% added fat) dot affect total tract digestibility of DM
and OM but tended to reduce total tract fiber dibédgy to a same extent when fed alone or
in association with nitrate. This result is not sgtent with a previous study on lambs
supplemented with crude linseed (2.4% added fathvuiller et al., 2000). These different
results may be explained by the forms of linseedclwiaffect availability of lipids supply:
linseed oil would have a more negative effect dalttract digestibility than extruded and
crude linseed (Martin et al., 2008). Adding 3% galt nitrate as a substitute for urea did not
reduce total tract digestibility confirming preveexperiments on sheep fed hay and 4%
potassium nitrate (Nolan et al., 2010) and on demws fed maize silage and 2.8% calcium
nitrate (Van Zijderveld et al., 2011). Nitrate meit affected N retention nor the distribution of
N losses between urine and feces. Similar resuéiee vobtained with dairy cows (2.6%
nitrate; Van Zijderveld et al., 2011), steers (2.8@fate; Lee et al., 2014a) and lambs (2.3%
nitrate; Li et al., 2012) fed isonitrogenous dietispwing that nitrate can substitute urea as a

source of non-protein N.
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The association of nitrate and linseed oil is ditieht strategy to decrease ¢¥lelds in non-
lactating cows without altering diet digestibilitiinseed oil supplementation reduced £H
emissions throughout the day, while nitrate hachasient but marked action from when fed
up to 3 h post-feeding. Methane production washérrteduced when both linseed and nitrate
were fed in association. Linseed oil reducegprbducers like protozoa, whereas nitrate acted
as a H-sink and may have inhibited rumen-tkers, as suggested by the rise of dissolved H
concentrations with this dietary treatment. Furtwerk to characterize the quantity, activity
and diversity of rumen microbiota should clarifetmechanisms behind the effects of these
dietary treatments. In addition, it will be necegsep assess the long-term Ehhitigative
effect of linseed oil associated with nitrate omfad ruminants. Finally, the effect of nitrate
on animal performances and the absence of residuesminant end-products still need

further research.
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STEP 2: Long-term methane mitigating effect of é@d plus

nitrate supplemented to dairy cows

Objective

1/ To evaluate the long-term effect of associatibrfeeding strategies acting on, iroduction (lipids from
linseed, toxic effect towards protozoa) ang utlization (nitrate from calcium nitrate, ;k$ink through nitrate
reduction to nitrite and ammonia) on CEmissions, lactating performances of dairy cowd animal health
(blood metHb, nitrate and nitrite residues in naitkd processed milk products).

2/ To check the effect of linseed plus nitrate atalttract digestibility, N balance and rumen fenta¢ion after
long-term supplementation.

Experimental approach
16 lactating coows Y 8 animals —» CON: 54% corn silage + 6% hay + 40% pelleted concéntra

g‘% 8 animals —» LIN+NIT : CON + 1.8% nitrate (from calcium nitrate)
© + 3.5% added lipids (from extrudelinseeq)

17 weeks of ex:xperiment (wk 1 to 3 = Adaptation;dMo 17 = Measurement)
WEEK 4 5 6 7 8 9/ 10 11 12 18 14 15 16 17

Daily intake and milk yield
Milk composition (once a week)

Nitrate and nitrite residues in milk and milk
products (once a week)

Blood metHb (3.5 h after morning feeding,
once a week)

Daily kinetics of CH emissions (2 days)

Total tract digestibility, N balance (5 days)
Rumen fermentation (3.5 h after morning
feeding, once a week)

Main results

e Throughout the experiment, intake and milk procarctended to be lower for dairy cows supplemented
with LIN+NIT, but feed efficiency was similar betee diets.

e From wk 4 to 17, average metHb level was 1.2%. Mditeonal nitrate and nitrite residues were
detected in milk and processed milk products framvfed LIN+NIT.

e Diet LIN+NIT reduced CH emissions by 29%, with a persistent effect thraugtihe 4 months of the
experiment.

» Digestibility of nutrients and N balance were sanibetween diets. Diet LIN+NIT reduced total VFA
concentration and increased C2/C3 ratio and pretepocentration postfeeding.

Conclusion

The association of linseed plus nitrate is an ifficand long-term ClHmitigating strategy, which does not alter
diet digestibility, N efficiency or animal healtHowever, the energetic benefits of the decreasegddtissions
did not appear beneficial for the animal.
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Abstract

The objective of this experiment was to study tregtterm effect of linseed plus nitrate on
CH, emission and performance in dairy cows. We alsessed the effect of this feeding
strategy on the presence of nitrate and nitritedues in milk products, total tract apparent
digestibility, N balance and rumen fermentationxt&n lactating Holstein cows were
allocated to 2 groups in a randomized design caeduin parallel for 17 weeks. Diets were
(dry matter basis): 1) control (54% corn silage, B&y, and 40% concentrate) or 2) control
plus 3.5% added fat from linseed and 1.8% nitrall{NIT). Diets were equivalent in terms
of crude protein (16%), starch (28%), and neuteteyent fiber (33%), and were offered
twice daily. Cows were fed ad libitum, except dgriwk 5, 16, and 17 in which feed was
restricted to 95% of dry matter intake (DMI) to erescomplete consumption of meals. Milk
production and DMI were measured weekly. Nitrate artrite concentration in milk and
milk products was determined monthly. Daily methameissions were quantified in open
chambers (wk 5 and 16). Total tract apparent digést, N balance, and rumen fermentation
parameters were determined at the end of the ewpeti(wk 17). Daily DMI tended to be
lower with LIN+NIT from wk 4 to 16 (-5.1 kg/d on avage). The LIN+NIT diet decreased
milk production during 6 non-consecutive weeks5-Rg/d on average). Nitrate or nitrite
residues were not detected in milk and associatedupts of cows fed either diet. The
LIN+NIT diet reduced Chemissions to a similar extent at the beginning Hjvland end (wk
16) of the trial: CH4 reduction averaged 46% (g&9% (g/kg DMI), and 35% (g/kg milk).
Both diets did not affect N efficiency and nutrierdapparent digestibility. In the rumen,
LIN+NIT did not affect protozoa number but redudethl volatile fatty acid concentration by
12% and propionate concentration by 31%. We cordutat linseed plus nitrate has a long-
term methane-reducing effect in dairy cows. We &smd a concomitant negative effect on
milk production, despite a similar feed efficienogtween diets. Further work is required to
optimize the doses of linseed plus nitrate to avoeduced cows performance. The
consumption of milk products from animals fed rigras safe for human consumption in

terms of nitrate and nitrite residues.

Keywords: linseed plus nitrate, long-term, methane, milkdort, ruminant
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Introduction

Linseed and nitrate are both proven dietary stresefpr reducing Ch emissions from
ruminants (Gerber et al., 2013). If used extengjuwbley could significantly abate enteric £H
emissions at a national scale (Doreau et al., 2(Hdyvever, the combination of these two
feeding strategies on Ghbroduction has not been studied before. In a dkam experiment
on non-lactating cows, we reported that the contlmnaof linseed oil (4% of DM) plus
nitrate (2.25% of DM) reduced methanogenesis by 3&fhout affecting apparent diet
digestibility. Compared to linseed oil and nitrated individually, the effect of this
combination on Ckl production was additive (Guyader et al., 2014&xaise these two
dietary strategies share different modes of adtiothe rumen. Polyunsaturated lipids from
linseed are thought to act as inhibitors gfgtoducers such as protozoa (Guyader et al.,
2014a), whereas nitrate is thought to act ag-aikk, competing with methanogenesis. Nitrate
and nitrite are also toxic to methanogens (Guyatiat., 2014c).

In-practice, the use of these strategies at famtesequires further investigation into their
potential long-term effects. Linseed (3% addeddbpihad a persistent Gihitigating effect
on dairy cows for up to 1 yr (Martin et al., 201The long-term Chktmitigating effect of
nitrate (2.1% of DM) fed over 3 mo has been demated in dairy cows (Van Zijderveld et
al., 2011). However, the long-term ¢keducing effect of dietary linseed plus nitrates nat
been tested.

Another issue to assess before practical applicatib linseed plus nitrate as an animal
nutrition strategy is the potential for adversesef$ of nitrate supplementation on human and
animal health. To our knowledge, the effect of aligtnitrate on milk quality, including the
absence of nitrate and nitrite residues in mills hat been tested, whereas excess nitrite from
nitrate reduction in the mouth may promote gasimitation in humans (Weitzberg and
Lundberg, 2013). One study did show an absenceldifianal nitrate and nitrite residues in
meat when lambs were fed 3.4% encapsulated n{fgktgaiat et al., 2013). Nitrate may also
alter animal health by increasing the concentratibblood methemoglobin (metHb; Lewis,
1951). Without adaptation (Lee and Beauchemin, pOd#rite from nitrate reduction can
accumulate in the rumen, passing through the bl@odl leading to subclinical
methemoglobinemia (30-40% of metHb; Bruning-Fand Eaneene, 1993).

The main objective of this experiment was to inigge the long-term effect of linseed plus
nitrate on CH emissions and lactation performance in dairy co¥gsa secondary objective,
nitrate metabolism was assessed by measuring nletidls in blood and nitrate and nitrite
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levels in milk and processed milk products. We asaluated the effect of linseed plus
nitrate on total tract apparent digestibility, Nd&e, and rumen fermentation parameters at

the end of the experiment.

Materials and methods

The experiment was conducted at the UERT experihelaiiry cow facilities at the INRA’s
Saint-Genes-Champanelle-based research centreaircd-from January to May 2014. All
procedures involving animals were performed in etdaonce with French Ministry of
Agriculture guidelines for animal research, and a@tiplicable European guidelines and

regulations on animal experimentatidnitp://www2.vet-lyon.fr/ens/expa/acc_regl.hymi

Animals, Diets and Feeding

Sixteen lactating (including 7 primiparous) Holsteitows were used. At the start of the
experiment, cows had an average milk yield of 38.4.1 kg/d at 61 + 23 DIM, and an
average BW of 706 = 67 kg. The experiment was cotedlufor 17 wk as a randomized block
design where cows were separated into 2 groupsndedafor calving date and milk
production. Cows were housed in a freestall bacepixduring the 2 measurement periods
(wk 5 and wk 16-17 for CiHand digestibility measurements) in which they wkoaised
individually.

The first group of cows (n = 8 of which 4 primipas) was fed the control diet (CON), and
the second group of cows (n = 8 of which 3 primyos) was fed CON with 9.8% extruded
linseed and 2.4% calcium ammonium nitrate (75%; NODM) on a DM basis (LIN+NIT).
The doses of extruded linseed and nitrate werenattd to reduce CHemission by 10 to
15% when fed alone (Doreau et al., 2014) and byo2B0% when fed together. Diets were
formulated to meet the requirements of lactatingydeows (30 kg daily milk production
without BW change) and to be equivalent in termsC#f, gross energy (GE) and starch
content (INRA, 2010; Table 1). On a DM basis, digese composed of 54% corn silage, 6%
natural grassland hay, and 40% concentrate givgreléets (InVivo NSA, Longué Jumelles,
France).
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Table 1Ingredients and chemical composition of the expental diets

Diet'
ltem CON LIN+NIT
Ingredients, % of DM
Corn silagé 54.00 54.00
Hay 6.00 6.00
Pelleted concentrate
Corn 11.88 12.00
Barley 3.36 2.52
Soybean meal 5.24 1.28
Rapeseed meal 2.00 3.12
Sunflower meal 0.00 0.80
Extruded linseet 0.00 9.80
Soybean hulls 6.60 2.00
Wheat bran 6.00 4.20
Dehydrated beet pulp 0.94 0.00
Calcium ammonium nitrate 0.00 2.40
Urea 0.80 0.00
Calcium carbonate 1.13 0.00
Dicalcium phosphate 0.44 0.26
Beet molasses 1.20 1.20
Mineral-vitamin premix 0.20 0.20
Sodium chloride 0.17 0.18
Fungicide 0.02 0.02
Flavoring 0.02 0.02
Chemical compositidh % of DM
oM 93.06 93.50
CP 15.81 15.59
NDF 34.74 31.91
ADF 18.20 16.58
Starch 27.98 28.78
Ether extract, % of DM 3.23 6.75
Total fatty acid, % of DM 2.54 5.86
Gross energy, MJ/kg of DM 17.64 18.37
FA profile, % of total FA
C16:0 16.87 13.89
C18:.0 2.40 2.74
C18:1 n-9 25.06 23.34
C18:2 n-6 43.24 31.59
C18:3n-3 9.06 25.05

“'CON = diet control; LIN+NIT = diet CON containiri% extruded linseed and 1.8% nitrate on a DM basis

2 Fermentation characteristics of fresh silage jujié = 3.57; Acetic acid = 0.74 g/100g; Lactic asid3.01
g/100g; N-NH = 0.02 g/100g.

3 Extruded linseed, InVivo NSA, Longué Jumelles, e

* Calcium ammonium nitrate (5Ca(N@NH,NO;.10H,0; Phytosem, Pont-du-Chateau, France) contained 75%
NO; on a DM basis.

® Gusti, Nutriad, Chester, England.

® Average of chemical composition from samples @) taken in wk 5, 16 and 17.
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Two weeks before starting the experiment, all covese fed CON diet ad libitum. Then,
LIN+NIT-group animals were diet-adapted by prognesly replacing CON concentrate with
LIN+NIT concentrate over a 2-wk adaptation periodachieve the dose of 2.4% calcium
ammonium nitrate at the beginning of wk 3. Hay wéered once daily (0800 h) and corn
silage mixed with concentrates was offered twickyd&6% at 0930 h and 34% at 1600 h).
All cows were fed ad libitum except during measueatrweeks in which offered feed was
restricted to 95% of individual voluntary feed ik¢ato ensure complete consumption of the
diet. Forage-to-concentrate ratio was kept as cgspossible to the target ratio by adjusting
the amounts of offered feed every week based ontipand composition of the refusals of

the previous week. Cows had free access to watanghout the experiment.

Measurements and Analyses

Liveweight and Blood MethemoglobiAnimals were weighed the week before starting the
experiment (wk 0) then in wk 5, 10, 14, and 20.d8lanetHb levels were measured 3.5 h
after morning feeding on cows fed LIN+NIT and comgmhwith levels of control samples
taken on these same animals in wk 0. Blood was shempled twice a week from wk 1 to wk
3 (adaptation to nitrate) and once a week from wtk #he end of the experiment (wk 17).
Blood (10 mL) was sampled from the tail vein int@-EDTA collection tubes (Venosafe,
Terumo, Guyancourt, France) then carried on icaght® nearest hospital (CHU Gabriel
Montpied, Clermont-Ferrand, France) to determine tHhe concentrations by
spectrophotometry within 1 h (UV-160, Shimadzu, Mat.a-Vallée, France; Kaplan, 1965).

Intake.Offered feed and refusals were weighed and redaddéy throughout the experiment.

During the 2 measurement periods (wk 5 and wk 16-%@mples (200 g) of hay and

concentrates were taken once a week, and samflegyj2of corn silage were taken twice a
week. For each feed sample, one aliquot was usddtewsmine DM content (103°C for 24 h)

and the other aliquot was stored at 4°C (hay amdtexrates) or -20°C (corn silage) until

analysis of chemical composition. Refusals weresuesl for DM when they exceeded 2
kg/d per animal during measurement weeks. Compasdf refusals was identified as forage
(hay, corn silage) or concentrate, and their chahiomposition was considered similar to
that of feed.

Chemical composition analyses were carried outreshf (hay, concentrates) or freeze-dried
(corn silage) feedstuff samples after grinding (h)nfinVivo Labs, Chierry, France). Organic
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matter was determined by ashing at 550°C for 6 étlfod 942.05; AOAC, 2005). Total N
was analyzed by combustion according to the Dunmethad (method 968.06; AOAC, 2005),
and CP content was calculated as N x 6.25. Fib&FMnd ADF) was determined by
sequential procedures (Van Soest et al., 1991) pfetreatment with amylase and sulfuric
acid, and was expressed exclusive of residual Sstich was analyzed using an enzymatic
method (Faisant et al., 1995), and gross energyawak/zed by adiabatic bomb calorimetry
(C200 model, IKA, Staufen, Germany). Ether extnaes determined after acid hydrolysis
(method 954.02; AOAC, 2005), and FA composition watermined by gas chromatography
of methyl esters (method 969.33; AOAC, 2005). Jfiioen fresh corn silage was obtained by
maceration to analyze pH, N-NHKjeldahl method, method 2001.11; AOAC, 2005),tace
and lactic acid (gas chromatography with a flamreziation detector) concentrations (InVivo

Labs, Chierry, France).

Methane Emission®aily total CH, emissions were measured continuously using 4 open
chambers (1 animal per chamber) in wk 5 and 16h EBaimal spent 2 consecutive days (48
h) in a chamber to measure the Hhissions of the 8 animals from a same group wittne
week. Animals were allocated to the same chambydydth measurement periods.

The chambers (16.6 m3) were made of steel upriglitsclear polycarbonate walls allowing
sight contact between animals and with the farnsquarel. They operated at a slight negative
pressure, with an airflow oscillating between 70fd @800 m3/h (approximately 45 air
renewals per hour). Airflow entered the chambeoulgh an aperture at the bottom of the rear
door (0.42 m?), and exited through an exhaust siticated at the top of the chamber, over the
head of the animal. Airflow in the exhaust duceath chamber was continuously measured
(CP300, KIMO, Montpon-Ménestérol, France), and réed once every 5 min (KT-210-A0,
KIMO, Montpon-Ménestérol, France). Concentration gases in the barn and in the 4
chambers was alternatively analyzed at a 0.1 Hzkafequency for 5 min every 25 min
using an infrared detector (Ultramat 6, Siemens|dfahe, Germany) and recorded (Nanodac
Invensys, Eurotherm Automation SAS, Dardilly, Fr@ncGas concentrations between 2
measurement intervals in the barn and in the chesnbere estimated by linear regression.
The detector was manually calibrated the day bedah measurement week using puge N
and a mixture of Ci(650 ppm) and CQ(700 ppm) in M.

Chamber rear doors were opened twice daily: imibening for milking and to remove feces
and urine, and in the afternoon for milking. Chamioent doors were opened 3 times a day
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for feeding. Front and rear doors were not simeltarsly opened in order to avoid an air
stream into the chamber. In total, the doors ohedmmmber were opened for 30 min per 24 h.
Data collected while doors were open were deletedaaproportional calculation was applied
to recover 24-h Clkmissions.

Diet Apparent Digestibility and Nitrogen Balanc€otal tract apparent digestibility and N
balance were determined from total and separatectioin of feces and urine for 5 d during
wk 17. To separate urine from feces, cows werediwith flexible tubes connected to a 30-L
flask containing 500 mL of &1 sulfuric acid to achieve a urine pH lower thann8 #hereby
avoid N volatilization. Feces and urine were rentbeace daily.

Every day, after weighing and mixing of feces, aftésh aliquot was used to determine DM
(103°C for 24 h), and another 1% fresh aliquot wasled across days for each animal and
frozen (-20°C). At the end of the experiment, pdateamples were thawed, freeze-dried, and
ground (1 mm) to determine OM, N, NDF, and ADF emttas previously described for feed
(InVivo Labs, Chierry, France).

For urine, every day after weighing, a 1% freslywdt was pooled across days for each
animal and frozen (-20°C). At the end of the expent, after thawing, the N content of urine
was determined by the Kjeldahl method (method 2001AOAC, 2005 ; InVivo Labs,

Chierry, France).

Milk Yield and CompositionThroughout the experiment, milk yield was deterdirdaily.
For determination of milk composition (fat, proteitactose, and urea concentration),
individual milk samples (30 mL) mixed with potassitbichromate (Merck, Fontenay-Sous-
Bois, France) were taken and stored at 4°C befasdysis within 2 d (Galilait, Theix,
France). Samples were taken at morning and aftarnutking 2 d per week when animals
were in the Chichambers (wk 5 and 16). Milk fat, protein, anddae content were analyzed
by infrared spectrometry with a 3-channel spectodbpmeter (MilkoScan, Foss Electric,
Hillerod, Denmark; method 972.16; AOAC, 1990). Mikea concentration was analyzed by
the dimethylamino-4-benzaldehyde colorimetric mdtf@otts, 1967).

For analysis of nitrate and nitrite residues inivitthal milk, samples (300 mL) from the
morning milking were taken once a week in wk 519, and 17. For analysis of nitrate and
nitrite residues in pooled milk and milk produdtss morning milk of all animals was pooled
by diet in wk 9 and 17. Pooled milk was sampledO(10L) and local farmhouse-style
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products were made (yoghurts, whey, curd and 64p&ned Saint-Nectaire cheese). All
samples were stored at 4°C before analysis withih(Burofins Analytics, Nantes, France).
Nitrate and nitrite residues in individual milk spi@s were analyzed by ion chromatography
(method 993.30; AOAC, 1990) with a limit of quardétion (LoQ) of 10 mg/kg for nitrate
and 5 mg/kg for nitrite. In pooled milk samples gmbcessed milk products, nitrate and
nitrite residues were analyzed by spectrometryr afigate reduction with cadmium (ISO
14673; 1SO, 2004) with a LoQ of 5 mg/kg for nitrated 0.5 mg/kg for nitrite.

Rumen Fermentation Paramete@n the last day of wk 17, rumen samples were cate3.5

h after the morning feeding by stomach tubing (Skeml., 2012). Samples were strained
through a polyester monofilament fabric (2o pore size) and the filtrate was subsampled
for VFA and NH; concentration analyses and protozoa countingVIFér analysis, 0.8 mL of
filtrate was mixed with 0.5 mL of a 0M HCI solution containing 2% (w/v) metaphosphoric
acid and 0.4% (w/v) crotonic acid. For dlBEnalysis, 1 mL of filtrate was mixed with 0.1 mL
of 5% orthophosphoric acid. These samples weredtatr -20°C until analysis. For protozoa
counting, 2 mL of filtrate was mixed with 2 mL ofetiyl green-formalin saline solution, and
stored at room temperature in the dark until counti

Concentrations of VFA and NHwere analyzed by gas chromatography with a flame
ionization detector and by colorimetry, respeciv@\lorgavi et al., 2008). Protozoa were
counted by microscopy, and categorized as eithells® 100 pum) or large (> 100 pm)
entodiniomorphs, or as holotrichBgsytrichaor Isotrichg) (Williams and Coleman, 1992).

Data for protozoa were lggtransformed before statistical analysis.

Statistical Analyses

Data were analyzed using the MIXED procedure of $&sion 9.4; SAS Institute, 2009).
All statistical models included the animal nesteathin diet as random effect.

Data collected throughout the experiment (intakék mroduction and composition) or on
two occasions (ClHemissions) were averaged per week as there watanstical difference
between days within a week. The statistical modeluded diet (n = 2), week (n = 17 for
intake and milk and n = 2 for G and diet x week interaction as fixed effects.el/evas
treated as a repeated measurement. For intake,pnaitkuction and composition (except for
urea), data collected the week before startingeperiment (wk 0) were used as covariates.
For continuous measures of £Emissions, the model included diet (n = 2), week=(2),
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hour (n = 24), diet x week and diet x hour inteiatg as fixed effects. Hour was treated as a
repeated measurement. As the interaction diet xkweas not statistically significant,
averaged data of the two weeks are presented urd-i For the repeated measurements,
several covariance structures were tested (vari@oogponent, autoregressive, compound
symmetry, unstructured, and toeplitz) and structuith the lowest Akaike’s information
criteria was chosen. Then, variance component waaya used as covariance structure,
except for daily CHemissions where compound symmetry was used.

Data collected at the end of the experiment (amppadigestibility, N balance, rumen
fermentation and microbial parameters) were andlyziéh diet (n = 2) as fixed factor.
Differences between diets were considered sigmfieaP < 0.05, and trends were discussed

at 0.05 < <0.1. Least squares means are reported throughout.

Results

Liveweight and Blood Methemoglobin

During the 17-wk experiment, cows fed CON or LIN#¥Nbst on average 32 and 22 kg to
reach a final BW of 697 + 62 kg and 662 + 67 kgpexctively. During the 3-wk period of
adaptation to nitrate, the maximum metHb level Wa9% (Figure 1). From wk 4 to wk 17,
average metHb level was 1.2%. Maximum metHb leealked at 30.8% for one cow in wk

17, whereas average metHb level for all other comvthat week averaged 4.4%.
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Figure 1 Boxplot of blood metHb levels of lactating cows f&@8% extruded linseed plus
1.8% nitrate (n = 8) during 17 weeks. In wk 0, aalisnwere fed a control diet. Linseed and
nitrate were firstly incorporated in wk 1. Blood svanalyzed in wk O and then twice a week
during wk 1, 2 and 3 and once a week from wk 4toThe box represents the quartiles with
the median within the box, and the vertical linepresent the maximum and minimum value
within 1.5 interquartile range of the higher anevéo quartile, respectively. Values greater
than 1.5 interquartile range are considered aseosithnd are identified with a star. The
arrows indicate the measurement weeks.

Intake and Milk Yield

Daily DMI was similar between diets in wk 1, 2,8d 17 (Figure 2) and tended to be lower
with LIN+NIT from wk 4 to 16 (-5.1 kg/d on average < 0.10). This tendency between diets
was also observed for DM and OM intake=x 0.070 and® = 0.078, respectively) when cows
were in chambers for 2 d for Ghheasurements (wk 5 and 16; Table 2). Fiber intakere
lower with LIN+NIT (P = 0.008 for NDF and = 0.007 for ADF) whereas dietary treatments
did not affect gross energy intake (Table 2).

We found no between-diet difference in milk prodmetover two thirds of the experiment
(11 wk out of 17; Figure 3), whereas in wk 4, 59710, and 17, milk production was lower
with LIN+NIT (-2.5 kg/d on average? < 0.05). During the 2 d in chambers (wk 5 and 16),
cows fed LIN+NIT also tended to produce less milkk& kg/d on averagd® = 0.078; Table
2). Feed efficiency was similar between diets in5vknd tended to be higher for LIN+NIT in
wk 16 (diet x weekP = 0.079; Table 2).
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Figure 2 Dry matter intake of lactating cows fed a contre¢td CON; n = 8) or CON
supplemented with 10% extruded linseed plus 1.8®&atei (LIN+NIT; n = 8) during 17
weeks (averages of 4 days per week). Errors balisate SD. Symbols indicate weekly
statistical comparison between CON and LIN+NIP &0.10; *? < 0.05; *P <0.01; *P <
0.001). Arrows indicate measurement weeks.
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Figure 3 Milk yield of lactating cows fed a control diet (GIPn = 8) or CON supplemented
with 10% extruded linseed plus 1.8% nitrate (LIN¥Nh = 8) during 17 weeks (averages of
4 days per week). Errors bars indicate SD. Symbuwlgate weekly statistical comparison
between CON and LIN+NIT @& < 0.10; *P < 0.05; *P < 0.01; ***P < 0.001). Arrows
indicate measurement weeks.
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Results
Table 2 Daily nutrient intake, milk yield and compositioand methane emissions of lactating cows fed aralodiet (n = 8) or a diet
supplemented with a combination of linseed andtat(n = 8)
Diet'
lten? CON LIN+NIT P-value
Week number 5 16 5 16 SEM Diet Week Diet x Week
Nutrient intake
DM, kg/d 20.8 20.7 18.8 17.3 1.00 0.070 0.182 0.293
OM, kg/d 194 19.2 17.6 16.2 0.93 0.078 0.183 0.292
NDF, kg/d 7.25 7.19 6.03 5.55 0.338 0.008 0.204 20.3
ADF, kg/d 3.80 3.80 3.13 2.88 0.177 0.007 0.205 19.3
Gross energy, MJ/d 367.5 364.3 345.3 318.0 17.82 1830. 0.172 0.276
Milk yield and composition
Milk yield, kg/d 32.6 29.9 28.9 28.1 1.05 0.078 @o 0.052
Feed efficienc$; kg milk/kg DMI 1.57 1.46 1.58 1.67 0.064 0.148 8&B 0.079
Fat, g/d 1393.1 1205.7 1030.3 1075.1 91.67 0.060 1980. 0.045
Protein, g/d 1031.0 996.9 8514 865.3 45.24 0.026 619 0.243
Lactose, g/d 1654.6 1501.8 1489.3 1365.5 54.60 00.06 <0.001 0.608
Urea, g/d 7.5 6.1 2.4 2.0 0.55 <0.001 0.061 0.223
Fat, g/kg 41.9 39.1 36.5 39.1 2.23 0.298 0.961 .18
Protein, g/kg 315 33.2 29.4 30.9 0.78 0.045 0.009 0.902
Lactose, g/kg 50.7 50.1 51.9 48.8 0.72 0.948 0.002 0.027
Urea, mg/dL 22.2 19.4 8.7 7.7 151 <0.001 0.216 240.5
Methane emission
g CHyd 470.6 459.1 254.0 247.6 34.13 <0.001 0.640 0.895
g CHykg DM intake 21.5 20.8 14.6 15.3 1.30 0.003 1.000 0.310
g CHy/kg milk 14.0 14.8 9.4 9.3 1.02 0.002 0.560 0.516
% of gross energy intake 6.1 5.9 4.0 4.2 0.36 0.001 0.988 0.307

1 CON = diet control; LIN+NIT = diet CON containirid% extruded linseed and 1.8% nitrate on a DM bagiserage of 2 d in chambers in wk 5 and 16.

For intake, milk yield and composition, a covari@data obtained in wk 0) was included in the stiatis model® Number of weeks of distribution of dietary
treatment? Feed efficiency = milk yield/DMI.
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In chambers, milk fat and lactose concentrationsew&milar between diets, whereas
LIN+NIT reduced milk proteinR = 0.045) and ured(< 0.001) contents by 6.8% and 60.6%,
respectively. For both diets, nitrate and nitritn@entrations in individual milk samples,
pooled milk samples, and milk products were lovieantthe LoQ, except for curd from CON
in wk 17 and cheese from CON and LIN+NIT in wk 9vihich low nitrite concentrations

were detected (1.5 mg/kg).

Methane Emissions

Diet LIN+NIT reduced CH emissions by 29.3% when expressed in grams pegrkin of
DMI (P = 0.003), and by 35.1% when expressed in gramgifmgram of milk £ = 0.002).
Whatever the mode of expression of #hission, there was no significant effect of week
diet x week interaction (Table 2). This shows @kl emissions of CON and LIN+NIT were
similar between the 2 wk of measurements, and that difference between diets was
repeatable, even after 11 wk of dietary treatments.

Methane emissions for a 24-h period, averaged®@twk of measurements, are presented in
Figure 4. Methane emissions were similar betweetsdluring the 4 h preceding the morning
feeding, then LIN+NIT reduced GHemissions for the first 12 h after the morning h{@a<
0.05).

Diet Apparent Digestibility and Nitrogen Balance

Apparent digestibility of DM, OM, and NDF was siauilbetween diets, and averaged 67.5,
69.4, and 50.6%, respectively (Table 3). The LIN¥Niet tended to reduce ADF (-3.8%;
=0.070) and CP (-2.99%, = 0.074) apparent digestibility.
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Figure 4 Daily CH, production pattern of lactating cows fed a conttiet (CON; n = 8) or CON supplemented with 10%recéd linseed plus
1.8% nitrate (LIN+NIT; n = 8) during 17 weeks (ralata; averages of 2 days and 2 weeks of @dasurement; wk 5 and 16). Errors bars
indicate SD. Symbols indicate hourly statisticamnparison between CON and LIN+NITRE 0.10; *P < 0.05; *P < 0.01; ***P < 0.001).

Arrows indicate time of feeding.
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Nitrogen intake was 22% lower with LIN+NITP(= 0.001). Consequently, LIN+NIT led to
lower fecal N losses, urinary N losses, and N netdiin milk @ = 0.016,P < 0.001, and =

0.003, respectively). However, N distribution wasafiected by diet. On average for both
diets, 35.7%R = 0.074), 24.1%K = 0.071), and 29.9%(= 0.937) of N intake was directed
towards feces, urine, and milk, respectively. HinaN balance was positive and similar

between diets and averaged 52.6 g/d or 10.5% afdke.

Table 3 Total tract apparent digestibility and nitrogenalpae of lactating cows after 17
weeks feeding a control diet (n = 8) or a diet $aipented with a combination of linseed and
nitrate (n = 8)

Diet'

lten? CON LIN+NIT SEM P-value
Total tract apparent digestibility, %

DM 67.8 67.2 0.74 0.531

OM 69.8 69.0 0.73 0.458

NDF 51.3 49.9 1.11 0.393

ADF 47.5 43.7 1.35 0.070

CP 65.8 62.9 1.05 0.074

Starch 98.5 97.9 0.24 0.109
N intake, g/d 548.1 425.1 21.56 0.001
Fecal N losses

g/d 187.3 156.8 7.88 0.016

% of N intake 34.2 37.1 1.05 0.074
Urinary N losses

g/d 138.2 96.1 5.74 <0.001

% of N intake 25.4 22.7 0.98 0.071
Total fecal and urinary N losses

g/d 325.5 253.0 11.16 <0.001

% of N intake 59.6 59.7 1.36 0.939
Milk N output

g/df 163.5 126.1 7.24 0.003

% of N intake 29.9 29.8 1.05 0.937
N Balancé

g/d 59.1 46.1 9.87 0.365

% of N intake 10.5 10.5 1.73 0.990

1 CON = diet control; LIN+NIT = diet CON containiP% extruded linseed and 1.8% nitrate on a
DM basis.

2 Average of 5 d of total tract apparent digestipiland N balance measurement in wk 17. No
covariate was included in the statistical model.

¥ Milk N output = (milk yield x milk protein concerattion)/average N content in milk (6.38 g N/g
milk protein).

* N balance = N intake - total fecal and urinaryolsses - milk N output.

120



Persistency of methane mitigation by linseed pitrate Results

Rumen Fermentation and Microbial Parameters

Concentration of NElin the rumen did not change with diets (Table @jet LIN+NIT
reduced total VFA (-12 M; P = 0.020) and propionate concentrations (H8;n® = 0.003)
without affecting acetate and butyrate concentnatioThese differences in VFA profile
induced an increase in C2/C3 and C2+C4/C3 raklas {.003) with LIN+NIT.

Total concentration of protozoa in the rumen tentedthcrease with LIN+NIT (+53%P =
0.052). This was linked to a higher concentratibamall entodiniomorphs arddasytricha(P

= 0.047 anc® = 0.014, respectively). Concentrations of largeéimiomorphs andsotricha
were unaffected by diets.

Table 4 Fermentation parameters and protozoal concenratithe rumen of lactating cows
after 17 weeks feeding a control diet (n = 8) atiet supplemented with a combination of
linseed and nitrate (n = 8)

Diet'

lten? CON LIN+NIT SEM P-value
NH3z;, mM 10.14 10.97 1.648 0.736
VFA concentration, il

Total VFA 104.1 91.7 3.35 0.020

Acetate (C2) 58.6 56.9 1.95 0.561

Propionate (C3) 25.6 17.6 1.65 0.003

Butyrate (C4) 15.2 14.1 1.61 0.635

Minor VFA® 4.71 3.08 0.577 0.055
C2/C3 2.36 3.27 0.170 0.003
(C2+C4)/C3 2.99 4.08 0.213 0.003
Total protozoa, log/mL 5.03 5.32 0.095 0.052
Entodiniomorphs, log/mL

Small (< 100 pum) 5.01 5.31 0.095 0.047

Large (> 100 um) 3.39 3.11 0.217 0.387
Holotrichs, logy/mL

Dasytricha(< 100 pm) 2.22 3.02 0.191 0.014

Isotricha (> 100 pum) 3.24 2.48 0.115 0.140

1 CON = diet control; LIN+NIT = diet CON containiP% extruded linseed and 1.8% nitrate on a
DM basis.

% Data from rumen samples taken the last day of WkNb covariate was included in the statistical
model.

% Minor VFA = sum of isobutyrate, isovalerate, vakerand caproate.
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Discussion

Intake, Milk Production, and Nitrogen Balance

Throughout the experiment, intake and milk productiended to be lower for dairy cows
supplemented with LIN+NIT. As feed efficiency (kg milk per kg of feed) was similar
between diets, the lower intake may explain theslomilk production. The lower intake with
LIN+NIT is difficult to explain because diets hadhdar net energy content. In addition, in a
short-term experiment, intake was similar between-lactating cows fed with or without
linseed plus nitrate (Guyader et al., 2014a). liodial nitrate supplementation at higher doses
than here (1.8%) did not reduce intake of restiidesl dairy cows (2.1%, Van Zijderveld et
al.,, 2011; 2.0%, Veneman et al., 2014) and shedg@qd2Nolan et al., 2010; 2.6%, Van
Zijderveld et al., 2010) but tended to reduce D¥tlairy cows (2.0%, Veneman et al., 2014)
and steers (2.3%, Hulshof et al., 2012) fed aduibi Linseed applied at doses higher than
here (3.5% added fat) did not have a negative efiethe intake or milk production of dairy
cows (5.1% added fat, Ferlay et al., 2013; 4% addaged/eneman et al., 2014) fed ad libitum
or restricted. One study reported a lower DMI (-78%) lactating cows fed a grass silage-
based diet supplemented with linseed (3% addedViattin et al., 2011). The only study that
simultaneously used linseed plus nitrate (4% addeglus 2.3% nitrate) on cows did not
result in intake changes, but the cows were notatiag and not fed ad libitum (Guyader et
al., 2014a). Consequently, we hypothesize that NN+ed together ad libitum may have an
inhibitory effect on voluntary intake linked to andency for lower ADF apparent
digestibility. Earlier reviews have highlighted theegative correlation between fiber
digestibility and voluntary intake through a lowgsissage rate of particles from the rumen
and greater rumen filling (Allen, 1996). Further wowvould help determine the optimal
guantity of dietary LIN+NIT that can be providedthout reducing intake, which is also an
essential step towards making this feeding straseggptable at the farm scale.

The LIN+NIT diet had no effect on concentration gmoduction of fat and lactose. This
result confirms previous experiments on dairy cewpplemented with nitrate (2.1% nitrate
in a corn silage based diet; Van Zijderveld et 2011) or with incremental amounts of
extruded linseed (up to 5.1% added fat in hay-oon cilage-based diets; Ferlay et al., 2013).
The LIN+NIT diet reduced milk protein concentratithy 7% (-2.2 g/kg milk) and milk
protein production by 15% (-155.6 g/d). In dairyvsofed 2.1% nitrate, Van Zijderveld et al.
(2011) also reported reduced milk protein concéioima (-5% or -1.4 g/kg of milk) but no
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effect on milk protein production whereas milk viehas stable. The reduced milk protein
content may not be linked to linseed supplementatis milk protein content of dairy cows
was not affected by 3.5% added fat from extrudesgekd in hay- or corn silage-based diets
(Ferlay et al., 2013).

Nitrogen balance was positive for both diets, evénmay be overestimated because volatile
N losses from faeces and urine, dermal and scutbs¥es were not taken into account
(Spanghero and Kowalski, 1997). Nevertheless, ldiza was similar between diets with the
same N distribution between milk, feces and urineaddition, average N efficiency (N in
milk/N intake) was similar between CON and LIN+N(30%) and close to the data given in
the literature (25%, with a range between 15 arfih;40alsamiglia et al., 2010). This result
shows that dairy cows use nitrate in the same wsayhay use other N sources. With
LIN+NIT, milk urea concentration and production wefl2.6 mg/dL and 4.6 g/d less,
respectively, than CON. This marked decrease wagrising and in contradiction with
previous experiments on dairy cows showing no eftéextruded linseed (1.1% added fat;
Pezzi et al., 2007) or nitrate (2.1% nitrate; Vajétveld et al., 2011) on milk urea content.
We assumed that the between-diet difference in om#la comes from the lower N intake of
animals fed LIN+NIT, as N intake is known to coatel positively with milk urea (Spek et al.,
2013).

The main concern when using nitrate in animal tiatriis its potential negative effect on
animal and human health. To avoid increase of blowmdHb in animals (Lewis, 1951),
progressive adaptation to nitrate is essential @m®e& Beauchemin, 2014). In addition, it is
important that nitrate is homogenously incorporatedhe ration, not top dressed, to avoid
swift ingestion of the daily dose. By applying teeecommendations, we did not observe
rises in metHb levels in animals fed LIN+NIT, siarly to a previous experiment on dairy
cows fed 2.1% nitrate (Van Zijderveld et al., 201Hpwever, we cannot explain the greater
metHb level observed in the last week of the expent. In terms of human health, nitrate
and nitrite are common food additives used forrtlagiti-bacterial properties against lethal
pathogens (European Food Safety Authority, 2008Wéver, an excess of nitrite from nitrate
reduction in the mouth may promote gastric inflartiora(Weitzberg and Lundberg, 2013).
Regulations have been adopted to keep concentsatibnitrate and nitrite residues within
recommended daily allowances for nitrate and eitiittake (3.75 and 0.13 mg/kg BW per
day, respectively; European Food Safety Author2909), and Europe has limited nitrate

concentration in drinking water to 50 mg/L (Benjam2000). Nitrate intake mainly comes
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from vegetables (60 to 80%), water (15 to 20%) ananal-based products (10 to 15%),
while 80 to 85% of nitrite exposure comes from cemion of nitrate in the mouth.
Vegetables such as spinach can contain up to hy@lditrate per kg. Here, nitrate and nitrite
residues in milk or milk products were lower thdme LoQ of the technique (5 mg/kg for
nitrate and 0.5 mg/kg for nitrite), except in cheedsom CON and LIN+NIT (1.5 mg/kg
nitrite). These novel data confirm previous work lamb meat (El-Zaiat et al., 2013), and
show that animals can metabolize nitrate and aitsithout transferring residues into animal
products. Consequently, long-term supplementatidth witrate (4 months) can be safely
proposed in ruminant nutrition without risks forrhan health, as a GHmitigating strategy
and a source of non-protein nitrogen to replaca.ure

Methane Emissions and Associated Digestive Mecimsnis

In our experiment using open chambers,@hhissions of dairy cows fed CON averaged 21.2
g/kg DMI. This value is close to the estimate clted by an equation based on OM content
of the diet and OM digestibility (21.4 g/kg DMI; ®zant et al., 2011), and is also in
accordance with the average £Emission of cattle fed diets without supplementatof
CHg-mitigating treatments (20.7 g/kg DMI, number addtments = 33) as compiled from a
database used for a previous meta-analysis (Gugadéer 2014b).

The reduction in Cl emission (g/kg of DMI) averaged 29% when dairy sowere
supplemented with 1.8% nitrate plus 3.5% addedrdan extruded linseed, corresponding to
our expected theoretical GHeduction. This confirms our previous results ol#d on non-
lactating cows supplemented with 2.2% nitrate glsadded fat from linseed oil (Guyader et
al., 2014a) and shows that LIN+NIT can efficienthduce CH emissions regardless of the
physiological stage of cows. We also observed &reeCH-mitigating effect of LIN+NIT
just after feeding, which was most probably linkedhe effect of nitrate quickly metabolized
in the rumen. This result agrees with previousisti@Van Zijderveld et al., 2010; Guyader et
al., 2014a). Methane reduction with LIN+NIT corresds to a saving of 2% of gross energy
intake, without positive responses on apparentstilgjgty, weight gain or body condition
score (data not shown) of the animals. The absehcelationship between CHeductions
and dairy cow performance has also been repor@dqusly (Van Zijderveld et al., 2011).
The CH-mitigating effect of LIN+NIT was maintained througut the 4 months of the
experiment, indicating that this dietary strateguld be applied on farms. The long-term
CH,-mitigating effect of nitrate (2.1%) and extrud@tsked (2.5% added fat) fed individually
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to dairy cows was also maintained during 3 mo (¥gderveld et al., 2011) and 1 yr (Martin
et al., 2011), respectively.

The LIN+NIT diet did not change rumen protozoa carication as previously observed with
non-lactating cows supplemented with 2.2% nitrdtes g% added fat from linseed (Guyader
et al, 2014a). Diet LIN+NIT increased the acefamdionate and
(acetate+butyrate)/propionate ratios due to a dseren ruminal propionate which is normally
a competitive pathway of methanogenesis (Martimalet 2010). This contrasts with our
previous work in which LIN+NIT did not change rumimmentation parameters (Guyader et
al., 2014a). However, in the present work, theti@ighip between CHproduction and
rumen fermentation and microbial parameters shoeldnterpreted with caution given the
large differences in time scale between QHeasurement periods and rumen samplings
through stomach tubing. Consequently, the,@titigating effect of LIN+NIT would not be
explained by a reduction in acetate and butyratghggis, nor by a reduction in protozoa
which are important Hproducers. Other mechanisms must be involvedarCiH;,-mitigating
effect of LIN+NIT. Both supplements may act as binks. Based on stoichiometric
calculation and assuming complete reduction oftetto nitrite and ammonia, and complete
biohydrogenation of polyunsaturated fatty acidg, téduction of 1 mol nitrate reduces £H
by 1 mol, and the biohydrogenation of 1 mol C1&18:2, and C18:3 reduces ¢bly 0.25,
0.50 and 0.75 mol, respectively. Extending thigwalaltion here, 325.8 g/d of nitrate ingested
by dairy cows would have reduced £bl 5.25 mol/d (or 90.1 g/d) and 600.9 g of fattyda
ingested by dairy cows (23, 32, and 25% of C1818:2, and C18:3, respectively) would
have reduced CiHby 0.87 mol/d (or 14.9 g/d). In total ;ldonsumption by LIN+NIT would
have reduced CHemissions by 105.0 g/d, explaining 49% of the oles# CH, reduction.
The remaining decrease can thus be explained bytoachiometric processes. The LIN+NIT
diet may also act on rumen microbiota. Previouskwsiiowed that nitrate reduced both
quantity (2.6% nitrate to sheep, Van Zijderveldlet 2010) and activity (2.3% nitrate to non-
lactating cows, Guyader et al., 2014c) of methansg&he anti-methanogenic effect of
polyunsaturated fatty acid has also been demoasdtiatpure culture of methanogens (Prins
et al.,, 1972) and in previous experiments withleg4% added fat, Guyader et al., 2014c;
3.5% added fat, C. Martin, unpublished data). Idita@h, H, production must have been
lowered with LIN+NIT owing to a lower quantity okfmentable substrates in the rumen
(lower DMI, quantity of carbohydrates due to lipslsostitution and fiber digestibility) which

directly reduced Cllemissions.
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Conclusions

The association of linseed plus nitrate is an igfficfeeding strategy to reduce £émissions

in the long-term without altering diet apparenteadigbility, N efficiency or animal health.
However, the energetic benefits of the decreased €hissions to the animals were not
observed. Additional data is needed on changesumnen microbiota in order to fully
understand the Cf-nitigating effect of the association of linseedhitrate. Moreover, to
make this dietary strategy acceptable by farmendhdér work is required to optimize the
doses of linseed plus nitrate in an effort to avoithicomitant reduction in intake and milk
production. A life cycle assessment will also beded to evaluate the environmental benefit
and economic cost of this dietary strategy in otdeaise the prospects of using this strategy

at farm level.
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STEP 3: Absence of methane mitigating effect ofda@aonin

fed to non-lactating and lactating cows

Objective

1/ To test the effect of a different feeding stgyteacting on H production (saponin from tea, toxic effect
towards protozoa) on GHemissions and associated ruminal mechanisms efantating and lactating cows.
2/ To assess its effect on diet digestibility, Nelnae and lactating performances.

Experimental approach

4 non-lactating cowsys—» 2 x 2 Factorial desigai—» CON-1: 50% hay + 50% pelleted concentrate
. NIT-1: CON + 2.3% nitrate (from calcium nitrate
_‘ )
TEA-1: CON + 0.5% saponin (from tea)
TEA+NIT-1: CON + 0.5% saponin + 2.3% nltra
4 experimental periods of 5 weeks (wk 1 to 3 = Adtpn; wk 4 to 5 = Measurement)
WEEK 12| 3| 4| 5

Daily intake

Blood metHb (3 h after morning feeding, once a week)

Total tract digestibility, N balance (6 days)
Rumen fermentation (3 h after morning feeding, tveicgeek)

Daily kinetics of CH emissions (4 days)

Experimental approach Trial 2

8 lactating cowvs—» 2 x 2 Crossover desigi» CON-2: 54% corn silage + 6% hay + 40% pelleted
concentrate

p TEA-2: CON + 0.5% saponin (from tea)

4 exnerimentalal periods of 5 weeks (wk 1 to 3 = Adtpn; wk 4 to 5 = Measurement)

WEEK 12| 3| 4| 5

Daily intake, milk yield

Total tract digestibility, N balance

Rumen fermentation (3.5 h after morning feeding eomeveek)
Daily kinetics of CH emissions (2 days)

Milk composition (once a week)
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Main results Trial 2

» Intake tended to be reduced by tea saponin (-12%6aih2). Milk yield was reduced by 18% without
modification in its composition.

» Methane emissions from non-lactating and lactatiogys were unaffected by tea saponin. This plant
extract also poorly modified rumen fermentationguaeters.

» Tea saponin did not affect N balance but tendehprove fiber digestibility in both experiments.

Conclusion

Tea saponin tended to reduce zootechnical perfaresamf cattle, without reducing their ¢Hmissions
whatever the physiological stage. We assume tlatthive compound of the plant was degraded dutirg
pelleting process. This plant extract tended toease fiber digestibility of lactating cows, withiaffecting N
balance. Further work is required to improve tgaos@n palatability and to confirm its positive effeon fiber

digestibility.
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Abstract

Two in vivo trials were conducted to study the effect of teposin alone (or in association
with nitrate) on methane emissions and digestieegsses in cows. Trial 1 was designed as a
2 x 2 factorial design on four rumen cannulated-laatating cows fed four diets: 1/ control
(CON-1) consisting of hay and concentrate (50:5@GddM basis), 2/ control with 0.5% tea
saponin (TEA-1), 3/ control with 2.3% nitrate (NI)-and 4/ control with 0.5% tea saponin
and 2.3% nitrate (TEA+NIT-1). Trial 2 was carriedt@n eight lactating cows fed two diets
in a 2 x 2 crossover design: 1/ control (CON-2) sistng of maize silage, hay and
concentrate (54:6:40 on a DM basis) and 2/ coniithi 0.5% tea saponin (TEA-2). In both
trials, each experimental period lasted five weiektuding two last weeks of measurement
during which animals were restricted fed betweer®S% of ad libitum intake. Intake and
milk production were daily measured all along #iaDaily methane emissions were
guantified using open chambers, total tract digé#ti and nitrogen balance were determined
from total feces and urine collected separatelynan fermentation parameters and protozoal
concentration were analyzed from samples takenm aftaning feeding. In both trials, tea
saponin tended to reduce DM intake (-12% in trjalN2ilk production was reduced (-18%)
with TEA-2, most likely because of the tendency lower intake as feed efficiency was
similar between diets. Methane emissions (g/kg miatter intake) were similar between
CON-1 and TEA-1, and were reduced to the same ewtgim NIT-1 and TEA+NIT-1 (-28%
on average). On dairy cows, methane emissions (@M4gnatter intake) were increased by
14% with TEA-2. Total tract digestibility and nigen balance were similar among diets in
the two trials, except for ADF digestibility whidended to be improved with TEA-2 (+8%).
Ruminal fermentative parameters (ammonia, lactatel volatile fatty acids ratios) were
poorly changed by diets: we observed an increaseetate and a decrease of butyrate with
nitrate-containing diets in trial 1, and an inceead acetate with tea saponin in trial 2.
Whatever trial, protozoa concentrations were simdemong diets. We conclude that tea
saponin was not efficient to reduce methane enmssioom cattle in our experimental
conditions. Further work is required to confirm piee effect of this plant extract on fiber

digestibility.

Keywords: cattle, digestibility, methane, nitrate, tea sapon
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Implications

The use of plant extracts as saponins may be aahaethod to mitigate methane emissions
from ruminants. Diets supplemented with tea saponahuded into pelleted concentrates
failed to reduce methane emissions in non-lactadimg) lactating cows. The tendency of this
plant extract to improve fiber digestibility in kating cows needs to be confirmed. Milk
production was reduced, most likely because of tdmelency for lower intake, but feed
efficiency was similar between diets. We suspeet tine plant active compound in tea

saponin was denatured during the pelleting process.

Introduction

Saponins have been considered as promising natubatances for methane (¢Hnitigation

in ruminants. This plant extract would have a taafifect on protozoa through the formation
of complex with sterols present in their membranducing cell lysis (Goel and Makkar,
2012). However, then vivo effect of saponins on methanogenesis and protoztiee rumen
presents contradictory results according to thecgoand supplemented dose. The decrease of
protozoa (between 58 and 88%) with saponins supgiéation either involved a reduction (-
13% with 1% sarsaponin froMucca schidigeriaYS; Lila et al., 2005), an increase (+14%
with 4% saponin fromMedicago sativaKlita et al., 1996), or no variation (up to 0.13%
saponins from YS anQuillaja saponaria QS; Pen et al., 2007; Holtshausen et al., 2009) i
CH, emissions.

Recent reviews highlighted a high anti-methanogewitential for tea saponin (Wang et al.,
2012; Gerber et al., 2013). This novel saponirxisaeted from the seeds, leaves and roots of
the tea tree from Japa@dmellia sinensjsor Sri Lanka Camellia assamicga Reduction of
CH4 emissions (g/kg dry matter intake, DMI) with teapsnin (0.25 to 0.5% of DM)
supplemented to sheep (Yuan et al., 2007; Mao.e2@10; Zhou et al., 2011) or steers (Li
and Powers, 2012) averaged 26% per percentage seiledponin. Mao et al. (2010) related
this CH,-mitigating effect with a significant reduction aiminal protozoa concentration (-
41%). In addition, the association of dietary stgés acting on both protozoa (linseed,
saponin) and methanogens (nitrate) additively ledenethanogenesis vitro (saponin from
QS plus nitrate; Patra and Zhongtang, 2013), iandvo (linseed plus nitrate fed to cows;
Guyader et al., 2014b). Tea saponin would also awgin vitro organic matter (OM)
digestibility (+21%; Wei et al., 2012) but this @t has never been testadrivo.
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The objective of this study was to test the effgfctea saponin alone or in association with
nitrate fed to lactating and non-lactating cows GR,; emissions, diet digestibility,

fermentation parameters and protozoa concentratitre rumen.

Material and methods

Two experiments were conducted at the animal fesliof the Experimental Unit UERT at
the INRA’s Theix Research Centre (Saint-Genés-Clzamelte, France). Trial 1 was led from
January to June 2013 and trial 2 was led from JgnaaApril 2014. Procedures involving
animals were performed in accordance with the Frévimistry of Agriculture guidelines for
animal research and with the applicable EU guidsliand regulations on experiments with
animals (http://wwwz2.vet-lyon.fr/ens/expal/acc_retyhl).

Experimental design and animal feeding in trial 1

Four multiparous non-lactating Holstein cows fitteih rumen cannulas (initial average BW
of 658 + 26 kg, mean * s.d.) were randomly assigeetbur dietary treatments in a 2 x 2
factorial design, using either calcium nitrate @& saponin at two different doses (0 and 3%
for calcium nitrate; 0 and 0.5% for tea saponirgclcexperimental period lasted five weeks,
with measures performed in the final two weeks kseé¢ & 5). All along the experiment,
animals were housed in individual stalls. On a miatter (DM) basis, diets were: 1) control
(CON-1), 2) CON-1 with 0.5 % tea saponin (TEA-1) GON-1 with 2.3% nitrate (NIT-1), 4)
CON-1 with 0.5% tea saponin and 2.3% nitrate (TEARl). The doses of tea saponin and
nitrate were calculated to achieve a theoreticadl @tluction of 20% (Mao et al., 2010; Van
Zijderveld et al., 2011) and 40% when distributéxha or in association, respectively.

Diet CON-1 consisted of 50% natural grass hay @%@ Boncentrate (DM basis; Table 1) and
met the maintenance requirements of non-lactatiogisc (INRA, 2010). Diets were
formulated to get similar levels of starch (26.0@ptein (12.2%), NDF (40.1%) and calcium
(Ca, 0.67%). Diets were adjusted to have the sainegan (N) and Ca concentrations by
including urea and calcium carbonate in CON-1 aBd\-IL. Forage was distributed without
further processing and all other ingredients intigdtea saponin or nitrate or both were
pelleted in concentrates (InVivo NSA, Chierry, Fran

Two weeks before starting the experiment, cows exteCON-1ad libitum Then, all along
the trial, feed was restricted to 90% of individwaluntary feed intakes to ensure complete
consumption of the diet. At the beginning of eagpezimental period, TEA-1, NIT-1 and

TEA+NIT-1 concentrates were progressively suppbgdeplacing CON-1 concentrate. The
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TEA-1 concentrate was distributed at maximal ddser @ 5-day transition period, whereas
the NIT-1 and TEA+NIT-1 concentrates were distrdzbiit their maximal dose after a 10-day
transition period.

Feeds were offered twice daily (66% at 0800 h at# at 1600 h for hay; 60% between 0800
and 0930 h in three equal portions and 40% betvi&& and 1630 h in two equal portions
for concentrates). Forage-to-concentrate ratio kegs as close as possible to the target ratio
by adjusting the amounts of feed offered daily base the composition of the refusals of the

previous day. Cows had free access to water thmughe experiment.

Table 1Ingredients and chemical composition of the expental diets (trial 1)

Diet’
CON-1 NIT-1 TEA-1 TEA+NIT-1
Ingredients (% of DM)
Hay 50.00 50.00 50.00 50.00
Pelleted concentrates
Wheat 25.23 25.23 25.23 25.23
Maize 15.00 15.00 15.00 15.00
Calcium nitraté 0 3.00 0 3.00
Tea saponin extratt 0 0 0.77 0.77
Calcium carbonate 1.70 0 1.70 0
Urea 1.22 0 1.22 0
Dehydrated beet pulp 4.08 4.00 3.31 3.23
Molasses beet 1.00 1.00 1.00 1.00
Binder 1.00 1.00 1.00 1.00
Mineral-vitamin mix 0.75 0.75 0.75 0.75
Aroma 0.02 0.02 0.02 0.02
Chemical composition (% of DM)
oM 91.3 91.5 91.4 91.4
CP 12.7 12.2 12.4 11.6
NDF 40.1 40.2 40.2 40.0
ADF 23.3 23.1 23.1 23.1
Starch 25.4 25.7 26.3 26.4
GE (MJ/kg of DM) 17.4 16.6 17.5 16.5

1 CON-1 = diet control; NIT-1 = diet CON-1 contaigi2.3% nitrate; TEA-1 = diet CON-1 containing
0.5% tea saponin; TEA+NIT-1 = diet CON-1 containih§% tea saponin and 2.3% nitrate.
2 5Ca(NQ),.NH;NO3.10H,0; 75% NQ in DM (Phytosem, Pont-du-Chateau, France).

® 688 g saponins/kg of DM according to supplier (8ho Tea Sci-Tech Co. Ltd., Hangzhou,
Zhejiang, China) indications.

Experimental design and animal feeding in trial 2
Eight lactating Holstein cows (four primiparous afwdir multiparous) were used. At the
beginning of the experiment, the average BW was®683 kg, milk production was 29 = 7
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kg and number of days in milk was 106 + 21 daysw€aere separated into two groups
balanced for number of primiparous, calving datel milk production. The two groups were
conducted in a 2 x 2 crossover design. Each expetah period lasted five weeks with the
two last weeks for measurement (weeks 4 & 5). Coere housed in a freestall barn except

during the measurement weeks in which they weceitidividually.

Table 2Ingredients and chemical composition of the expental diets (trial 2)

Diet'
CON-2 TEA-2
Ingredients (% of DM)
Maize silage 54.00 54.00
Hay 6.00 6.00
Pelleted concentrates
Maize 11.88 11.88
Barley 3.36 2.96
Soybean meal 5.24 5.24
Rapeseed meal 2.00 2.00
Soybean hulls 6.60 6.60
Wheat bran 6.00 5.24
Dehydrated beet pulp 0.94 0.94
Urea 0.80 0.80
Calcium carbonate 1.13 1.13
Dicalcium phosphate 0.44 0.44
Molasses beet 1.20 1.60
Mineral-vitamin mix 0.20 0.20
Salt 0.17 0.17
Fungicide 0.02 0.02
Aroma 0.02 0.02
Tea saponin extract 0.00 0.76
Chemical composition (% of DM)
OM 93.0 93.1
CP 16.1 16.1
NDF 35.1 35.6
ADF 18.4 18.7
Starch 28.2 27.8
GE (MJ/kg of DM) 17.7 17.9

1 CON-2= diet control; TEA-2 = diet CON-2 containifich% tea saponin.
2 689 g saponins/kg of DM according to supplier (8ho Tea Sci-Tech Co. Ltd., Hangzhou,
Zhejiang, China) indications.

Each group of cows received two dietary treatmeatssisting in (on a DM basis): 1) control
(CON-2), 2) CON-2 with 0.5% tea saponin (TEA-2).dage of tea saponin and manufacturer
were similar to trial 1 but the extract came froiffedlent batches as purchased separately.
Diet CON-2 was made of 54% maize silage, 6% hay40% pelleted concentrates (InVivo
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NSA, Longué-Jumelles, France; Table 2) and metr¢g@irements of lactating dairy cows
(INRA, 2010). Diets were equivalent in terms ofreba(28.0%), crude protein (16.1%) and
fiber (35.4%).

Two weeks before starting the experiment, cows iedead libitum with CON-2. Then, all
along the experiment, cows were fed ad libitum epxauring measurement weeks in which
offered feed was restricted to 95% of individualwaary feed intake. At the beginning of
each experimental period, TEA-2 concentrate wagrpssively supplied by replacing CON-2
concentrate, to achieve the maximal dose after ea voeek transition period. During the
experiment, hay was offered once daily (0800 h) mmaize silage mixed with concentrates
was distributed two times per day (66% at 0930 dh 2476 at 1600 h). Forage-to-concentrate
ratio was kept as close as possible to the taaget by adjusting the amounts of feed offered
weekly based on the composition of the refusalthefprevious week. Cows had free access

to water throughout the experiment.

Measurements and analyses for trials 1 & 2

Intake. During the 2 trials, offered feed and refusals evereighed and recorded daily to
estimate DMI. Feed (hay and concentrate for triasithge, hay and concentrate for trial 2)
were sampled as described previously (Guyader. e2@14b). Briefly, one sample of each
feed was taken on two days during weeks 4 and ibe&ch sample, one aliquote was used to
determine DM (103°C for 24h) and another aliquotes\stored at 4°C (hay and concentrate)
or -20°C before freeze drying (maize silage). RamdM content was determined if they
exceeded 1 kg/day and per animal in weeks 4 aAd the end of the experiment, each feed
samples were pooled per treatment and ground (1seneen) before chemical analyses
(InVivo Labs, Saint-Nolff, France for trial 1; InVo Labs, Chierry, France for trial 2).

Organic matter was determined by ashing at 550G o(method 942.05; AOAC, 2005).
Fiber (NDF and ADF) was determined by sequentiatedures (Van Soest et al., 1991) after
pretreatment with amylase, and expressed excludivesidual ash. Total N was analyzed by
combustion according to the Dumas method (meth@l086 AOAC, 2005), and CP content
was calculated as N x 6.25. Starch was analyzed) @i enzymatic method (Faisant et al.,
1995) and gross energy (GE) was analyzed by idogaricalorimetry (C200 model, IKA,

Staufen, Germany).
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Liveweight and blood methemoglobAmimals were weighed at the end of each experiatent
period. In trial 1, levels of blood methemoglobmetHb) were controlled 3h after morning
meal for animals fed nitrate (NIT-1 and TEA+NIT-One control sample was taken from all
animals the week preceding the start of the exparinThen, blood was sampled at days 3, 5,
10, 12, 17, 19 and 29 of each experimental peBtubd was sampled from jugular vein and
packed onto ice before metHb content analysis @@pll965) within 1h at the nearest
hospital (CHU Gabriel Montpied, Clermont-Ferrandarkce).

Methane emission&inetics of CH emissions were determined using open chambersék w
4 as described in Guyader et al. (2014b), during f{trial 1) and two (trial 2) consecutive
days. Chambers rear doors were opened twice dailgléaning and milking, and front doors
were opened for each feed distribution (five timpes day for trial 1 and three times per day
for trial 2). In total, doors were opened on averd§ min/day (trial 1) and 30 min/day (trial
2). As far as possible, doors were not opened dgases concentration analysis or deleted if
it was the case. Air fluxes were not correcteddonvironmental data, as trial 1 showed that

this correction did not influence final values.

Digestibility and nitrogen balancelotal tract digestibility of nutrients and N batenwere
determined via daily total and separate collectbrieces and urine in week 5. Collection
lasted six days in trial 1 and five days in triaE&ch day, after weighing and mixing of feces,
one aliquote (1%) was used to determine DM (103C# h) and another aliquote (1%) was
pooled per week and per animal before freezing°G20At the end of trials, samples were
defrosted and dried (trial 1) or freeze-dried (tBpbefore grinding (1 mm screen). Chemical
composition (OM, NDF, ADF, CP) was analyzed sintyldo feed.

Urine was collected in vessels containing 500 mifusie acid 3 M to maintain a urine pH
lower than 3 to avoid N volatilization. Each daytea weighing, one aliquote (1%) was
pooled per week and per animal before freezing°G20At the end of each trial, samples
were defrosted and N content was determined actprdi Kjeldahl method (InVivo Labs,
Chierry, France; method 2001.11; AOAC, 2005) awat not possible to apply the Dumas
method on fresh urine. In trial 1, a second aligu@.25%) was diluted (1:4) with distilled
water and pooled per week and per animal befoeziing (-20°C). At the end of the trial,
samples were defrosted and concentration in deresatof puric bases (DPB; xanthin,
hypoxanthin, allantoine, uric acid) was determigdhigh pressure liquid chromatography

(Shingfield and Offer, 1999) to assess microbialisgsis within the rumen.
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Rumen fermentation parameteRumen content was sampled in the ventral sac df eaw
through the cannula, 3h after morning meal, dutimg non-consecutive days in week 5 (trial
1) or by stomach tubing, 3.5h after the morning Imea the last day of week 5 (trial 2). All
rumen samples were strained through a polyesteofi@ment fabric (25Qum pore size) and
filtrate was subsampled for volatile fatty acidsF®/ 0.8 mL filtrate in 0.5 mL of a 0.5 M
HCI solution containing 2% (w/v) metaphosphoricda@nd 0.4% (w/v) crotonic acid),
ammonia (NH, 1 mL filtrate in 0.1 mL of 5% orthophosphoric dgiand protozoa (2 mL
filtrate in 2 mL of methyl green-formalin solutioopncentrations analyses. In trial 1, lactate
(3 mL filtrate without preservative), nitrate andrite (20 mL filtrate without preservative)
concentrations were also determined as well asrdigsaof rumen pH which was followed
during six consecutive days in week 4 with bolugBolus, eCow, Exeter, United Kingdom;
Guyader et al., 2014b).

Samples were stored at -20°C before analysis, e€Xaeprotozoa samples which were stored
at room temperature and away from direct light lurgunting. Concentrations of VFA and
NH; were analyzed by gas chromatography with a flamaization detector and by
colorimetry, respectively (Morgavi et al., 2008)adtate concentrations were determined by
colorimetry (D/L-lactic acid, BioSentec, Auzevill®losane, France). Nitrate and nitrite
concentrations were analyzed by spectrometry (latboe Vétérinaire et Biologique,
Lempdes, France). Protozoa were counted by micpysemd categorized as either small
(<100 pm) or large (>100 um) entodiniomorphs, omhakotrichs (Dasytricha or Isotricha)
(Williams and Coleman, 1992). Protozoa concentnatiavere logy-transformed before

statistical analysis.

Milk yield and composition in trial 2Milk production was daily quantified. Milk compadisin

was determined at each milking on samples (30 rakgrt one day in week 4, mixed with
potassium bichromate (Merck, Fontenay Sous Boiandé&), and stored at 4°C. Milk fat,
protein and lactose content were analyzed by ieffaspectrometry with a 3-channel
spectrophotometer (Galilait, Theix, France; meth®d2.16; AOAC, 1990) and urea

concentration was determined by colorimetry (G#lilBheix, France; Potts, 1967).
Statistical analyses

All statistical analyses were carried out with thixed procedure of SAS (Version 9.2; SAS

Institute, 2009). As sampling day effect (n = 2 femen fermentation parameters in trial 1; n
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= 4 or 2 for CH emissions in trials 1 and 2, respectively) wasenesignificant, this factor
was not considered in subsequent analyses, addtallwere averaged per period.

In trial 1, the statistical model included the randeffect of cow (n = 4) and fixed effects of
period (n = 4), nitrate (CON-1 and TEA-1 versus NIand TEA+NIT-1), tea saponin (CON-

1 and NIT-1 versus TEA-1 and TEA+NIT-1) and theenaiction nitrate x tea saponin. In trial
2, one animal passed away during the second pafieda fall not linked with the trial. All
data for this animal were deleted in further statis analyses. The statistical model included
the animal (n = 7) as random effect, and period 2) and diet (n = 2) as fixed effects.

Daily kinetics of ruminal pH (trial 1) and GHemissions (trials 1 and 2) were analyzed by
repeated time. Hour (n = 24 for both trials) wasated as a repeated measurement with
compound symmetry as covariance structure. Inirithe model included the fixed effects of
period, hour, nitrate, tea saponin, nitrate x #gzogin and the interactions between hour and
dietary treatments (tea saponin x hour, nitrat@urhtea saponin x nitrate x hour). In trial 2,
the model included period, diet, hour and diet wrhinteractions as fixed effects.

Differences between diets were considered sigmifiedP<0.05, and trends were discussed at

0.05P<0.1. Least squares means are reported throughout.

Results

Trial 1 on non-lactating cows

Animals weight and metHb levehst the end of the trial, animals weighed 699 kg2 which
corresponded to an average weight gain of 10 kgapenal and per period. Levels of blood
metHb progressively increased until the end ofdbeond week of adaptation, before going
down and remaining at stable and low levels at lleginning of measurement weeks
(Supplementary material Figure S1). The maximatllegached by one animal fed NIT-1 was
25.9% on day 12.

Intake, diet digestibility and nitrogen balance bla 3).Both nitrate and tea saponin reduced
daily intake (DM, OM, NDF, ADF and GH?<0.05), with an additive effect between tea
saponin and nitrate (tea saponin x nitr&e0.05). Nutrient digestibility was similar between
diets £>0.05), with an average DM digestibility of 63.7%aponin-containing diets (TEA-1

and TEA+NIT-1) tended to improve NDF digestibiliy=0.126) and nitrate-containing diets
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(NIT-1 and TEA+NIT-1) tended to increase ADF digjeisity (P=0.073). Nitrogen balance

was positive (+17.3 g/day) and similar betweensdiet

Table 3 Daily nutrient intake, total tract digestibilityd N balance of non-lactating cows fed

diets containing tea saponin and calcium nitrad@elbr in association (n = 4; trial 1)

Diet' P-valu€
CON-1 NIT-1 TEAl TEA+NIT-1 SEM  Saponin  Nitrate POl
x nitrate
Daily nutrient intake
DM (kg/day) 12.3 12.0 12.0 11.8 0.40 0.032 0.040 916.
OM (kg/day) 11.2 11.0 11.0 10.7 0.37 0.032 0.048 756.
NDF (kg/day) 4.93 4.84 4.83 4.71 0.164  0.032 0.047 0.758
ADF (kg/day) 2.86 2.79 2.77 2.71 0.095 0.018 0.044 0.962
GE (MJ/day) 214 200 210 194 6.9 0.021 <0.001 0.548
Total tract digestibility (%)
DM 62.8 63.8 64.5 63.7 1.15 0.270 0.845 0.220
oM 66.9 67.9 68.1 67.7 111 0.336 0.451 0.180
NDF 42.3 43.7 45.2 44.6 2.60 0.126 0.697 0.369
ADF 41.9 44.8 44.3 45.3 2.83 0.160 0.073 0.331
CP 59.1 54.4 58.6 55.1 3.35 0.972 0.241 0.852
N balance (g/day)
N intake 247.5 232.5 242.5 217.5 8.54 0.003 <0.0010.050
N in feces 102.1 108.4 99.2 97.9 10.22 0.458 0.7780.671
N in urine 123.1 106.6 1334 103.2 9.47 0.638 0.016 0.363
N in feces + urine 225.2 215.0 232.6 201.1 1456 763. 0.089 0.339
N balance 25.0 204 6.8 16.9 10.79 0.286 0.778 90.45

1 CON-1 = diet control; NIT-1 = diet CON-1 contaigi2.3% nitrate; TEA-1 = diet CON-1 containing

0.5% tea saponin; TEA+NIT-1 = diet CON-1 containth§% tea saponin and 2.3% nitrate.

Z Saponin = main effect of tea saponin (CON-1 an@i-NiersusTEA-1 and TEA+NIT-1); Nitrate =
main effect of nitrate (CON-1 and TEA-lersusNIT-1 and TEA+NIT-1); Saponin X nitrate =

interaction between main effects of tea saponinrdindte.

Methane emissions (Table 4hnimals fed TEA-1 produced the same quantitiesCéi,
(expressed as g/day, g/kg DMI, g/kg digested DMggligested OM, g/kg digested NDF,

%

of GE intake) than animals fed CON-1. Animals fattate-containing diets (NIT-1 and
TEA+NIT-1) produced the same quantities of ¥t in a lower amount than CON-1 (-28%

on average;P<0.05). Kinetics of CH emissions (Supplementary material Figure

S2)

confirmed the absence of Gimitigating effect of tea saponin fed alone allrgjahe day.

Inversely, nitrate-containing diets induced lowsrigsions during 3h following meals before

rising to similar levels than CON-1.
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Table 4 Methane emissions of non-lactating cows fed dgstaining tea saponin and
calcium nitrate alone or in association (n = 4ltti)

Diet! P-value¢
CON-1  NIT-1 TEAl TEA+NIT-1 SEM  Saponin Nitrate >2Po"
X nitrate
g CH/day 3123 2192  294.0 206.3 1337 0248 <0.001 308
g CH./kg DM 25.4 18.6 24.6 17.8 141 0529 0001 0973
g CH,/kg dDM 40.5 29.1 38.3 28.1 230 0446 0002  0.768
g CH,/kg dOM 37.9 27.4 36.3 26.4 211 0488 0001  0.846
g CH/kg dNDF  60.2 425 55.2 41.4 429 0395 0003 0571
% of GE intake 73 56 7.0 5.4 042 0519 0003 56.9

1 CON-1 = diet control; NIT-1 = diet CON-1 contaigi2.3% nitrate; TEA-1 = diet CON-1 containing
0.5% tea saponin; TEA+NIT-1 = diet CON-1 containth§% tea saponin and 2.3% nitrate.

Z Saponin = main effect of tea saponin (CON-1 an@i-NiersusTEA-1 and TEA+NIT-1); Nitrate =
main effect of nitrate (CON-1 and TEA-slersusNIT-1 and TEA+NIT-1); Saponin x nitrate =
interaction between main effects of tea saponinraindte.

Rumen fermentation parameters and protozoa conagomis (Table 5).Tea saponin fed
alone increased total VFA concentrations after ifegdompared to CON-1 (+19%<0.05)
without modifying VFA profile. Diets supplementedtlv nitrate (NIT-1 and TEA+NIT-1)
increased acetate proportion (+10% on averBg®;01), reduced butyrate proportion (-39%
on averageP<0.01) and reduced ammonia concentrations (-23.6%verageP<0.05). No
treatment affected nitrite concentrations and tetv@as never detected in the rumen. Average
daily pH was similar between diets (6.20 on aveyagespite a reduction for TEA-1 between
3 and 5h after the morning meal and between 1 amda#er the afternoon meal
(Supplementary material Figure S3). Saponin-coirtgirdiets (TEA-1 and TEA+NIT-1)
tended to increase protozoa concentratisr0(10).
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Table 5 Daily average pH, rumen fermentation charactesstind protozoa concentration 3 h
after feeding non-lactating cows with diets contagrtea saponin and calcium nitrate alone or
in association (n = 4; trial 1)

Diet" P-value
CON-L  NIT-1  TEA1 TEANIT-L SEM Saponin Nitrate >obor"
X nitrate
Total VFA (mM) 10150 9843 12058 9813 5515 0013 0003 0011
VFA profile (%)
Acetate (C2) 6783 7553  69.10 7356 1512 0787 00D. 0.234
Propionate (C3) 1657 1468 1639 1638 1911 04890397 0401
Butyrate (C4) 1164 701  11.08 716 0854 0813 0D.0 0678
Minor VFA? 397 278 343 293 0382 0563 0040  0.322
ca/c3 427 533 446 465 0554 0507 0120  0.260
(C2+C4)/C3 500 58 5.8 511 0628 0501 0347 279
NHe-N (mM) 1832 1484 1842 1315 1790 0570 0016 0525
Total lactate () 080 080 0.3 051 0196 0624 0214 0210
Nitrite (mg/L) 024 417 024 163 1756 0482 @17 0482
pH' 624 631 6.0l 622 0104 0137 0187  0.480
Total protozoa (log/mL) 5.38 5.40 5.53 5.58 0.146 0.067 0.655 0.875

1 CON-1 = diet control; NIT-1 = diet CON-1 contaigi2.3% nitrate; TEA-1 = diet CON-1 containing
0.5% tea saponin; TEA+NIT-1 = diet CON-1 containth§% tea saponin and 2.3% nitrate.

2 Saponin = main effect of tea saponin (CON-1 an@-NiersusTEA-1 and TEA+NIT-1); Nitrate =
main effect of nitrate (CON-1 and TEA-slersusNIT-1 and TEA+NIT-1); Saponin X nitrate =
interaction between main effects of tea saponinrdindte.

3 Minor VFA = sum of isobutyrate, isovalerate, valerand caproate.

* Daily average.

Trial 2 on lactating cows

Animals lost 11 kg on average per period, to ertth wifinal BW of 608 + 33 kg.

Intake, diet digestibility and nitrogen balance bla 6). Diet TEA-2 numerically reduced
daily DMI (-2.3 kg/day), and did not affect intakéd OM, NDF, ADF and GE. Nutrients
digestibility (DM, OM, NDF, CP) was similar betwedrets with an average DM digestibility
of 66.2%, but TEA-2 tended to improve ADF digesitipi(+8%; P<0.10). N balance was
positive and similar between CON-2 and TEA-2 (+5g¢day on average).
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Table 6 Daily nutrient intake, total tract digestibilityhd N balance of lactating cows fed a
diet containing tea saponin (n = 7; trial 2)

Diet'
CON-2 TEA-2 SEM P-value

Daily nutrient intake

DM (kg/day) 20.0 17.7 1.23 0.109

OM (kg/day) 18.6 16.5 1.15 0.111

NDF (kg/day) 7.04 6.31 0.434 0.143

ADF (kg/day) 3.69 3.31 0.227 0.139

GE (MJ/day) 354 316 21.8 0.129
Total tract digestibility (%)

DM 65.8 66.6 0.78 0.362

OM 67.5 68.4 0.77 0.359

NDF 48.3 52.1 1.55 0.147

ADF 43.9 47.9 1.38 0.086

CP 63.9 63.0 0.99 0.345
N balance (g/day)

N intake 515.6 457.4 33.02 0.118

N in feces 186.4 169.2 14.07 0.254

N in urine 136.3 120.6 5.75 0.112

N in feces + urine 322.8 289.8 18.36 0.199

N in milk 143.9 123.0 14.54 0.486

N balance 52.2 56.9 12.74 0.878

! CON-2 = diet control; TEA-2 = diet CON-2 contaigif.5% tea saponin.

Milk production and methane emissions (TableDigt TEA-2 reduced milk production by
18% (23.6versus28.9 kg/day; P<0.001) without affecting milk camten fat (34.3 g/kg on
average), protein (30.8 g/kg on average), lact68eb(g/kg on average) and urea (20.0 mg/dL
on average). Feed efficiency was similar betweeN@Cand TEA-2 (1.39 kg milk/kg DMI
on average).

Expressed in g/day, GHmissions were similar between CON-2 and TEA-8,\ware higher
for TEA-2 when expressed in g/kg DMI (+12.7®x0.001), g/kg milk (+20.9%P<0.05),
g/kg digested nutrients (+11.9% for OM<0.05) or as a percentage of GE intake (+12.8%;
P<0.001). These differences between diets were aiaed all along the day as observed on
daily kinetics of CH emissions (Supplementary material Figure S4).
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Table 7 Milk production and Cliemission of lactating cows fed a diet containieg $aponin
(n=7; trial 2)

Diet'
CON-2 TEA-2 SEM P-value

Milk yield (kg/day) 28.9 23.6 1.97 <0.001
Feed efficiency (kg milk/kg DMI) 1.45 1.33 0.083 0.251
Fat concentration (g/kg) 30.3 38.2 3.48 0.321
Protein concentration (g/kg) 31.6 29.9 0.70 0.326
Lactose concentration (g/kg) 50.2 50.7 0.92 0.052
Urea concentration (mg/dL) 21.7 18.2 4.36 0.611
CH, emissions

g CHyday 435.2 442.2 38.69 0.840

g CH,/kg DMI 21.3 24.7 1.10 0.004

g CHy/kg milk 15.1 19.1 1.22 0.018

g CH,/kg dDM 325 37.0 1.61 0.021

g CH,/kg dOM 34.1 38.7 1.69 0.023

g CH,/kg dNDF 126.2 133.2 5.99 0.454

% of GE intake 6.01 6.89 0.310 0.006

! CON-2 = diet control; TEA-2 = diet CON-2 contaigif.5% tea saponin.
2 Feed efficiency = milk yield/DMI.

Rumen fermentation parameters and protozoa coraoimis (Table 8).Concentrations in
NH; and total VFA were similar between CON-2 and TEA45.1 and 105.2 mM,
respectively). The VFA profile differed only in dage proportion, which was higher for
TEA-2 (+6.2%;P<0.05) inducing a tendency for a higher C2/C3 ratonpared to CON-2

(P<0.10). Protozoa concentrations were similar betwbets (5.1 log/mL on average).

Table 8 Rumen fermentation characteristics and protozosemration 3 h after feeding
lactating cows with a diet containing tea saponie (7; trial 2)

Diet'
CON-2 TEA-2 SEM P-value

NH3-N (mM) 16.08 14.15 2.763 0.643
Total VFA (mM) 107.07 103.32 10.720 0.806
VFA profile (%)

Acetate (C2) 55.68 61.87 2.005 0.035

Propionate (C3) 23.25 20.47 1.650 0.185

Butyrate (C4) 16.57 13.72 1.429 0.199

Minor VFA? 4.26 3.95 0.326 0.516
C2/C3 2.49 3.07 0.226 0.062
(C2+C4)/C3 3.26 3.75 0.272 0.176
Total protozoa (log/mL) 5.02 5.18 0.117 0.360

! CON-2 = diet control; TEA-2 = diet CON-2 contaigif.5% tea saponin.
2 Minor VFA = sum of isobutyrate, isovalerate, vakerand caproate.
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Discussion

Intake and reduction of lactating performancesaws fed tea saponin

In both trials, intake was reduced by tea sapooppkmentation, even if the plant extract
was included into pelleted concentrates which shbalve improved its palatability thanks to
the presence of aroma. We also faced difficuloefeéd tea saponin as a powder, as handling
of the powder led to respiratory irritation probkerfor users and animals refused to eat it.
This issue has never been highlighted in prevituwdias testing this plant extract (Mao et al.,
2010; Zhou et al., 2011; Li and Powers, 2012).

Tea saponin clearly reduced milk production withaftecting milk composition. The
reduction of milk yield can be explained by thedency for a lower DMI, as feed efficiency
was similar between diets. To our knowledge, thgatiee effect of tea saponin on lactating
performances of dairy cattle has never been obdetmstead, inconsistent results have been
reported on beef cattle and lambs. Mao et al. (R@iDnot observe differences in growth of
lambs supplemented with 0.5% tea saponin. Withrstée and Powers (2012) reported no
effect of 0.05% tea saponin on the average daiighteyain, whereas a higher dose (0.11%)
reduced the average daily weight gain by 80% lirtkea drop of DMI (-27%). Overall results

show that a dose response study on dairy cattégjisred to complete this work.

Absence of positive methane mitigating effectaostgonin

Tea saponin supplementation (0.5% DM) did not aftedd, emissions (g/kg DMI) of non-
lactating cows and increased g£emissions (g/kg DMI) of lactating cows, after 4eke of
feeding saponin. This result is linked to the abseof the expected reduction of ruminal
protozoa in both studies suggesting an adaptatfothis population. Indeed, in sheep, a
decrease of protozoa number after 4 days of feezhpgnins $esbania sesbamas reported
but this population recovered 10 days later (Newhbetl al., 1997). The absence of £H
mitigating effect of tea saponin was reported pyasly on steers but animals were fed low
tea saponin doses (0.11% maximum; Li and Powed2)2@However, with similar doses than
ours (0.5% tea saponin), Gldmissions (g/kg DMI) were reduced by 27% (Maolgt2®10)
and 11% (Zhou et al., 2011) in sheep, and wereetinko a reduction of protozoa
concentrations (-41% and -43% of total bacterigh YIBNA, respectively) after 3-8 weeks
saponin feeding.

Several reasons may explain the inefficiency of i@ar saponin extract on methanogenesis

and on associated rumen microbial and fermentativameters. In our trials, tea saponin was
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included into granulated concentrates whereas stdistributed as a powder in other studies.
During the pelleting process, the saponin was kle@té0°C), which may have damage its
anti-methanogenic and -protozoal properties. Indeednodification of the miscellaneous
structure of QS was already observed after hedtatgyeen 20 and 60°C (Mitra and Dungan,
1997). An animal species effect (sheegsuscattle) may be also considered. Finally, we
cannot exclude an effect of the batch productiolantp maturity, geographical area of
production and extraction methods are three paemeffecting the final concentration and
quality of the saponin (Li and Powers, 2012).

The mode of action of nitrate to mitigate methameages is different from saponins as it does
not reduce protozoa. Nitrate may not only act agdrogen-sink but may also have a direct
inhibiting effect towards rumen methanogens (Guyagleal., 2014a). Nitrate fed alone
reduced CH emissions related to DMI by 27%, correspondingatd2% reduction per
percentage unit of nitrate fed. This result confirmnce more time the efficiency and
repeatability of the nitrate CHnitigating effect in cattle (Hulshof et al., 201Quyader et al.,
2014b; Veneman et al.,, 2014). Moreover, a recerntafaealysis reported a linear dose-
response effect of nitrate (0.3 to 1.2 g/kg BW/day)enteric Ckl emissions with a reduction
of 12% of CH yield (g/kg DMI) per 0.1 g added nitrate/kg BW/ddyee and Beauchemin,
2014). Association of nitrate plus tea saponinrhbtl accentuate the Ghinitigating effect of
nitrate, suggesting that the ¢keduction with this association was linked to titeate effect.
Nitrate fed alone or in association with tea sapdni non-lactating cows increased acetate
without changing propionate concentrations in thmen, which confirmed previous findings
(Nolan et al., 2010; Hulshof et al.,, 2012; Venemein al., 2014). Increased acetate
concentration may compensate the hydrogen defigienthe rumen (Janssen, 2010) linked

to nitrate reduction.

Improvement of fiber digestibility with tea saponin

Tea saponin did not modify diet digestibility of mtactating cows, whereas with lactating
cows, it tended to improve ADF digestibility (+4itg). To our knowledge, our study is the
first one to show a beneficial effect of tea sapooin nutrient digestibility of cattle. This
effect was not reported on goats supplemented laitidoses (0.04, 0.06 and 0.08%; Zhou et
al., 2012). Generally, saponins have an undermaffeett on diet digestibility, which seems
to be linked to their source and dose. Only Penl.e{2007) observed an increased NDF
digestibility (+3.7 units) on ovine supplementedhw®.08% saponin from QS. Most authors

reported no effect of saponins on diet digestipilit bovine (0.03% saponin from YS or QS,
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Holtshausen et al., 2009) or in ovine (0.13% sap@mom YS, Pen et al., 2007; 1-4% saponin
from Medicago sativaKlita et al., 1996). A depressive effect on filokgestibility was even
shown with 0.5 and 1% saponin from YS (-2.6 an@ tkhits, respectively; Lila et al., 2005)
and with 1% saponin extracted from the tropicat 8apindus saponari&3 units, Hess et al.,
2004).

Nitrate supplementation did not affect diet digasty and N balance in both trials,
confirming previous studies on sheep (Nolan et28l10) and lactating cows (Van Zijderveld
et al., 2011; Guyader et al., 2014b) supplementedou2.5% nitrate. Nitrate was well
metabolized by the animals and can substitute asea non-protein N source in diets low in
fermentescible N content (Leng, 2008). Moreovee #ibsence of animals’ health issue in
terms of methemoglobinemia supports the use of ¢hismical at the farm scale under
controlled conditions. It is recommended to feetmats with maximum doses of 1% nitrate
(Doreau et al., 2014) and to apply a long enougiptation period (Lee and Beauchemin,
2014).

In conclusion, tea saponin supplementation didedtice CH emissions and rumen protozoa
concentrations in cattle. The inefficiency may belained by the denaturation of the active
compound of the plant when heating during the petieprocess. To test this hypothesis, an
in vitro experiment may be carried out to compare gas ptamuand composition and
protozoa number with pelleted or non-pelleted sg@ogin supplementation. This plant extract
tended to increase fiber digestibility of lactatimgpws, without improving animals’
performances. Further work is required to imprasee $aponin palatability and to confirm its

positive effect on digestibility via a dose respostudy.
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Supplementary Figure S1.Boxplot of blood metHb levels of non-lactating ov¥ed diets
containing 2.3% nitrate with or without 0.5% te@®ain (n = 8; trial 1). The box represents
the quartiles with the median at the center andvidréical lines represent the maximum and
minimum value within 1.5 interquartile range of thigher and lower quartile, respectively.
Values greater than 1.5 interquartile range arsidened as outliers and are identified with a
star. Blood was analyzed during the three weekgptatlan period, the arrow indicates the
start of the measurement period.
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Supplementary Figure S2.Daily CH,; production pattern of non-lactating cows fed diesitaining 2.3% nitrate with or without 0.5% tea
saponin (n = 4; trial 1). Errors bars indicate J.katments consisted in diet control (CON-1), @i€&N-1 containing 2.3% nitrate (NIT-1), diet
CON-1 containing 0.5% tea saponin (TEA-1) and A@i&N-1 containing 0.5% tea saponin and 2.3% nitf&BEA+NIT-1). The arrows indicate
time of feeding. Symbols indicate hourly statidticamparison (1 #<0.10; * =P<0.05; ** = P<0.01; ** = P<0.001) between treatments:
saponin = main effect of tea saponin (CON-1 and-NMersusTEA-1 and TEA+NIT-1); nitrate = main effect of rate (CON-1 and TEA-1
versusNIT-1 and TEA+NIT-1); saponin x nitrate = interiact between main effects of tea saponin and nitrate
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Supplementary Figure S3.Daily pattern of rumen pH of non-lactating cowd fitets containing 2.3% nitrate with or without %.%ea saponin
(n = 4; trial 1). Errors bars indicate s.d. Treattseconsisted in diet control (CON-1), diet CONehtaining 2.3% nitrate (NIT-1), diet CON-1
containing 0.5% tea saponin (TEA-1) and diet CObbfitaining 0.5% tea saponin and 2.3% nitrate (TEA+N. The arrows indicate time of
feeding. Symbols indicate hourly statistical conmgaar (1 =P<0.10; * =P<0.05; ** = P<0.01; *** = P<0.001) between treatments: saponin =
main effect of tea saponin (CON-1 and NITdrsusTEA-1 and TEA+NIT-1); nitrate = main effect of rate (CON-1 and TEA-YersusNIT-1
and TEA+NIT-1); saponin x nitrate = interactionweén main effects of tea saponin and nitrate.
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Supplementary Figure S4.Daily CH, production pattern of lactating cows fed a diettaming 0.5% tea saponin (n = 7; trial 2). Errbess
indicate s.d. Treatments consisted in diet co{tt@®N-2) and diet CON-2 containing 0.5% tea sapdmiBA-2). The arrows indicate time of
feeding. Symbols indicate hourly statistical congiar between CON-2 and TEA-2 (1P=<0.10; * =P<0.05; ** = P<0.01; *** = P<0.001).
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STEP 4. Dietary nitrate inhibits rumen methanogenthaea
without influencing genes coding for microbial ate or

nitrite reductases

Objective

To study the effect of CHmitigating strategies acting on lgroduction (lipids from linseed or saponin froma,te
toxic effect towards protozoa) ang Hitilization (nitrate from calcium nitrate, k$ink through nitrate reduction
to nitrite and ammonia) on abundance, activity diversity of rumen microbiota from non-lactatinga

Experimental approach

4 non-lactating cows 3— 2 x 2 Factorial design—»> CON: 50% hay + 50% pelleted concentrate
NIT : CON + 2.3% nitrate (from calcium nitrate)
& LIN : CON + 2.6% added lipids (from linseed oil)

LIN+NIT : CON + 1.0% added lipids + 2.3% nitrate

4 non-lactating cows s— 2 x 2 Factorial design—» CON: 50% hay + 50% pelleted concentrate
0 NIT : CON + 2.3% nitrate (from calcium nitrate)
B TEA: CON + 0.5% saponin (from tea)
TEA+NIT : CON + 0.5% saponin + 2.3% nitrate

Rumen samples taken in wk 5 (FD1) or wk 4 (FD2)&thr morning feeding
Total nucleic acids extraction (DNA and RNA) and\eé®synthesis

Abundance (DNA) and gene expression (cDNA) analygiseal-time PCR:

» Total bacteriarfs) & methanogensnfcrA) Nitrogen] fixation
¢ Nitrate reducing bacterimgpAandnarG/1) TR far N
¢ Nitrite reducing bacterian{rK /2) NO, NO — N0 — N,
&R T
Nitrification NO4 Denitrification

Diversity (DNA and cDNA) analysis with MiSeq, Illuma:

NH; —+ NH,OH —{NO, |~ NH,OH —+ NH,

I

Anammox NH} N,

e Bacteria, protozoa, methanogens, fu

In progress
(Annex 1)

Philippot et al., 2007
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Main results
FD2

« Total rumen bacteria abundance was similar betwéss.

* Methanogens abundance was reduced by nitrate-igidg-I containing diets in FD1 but not in FD2.
Methanogens activity was reduced by 2.3 folds arage in diets including nitrate (NIT and LIN+NIT
in FD1; NIT and TEA+NIT in FD2).

« Relative abundance ofapA narG andnirK DNA copies were similar between diets in FD1 amPF
Only narG activity was detected without difference betweetaty treatments.

Conclusion

Lipids from linseed, saponin from tea, nitrate dhdir association (linseed plus nitrate and linspkt tea
saponin) act differently on rumen microbiota. Lisdeeduced methanogens abundance, which may beireegbl
by a toxic effect of fatty acids. Tea saponin did affect targeted microbial population. Nitratel f@one or in
association with linseed or tea saponin did nacifhitrate and nitrite reducing bacteria, but hadxic effect
towards abundance and activity of methanogens,gighinked to nitrite toxicity. Further work is iprogress
to assess the effect of these three dietary tredsnos diversity of rumen microbiota.

159



Rumen microbiota and methane mitigating strategies Results

Dietary nitrate inhibits rumen methanogenic archaeawithout

influencing genes coding for microbial nitrate or ntrite reductases
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Abstract

This work assessed the effect of nitrate fed atmmia association with linseed or tea saponin
on the abundance and activity of rumen bacteriatham®gens and nitrate and nitrite
reductases. Two 2 x 2 factorial design experim@fisl and FD2) were performed using four
non-lactating cows each. Diets were: 1) controlgc@)jtrol with 2.3% nitrate, 3) control with
4% linseed oil (FD1) or 0.77% tea saponin (FD2Y dh control with 2.3% nitrate and 4%
linseed oil (FD1) or 0.77% tea saponin (FD2). Rugentent was sampled after morning
feeding at the end of each experimental periodrad€i¢d nucleic acids were used for
microbial quantification and gene expression anglpy gPCR. Targeted genes wenes
(total bacteria)mcrA (methanogens)arG, napA and nirK (nitrate and nitrite reductase).
Total bacteria abundance was similar among dieiisat fed alone or in association with
linseed reduced methanogens abundanceramd expression (FD1). Nitrate fed alone or in
association with tea saponin only reducectA expression (FD2). Abundance and expression
of narG, napA and nirK were unaffected by diets. Dietary nitrate inhiditeumen
methanogens but did not affect microbial genesrgpthr nitrate or nitrite reductases.

Keywords: Methanogens; Nitrate; Nitrate reductase; Nitrgguctase; Rumen
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Background

We found a methane (GHmitigating effect of nitrate (2.3% in dry matt&M) fed alone or

in association with linseed oil (2.6% added faDiM, [8]) or tea saponin (0.5% saponin in
DM; Guyader et al., personal communication) in teetating cows. The predominant
pathway of nitrate metabolism in the rumen is thauction of nitrate to nitrite and nitrite to
ammonia which consumes four moles of hydroges) [I4] thus reducing KHavailability for
methanogens. Another pathway of nitrate reductionsists in denitrification to produce
gaseous nitrous oxide £§8) [23]. These mechanisms require the presencacatba known

to reduce nitrate or nitrite such &elenomonas ruminantiynYeillonella parvula and
Wolinella succinogengd 1]. However, the quantity of these rumen baateras not affected
when nitrate was supplemented to goats (1% in DAy ¢r steers (1.2% in DM; [15]).
Nevertheless, the effect of nitrate supplementabanboth abundance and expression of
universal genes coding for nitrate reductases @& riimen has never been assessed. In
addition, whereas )0 has been detected in eructated gaseous emissfodairy cattle
supplemented with 2.1% nitrate in DM [22], the afbaimce and expression of genes targeting
nitrite reductases in the rumen have never beefiestu

Sheep fed a corn silage-based diet had reduceddabo®m of rumen methanogens when
supplemented with 2.1% nitrate (in DM) [26]. Wealsbserved that nitrate supplementation
induced a rise of dissolved,Honcentrations in the rumen of cows following isigen [9].
These results suggest that nitrate may not onlyaaa H-sink but may also have a direct
inhibiting effect on rumen methanogens. Nevertlglehe abundance and activity of
methanogens in the rumen of cattle supplementddnititate is unknown.

The objective of this work was to assess the efféctitrate fed alone or in association with
linseed or tea saponin on i) the abundance andtgadi methanogens, and ii) the abundance
and expression of microbial genes targeting niteatd nitrite reductases in the rumen of

COWS.

Materials and methods

The experiment was conducted at the animal expetahéacilities of INRA’s Herbivores
Research Unit (UERT, Saint-Genés-Champanelle, Ejaftom January to June 2013. All
procedures involving animals were conducted in atamace with the French Ministry of
Agriculture guidelines for animal research, and &tiplicable European guidelines and
regulations on animal experimentation. The expemims&as approved by the Auvergne

regional ethic committee for animal experimentat@&pproval number CE50-12.
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Animals, experimental design and feeding management

Eight non-lactating Holstein cows were separatdd two groups conducted in parallel
according to 2 x 2 factorial designs. Within eactpeziment, four cows were randomly
assigned to four dietary treatments during 5-wegleemental periods. In factorial design 1
(FD1), diets were on a DM basis: 1) control dieO{C 50% natural grassland hay and 50%
concentrate), 2) control diet with 4% linseed &ilN; 2.6% added fat), 3) control diet with
3% calcium nitrate (NIT; 2.3% nitrate), and 4) aohtdiet with 4% linseed oil plus 3%
calcium nitrate (LIN+NIT; 2.6% added fat plus 2.3ftrate) [8]. In factorial design 2 (FD2),
diets were on a DM basis: 1) control diet (CON, 50%tural grassland hay and 50%
concentrate), 2) control diet with 0.77% tea sap@mEA; 0.5% saponin), 3) control diet with
3% calcium nitrate (NIT; 2.3% nitrate), and 4) aohtdiet with 0.77% tea saponin plus 3%
calcium nitrate (TEA+NIT; 0.5% saponin plus 2.3%raie). Chemical composition of diets

CON and NIT were similar between the two experireent

Rumen content sampling for microbial analysis

At the end of each experimental period, rumen cgusatef cows were sampled over two days.
Whole rumen content samples (200 g) were takeougir the cannula, from multiple sites
within the rumen. Sampling was done 3 h after the@nimg feeding when CHemissions
differences between diets measured on the samealnwere maximal [8]. A part of each
sample (~30 g) was mixed with 30 mL ice cold PBS @ and homogenized using a
Polytron grinding mill (Kinematica GmbH, Steinhoftle, Switzerland) for three cycles of 1
min with intervals of 1 min on ice. Then, approxielg 0.5 g were transferred to a 2.5 mL
Eppendorf tube and mixed with 1 mL of RN#er® Stabilization Solution (Applied
Biosystems, Austin, TX, USA). Tubes were immedhatstiored at -80°C until total nucleic
extractions which were done within 3 months of afjg. Remaining rumen samples were
used to determine DM of rumen content (103°C fdr)24

Total nucleic acids extraction and cDNA synthesis

Total nucleic acids (DNA and RNA) were co-extractesim all samples by bead-beating and
phenol-chloroform extraction followed by saline@iol precipitation [24]. The yield and
purity of extracted DNA and RNA were assessed usiidanodrop Lite Spectrophotometer
(Thermo Fisher Scientific, Wilmington, USA), by nseging the absorbance intensity at 260
nm and the absorbance ratio 260/280, respectiV®NA integrity was estimated with an
Agilent RNA 6000 Nano Kit on an Agilent 2100 bio&yrer (Agilent Technologies, Santa
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Clara, CA, USA) according to the manufacturersnmstions. RNA Integrity Number (RIN)
and the ratio between ribosomal RNA (rRNA) 23S/16S8e calculated using the Software
2100 Expert, version B 02.08. S1648 (SR2; Agileatfinologies, Waldbronn, Germany).
Following extraction and quality assessment, RNA weverse transcribed using the Reverse
Transcriptase Kit with random primers (Promega, Mad, USA) according to
manufacturer’s instructions, on a T-100 thermoay@&oRad, Hercules, USA). Both DNA
and cDNA were stored at -20°C before subsequenysagmwithin 2 months following DNA

extraction and cDNA synthesis.

Quantification and gene expression of microbial oamities

Samples from each cow from the two sampling daysach experimental period were pooled
by mixing an equal quantity of DNA or cDNA reactignlume, respectively. Quantification
of gene targets were performed on microbial DNA aBdNA by quantitative PCR (qPCR)
using a Step One Plus apparatus (Applied Biosystévilkebon sur Yvette, France).
Reactions were run in triplicate in 96-well platasing 15.5 pL of 1X Takara SYBR Premix
Ex Taq (Lonza, France), 0.25 umoles of each forvaad reverse primer and 20 ng of DNA
or 2 uL of cDNA in a final volume of 20 pL. In thistudy, we used universal primers
targeting the bacteriats gene and methanogenic specific primers, which Wwetk designed
for the rumen ecosystem. We also used universalgos to target nitrate and nitrite reductase
genes; however, these pairs of primers were desigased on sequences recovered from
non-rumen ecosystems. Primers description, averagpification efficiency, slope and?Rf
gPCR are described in Table 1, as required by Migpklelines for PCR [4]. Negative
controls without templates were run in each assagssess overall specificity.

Abundance of total bacteria (based ms DNA copies) was assessed using absolute
guantification. Standard curve [19], amplificatiamd melting curve were carried out as
previously described [7]. Abundance of methanoganohaea (based ancrA DNA copies)
was also assessed using absolute quantificatidh, standard curve prepared as previously
described [19]. Level of expression of the funcélomcrA gene (based omcrA cDNA
copies) was assessed using relative quantificatitim rrs cDNA copies used as reference.
For bothmcrA gene quantification and expression analyses, éiogtion and melting curve
programs were performed as previously described [5]

Copy number and level of expression of genes ireiw nitrate and nitrite reduction were
analyzed by targeting two genes coding for a men@teound ifarG) and a periplasmic

(napA nitrate reductase commonly found in bacteria feomaerobic estuarine sediments [25]
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and one gene coding for a nitrite reductase foundbacteria from soilnirK [10]). The

presence of these three genes in rumen metageneaseshecked using the metagenomics

RAST server [18]narG andnapAwere already described in the rumen, whereds was

not reported. The gPCR program was the same attrbacteria. Abundance (based on

DNA copies) and activity (based on cDNA copiesjhase genes were assessed using relative

guantification withrrs as the reference gene (DN#& or cDNATrS).

Table 1 Description of primers (sequences, product sizerage amplification efficiency,
slope and B used for quantifying abundance and activity dflkdacteria, methanogenic
archaea and nitrate and nitrite reductases by gPCR

Organism or Target Product

Primer set Primer sequences 5’-3’ : Efficiency Slope R?
enzyme gene size (bp)
Total bacteria 520 F AGCAGCCGCGGTAAT
280 188  -3.64 0.999
[7] ™ 799 R2 CAGGGTATCTAATCCTGTT 8
Methanogenic gmcrAF TTCGGTGGATCDCARAGRGC
archaea[5] T  gmcrAR  GBARGTCGWAWCCGTAGAATCC 140 1.96 343 099
napAlF  GTYATGGARGAAAAATTCAA
A 111 201  -329 0.999
NaPA  hapA1R GARCCGAACATGCCRAC
Nitrate
reductase [25] narG 2F CTCGAYCTGGTGGTYGA
naré L arG 2R TTYTCGTACCAGGTSGC 89 1.97 339 1.000
Nitrite . nirk876 F ATYGGCGGVAYGGCGA
reductase [10] ™ nirk1040R  GCCTCGATCAGRTTRTGGTT 165 1.99  -3.34 0.999

Quantitative PCR calculations and statistical arsidy
Technical triplicates were averaged while checkowgrlaying of amplification plots at
threshold cycle (§ value. Absolute quantification of total bactesiad methanogenic archaea
were expressed as lpgrrs or mcrA copies/g DM rumen content, respectively. Relative
guantification and expression of genes coding foate (arG andnapA or nitrite (irkK)
reductases, as well as gene expressionaoA were assessed by thedf the gPCR and the 2
A method [16]:

2-ACt — o—(Ct target gene—Ct r7s)
Data were analyzed using the MIXED procedure of ¥&sion 9.2; SAS Institute, 2009)
and for the two experiments separately. The siaismodel included the random effect of
cow (n = 4) and fixed effects of period (n = 4)traie (CON and LINversusNIT and
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LIN+NIT in FD1; CON and TEAversusNIT and TEA+NIT in FD2), linseed (CON and NIT
versusLIN and LIN+NIT in FD1), tea saponin (CON and NVE&rsusTEA and TEA+NIT in
FD2) and the interaction linseed x nitrate (FD1)}tea saponin x nitrate (FD2). Data were
considered significant &<0.05. Trends were discussed at 0B58&.1. Least square means

are reported throughout.

Results

Total nucleic acids were extracted with similarlgse and purity for the 2 experiments.
Electropherograms obtained for RNA integrity analygesented two peaks corresponding to
the 16S and 23S rRNA. Diets did not affect RIN whaveraged 7.30 and 7.24 for FD1 and
FD2, respectively.

Abundance and activity of total bacteria and metigans

Diets did not change abundance of total bacteatateraged 7.31 and 7.451pgs copies/g
DM rumen content for FD1 and FD2, respectively (€ab2 and 3). For control diets,
abundance of methanogens was similar between thexweriments. In FD1, abundance of
methanogens was reduced by nitrate-containing @MitE and LIN+NIT; 5.01 logo mcrA
copies/g DM rumen content on average) as comparedGN and LIN (5.18 log mcrA
copies/g DM rumen content on averadges0.01). Linseed-containing diets (LIN and
LIN+NIT) also tended to reduce abundance of metgans P<0.10). Inversely,
methanogens abundance was similar among diets2n FD

Expression oimcrA was reduced by nitrate-containing diets for botpegiments P<0.05;
Tables 2 and 3). The level ofcrA expression with NIT and LIN+NIT compared to CONdan
LIN was reduced by 2.5 folds in FD1. Similarly, tleeel of mcrA expression was reduced by
2.1 folds with NIT and TEA+NIT compared to CON afA in FD2.
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Table 2 Abundance of total bacteria, and abundance amdtgatf methanogenic archaea in
the rumen of non-lactating cows supplemented witfate fed alone or in association with
linseed oil (FD1, n =4)

Diet' P-Value’

Item CON NIT LN LIN+NIT SEM Nitrate Linseed -"S€ed
X nitrate

Total bacteriarfs)

Concentration

(logyo copies/g DM 7.44 7.24 7.27 7.27 0.056 0.13 0.23 0.14

rumen content)

Methanogenic archaem¢rA)

Concentration

(logyo copies/g DM 5.30 4.97 5.05 5.05 0.056 0.01 0.06 0.01

rumen content)

'(A\Z?Ilc\tniylcf) 2391 1049 2154 8.19 3.384 0.01 0.51 0.99

ICON = control; NIT = diet CON including 2.3% niteafrom calcium nitrate; LIN = diet CON
including 2.6% added fat from linseed oil; LIN+NH diet CON including 2.6% added fat from
linseed oil plus 2.3% nitrate from calcium nitrate.

% Linseed = main effect of linseed oil (CON and Ni@rsusLIN and LIN+NIT); Nitrate = main effect

of nitrate (CON and LINversusNIT and LIN+NIT); Linseed x nitrate = interactidretween main

effects of linseed oil and nitrate.

Table 3 Abundance of total bacteria, and abundance amdtgctf methanogenic archaea in
the rumen of non-lactating cows supplemented wiitlate fed alone or in association with tea
saponin (FD2, n = 4)

Diet' P-Value’
Item CON  NIT TEA TEA+NIT SEM  Nitrate  Saponin Siﬁ?:t'g *
Total bacteriargs)
Concentration
(logyo copies/g DM 7.44 7.43 7.37 7.54 0.066 0.24 0.78 0.19
rumen content)
Methanogenic archaem¢rA)
Concentration
(logso copies/g DM 5.37 5.38 5.24 5.47 0.090 0.24 0.80 0.29
rumen content)
Activity
(2% x 1) 18.67 7.40 16.08 8.28 4.463 0.004 0.70 0.44

CON = control; NIT = diet CON including 2.3% niteafrom calcium nitrate; TEA = diet CON
including 0.5% saponin from tea; TEA+NIT = diet C@i¢luding 0.5% saponin from tea.
% Saponin = main effect of tea saponin (CON and MTsusTEA and TEA+NIT); Nitrate = main
effect of nitrate (CON and TE&ersusNIT and TEA+NIT); Saponin x nitrate = interactibetween
main effects of tea saponin and nitrate.
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Quantification and expression of genes coding ftvate or nitrite reductases

Relative abundance ofapA narG andnirK DNA copies were similar between diets for both
experiments (Tables 4 and 5). In FD1, ti&'values for DNA copies ofiapA narG and
nirK averaged 0.77, 10.06 and 13.40, respectively. elhakies averaged 1.61, 15.26 and
24.04, respectively in FD2. Expression rdpA and nirK genes was below the detection

ACt
2

limits. Expression oharG was detected at similar levels between all ditts: values

were equal to 1.85 and 1.31 in FD1 and FD2, regptgt

Table 4 Abundance and activity of nitrategpA andnarG) and nitrite QirK) reductases in
the rumen of non-lactating cows supplemented witfate fed alone or in association with
linseed oil (FD1, n = 4)

Diet' P-Valuef
Iten? CON  NIT LN  LIN+NIT SEM  Nitrate Linseed W"S%€d >
nitrate

Nitrate reductasen@pA

Concentration (2°' x 1) 0.79 0.75 0.82 0.73 0.123 0.61 0.96 0.84

Activity (24 x 1) <LD <LD <LD <LD - - - -
Nitrate reductasen@rG)

Concentration (2°' x 1¢) 10.80 10.05 10.42 8.96 1.281 0.42 0.58 0.78

Activity (2 x 10) 1.90 2.09 1.54 1.87 0.474 0.60 0.56 0.88
Nitrite reductasen(irK)

Concentration (2 x 1) 14.39 16.20 12.19 10.83 2.173 0.92 0.13 0.49

Activity (24 x 1) <LD <LD <LD <LD - - - -

<LD = below limit of detection

CON = control; NIT = diet CON including 2.3% niteafrom calcium nitrate; LIN = diet CON
including 2.6% added fat from linseed oil; LIN+NH diet CON including 2.6% added fat from
linseed oil plus 2.3% nitrate from calcium nitrate.

% Linseed = main effect of linseed oil (CON and Ni@rsusLIN and LIN+NIT); Nitrate = main effect
of nitrate (CON and LINversusNIT and LIN+NIT); Linseed x nitrate = interactidretween main
effects of linseed oil and nitrate.
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Table 5 Abundance and activity of nitrategpA andnarG) and nitrite QirK) reductases in
the rumen of non-lactating cows supplemented wiitlate fed alone or in association with tea
saponin (FD2, n = 4)

Diet' P-Value’

Iten? CON  NIT TEA TEA+NIT SEM Nitrate  Saponin Si‘;’t‘:;‘t'g 8
Nitrate reductasen@pA

Concentration (2 x 1)  1.33 1.83 1.77 1.52 0.313  0.54 0.74 0.10

Activity (22 x 1) <LD? <LD <LD <LD - - - -
Nitrate reductasen@rG)

Concentration (2 x 1)  14.22 16.18 16.44 14.18 1.503  0.92 0.94 0.21

Activity (22" x 10F) 1.31 1.45 1.07 1.41 0.276  0.31 0.55 0.66
Nitrite reductasen(rK)

Concentration (2 x 1)  22.77 25.92 25.26 22.21 2329 098 0.74 0.13

Activity (22 x 1) <LD <LD <LD <LD - - - -

<LD = below limit of detection

'CON = control; NIT = diet CON including 2.3% niteafrom calcium nitrate; TEA = diet CON
including 0.5% saponin from tea; TEA+NIT = diet C@i¢luding 0.5% saponin from tea.

% Saponin = main effect of tea saponin (CON and MTsusTEA and TEA+NIT); Nitrate = main
effect of nitrate (CON and TE&ersusNIT and TEA+NIT); Saponin X nitrate = interactibetween
main effects of tea saponin and nitrate.

Discussion

Absence of dietary treatment effect on total baateoncentration

The abundance of total bacteria in the rumen oflaotating cows fed nitrate (2.3% in DM)
alone or in association with linseed (2.6% addednf®M) or tea saponin (0.5% saponin in
DM) was similar between diets. Our results aredooadance with the literature since nitrate
(2.1% in DM) and lipids from soybean (up to 4.4%led fat in DM) fed individually to sheep
[26] or steers [6] did not affect total abundan€euminal bacteria. The effect of tea saponin
on total bacteria has never been studied, but Mab,g2010) [17] reported no effect on the
concentration of cellulolytic bacteria Rgminococcus flavefaciensand Fibrobacter
succinogengsin the rumen of sheep supplemented with the sallar@ extract at a similar
dose (0.5% tea saponin in DM). To our knowledgss, ihthe first report showing that there
was no additional effect on rumen total bacteriaralance when combining nitrate with

linseed or tea saponin.
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Nitrate toxicity on rumen methanogens

In our study, 2.3% nitrate fed alone reduced, @hhissions of non-lactating cows by 25% on
average [8], slightly reducedcrADNA copies in FD1 (-0.17 lagmcrAcopies/g DM rumen
content) andmcrA expression in the two experiments (-2.3 folds)e Tegative effect of
nitrate on methanogens’ abundance estimated by RS RIready been highlighted in sheep
supplemented with 2.1% nitrate (-0.7 4ggL of rumen contents; [26]). The inhibitory effect
of nitrate and other derivative N-compounds (retrihitric oxide and nitrous oxide) on
Methanosarcina barkeriMethanobacterium bryantiand Methanobacterium formicicurhas
also been reported im vitro experiments with soil and salt marsh sediments1f3,
However, the negative effect of nitrate oicrA expression in the gastrointestinal tract of
animals has never been reported before.

Nitrate is known to reduce GHemissions of ruminants by acting as adsihk during its
reduction to nitrite and ammonia [14]. As a congsme, nitrate would have an indirect effect
on methanogens activity by decreasingadailability. According to our results, nitrate wd
also have a direct toxic effect on methanogensuggested by the rise of dissolved H
concentration in the rumen and of gaseoysehissions eructated during the 3 h following
nitrate supplementation to sheep [26] and cows T8kn, as long as nitrate consumes H
rumen H availability is low and methanogens activity deses. When nitrate has been
reduced, the derivative N-compounds act as metlamothibitors, and rumen dissolved H
concentrations and gaseous éinissions increase. Similar findings have beeorted in a
previous work studying the effect of nitrate on hagte production and fermentation by
slurries of human fecal bacteria [1].

To our knowledge, the effect of associating nittatéinseed or tea saponin on methanogens
population has never been studied. While reduciHg €nissions by 17% [8], linseed tended
to reduce the abundance of methanogens in the rofmamn-lactating cows (-0.09 lggmcrA
copies/g DM rumen content) without affecting thaativity. This result confirms a previous
in vivo experiment in which the ruminal concentration agdfth@anogens in dairy cows, fed a
corn silage-based diet supplemented with linsequl tu 5% added fat in DM) was
significantly reduced 3 h after feeding (-0.47koncrA copies/iug DNA; [20]). In our study,
we suggest that methanogens reduction with lindgsedssociated to a decrease in H
availability, as protozoa which are importantptoducers in the rumen were reduced by 52%
in LIN compared to CON [8]. Tea saponin did notroypa the abundance or activity of rumen
methanogens. Our results strengthen previous adtsemg [17, 27] and correlate with the

absence of ChHmitigating effect of this plant extract supplemeghtto the same animals

170



Rumen microbiota and methane mitigating strategies Results

(Guyader et al.,, personal communication). Diets 4N\l and TEA+NIT reduced
methanogens abundance and activity to a similaenexthan when NIT was fed alone,
suggesting that the effect was due to nitrate albtwmvever, LIN+NIT fed to these same
animals additively reduced Glemissions (-32%; [8]).

Absence of nitrate effect on microbial genes coftingnitrate and nitrite reductases

By a culture-based approach, it was already regotteat some rumen bacterié.(
ruminantium V. parvulaandW. succinogenggan reduce nitrate to nitrite and ammonia [11].
Moreover, gPCR data showed that rumen abundan& afminantiumandV. parvulawas
not affected in goats fed with 1% nitrate in DM .[&imilarly, V. parvula(rrs gene copy
number) remained stable in steers supplemented Wibo of nitrate [15]. Inversely, the
number ofW. succinogenesicreased considerably in the rumen of goats smpghted with
1% nitrate in DM (from less than 1.0 x“® 1.2 x 18 cells/mL) [2]. Based on the above
information, we can affirm that the effect of nieasupplementation on microbes involved in
nitrate metabolism in ruminants remains unclearrag®tls more investigation.

The present paper is the first one to target pdaicgenes coding for nitrate reductases for
assessing the potential activity of nitrate reductthat covers both identified and not-yet
identified nitrate-reducing rumen microbes. We fa on the abundance and activity of
genes coding for membrane-boumarG) and periplasmicn@pA) nitrate reductases. We first
confirmed the presence of these genes in the rumesystem by interrogating published
rumen metagenomes; these genes are also presérg genomes of .Sruminantium W.
succinogenesand V. parvula [18]. However, we cannot exclude that the abuneaacd
expression of targeted genes may be linked witkebiat sediment ingested with feed.

Both nitrate reductase genearG and napA were detected but their abundance was not
affected by nitrate supplementation. These resdtdirm a previous work in whicharG
relative abundance fror8. ruminantiumwas similar between steers receiving or not 1.2%
nitrate in DM [15]. Expression afarG was also not affected by diets. The level of esgign

of napAwas low suggesting that this gene was not explessethat the level of expression
was below the detection limits.

A recent work reported that,® emissions occurred when dairy cattle were fedoup.1%
nitrate in DM [22], suggesting that rumen nitrategthdation may partially follow the
denitrification pathway (nitrate to nitrite to ndroxide to nitrous oxide) [12, 23]. In our
experiment, abundance and activity of nitrite redse, performing the reduction of nitrite to
nitric oxide, were evaluated by monitoringK, which is found in bacteria from soil but not

clearly annotated in published rumen metagenomdthiodgh this gene was detected in
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rumen microbial DNA, its abundance was not affecbsd nitrate supplementation and,
additionally, its level of expression was below tletection limits. Further work should assess
the effect of nitrate supplementation on bothONemissions and on the abundance and
expression of other genes (engyS, [21]) known to be involved in the reduction ofriie to
N.O.

Concluding remarks

We showed an inhibitory effect of dietary nitrate the activity of rumen methanogens in
non-lactating cows. Abundance and expressionasfs and napA genes coding for nitrate
reductases anchirK gene coding for a nitrite reductase were not #ffibcby nitrate
supplementation. Further work is required to assiessffect of nitrate on other nitrate and
nitrite reductases which have been recently fourdinvthe rumen metagenome. The use of
high throughput sequencing methods is in progesssess the effect of dietary nitrate on the

rumen microbiota diversity.
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STEP 5: Dose response effect of nitrate on hydrogen
distribution between rumen fermentation end-prostuanin

vitro approach

Objective

1/ To study the dose response effect of nitratsnasitro production of rumen fermentation end-products sagh
gas (CH and H), VFA and microbial biomass (estimated from in&dduprotein).

2/ To understand the GHhitigating mechanisms of nitrate by estimating abetic H, distribution between
rumen fermentation end-products.

Experimental approach

Invitro system — 2 repeated incubations— Dose responsé€ON (50% hay + 50% concentrato
!

,(s +0, 1, 2, 4 or 6 M nitrate (from ammonium nitrate

hd —» 2 repeated incubations—» Dose response: COf100% glucose) Exp2

+0, 1, 2, 4 or 6 M nitrate (from ammonium nitrate

HOUR 1] ... 3| ...| 8| ... 12 ...| 24 .| 32 .| 48

Kinetics of gas production (total, Gldnd H;
exp 1 and 2)

pH, VFA and NH* concentrations (exp 1)

pH (48 h), kinetics of VFA, Ni and insoluble
proteins concentrations (exp 2)

Estimation of metabolic fdistribution between rumen fermentation end-préslgmmoles):
* H, production = 2 x acetate + 2 x butyrate
e H, consumption = 4 x CH+ 1 x propionate + 4 x NO+ 0.41 x microbial biomass (insoluble
protein)
» H, balance = Hproduction — H consumption — klemissions

Main results

« Inexp 1 and 2, total gas and £Hroduction linearly decreased as nitrate dosee@sed. Nitrate
reduced CH production during the first 10 h of incubation. diggen emissions were detected only
with high doses of nitrate, after 10 h incubation.

e Rumen fermentation parameters including microbi@mass synthesis (calculated from insoluble
protein concentration in exp 2) were poorly affedvg nitrate.

« Estimated H balance indicated that 23% (Btmitrate; exp 1) of Hlwas not used for production of
studied rumen fermentation end-products.

Conclusion

Nitrate is an efficient Cimitigating strategy, but with doses higher thamm, in vitro fermentations were
negatively affected. Estimation of idistribution between studied rumen fermentatiod-products suggest that
nitrate enhances anothes ébnsuming pathway.
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Abstract

The objective of this work was to study the vitro dose response effect of nitrate on
hydrogen distribution between rumen fermentatiod-products. Five nitrate concentrations
(0, 1, 2, 4 and 6 mM) were tested in timovitro experiments. In experiment 1, a mixture of
hay and concentrate (50:50) was used to calcuféitéeacies of methane reduction and to
study differences between fermentation profilesexperiment 2, glucose was used as the sole
protein-free substrate to quantify the effect dfate dosage on microbial synthesis. In both
experiments, two 48 h-incubations were carriedusirig bovine rumen contents as inoculum.
Total gas production and composition was automifitieaalyzed throughout the incubations.
In experiment 1, volatile fatty acids (VFA) and aomum concentrations were analyzed
from samples taken after 48-h incubation. In expent 2, VFA, ammonium and insoluble
protein concentrations were analyzed from samptdkeated at various time points. In
experiment 1, total gas production was decreaséd twe highest dose of nitrate (P=0.019).
Methane emissions tended to linearly decreasetedendoses increased (P=0.079). Kinetics
of methane emissions showed that hydrogen remasahitrate reduction occurred mainly
during the first 10 h-incubation. The apparentdief methane reduction relative to control
incubations exceeded 100% with nitrate doses highan 4 mM. Gaseous hydrogen
production was similar between treatments, degpit@erically higher hydrogen emissions
for nitrate concentrations above 4 mM. Concentratiand proportions of VFA were not
affected by treatments. Proportions of unaccouhtetiogen in total hydrogen produced were
similar and positive for all treatments, despiteuanerical increase as nitrate doses increased.
Experiment 2 showed that insoluble protein conegiains were not affected by nitrate. In
thisin vitro work, we confirmed that nitrate acts as an electrocceptor in the rumen. We also
suggest that nitrate or its reduced forms haveecdinhibiting effect towards methanogens,
as indicated by the release of gaseous hydrogentlanchigh efficiencies of methane

reduction.
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Highlights
* Increasing nitrate dose linearly reduces metharnsssonsin vitro.
» High doses of nitrate inhibit overall gas produitio
» High doses of nitrate do not reduce methane by actiyng as an electron acceptor.

* Nitrate does not enhance microbial synthesis.

Keywords: hydrogenjn vitro, methane, microbial biomass, nitrate, rumen

Introduction

In the rumen, hydrogen @His produced by bacterial and protozoal hydrogenasdter the
reoxidation of coenzymes or pyruvate generatednduttie synthesis of volatile fatty acids
(VFA): the production of one mole acetate or buiyrgenerates two moles; KHegarty and
Gerdes, 1999). Since an increasedcbhcentration inhibits the normal function of noioral
enzymes in the rumen,,Hlisposal is essential. Most of the 4 used to reduce carbon
dioxide (CQ) to methane (CkJ consuming 4 moles Hper mole CH produced. Then,
methanogenesis uses between 48 and 80%,dfCHerkawski, 1986; Mills et al., 2001).
Between 19 and 33% of;Hs used for VFA synthesis, as one molgigirequired per mole
propionate or valerate produced. And finally, @6L2% of H is used for microbial growth,
as 0.41 moles Hare required per kg of microbes.

Considering the importance of,th CH, production by ruminants, several ¢hhitigation
strategies aimed at reducing the availability of Fbr microbial H-users such as
methanogens. One of these strategies is to supipiten(NQ) to the animals’ diet. This
additive would act as an electron acceptor redutiegamount of kKl formed by 4 molar
equivalents of K through its reduction to nitrite (NQ and ammonium (NK). A recent
meta-analysis reported that 1% N@dded to the diet of cattle reduced G#issions by
10% on average (Lee and Beauchemin, 2014). How#weidose response effect of NOn
both CH, emissions and rumen fermentation has not beemtegpor studied, due to the risks
of blood methemoglobinemia for animals supplementgith high doses of this additive
(Lewis, 1951).

Recent work also highlighted that N@educed the number and/or activity of methanogens
(Van Zijderveld et al., 2010; Guyader et al., 2014bhanged fermentation profile towards
acetate production (Veneman et al., 2014) and ase@ dissolved Hconcentration in the
rumen (Guyader et al., 2014b) and éinissions (Van Zijderveld et al., 2011). Theseailtss
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suggest that N© may not only act as an electron acceptor in tmeeruand that its CH
mitigating effect may involve other mechanisms. Shely of H fluxes towards fermentation
end-products such as methanogenesis, VFA synthadisnicrobial biomass, with different
doses of N@ may allow a better understanding of the effecthid additive in the ruminal
environment.

The objective of this work was to deepen the urtdadsng of the Chimitigating
mechanisms of N by studying its dose response effect on i);@rhissions and microbial
fermentation profile, and ii) the distribution of Hetween fermentation end-products. Due to
the risk of blood metHb for animals fed high doeédNO;" (Lee and Beauchemin, 2014), an
in vitro approach was favored and two experiments wergedaout. In the first experiment, a
hay and concentrate based substrate was used @r todget close to ruminants diet
conditions. The apparent yield of ¢keduction with different N@ concentrations and their
effects on fermentation profiles were studied.Ha second experiment, glucose was used as

the sole protein-free substrate to quantify theafdof NG on microbial synthesis.

Material and methods

Two in vitro experiments, each one consisting in two repeat&dbations, were carried out at
AgResearch Grasslands (Palmerston North, New Zeéglaith a fully automated incubation

system (Muetzel et al., 2014) using ammonium rat(AtH,;NOs3) as the source of NO

Design of experiments

In experiment 1, a general purpose substrate (Gi8)s@mposed of a mixture of hay (500
g/kg), barley (290 g/kg), soybean (100 g/kg), me¢as(100 g/kg), dicalcium phosphate (5.5
g/kg), salt (3 g/kg) and minerals and vitamins (@/bkg) on a dry matter (DM) basis. The
substrate was ground in a Wiley mill to pass a 1-stneen. Treatments were: 1/ control (10
mg GP/ml medium), 2/ control plus 1 mM NQB/ control plus 2 mM N, 4/ control plus 4
mM NO; and 5/ control plus 6 mM NO Duplicate bottles for each treatment served as
technical replicates.

In experiment 2, the substrate was composed ofubege (GLU) only. Treatments were: 1/
control (6.67 mg GLU/ml medium), 2/ control plusyiM NOs, 3/ control plus 2 mM N@,

4/ control plus 4 mM N@ and 5/ control plus 6 mM NO Four bottles were prepared per
treatment: two bottles served as technical re@gdor gas analysis whereas the two other

ones served as technical replicates for frequenpkacollection.
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Batch culture incubations

Rumen contents were obtained from two ruminallytufeged cows. Within the two
experiments, one different donor cow was used mpa&rhation. The donor animals were kept
on pasture at Grasslands animal facility. Sampleseeviaken manually at 0830 h from the
dorsal part of the rumen and were immediately plangre-warmed thermos and transported
to the laboratory. The rumen contents were thenngd through one layer of cheesecloth and
diluted (20% v/v) with a warm (39°C), reduced an@.&aturated buffer solution (Mould et
al., 2005). The medium was continuously subjected CQ stream and maintained at 39°C
in a water bath before starting incubations. Treais were incubated in pre-warmed (39°C)
bottles filled with 60 ml buffered rumen fluid apadirged with a C@stream. Immediately
after filling with the medium, the bottles were sehwith a butyl rubber stopper and placed
on a shaker in an incubator and connected via ga28e needle to the pressure sensor and

valve setup. Samples were incubated for 48 h a£39°

Sampling and gas measurement

Before starting the incubation, a sample (1.8 rhthe medium was collected for subsequent
analysis of NH', VFA (experiment 1 and 2) and insoluble protexp@iment 2 only).

In the two experiments, kinetics of gas productiamd composition were determined
throughout the incubations using an automateditro gas production system with a gas
chromatograph attached for automatic ,C&hd H analysis (Muetzel et al., 2014). In
experiment 1, gas kinetics were determined in aiflés for 48 h. After 48 h incubation, the
bottles were removed from the incubator, opened pHdwas immediately measured.
Samples (1.8 ml) were taken for subsequent anabysié,” and VFA. In experiment 2, gas
kinetics were determined for 48 h in two bottle$ oiuthe four bottles per treatment. The two
other bottles were used for sampling (1.8 ml) afteB, 8, 12, 16, 24, 32, and 48 h incubation
for NH4", VFA and insoluble protein analysis. At 48 h, tieenaining bottles from the gas
measurement were also collected as described amavpH was measured.

All samples were centrifuged (21,000xg at 4°C fomiin). For NH* and VFA analysis, 0.9
ml of the supernatant was transferred in a micrarifage tube containing 0.1 ml of internal
standard solution (19 mM ethyl butyrate in 20% Jyghosphoric acid), mixed well, and kept
at -20°C over night. When insoluble protein concatian was analyzed, the remaining
supernatant was discarded and the pellet was washes with a saline solution (0.85%

NacCl, w/v) and stored at -20°C until processed.
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Thawed fluid samples were clarified by centrifugat(21,000xg at 4°C for 10 min) and 0.8
ml of the supernatant was transferred into a 2 cap gas chromatography vial for VFA
analysis and 0.1 ml was collected for Nidnalysis. Volatile fatty acids were analyzed by ga
chromatography (Attwood et al., 1998) and Nkvas analyzed by a colorimetric method
(Chaney and Marbach, 1962). Thawed pellets wengesied in 750 pl SDS (1%, w/v), using
an Eppendorf MixMate at 2,000 rpm for 10 min. Thenples were then heated to 100°C for
10 min to solubilize the proteins and then cengeidi (21,000%g at room temperature for 10
min). The supernatant (300 ul) was then transfarr@dmicro centrifuge tube containing 1 mi
acetone (100%, w/w) for protein precipitation. Aftecubation (-30°C for 2 h), precipitated
proteins were centrifuged (21,000xg at 4°C for 1i@d)nand washed with 600 pl acetone
(75%, w/w). The final pellet was suspended in 30&GRS (1%, w/w) and the concentration
of insoluble protein was determined using the RieBCA assay (Thermo Scientific,
Rockford, USA).

Calculations and statistical analyses

For each incubation, a logistic model (France et 2000) was fitted to the 48 h gas
production (total, Ckl and H) data using least squares regression. The regulbigistic
parameters were used to calculate gas productid32 dt. Yield of CH reduction for a
treatment was calculated as the ratio between wdd$e€CH, reduction for this treatment
(ml/g) relative to its expected GHeduction (ml/g) based on stoichiometry. Expeciad
reduction was calculated assuming that one molg N@Quces Chlproduction by one mole.
Concentrations of NiH were corrected for the amount of NHadded from ammonium
nitrate. Insoluble protein production was calculabg subtracting the initial insoluble protein
concentrations in the medium from the concentratmireach bottle.

The VFA production data (at 48 and 32 h in expenitsd and 2, respectively) were used to
calculate net K production (mmol/bottle) assuming that i) the fatran of VFA was solely
derived from carbohydrates fermentation to hex@seb pentoses; ii) the production of one
mole acetate or one mole butyrate generates twaesndl. Methane (at 32 h in both
experiments) and propionate (at 48 and 32 h inraxeats 1 and 2, respectively) production,
NO;3; reduction and microbial biomass synthesis (at 3 hexperiment 2 only) were
considered as Hconsuming pathways. The amount of directed towards these pathways
(mmol/bottle) was calculated considering that thetisesis of one mole CHand propionate

requires four and one mole, Hespectively and that NOreduction to NH' requires four
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moles H. The amount of KHrequired for microbial biomass synthesis (mmoledtwas
calculated using the following equation:

H, towards microbial biomass = (ISP x a x b)/c
With ISP = insoluble protein concentrations (mg/na)= the volume of medium in each
bottle (60 ml), b = the microbial requirement of When they grow without preformed amino
acids (0.41 moles #kg microbes; Mills et al., 2001) and ¢ = the patege of proteins in
bacteria (54.46 g proteins/100g dry bacterial cegichl and Baldwin, 1975). Finally
unaccounted K was calculated as the difference between estimaigdproduction
(mmol/bottle) and Blconsumption and gaseous ¢fimol/bottle).
Data from duplicate bottles were averaged for &tiatl analyses. The dose effect of ;N@n
gas production at 32 h (total gas, ml/g; £ hhl/g and % of total gas; AHml/g and % of total
gas; yield of CHreduction), on fermentation parameters at 48 lexperiment 1 and 32 h for
experiment 2 (pH; N, mM; VFA, mmol/g; insoluble protein, mg/ml; acetapropionate
and butyrate, %; acetate/propionate and (acetatgrebe)/propionate) and on,Hnetabolism
(H2> produced, consumed, emitted and unaccounted, rnottbds) was analyzed using the
MIXED procedure of SAS (Version 9.4; SAS Institud®09). The statistical model included
the fixed effect of N@ dosage (n = 5), and run (n = 2) was considereal @mdom effect.
Differences between diets were tested using thé=Pption. The effect of increasing level
of NOs was assessed through linear, quadratic and cuthogonal contrasts using the
CONTRAST statement of SAS. As NQloses were not equidistant, the IML procedure was
used to calculate coefficients for unequally spamautrasts. Cubic effect was not significant
and consequently its effect was not presentedentdbles of results. Data were considered
significant at P<0.05, and trends were discuss@dd&kP<0.1.
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Table 11In vitro dose response effect of nitrate on gas produetimhcomposition after 32 h incubation, and on feriaigon parameters after 48

h incubation with GP substrate (50% hay and 50%eoinate; experiment 1)

Results

Nitrate dose (mM) P-Valué
ltem 0 1 2 4 6 SED Dose L Q
Gas production and composition
Total gas production (ml/g) 259.7 253.4 248.4 236.5 191.8 20.15 0.019 0.003 0.114
CH, production (ml/g) 429 42.F 38.6 30.3" 18.7 9.67 0.079 0.013 0.460
CH, production (% of total gas) 16.5 16.6 155 12.6 2 9. 3.75 0.229 0.044 0.589
H, production (ml/g) 0.26 0.25 0.26 1.17 1.90 1.160 460 0.114 0.628
H, production (% of total gas) 0.10 0.10 0.11 0.53 121. 0.671 0.451 0.114 0.524
Efficiency of CH, reduction (%) -- 26.8 80.0 119.1 152.5 -- -- -- --
Fermentation parameters
pH 6.18 6.2F 6.24" 6.27 6.29 0.066 0.042 0.007 0.295
NH;" (mM) 30.31 27.95 30.37 29.75 32.42 2.984  0.666 0.354 0.501
Total VFA (mmol/g) 6.71 6.65 6.45 6.99 6.48 0.642 403 0.898 0.568
Acetate (% of total VFA) 60.2 61.1 61.7 62.1 62.2 .663 0.838 0.353 0.645
Propionate (% of total VFA) 19.7 19.3 19.2 20.0 121. 3.41 0.857 0.406 0.577
Butyrate (% of total VFA) 14.9 14.5 14.1 13.6 12.4  1.39 0.182 0.032 0.768
Acetate/butyrate 3.07 3.18 3.23 3.20 3.10 0.702 89.9 0.989 0.648
(Acetate+butyrate)/propionate 3.83 3.93 3.97 3.88 .713 0.747 0.964 0.687 0.606

2PMeans in the same row with different supersciififfer (P<0.05).

! Orthogonal contrasts for L = linear and Q = quadrffects.
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Results

Experiment 1

After 32 h incubation with GP substrate, total gmeduction was not different between
control and 1, 2 and 4 mM NQand was reduced by 26% with 6 mM N(@=0.019; Table
1). Methane production expressed in ml/g tenddchearly decrease as NOroncentrations
increased (P=0.079), whereas no difference betweatments was observed when [(ihs
expressed as a percentage of total gas produceld. ofi CH, reduction was lower than 100%
with 1 and 2 mM N@, but exceeded 100% with concentrations higher thanM. The
kinetics of CH production (ml/g) indicated that the decrease I, @missions occurred
during the first 10 h of incubation (Figure 1) aafier 10 h, the rate of GHproduction

appeared similar to the control treatment.

50 | —e—CON

45 | --&-Nitratelmm
40 | --+- Nitrate 2 mM _ _______
—~ - e -Nitrate4mm &7
=) 35 ) - PY
L_E, 30 —s—Nitrae6mM = —,.____
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10
5
0
0 5 10 15 20 25 30 35 40

Time of incubation (hour)

Figure 1 In vitro dose response effect of nitrate on kinetics ofhare¢ production during 48
h incubation with GP substrate (50% hay and 50%ewoinate; experiment 1)

Nitrate did not alter gaseous; ldmissions expressed in ml/g or as a percentagetalfgas
produced (Table 1). However, morg émissions occurred after 10 h and 15 h incubdton
NO3 doses of 4 and 6 mM, respectively (Figure 2).

The final pH linearly increased from 6.18 in thentrol to 6.29 for 6 mM N@ (P=0.042;
Table 1). The concentrations of lWHand of total VFA production were not affected b@{N
and averaged 30.2 mM and 6.7 mmol/g, respectingtyate levels did not affect proportions
of acetate, propionate, and butyrate, which aver&je5%, 19.9%, and 13.9%, respectively.
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Consequently, the ratios acetate/propionate anetdgeebutyrate)/propionate were similar
between treatments.

Total production and consumption ot M/as not affected by treatments and averaged 5.11
and 4.43 mmol/bottle, respectively (Table 2). Umagted H was positive and tended to
increase with increasing levels of nitrate (fromPdin control to 23% with 6 mM N
P=0.099).
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Figure 2 In vitro dose response effect of nitrate on kinetics ofrbgdn production during 48
h incubation with GP substrate (50% hay and 50%eoinate; experiment 1)
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Table 21In vitro dose response effect of nitrate on calculateddgehr production and distribution between fermeotaénd-products with GP
substrate (50% hay and 50% concentrate; experif)ent

Nitrate dose (mM) P-Valué

ltem 0 1 2 4 6 SED Dose L Q
H, production (mmol/bottle)

From acetate 411 4.14 4.05 4.44 4.13 0.652 0.748  .6550 0.603

From butyrate 1.02 0.98 0.92 0.96 0.8¢ 0.035 0.025 0.006 0.397

Total 5.13 5.12 4.97 5.39 4.94 0.649 0.612 0.887 5240.
H, consumption (mmol/bottle)

For methane 3.89 383 3.57 2.78" 1.70 0.879 0.079 0.013 0.460

For propionate 0.67 0.65 0.63 0.70 0.68 0.052 0.457 0.342 0.644

For nitrate reduction 0.00 0.24 0.48 0.96 1.44 0.00 - - -

Total 4.56 4.72 4.62 4.41 3.82 0.828 0.578 0.188 45D.
H, emission (mmol/bottle) 0.01 0.01 0.01 0.03 0.04 026. 0.459 0.114 0.629
H, unaccounted (mmol/bottle) 0.56 0.39 0.35 0.96 1.08 0.231 0.099 0.026 0.341
H, unaccounted (% of produceg)H 10.9 7.6 6.9 18.3 23.0 6.67 0.227 0.059 0.389

2PMeans in the same row with different supersciiiffer (P<0.05).
! Orthogonal contrasts for L = linear and Q = qutidrfects.
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Table 3In vitro dose response effect of nitrate on gas produetmhcomposition, and fermentation parameters agdr incubation with GLU
substrate (100% glucose; experiment 2)

Nitrate dose (mM) P-Valué
ltem 0 1 2 4 6 SED Dose L Q
Gas production and composition
Total gas production (ml/g) 350.8 339.4 323.8" 290.8° 274.5 18.33 0.022 0.003 0.631
CH, production (ml/g) 310 26.2" 22.1 12.8 11.7 6.01 0.002 <0.001 0.067
CH, production (% of total gas) 8.8 7.7" 6.8 4.3 4.1 1.56 0.002 0.001 0.048
H, production (ml/g) 0.29 0.20 0.34 0.35 0.22 0.153 .800 0.948 0.531
H, production (% of total gas) 0.09 0.06 0.11 0.12 080. 0.051 0.774 0.760 0.468
Efficiency of CH, reduction (%) -- 136.7 126.0 129.2 93.5 -- -- -- --
Fermentation parameters
pH 6.08 6.09 6.14 6.17 6.21 0.062 0.003 <0.001 0.538
NH," (mM) 9.44 10.1F 12.56" 17.14 15.09"° 1.737 0.018 0.004 0.063
Insoluble protein (mg/ml) 0.26 0.20 0.22 0.22 0.17 0.053 0.641 0.276 0.923
Total VFA (mmol/g) 7.08 6.92 6.84 5.30 4.82 1.168 155 0.036 0.826
Acetate (% of total VFA) 42%9 45.3" 44.8 51.6" 57.8 2.04 0.020 0.004 0.250
Propionate (% of total VFA) 478 416" 41.8* 36.9 31.0 2.03 0.027 0.006 0.175
Butyrate (% of total VFA) 13.4 11.8 13.0 11.3 112 1.27 0.100 0.041 0.614
Acetate/propionate 1.61  1.10" 1.08 1.47 1.87 0.096 0.012 0.003 0.069
(Acetate+butyrate)/propionate 1233 1.39" 1.40* 1.77 2.23 0.112 0.013 0.003 0.061

2PMeans in the same row with different supersciiiffer (P<0.05).

! Orthogonal contrasts for L = linear and Q = qutidrfects.
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Results

Table 41n vitro dose response effect of nitrate on calculateddgeair production and distribution between fermeoteéind-products with GLU

substrate (100% glucose; experiment 2)

Nitrate dose (mM) P-Valué
ltem 0 1 2 4 6 SED Dose L Q
H, production (mmol/bottle)
From acetate 2.31 2.33 2.33 2.06 2.11 0.441 0.692 .2890 0.934
From butyrate 0.72 0.63 0.68 0.47 0.42 0.152 0.085 0.021 0.996
Total 3.03 2.96 3.01 2.53 2.53 0.589 0.393 0.123 948.
H, consumption (mmol/bottle)
For methane 211 178" 1.50 0.87 0.76 0.408 0.002 <0.001 0.067
For propionate 1.15 1.14 1.08 0.74 0.57 0.154 0.076  0.016 0.609
For nitrate reduction 0.00 0.24 0.48 0.96 1.44 0.00 - - -
For microbial biomass 0.012 0.009 0.010 0.010 0.008 0.0021 0.604 0.276 0.958
Total 3.27 3.12 3.07 2.58 2.78 0.507 0.065 0.021 149.
H, emission (mmol/bottle) 0.01 0.00 0.01 0.01 0.00 008. 0.819 0.869 0.520
H. unaccounted (mmol/bottle) -0.24 -0.15 -0.07 -0.06 -0.25 0.265 0.902 0.986 0.408
H, unaccounted (% of produced)H -7.8 -4.7 -1.8 -3.3 -13.3 11.88 0.870 0.659 0.415

2PMeans in the same row with different supersciiiffer (P<0.05).
! Orthogonal contrasts for L = linear and Q = quadrffects.
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Experiment 2

When glucose was used as substrate, total gas qiradluinearly decreased from 350.8 to
274.5 ml/g as N@ doses increased from 0 to 6 mM NQ@Table 3). Methane production
(ml/g and % of total gas) was linearly reduced wit®s', ranging from 8.8% of total gas
produced in the control treatment to 4.1% of tg@é produced for 6 mM NO(P=0.002).
Except for 6 mM N@, the reduction in Cldemission was higher than the stoichiometrically
calculated reduction. Nitrate did not affect gaseblb emissions expressed in ml/g or as a
percentage of total gas produced.

After 32 h incubation, the pH linearly increasednfr 6.08 to 6.21 with increasing nitrate
concentrations (P=0.003). Nitrate increased,Nédncentrations (P=0.018) but did not affect
the production of insoluble protein which avera@e2? mg/ml. Kinetics of insoluble protein
production also confirmed the absence of treatreéfett throughout the incubation (Figure
3). Nitrate did not affect total VFA production, tbincreased the proportion of acetate
(P=0.020) while reducing the proportion of propiten@=0.027). These results led to a linear
increase of the ratios acetate/propionate (P=0.042)l (acetate+butyrate)/propionate
(P=0.013).

Insoluble protein (mg/ml)
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Figure 3 In vitro dose response effect of nitrate on kinetics obluide protein during 48 h
incubation with GLU substrate (100% glucose; experit 2)

Treatments did not affect total,production which averaged 2.82 mmol/bottle, baaltél,
consumption tended to be different between treatsn@h=0.065; Table 4). The quantities of
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H, used for microbial biomass were similar betweesattnents and averaged 0.010

mmol/bottle. Finally, unaccounted,M/as similar and close to zero for all treatments.

Discussion

Dose response effect of nitrate on gaseous emgaiath rumen fermentation profile

With 6 mM NG, total gas production was decreased by 26% and RRR6GP and GLU
substrates, respectively. Similar observations weasgle in previousn vitro experiments
testing similar or higher N9doses with alfalfa hay (13 mM; Bozic et al., 2Q08heat straw
and concentrate (5 and 10 mM; Sakthivel et al. 220t alfalfa hay and concentrate (5 and 10
mM; Patra and Zhongtang, 2013; 2014). These resutisate that N@ at a level greater
than 5 mM inhibitgn vitro rumen fermentation. However, NQ@Iid not affect production and
composition of VFA with GP substrate. This is incacance with Patra and Zhongtang
(2014), but in contrast to Bozic et al. (2009) veher vitro NOs™ supplementation reduced
propionate proportion in total VFA. In the presermrk, the stability of propionogenesis may
be explained by an equilibrium between two oppoattons of nitrate on theHool: i) a
reduction of H availability for nitrate reduction (electron sinkj) an increase of H
availability via its direct toxic effect towards thanogens as indicated by the observed higher
gaseous blemissions (Janssen, 2010).

In the twoin vitro experiments of this study, GHemissions were linearly reduced with
increasing concentrations of NOThe kinetics of Chiemissions with GP substrate indicated
that NGQ acts rapidly during the first 10 h. This observatican be related to the quick
absorption of N@ by rumen microbesn vitro, microbes used NOwithin 10 h incubation in
the medium (Shi et al., 2012n vivo on sheep fed 1.3 g NaNg metabolic weight, the
concentration of N@ was decreased by 50% within 5 h postfeeding (8at.,e2004). In the
rumen of cows fed 3% calcium nitrate, N@as not even detected 3 h after feeding (Guyader
et al., 2014a).

When GP diet was used as a substrate, the obs@mgdnhibition was higher than the
stoichiometrically calculated inhibition at leved$ NO;s” exceeding 4 mM, and increased as
NO; doses increased. In contrast, when GLU was ubedapiparent yield of CHeduction
was higher than 100%, independent of thesNOncentration. This observation indicated that
the assumption that NOonly acts as an electron acceptor is not sufficemough to
understand the CHmitigating mechanisms of NO While the conversion of NOto NH,"

requires electrons, a release of gaseousisHan indicator for a direct inhibition of
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methanogens, and the decrease in gas productiocatiesl a direct inhibitory effect on
fermentative microorganisms. As long as\i® deviating electrons, no.t¢missions will be
observed, and only after 10 to 15 h when thes N® exhausted, gaseous i observed.
These results confirm previous vitro (Zhou et al., 2011) anid vivo (Van Zijderveld et al.,
2010; Guyader et al., 2014c) results showing th&s Nhave a toxic effect towards
methanogens. However, the direct toxicity of f;N@jainst methanogens is dose and substrate
dependent, and becomes evident only at concentsagilbbove 4 mM with GP substrate and no

such a toxic effect was observed when GLU was asatsubstrate.

Dose response effect of nitrate oprHetabolic fluxes

Total H; production calculated from acetate and butyrateentrations was similar between
treatments, when GP substrate was used. Differemees only observed for Htonsuming
pathways such as methanogenesis. For the corgedhtent, 76% of pHwas directed towards
methanogenesis and 13% towards propionate syntiésse percentages were in the range
of previous estimations of Histribution between fermentation end-productsef&awski,
1986; Mills et al., 2001).

Unaccounted H represented between 6.9 and 23.0%, which may therecaptured in
microbial biomass (Czerkawski, 1986; Mills et &Q01) or derived from substrates other
than glucose on which the calculation is basedvdalifi, 1960). In this balance, we assumed
a full transformation of N@ to NH,;", which is supported by the high efficiencies of ]NO
reduction. Unaccounted,Hvas similar to the control at low level of NObut higher levels
increased the percentage of unaccounted Hvo hypotheses were tested in order to
understand how missing;Htan be used. Firstly, we assumed that formatehmpioduction
may require H via the formate-hydrogen lyase, accumulated innteglium, as shown in
previous monoculture dkuminococcus flavefacie@/olin et al., 1997). This intermediate of
rumen fermentation was also obseniadvitro when CH emissions were inhibited with
propynoic acid or ethyl 2-butynoate (Ungerfeld let2006). However, although in the present
incubation formate was not determined, no formaés ¥ound in response to 2 and 8 mM
NOj3 in separatén vitro incubations with GP substrate (data not shown).

Assuming that microbes require 0.41 molespdr kg microbes (Mills et al., 2001), it was
expected that microbial biomass was increased high doses of N©, using a part of
unaccounted H However, treatments did not affect insoluble @iotoncentrations, showing
that N& did not enhance microbial synthesis. This resualbficms previousin vitro

experiments reporting an absence of N(® and 10 mM doses) effect on bacterial and
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protozoal concentrations (Zhou et al., 2011; Patich Zhongtang, 2013; 2014). This is also in
accordance with am vivo experiment reporting no difference in microbiabgein supply
based on urinary excretion of purine derivativesnoh-lactating cows supplemented with
NO;3; (2.3% in DM; Guyader et al.,, 2014a). In additidghe estimated percentage of H
directed towards microbial biomass was very low aadged between 0.3 and 0.3%,

confirming the low contribution of microbes t@ Eonsumption (Mills et al., 2001).

Conclusions

Nitrate is an efficient Climitigating strategy but it can be used only toimaited extent,
before fermentation is negatively affected. Tineitro threshold appears to be between 2 to 4
mM, which would correspond to a supplementatioanonals situated between 1.2 and 2.5%
of DM. The difference between observed and themakiCH, production shows that this
additive acts as an electron acceptor, but its mm@sms of action must also involve a direct
toxic effect on methanogens. In addition, the statlyd, distribution between fermentation
end-products shows that NOmust enhance another unknown Ebnsuming pathway,
different from H emitted or captured for NfOreduction, and for production of GHVFA or

microbial biomass.
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Methane released by ruminants is the main greesghgas at the farm level (Veysset
et al., 2010) and constitutes an energetic losthioanimal, ranging from 2 to 12% of its GEI
(Johnson and Johnson, 1995). Therefore, this PeBistiakes part in the global context of
CH, mitigation, in order to reduce the negative enwinental impacts of ruminants while
improving their feed efficiency.

Knowing that H is the limiting substrate of methanogenesis in thmen, the
objective of this PhD thesis consisted in studyimgimportance of the differentkhetabolic
pathways (production and consumption), in ordedétermine the more efficient way to
manipulate H pool in the rumen. The final purpose of this wedasists in proposing new
dietary CH-mitigating strategies. We assumed that actingaih beduction of K production
and stimulation of Bl consumption by a competitive pathway to methanegisndecreases
CH, production to a higher extent than when acting eimgle pathway.

Our scientific approach was divided in two paRsstly, the bibliographical approach
detailed the biological and thermodynamic mechasisfr production and utilization in the
rumenvia a classic literature review. In addition, a metatgsis reported the relationship
between rumen protozoa and Cdissions. Secondly, the experimental approactssasde
the effect of association of dietary strategieCbh emissions of non-lactating and lactating
cows. The originality of our work consisted in agating dietary treatments with different
mechanisms of action onyhbool (reducing K production or consuming 41 Moreover, the
distribution of H between fermentation end-products was estimiatedtro with a strategy
acting on H utilization.

In the following discussion, we will focus on thmain original results obtained during
this PhD thesis. This section will be divided ithoee parts:

1/ we will give an experience feedback on new eapaipt acquired during this PhD thesis
(CHs-open chambers and,ldensors), and we will assess precision and acgwh€H,
emissions and rumen dissolved ¢bncentrations obtained in cows fed control diets.

2/ we will assess the relevance of the testeg-@kigating strategies on methanogenesis, but
also on overall digestive and zootechnical perforcea. Rumen fermentation mechanisms of
these Ch-mitigating strategies will be highlighted, by righey them with distribution of Hin

the different fermentation end-products and withdification in the microbiota.

3/ we will discuss the possibility of a practicaleuat the farm scale of the most efficient,CH

mitigating dietary strategy tested in this PhD thes
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PRECISION AND ACCURACY OF METHANE EMISSIONS AND
RUMINAL DISSOLVED HYDROGEN CONCENTRATIONS IN COWS
FED CONTROL DIETS

During this PhD thesis, two new methods were irmgleted in the team to monitor
cows’ individual kinetics of i) enteric CHemissions using open chambers and ii) rumen
dissolved H concentrations using F#tensors. In the following section, we will give an
experience feedback on these two devices and weasggess the precision and accuracy of

our data obtained on cows fed control diets by @nng them with the literature.

1.1. Precision and accuracy of methane emissions

Table 11 Compiled data of methane emissions obtained irexiperiments of this PhD thesis

with non-lactating and lactating cows

. . Methane emissions
Experimental design

(+ SD)
Methane .
, : Forages Days in g/kg % of
Experiment  Animal (n) (% of DM) measur.ement chambers g/day DM GEI
technique
Non-
. Grass hay Open 310.5 25.2 7.2
1&3 lactating 4
+16.50 +1.56 +0.45
cows (8) (50) chambers (£ ) (& ) (% )
. Corn silage,
283 Lactating grass hgy Open dor2 450.9 21.2 6.0
cows (15) (60) chambers (£111.77) (x3.50) (+0.99)

n: number of animals; SD: Standard deviation

In this PhD thesis (Table 11), 8 non-lactating sdexperiments 1 and 3) were fed a
same control hay-based diet in restricted condsti(80% ofad libitum intake). Their CH
emissions were measured in open chambers for 4ecotige days. Fifteen lactating cows
(experiments 2 and 3) were fedl libitum a same control corn silage-based diet. During
measurement of their GHemissions in open chambers for 4 or 2 days, asimadre
restricted fed (95% dd libitumintake).
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1.1.1. Experience feedback on open chambers for cattle

Our open chambers allowed to measure daily kisaticenteric Chl emissions in
cattle (see experiment 1 for a detailed descriptibnhambers). Chambers were designed to
be spacious and comfortable for the animals (4+uok tmattress, 2.5-m2 lying area) in order
to avoid disturbance of cows’ behavior and perfaroes during their stay inside. In addition,
animals were used to be attached in the barn beddyre moved in open chambers. The levels
of DMI in chambers averaged 12.4 (day-to-day cosdfit of variation, CV = 1.3%) for non-
lactating and 21.2 (day-to-day CV = 2.0%) kg/dayl&ztating cows, and were similar to the
levels of DMI measured the week preceding or follgvCH, measurement (12.4 kg/day,
day-to-day CV = 1.1% for non-lactating cows; 20&/day, day-to-day CV = 3.6% for
lactating cows). The constant DMI and milk prodastiof cows between inside and outside
chambers reflected that animals easily adaptecoém @hambers and that our experimental
conditions are good enough to measure accuratee@issions in cows.

In our experimental conditions, the day-to-day atitity of CH, emissions (g/day)
within animals was low and similar between nond#iog and lactating cows (4.1%, on
average). This variability level was comparablehwdiata reported in the literature, which
ranged between 4.3 and 7.2% for animals placedspiration chambers for a minimum of 3
consecutive days (dairy and beef cattle, n = 8&xt®r and Clapperton, 1965; dairy cattle, n =
16, Grainger et al., 2007).

Variability of CH, emissions (g/day) between animals averaged 5.8%oio-lactating
cows fed a hay-based diet and 24.8% for lactatowscfed a corn silage-based diet. These
levels remained comparable with reviews cited fresty (8.1%, no indication about diets,
Blaxter and Clapperton, 1965; 17.8%, 75% foragdi@t, Grainger et al., 2007). The higher
variability of CH, emissions between lactating cows is consistenth wieir higher DMI
variability (18.6% for lactating cows fed sl libitum versus7.9% for dry cows restricted
fed). Then, we also confirmed a previous study repg that the CV between animals is
larger when intake is not restricted (Grainger e28907).
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Table 12Equations used to estimate £eimissions of cows fed control diets in all expemts of this PhD thesis

Methane
0
Reference n Animals measurement Forage DMI HBW CHf‘ (g/day) Equatiort RMSE R2
. (% of DM)  [min-max] [min-max] (unit)
technique
Sauvant et Dairy and beef 161 270
al., 2011 976 cattle, sheep and Chambers (n=976) 60 X NA* CH, (g/day) = (7.14 + 0.22 x DOM) / DMI ' 0.81
[0.56-4.01] (g/kg DMI)
[1] goaf
Mills et al., Dairy cattle _ 3 479.5 _ 1.82
2003[2] 159 (n=159) Chambers (n=159) 55 NA [325.0-605.9] CH, (g/day) = (5.93 + 0.92 x DMI) x Z (MJ/day) 0.60
. . Chambers (n=101)
Ellis et al., Dairy (n=89) and 2.25 236.8 0.28
172 _ SF6 (n=42) 75 CH, (g/day) = (3.27 + 0.74 x DMI) x Z 0.68
2007[3] beef cattle (n=83) Others (n=29) [NA] [56.4-499.6] (MJ/day)
. Chambers (n=44)
Ellis et al., _ B 1.99 183.2 _ 0.26
2007[4] 83 Beef cattle (n=83) SF6 (n—3_7) 80 INA] [56.4-345.1] CH, (g/day) = (3.96 + 0.561 x DMI) x Z (MJ/day) 0.44
Others (n=2)
. . Chambers (n=57)
Ellis et al., Dairy cattle 2.37 286.9 0.26
89 . SF6 (n=5) 70 CH, (g/day) = (3.23 + 0.809 x DMI) x Z 0.65
2007[5] (n=89) Others (n=27) [NA] [86.5-499.6] (MJ/day)
Ramin and
Dairy (n=145) and _ 2.18 218.7 CH, (g/day) = (20 + 35.8 x DMI — 0.50 x
Huhtanen, 207 ot (n=62) cattle C1amPers (n=207) 70 [0.785.23]  [9.2-541.7] DMP) x 0.71427 NA
2013[6]
:r?(l;vant Dairy and beef 161 CH, (g/day) = (45.42 — 6.66 x (DMI:BW) + 23
Noziere 450 cattle, sheep and Chambers (n=450) 60 0 56_4 01] NA* 0.75 x (DMI:BW)2 + 19.65 x PC — 35.0 x (glk bOM)
2013(7] goat 20 PC2 - 2.69 x (DMI:BW) x PC) x DOMI  \I'¥9

n: number of treatments; RMSE: residual mean sqeiaiog; NA: non-available

! Z = conversion factor between Gexpressed in MJ/day to GElxpressed in g/day = 20.0638; DOM (% of DM) = diij#s OM in diet = OM content of
the diet (% of DM) x OM digestibility (0-1); DMI @/day) = dry matter intake; PC = concentrate propor(0-1); DOMI = digestible OM intake (kg/day) =
DOM x DMI

2 Proportions not available
® DMI = 19.6 kg/day, with minimum and maximum: 12u6d 28.4 kg/day

* CH, = 18.3 g/kg DMI, with minimum and maximum: 13.6da28.0 g/kg DMI
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1.1.2. Comparison of methane emissions with the litegatur

Daily pattern of CH emissionsin the experiments of this PhD thesis, animalsewer
fed twice daily and the daily patterns of £emissions were similar between cows fed the
control diets. Methane emissions increased quiftklpwing feed intake to reach a peak 2 h
after feeding, and then decreased progressiveli/thatnext feeding. These daily patterns of
methanogenesis according to feeding frequencynaaedordance with previous observations
(Grainger et al., 2007; Janssen, 2010; Van Zijddrgeal., 2010).

Difference between non-lactating and lactating sowxpressed in g/day, GH
emissions of non-lactating cows fed a hay-basetivdesze lower than lactating cows fed a
corn silage-based diet (310versus450.9 g/day). This expected result is explainedHzy
lower intake level of non-lactating cows compareddctating cows (12.4ersus21.2 kg
DMl/day). Indeed, the positive correlation betweeid, emissions (g/day) and DMI is well
known (Reynolds et al., 2011; Ramin and Huhtanét3}

Inversely, when expressed in g/kg DMI or as a @etage of GEI, CiHemissions of
non-lactating cows (hay-based diet) were highen thatating cows (corn silage-based diet;
25.2versus21.2 g/kg DMI; 7.2versus6.0% GEIl). This difference may be explained by two
confounded effects. The first one is related to ligher intake level of lactating cows
compared to non-lactating cows, which decreasedfdébd retention time in the rumen,
lowering the time for microbial fermentation of éesubstrates (Reynolds et al., 2011). The
second one is related to the forage nature of #salldiet. Forage preservation may affect
enteric CH production which tends to be lower when forageseaansiled than when they are
dried (Matrtin et al., 2010). From direct comparisoDoreau et al. (2011) also reported that
lactating cows fed silage-based diets produce G#s (g/per kg milk) than those fed hay-
based diets.

Comparison of observed and predicted ,Cemissions In order to assess the
coherence of our CHemissions, data from individual cows fed contrieltslwere confronted
to CH; emissions estimated with equations from the liteea To predict enteric CH
emissions, several equations are available initdr@iure, which are based on various criteria
such as intake level, diet composition, productievel of animals or rumen fermentation
parameters. In the present work, we selected 7iginesl equations (Table 12) for the

following reasons:
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1/ They predict Cll emissions from the level of DMI (Ellis et al., ZQQMills et al., 2003;
Ramin and Huhtanen, 2013) which is the main detganti of CH production (Reynolds et
al., 2011; Ramin and Huhtanen, 2013), and/or froenl¢vel of digestible OM (DOM) in the
diet (Sauvant et al., 2011; Sauvant and Nozier&3P@hich is a good predictor of GH
emissions, as it is statistically related with léneel of fermented OM in the rumen (Sauvant et
al., 2011).

2/ They were developed from large database buil wivivo data collected from animals fed
diets containing proportions of concentrate (20-b@Xerlying those of our experimental
diets (40-50% concentrate).

3/ They were developed from data of £eimissions mostly measured with chambers, as
realized in this work (93% with chambeversus 4% with SF6versus 3% with other

techniques).

We adopted two approaches for comparison of obdeand predicted CHemissions
(g/day). To comparabsolute valuesa T-test was applied between observed and peedict
CH,4 emissions for each equation. To cheekiations in CH,4 emissions the relationship
between observed and predicted,@&rhissions was tested for each equation usingdhergl
linear model (GLM) procedure:

Observed Chl=a + B x predicted Chl
Wherea = the overall intercept angl = the overall slope. Non-significant interceptsreve
considered as equal to 0. Slopes were comparethyacalculating T (T = (slope — 1)/SBd,
which was compared tg bbtained from the T-Student tabte£ 0.05). If T> §, the slope was
considered different from 1. Statistical analyseserperformed with Minitab (Version 16).

When considering all data from lactating or noctdiing cows fed control diets
(Table 13; Figure 20), we showed that absolute dataween observed and predicted ,CH
emissions were positively correlated (average R66% on average) whatever the equation
(P<0.001). Absolute ClHemissions between observed and predicted werdasi(R>0.05)
with equations 2, 5, 6 and 7, whereas observeg éhissions were significantly higher than
predicted with equations 1, 3 and 4 (average biagl142.5, +68.0 and +119.1 g/day,
respectively<0.05). Concerning variations between observedpaeadicted CH emissions,
all intercepts tended or were equal to 0, and sl@beegressions were significantly equal to 1
(P<0.05) for all equations, except for equations 4 &nThe differences between observed
and predicted ClHemissions with equations 1, 3 and 4 may be exgthlyy i) the different

animal species and type of cattle production (eqoal is proposed for sheep and cattle,
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equation 4 is proposed for beef cattle), and ig thigher concentrate proportion in our
experiments (40-50%) compared with the averageesunate proportion in the dataset used
to generate the equations 3 and 4 (20-25%).

Table 13 Comparison and relationship between observed aediqted CH emissions

(g/day) of lactating and non-lactating cows (n=@8gd in the experiments of this PhD thesis.

Predicted P-Value Intercept Slope

Equation CH, (3SD}'  (T-test) (SE) (SE) Slope =1 R2 RMSE
[1] (i?gj) <0.001 (ngfo) (10'.216;;) Yes 077  55.3
2] (igg% 0.112 (223‘3) (100111 ;) Yes 077 548
3] (iigfi) 0.023 (51830) (15_215;7) Yes 0.77 548
[4] égg’:g) <0.001 (-gg.'f;) (10'.615; ;) No 077 548
[5] (ig:'g) 0.148 (Zgli;) (10'.11‘;**5) Yes 0.77 548
[6] (igg:é) 0.064 ig%g} (10'.418; ;) No 074 584
7l (igéfg) 0.195 (fé?:zs) (10'.019*3:*1) Yes 077 555

SE: Standard error
! Observed Chlemissions averaged 402 + 112.8 g/day.
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Figure 20 Relationship between observed and predicted methaoduction (g/day) of lactating (n=15) and noctdéing (n=8) cows fed control
diets in the different experiments of this PhD thes
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1.2. Precision and accuracy of ruminal dissolvedribgen concentrations

This PhD thesis is the first work reporting kistiof dissolved K concentrations in

the rumen of fistulated cows using indwelling-$€nsors (experiment 1).

1.2.1. Experience feedback om4densors

We succeeded to adapt an-$¢nsor (commonly used in marine research) for
continuous andh situ measurement of dissolved EHoncentration in the rumen. This system
counteracted the main disadvantages of previogsnéasurement devices (detailed in
Materials and methods section of this manuscriptit measured kinetics of dissolved; H
concentrations, ii) it detected quick modificatiohH, concentrations (90% response in 15
sec) which was important knowing that the turnauee of H in the rumen is ~0.08 sec, and
iii) it had a low limit of H, quantification (0.3 ).

From a practical point of view, the full systend diot require important equipment,
and the sensor size was rather small which didlistarb the ruminal environment. However,
the glass-made tip of the sensor was very fragild, the sensor required a strong home-made
protection prior to its insertion into the rumengdahis was very challenging if the animal just
ate. To counteract this issue, we inserted theosdyefore morning feeding and removed it
before afternoon feeding. Kinetics of dissolved ¢bncentrations were measured for 5 h
postfeeding.

As we only had one available and functionatddnsor, measurements were carried
out only one day per cow per experimental periodenl for the whole experiment, we
collected 4 daily kinetics obtained on 4 cows fled tontrol diet. For this reason, variability
between days was impossible to estimate for thessone.

Rumen dissolved fHconcentrations of the 4 non-lactating cows fedraescontrol diet
presented an important inter-animal variabilityglfe 21 shows that the highest variability
levels were observed during the time outside feetime (from 2.5 to 3 h after feeding). This
result highlights the importance of repeating theasurement for several days for a same

animal. In our case, this was impossible becaudiendgétion in H-sensors availability.
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Figure 21 Average rumen dissolved hydrogen concentratiodsnagthane emissions up to 5
h after feeding a similar hay-based diet to foun-taxtating cows. Errors bars indicate SD.
The arrow indicates time of feeding.

1.2.2. Comparison of ruminal dissolved hydrogen conceimingtwith the literature

During the 5 h after feeding, dissolved ebncentration in the rumen of cows fed a
hay-based diet averaged 4.Mwith an interval situated between 2.5 and 7M. [These
concentrations were low, but in the range of presiobservations (0.1-50M) given by
Janssen (2010).

The maximum ruminal dissolved:ldoncentrations (7.2N) was observed less than 1
h after feeding. This postprandial peak of rumessalved H concentration was situated
upstream of the observed postprandial peak of, €Missions, coinciding with previous
observations (Swainson et al., 2011). This postfeeH, peak probably corresponded to the
release of Blicoming from fermentation of fresh feed ingestedisTpattern was in accordance
with previous studies on cattle or sheep, whiclo alsserved a rise of ruminal dissolved H
concentrations between 10 min and 3 h after fee(Waygavi et al., 2012; Robinson et al.,
1981; Smolenski and Robinson, 1988). As for,@rhissions, we assume that the extent and
time of the postfeeding Apeak is dependent on the fermentation rate ofadietponents and

on the feeding frequency.

The aim of this PhD thesis was to propose new day strategies to mitigate CH,
emissions in ruminantsvia a modification of H, availability in the rumen. Quantification

of individual CH 4 emissions was an essential measurement in this wpras well as
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dissolved H concentrations in the rumen as indicator of H availability. Monitoring
kinetics of these two parameters allowed getting better insight of mechanisms involved
in CH,4 mitigation. Consequently, four open CH chambers for cattle were implemented
in the team and H-sensors were adapted to the rumen environment. Oradl results
indicate that in our experimental conditions, kinetcs of CH, emissions were precise and
accurate. Data on H kinetics were original, but additional research igequired to assess
the reproducibility and repeatability of measuremens. In conclusion, we confirm that
these two devices were adapted to evaluate the eiféincy and understand the

mechanisms of actions of the selected dietary GHhitigating strategies.
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Table 14 Compiled data from the literature on the effedtfipads from linseed supplementation to cattlesbeep on methane emissions, total

tract digestibility and nitrogen balance

Methane reduction

Animal Forages . Added fat Effect on total Effect on
Reference species (% of DM) Linseed form (% of DM) (g/kg DMI, % per tract digestibility nitrogen balance
P 1% added C18:3) g y g
Experiment 1, . :
this PhD thesis Dry cows Grass hay (50) Linseed oil 2.6 -6.6 No effect No effect
Machmdller et al., Corn silage, grass hay .
2000 Lambs (76) Crude linseed 2.4 6.0 No effect NA
Corn silage. arass hay _Crude linseed 4.2 2.5 dOM?: -4%
Martin et al., 2008  Dairy cows (255 g Y Extruded linseed 4.4 6.0 dNDF*: -7% NA
Linseed oil 5.8 9.0 dADF’: -6%
dOM: -3%
Chung et al., 2011 Dry cows Grass hay (48) Crutsebd 5.6 -0.91 dNDF: -7% NA
dADF: -18%
dOM: -7%
Dry cows Barley silage (48) Crude linseed 4.8 -6.8 dNDF: -20% NA
dADF: -28%
Martin et al., 2011  Dairy cows  Grass silage/hay) (57 Extruded linseed 3.0 -4.7 NA NA
Dairy cows Pasture (79) Extruded linseed 2.0 -8.1 NA NA
Veneman etal.,  pajry cows Grass/maize silage (NA) Linseed oil 2.6 -0.59 NA NA
2014
Dairy cows Corn silage (NA) Linseed oil 2.6 +0.4 NA NA
AVERAGE -4.6

NA: Data not available

! Based on ether extract content of the diet

2 values based on estimation, knowing that in oyreexnent, 4% linseed oil = 2.6% added fat

% Extent of reduction in total tract digestibilityrslar between treatments
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Table 15 Compiled data from the literature on the effedtsea saponir{C. sinensisor assamica supplementation to cattle or sheep on methane
emissions, total tract digestibility and nitrogealdmce

. Distribution Tea saponin (% of DM) Methane reduction
Animal Forages . . Effect on total Effect on
Reference species (% of DM) method of tea (% of active saponin (9/kg DMI, % per tract digestibility nitroaen balance
P saponin powder compound ) 1% added saponin) g y g
Experiment 3,
this PhD thesis Dry cows Grass hay (50) In a pellet 0.77 (0.52) -4.0 No effect No effect
. Corn silage,
. . +17. : +89
Dairy cows grass hay (60) In a pellet 0.76 (0.52) 17.9 dADF: +8% No effect
Yuan et al., Lucerne hay . .
2007 Adult sheep (60) Mixed with feed 0.5 (NA) -17.4 NA NA
Mao etal., 2010  Lambs Chr';:?go")""d Mixed with feed 0.4 (NA) 68.7 NA NA
Zhou et al., Chinese wild . . 1
2011 Adult sheep ye (60) Mixed with feed 0.4 (0.24) -26.5 NA NA
Li and Powers, . . . 0.25 (0.06) -29.2
2012 Steers Corn silage (46) Mixed with feed 0.50 (0.12) 1.0 NA No effect
AVERAGE -26.4

NA: Data not available
! DMI was not available. We assumed that DMI waslaino Mao et al. (2010)
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Table 16 Compiled data from the literature on the effectsnitrate supplementation to cattle or sheep onhare¢ emissions, total tract

digestibility and nitrogen balance

Methane reduction

Effect on

Effect on

Reference ':ng:iils ((; Oor? gi:) Nitrate source T(;)ritfe;&;e (g/kg DMI, % per total tract nitrogen
P 1% added nitrate)  digestibility balance
Experiment 1, . :
this PhD thesis Dry cows Grass hay (50) Calcium nitrate 2.3 -9.6 No effect No effect
Experiment 3, . .
this PhD thesis Dry cows Grass hay (50) Calcium nitrate 2.3 -11.7 No effect No effect
Nolan et al., 2010 Adult sheep Oaten hay (100) P(r)]ti?r:;um 2.5 -9.5 No effect NA
\Z/SSOZuderveld etal, Adult sheep Corztfgjvgg Ot;arley Calcium nitrate 2.6 -12.2 NA NA
Van Zijderveld et al., . Corn silage, dried : .
2011 Dairy cows alfalfa, barley straw (66) Calcium nitrate 2.1 7.9 No effect No effect
Hulshof et al., 2012 Steers Sugar cane (60) Caloirate 2.2 -12.3 NA NA
Lietal., 2012 Lambs NA Calcium nitrate 2.3 -15.4 No effect No effect
El-Zaiat et al., 2014 Lambs Grass hay (60) Calanitnate 3.4 -9.7 NA NA
Lee et al., 2014a Steers Forage (55) Calcium aitrat 2.3 -8.0 NA No effect
de Raphélis-Soissan . .
et al. 2014 Adult sheep Oaten hay (100) Calcium nitrate 2.0 5-7. NA NA
Lund et al., 2014 Dairy cows or2sS C'O(‘g)/ com silage . cium nitrate 2.0 125 NA NA
Veneman et al., 2014 Dairy cows Grass/corn sildg ( Calcium nitrate 2.0 -6.8 NA NA
Dairy cows Corn silage (NA) Calcium nitrate 2.0 .2-8 NA NA
AVERAGE -10.1

NA: Data not available
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Il. OVERALL EFFECT OF DIETARY STRATEGIES ON METHANE
EMISSIONS AND COWS’ PERFORMANCES

2.1. Additive methane-mitigating effect of stragsgacting on hydrogen production and

consumption: validation of our initial hypothesis

The purpose of this PhD thesis consisted in progosew efficient dietary CH
mitigating strategies acting om tvailability for methanogens. We assumed thatedesing
H, production _AND stimulating B consumption by a competitive pathway to
methanogenesis, reduce £Hroduction to a higher extent than when actingaoringle
pathway.

To reduce methanogenesig a reduction of K production, we chose to test lipids
from linseed and tea saponin. Indeed, our metaysisalGuyader et al., 2014) and previous
reviews (Beauchemin et al., 2008; Doreau et all12@Gerber et al., 2013a) highlighted that
lipids and plant extracts would have a toxic effestards protozoa, which are the maig H
producers in the rumen. For lipids, we focused OfrR from linseed (linolenic acid, C18:3),
which have been reported as the most efficient Pltd-Aitigate CH (Doreau et al., 2011).
In addition, linseed supplemented to ruminantsrhastional benefits by improving milk and
meat fatty acids profiles (Chilliard et al., 200S¢ollan et al., 2001). Concerning plant
extracts, we selected tea saponin, as it wouldhéeriost promising saponin source reducing
CH4 among the large family of plant extracts (Gerbemle 2013a; Wang et al., 2012).
Moreover, ann vitro experiment showed its positive effect on OM didpigty (Wei et al.,
2012).

To reduce H availability for methanogenesis, the other strhatempnsisted in
supplementing animals with additives consuming(idstead of methanogens) and without
affecting protozoa. In our literature review, w@aged that nitrate may act as a-sihk in
the rumen, and recent reviews showed that all phét experiments using this additive
resulted in CH mitigation (Doreau et al., 2014a; Lee and Beauchep914b).

The doses of linseed, tea saponin and calciurata@itised in the present work were
determined in order to reach a 15-20% ,Ctdduction when these treatments were fed
individually (Doreau et al., 2011; Lee and Beaucimer2014a; Mao et al., 2010). Assuming
an additive effect on Havailability in the rumen, their association (at& plus linseed and
nitrate plus tea saponin) was expected to reducee@tissions by 30-40%.
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To be adopted by farmers and consumers, a featliategy reducing CHemissions
must do so, without adverse effects on animalsestige efficiency, performances, quality of
products and health. For these reasons, the owfalit of the different selected dietary
strategies was assessed by considering not onlgamegenesis but also all the parameters
cited above. For linseed and tea saponin, we clossbnitored their effect on diet
digestibility, knowing that more than 5% addedrfaty reducen vivo total tract digestibility
of diets (Martin et al., 2010; Martin et al., 2008nd that tea saponin may imprawevitro
nutrients digestibility (Wei et al., 2012). In atdn, having in mind that nitrate is a N source
with a potential toxicity for animals (methemoglobmia; Lee et al.,, 2014b) and human
health (nitrate and nitrite accumulation in anin@isducts), we also carefully assessed nitrate
effect on N release, animals’ health and the camagon of N-derivatives compounds in

milk.

2.1.1. Effect of linseed fed individually to reduce hydemgproduction in the rumen on

methane emissions and overall cows’ performances
Lipids from linseed (4% linseed oil in DM correspling to 2.6% added fat) fed

individually to non-lactating cows (n = 4 in expaant 1) did not affect intake, total tract

diets digestibility and N balance. These resultgewm accordance with the literature,

reporting that less than 4% added fat in a dietsdoet alter animals’ intake, digestive

processes and performances (Table 14). Howevettjrivigtral. (2011) observed a reduction

of DMI (-7%) without effect on milk yield of lactetg cows fed grass silage supplemented
with extruded linseed (3% added fat in DM).

Daily pattern of CH emissions indicated that linseed acted all altvegday (Figure 3,
experiment 1). Its supplementation decreased di#y emissions (g/kg DMI) by 17.2% on
average, corresponding to a £Hduction of 6.6% per percent added fat in the. dibis
result was in accordance with the majority of poergiin vivo studies (Table 14) and with a
meta-analysis reporting that 1% additional linoteacid in the diet induces a 5.6% £H
reduction (Doreau et al., 2011).

The CH-mitigating effect of lipids is not systematic (Giguet al., 2011; Veneman et
al., 2014). The extent of GHlecrease with lipids is proportional to the lezetl availability
of lipids supply (Martin et al, 2010; Doreau et 2011), but these two factors did not explain
data of Chung et al., (2011) and Veneman et @14 In the trial of Veneman et al. (2014),
lactating cows from New Zealand were used. We asdutimat the Ckimitigating effect of

linseed is dependent on the rumen microbiota, wisclelated to animals’ environmental
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growing and living conditions. This hypothesis wamfirmed in anin vitro experiment
using rumen inoculum from NZ cows fed pasture, ok we reported that linseed oil used
in our in vivo experiment (experiment 1) did not modify vitro CH, production or rumen
fermentation parameters (Muetzel et al., unpubtisbata). This supports the interest of
current international programs such as the Globamé& Census, which compare the
diversity of microbial communities from rumen saewltaken on a large diversity of

ruminants throughout the world.
In conclusion, we confirmed that linseed oil supplaentation to cattle (2.6%
added fat in DM) is an efficient CH,-mitigating strategy without reducing digestive

efficiency in cows.

2.1.2. Effect of tea saponin fed individually to reducedlpgen production in the rumen

on methane emissions and overall cows’ performances

Tea saponin (0.5% saponin in DM) failed to redGt# emissions (g/kg DMI) in the
experiment with non-lactating cows (n = 4 in expemnt 3) and enhanced methanogenesis in
the experiment with lactating cows (h = 8 in expamt 3). These results were in
contradiction with previous data on sheep or catipplemented with tea saponin doses
ranging between 0.05% up to ~0.40% of DM (Table These differences may come from a
bad quality of our tea saponin product and/or deraion of the active compound during
pelleting. Plant maturity, geographical area ofduciion and extraction methods are three
parameters affecting the final concentration analityuof the saponin (Li and Powers, 2012).
In our experiments, we estimated the quantity ¢silvaccompound in the tea saponin extract
from the origin certificate of the Chinese supplieut assessing the activity of our extract
would have been useful before starting the triMsreover, we included the tea saponin
extract in pelleted concentrates, as handling efpgbwder form led to respiratory irritation
problems for users and feed refusals for animalss Tssue has never been highlighted
previously, whereas this plant extract was distaduas a powder and mixed with the diet in
other studies (Table 15). We assume that pellafimgatured the active compound of tea
saponin during heating (~40°C). A modification betmiscellaneous structure Qluillaja
saponin was already observed after heating bet@@eamd 60°C (Mitra and Dungan, 1997).

In the present work, diet digestibility and N balanof non-lactating cows were
unchanged by tea saponin supplementation (0.5%M). Mversely, ADF digestibility was

improved by 8% when lactating cows were fed theesamse of this plant extract. To our
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knowledge, this is the first report showing a pwesiteffect of tea saponin an vivo fiber
digestibility. A positive effect of tea saponin @M digestibility was reporteth vitro (+21%;
Wei et al., 2012), whereas no effect on nutriengestibility was reportedh vivo with goats
supplemented with lower doses than those testedirirexperiments (0.04 to 0.08% of DM;
Zhou et al., 2012).

Tea saponin supplemented to lactating cows tetaleeduce feed intake by 12% and
significantly reduced milk yield by 18% comparedctintrol, whereas this same plant extract
did not affect DMI of non-lactating cows restrictéetl. We assume that the lower intake
explained the lower milk production as feed effitg was similar between cows fed control
with or without tea saponin. This finding agreedhalii and Powers (2012) who reported that
tea saponin (0.11% in DM) reduced DMI of growingest by 27% leading to a drop of their
average daily weight gain of 80%. However, 0.4%daponin did not affect feed intake and
growth of lambs (Mao et al., 2010).

Overall results on the effects of tea saponin supgientation in diets of ruminants
are contrasted. Additional research is necessary tgive a reliable conclusion about its

effect on animals’ performances, diet digestibilityand CH4 emissions.

2.1.3. Effect of nitrate fed individually to modify hydreg consumption in the rumen on

methane emissions and overall cows’ performances

Nitrate (2.3% of DM) fed individually to non-lad¢bag cows (n = 4 in experiment 1; n
= 4 in experiment 3) never affected intake, totatt digestibility and N balance. Previous
studies on sheep or cattle also reported the absenaitrate effect on these parameters and
animals’ performances (Table 16), except for Huiskb al. (2012; -6% DMI without
affecting growth performance).

Nitrate decreased GHemissions to a similar extent in our two experitagmwith a
reduction averaging 10.7% of Ghlield (g/kg DMI) per percent added nitrate. Thasult was
in accordance with the literature: on average,, @rhissions were reduced by 10% per
percent added nitrate, whatever the animal spacidshe nature of the basal diet (Table 16).
Then, overall results show the efficiency and régdafity of the nitrate Chtmitigating effect
between studies. Moreover, a recent meta-analgpisried a linear dose-response effect of
nitrate (0.3 to 1.2 g/kg BW/day) on enteric £émissions with a reduction of 12% of €H
yield (g/kg DMI) per 0.1 g added nitrate/kg BW/d&ge and Beauchemin, 2014b).
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Kinetics of CH emissions measured in open chambers indicateddibgry nitrate
affected methanogenesis during the 3 h postfeadiogr experimental conditions (Figure 2,
experiment 1). This result agreed with previouseobstions on sheep and cattle (Van
Zijderveld et al., 2010; Van Zijderveld et al., 20)Jand suggests that nitrate acts as-gikk

shutting down postprandial Gkroduction which is normally at its maximum.

Overall results show that nitrate effect on CH emissions is systematic and

repeatable between studies, without altering digeise performances and N balance.

2.1.4. Effect of association of strategies acting on hgeroproduction and consumption

in the rumen on methane emissions and overall cpardbrmances

We assumed that supplementing ruminants with-@Higating strategies acting on
both production and use of,Heduces methanogenesis to a larger extent than Wiese
strategies are fed individually. To test this hysis, two associations of strategies were
tested on non-lactating cows: linseed plus nit(at@% added fat plus 2.3% nitrate in DM; n
=4 in experiment 1) and tea saponin plus nitrat8% saponin plus 2.3% nitrate in DM; n =
4 in experiment 3).

As tea saponin fed individually failed to decreasethanogenesis, we assumed that
the observed CHreduction (g/kg DMI; -28%) with tea saponin plugrate was fully
explained by the nitrate effect. Consequently, #ssociation of feeding strategies did not
allow us to test our hypothesis and will not beHar discussed.

For the first time, we observed a positive intéoac between linseed and nitrate, as
their association reduced GHtield (g/kg DMI) by 32%. As these dietary stratgjihave
different mechanisms of action, we expected a 3994 1€duction for a fully additive effect
(-17% and -22% Clireduction for linseed and nitrate fed alone, respely). According to
stoichiometry and considering that control £émissions is equal to 100, ¢l#missions
corrected for the CHmitigating effect of linseed fed individually (17%vould be 100 — 100
x 0.17 = 83. Then, these G¢ldmissions corrected for the Ghhitigating effect of nitrate fed
individually (22%) would be 83 — 83 x 0.22 = 65.tbtal, this corresponds to an expected
CH, reduction of 35% with linseed plus nitrate. Bhig fat content in linseed plus nitrate was
lower than in linseed fed individually (-1.6 % ofM), corresponding to a CHmitigation
potential of 10.7%. When applying the same stoicigtyy estimation than previously, we
obtained an expected Gleduction of 27% with linseed plus nitrate. Intboases, observed

CH, reduction with this dietary association was cléseexpected, and confirmed a fully
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additive effect between these two strategies. Téssilt is original and supports our initial
assumption according to which decreasing gdol in the rumen by acting on both, H
production and consumption decreases @Gidduction to a higher extent than when acting on
a single pathway. In addition, we showed that kasplus nitrate (3.5% added fat plus 1.8%
nitrate in DM) fed to lactating cows (n = 8 in exp@ent 2) during 4 months induced a
constant reduction of CHyield (g/kg DMI; -29%). This persistent effect sted the absence
of adaptation of rumen microbiota. These resulé® aluggest that the Gihitigating effect

of linseed plus nitrate is repeatable whatevepthgsiological stage of the cows.

Association of linseed (1.0% added fat in DM) twate (2.3% of DM) did not modify
N balance and total tract digestibility of non-ktatg cows, confirming the effect observed
when these dietary strategies were individually. f8anilarly, nitrate (1.8% of DM) plus
linseed (3.5% added fat in DM) fed to lactating satid not affect N balance, but tended to
reduce ADF digestibility (-8%). This highlights tiraportance of studying the dose-response
effect of this association on cattle digestibility.

Linseed plus nitrate supplemented to lactatingsctemded to reducad libitumintake
and milk production throughout our 4-month expeninds feed efficiency (kg of milk per
kg of feed) was similar between diets, we assurhatithe lower intake explained the lower
milk production. This is in contradiction with otgsults on non-lactating cows, for which we
did not observe a detrimental effect of linseedsplirate on intake. As shown previously, in
some cases, nitrate or linseed fed individually educe intake. Consequently, we showed
that linseed plus nitrate is an efficient £iitigating strategy without improving cows’
performances. We suggest that further studies dHfoals on the dose-response effect of this

association on animals’ performances.

In conclusion, linseed plus nitrate is an efficienstrategy to reduce CH, emissions
in the long-term without altering digestive processs. However, the energetic benefits
from the decreased CH emissions did not appear beneficial for the dairgows.

2.2. Rumen fermentative and microbial mechanism®hied in selected methane-

mitigating strategies

To understand the mechanisms involved in the eggul of H availability and CH
emissions, we studied the effects of the selecietdrny strategies on rumen fermentation and

microbiota.
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2.2.1. Relationship between observed methane emission¥RBAdrofile

In the rumen, klis mainly produced during acetate (C2) and bu¢y(@4) synthesis,
as two moles KHare generated per mole C2 or C4 produced. Inyerded synthesis of one
mole propionate (C3) or valerate (C5) consumesmake H. Then a rise of C2 and/or C4
concentrations may indicate a higheravailability in the rumen, whereas a rise of C8/an
C5 concentrations may indicate a lower &Vailability. As a result, knowing the key role of
H, availability in methanogenesis, the ratio C2/Cpasitively correlated with CHemissions
expressed as a percentage of GEI (Sauvant eDall; Figure 22).

Linseed fed alone to non-lactating cows (experini¢meduced C2/C3 ratio compared
to control,via an increase of C3 concentration in the rumen. fidsslt may explain a part of
the observed CHmitigating effect of linseed. To our knowledge, aee the first ones to
report this effect, as most studies reported arerates of effect of linseed on rumen VFA
composition (Chung et al., 2011; Doreau et al. 208artin et al., 2011).

Tea saponin, fed alone to non-lactating or lactpttows (experiment 3) did not
modify VFA profiles, except that it tended to inase C2/C3 ratiovia a higher C2
concentration for lactating cows. This effect mayplain why, for this particular group of
cows, this plant extract led to higher £émissions compared to cows fed control treatment.
Previous studies did not observe changes in VFAilesoin the rumen of sheep and goats
supplemented with similar dosage of this plantaott{Mao et al., 2010; Yuan et al., 2007,
Zhou et al., 2011).

Nitrate fed alone or in association with tea sapofexperiment 3) or linseed
(experiments 1 and 2) to non-lactating or lactatog/s increased C2/C3 ratio by increasing
C2 or reducing C3 concentrations. These results$iromed previous findings reporting an
increase of C2 and C4 concentrations and/or a deeref C3 concentration in the rumen of
animals fed this ksink at a similar dosage (Hulshof et al., 2012;ladoet al., 2010;
Veneman et al., 2014). We assumed that this pattetae to a reduction of Havailability in
the rumen because of,Honsumption for nitrate reduction. Acetate conidn may
increase to compensate for the déficiency, and C3 concentration may decreaseusecaf
the lack of H (Janssen, 2010).

For a more global approach, we related the obde®2C3 ratios with Cklemissions
(% of GEI) for each experiment and dietary treattvirthis PhD thesis, and we compared
these results with the relationship of Sauvant.gR811; Figure 22). Data from diets without
CHgs-mitigating effect fit with the relationship, aswoC2/C3 ratios were associated to low

CH,4 emissions. Inversely, the highest C2/C3 ratiosewalyserved with diets presenting the

218



General discussion

best CH-mitigating effect (nitrate and/or linseed-suppleteel diets). Then, the curvilinear

positive relationship between Gldnd C2/C3 ratio was not applicable in those cases.

Results on control and tea saponin-supplemented ets confirmed the positive
relationship between CH, emissions and VFA profiles. Nevertheless, this egtion may
be inaccurate with CH;-mitigating dietary treatments such as linseed andhitrate-
supplemented diets. This finding suggests that, ithose specific cases, others interfering
fermentative and/or microbial processes need to biaken into account to estimate CH

emissions.
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Figure 22 Relationship between C2/C3 ratio and methane emnsgadapted from Sauvant et
al., 2011). Colored points indicate the positioroof data obtained in the four experiments of
this PhD thesis (rumen samples taken 3 to 3.5lboviolg the morning meal).

2.2.2. Relationship between observed methane emissionsiamesh microbiota

To our knowledge, the relationship between rumeerohial biomass synthesis and
CH,4 emissions has never been studied. In this work, €@hissions were reduced by linseed
and nitrate fed alone or in association with limseetea saponin, whereas excretion of purine
derivatives in the urine of non-lactating cows (@xments 1 and 3), as indicator of microbial
biomass synthesis in the rumen, was not affectedidtgry treatments (data not shown). We
concluded that there was no relationship betwesrernumicrobial biomass synthesis and,CH

emissions in non-lactating cows (Figure 23).
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Figure 23 Relationship between methane emissions and eswrefipurine derivatives in the
urine of non-lactating cows fed different dietaryH/@mitigating strategies acting on the
rumen hydrogen pool (experiments 1 and 3)

When looking at specific rumen microbial populagsoof these same animals, we
observed that total bacteria concentrations wevemaffected by treatments (experiments 1
and 3). Compared to control diets, linseed fed elt;m non-lactating cows (experiment 1)
reduced protozoa (before feeding, -53%) and metpam (after feeding, -8%)
concentrations, while reducing Glemissions (g/kg DMI) by 17%. The inhibiting effeuft
linseed towards protozoa was not observed wherciassq it with nitrate. For non-lactating
cows, this may be caused by the lower dose of atided this diet (1.0% added fat in linseed
plus nitrateversus2.6% added fat in linseed). For lactating cowss thay be linked to a
lower representativity of rumen samples taken bynsich tubing. In addition, rumen content
was sampled after feeding whereas the defaunafiiegt eof linseed fed alone was only
observed before feeding. When relating observed, €missions with rumen protozoa
concentrations obtained in cows fed linseed alome, confirmedin vivo the positive
relationship between these two parameters thatlkgady highlighted in our meta-analysis
(Guyader et al., 2014; Figure 24).

Tea saponin did not modify methanogens conceatratr activity (experiment 3).
Moreover, we did not observe the expected inhigiteéffect on protozoa, explaining the
absence of ClHmitigating effect of this plant extract fed to ntactating and lactating cows
after 4 weeks of feeding saponin. These resultgesigan adaptation of rumen microbiota.
Indeed, in sheep, a decrease of protozoa number afiays of feeding saponirSesbania

sesbahwas reported but this population recovered 1&diatgr (Newbold et al., 1997).
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Nitrate fed alone or in association with linseedea saponin did not modify protozoa
concentrations whereas glmissions (g/kg DMI) were reduced from -22 to -3ZPhen,
those dietary treatments confirmed that protozoaceotrations is not the only factor
regulating methanogenesis and that other factorg beaimplied. Besides, quantity and
activity of methanogens were reduced in the runfemoa-lactating cows fed diets including

nitrate.

40

Methane emission (g/kg DMI)

T
4,5 5,0 55 6,0 6,5 7,0 7,5
Rumen protozoa concentration (log10 cells/ml)

Figure 24 Position of observed rumen protozoa concentratioth methane emissions from
non-lactating cows fed control diet (CON) or CONbglemented with 2.6% added fat (LIN)
(experiment 1, this PhD thesis) among the experisnerlected to study the relationship
between these two parameters by meta-analysist@tiipm Guyader et al., 2014).

These results confirm the importance of detailingumen microbiota composition
to understand the mechanisms involved in Cl#mitigation. Such approaches should take
into account the interactions between microbes andghould describe the microbial

populations in terms of quantity, activity and diveasity.

2.2.3. Nitrate reduction and lipids biohydrogenation: shiometric yield of methane

reduction
In the rumen, it is commonly accepted that nitridkbows Dissimilatory Nitrate
Reduction to Ammonium (DNRA), which consists in tieeluction of 1 mole nitrate to 1 mole
nitrite which is further reduced to 1 mole ammoriie overall process consumes 4 moles
H,. Knowing that 4 moles Hare also required to produce 1 mole,Citlis considered that
one mole added nitrate reduced QOptoduction by 1 mole, assuming a full conversidn o
nitrate to ammonia. In this PhD thesis, nitrateustidn (2.3% in DM) fed alone or in
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association with tea saponin to non-lactating cemfgained 82% of observed Gkeductions
(g/day), which is close to the reported efficiesadie the literature (88% on average; Hulshof
et al., 2012; Van Zijderveld et al., 2011; Venensaal., 2013).

Rumen biohydrogenation of 1 mole C18:1, C18:2 8.8 consumes 1, 2 or 3 moles
H,, respectively. Then, assuming that a full biohgdmation of unsaturated fatty acids
occurs, one mole added C18:1, C18:2 or C18:3 retdGt4 production by 0.25, 0.50 or 0.75
moles. In the present work, biohydrogenation ofdkpfrom linseed (2.6% added fat) fed
alone to non-lactating cows only explained 11% lidesved Chl reductions. This result is in
accordance with a previous study on dairy cowsdezbrn silage-based diet supplemented
with 4.2 to 5.8% added fat from linseed (10% onrage; Martin et al., 2008).

Fed to non-lactating cows, nitrate reduction (2.3% DM) plus linseed
biohydrogenation (1.0% added fat in DM) explaine2Pr of observed CH reduction.
Similarly, nitrate reduction (1.8% in DM) plus lieed biohydrogenation (3.5% added fat in
DM) fed to lactating cows explained 46% of obser@, reduction.

We conclude that nitrate has a higher potential foH, consumption than PUFA.
Nevertheless, this sole mechanism cannot fully exgoh the CH,-mitigating effect of these

dietary strategies.

2.2.4. Relationship between methane emissions and gasgdusgen losses

In the literature, few studies simultaneously nueedin vivo gaseous klosses and
CH,4 emissions on the same animals. Nevertheless, aivegelationship would exist vivo
between these two parameters. Indeed, sheep fiedepetliets presented highes emissions
than sheep fed fresh perennial ryegrass (OvE15us0.019% GEIl), while emitting less GH
(Pinares-Patifio et al., 2010). Similarly, lactatomyvs supplemented with nitrate presented
lower CH, emissions and higher,Hemissions (0.01%ersus0.006% GEI) than when they
were fed a control diet (Van Zijderveld et al., 2D1We assumed that gaseousdthissions
come from an excess of dissolved ¢bncentrations in the rumen. In addition to meagur
CH,4 emissions, we monitored ruminal dissolveglddncentrations and gaseous étinissions
(data not show) of non-lactating cows fed a condiiet with or without linseed (LIN, 2.6%
added fat), nitrate (NIT, 2.3% nitrate) or linsg#ds nitrate (LIN+NIT, 1.0% added fat plus
2.3% nitrate) (experiment 1). Animals fed diets lung nitrate (NIT and LIN+NIT)
presented higher dissolved ldoncentrations (33.tersus3.8 UM on average, respectively;

Figure 5 in experiment 1) and gaseouysehhissions (4.5 L/lersusO L/h on average 1 h after
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feeding, respectively) than animals fed CON and.LTKen, similarly to gaseous,Hwe
observed a significant negative relationship betw@gl, emissions (g/kg DMI) and dissolved
H, concentrations (M) in the rumen of these animals (Figure 25):,GH22.6 - 0.181 x
H,, with RMSE = 2.56 and R2 = 0.46. This pattern rbayexplained by the toxic effect of
nitrate on quantity and activity of methanogensregsorted for the first time in this work
(experiments 1 and 3).
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Figure 25 Relationship between methane emissions and desdlydrogen concentrations in
the rumen of non-lactating cows fed different digt@H,-mitigating strategies acting on the
rumen hydrogen pool (experiment 1)

Consequently, gaseous Hlosses can occur when feeding animals with GH
mitigating strategies, but they represent small errgetic losses and cannot by themselves

explain observed CH reductions.

2.3. Overview of the mechanisms of action of dyetrategies: estimation of hydrogen

distribution between rumen fermentation end-prosluct

To get a global view on the mechanisms of actibsetected Chtmitigating dietary
strategies (experiments 1, 2 and 3), we calculdtegroduction and distribution of,hh the
different rumen fermentation end-products (Figugg Production of Hwas estimated from
VFA and microbial biomass synthesis, knowing that@es H are generated per mole C2 or
C4 produced, and 0.58 moles Bre produced per kg dry microbial matter growimgAA
(Mills et al., 2001). Daily productions of individu VFA and dry microbial matter were
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estimated from rumen fermentable organic mattetesdrin diets and from microbial proteins
production in the rumen (Noziére et al., 2010; Satnand Noziére, 2013). To estimate H
consumption, five pathways were considered: methpamesis (4 moles H mole CH), VFA
synthesis (1 mole H mole C3 or C5), microbial biomass synthesis {(bles H / kg dry
microbial matter growing on NPN; Mills et al., 2Q0Qhitrate reduction (1 mole H mole
reduced nitrate) and lipids biohydrogenation (1a@d 3 moles K/ mole saturated C18:1,
C18:2 and C18:3). We assumed that the totalityitohte intake was reduced to ammonia
DNRA, and that the totality of C18:1, C18:2 and @3l8ntake was saturated during

biohydrogenation. Detailed methods of calculatiaresgiven in Annex 2.

Acetate & Butyrate Microbial biomass
synthesis :mic'r“"“'l synthesis

ke {ry

>
< M0/p B

Propionate & Valerate
synthesis

Lipids biohydrogenation Methane emissions

Figure 26 Selected hydrogen producing (red arrows) and camgy(green arrows) pathways
for estimation of hydrogen distribution between amfiermentation end-products

To our knowledge, this work is the first to cakigl production and distribution of,H
in rumen fermentation end-products, when ,@hitigating strategies acting on ruminab H
availability are fed to non-lactating and lactatocayvs.The recovery rate of Haveraged 104
+ 11.2 %, which means that,Honsuming pathways considered in our approacly full
explained total Kbl produced. Among the different potential bias ioleaalculation step, one
may come from the fact that,Hproduction during dietary proteins fermentationswaot
considered, as this estimation would require mofermation on AA profile. Then, we can
use these K balances to summarize the mechanisms involvedhén regulation of H
availability and CH emissions by our tested Girhitigating strategies (Figure 27; detailed
data are provided in Annex 2)

In control diets, methanogenesis, C3 and C5 ptazlycand microbial biomass
synthesis respectively consumed 97.8% (91.1-1024%% (10.5-18.7), and 0.33% (0.31-
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0.36) of total produced HOurin vitro approach (experiment 4) also gave similar resuilis
control treatment (50% hay - 50% concentrate; 9b ¥6%6 of produced Hwere consumed
for CH, and VFA production, respectively). These resultsrevclose to previous data
obtained by a modelling approach, which reported these fermentation pathways consume
48-80%, 19-33% and 0.6-12% of total consumedEkerkawski, 1986; Mills et al., 2001).
Overall results agree with the low contribution wiicrobial biomass synthesis in,H
consumption and regulation ot ldvailability in the rumen.

As tea saponin supplementation poorly affected, Géinissions and rumen
fermentation pathways, we logically did not findfeliences in the distribution of Hbetween
fermentation end-products, compared to controltitmeats. Inversely, as reported in the
analysis of VFA profiles, linseed fed alone (expent 1) modified K distribution between
rumen fermentation end-products, as 13.3% of predii¢ was directed towards C3 and C5
synthesisversus10.5% in control treatment. A small part of proeddt was also used for
lipids biohydrogenation (1.90%), confirming the l@antribution of lipids biohydrogenation
in direct H consumption (1 to 2.6% reported in Czerkawski,6)98 0 improve rumen
balance with linseed, further approach should amrsthe inhibiting effect of PUFA on
protozoa, which induced a loweg Hroduction not taken into account in applied eigqust

Nitrate reduction pathway consumed on average @flptoduced Hin the rumen. In
diets including this ksink, the sum of Kproportions directed towards nitrate reduction and
methanogenesis was almost equal to theptdportion directed towards methanogenesis in
control diets. This highlights the equilibrium ihet distribution of H between these two
pathways. To get a more precise rumerbBlance with nitrate, gaseous ldsses should be
taken into account. Indeed, we observed that mitsapplementation increased dissolved H
concentrations in the rumen (experiment 1), propaklkause of a direct toxic effect towards
guantity and activity of methanogens (experimenémd 3). We assume that excessrHthe
rumen was released in a gaseous form. Moreoventitjgea of consumed Hduring nitrate
reduction in the rumen should be adjusted to tak® account that a part of nitrate may have
been converted to gaseousNproducedvia denitrification, as recently reported in cows
(Neumeier et al., 2014; Petersen et al., 2014) sheetp (de Raphélis-Soissan et al., 2014).
During denitrification, 2 moles nitrate are redu¢ed. mole nitrous oxide, while consuming 5

moles B.
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Figure 27 Estimation of hydrogen distribution (% of produclegdrogen) between rumen
fermentation end-products in the experiments &f BhD thesis. Detailed figures are given in
Annex 2.

In conclusion, mechanisms of selected GHnitigating strategies involved
modifications in rumen fermentation processes relad to shifts in microbiota. This work
confirms the interest of simultaneous study of ferrantative and microbial parameters,
in order to understand the mechanisms involved in hHe regulation of rumen H

availability.

. PRACTICAL USE OF ASSOCIATION OF METHANE MITIGATING
STRATEGIES ACTING ON HYDROGEN PRODUCTION AND
CONSUMPTION: FOCUS ON LINSEED PLUS NITRATE

While testing the Climitigating effect of linseed plus nitrate, we stealsthat acting
on both H production and consumption decreased methanogetesi higher extent than
when acting on a single pathway. However, beforesicering the practical use of this dietary
strategy at the farm scale, several recommendatiessrve to be highlighted.

3.1. Animals’ health and zootechnical performances

3.1.1. Is nitrate a safe non-protein nitrogen source sitution for urea ?

Knowing the low efficiency of N utilization in rumants (25% on average;
Calsamiglia et al., 2010), one may ask about tliecefof feeding nitrate on animals’ N

metabolism. Indeed, potential risk of using nitratea NPN source substituting urea is a low
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utilization by the animal resulting in additional idlease in the form of nitrate, nitrite or
ammonia, which would contribute to N pollution fromgriculture. However, we confirmed
that nitrate supplemented to non-lactating or kaggacows did not increase the quantity of N
excreted in urine, feces and milk compared to cewgplemented with urea (Van Zijderveld
et al.,, 2011). Then, to avoid excessive N lossesracommend nitrate supplementation in
substitution for urea to animals fed diets not adse containing nitrate (such as nitrate-
fertilized pasture) or diets deficient in degradabl (such as corn silage, sugar cane, sugar
beet, molasses or cassava-based diets) (Leng,.2008)

Potential risk of nitrate poisoning of animalsase of the major limitations of its
utilization in animal nutrition. Indeed, in the rem nitrate is converted to nitrite and then
ammonia. If nitrite accumulates in the rumen, ih gass through the rumen wall into the
blood and convert Hb to metHb, which cannot themdport oxygen to the tissues (Lewis,
1951). The level of blood metHb determines the spmgs severity: first symptoms are
depressed feed intake, milk production and weigain,gthen animals become more
susceptible to infections, have more reproductiedufe and present brown mucous
membrane discoloration, to finish with respiratoligtress, coma, cyanosis, and even death
(Bruning-Fann and Kaneene, 1993).

In this work, nitrate was gradually introducedtie diet of cows (up to 2.3% in DM)
during a 10 to 15-day adaptation period. During period, we observed a gradual increase of
blood metHb levels, without apparition of clinisymptoms. Following this period, blood
metHb recovered low levels situated between 1.218n8% on average. We also showed the
absence of nitrate poisoning during its long-tedmnfonths) supplementation to lactating
cows. Our data were in accordance with the liteeatun cattle, but higher than data reported
on sheep fed doses close to our experimental d¢ongli{Table 17). These high values of
metHb in our experiments are difficult to explabyt may come from a combination of
several factors such as animal species, lengtidaptation period, and feeding frequency.
Cattle would be more susceptible to nitrate poisgrecompared to sheep (Leng, 2008). In
addition, within a species, some animals would hawere risks of developing
methemoglobinemia: erythrocytes (red blood cells¢nmtype would affect activity of the
enzyme responsible for metHb reduction (Godwin,Z200ur adaptation period was shorter
than in other experiments from the literature, anoinals acclimatized to nitrate during a long
adaptation period have lower risks of blood metHbe(and Beauchemin, 2014b). In the
present work, a restricted feeding was always egplowever, for a same amount of nitrate

in diet, a fractionated feeding throughout the dmyts the risk of blood metHlia a slow
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release of the additive in the rumen (Figure 28llaghan et al., 2014). With the same
mechanism,ad libitum feeding reduces the risk of blood metHb comparedestricted
feeding.

Fast

Slow

Blood methaemoglobin (%)
w

2 14 26 38 50 62 74 86 98 110 122 134 146 158 170 182 194 206 218 230
Time (hours)

Figure 28 Effect of feeding a same amount of nitrate torst@ensuming the dose within 5
min (fast) or 45 min (slow) on blood methemogloffitom Callaghan et al., 2014)

Then, from a practical point of view, we emphadizeimportance that farmers do not
directly deal with nitrate utilization, to avoidsitexcessive and uncontrolled distribution.
Solutions must be thought according to feeding desgy, in order to match rumen; H
production from feed fermentation with nitrate centration. For animals continuously eating
small quantities of feed, solutions would consisttihe use of nitrate-supplemented lick
blocks. However, because of the uncontrolled ambke access between animals, the use of
slow-release encapsulated nitrate may be a safeticsg and gave similar extent of GH
abatement without raising blood metHb levels (EleZat al., 2014). For animals eating their
meals in a fractionated manner, one may consiaddéudig the nitrate in the TMR in its raw

form or included in pellets as performed in thiRhesis.
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Table 17Compiled data from the literature on the effedtsitvate supplementation to cattle or sheep ondlimethemoglobin levels

Reference Animal Forages Voluntary Tlfr:lf db(;esfgre Nitrate dose Blood sampling  Average Maximum
species (% of DM) intake (%) (days) (% of DM)  (h after feeding) metHB (%) metHE (%)

Experiment 1,

this PhD thesis Dry cows Grass hay (50) 90 10 2.3 3 10.5 26.3

Experiment 2, Dairy Cows Corn silage, grass hay 95° 14 18 35 19 308

this PhD thesis y (60) ' ' ' '

Experiment 3,

this PhD thesis Dry cows Grass hay (50) 90 10 2.3 3 4.5 25.9

Sar et al., 2004 Adult sheep 'methy/lucerne hay - Maintenance 7 0.7 NA 9.2 18.4

(80) level

Nolan et al., 2010 Adult sheep Oaten hay (100) NA 8 1 2.5 NA 0.6 2.8

Van Zijderveld et al., Corn silage, barley straw 3

2010 Adult sheep (90) 95 21 2.6 3 0.5 7.0

Van Zijderveld et al., . Corn silage, dried

2011 Dairy cows alfalfa, barley straw (66) 95 21 2.1 3 3.9 19.0

Lietal., 2012 Lambs NA Ad libitum 7 2.3 3 0.6 1.2

de Raphélis-Soissan Maintenance

etal. 2014 Adult sheep Oaten hay (100) level 14 2.0 2.5 14.0 45.0

El-Zaiat et al., 2014 Lambs Grass hay (60) Ad Uit 21 3.4 6 1.08 <1.1

0.7 <1 <1
Lee et al., 2014b Steers Forage (55) 75 20 1.3-1.9 3 8.6 23.6
2.6-3.9 3.3 13.6

Steers Forage (55) Ad libitum 21 2.0 NA 8.4 23.6

NA: Data not available
! After adaptation period
2 Throughout the experiment

% Ad libitumduring adaptation period, 95% restricted duringsaeement weeks

229



General discussion

3.1.2. Required research on nutrients digestibility anoteochnical performances
In this PhD thesis, linseed plus nitrate fed to-tactating (1.0% added fat plus 2.3%
nitrate in DM) or lactating (3.5% added fat plug8%. nitrate in DM) cows did not modify

total tract digestibility of DM, OM and NDF compard¢o control diets. Nevertheless, this
association tended to reduce ADF digestibilityake and milk production of dairy cows,
even if feed efficiency was similar between didteen, before using association of linseed
plus nitrate as a Cjimitigating feeding strategy at the breeding scale,additional dose
response study is required to determine the optid@dage for maintaining animals’
performances.

To our knowledge, the impact of nitrate suppleragoh on reproduction
performances of cows still requires further resealtdeed nitrate has been reported to lower
conception rate (0.7 mg/kg BW; Davison et al., )9%4d to cause abortions in beef and dairy
cattle (Sonderman and Odde, 1993). The death detbhe would be induced by a decrease in
oxygen concentration in fetal arterial blood in dafed nitrate and by a rise of nitrate

concentration in the placenta.

3.2. Quality of animals’ products and societal pption

3.2.1. Benefits of linseed and nitrate for quality of anisi products

In addition to be an efficient CHnitigating strategy, linseed plus nitrate may ioy&
the quality of milk and meat from ruminants. Indepcevious studies reported that linseed
supplementation improves milk and meat fatty a@uodsiles by increasing the quantities of
PUFA, which have well-known positive effects on hlamhealth (anticarcinogenic and
antiatherogenic; Chilliard et al., 2009; Scollarakt 2001). Besides, the advantages of using
linseed in animal feed are largely promoted by gggvcompanies, such as in the French
initiative “Bleu-Blanc-Coeur”. To complete the pees work, characterization of milk fatty
acids profile of samples taken from dairy cowslfegeed plus nitrate is under progress.

Concerning nitrate, a potential risk of its sugmpéntation would be the accumulation
of nitrate and nitrite in animals’ products for hamconsumption. Indeed, even if nitrite is a
common food preservative, an excess of nitrite umans diet may promote gastric
inflammation (Weitzberg and Lundberg, 2013). Fa finst time, we reported the absence of
nitrate and nitrite residues in milk and home-maulk products (yoghurts, whey, curd and 6-
wk ripened Saint-Nectaire cheese) from cows ferht&it(1.8% of DM) plus linseed (3.5%

added fat in DM; experiment 2) during 4 months.sTitasult completes the work carried out
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by El-Zaiat et al. (2014), who also did not detaittate and nitrite residues in meat of lambs
fed nitrate (3.4% of DM). Consequently, based orresu knowledge, the consumption of
milk and meat from animals fed linseed plus nitddes not seem to be an issue for human
health.

3.2.2. Negative perception of nitrate by consumers anthéas

In public opinion, nitrate is viewed as a chemijsadduct used as a crop fertilizer, and
is frequently associated with water pollution amélth hazards. Then, despite the absence of
risks in the consumption of milk and meat from cded linseed plus nitrate, one may expect
some hesitation of consumers to buy such prodicgsnings and dialogue with them may
reduce their time for acceptance of this dietargtegy. From farmers point of view, knowing
the severe legislation on agricultural nitrate aske (EU nitrate directive 91/676/EEC), they
may apprehend using this additive in animals’ dieten if it does not induce additional N
losses. Moreover, as the relationship between €Hhissions abatement and improvement of
animals’ performances has never been reported,efatmvillingness to participate in the
global effort of CH mitigation may be only enhanced if they receiveedi governmental
subsidies. However, in the case that emissionsstaxeuld be implemented, the major
difficulty for governments would be the on-farm rmeeement of Chtemissions (Gerber et
al., 2010). Anyway, to our knowledge, in the Freraatd European legislations, nitrate has
been authorized as a raw feed material, but n@naanimal feed additive, even if several
reports support its utilization as a ghitigating strategy at national (Doreau and Benoit

2013) or international (Gerber et al., 2013a) Isvel
3.3. Environmental benefits of using linseed pltrate: importance of a global approach
We reported the long-term (4 months) QHitigating effect of linseed plus nitrate,
which suggests that rumen microbiota do not adaptis dietary treatment and supports its
application at the farm scale. However, to consajglicability of this dietary strategy, two

other environmental criteria remain to be discussed

3.3.1. Nitrous oxide emissions

Nitrate supplementation may induceNemissions from the ruminants and/or from
manure fermentation, if excessive dietary nitrateeleased in urine (de Raphélis-Soissan et
al., 2014; Neumeier et al., 2014; Petersen eR@ll4). Nitrous oxide is the third GHG at the
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global level (8% of total GHG produced), with a GWP298 (IPCC, 2007). Then, we highly
encourage further studies to monitosgONemissions to assess the global GHG mitigating
efficiency of linseed plus nitrate. To our knowledgonly one study used this type of
approach, and showed that the &Hitigating efficiency of nitrate was lowered by%8&lue

to the rise in NO emissions from eructation or manure of sheep Isupgnted with this
additive (de Raphélis-Soissan et al., 2014).

3.3.2. Environmental effectiveness of linseed and nitpateluction

To assess applicability of wide scale supplemantabf linseed plus nitrate in
ruminants’ nutrition, it will be important to analy its global effect on GHG emissions at the
chain level (from feed production to the farm gat@)a life cycle assessment (LCA). By this
approach, one study already reported the effeghdif/idual supplementation of extruded
linseed (1.1% added fat in DM for summer; 2.8% adts in DM in winter) and nitrate
(2.0% in DM in summer and winter) on GHG changethatfarm scale, using a Dutch dairy
farm model (Van Middelaar et al., 2014). They assuhat 1% added fat or nitrate reduced
enteric CH emissions by 6.1 and 9.4% on average, respecti@dynpared to a reference
dairy farm (840 kg C@equivalents/T fat and protein-corrected milk), glepnentation of
extruded linseed reduced emissions by 9 kg-€quivalents/T fat and protein-corrected milk,
whereas supplementation of nitrate reduced emissign32 kg C@-equivalents/T fat and
protein-corrected milk.

With a more global approach, Doreau et al. (20d4g5essed the national potential
abatement of C@equivalents up to year 2030 if French cattle wgspkemented with either
additional fat (whatever the source; 3.5% addedf&M only for cows receiving more than
1 kg concentrate daily) or nitrate (1% in DM onlgr fcows receiving diets short in
fermentable protein). They assumed a mean abatevhenteric CH emissions of 4 and 10%
per percent added fat and nitrate, respectivelgyThsulted that, at the French scale, fat may
present a higher GHG abatement potential thantai{da89 M T CQ-equivalentsrersus0.48
M T CO,-equivalents in 2030). Similar approaches neecetodnsidered to assess the global
environmental impact of linseed plus nitrate supmsetation to cattle, but we assumed an

additive positive effect between these two dietdrgitegies.
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3.4. Economical aspect

The final aspect to assess applicability of a,@titigating strategy is the cost
effectiveness (€/T C&equivalents reduced) of its application, whicleasculated by dividing
the decrease in labor income of farm (€/year) leydbcrease in GHG emissions at the chain
level (kg CQ-equivalents/year) (Van Middelaar et al., 2014) tiA¢ farm scale with a Dutch
dairy farm model, nitrate (1.0% in DM in summer anthter) supplementation would be
more cost-effective than extruded linseed (1.1%edddt in DM for summer; 2.8% added fat
in DM in winter) supplementation (241€/T G@quivalents reducedersus2,594€/T CQ-
equivalents reduced; Van Middelaar et al., 2014).

At the national scale, Doreau et al. (2014) coméid these results using the French
model. They first showed that fat supplementatmnuiminants is the best strategy for global
abatement of GHG emissions in French agricultuvenef it is the most expensive one
(Figure 29). This would be mainly due to high proilon costs and poor availability of raw
material causing high importation costs. They atgmorted that nitrate (1% in DM only for
cows receiving diets short in fermentable protsugplementation is more cost-effective than
fat (3.5% added fat in DM only for cows receivingoma than 1 kg concentrate daily)
supplementation (38€/T Gtquivalents reducedersus267€/T CQ-equivalents reduced).
Both studies cited above highlighted a range okuamties in their calculations, because of
variability in feed prices which has a strong impaie costs of option (Doreau et al., 2014a).
From these results, we suggest that linseed ptreeisupplementation to cattle would be an
expensive Chtmitigating option, even if it would result in agh annual abatement of GO

equivalents.
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Figure 29 Place of several options for enteric methane matithgy in a global abatement cost
curve for French agriculture (from Doreau et al]42a)

We conclude that linseed plus nitrate can be propesl as a CH-mitigating
strategy in ruminant nutrition under controlled conditions. Linseed already has a good
public image thanks to its positive effect on qualy of ruminants’ end-products. For the
first time, we showed that the consumption of dairyproducts from nitrate-fed animals
does not seem an issue for the human health. Furthevork should detail the cost-

effectiveness of this strategy.
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This PhD thesis deepened the knowledge about thportamce of the different
metabolic pathways of Hin the rumen, in order to propose and evaluate detary
strategies to mitigate CGHemissions in ruminants. We assumed that manipglati the same
time production AND utilization of KHin the rumen allows a more important reduction of
CH4 emissions than acting on a single pathway (proolicOR utilization). With the
bibliographical approach, we selected dietary sgiias with different modes of action on
rumen H metabolism: lipids from linseed or tea saponin tfogir potential to decrease; H
production through their toxic effect on protozead chemical components such as nitrate
for their potential to consume,Hvithout affecting protozoa. To test our hypothediese
strategies were fed alone or in association to laotating and lactating cows. Tea saponin
plus nitrate did not allow us to accept or refuseloypothesis, as tea saponin had no effect on
rumen protozoa concentrations. On the contraryreperted a fully additive and long term
CHgs-mitigating effect of linseed plus nitrate. To cdetp this work, several perspectives can
be drawn to improve knowledge on involved mechagjs@nd to study the on-farm
applicability of using association of dietary tma@nts acting differently on the rumen, H

pool.

DEEPER CHARACTERIZATION OF THE RUMEN MICROBIOTA
INVOLVED IN HYDROGEN METABOLISM AND METHANE
PRODUCTION

Few studies have related in the same trial vanatiof CH production with the
characteristics of the ruminal microbial ecosyst&me originality of our approach will be to
combine a quantitative approach (daily productib@Hy,) to a cognitive approach (microbial
parameters) of digestive processes in order to retated the observed phenomena. We
already reported that linseed reduced protozoap(biducers) and methanogens {H
consumers) concentrations, and that nitrate irddbguantity and activity of methanogens
without influencing genes coding for microbial ai or nitrite reductases. To deepen this
work, we aimed at assessing the effect of the miffetested Climitigating strategies tested
on non-lactating cows (experiments 1 and 3) on rumeeta-transcriptome (functional
diversity, ARN) using the MiSeq technology of Illima and by targeting together bacteria,
archaea and protozoa as applied previously on DN#e{mann et al., 2013; Annex 1). This
approach was unfortunately unsuccessful, for unknoeasons. Work is now under progress

to analyze, by the same approach, the rumen metage (sequences diversity, DNA) of
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bacteria, archaea and protozoa in these same sanfpkeintegration of overall collected data
will allow a better understanding of ruminal metbgenesis and associated biological

phenomena.

Il. STUDY OF THE EFFECT OF PELLETING PROCESS ON TEA SAPONIN

Tea saponin included in a pellet failed to redomthanogenesis of non-lactating and
lactating cows. We explained this result by theeabs of effect of this plant extract on
protozoa. We suspect that the plant active compouesl denatured during granulation. To
check this hypothesis, an vitro experiment will be carried out soon. The effectwbd tea
saponin forms (powderersuspelleted) at different doses will be tested on,@kbduction
and protozoa concentrations after 2ih Ritro incubation with rumen inoculum from cattle. If
it turns out that it is the pelleting process whadmnatured the substance, one can consider
further research to develop solutions for a bettgestion of tea saponin by animals without

prior process.

[I. IMPROVEMENT OF LINSEED PLUS NITRATE ACCEPTABILITY

Linseed plus nitrate persistently decreased metfemesis. However, the energetic
benefits from the decreased £eimissions did not appear beneficial for the anir@al the
contrary, linseed plus nitrate tended to reducemals’ digestibility and performances.
Solving this issue is essential for on-farm acoegeof this dietary strategy. More studies are
also required to secure the mode of distributionitvhte, which may lead to animals’ health
issues when quickly ingested. Additional reseamctgenetic selection of animals presenting
lower risks of developing metHb may also be congideAt the consumer level, acceptance
of linseed plus nitrate in ruminants’ nutrition Wile facilitated if the beneficial effect of
linseed on the nutritional value of animals’ produand if the absence of nitrate residues in
animal products is confirmed. In this objectivestgynatic control of the quality of animals’

products has to be considered.
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V. OPENING TO OTHER ASSOCIATION OF DIETARY STRATEGIES
ACTING ON THE RUMEN HYDROGEN POOL

This PhD thesis showed that the association dfadiestrategies having different
mechanisms of action to reduce HBvailability in the rumen reduced GHmissions to a
greater extent than when strategies were fed iddally. Then, this work opens up the field
of possibilities about testing other associatiostohtegies. Linseed may be replaced by other
lipids sources such as grape marc, sunflower avlasseeds, which Cimitigating effect has
already been reported. Nitrate may be replaced thgroadditives known to modify H
consumption such as sulfate, nitro-ethane or mkypropanol. Electrons acceptors such as
iron or manganese still require further reseanctany cases, for on-farm applicability, a £H
mitigating dietary strategy has to be efficient thie long term with no adverse effect on
animals’ health, performances and products quéditjhuman consumption. In addition, life
cycle assessment should be applied to analyzeogteand environmental effectiveness of the

selected dietary strategy.
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l. ANNEX 1 - ANALYSIS OF RUMEN MICROBIOTA DIVERSITY BY
HIGH THROUGHPUT SEQUENCING METHODS

Total nucleic acids (DNA and RNA) were co-extracfeom rumen samples taken
from non-lactating cows (experiments 1 and 3) presk with RNAater® and stored at -
80°C (Popova et al., 2011). RNA reverse-transcrite@DNA was used to describe the

rumen functional diversity by targeting the cDNAp&s of 16S (bacteria, archaea) or 18S
(protozoa) rRNA.

Rumen sampling
;[ / RNA extraction/cDNA
DNA extraction synthesis
\% \%
Amplification and dual Amplification and dual
barcoding (multiplexing) barcoding (multiplexing)
\ \

Amplicons purificatiol Amplicons purificatiol
\% \%
Concentration Concentration
guantification guantification
\/ v
Library preparatio Library preparation
Hybridization on flow cell Hybridization on flow cell

\% \%
Bridge amplification Bridge amplification
\% \%
Sequencing-by-synthesis Sequencing-by-synthesis
Rumen microbial Rumen functional
diversity diversity

Figure 1 Framework of samples preparation and analysismerumicrobiota diversity wi
MiSeq technology (lllumina)
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1.1. Samples preparation (Figure 1)

Separate PCR were run in duplicate for each tasgeties (bacteria, archaea and
protozoa) and using for each sample: 5 pL PCR BifféXx), 6 uL MgC} (25 mM), 1 pL
dNTPs, 2.5 uL forward and 2.5 pL reverse primes @), 0.25 uL HotStar Tag DNA
polymerase Taqg, 1 uL cDNA template and 31.75 plLewatolecular biology grade. Each
forward and reverse primers contained (Figure)2nilllumina adaptor (5’- AAT GAT ACG
GCG ACC ACC GAG ATC TAC AC-3' and 5- CAA GCA GAA B&C GGC ATA CGA
GAT-3’, respectively) common to the three targe¢a@es, i) a unique 8-base barcode for
multiplexed sample identification (Kozich et alQ13), iii) a 10-base pad common to the
three target species for limiting primer dimmersTBT GGT AATT-3 and 5-AGT CAG
TCAG-3', respectively), and iv) the group-specificimer (Table 1) with a 2-base linker
specific for each target species. The pad sequemaseselected so that the combined pad,
linker, and gene-specific primer would have a megltiemperature over 60°C. Amplification
program consisted of one denaturation step (955CGnih), 30 cycles of denaturation (95°C,
20 sec), touchdown annealing (65°C to 55°C, 30 ard)elongation (72°C, 5 min), and one
final elongation step (72°C, 10 min). Theoretiahdths of amplicons were ~364, 309 and
355 base pairs (bp) for bacteria, archaea and zwatorespectively. The duplicate PCR

products were pooled to obtain a final volume dd L.

adapter adapter
Figure 2 Dual barcoded primers used for multiplexed segugnwith MiSeq technology.

Forward and reverse barcodes combination is diffefer each sample and target species.
Linker and primers are similar among samples biterdint between target species.

Table 1 Primers used for analysis of diversity of rumecnaibiota by MiSeq technology

Organism-Target region

(Reference) Primer set (Linker)-Primer sequences 5'-3’
Bacteria-16S S-DBact-0564-a-S-15 (GT)-AYTGGGYDTAAAGNG
(Klindworth et al., 2013) S-DBact-0785-b-A-18 (CC)-TACNVGGGTATCTAATCC
Archaea-16S S-DArch-0349-a-S-17 (CT)-GYGCASCAGKCGMGAAW
(Klindworth et al., 2013) S-DArch-0519-a-A-16 (CC)-TTACCGCGGCKGCTG
Protozoa-18S Syl316-F (GC)-GTCTTCGWTGGTAGTGTATT

(Sylvester et al., 2004) Syl539-R (CT)-CTTGCCCTCYAATCGTWCT
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Amplicons were purified and concentrated to a IfiB@ pL volume using the
QIAquick PCR purification kit (Qiagen, Valencia, CASA). They were then loaded onto a
2% agarose gel into three separate pools (3 x J0Rdnds were visualized, excised under
ultraviolet radiation, and gel purified with the SECLEAN Turbo kit (Qiagen) according to
manufacturer instruction. Concentration of gel-ped amplicons loaded onto a 2% agarose
gel was estimated using a low DNA mass Ladder {flogen Corporation, Carlsbad, CA,
USA), and an imaging system Chemimager (Alpha leciotSan Leandro, CA, USA).

1.2. Construction of the library and sequencingsté~igure 1)

The final library was constructed by pooling sa@splvith a mixing ratio of 8:1:1 for
bacteria, protozoa and archaea, respectively (Kiten et al., 2013). The library was loaded
for one Nanorun on a MiSeq sequencer (lllumina)alfsis steps consisted in (lllumina,
2010):

1/ Hybridization on flow cell: Double stranded DN cDNA were denaturated and single
stranded fragments attached to the inside surfeadiow cell.

2/ Bridge amplification: This pre-sequencing ampdifion step allowed creation of millions
of single stranded copies from template DNA or cDNA

3/ Sequencing-by-synthesis: Each sequencing cyeofesisted in i) addition of the four
different labeled nucleotides and a DNA polymeragdigation of the labeled nucleotides to
the first base of a single stranded fragment thamkke enzyme; iii) laser excitation, lecture
of the fluorescence emitted for each ligated nuaeo identification of the first base of the
fragment, knowing that fluorescence was differegtiteen nucleotides; iv) washout of non-
used nucleotides. Each cycle added one nucleotdeach single stranded fragment.
Sequencing cycles were 250-times repeated to geinanum of 500 000 single stranded
sequences (reads). The minimum number of singldsrpar sample was then calculated as
the ratio between the minimum number of single segenerated during the run, out of the
number of samples in the original library.

This approach was recently developed in the ldboraln this experiment, we faced
some difficulties during library preparation andysencing. Thought several optimizations
(new design of sequencing primer, PCR optimizatieeje made, we never obtained good
sequencing vyield. This approach gave good resutts BNA libraries from other projects,
which suggest that the reverse transcription of RINACDNA may be a step introducing

biases in further sample manipulation. Currentlprkvis under progress to assess, by an
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automated method (fluidigm amplification followeg¢ MiSeq sequencing) the diversity of
bacteria, archaea and protozoa in the same runmepless, by targeting genes coding for 16S
and 18S rRNA from genomic DNA.

1.3. Advantages and disadvantages of the techr{iguBella et al., 2013; Kozich et al.,
2013)

In terms of samples preparation, multiplex sequeenés a cost-effective method,
which allowed simultaneous processing of a largenlmer of samples in a single run.
Concerning sequencing, until recently, the Rochd-géquencing technique was widely
applied to assess rumen microbiota diversity. Tdxpensive technique provides a small
number of long reads (until 700 bp) allowing a higiecision for species identification.
Inversely, the MiSeq technology as used in thisithgives the largest number of sequences
per euro, which allowed covering a larger diversifymicrobiota. However, compared to
454-sequencing, species identification is lessipeedue to the shorter reads length.

Il. ANNEX 2 - CALCULATIONS USED TO ESTIMATE IN VIVO RUMINAL
HYDROGEN PRODUCTION AND CONSUMPTION

2.1. Hydrogen consumption during methane production

Quantities of H (moles/day) consumed in the rumen for methanogerfe,icHa)
were estimated knowing that 4 molesatfie required to produce 1 mole £H
H2uticHa = (Mcud/Mcpa) % 4
Where myps: daily CH, production (g/day); Mus = molecular weight of CIH(16 g/mol).

2.2. Hydrogen production and consumption during \&yAthesis
Quantities of H produced and consumed during VFA synthesis wdrrileaed from

observed rumen VFA profile and total VFA productestimated from the rumen fermentable
organic matter content in diets (Noziere et al1(®0
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2.2.1. Calculation of rumen fermentable organic mattediets

Rumen fermentable organic matter (MOF, g/kg DM}swalculated according to the

equation 42 in Sauvant and Noziére, 2013:
MOF = MOD - (PDIA + AMDint + NDFDint + AGDint + PF)

Where MOD: digestible organic matter in diet (g/Rdyl); PDIA: protein digestible in the
intestine (g/kg DM); AMDint: starch digestible ihéd intestine (g/kg DM); NDFDint: NDF
digestible in the intestine (g/kg DM); AGDint: fatacid digestible in the intestine (g/kg DM);
PF: products from silage fermentation. MOD was walied by multiplying the organic
matter content of the diets (OM, g/kg DM) lny vivo measurement of total tract organic
matter digestibility (dOM, %). PDIA was estimategrh diets composition and from the
levels of PDIA in the individual ingredients givéary INRA tables (INRA, 2010). AMDint
was estimated from the level of starch reachingdhedenum (equation 31; Sauvant and
Noziere, 2013), which was estimated by subtradtiegtheoretical amount of degraded starch
in the rumen (equation 13; Sauvant and Noziére3Rflthe total starch content of the diets.
NDFDint was estimated from dOM (equations 33, 3d 8B; Sauvant and Noziéere, 2013).
AGDint was estimated from the fatty acid contentred diets (equations 36 and 37; Sauvant
and Noziere, 2013). PF was estimated from INRAesblINRA, 2010) and from the
percentage of silage in diets.

2.2.2. Calculation of total and individual VFA production

Total VFA produced (tVFAos, moles/day) were calculated according to Noziére e
al., 2010:
tVFAprod = [(8.36 - 1.1 x (PCO - 0.43)) x MOF/1000] x DMI

Where PCO: percentage of concentrate in the dix¥4l; daily DM intake (kg/day). From
tVFAproa individual VFA productions (Gxo.s, moles/day) were calculated with the observed
in vivo VFA profile in the rumen:

C2y0d = tVFAp0q X C2 proportion in the rumen

C3yr0d = tVFAp0d X C3 proportion in the rumen

Cyrod = tVFApod X C4 proportion in the rumen

C5prod = tVFAp0d X C5 proportion in the rumen
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2.2.3. Calculation of hydrogen production and consumptoring VFA synthesis

The amount of KHproduced during VFA synthesis (Fizvra moles/day) was finally
calculated knowing that 2 moles Hre generated per mole C2 or C4 produced:
H2pr0dvea = 2 X CZrod + 2 X C4rod
The quantities of KHconsumed during VFA synthesis (kidea, Moles/day) were
calculated knowing that 1 mole;lis required to produce 1 mole C3 or C5:
H2utivea = 1 X C3rod + 1 X CHyrod

2.3. Hydrogen production and consumption duringrob@l biomass synthesis

Microbes growing on amino acids would produce vis8es H per kg dry microbial
matter whereas microbes growing on NPN would comsuh®l moles H per kg dry
microbial matter (Mills et al., 2001). Then, to aahte the amount of Hproduced and
consumed by microbes in our experiments, we festrated the production of dry microbial
matter from calculated microbial proteins productio the rumen (MAMIC, kg/day; equation
47, Sauvant and Noziére, 2013):

MAMIC = (40.7 + 75.6 x 10 x MOF + 8.07 x PCO) x DMI
Where MOF, PCO and DMI were as previously defined.

The production of microbial organic matter (MOMg/#ay) was then calculated
knowing that the factor of conversion between nb@bprotein and nitrogen content is 6.25,
and that 100 g MOM is made of ~9 g N (lab database)

MOM = (MAMIC/6.25) x (100/9)

The production of microbial dry matter (MSM, kgydlavas finally estimated knowing
that 100 g microbial dry matter would be made afL& microbial organic matter (Dijkstra et
al., 1992):

MSM = ((MOM x 100)/87.1))/1000

We estimated that 70% of N supplied in diets af experiments came from amino
acids, the rest coming from NPN. Then, productibigfrom microbes growing on amino
acids (H3amic, moles/day) was estimated as follow:

H2pr0amic = MSM x 0.58 x 0.70

Quantities of H consumed by microbes growing on NPN {idc, moles/day) were
calculated as follow:

H2,timic = MSM x 0.41 x 0.30
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2.4. Hydrogen consumption during nitrate reduction lipids biohydrogenation

Quantities of H consumed during nitrate reduction (jikos, moles/day) or lipids
biohydrogenation (HZira, moles/day) were estimated for diets includingaté or lipids,
knowing that the reduction of one mole nitrate m@ onole ammonia requires 4 molesatd
that biohydrogenation of 1 mole C18:1, C18:2 or BX&quires 1, 2 or 3 molesH

H2utinos = (MvodMnog) * 4
H2utira = (Mc18:/Mcis:n) + 2 X (Me18:dMcisd) + 3 X (Mt18:dMcisd
Where myos: added nitrate (g/day); M3 molecular weight of nitrate (62 g/mol); o
added C18:1 (g/day); Ms.z molecular weight of C18:1 (282.5 g/mol)cie added C18:2
(g/day); Mcisz molecular weight of C18:2 (280.5 g/mol);cips added C18:3 (g/day);
Mcis:3 molecular weight of C18:3 (278.5 g/mol).

2.5. Estimated quantities of produced and consuimgdiogen in the three in vivo

experiments of this thesis

Details of estimated quantities of produced andsamed H in the threein vivo

experiments of this thesis are presented in Table 2
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Table 2 Estimated quantities of produced and consumedolggdlr in the fouin vivo experiments of this thesis testing methane-mitigat

strategies having different effects on the rumedrbgen pool

Consumption of;Kimoles/day)

Production of H(moles/day)
. From C2 and From microbes For CH, For C3 and For microbes For nitrate For lipids
Experiment . . Total i . . . . . Total
C4 synthesis synthesis synthesis C5 synthesis  synthesis reduction biohydrogenation
Experiment 1 (N.L. cows)
CON 83.9 0.85 84.7 77.2 8.8 0.26 0.0 0.00 86.3
LIN 80.6 0.86 81.5 63.2 10.8 0.26 0.0 1.55 75.8
NIT 85.9 0.85 86.8 59.5 8.3 0.26 18.3 0.00 86.3
LIN+NIT 84.3 0.85 85.2 51.7 8.5 0.26 18.3 0.14 878.
Experiment 2 (L. cows)
CON 113.2 1.35 114.6 116.2 21.4 0.41 0.0 0.00 aL38.
LIN+NIT 103.0 1.15 104.2 62.7 13.9 0.35 21.0 3.85 101.7
Experiment 3 (N.L. cows)
CON 80.0 0.84 80.9 78.1 9.1 0.25 0.0 0.00 87.4
TEA 80.9 0.83 81.7 73.5 8.9 0.25 0.0 0.00 82.6
NIT 83.3 0.83 84.1 54.8 7.9 0.25 17.8 0.00 80.7
TEA+NIT 79.8 0.81 80.6 51.6 8.6 0.25 175 0.00 977.
Experiment 3 (L. cows)
CON 105.3 1.27 106.6 108.8 18.6 0.39 0.0 0.00 n27.
TEA 99.9 1.14 101.1 110.6 145 0.34 0.0 0.00 1254

N.L. cows: non-lactating cows; L. cows: lactatirays.
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