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LIST OF ABBREVIATIONS 

A 

A  acetate 

ADG  average daily gain 

ASV  amplicon sequence variant 

B 

B  butyrate 

BW  body weight (kg) 

C 

CH4  methane 

C2H6  ethane 

CO  coconut oil 

CO2  carbon dioxide 

CON  control group 

D 

d  day 

D  dominance 

D+/D-  prenatal treatment or not 

D+K+  pre- and postnatal treatment 

D+K-  only prenatal treatment 

D-K+  only postnatal treatment 

D-K-  no treatment (control) 

DMI  dry matter intake 

E 

ECE  energy conversion efficiency 

ELP  early life programming 

EO  essential oil 

ESS  essential oil blend group 

F 

FCE  feed conversion efficiency 

 

 

G 

GHG  greenhouse gas 

GWP  global warming potential 

H 

2H  metabolic hydrogen 

H2  hydrogen gas 

H2O  hydrogen dioxide (water) 

I 

IVFT  in vitro fermentation 

techniques 

K 

K+/K-  postnatal treatment or not 

L 

LC  liquid chromatography 

LC-PUFA long-chain poly-unsaturated 

fatty acids 

LIN  extruded linseed group 

M 

MCFA  medium-chain fatty acid(s) 

mo  month 

MS  mass spectrometry 

N 

NDF  neutral detergent fiber 

NE  net energy 

NEB  negative energy balance 

NGS  next generation sequencing 

NMDS  non-metric multidimensional 

scaling 

P 

P  propionate 

PCA  principal component analysis 
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PLS-DA partial least-squares 

discriminant analysis 

PUFA  poly-unsaturated fatty acids 

Q  

qPCR  quantitative polymerase chain 

reaction 

R 

RT-qPCR reverse transcription qPCR 

T 

TSA  total surface area 

tVFA  total volatile fatty acids 

V 

V  valerate 

VEM  Voeder Eenheid Melk.  

1 VEM = 6.908 kJ net energy 

for lactation (NEL) 

VIP  variable importance in the 

projection  
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1 GENERAL INTRODUCTION 

1.1 GREENHOUSE GAS EMISSIONS FROM RUMINANT PRODUCTION 

 

The impact of human activities on the climate system is clear and undeniable: the atmosphere 

and oceans have warmed, the amounts of ice and snow have diminished and the sea level has 

risen [1]. Different sectors contribute to the global anthropogenic greenhouse gas (GHG) 

emissions, such as transport, industry, electricity and heat production and agriculture. The 

agricultural sector is an exception compared to other sectors, since biological, non-energetic 

processes (i.e. not linked to the use of fossil fuels) are the main source of the GHG here [2]. 

Specifically, the agricultural sector is the biggest contributor globally to anthropogenic non-

CO2 GHG, and livestock production is calculated to produce approximately 14.5 % of the total 

output of human-induced GHG (ca. 44% emitted in the form of methane (CH4), 29% as N2O 

and 27% as CO2) [3]. This amount is estimated to be greater than the total emissions from the 

world’s transport systems [4]. However, this situation differs according to country or region, 

e.g. in Flanders, transport emits more than double the GHG emissions of agriculture [5]. 

Within the livestock sector, beef and dairy cattle are the main contributors to the global 

emissions (65%), and this increases up to 81% when buffalo and small ruminants are included 

(Figure 1A) [3]. Specifically in ruminants, large amounts of CH4 are produced mainly as a side-

product of enteric fermentation in the rumen. To illustrate, a high milk-yielding dairy cow can 

produce on average 500-550 g CH4 per day (internal data of the Flanders Research Institute for 

Agriculture, Fisheries and Food, ILVO). The ruminant-derived CH4 emissions of a country are 

therefore function of the population of ruminant animals, their level of production and the 

associated manure-handling systems [6]. Amongst other parameters, CH4 emissions are 

depending on the feed that is provided, since poorly digestible feeds lead to higher CH4 

emissions per unit of ingested energy. This causes the CH4 output from extensive dairy farming 

in developing countries to be far greater than from intensive farming in developed countries, 

e.g. 1.7 kg CO2 equivalents/kg milk in industrialized countries compared to regional averages 

up to 9 kg CO2 equivalents/kg milk in developing countries [3].   
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Figure 1. A: Contributions of different species of livestock animals to global GHG emissions in the year 2005, as 

calculated via the Global Livestock Environmental Assessment Model (GLEAM) of the Food and Agriculture 

Organization of the United Nations (FAO) (adapted from [3]). B: Contributions of different sectors to the total 

global GHG emissions in the year 2010, calculated using the 100-year GWP (default metric) (adapted from [4]). 

 

In Flanders, livestock farming contributed for 71% to the total GHG emissions from agriculture 

in 2015 [5]. Cattle farming is the main source of GHG in Flemish agriculture and within 

livestock farming (46% and 65%, respectively), followed by pig farming (22% and 16%, 

respectively). Taken together, cattle (69.5%), pigs (25.5%), poultry (0.5%) and other livestock 

(1.1%) are responsible for almost 97% of the CH4 emissions of the Flemish agriculture (i.e. all 

non-energetic sources), while a minority arises from non-energetic sources (3.4%) (Figure 2). 

 

 

Figure 2. Comparison between the contributions of different sectors in Flemish agriculture to total CH4 emissions 

in the year 2015 (adapted from [5]). The majority of CH4 emissions is non-energetic: 96.6% arises from animal 

feed digestion and manure storage. Energetic sources (due to use of fossil fuels, e.g. for heating stables and 

greenhouses or for off-road vehicles) are responsible for only 3.4% of CH4 emissions (from arable farming and 

horticulture, intensive livestock farming and grazing systems).  
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With the prospect of a growing world population [7,8] demanding more animal products 

like milk and meat, sustainable livestock production becomes increasingly important. Efforts 

to reduce the emission of GHG of all involved sectors in Europe is encouraged by the 

Europe2020 plan, which (amongst other targets) aims to reduce the emission of GHG in 2020 

by 20% compared to 1990. Finding ways to reduce the enteric CH4 production is thus of interest 

to the agricultural sector to potentially improve ruminant production but also to achieve 

Europe2020 goals. Interestingly, reductions in CH4 emissions could lead to relatively short-

term results in the atmosphere. This is because of the relatively high global warming potential 

(GWP, i.e. the radiative forcing of an emission accumulated over a time horizon, relatively to 

the reference gas CO2) and relatively short life time of CH4 in the atmosphere. Over a 100-year 

time horizon, the GWP of CH4 equals 34, however over a 20-year time horizon the GWP equals 

86 [9]. This means the radiative forcing that CH4 exerts in the atmosphere is 34 times higher 

than that of CO2 over 100 years, and its influence is even stronger within a shorter time frame. 

This is because CH4 stays in the atmosphere for a shorter time compared to CO2 (12.4 vs. 100 

years). Figure 1B shows the contributions from different sectors discussed above to total global 

GHG emissions in the year 2010, calculated using a 100-year GWP. The impact of agricultural 

derived GHG even increases when calculated over a 20-year time horizon (from 14% to 22%) 

[4].  

In the past, research to reduce ruminant GHG and more specifically CH4, has been 

primarily focused on increasing the animal performance and limiting the energy losses, since 

production and release of CH4 from the rumen corresponds to an energy loss for the animal 

between 2-12% of the gross energy intake [10]. A reduction of CH4 emissions could therefore, 

next to the obvious environmental benefits, also be beneficial to ruminant performance. 

1.2 RUMEN DEVELOPMENT AND FUNCTION 

1.2.1 The adult rumen 

1.2.1.1 General anatomy and function 

To ferment and digest fiber-rich feedstuffs, the foregut of ruminants has evolved into a 

specialized four-part stomach complex. The first 3 parts (rumen, reticulum and omasum) are 

pre-gastric chambers formed from modifications of the esophagus. The fourth, the abomasum, 

is the acidic site of (pre-) digestion and is equivalent to the stomach of a monogastric mammal. 

The rumen serves as a large (volume of 100-150 L in cattle, ca. 10 L in sheep) anaerobic 

fermentation vessel, where microbial digestion takes place [11].   
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The rumen is divided into sacs by the reticulo-ruminal fold and various pillars. These 

pillars aid in contraction of the various sacs, thus helping to mix the ingesta [12]. The contents 

of the rumen are not uniform but rather stratified. On the dorsal side, a gas layer is present above 

a large, dense floating layer consisting of recently ingested forage. Digestion and rumination 

reduce the fibers’ particle size and cellular gas space, which then tend to sink, forming a liquid 

phase on the ventral side [13]. Large plant particles that remain in the reticulum and rumen 

trigger a rumination reflex, where feed is regurgitated, chewed additionally and swallowed 

again [14]. The ingested feed is mixed in the rumen through contractions of the muscular rumen 

wall and large quantities of saliva, containing bicarbonate, help maintain the rumen pH between 

6 and 7 [14]. Polysaccharides present in the feed (e.g. cellulose, hemicellulose and starch) are 

first hydrolyzed by extracellular microbial enzymes to form simple sugars, like glucose. These 

are taken up by the fermenting micro-organisms (bacteria, protozoa and fungi) for further 

intracellular degradation. After conversion to pyruvate, the fermentation processes lead to the 

formation of ATP, microbial protein, CO2, NH3, H2 and the 3 main VFA: acetate (A), 

propionate (P) and butyrate (B) [15]. The removal of H2 is an essential step in the fermentation 

process to guarantee the complete anaerobic oxidation of the ingested feed [15,16]. Metabolic 

hydrogen is used as substrate for other metabolic processes, among which methanogenesis after 

conversion to gaseous hydrogen (see 1.2.3: Methanogenesis and ways to measure and reduce 

methane emissions). The produced VFA (mainly A, P and B) are the primary energy sources 

for the ruminant, and are absorbed by the ruminal papillae [17]. The inside of the rumen wall 

is lined with a keratinized stratified squamous epithelium, from which the rumen papillae 

protrude. These papillae increase the surface area and are necessary for the absorption of 

nutrients (VFA) but also for e.g. bicarbonate and ammonia absorption [18,19]. 

 

1.2.1.2 The link between VFA and CH4 production 

Theoretical stoichiometric equations can be used to describe the different fermentation 

pathways for VFA formation, relying on the production and consumption of metabolic 

hydrogen (2H) [15]. Although, strictly speaking, metabolic hydrogen is not necessarily and not 

entirely transferred to gaseous H2, both gaseous as well as metabolic hydrogen will be referred 

to as H2 in the following section (in accordance to indications in Figure 3). From these 

equations, assuming the amount of H2 produced in the rumen is equal to the H2 used on a molar 

basis, Demeyer and Van Nevel (1975) proposed the following stoichiometric equation linking 

the main end products of the fermentation of carbohydrates based on their contribution to 
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hydrogen consumption and production: 0.9 x (2 A + P + 4 B) = 4 CH4 + 2 P + 2 B, and assuming 

a mean hydrogen recovery of 90%. Accordingly, this equation can be used to calculate molar 

CH4 production from VFA as:  CH4= (1.8 A + 1.1 P + 1.6 B)/4, or CH4= 0.45 A – 0.275 P + 

0.40 B. From this, it can be deduced that the molar proportions of VFA influence the production 

of CH4 in the rumen [15]. More specifically, formation of A and B promote CH4 production by 

net production of H2, while formation of P can be considered as a competitive pathway for the 

consumption of H2 (Figure 3). This means that by manipulation of the VFA production, e.g. 

increasing P formation by feeding more concentrates (rich in starch, low in cellulose or 

hemicellulose), CH4 production can be reduced.  

Figure 3. Polysaccharides in the feed (e.g. cellulose, hemicellulose and starch) are first hydrolyzed by extracellular 

microbial enzymes to form simple sugars, like glucose. These are taken up by the fermenting bacteria for further 

intracellular degradation. After conversion to pyruvate, fermentation processes lead to the formation of the 3 main 

VFA: acetate, propionate and butyrate. The H2 and CO2 produced during these processes can further be 

metabolized by methanogens, leading to the formation of CH4 (adapted from [20]). 

1.2.1.3 Overview of the microbial ecosystem 

The rumen microbial ecosystem comprises members of all three domains of life: Bacteria, 

Archaea and Eukaryota (protozoa and fungi), but also bacteriophages, archaeophages and 

viruses that might infect the eukaryotic micro-organisms are present [21,22]. The adult rumen 

microbiota is extremely diverse and characterized by redundancy, resilience, host specificity 

and complexity of interactions [23,24], which makes it very stable and able to self-reconstitute, 

e.g. after sudden diet changes. In general, fibrolytic microorganisms (bacteria, protozoa and 
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fungi) play a pivotal role in the rumen ecosystem, since they are at the first level of the microbial 

trophic chain [25]. However, as mentioned above, the rumen microbiota is also responsible for 

the production of CH4. Below, a short summary is given of the 3 most relevant microbial groups 

for this thesis: bacteria, archaea (methanogens) and protozoa (Figure 4). 

Figure 4. Microscopic image of rumen fluid (400x magnification), showing the large protozoa and the much 

smaller bacteria and methanogenic archaea. Fungi are not shown in this image (reproduced from [26]). 

 

a. Bacteria 

The bacteria are the most abundant and diverse microbial group in the rumen, consisting of 

several thousands of species [23,27]. Overall, the predominant bacterial phyla in the rumen are: 

Firmicutes, Bacteroidetes and Proteobacteria [28]. Rumen bacteria exert a variety of functions 

(cellulolytic, proteolytic, amylolytic, lipolytic, ureolytic …), and are an important protein 

resource for the host [29]. Generally, more than half of the amino acids absorbed by ruminants 

is derived from microbial protein [30]. A recent large study investigated the rumen bacterial 

community composition, using samples from 32 animal species from 35 countries [31]. 

Regardless of differences in feeding strategy, diet or geographical location, common bacterial 

genera were present in all samples, with the 30 most abundant ones found in over 90% of all 

samples. The 7 most abundant bacterial groups that were detected in all samples comprised 

67.1% of all bacterial sequence data. Henderson et al. (2015) considers these 7 groups to be the 

“core bacterial microbiome”; i.e. the genera Prevotella, Butyrivibrio, Ruminococcus and 

unclassified Lachnospiraceae, Ruminococcaceae, Bacteroidales and Clostridiales. Three 

prominent fiber-degrading bacterial species in the rumen are Fibrobacter succinogenes, 

Ruminococcus albus and Ruminococcus flavefaciens [32].  
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b. Archaea 

Archaea exist in the rumen as strictly anaerobic methanogens (phylum Euryarchaeota) [33]. 

Rumen methanogens are found free in the rumen fluid, attached to particulate material or 

protozoa, associated as endosymbionts within protozoa, and attached to the rumen epithelium 

[33]. To date, the methanogenic species fall into 7 orders that differ both in the biochemistry of 

their catabolic pathways and in their ecological niches [34]. Only three types of methanogenic 

pathways are known: CO2 reduction, methyl-group reduction, and the aceticlastic reaction (the 

latter is not of importance in the rumen) [35]. In the rumen, the predominant methanogens are 

hydrogenotrophic, using H2 as electron donor and CO2 as carbon source for their energy-

metabolism [16]. Indeed, from the 11 clades of archaea detected in the rumen, 9 consist of 

hydrogen-utilizing methanogens, i.e. members of the genera Methanobrevibacter, 

Methanomicrobium, Methanobacterium, Methanosphaera, and Methanimicrococcus [33]. A 

relatively recent study [36] showed that the rumen of New Zealand sheep and cattle, under 

different dietary conditions, is dominated by 2 major methanogenic orders. The most dominant 

order was the Methanobacteriales (89.6% ± 9.8), consisting almost entirely of 4 species (or 

clades of very closely related species). Among these, 2 hydrogenotrophic species from the 

genus Methanobrevibacter appear to be the most abundant (M. gottschalkii: 42.4% ± 19.5, and 

M. ruminantium: 32.9% ± 18.8), followed by 2 Methanosphaera species, characterized as 

methylotrophs (M. sp. ISO3-F5: 8.2% ± 6.7 and M. sp. Group5: 5.6% ± 5.7). The second most 

dominant order was the Methanomassilliicoccales (10.4% ±9.8), a novel order formerly known 

as Rice Cluster III, Rumen Cluster C or Methanoplasmatales [34,37]. There is still little known 

about the biology and substrate requirements of the members of this order, but studies suggest 

some may rely on methyl-dependent hydrogenotrophic methanogenesis [34,36]. The 

abundances of methanogenic genera can be altered through the diet, as shown by a study in 

goats in which the predominant genus Methanobrevibacter was decreased (accompanied by a 

reduction of CH4) by feeding red yeast rice, while in contrast the genus Methanomicrobium was 

increased [38]. 

c. Protozoa 

Protozoa are the largest rumen microbes, and contribute to 40-50% of the total microbial 

biomass and enzyme activities in the rumen [39]. The most important rumen protozoa are 

ciliates, which are divided into two morphologically distinct groups, i.e. the so called ‘holotrich’ 

protozoa (order Vestibuliferida) and the entodiniomorphs (order Entodiniomorphida). There are 

also smaller flagellate protozoa in the rumen (e.g. Trichomonas sp., Monoceromonas sp.) [40]. 
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Protozoa digest plant cell walls and aid in stabilizing the rumen pH, by taking up the readily 

fermentable starch and storing it as amylopectin [41]. This decreases the rate of carbohydrate 

fermentation, and thus protects against severe drops in pH after ingestion of feed. A defaunated 

animal is an animal free of rumen protozoa. This can be obtained through several methods: 

isolation at birth and preventing contact with adult ruminants [42], dietary manipulation (e.g. 

feeding high energy concentrates to 24 hour-starved animals to trigger a rumen pH < 5.0) or a 

chemical treatment (e.g. copper sulphate) [43]. Studies have shown that after a short period of 

decreased feed intake, defaunated animals can reach the same levels of dry matter intake (DMI) 

as faunated animals, showing protozoa are not essential for rumen functioning. Defaunated 

animals with a similar DMI as (re-) faunated animals can even achieve a better growth 

performance and feed conversion efficiency [44,41]. This can be due to the fact that defaunation 

causes an increase in the bacterial population and thus also in microbial protein synthesis [45], 

since protozoa prey on the rumen bacteria to meet their nitrogen requirement. However, 

defaunation can also lead to a decrease in the buffering capacity of the rumen [41] and a 

decrease in ruminal cellulase enzyme activity and CH4 production [46]. The latter can be 

explained because protozoa are important H2 producers, delivering substrate for 

methanogenesis, but also because of the symbiotic (ecto- and endosymbiotic) relationships with 

methanogens [15,47].  

 

1.2.2 The developing rumen  

The development of the rumen is one of the biggest physiological challenges the young 

ruminant has to undergo. Initially, the rumen lacks tissue development and a (functional) 

microbial population [48]. Furthermore, other organs also need to adapt to the major shift in 

pattern of nutrients, from glucose to VFA [49]. Simultaneously, 3 main events are occurring: 

1) microbial colonization, 2) rumen growth and anatomical changes in the rumen wall (i.e. 

cellular differentiation of the epithelium, muscle and papillae development), and 3) shifts in 

physiological and metabolic functions [50]. In general, the order of events in rumen 

development is described as follows: first a pioneer microbial community colonizes, quickly 

followed by strict anaerobic microbiota (including species capable of fiber or starch degradation 

even before the arrival of solid feed, see further). Then, full functional achievement and 

microbial community maturity is reached soon after solid feed is introduced during the 

transition period, with completion of rumen anatomical development and rumen size as the last 

step during the ruminant phase (Figure 5).   
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Figure 5. Overview of major events and achievements in rumen development from birth until the animal is fully 

ruminating [28,49,51–53]. Yellow boxes signify functional achievement of the parameter or mature-like 

conditions. 

 

1.2.2.1 Microbial colonization and functional development 

Several studies show that the rumen community is established in successive stages according 

to age and diet [28,51,52,54]. Remarkably, functional maturity seems to appear earlier than 

bacterial community maturity in the rumen [53], as will be discussed below. 

a. Early microbial colonization 

Recent evidence in calves suggests that the microbial colonization may begin before birth, as  

indicated by the existence of a diverse, low-abundance microbiota in the newborn rectal 

meconium and mucosa [55]. The surrounding meta-community further influences the pioneer 

community, e.g. the mother (birth canal, skin, licking, colostrum) and the environment. The 

relative importance of the different sources of colonization may differ from calf to calf. For this 

reason, this early microbial population can differ greatly among individuals, even in the same 
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environment [51,56]. In general, it is dominated by facultative anaerobic and aerobic bacteria 

mainly from the phyla Proteobacteria (70.4%), Bacteroidetes (13.9%) and Firmicutes (10.8%), 

however the phyla Actinobacteria and Fusobacteria are also present [28,51]. Interestingly, 

among the bacterial community in 1 day-old calves, a major cellulolytic rumen bacterial 

species, Ruminococcus flavefaciens (Firmicutes), could already be detected [28]. Next to this, 

methanogens and protozoa have been shown to be present from day 1 as well (in lower numbers 

as compared with bacteria), as observed in lambs [57] and goat kids [54] (Figure 6). 

 

 

Figure 6. Effect of feeding system (Natural, with the dam or Artificial, drinking milk replacer) on the abundance 

of bacteria, methanogenic archaea and protozoa in the rumen of goat kids during the first 28 d of life. At the first 

day of life, all three microbial groups are already present in the rumen. Bacteria are predominant from the first day 

of life and archaea increase gradually with time under both feeding systems. However, protozoa struggle to 

colonize under the artificial rearing conditions (reproduced from [54] with permission from CSIRO Publishing). 

 

The oxygen in the rumen is rapidly consumed by the pioneer community, creating a 

more favorable environment for strict anaerobic microbes and fermentation processes. Indeed, 

the rumen community in 3 day-old calves is already very different compared to the community 

at 1 day, mostly associated with a substantial decrease in the genera associated with aerobic or 

facultative anaerobic functions [28]. From the 3rd day of life, the phylum Bacteroidetes 

increases and becomes dominant, while the Proteobacteria decrease [51]. A few bacterial genera 

are shared between the primary stages of colonization and the mature animal, associated with 

fiber, starch and/or sugar degradation (e.g. Ruminococcus, Prevotella), although these functions 

are not needed yet in newborn calves as they exclusively consume milk [28,51]. Coupled to 

this, bacterial fermentative and enzymatic functions are present before solid feed is consumed. 

It was observed that already between 4 and 9 d of age in calves, xylanase and amylase activities 
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exist and both the redox potential and pH were in the range of values observed in adults [53]. 

Concerning methanogens, a study in 3 day-old lambs (in a grazing flock) showed that the 

predominant methanogens colonizing the rumen belonged to the order Methanobacteriales (i.e. 

Methanobrevibacter sp. and/or Methanobacterium sp.) [57]. Since Methanobrevibacter sp. are 

the predominant methanogens in mature ruminants, this means the methanogen population in 3 

day-old lambs already contains the most important methanogen species. Interestingly, twin 

lambs were used in this study. The populations of rumen methanogens were very similar 

between twins, suggesting that the dam is the most important source of methanogen inoculation. 

 

b. Establishment of the rumen microbial community: exclusive milk consumption period 

and transition to solid feed 

In the period during which the calf only consumes milk, Bacteroides and Prevotella (both of 

the phylum Bacteroidetes) become the main genera [50,51] but also other genera with 

cellulolytic or fermentative characteristics such as Coprococcus, Ruminococcus, Butyrivibrio, 

Streptococcus and Fusobacterium are already present within the first 10 d of life [28,51]. The 

start of solid feed intake marks an important milestone: although the bacterial community is 

already settled before this moment, intake of solid feed will further shape the bacterial 

community [51]. During this transition period, the bacterial community composition (at genus 

level) as well as the rumen functionality (based on enzyme activities) will become similar to 

the adult rumen situation [51,53]. For example, Rey et al. (2014) showed that after the age of 

15d (15d of age corresponded to 6 d after the start of solid feed intake), the bacterial community 

did not exhibit clear changes (at the genus level) until weaning. Also the main fermentative and 

enzymatic activities stabilize during the transition period (around 1 month of age). However, 

there are still great differences in individual relative abundances between the transition period 

and the adult animal. These individual abundances continue to change according to diet and age 

in later life, although the relative abundances of Ruminococcaceae, Fibrobacteraceae and 

Butyrivibrio, containing major cellulolytic bacteria, no longer increased after the first week of 

life compared to the situation at weaning (in this case: at 83 d) [51].  

In contrast to the early establishing bacteria and methanogens, the development of 

protozoa in the rumen is slower, due to the requirement of prior establishment of bacteria and 

direct transfer of saliva from a faunated ruminant [54]. Indeed, goat kids raised in a natural 

(drinking from the dam) or artificial feed system (isolated from dam, fed milk replacer) show 

major differences in establishment of rumen protozoa (Figure 6). Without contact with a 
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faunated animal, there was no gradual increase in numbers of protozoa, in contrast to the 

methanogens. This was also observed in other studies [42]. These results again underline the 

important role of the dam as microbial inoculator. 

Another study showed that whether lambs were raised with the dam or separated in 

individual pens, rumen protozoa appeared relatively later than bacteria and archaea (1 to 3 

weeks later), which was also confirmed in goats [52,58]. Young ruminants can develop and 

survive without protozoa, but their weight gain and performance (e.g. VFA production) can be 

reduced [59,60]. These negative effects do not always occur: fauna-free lambs (26 weeks of 

age) obtained by isolation from other ruminants, had the same digestibility and growth as their 

faunated twins [61]. However, these fauna-free lambs had a lower bacterial and archaeal 

diversity, and a different bacterial community structure (e.g. Ruminococcaceae up to 6-fold 

lower, Clostridiaceae up to 10-fold higher). 

The impact of the early rumen microbiota on rumen development is not well known. 

However, several studies in which the early microbial composition of the rumen is manipulated, 

show an influence on VFA and CH4, which can also be considered as important parameters in 

rumen development [62,63]. 

 

1.2.2.2 Rumen growth  

In the newborn, ingested milk bypasses the rumen through the esophageal groove, and goes 

directly to the abomasum for enzymatic (pre-) digestion [50]. The abomasum is the most 

important stomach in the newborn, it constitutes 60% of the total stomach capacity, whereas 

the reticulum and rumen make up 30%, and the omasum 10%. Following the initiation of solid 

feed intake and the subsequent establishment of the ruminal fermentation, the rumen undergoes 

both physical and metabolic development [49]. The physical development exists of: 1) 

increasing the rumen mass (Figure 7), and 2) growth of the papillae (see 1.2.2.3 Morphological 

changes). The presence of solid feed in the rumen stimulates increases in both rumen weight 

and muscle development [64]. As the calf is developing into a ruminant, the reticulum and 

rumen will grow and make up more than two-thirds of the total stomach system capacity by 12 

weeks of age. In contrast, the abomasum makes up only 20% at that age. In the adult cow, the 

rumen will constitute 80% of the total stomach capacity. The abomasum continues to function 

as it did at birth, but the reticulum and rumen become the most important parts of the stomach 

system [48].  
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Figure 7. Illustration of the changes in proportional size of the bovine stomach compartments, from birth until 

maturity [48]. 

 

1.2.2.3 Morphological changes 

Large feed particles, e.g. from forages, have a positive influence on rumen size development 

due to the abrasive effect, however this does not stimulate papillae development in the rumen 

epithelium. It is the presence of short chain fatty acids in the ruminal lumen that promotes 

papillary development [65], indicating ruminal carbohydrate fermentation must be established 

first. Thus, rumen microbial colonization and functional achievement is an essential 

prerequisite for the development of rumen anatomy and function. Before the rumination phase, 

there are only low concentrations of VFA detected in the rumen [52] (Figure 5). Accordingly, 

a pre-ruminant that only receives milk and no solid feed will not develop a functional rumen 

[49]. The rumen epithelium needs to develop longer and keratinized papillae to serve several 

functions like transport, absorption of VFA, metabolic activity and protection [66]. In goats, 

the rumen papillae length and area increased progressively from 14 until 42 d old (weaned at 

40 d old), similar to a study in calves [58]. However, the density of rumen papillae declined as 

the goats matured and grew in size, linked to the development and growth of the rumen (almost 

10 times larger in size compared to the size at 14 d old). The decline of papillae density was 

also linked to higher feed intake, which stretched the basal epithelial tissue and enlarged the 

distance between papillae [52]. Rumen papillae length and area continue to enlarge, with a 

decline in papillae density as result, after the functional achievement and microbial colonization 

of the rumen is completed [52].  
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1.3 METHANOGENESIS AND WAYS TO MEASURE AND REDUCE METHANE EMISSIONS 

Methanogenesis, or the production of CH4, is the energy-generating process of methanogens. 

The largest part of this microbiologically-produced CH4 is eructated and respired by the 

ruminant while hindgut emissions contribute to 6-14% of the total CH4 output [67]. As 

described earlier, the predominant methanogenesis pathway in the rumen uses H2 as electron 

donor and CO2 as carbon source: 4 H2 + CO2  CH4 + 2 H2O [16]. In theory, reducing the CH4 

emissions could lead to a better feed efficiency and animal productivity [68]. Below, a brief 

description is given about the techniques used in this thesis to measure enteric CH4 emissions, 

as well as a short overview of possible ways to reduce CH4. 

1.3.1 Measuring methane 

1.3.1.1 In vitro 

In vitro fermentation techniques are widely used to evaluate the degradability and nutritive 

value of feeds for ruminants and to assess the effect of different nutritional strategies on CH4 

production [69]. They can be used in two ways: 1) to screen the effects of e.g. different doses 

of a feed additive, or 2) as a proxy to assess the effectiveness of an in vivo treatment through in 

vitro incubation of inoculum obtained from the treated (or control) animals. The latter is 

particularly useful if no equipment or infrastructure is available to perform in vivo CH4 

measurements or for very young animals which have a too low CH4 emission to accurately 

estimate in vivo. The general principle of the in vitro approach is to ferment feed under 

controlled laboratory conditions, using fresh rumen fluid. A mixture of fresh rumen fluid (from 

a donor animal) and phosphate-bicarbonate buffer (to mimic buffering in the rumen through 

bicarbonate from saliva and blood) is incubated with a feedstuff at 39°C for a certain time period 

under anaerobic conditions [70]. The gasses produced during the incubation can be analyzed 

via gas chromatography, giving information about the in vitro production of CH4, CO2 and H2 

from this particular inoculum and the specific substrates and additives during a certain 

incubation period. The incubated rumen fluid can also be analyzed for production of VFA, 

providing information about the fermentation processes. 

Rumen fluid can be obtained through several ways: 1) oral stomach tube, 2) 

rumenocentesis (i.e. rumen puncture with a needle), 3) rumen cannula, or 4) after slaughter. 

Using an oral stomach tube is the least invasive method, and is widely used. However, rumen 

inoculum sampled through this method might be susceptible to saliva contamination [71] and 

the representativeness of these samples is questioned by some authors, related to insertion depth 
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of the stomach probe [72]. Rumen fluid from cannulated cows or after slaughter is considered 

to be the most representative.  

Various in vitro fermentation techniques (IVFT) can be used for CH4 measurements: 

syringes, continuous systems (e.g. Rusitec) (e.g. Bhatta et al., 2006), consecutive batch cultures 

(e.g. Castro-Montoya et al., 2015), closed batch incubations (e.g. Ruiz-González et al., 2017) 

and fully automated batch gas production systems (e.g. Pellikaan et al., 2011). The advantages 

of these kinds of techniques are that it is possible to conduct a large number of incubations in 

parallel with multiple repetitions (particularly for the batch systems), screening feed additives 

before feeding in vivo, and under controlled fermentation circumstances [70]. The results 

obtained by in vitro experiments using rumen fluid are dependent on several factors: 1) related 

to the sample, i.e. sampling method, time of the day (influenced by feeding), diet, age of the 

animal or even place of sampling in the rumen [72]; and 2) related to the in vitro technique, i.e. 

incubation buffer and procedures. A disadvantage of IVFT is that the system is often closed 

(except for systems that allow an overflow and overpressure to be removed from the incubation 

set-up) which leads to accumulation of gas and other end products that can interfere with normal 

fermentation. The CH4-inhibition potential is also often overestimated in vitro [69]. Results 

from in vitro experiments should always be interpreted with care. 

1.3.1.2 In vivo 

Briefly, the most common methods to measure CH4 in vivo are: 1) enclosure techniques (e.g. 

respiration or open-circuit chambers, ventilated hoods or face masks); 2) tracer techniques (e.g. 

sulfphur hexafluoride (SF6) tracer technique); 3) combined feeder and CH4 analyzer; 4) proxy 

methods [70]. In this thesis, open-circuit chambers were used to measure CH4 emissions from 

dairy calves from 4 until 18 months old, as well as a combined feeder and CH4 analyzer around 

first calving (GreenFeed™ system, C-Lock Inc., USA). These types of techniques will briefly 

be described below. Enclosure techniques in which the whole animal is enclosed in a chamber, 

deliver high accuracy and precision to measure CH4 and other gases arising from enteric 

fermentation [77]. Chambers are considered the golden standard for estimation of CH4 

emissions from ruminants, because the environment can be controlled (air conditioning, air 

flow rate, feed intake) and the reliability of the instruments can be tested [10,78]. Disadvantages 

are the high cost, the restriction of animal movements (i.e. not for grazing animals) and high 

labor input. In open-circuit chambers, air from outside is pulled in the chamber by a slightly 

negative pressure, circulates around the animal’s head, mouth and nose and leaves through an 

air outlet. Total air flow and gas concentrations are then measured from the air leaving the 



20 
GENERAL INTRODUCTION 

chamber. Figure 8 shows an overview of the 6 open-circuit chambers at the Flanders Research 

Institute for Agriculture, Fisheries and Food (ILVO) in Melle, Belgium. 

 

Figure 8. Layout of the open circuit chamber facility at the Flanders Research Institute for Agriculture, Fisheries 

and Food (ILVO) in Melle, Belgium [79]. 

 

Another technique combines an automatic feeding system with a CH4 analyzer, called 

GreenFeed™ (C-Lock Inc., Rapid City, SD, USA). Animals entering their head in the feeder 

are recognized via an ear transponder and CH4 and CO2 is measured during eating [70]. It can 

be applied in both stables as for grazing animals fed supplements. The animals need to be 

trained, and there are only measurements when the animal is eating concentrates in the feeder 

(Figure 9). If the visits to the GreenFeed™ are sufficiently frequent and the head is well-

positioned inside the hood, the measurements of the individual visits can be integrated to 

estimate the daily CH4 emission. 
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Figure 9. The GreenFeed™ system. Left: working mechanism of the system (from C-Lock Inc., Rapid City, SD, 

USA). Right: a Holstein heifer visiting the GreenFeed™ system at the Flanders Research Institute for Agriculture, 

Fisheries and Food (ILVO) in Melle, Belgium. The feeder is separated from the stable with a fence, so only one 

animal at a time can visit. 

 

 

1.3.2 Reducing methane  

Strategies to reduce enteric CH4 emissions can target the methanogens directly or indirectly 

[16]. Cottle et al. (2011) [80] extensively described different options for enteric CH4 mitigation, 

including: modifications of the rumen microbial population or gastrointestinal tract 

environment (e.g. diet manipulation, vaccines, probiotics, antibiotics,…), the animal itself (e.g. 

breeding) or the management (e.g. grazing management) (Figure 10). One of the most easy-to-

implement strategies for CH4 mitigation is dietary supplementation, amongst which fat 

supplementation is considered to be one of the most promising and readily applicable methods 

[81]. Different fatty acid sources as well as an essential oil blend were chosen for the 

experiments in this thesis, and will be elaborated below.  
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Figure 10. Potential options for reducing enteric CH4 production. The referred article provides an extensive 

overview of every option. Reproduced from [80] with permission from CSIRO Publishing. 

 

1.3.2.1  Use of lipids to reduce CH4 in ruminants 

Lipids are concentrated sources of energy that cannot be fermented by rumen bacteria, meaning 

they do not contribute to CH4 production [82]. However, the use of fat in ruminant diets is 

limited in order to prevent feed refusals or negative effects on ruminal fermentation. Indeed, 

fats can potentially decrease ruminal fermentation (and methanogenesis) by coating the feed 

particles, making them less accessible for the fermenting microorganisms, but also by negative 

effects on the fermenting microbiota themselves [83]. The latter effects are based on the ability 

of fatty acids to partition into the microbial cell membrane, and their potential to disrupt the 

integrity of the membrane and lyse the cell. This ability depends on the fatty acid structure 

which is linked to e.g. the number of double bounds, cis-trans configuration etc. On the host 

level, the manner in which dry matter intake, milk production and composition responds to fat 

supplementation is complex, and differs among basal diets and fat sources. The response is also 

affected by stage of lactation, amount of fat and fat content/composition of the basal diet [81]. 

Therefore, it is recommended that total dietary fat for ruminants does not exceed 60-80 g/kg 
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DM, for added fat 30-50 g/kg DM [84]. Additionally, the rumen microbiota could adapt to the 

fat supplement due to their resilient nature, causing the CH4 reduction to diminish or disappear 

[24]. Some of these potentially problematic side-effects in adult ruminants could be avoided by 

applying this nutritional strategy in early life (see: 1.3 Early life programming), as is attempted 

in this thesis. Among lipids, fatty acids are potential antimicrobial agents with a broad spectrum 

of activity [85]. Their antibacterial activities are exhibited through several mechanisms of 

action, all of which primarily involve the perturbation of the bacterial cell membrane [86]. 

Particularly the long chain poly-unsaturated fatty acids (LC-PUFA) and medium chain fatty 

acids (MCFA) have been shown to be promising for CH4 reduction in ruminants [87,88]. PUFA 

have more than two double bonds in the fatty acyl chain, while medium chain fatty acids have 

none (i.e. saturated). 

a. Poly-unsaturated fatty acids 

Well-known feed products containing PUFA are for example: vegetable oils from soybean or 

sunflower seed (rich in linoleid acid, C18:2 n-2), fresh grass and oil seeds like linseed (rich in 

linolenic acid, C18:3 n-3), and marine products like fish oils and micro-algae (rich in 

eicosapentaenoic acid, C20:5 n-3 and/or docosahexaenoic acid, C22:6 n-3). PUFA are known 

to inhibit methanogenesis in the rumen in 2 ways. The first is through toxic effects on fiber-

degrading H2-producing microorganisms, such as protozoa and cellulolytic bacteria [89,90]. 

This toxic effect is mediated by disruption of their cell membrane integrity, particularly of 

gram-positive bacteria [88]. In vitro studies have confirmed that linolenic acid (C18:3 n-3) is 

particularly toxic for 3 important cellulolytic bacterial species (i.e. Fibrobacter succinogenes, 

Ruminococcus albus, and Ruminococcus flavefaciens) [91]. This suggests CH4 reductions 

obtained with diets supplemented with e.g. linseed oil may be related to the selective promotion 

and suppression of specific bacterial families [92]. In addition, a direct toxic effect of C18 UFA 

on methanogens has also been reported for mixed rumen microbiota in vitro [93]. Often, a direct 

correlation exists between the number of double bonds in the carbon chain and the antibacterial 

efficacy [94]. This is also the case for depression of methanogenesis, which increases with the 

degree of unsaturation [95]. Additionally, if the availability of the fatty acids in the supplement 

is higher, then the inhibition of methanogenesis increases, as shown by a study comparing the 

CH4-reducing potential of feeding crushed linseed, extruded linseed or linseed oil to lactating 

cows [88]. The CH4 reductions were as follows: linseed oil (-64%), extruded linseed (-38%) 

and crude linseed (-12%). The second way to inhibit methanogenesis is by serving as an 

alternative electron acceptor for H2 in the rumen (instead of CO2), i.e. a H-sink. Unsaturated 
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fatty acids (UFA) undergo hydrogenation in the rumen [96], in an attempt of the microbiota to 

“detoxify” the environment. However, the amount of total metabolic hydrogen used in the 

biohydrogenation process is very small (1%) compared with that used for e.g. CO2 reduction to 

CH4 (48%) or VFA synthesis (33%), and thus biohydrogenation only contributes for a small 

part to the CH4-reducing potential of PUFA [97,98]. 

 

b. Medium-chain fatty acids 

The MCFA, containing no double bonds in the acyl chain, can also reduce enteric CH4 

emissions in ruminants. They cannot be “detoxified” by hydrogenation like the PUFA. As such, 

some consider MCFA to be more effective than LCFA to reduce CH4 production, with lauric 

acid (C12:0) and myristic acid (C14:0) being the most effective fatty acids [99]. Feeds rich in 

MCFA are for example coconut oil (approx. 470g/kg C12:0 and 180g/kg C14:0), krabok oil 

(similar C12:0 content as coconut oil but more than twice the C14:0 content) and palm kernel 

oil (similar C12:0 and C14:0 content as coconut oil, but higher levels of C18:1 and C18:2 

compared to coconut and krabok oil) [100,101]. Like for PUFA, the mode of action of MCFA 

is targeted at the plasma membrane of microorganisms. The MCFA can insert into the semi-

permeable peptidoglycan (Gram-positive) or phospholipid (Gram-negative) layer of the micro-

organisms, disrupting cell membrane integrity, but also penetrate into the cytoplasm by passive 

diffusion [86,102]. There, dissociation of the MCFA into proton and anion will lower cytoplasm 

pH, suppress cytoplasmic enzymes and nutrient transport systems and uncouple ATP-driven 

pumps, leading to cell death [103,104]. In vitro studies have also shown MCFA (e.g. C12:0) 

can induce autolysis of microbial cells by activating an autolytic enzyme [105]. 

Both C12:0 and C14:0 have been shown to have antibacterial activity against Gram-

positive bacteria but also Gram-negative bacteria can be affected, as shown in in vitro studies 

[106–108]. In the rumen, protozoa are generally most affected, reducing methanogen numbers 

indirectly. However, another study has shown that independent of the protozoal status, the 

population of methanogens is also significantly reduced by addition of coconut oil [109]. This 

means coconut oil also directly affects methanogen abundance. In vitro studies show that 

supplementation of coconut oil can lead to a decrease in CH4 production, accumulation of H2, 

and an increase in P production at the expense of A [110,111]. In vivo, supplementation of 

coconut oil to the concentrate of wethers (at proportions of 3.5 and 7%) led to a CH4 suppression 

of 28 and 73%, respectively. Protozoa counts were reduced by 88 and 97%, respectively, and 

bacteria counts increased [112].   
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1.3.2.2 Plant essential oils 

Essential oils (EO) are oil-like mixtures of plant secondary metabolites, known in folk medicine 

for their disinfecting and healing properties [113]. A mixture of different molecules are present 

in EO, although the most important active compounds are included in 2 chemical groups: 

terpenoids (monoterpenoids and sesquiterpenoids) and phenylpropanoids [114]. The anti-

microbial action is centered around the interaction with cell membranes and accumulation in 

the lipid bilayer, causing conformational changes, fluidification and lysis. EO can have different 

effects on the same microbes due to their different composition, and also interactions among 

different EO or their components can affect the microbial activity [115]. EO can modify rumen 

microbial fermentation by altering the microbiota, leading to increased production of P and 

decreased production of A, possibly leading to lower CH4 production. These effects depend on 

type of EO, pH and diet [114]. 

Some bacterial species are more sensitive, while other species are more resistant and 

can sometimes even adapt to some EO (e.g. Gram-negative bacteria seem less susceptible 

compared to gram-positive bacteria, related to their thicker cell wall and different outer cell 

wall structure) [114]. For example, the influence of a blend of thymol, eugenol, vanillin, and 

limonene (on an organic carrier, Crina Ruminants, Crina SA, Gland, Switzerland) was tested 

on pure cultures of rumen micro-organisms [116]. From all tested species, Streptococcus bovis 

was found to be the most resistant species, while Prevotella ruminicola, Clostridium sticklandii 

and Peptostreptococcus anaerobius were the most sensitive. Interestingly, some sensitive 

species eventually adapted and were able to grow in higher concentrations of the EO blend (e.g. 

P. ruminicola), while others remained sensitive (e.g. C. sticklandii and P. anaerobius). In the 

same study, protozoa were unaffected by the EO blend (assessed by the effect on their 

bacteriolytic activity), but the growth of the methanogen Methanobrevibacter smithii could be 

inhibited. Patra and Yu (2012) investigated the individual effects of 5 other EO on the rumen 

microbiota, and found all of them decreased the abundance of archaea, protozoa and major 

cellulolytic bacteria (F. succinogenes, R. flavefaciens and R. albus) linearly with increasing EO 

doses. Also, both archaeal and bacterial community compositions were changed to different 

extents [117].  

Regarding the effects of EO on CH4 production, most studies are laboratory-based and 

of a short-term nature, however, they indicate that EO may favorably alter the rumen 

fermentation and CH4 production [118]. An in vitro study found CH4 reductions up to 75% 

using a variety of EO [119]. All 8 EO tested in this study, as well as a commercial oil blend 
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(containing mainly coriander oil, eugenol and geranylacetate; Agolin Ruminant, Agolin SA., 

Bière, Switzerland), reduced CH4 production, and 5 also reduced CH4 per mole of VFA 

produced. In vivo, the observed reductions are generally lower but still promising, e.g. a CH4 

reduction of 15% was found after 6 weeks of supplementing an EO blend (Agolin Ruminant) 

to dairy cows [74]. However, a recent study using the same blend and dose showed a transient 

CH4 reduction in vivo (-7% after 1 week, but no differences after 3 weeks), indicating possible 

adaptation can occur in adult ruminants [120].  
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1.4 EARLY LIFE PROGRAMMING - A METHOD TO PERMANENTLY LOWER 

METHANE EMISSIONS? 

1.4.1 Evidence of early life programming of human and ruminant health and metabolism 

Early life programming (ELP) can be defined as: “influencing the development of a fetus or a 

newborn with long-lasting or permanent consequences in the adult stadium” [121,122]. The 

concept of ELP gained interest by epidemiologic evidence in human studies nearly 30 years 

ago. These studies showed strong relationships between patterns of early growth due to prenatal 

nutrient supply and subsequent risk of diseases, such as type 2-diabetes and the metabolic 

syndrome [123] and cardiovascular disease [124]. Nutrition is one of the major determinants 

that can influence the offspring’s growth and health in the long-term. It is recognized that the 

early nutritional state before conception and during pregnancy can alter the expression of the 

fetal genome, with possible lifelong consequences [125,126]. A well-known relation between 

the early nutritional state and subsequent health is the preconception folate status and the risk 

of neural tube defects in humans [127]. Also, children exposed to maternal obesity in utero 

have an increased risk of developing metabolic syndrome [128]. Apart from nutrition, other 

factors in early life can have important consequences on the offspring’s health and metabolism 

as well, e.g. mode of delivery. Epidemiological studies have reported associations between 

ceasarian section delivery and an increased risk of obesity, asthma, allergies and immune 

deficiencies in the infant [129–132]. An important cause for this is the difference in initial 

microbiota that colonize the body of the newborn (i.e. resembling the maternal vagina in 

vaginally-deliverd infants and enriched in skin microbiota in ceasarian section-delivered 

infants) [133]. This initial microbiota is responsible for educating the immune system, and 

aberrant microbial colonization (i.e. more pathogens rather than commensals) can therefore 

result in impaired immune development and other described effects on the host metabolism.  

In ruminants, the effects of develivery mode on the offspring’s health and metabolism 

are not studied in depth, but it is imaginable that similar programming mechanisms could be 

expected. In contrast, it is well known that the nutritional state of the dam can affect different 

organs and systems in the offspring [134–137]. For example in sheep, maternal overnutrition 

as well as undernutrition during the last 2 trimesters of pregnancy can result in reduced 

birthweight of the lambs and lower IgG concentrations in the colostrum [135]. In contrast, a 

transient high glycemic intake during the third trimester of pregnancy can increase the birth 

weight and lead to more rapid early postnatal growth in lambs [136]. Even the feeding behavior 

can be influenced by nutrition prenatally, as observed in goat kids that showed an improved 
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acceptance and intake of a feed stuff because their dam was exposed to this during the last 3 

months of pregnancy until 1 week before parturition [137]. Regarding nutrition in postnatal 

early life, long-lasting consequences on the performance in later life have been observed in both 

humans [138] as in ruminants [139–141]. In female calves, better daily growth during the first 

2 months of life, due to a nutritional treatment, can lead to a significantly higher body weight 

at 24 months and a greater milk yield in first lactation [142,143]. Effects are not restricted to 

the pre-weaning period, as greater daily gain of female calves during the first 6 months of life 

has been associated with earlier first breeding and calving (reduced by on average 124 and 94 

d for every extra kg of daily weight gain, respectively) [144].  

Today, ELP as a concept is widely accepted in the scientific community. However, the 

mechanisms that mediate the long-term effects of a phenomenon that occurs in early life are 

not yet fully understood.  

The research work in this thesis mainly focusses on using ELP to influence 

microorganisms and their metabolism in the gastrointestinal tract. In humans, this has been 

shown by the relationship found between the use of antibiotics in the first year of life in children 

and the risk to develop inflammatory bowel disease later in life [145]. Examples in ruminants 

and more specifically about the possibility to modify the rumen metabolism in the long-term 

through early life dietary strategies are given below. 

 

1.4.2 Potential for programming rumen microbes and methanogenesis 

A pioneering study by Yáñez-Ruiz et al. (2010) showed that in lambs, as a result of 2 different 

diets during the first 4 months of life (i.e. only hay or both hay and concentrate), different rumen 

bacterial and methanogen communities were established, without changes in fermentation. In 

the case of the bacterial community, the differences persisted for over 4 months after all lambs 

were put on the same diet (Table 1). This was the first study to report the persistency of different 

rumen bacterial communities over a long period of time as a consequence of different diets in 

early life [146]. Furthermore, these results encouraged the hypothesis that it is possible to 

modify the rumen microbiota of the adult animal, and possibly CH4 emissions, through targeted 

dietary interventions in early life.  

Later studies confirmed the persistency of differences in rumen bacterial communities 

after ceasing early life interventions [92,147,148]. E.g. Lyons et al. (2017) supplemented lambs 

with linseed oil during the pre-weaning period only (until 6 wk of age) or during both the pre- 

and post-weaning period until 16 wk of age. Similar to Yáñez-Ruiz et al. (2010), no changes in 
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fermentation pattern were observed despite the changes in microbial community structure: the 

bacterial and methanogen community differed from the lambs that never received linseed oil, 

and the altered bacterial community remained after 10 weeks on the same diet after ceasing the 

treatment [92]. Although the lambs were housed until weaning with their dams, which also 

received linseed oil (or not, according to the lamb treatment), the authors did not investigate the 

possible influence of dam treatment on the lamb rumen microbiota. This is in contrast to a study 

of Abecia et al. [62,149,150], wherein does and twin goat kids were also housed together until 

weaning and were treated or not with bromochloromethane (post-natally). Treated (D+) and 

non-treated (D-) does had both a treated (K+) and non-treated (K-) kid in the pen. Kids were 

further treated (or not) until 1 month after weaning. The treatment led to altered rumen 

fermentation patterns, reduced CH4 emissions and changes in the rumen methanogen 

community of both does and kids. In the goat kids, the persistency of the CH4 reduction 

achieved was influenced by treatment of the doe in early postnatal life.  Three months after the 

treatment ended, these strong effects on CH4 reduction and the methanogen community only 

persisted in treated kids from which the doe was also treated (i.e. D+K+ kids). These kids also 

had a higher daily gain compared to the other kids, possibly linked to the more propionic type 

of fermentation. De Barbieri et al. [63,147] also demonstrated that rumen bacterial communities 

of newborn lambs can be altered by modifying the diet of the dams and the lambs during the 

suckling period, and additionally also by inoculating the lamb with rumen fluid from donor 

ewes. Interestingly, diet appeared to generate greater and longer lasting effects than rumen fluid 

inoculation on the bacterial community structure and CH4 reduction, and the resulting changes 

due to diet persisted beyond weaning. In contrast to Abecia et al. [62,149] and De Barbieri et 

al. [63,147], CH4 reductions that were induced by an early life dietary intervention in the study 

of Saro et al. [148] did not persist after ceasing the treatment. In the latter study, a combination 

of linseed oil and garlic essential oil was administered to lambs from birth until 10 wk of age, 

and from 16 to 20 wk of age (re-treatment or cross-treatment). The CH4 emission was reduced 

and methanogen community was altered during the treatment, but no differences were observed 

anymore 1 month after the treatment ended. However, complying with other studies mentioned 

above, changes induced in the bacterial community composition again persisted.  

 

The above-mentioned studies give promising indications that it is possible to alter the 

developing, unstable rumen microbial community in the long-term through a nutritional 

intervention in postnatal early life, however this is not always associated with a persistent 

change in microbial functionality. Combined treatment of the young ruminant and their dam 
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(during gestation or suckling) could be a crucial factor to maintain the altered rumen 

functionality (methanogenesis). Additionally, only studies with sheep and goats are conducted 

until now. It is possible that studies with different ruminant species lead to different outcomes. 

By influencing the rumen microbiota in such an early stage of development, possibly by also 

treating the dam, problems that are connected with treating the adult ruminant can be by-passed 

or diminished (e.g. problems like negative effects on feed intake or milk production). Due to 

the rapid microbial colonization in the rumen, the timing for successful intervention seems 

essential. According to Abecia [54], the first 14 d of life in goat kids seem to be the most 

sensitive window of time for a postnatal intervention strategy, targeting the developing rumen 

microbiota (see 1.2.2.1 Microbial colonization and functional development). But maybe the 

timing should even be earlier, since recent research in dairy cows found the dam’s vagina 

possesses many common fibrolytic rumen microbes as well as methanogens, indicating its 

potential role in populating the developing rumen of the offspring [151]. The potential of 

prenatal treatment to program the rumen microbiota has not yet been explored sufficiently and 

merits more study. 

 

To our knowledge, no research yet exists on the effects and the potential of a prenatal 

nutritional intervention on the rumen development, including fermentation characteristics, CH4 

emissions, microbial development and rumen papillae of the offspring, nor of the effects of a 

combination of a pre- and postnatal treatment. Additionally, no research with dairy calves exist 

wherein, next to the effects on CH4 emission and rumen microbial community, the effect on 

productivity and reproduction is studied. A literature overview of relevant studies is given in 

Table 1. 
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Table 1. Overview of early life dietary interventions in ruminants and the effects on rumen fermentation pattern (VFA concentrations), CH4 emissions and other parameters 

during and after the intervention. Remark: only 1 study tested a genuine prenatal dietary treatment [63,147]. 

 

Supplement/ 

nutritional 

treatment 

Dose Animal 

species 

Duration of treatment Effects on rumen fermentation and 

CH4 production during and after 

treatment 

Effects on other parameters during 

and after treatment 

Reference 

Hay (H) or 

concentrate  

+ hay (60:40) (C) 

Ad libitum Sheep Lamb: birth until 8 

wk after weaning (16 

wk) 

16 wk: different CH4 emissions  

(C diet: -14% L/kg DMI) but similar 

fermentation pattern. No differences 

4 mo after end of different dietary 

treatments.  

16 wk: Rumen bacterial and 

methanogen communities differ. 

Rumen bacterial communities still 

differ 4 mo after end of different 

dietary treatments. 

[146] 

Bromochloro-

methane 

Doe: 3 mg/kg BW 

Kid: 3 mg/kg BW 

Goat Doe (with 1 kid): first 

2 mo after birth of 

kid 

Kid: birth - 3 mo of 

age 

Altered fermentation pattern in K+1 

(A↓, P↑, B↑, V↑) leading to A/P↓ in 

D+K+2. CH4↓ (-52% and 59% in K+ 

within D+ and D- group resp.). CH4↓ 

(-28%) and P↑ (+15%) compared to 

D-K-3, persisted only in D+K+ until 

3 mo after treatment. 

Modified rumen methanogen 

communities at W (both does and K+ 

kids), not entirely persisting until 4 mo 

after W (only some less abundant 

groups). Higher daily gain in D+K+. 

[62,149,150] 

Coconut oil (CO) or 

rumen-protected fat 

(RPF) + inoculation 

with water or with 

rumen fluid from 

donors fed CO or 

RPF 

Ewe: diet with 4% 

supplement (ad 

libitum) 

Lamb: same diet 

as ewe and ino-

culation (20 mL 

or 40 mL) 

Sheep Ewe (with 1 lamb): 

from 1 mo pre-

lambing until 

weaning of lamb 

Lamb: birth – 3 mo 

of age (diet), weekly 

until 8 wk of age 

(inoculation) 

Ewes: no effect on VFA production 

or pH.  

Lambs: diet no effect on VFA 

production or pH. CH4↓ (-9%, CO 

diet). Inoculation altered rumen 

fermentation but only higher B 

(Inocul.CO) remained after 

inoculation was ceased. 

Ewes: no effect on BW or milk 

production. DMI↓ and protozoa↓ (CO 

diet). Lambs: DMI↓, protozoa↓ and 

reticulorumen weight↑ (CO diet). Diet 

affected the bacterial community 

more and longer compared to 

inoculation with rumen fluid from 

donor ewes on different diets. 

[147,63] 

Linseed oil Ewe: 1.7 g/kg 

BW4 

Lamb: 1.2 g/kg 

BW5 

Sheep Ewe (with kids): until 

weaning of lamb 

Lamb: birth until 

weaning (L-P) or 

birth until 10 wk after 

weaning (L;16 wk) 

16 wk: similar fermentation pattern 

in lambs (no CH4 measured). 

Similar feed intake and daily gain. 

Rumen bacterial and methanogen 

community differed during treatment, 

only bacterial community remained 

different after treatment. 

[92] 
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(continued Table 1)       

Mix of linseed oil* 

and garlic essential 

oil° 

1.6 mL/kg BW* 

3 µL/kg BW°  

Sheep Lamb: birth until 10 

wk of age, and again 

from 16 until 20 wk 

of age (re-/cross-

treatment) 

First treatment period: CH4↓ (-23%, 

µmol/mL), no difference in tVFA 

production or VFA proportions.  

One mo after first treatment period: 

no difference in CH4 nor VFA.  

After second treatment period: CH4↓ 

(-14%, g/d or g/kg DMI), tVFA↓  

(-23%), altered VFA proportions 

leading to A/P↓ in treated compared 

to control lambs. No interaction 

effect of retreatment. 

Similar daily gain throughout trial. 

Rumen bacterial community differed 

during first treatment, 1 mo after first 

treatment had ceased and after 

retreatment. 

Little or no effect on archaeal and 

protozoal communities. 

[148] 

 

1 K+: kids treated postnatally; 2 D+K+: kids treated both pre- and postnatally; 3 D-K-: kids never treated. 
 4 Ewes received 3 kg/d of concentrates (40 g/kg linseed oil content) at parturition. The concentrate dose was lowered throughout the pre-weaning period until 1.5 kg/d. No BW 

of ewes was measured at parturition. Reported dose is assuming a BW of 70 kg.  
5 Lambs were eating more than 550 g/d of the concentrate at approx. 6 wk of age (19 kg BW), suggesting a minimum intake of linseed oil of 1.2 g/kg BW at the end of the 

treatment period. 
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1.5 OBJECTIVES AND STRUCTURE OF THE THESIS 

The objectives of this thesis are to: 

 Explore the potential of feeding supplements containing PUFA, MCFA or an essential 

oil blend to ruminants in prenatal and/or postnatal life for long-term CH4 reduction  

 Improve the knowledge about early life nutrition on rumen papillary development and 

future lifetime performance 

 

The thesis is structured as follows: 

Section I:  Potential of two nutritional postnatal interventions to program CH4 

emissions (female calves) 

 Investigation of the (long-term) effects of feeding extruded linseed or an essential 

oil blend to heifers calves from birth until ca. 4 months of age on in vivo CH4 

emissions, daily gain and animal performance until 5 weeks in 1st lactation  

(Chapter 1) 

 

Section II:  Potential of a pre- and/or postnatal nutritional intervention to program  

CH4 emissions (goat kids) 

 Investigation of the effects of feeding coconut MCFA pre- and/or postnatally to goat 

kids on in vitro CH4 emissions, rumen microbiota, daily gain and papillary 

morphometry until 4 months after postnatal supplementation (Chapter 2a) 

 Investigation of the effects of feeding coconut MCFA pre- and/or postnatally to goat 

kids on the rumen bacterial community and blood plasma metabolites, at 4 weeks of 

age (Chapter 2b) 

 Investigation of the effects of feeding DHA-Gold pre- and/or postnatally to goat kids 

on in vitro CH4 emissions, daily gain and papillary morphometry until 3 months 

after postnatal supplementation (and additional preliminary study with cannulated 

dairy cows) (Chapter 3) 

 

Section III: General discussion and future perspectives 

 Contains a figure showing a general overview and the connections between all 

Chapters in this thesis.
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SECTION I 

Potential of two nutritional postnatal 

interventions to program methane emissions  

(female calves) 

 

Chapter 1:  Early life supplementation with extruded linseed or an 

essential oil blend during the first 4 months of life improves 

daily gain during the first year of life, but has no effects on in 

vivo methane emissions 
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ABSTRACT 

The objective was to reduce methane (CH4) emissions of dairy calves in the long-term through 

a nutritional intervention starting at birth and lasting until ca. 4 mo of age. The hypothesis was 

that it is possible to steer the rumen microbial function in early life towards lower CH4 

emissions, with persisting effects in the long-term. An extruded linseed crumble (Nutex68, 68% 

linseed) and an essential oil blend (Agolin Ruminant) were tested. Thirty-four newborn 

Holstein female calves were randomly assigned to a control group (CON, n=12), a group 

receiving extruded linseed crumble (22 g/d with step-wise increase until 578 g/d; LIN, n=11) 

or a group receiving essential oil blend (0.5 g/d; ESS, n=11). From birth until ca. 4 mo of age, 

calves were housed individually and supplements were fed twice daily before feeding. After 

this treatment period, calves went into group housing. Rumen fluid was sampled at ca. 1, 4 and 

6 mo of age with a stomach tube. In vivo CH4 emissions were measured at ca. 4, 6, 12 and 18 

mo of age (open circuit chambers) and from 3 weeks (wk) before until 5 wk after first calving 

(Greenfeed system). Milk production, dry matter intake and body weight (BW) were measured 

until 5 wk in lactation. No differences in CH4 emissions during treatment nor a programmed 

reduction later in life was found. There were no differences in abundance of rumen bacteria and 

methanogens, or methanogenic activities, until 6 mo of age (measured by qPCR and RT-qPCR, 

respectively). Irrespective of treatment, calves lacked rumen protozoa at 1 and 4 mo of age, 

probably caused by the isolated rearing conditions. LIN and ESS calves tended to have a better 

feed and energy conversion (kg DM or MJ intake/kg body weight gain) until weaning and had 

a higher daily gain during the treatment period. This resulted in a persistently higher BW until 

2 wk before calving and a 1-mo earlier first insemination, but age at first calving was not 

different. First lactation milk production and composition until 35 days in milk did not differ, 

nor did the production of colostral IgG concentrations. However, LIN and ESS heifers had a 

better feed and energy efficiency (kg FPCM/ kg DM or MJ intake) 4 wk after calving, and LIN 

heifers also had a better nitrogen efficiency. Conclusion: supplementation of Nutex68 or Agolin 

Ruminant to dairy calves during the first 4 mo of life can improve feed efficiency and increase 

live weight gain in a similar way, with effects lasting until first lactation. However, no CH4 

reduction was established.  

Key words. Postnatal programming, dairy cows, enteric methane reduction, extruded linseed, 

PUFA, essential oil blend.  
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INTRODUCTION  

Reducing the enteric methane (CH4) emissions of ruminants could lead to benefits for both the 

environment and animal production, since production and release of CH4 from the rumen 

corresponds to an energy loss for the animal [10]. Recent studies show the possibility to 

manipulate the unstable, developing rumen microbiota with feed supplements in early life, 

resulting in a permanently modified rumen community and possibly lower CH4 emissions 

[146,147,152]. These studies suggest that the first weeks of life are a crucial period to 

permanently affect the rumen function. However, until now, the effect of such CH4-reducing 

strategies in early life has not yet been assessed until the productive period of life. Nevertheless, 

long-term effects of early life feeding on milk production during first lactation have been 

reported, particularly related to milk (replacer) intake or other feed management strategies 

during the pre-weaning period, resulting in enhanced weight gain during the pre-pubertal period 

[142,143,153]. Also, age at first calving can be influenced by an enhanced pre-pubertal weight 

gain [144]. 

The first supplement tested in this study is an extruded linseed crumble (68% extruded 

linseed). Linseed has a high fat content (ca. 35 %), and is a source of poly-unsaturated fatty 

acids (PUFA), which are known to have toxic effects on rumen microorganisms involved in 

fiber digestion and hydrogen production [89]. Also direct effects on hydrogenotrophic 

methanogens can occur [154]. An earlier study in which 8 lactating Holstein cows received 

extruded linseed crumble (70% linseed content, 212 g extruded linseed/kg DM), resulted in 

38% lower CH4 emissions and lower emission of CH4/kg milk or fat-corrected milk (30% or 

23% lower, respectively). However, negative effects were observed on DMI and milk yield 

[88]. Promising reductions of CH4 were also observed in other studies using linseed-PUFA (e.g. 

linseed oil, -17%) [155]. Hence, linseed shows potential to mitigate rumen methanogenesis but 

risks to negatively affect DMI and milk yield, which possibly could be prevented when 

supplemented during the pre-production period. The second supplement tested in this study is 

a commercial blend of essential oils (Agolin Ruminant, Agolin SA, Bière, Switzerland), 

containing mainly coriander oil, eugenol and geranyl acetate. An in vitro study found a 30% 

CH4 reduction when Agolin Ruminant was incubated with rumen fluid for 24 h (10 µg product/ 

10 mL rumen fluid and buffer) [119], while in vivo 15% CH4 reduction was observed through 

a daily supplementation of 1g [74]. Essential oils are secondary plant metabolites, known for 

their antimicrobial properties. E.g. essential oils can inhibit the energy metabolism of the rumen 

bacteria Streptococcus bovis and Selenomonas ruminantium [156], and the growth of the rumen 
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methanogen Methanobrevibacter smithii [157]. In addition, supplementation of Agolin 

Ruminant has also been found to reduce protozoal numbers, among which large 

entodiniomorphs and the holotrich Dasytricha ruminantium (personal communication Beatrice 

Zweifel and Diego Morgavi, 2018). In addition to the potential to modify the rumen 

methanogenesis, these supplements can possibly also improve weight gain in early life, by 

providing extra nutrients and calories (extruded linseed), health benefits (e.g. less diarrhea) 

[158] or a shift in the rumen towards more propionate production [114]. 

We hypothesized that feeding an extruded linseed crumble or an essential oil blend in early 

life to dairy calves can alter the rumen microbiota development, leading to reduced CH4 

emissions with persisting effects in the long-term. In addition, the added supplements could 

improve weight gain in early life, possibly resulting in positive effects on age at first calving 

and first lactation performance.   
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MATERIALS AND METHODS 

The experiment was approved by the ethical committee of the Flanders Research Institute for 

Agriculture, Fisheries and Food (ILVO) (approval number EC2014_222) and the experiment 

was conducted within the dairy herd of the ILVO (Scheldeweg 68, Melle, Belgium). All persons 

involved with animal care and sampling had previously obtained the necessary FELASA 

(Federation of European Laboratory Animal Science Associations) certificates. 

 

Animals, Supplement Dosing and Experimental Design 

Thirty-four female Holstein calves, born through natural delivery between 28/05/2014 and 

20/02/2015, were immediately after birth randomly appointed to one of three experimental 

treatments: no supplement (CON, n=12), extruded linseed (LIN, n=11) and essential oil blend 

(ESS, n=11). Calves born from both heifers and cows were used (Supplementary Table 1). The 

supplementation period in LIN and ESS calves started immediately after birth (supplement 

given before first colostrum), twice a day in equal amounts, and lasted until ca. 4 mo of age. 

The LIN calves were fed extruded linseed crumble (main ingredients: 68% extruded linseed, 

20% extruded wheat, 10% ground wheat; Group Aveve/ Dumoulin, Leuven, Belgium) mixed 

with a little amount of milk replacer to form a porridge-like substance, directly into the mouth 

of the calf twice a day before milk feeding (pre-weaning period). The PUFA content of the 

extruded linseed crumble was 42.9 g/kg of C18:2 n-6 and 139 g/kg of C18:3 n-3. The initial 

daily dose of 22 g/d was based on the study of Martin et al. (2008), wherein lactating dairy 

cows received an extruded linseed product with similar linseed content (70%) at 21.2% on DM 

basis, and an in vivo CH4 reduction of 38% was obtained. This corresponded to 3.5 kg extruded 

linseed product supplied to adult dairy cows weighing on average 672 kg (i.e. 5 g/ kg BW). The 

dose was calculated based on the estimated rumen volume, i.e. 100 L for an adult cow. Hence, 

the equivalent of 3.5 kg linseed crumble/100 L corresponded to 22g for an estimated rumen 

volume of 0.6 L for a young calf [159]. This initial dose was given from birth until 6 wk of age, 

after which the dose was increased every 2 wk until 16 wk of age, in 5 steps according to 

presumptive rumen volume increase [159] (i.e.: 6-8 wk= 54 g/d for 1.52 L; 8-10 wk= 86 g/d for 

2.44 L; 10-12 wk= 166 g/d for 4.72 L; 12-14 wk= 245 g/d for 7 L; 14-16 wk= 578 g/d for 16.5 

L). Overall, the ratio of actual linseed (ca. 68% of the crumble) per L of rumen volume was 

more or less constant (i.e. 24-25 g/L). Accordingly, the initial ratio of linseed given per kg BW, 

0.38 g/kg BW, was increased up to 2.91 g/kg BW around 16 wk.   
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Before each milk feeding, the ESS calves received 0.50 g/d of an essential oil blend 

(granulate form, containing 20% active components: mainly coriander oil, eugenol and geranyl 

acetate; Agolin Ruminant, Agolin SA, Bière, Switzerland) in a gelatin capsule (Torpac Inc., 

Size #13, Fairfield, NJ, USA) (0.250 g product per capsule) until weaning. In contrast to 

supplementation in LIN calves, the dose of essential oils was not increased during the trial, 

following the instructions of the producer. This corresponds to an initial dose of 0.83 g Agolin 

Ruminant/ L rumen volume, which decreased to 0.03 g/L at 16 wk of age. In terms of BW, the 

initial ratio was 0.01 g/kg BW, decreasing to 0.004 g/kg BW at 16 wk. From weaning onwards 

until 4 mo of age, both supplements were given as a concentrate: extruded linseed crumble in 

pure form; essential oil blend pre-mixed in a concentrate at 0.7% DM (672 g/d, otherwise same 

composition as the standard concentrate). Both supplements partially replaced the standard 

concentrate amount, but the sum of both supplement and standard concentrates did not exceed 

3 kg/d. Samplings (see: Rumen Fluid Collection, and: In Vivo CH4 Measurements) were not 

performed on individual calves but on groups of 5 or 6 calves at one time point (6 groups in 

total, always containing 1 or 2 calves of each experimental condition, see Supplementary Table 

1). These groups were made from 5 or 6 successively born calves, in order to have a comparable 

age at the samplings. Since it took 9 mo before 34 healthy, natural-born female calves could be 

taken up into the trial, these 6 similar-age groups did not undergo the samplings and changes in 

diet or housing at the same time in the year. In some groups, the age difference between the 

first and last-born calve exceeded 30 days, however, samplings at 1 mo of age were done 

individually in these cases, to match the intended age better. After that age, all 6 groups were 

treated in the same way during samplings. Due to the random division of all experimental 

conditions over the groups (Supplementary Table 1), mean age per experimental condition at 

one sampling was kept similar.  

 

Diets and Housing 

Calves were housed individually in calf shelters (2.10 m x 1.50 m x 1.30 m) with an outside 

standing area (1.70 m x 1.50 m) during the treatment period, to avoid physical contact between 

calves. During the first 3 d, calves received 6 colostrum feedings of 2 L. After colostrum, all 

calves received the same milk replacer (MR) which was free of essential oils (Denkavit, 

Opwijk, Belgium, max. 2 x 2,5 L/d), water and hay ad libitum. A standard concentrate (max. 3 

kg/d) was provided in increasing amounts from 2 wk of age. This concentrate had a fat content 

of 28.7 g/kg DM and a PUFA content of 12.0 g/kg C18:2 n-6 and 1.6 g/kg C18:3 n-3. Calves 

were weaned at a minimum age of 8 wk of age while having a minimum concentrate intake of 
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5.25 kg/wk. Individual feed intake was registered during the whole treatment period. Chemical 

composition of concentrates, extruded linseed and hay provided during the treatment period is 

shown in Table 1. After leaving the open-circuit chambers at ca. 4 mo of age (see: In vivo CH4 

measurements) or when the treatment period of minimum 112 d was completed shortly after 

leaving the chambers, the individual housed calves moved to group housing according to the 6 

age groups. In group housing, diet was changed to corn silage/prewilted grass silage ad libitum 

(60/40 ratio) and concentrates (1.5 kg/d). Concentrates were lowered to 0.5 kg/d at 10 mo of 

age. At the age of 12 mo, diet changed to corn silage/prewilted grass silage/straw (40/40/20) 

and 0.5 kg/d concentrates. 

Table 1. Chemical composition of the standard concentrate, extruded linseed (Nutex68) and the concentrate made 

with the essential oil blend (Agolin Ruminant) supplemented during the treatment period (g/kg of DM unless stated 

otherwise) 

 Concentrates/ supplements  Roughage 

Item Standard 

concentrate 

Nutex68 

crumble 

Agolin Ruminant in 

concentrate 

 Hay 

Dry matter, g/kg 

product 

888 918 881  845 

Crude protein 157 191 163  106 

Crude fat 28.7 294 32.4  28.0 

Crude fiber 93.0 116 96.8  334 

Crude ash 64.0 36.6 62.4  89.0 

NDF 231 221 234  668 

ADF 97.4 113 101  384 

ADL 15.6 35.0 16.2  66.0 

Starch  352 170 326  0 

Sugar 70.0 33.7 63.8  98.0 

 

Heifers’ individual feed intake was measured several times in a tie stable at the ages of ca. 

6, 12, 16 and 18 mo of age (for 1 or more wk in a row, according to age). Heifers were 

inseminated for the first time at a minimum BW of 425 kg, and were re-inseminated if 

necessary. Approximately 4 wk before calving, pregnant heifers were moved to the dairy stable 

to adapt to the different environment and were easily familiarized with the GreenFeed system 

(C-Lock Inc., Rapid City, SD, USA) present in the stable. Diet in the dairy stable before calving 

consisted of corn silage/ prewilted grass silage/ pressed beet pulp (45/45/10) (ad libitum), 

supplemented with soybean meal, wheat and urea, and concentrates at 0.5 kg/d. Around calving, 

the heifers were housed separately from the rest of the stable on straw until calving. After 

calving, the animals returned to the GreenFeed area for at least another 4 wk. The diet remained 

the same but concentrates, soy bean meal and rumen protected soy bean meal were gradually 

increased: concentrates were increased over 8 d to 3 kg/d and then over 6 d to 5 kg/d, and soy 
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bean meal and rumen protected soy bean meal were increased over 7 d to 0.7 and 0.5 kg/d, 

respectively. 

 

Medical Interventions 

Signs of diarrhea or illness were followed-up closely during the first 4 mo of life, and no 

metaphylactic antibiotics were given to these calves. This was in order to prevent interference 

of antibiotics with the potential effects of the nutritional treatment on the rumen microbiota. 

Also therapeutic use of antibiotics was limited. Mild cases of diarrhea until weaning were 

treated by replacing part of the milk replacer by an electrolyte solution (Diakur® Plus, 

Boehringer Ingelheim, Brussels, Belgium). Fecal samples were taken for diagnostic analysis in 

more severe cases of diarrhea. Times and number of days an electrolyte solution was 

administered to a calf was used as an indication of occurrence and duration of diarrhea during 

the pre-weaning period. A list of the observed illnesses and medical treatments given until 1 

year of age (not including diarrhea until weaning) is given in Supplementary Table 1. After 

moving to group housing (due to the age differences between groups, this happened at different 

time points for different groups) and fecal diagnosis of coccidiosis infection, groups 4, 5 and 6 

had to be treated with a coccidiostat (2 treatments with 10 d in between; Toltrazuril, Baycox 

Bovis, Bayer SA-NV, Diegem, Belgium) between 4 and 6 mo of age. There were no problems 

with coccidiosis for groups 1, 2 and 3 at this age. However, group 2 had to be treated for 

coccidiosis symptoms after the age of 6 mo. 

 

Rumen Fluid Collection 

All samples and measurements were done on the same day for each group of 5 or 6 calves. 

Rumen fluid samples were collected before morning feeding at the ages of ca. 1, 4 and 6 mo of 

age by using an esophageal stomach tube (self-made plastic transparent tube, outer diameter 15 

mm) connected to a plastic erlenmeyer and a vacuum pump, or (from 12 mo until 1 mo after 

calving) a rumen scoop without vacuum (Rumen flora scoop, Profs-products, Wittibreut, 

Germany). A volume of approximately 100 mL fluid and solid digesta was collected per animal. 

Immediately subsamples of approximately 1.5 mL were pipetted in cryotubes and brought into 

liquid nitrogen before storage at -80°C for later microbial analysis. The rest of the rumen fluid 

was put in polypropylene tubes and transported to the lab in thermos flasks filled with warm 

water, for subsequent volatile fatty acid analysis the same day (performed only at 1, 4 and 6 mo 
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of age). Materials were rinsed with hot water between sampling different calves and a 70% 

ethanol in water solution was used to disinfect.  

 

Volatile Fatty Acid Analysis 

Volatile fatty acid (VFA) analysis (C2:0, C3:0, iso-C4:0, C4:0, iso-C5:0, C5:0, C6:0) of fresh, 

nonincubated rumen fluid was performed to assess differences in basal concentrations of VFA. 

Briefly, 0.2 mL of an acid solution (10 mg ethylbutyric acid in 1 mL of formic acid) was added 

to 2 mL of incubated rumen fluid to stop microbial activity. The sample was then centrifuged 

for 15 min at 31,000 g (4°C) until separation into supernatant and a pellet. The supernatant was 

filtered through glass wool and then analyzed by gas chromatography (120°C at injection for 0.2 

min; increased by 10°C/min to 180°C and maintained at this temperature for 3 min; injector 

temperature: 250°C; detector temperature: 255°C. For this temperature programme, 0.3 μL was 

injected with a split/splitless ratio of 25:1 using hydrogen (H2) as a carrier gas at 0.8 mL/min). 

The VFA peaks were identified based on their retention times, compared with external 

standards. Quantification also was based on the external standards. 

 

Microbial Analysis 

Total RNA and DNA were extracted from snap-frozen rumen samples, using protocols 

described in Debruyne et al. (2018). Reverse transcription was performed using the Promega 

RT system (Promega Benelux, Leiden, The Netherlands) and random hexamer primers (0.5 µg, 

IDT, Leuven, Belgium), starting with ca. 100 ng RNA. Concentrations of cDNA were measured 

using Nanodrop (ND1000 V3.8.1, Thermo Scientific, Wilmington, USA). Next, quantitative 

PCR was performed to measure the abundance of total methanogens, bacteria and protozoa as 

was described in Debruyne et al. (2018), except a 1000-fold dilution of DNA was used instead 

of a 100-fold. The expression of the mcrA gene, assessed by RT-qPCR, was furthermore used 

as a measure for methanogen activity, as described in Debruyne et al. (2018). The primers used 

for (RT-) qPCR and their PCR efficiencies are shown in Table 2.  
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Table 2. Primers used in this study 

Primer 

pair 
Target Sequence ‘5  ‘3 

Ta 

(°C) 

PCR 

efficiencies 

DNA | cDNA 

Reference 

qmcrA F/ 

qmcrA R 

mcrA total 

methanogens 

TTC GGT GGA TCD CAR 

AGR GC/ GBA RGT CGW 

AWC CGT AGA ATC C 

60 79% | 79% [160] 

Met630 F/ 

Met803 R 

16S rRNA total 

methanogens 

GGA TTA GAT ACC CSG 

GTA GT/ GTT GAR TCC 

AAT TAA ACC GCA 

60 79% | 81% [161] 

Bac338 F/ 

Bac518 R 

16S rRNA  

total bacteria 

ACT CCT ACG GGA 

GGC AGC AG/ ATT ACC 

GCG GCT GCT GG 

60 87% [162] 

Syl316 F/ 

Syl539 R 

18S rRNA  

total protozoa 

GCT TTC GWT GGT AGT 

GTA TT/ CTT GCC CTC 

YAA TCG TWC T 

57 74% [163] 

Ta: annealing temperature. 

 

In Vivo CH4 Measurements 

The CH4 emissions were measured per group of 5 or 6 calves at ca. 4, 6, 12 and 18 mo of age, 

for 4 days (i.e. 3 full measuring days) in open circuit chambers (4 x 1.55 x 2.8m) at the Institute 

for Agricultural and Fisheries Research [79]. At 4 mo of age, emissions were measured per two 

calves of the same experimental condition (in one chamber), as CH4 production of one calf of 

that age most likely would result in CH4 concentrations in the chamber’s air below the detection 

limit. Calves were physically separated from each other at this age by a fence in the chamber 

and had separate water and feed buckets. Treated calves (LIN and ESS) continued to receive 

their supplement twice per day in the chambers. After these measurements, LIN and ESS calves 

which had completed the full treatment period (minimum of 112 d) and CON calves, went to 

group housing. Younger calves returned for a short period to the individual shelters to complete 

the treatment period. From 6 mo of age onward, individual measurements were performed in 

the open circuit chambers. Around calving, CH4 measurements were performed using a 

GreenFeed system (C-Lock inc., Rapid City, SD, USA) placed in the dairy stable. The 

GreenFeed system was placed against a wall and closed off by a fence at one side so only 1 

heifer at a time could enter the GreenFeed and to avoid heifers crowding around it. During each 

visit, heifers received maximum 8 concentrate drops (35 g per drop, available every 30 sec) and 

heifers could revisit the GreenFeed every 4 hours. During approx. the last 3 wk of pregnancy 

and 4 wk after calving, CH4 emission data were collected.   
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Animal Performance Parameters 

First BW was recorded at 3 d old, then once every 2 wk until weaning, at the end of the treatment 

period (ca. 4 mo) and at 6, 8, 10, 12, 18, 24 mo of age (before feeding). From 3 wk before 

calving until 5 wk after calving, BW was measured twice daily (before milking). In the weeks 

before calving, not all heifers could be weighed because some heifers were already moved to 

the calving box. Data of DMI, energy intake and chemical composition of the feed was used to 

calculate feed and energy conversion efficiency at different ages (kg DMI/kg BW gain or MJ/ 

kg BW gain). After calving, milk samples were taken during 4 consecutive milkings at 2 and 4 

wk after calving. Two LIN cows were omitted from analysis because of troubles during milking 

(heifers did not release their milk). Changes in BW after calving were calculated. Information 

about DMI, BW, and FPCM production (fat and protein corrected milk, see Feed and Milk 

Analysis) was used to calculate a theoretical energy balance at 4 wk after calving. Energy intake 

and energy requirements were expressed according to Dutch standards with the VEM system 

[164], in which VEM represents feed units of lactation (1 VEM = 6.9 kJ of net energy for 

lactation) [165]. The energy balance was calculated as follows: daily ingested net energy 

(expressed as VEM/d) minus the estimated daily net energy requirements (expressed as VEM/d) 

for maintenance and milk production at 4 wk after calving. Net energy requirements were 

calculated as: ((6,45 x BW) + 1,265 + 442 x kg FPCM) x (1 + 0,00165 x (kg FPCM - 15) + 

additional VEM for growth of the heifer= 660 VEM/d. Feed efficiency (kg FPCM/ kg DMI), 

energy efficiency (kg FPCM/ VEM intake, expressed as kg FPCM/ MJ intake in the tables) and 

nitrogen efficiency (nitrogen excreted in the milk / dietary nitrogen intake) was calculated at 2 

and 4 wk after calving. The newborn calf of the trial heifers was weighed at 3 days old, however 

5 calves were not correctly weighed and were not used for analysis (1 calf from CON heifer, 3 

from LIN heifers and 1 from ESS heifer). Only female calves were considered for analysis, 

because unfortunately not all male calves had been weighed. 

 

Feed and Milk Analysis 

Feed. Pooled samples of each feed stuff and concentrate were analyzed through methods 

described in De Boever et al. 2017 [166]. In short, samples were analyzed for: dry matter 

(determination of residual moisture by drying at 103 °C), crude protein (N determination by 

Kjeldahl and N x 6.25), crude fat (extracted with petroleum ether after hydrolysis with 

hydrochloric acid), crude fiber (obtained by using the Ankom Fiber Analyser -Ankom 

Technology, Macedon NY, USA- after boiling subsequently with sulphuric acid and sodium 

hydroxide), crude ash (obtained by incineration at 550 °C), NDF (determined with the Ankom 
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Fiber Analyser using α‐amylase and sodium sulphite and expressed on ash‐free basis), ADF 

(determined with the Ankom Fiber Analyser), ADL (obtained by treating the ADF residue with 

sulphuric acid; ADF and ADL were corrected for ash in the ADL residue), starch (after 

autoclaving and hydrolysis with amyloglucosidase) and sugar (extracted with 40% ethanol and 

analyzed according to the Luff–Schoorl method). 

Milk. Colostrum of the first milking was collected and quality was measured using a digital 

Brix refractometer (Obione Calf, Mâcon, France), after which IgG concentration and total 

colostral IgG were calculated [167]. According to Bielmann et al. (2010), colostrum sampled 

with a Brix refractometer is considered of good quality if the Brix value ≥ 22% (equivalent to 

50 g/L IgG). Some colostrum samples could not be qualified due to measuring errors and 2 

samples were left out of the analysis due to extremely low IgG levels (1 CON heifer: 0.7g/L 

and 1 LIN heifer: 1.8 g/L), resulting in 8 measurements used for analysis for each experimental 

group. For colostrum production, all heifers were included in the analysis. Milk samples at 

week 2 and 4 were analyzed for fat, protein, lactose and urea by near infrared spectroscopy 

(Lactoscope FTIR advanced, Delta Instruments, Drachten, The Netherlands). FPCM was 

calculated at 2 and 4 wk after calving as follows: (0.337 + (0.116 x % milk fat) + (0.06 x % 

milk protein)) x kg milk production [168] . 

 

Data Processing and Statistical Analysis 

All calves within one experimental condition were regarded as statistical replicates. Results are 

shown as least square mean averages. Data were analyzed by the MIXED procedure in SAS 

Enterprise (SAS Inst. Inc., Cary, USA), with experimental condition (CON, LIN or ESS) as 

main factor and group (6 groups) as random factor. The influence of dam parity and birth season 

was also tested on birth weight and daily gain in early life, using the MIXED procedure with 

parity or season as main factor and group as random factor. Normality of the residuals was 

checked graphically. When the test showed significant differences, Tukey’s post hoc tests were 

carried out. Statistical significance was assigned to P < 0.05. Statistical tendency was assigned 

to 0.05 < P < 0.10. When interaction effects were not significant, they were removed from the 

final model and only the main effects were presented. The correlation between age at first 

calving (AFC) or weight at first calving (WFC) with milk production was calculated using the 

Pearson correlation test. The influence of birth season on the milk production was tested using 

a One Way ANOVA test (SAS Enterprise, SAS Inst. Inc., Cary, USA).  
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RESULTS 

Animal performance until first calving 

The effect of early life treatment on performance is shown in Table 3, which presents a selection 

of time points of body weight registration and daily gain. If relevant, information on other ages 

is presented in the text below.  

BW and DMI. The BW at 3 d of age did not differ according to parity of the dam (heifer or 

cow), group (1, 2, 3, 4, 5 or 6) or experimental treatment to which calves were appointed (data 

not shown). Interestingly, the season in which the calves were born, did influence BW at 3 d of 

age (P = 0.03). Calves born in winter had a higher mean BW (40.4 kg ±3.89) compared to calves 

born in summer (35.6 kg ±3.34). Mean daily weight gain during the first 2 wk of life was higher 

for calves born from cows compared to calves born from heifers (P = 0.03; 411 g/d vs. 267 g/d, 

respectively). However, since calves born from heifers or from cows were randomly divided 

across treatment groups, this did not influence the treatment group means. At 4 wk of age, LIN 

calves had a higher BW compared to CON calves (P = 0.04) but by 8 wk of age, ESS calves 

obtained a comparable mean BW as LIN calves, which tended to be higher than CON calves 

(P= 0.06 and P= 0.07, respectively, Table 3). Total DMI or energy intake did not differ until 

weaning nor from weaning until leaving the open-circuit chambers at ca. 4 mo of age, however 

total crude fat intake during the treatment period was higher for LIN calves (P < 0.0001) (Table 

4 and 5). After the treatment period, calves went into group housing and the ration changed 

abruptly from hay and concentrates (+ supplement or not) to prewilted grass silage, maize silage 

and concentrates, which led to a temporarily drop in DMI and daily gain in all treatment groups. 

Later on, during 1 wk in the tie stable at ca. 6 mo of age (before the in vivo CH4 measurements), 

LIN calves had the highest DMI compared to CON calves (Supplementary Table 2), while both 

LIN and ESS calves tended to have a higher BW at 6 mo of age compared to CON calves (P = 

0.06 and P = 0.08, respectively). At 8 mo of age, this difference was significant. The higher 

BW of LIN and ESS heifers persisted until 22 mo of age. Measurements in the tie stable at ca. 

10 and 12 mo of age (2-wk periods) showed there were no differences in DMI. However, at 530 

days (ca. 19 mo) of age, DMI was higher again for LIN heifers (P = 0.03) (Supplementary Table 

2). At 24 mo of age, a number of LIN and ESS heifers already gave birth (LIN = 3, ESS = 4), 

influencing the average group BW, and no differences were found. During the 3 wk before 

calving, there were no differences in DMI (Figure 1A). However, LIN heifers had the highest 

BW at 2 wk before calving (P = 0.01) (Figure 1B).  
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Figure 1. A) Dry matter intake (kg/d) and B) bodyweight changes (kg) around first calving (*= P < 0.05, T= 

tendency set at 0.05 < P < 0.10). There were no measurements at 1 wk before calving because heifers were housed 

separately from the herd. 

 

Table 3. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on bodyweight and daily gain until 22 mo of age, on age of first artificial insemination (AI) 

and number of insemination attempts 

 Treatments1   

 Control LIN ESS SEM P-value 

Body weight, kg      

Day 3 38.5 39.8 38.9 1.22 0.67 

8 wk 64.8B 71.0A 71.1A 1.87 0.04 

4 mo 127 135 135 4.0 0.16 

12 mo 342B 365A 364A 6.99 0.04 

18 mo 498b 537a 536a 11.21 0.005 

22 mo 596b 644a 645a 12.68 0.003 

Daily gain, g/d      

Day 3 – 8 wk 493b 592a 574ab 26.6 0.03 

8 wk – 4 mo 919 1,009 1,021 57.7 0.16 

First year (0-12 mo) 825b 892a 891a 18.5 0.03 

Second year (12-22 mo) 846 914 920 31.5 0.10 

Feed conversion2,  

kg DMI/kg weight gain 

 

    

Day 3 - weaning 1.96 1.78 1.77 0.066 0.10 

Weaning- ca. 4 mo 3.02 2.90 3.10 0.096 0.31 

Energy conversion3,  

MJ intake/kg weight gain 
    

Day 3 - weaning 26.3A 23.1B 23.4B 0.97 0.06 

Weaning- ca. 4 mo 20.4 20.5 21.9 1.25 0.59 

Age at first AI (mo) 15.7a 14.7b 14.7b 0.34 0.03 

Insemination number 2.45 2.09 2.36 0.455 0.84 
1 Treatments consisted of: no supplement (CON, n= 12 until 18 mo old, from 18 mo: n= 11), extruded linseed 

(LIN, n = 11) and essential oil blend (ESS, n= 11). Means with different superscripts differ: lower case letters (adj. 

P < 0.05) and upper case letters (0.05 < adj. P < 0.10) are used. 2 Feed conversion efficiency calculated as kg DMI/ 

kg weight gain. This parameter was calculated for the period from weaning until leaving the open circuit chambers 

at ca. 4 months. 3 Energy conversion efficiency calculated as MJ intake/ kg weight gain.  
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Table 4. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on total feed intake and derived parameters for the period from day 3 until weaning 

 Treatments1   

Item CON LIN ESS SEM P-value 

Total intake, kg DM      

   Total DM, kg 55.2 57.8 55.9 2.11 0.67 

   Milk replacer  31.2 29.3 30.1 0.76 0.25 

   Standard concentrates  20.3 23.2 21.0 1.57 0.41 

   Hay  3.81 3.45 4.72 0.661 0.23 

   Supplement  - 1.88 -2 - - 

   Total energy intake, MJ 743 749 734 21.4 0.88 

   Total crude protein, kg 10.8 11.1 10.7 0.36 0.72 

   Total crude fat3, kg 6.61 6.86 6.45 - - 

   Total crude ash, kg 4.35 4.42 4.39 0.153 0.95 

   Total crude fiber, kg 3.19 3.56 3.58 0.268 0.47 

   Total starch, kg 7.13 8.46 7.40 0.555 0.23 

   Total sugar, kg 1.79 2.03 1.94 0.131 0.44 

1 Treatments consisted of: no supplement (CON, n= 12), extruded linseed (LIN, n = 10) and essential oil blend 

(ESS, n= 11). Means with different superscripts differ: lower case letters (adj. P < 0.05) and upper case letters 

(0.05 < adj. P < 0.10) are used. 2 Agolin Ruminant essential oil blend was supplemented in gelatin capsules at 0.5 

g/d, representing in total ca. 28 g until weaning. 3 No statistical information is given for this parameter, since the 

treatments differed in fat content. 

 
Table 5. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on total feed intake and derived parameters from weaning until leaving the open circuit 

chambers at ca. 4 mo 

 Treatments1   

Item CON LIN ESS SEM P-value 

Total intake, kg DM       

   Standard concentrates  125 130 136 12.7 0.82 

   Hay  22.3 25.8 30.2 3.49 0.29 

   Supplement2 - 18.9 4.9   

   Total DM, kg 147 175 171 16.6 0.44 

   Total energy intake, MJ 1,052 1,310 1,214 119.4 0.31 

   Total crude protein, kg 22.0 26.8 25.4 1.67 0.37 

   Total crude fat3, kg 4.22 10.0 4.92   

   Total crude ash, kg 9.98 11.3 11.7 1.13 0.52 

   Total crude fiber, kg 19.1 22.9 23.2 2.36 0.38 

   Total starch, kg 44.0 49.1 49.6 4.62 0.64 

   Total sugar, kg 10.9 12.3 12.8 1.23 0.54 

1 Treatments consisted of: no supplement (CON, n= 12), extruded linseed (LIN, n = 10) and essential oil blend 

(ESS, n= 11). Means with different superscripts differ: lower case letters (adj. P < 0.05) and upper case letters 

(0.05 < adj. P < 0.10) are used. 2 Essential oil blend was mixed in a separated concentrate (at 0.9% DM) from 

weaning until the end of the treatment period. 3 No statistical information is given for this parameter, since the 

treatments differed in fat content.  
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Daily gain, feed and energy conversion. Occurrence and duration of diarrhea during the 

pre-weaning period, as assessed by times and number of days electrolytes were administered in 

the milk replacer, was generally lower in LIN calves. On average, 92% of CON calves and 91% 

of ESS calves received electrolytes at least once, compared to 63% of LIN calves. Moreover, 

50% of CON calves had to be treated more than 3 times, compared to 36% for both LIN and 

ESS calves, and 33% of CON calves had to be treated 7 times or more compared to none of the 

LIN and ESS calves. Daily gain from 3 d until 8 wk of age was higher for LIN calves compared 

to CON calves (P = 0.03), but during the following period between 8 wk and the end of the first 

measurements in the open circuit chambers (ca. 4 mo of age), daily gain was only numerically 

higher for LIN and ESS calves (Table 3). However, over the whole treatment period, both LIN 

and ESS calves had a higher daily gain compared to CON calves (P = 0.02, data not shown), 

which persisted when assessed over the first year of life (P = 0.03; Table 3). Between 12 and 

22 mo of age, daily gain was only numerically higher for LIN and ESS heifers (P = 0.10). 

Because of the higher BW during the young stock period, the required minimum BW for first 

insemination (i.e. 425 kg in the current trial) was reached 1 mo earlier in LIN and ESS groups 

compared to the CON group (P = 0.03; 14.7 mo and 15.7 mo, respectively). However, mean 

age at first calving (AFC) was not different (Table 10), due to multiple insemination attempts 

necessary for several heifers in each treatment group (Table 3). Both feed conversion efficiency 

(FCE), calculated as kg DMI/ kg weight gain, as well as  ECE, calculated as intake in MJ/ kg 

weight gain, tended to be enhanced (P = 0.10 and P = 0.06, respectively) for LIN and ESS 

calves during the pre-weaning period (Table 3). However, these parameters were not different 

from weaning until ca. 4 mo of age (Table 3).   
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Methane Emissions, Microbial Abundances and Methanogen Activity 

No difference in CH4 emissions during the treatment period nor a programmed reduction later 

in life was found, irrespective of the functional units used (total daily CH4 emission, CH4 yield, 

i.e. daily CH4 emission expressed relative to kg DMI or per kg BW or CH4 intensity, i.e. daily 

CH4 emission expressed relative to milk production) (Table 6, Figure 2). This was also reflected 

in similar abundances and activities of methanogens (Table 7 and 8). Total DNA yield of rumen 

fluid samples did not differ between treatment groups on any tested age, nor did bacterial 

abundance. There were no differences in total VFA or individual VFA concentrations in the 

rumen fluid at 1, 4 or 6 mo of age (Supplementary Table 3). 

Table 6. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on in vivo methane emissions measured in open-circuit chambers (at ca. 4, 6, 12 and 18 mo 

of age) 

 Treatments1   

Item Control LIN ESS SEM P-value 

CH4 production      

Ca. 4 mo2      

g/d  37.2 36.6 38.7 5.06 0.72 

g/kg DMI 10.9 10.5 11.2 0.69 0.63 

g/kg BW 0.312 0.278 0.303 0.0429 0.37 

Ca. 6 mo3      

g/d (all) 85.1 94.4 83.2 10.11 0.20 

g/d (faunated) 85.5 97.4 87.1 15.54 0.30 

g/d (fauna-free) 82.1 95.9 65.4   

g/kg DMI (all) 20.8 21.8 20.7 2.24 0.58 

g/kg BW (all) 0.545 0.537 0.507 0.0600 0.23 

g/kg BW (faunated) 0.545 0.551 0.519 0.0739 0.38 

g/kg BW (fauna-free) 0.545 0.545 0.457   

Ca. 12 mo      

g/d 205 206 221 14.3 0.24 

g/kg DMI 27.5 26.1 27.8 1.57 0.24 

g/kg BW 0.582 0.540 0.588 0.0336 0.11 

Ca. 18 mo      

g/d 229 235 248 8.4 0.18 

g/kg DMI 24.6 24.8 25.4 0.91 0.48 

g/kg BW 0.495 0.471 0.493 0.0175 0.41 
1 Treatments consisted of: no supplement (CON, n= 12 until 18 mo old, from 18 mo: n= 11), extruded linseed 

(LIN) and essential oil blend (ESS).  
2 At ca. 4 mo of age, measurements were performed per two calves of the same experimental condition. One group 

of calves was omitted from the analysis because of health problems at the moment of sampling (fever and 

coughing; i.e. 2 calves of each experimental condition). 
3 At ca. 6 mo of age, all calves were faunated except for 7 (CON=2, LIN=3, ESS=2). Since protozoal status can 

influence CH4 emissions, data was calculated for all calves, for faunated calves only and for fauna-free calves only 

(for the latter no statistical comparison was made). Relative CH4/ kg DMI could not be calculated for fauna-free 

calves, since no feed leftovers were registered for this group in the open-circuit chambers (except for 1 calf of 

another group).  
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Figure 2. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on in vivo methane emissions and derived methane parameters around calving. There were 

no statistical differences. The SEM was calculated for each parameter per week: 1) methane production (p): SEM 

between 19.806 and 29.114; 2) methane yield (y): SEM between 1.244 and 2.847; 3) methane intensity (i): SEM 

between 0.831 and 1.500. There were no measurements at 1 wk before calving because heifers were housed 

separately from the herd. 

 

Irrespective of treatment, calves were lacking rumen protozoa at 1 and 4 mo of age 

(except for 1 CON calf), probably caused by the isolated rearing conditions. At 6 mo of age, 

after moving to group-housing in a stable where adult cows were housed as well, the majority 

of the calves had rumen protozoa, however, 7 calves (2 CON, 3 LIN and 2 ESS) still lacked 

rumen protozoa. Six of these 7 calves belonged to the same sampling group, which had been 

treated with a coccidiostat (Toltrazuril, Baycox Bovis, Bayer SA-NV, Diegem, Belgium) 2 wk 

before rumen sampling at ca. 6 mo of age. The seventh calf also received this treatment before 

rumen sampling (4 wk before). The CH4 emissions and microbial abundances at ca. 6 mo were 

also calculated taking into account only the faunated calves, thus removing fauna-free calves 

from the analysis (i.e. the “normal” situation) (Tables 6 and 7). On average, faunated calves 

had numerically higher CH4 emissions (g/d and g/kg BW) compared to the 7 fauna-free ones. 

Relative emissions to DMI (g/kg DMI) could not be calculated for the 7 fauna-free calves, since 

no feed leftovers were registered for this group in the open-circuit chambers (except for the 1 

calf of another group). As expected, the relative methanogen abundance of faunated animals 

was higher compared to fauna-free animals (2.5-fold based on relative mcrA abundance and 

2.1-fold based on relative 16S rRNA abundance). However, methanogen abundance also did 
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not differ between treatments when only faunated animals were considered. This was in contrast 

to bacterial abundance: LIN calves had the lowest bacterial abundance when only faunated 

calves were considered (P = 0.03) (Table 7). These analyses were not performed on rumen 

samples of animals at older ages, since no strong treatment effects were found on the rumen 

microbial abundances or methanogenic activity during the treatment period nor at 2 mo after 

the treatment period ended, and additionally because no effects were found on CH4 emissions 

throughout the trial. 

Table 7. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on abundance of total rumen methanogens, bacteria and protozoa at ca. 1, 4 and 6 mo of 

age 

  Treatments1   

Item Age CON LIN ESS SEM P-value 

Methanogens mcrA2 Ca. 1 mo -2.50 -2.58 -2.45 0.176 0.70 

 Ca. 4 mo° -2.66 -2.57 -2.54 0.0898 0.59 

 Ca. 6 mo -1.83 -1.94 -1.86 0.102 0.56 

 Ca. 6 mo* -1.78 -1.79 -1.79 0.0863 0.98 

Methanogens rrs2 Ca. 1 mo -2.28 -2.35 -2.31 0.151 0.84 

 Ca. 4 mo° -2.38 -2.28 -2.30 0.0826 0.61 

 Ca. 6 mo -1.80 -1.92 -1.87 0.0899 0.37 

 Ca. 6 mo* -1.78 -1.81 -1.80 0.0865 0.84 

Bacteria3 Ca. 1 mo 6.99 6.81 6.96 0.0796 0.25 

 Ca. 4 mo° 6.98 6.80 6.87 0.132 0.56 

 Ca. 6 mo 6.45 6.37 6.48 0.154 0.80 

 Ca. 6 mo* 6.45a 6.11b 6.43a 0.166 0.03 

Protozoa3 Ca. 1 mo 0† 0 0 - - 

 Ca. 4 mo 0† 0 0 - - 

 Ca. 6 mo 4.04 2.65 4.03 2.231 0.31 

 Ca. 6 mo* 6.25 6.01 6.15 0.261 0.26 

1 Treatments consisted of: no supplement (CON), extruded linseed (LIN) and essential oil blend (ESS). Means 

with different superscripts differ: lower case letters (adj. P < 0.05).  

° At 4 mo of age, 1 group of calves was omitted from the analysis because of health problems at the moment of 

sampling (fever and coughing; i.e. 2 calves of each experimental condition). 
2 Log10 of gene copies of target gene/ bacterial rrs. 
3 Log10 of gene copies of (bacterial or protozoal) rrs/µL DNA extract. 

*Only the faunated calves are used in this analysis. Number of calves presenting protozoa at ca. 6 mo was CON: 

n=10, LIN: n= 8, ESS: n= 9). The 7 fauna-free calves had been treated with an antiprotozoal product against 

coccidiosis within 1 mo before rumen sampling. 

† Only 1 CON calf presented rumen protozoa at 1 and 4 mo of age (no analysis performed).  
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Table 8. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on expression levels of the mcrA gene at ca. 1, 4 and 6 mo of age (normalized according to 

methanogenic rrs expression) 

  Treatments1   

Item Age CON LIN ESS SEM P-value 

Expression levels, fold change Ca. 1 mo 1.00 1.18 0.66 0.287 0.43 

Ca. 4 mo° 1.00 0.98 0.77 0.243 0.76 

 Ca. 6 mo 1.00B 1.25A 1.12B 0.118 0.11 

 Ca. 6 mo* 1.00 1.27 1.11 0.140 0.13 

1 Treatments consisted of: no supplement (CON), extruded linseed (LIN) and essential oil blend (ESS). 

° At 4 mo of age, 1 group of calves was omitted from the analysis because of health problems at the moment of 

sampling (fever and coughing; i.e. 2 calves of each experimental condition). 

*Only the faunated calves are used in this analysis. Number of calves presenting protozoa at ca. 6 mo was CON: 

n=10, LIN: n= 8, ESS: n= 9). The 7 fauna-free calves had been treated with an antiprotozoal product against 

coccidiosis within 1 mo before rumen sampling. 

 

DMI, BW, Milk Production and Energy Balance after Calving 

There were no differences in DMI between treatment groups for the period from calving until 

5 wk after calving (Figure 1A), nor for daily milk production (over 5 wk), the 35-d average 

milk production, FPCM or milk composition at 2 and 4 wk after calving (concentrations and 

yield of fat, protein and lactose) (data of yield not shown) (Table 9). Colostrum production from 

the first milking did not differ between experimental groups, nor did IgG concentrations or total 

IgG produced. The age at first calving (AFC) was positively correlated with milk production 

during the first 5 wk of lactation (Supplementary Table 4), and with the mean 35-day milk 

production (Pearson correlation coefficient: 0.57, P = 0.0008). Also, BW the day after calving 

(WFC) was positively correlated with milk production (mean 35-d milk production: Pearson 

correlation coefficient: 0.52; P = 0.003). Birth season did not influence milk production 

(Supplementary Table 4).  

The LIN heifers tended to be the heaviest 1 wk after calving (on average 44.6 kg and 

27.1 kg heavier than CON and ESS heifers, respectively, P = 0.09), and at 2 wk after calving 

they were significantly heavier than CON heifers (on average 58.7 kg more, P = 0.04). LIN 

heifers lost the least amount of weight compared to CON heifers during the first 2 wk of 

lactation. Between wk 2 and wk 4 after calving and over the first 4 wk of lactation, there were 

only numerical differences in weight loss (Table 11). The theoretical energy balance that was 

calculated at 4 wk after calving was more negative for LIN and ESS heifers compared to CON 

heifers (P = 0.01), however, feed and energy efficiency were better in both LIN and ESS heifers 

(P = 0.05 and P = 0.04, respectively). This probably explains why LIN and ESS heifers did not 

lose more BW. Nitrogen efficiency tended to be increased in LIN heifers compared to CON 
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heifers at 2 wk after calving, and this was significant at 4 wk after calving (P = 0.06 and P = 

0.03, between LIN and CON, respectively). Overall, during the first 5 wk after calving, LIN 

heifers tended to have the least weight loss (P = 0.08) and tended to be heavier than CON heifers 

at 5 wk after calving (on average 58.0 kg more, P= 0.08) (Figure 1B). Furthermore, BW of the 

(female) calf was numerically higher for LIN and ESS heifers (P = 0.14).   

 

Table 9. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on first lactation-related parameters 

 

 

 

 

 

 

Treatments1  P-value 

 CON LIN ESS SEM 
Postnatal 

treatment 

Colostrum (1st 

milking) 

     

Production (L) 6.40 6.59 5.77 0.883 0.77 

IgG concentration2 

(g/L) 
78.4 85.6 80.7 8.14 0.82 

Total IgG content2 (g) 581 646 461 153.1 0.66 

Milk production 

(kg/d) 
     

Wk 1 19.4 19.6 19.6 0.86 0.99 

Wk 2 25.4 27.4 26.3 1.24 0.43 

Wk 3 27.4 29.6 29.7 1.37 0.33 

Wk 4 29.7 31.6 31.7 1.37 0.45 

Wk 5 30.8 32.5 31.8 1.23 0.62 

Average over 35 d 26.4 27.9 27.6 1.12 0.54 

FPCM3      

Wk 2 28.4 29.9 27.9 1.76 0.67 

Wk 4 29.3 32.5 33.1 1.81 0.13 

Milk composition 

(%) 
     

Fat (wk 2) 5.00 4.85 4.58 0.211 0.33 

Fat (wk 4) 4.34 4.35 4.48 0.240 0.83 

Protein (wk 2) 3.22 3.26 3.15 0.076 0.55 

Protein (wk 4) 3.08 3.01 3.00 0.070 0.60 

Lactose (wk 2) 4.63 4.60 4.68 0.037 0.32 

Lactose (wk 4) 4.74 4.72 4.71 0.052 0.91 
 

1 Treatments consisted of: no supplement (CON), extruded linseed (LIN) and essential oil blend (ESS).  
2 Calculated as in Bielmann et al. 2010. Some colostrum samples could not be qualified by estimating the amount 

of immunoglobulines using a refractometer and 2 samples were left out of analysis due to very low IgG levels 

(0.7g/L and 1.8 g/L) resulting in CON (n=8). LIN (n=8). ESS (n=8).  
3 Fat and protein corrected milk; was calculated at 2 and 4 wk after calving as follows: (0.337 + (0.116 x % milk 

fat) + (0.06 x % milk protein)) x kg milk production. 
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Table 10. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from 

birth until 4 mo of age on post-calving parameters 

 

 

 

 

 

Treatments1  P-value 

 CON LIN ESS SEM 
Postnatal 

treatment 

Age at first calving (mo) 26.6 25.5 26.0 0.596 0.40 

BW female calf2 (kg) 37.7 41.2 41.3 1.49 0.14 

Theoretical energy balance3 -826.9a -2,935b -3,922b 933.04 0.01 

VEM intake/d  16,991 16,123 15,929 563.2 0.37 

VEM requirements/d 17,850 19,169 19,871 979.13 0.15 

Weight loss after calving (kg)      

1 day –Wk 2  -43.4b -17.4a -33.6ab 5.89 0.02 

Wk 2 – Wk 4 -8.92 -14.98 -12.93 5.914 0.62 

1 day – Wk 4 

 
-52.5 -34.5 -46.5 8.76 0.29 

1 day – Wk 5 -64.1B -31.8A -55.3AB 10.84 0.08 

Feed efficiency4      

Wk 2 2.12 2.29 2.21 0.122 0.65 

Wk 4 1.79b 2.07a 2.08a 0.110 0.05 

Energy efficiency5      

Wk 2 0.304 0.335 0.320 0.0177 0.47 

Wk 4 0.255b 0.297a 0.300a 0.0156 0.04 

Nitrogen efficiency6      

Wk 2 0.332B 0.372A 0.347AB 0.0176 0.16 

Wk 4 0.294b 0.338a 0.321ab 0.0135 0.08 
 

1 Treatments consisted of: no supplement (CON), extruded linseed (LIN) and essential oil blend (ESS). Means 

with different superscripts differ: lower case letters (adj. P < 0.05) and upper case letters (0.05 < adj. P < 0.10) are 

used.  
2 Female calves born within each experimental condition: CON (n=7), LIN (n=6), ESS (n=10). 
3 Energy balance was calculated at 4 wk after calving as: VEM/d taken up through the feed minus VEM necessary 

for maintenance and milk production (i.e. ((6,45*BW)+1,265+442*kg FPCM)*(1+0,00165*(kg FPCM-15) + 

additional VEM for growth= 660 VEM). 1 VEM = 6.9 kJ net energy for lactation. 
4 Feed efficiency was calculated as kg FPCM/ kg DMI in that week. 
5 Energy efficiency was calculated as kg FPCM/ VEM, and expressed in the tables as kg FPCM/ MJ intake (1 

VEM = 0.006904 MJ). 
6 Nitrogen efficiency was calculated as nitrogen excreted in the milk divided by nitrogen intake through the feed. 
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DISCUSSION 

 

Lack of effect on methane emissions 

The lack of effect on CH4 emissions in both LIN and ESS calves during the treatment period is 

in contrast with observed effects of such supplementation in adult ruminants [74,88]. This can 

be due to several reasons. Possibly the difference is linked to the degree of rumen development 

(newborn calves vs. adult lactating cows), resulting in a different response of the micro-

organisms in early life in comparison with the mature rumen microbiome. E.g. the dominant 

bacterial and archaeal groups in the developing rumen could be less sensitive to the toxic effects 

than the microbiota in the adult rumen. In addition, calves were (unintentionally) fauna-free 

during the treatment period, which could have influenced the microbial response. Furthermore, 

the dose of supplementation could have been too low. In the case of the extruded linseed, this 

was based on an effective dose in adult dairy cows [88], calculated relatively for an estimated 

rumen volume of a young calf. Possibly this volume-based calculation resulted in an 

underestimation of the effective dose. Concerning the blend of essential oils, the product Agolin 

Ruminant had not been tested before as a CH4-reducing product in newborn dairy calves at the 

start of the experiment. Following the manufacturer’s instructions, half of the effective dose for 

an adult cow (1 g/d) was supplemented and not increased, resulting in a decreasing dose 

relatively to BW or rumen volume during the treatment period. No effect was found on CH4 

emissions, although in terms of BW, the relative dose that the calves received at 16 wk was still 

higher than the effective dose for an adult cow (i.e. for example 0.002 g/kg BW for a cow 

weighing 650 kg, compared to 0.004 g/kg BW at 16 wk for ESS calves). Possibly, the fauna-

free status of calves during the supplementation period is part of the reason why no effects were 

observed, since Agolin Ruminant has been found to reduce protozoal numbers (personal 

communication Beatrice Zweifel and Diego Morgavi, 2018). Finally, specifically for LIN 

calves, the physical form of the linseed was perhaps not optimal for a quick release of the PUFA. 

The crumble should first be partly digested before the non-esterified PUFA can be released. 

However, the same extruded product resulted in 38% CH4 reduction in adult cows [88], possibly 

linked with the increased digestive function of the mature rumen. Linseed oil could have been 

a better choice for calves, since this means the PUFA are more readily available and can have 

direct toxic effects on the rumen microbes.   
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Effects of supplementation on performance 

The BW of calves at 3 d of age was influenced by the season in which they were born, which 

is also reported in literature [153]. However, this did not interfere with the treatment, since 

calves were randomly distributed at birth. Over the whole trial, LIN heifers had the best 

performance: LIN calves had the least diarrhea problems in early life, reached a higher mean 

BW at 4 wk of age, had a higher BW compared to CON heifers during the largest part of trial 

and lost least weight in the first 5 wk after calving. In addition to a better feed and energy 

conversion compared to CON heifers (also observed in ESS heifers), LIN heifers also had the 

best N efficiency of all treatment groups after calving. 

Reasons for better performance in LIN and ESS calves in early life. The higher daily gain 

of LIN and ESS calves during the treatment period was not linked to a higher DMI. Mechanisms 

through which the feed supplements could have led to this are: 1) by providing energy-dense 

supplements (in the case of LIN), 2) by improving (gut) health in early life (e.g. less diarrhea, 

leading to lower nutrient losses) and 3) by enhanced digestive efficiency. On the nutritional 

side, the benefits of extruded linseed are obvious because of the high content of fat, protein and 

starch, although only fat intake (and not energy intake) differed during the treatment period. 

The extra intake of fat in early life of LIN heifers could have led to extra daily gain, as is also 

described in literature when adding extra fat in the milk replacer [169,170]. This is in contrast 

to Agolin Ruminant, which was supplemented at only 0.5 g/ d in a gelatin capsule. Following, 

the improved daily gain during the treatment period was mainly caused by an increased FCE 

and ECE until weaning (tendency), instead of an increased DM or energy intake. The increased 

FCE and ECE in LIN and ESS calves was possibly caused by an improved health status in early 

life and/or an enhanced digestive efficiency (without a longer retention time, [171]), as 

suggested above. In the current study, gut health in early life could only be deduced from the 

occurrence of diarrhea. LIN calves had the least problems with diarrhea until weaning, while 

the ESS calves had the same percentage of diarrhea occurrence as CON calves, but the severity 

was less (as assessed by the number of electrolyte treatments/ diarrhea case). This means the 

incidence of diarrhea was not reduced due to supplementation of the essential oil blend, but 

calves recovered more quickly. It is important to mention that the milk replacer was made 

without essential oils specifically for this trial, and that CON calves did not receive any essential 

oils. However, daily gain until weaning in CON calves (493 g/d) or in LIN and ESS calves (592 

and 574 g/d, respectively) was all within a range described in literature for a commercial farm 

with 624 Holstein heifers (320 – 1270 g/d) [143]. Still, the improved performance in ESS calves 
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compared to CON calves underlines the importance of essential oil intake for dairy calves in 

early life, which thus can have a positive influence on growth performance. A positive influence 

of supplementing essential oils (in the milk replacer or the drinking water) during the pre- 

and/or post-weaning period on FCE and nutrient digestibility was also described in male 

Holstein calves [158]. Furthermore, this resulted in a reduced incidence of diarrhea. 

Importantly, the essential oils that were provided through the milk replacer are likely to (at least 

partially) by-pass the rumen, in contrast to what is aimed for with the set-up in the current study 

(capsule). However, secondary metabolites from the essential oil blend can continue from the 

rumen on to the small intestine, having effects there which are in accordance to the effects seen 

by Soltan et al. [158]. Furthermore, an improvement of the FCE without a difference in daily 

gain was also found for yearling steers (BW= 398 ± 34 kg) which were fed 1 g/d of an essential 

oil blend [172]. The current results indicate that the intake of extruded linseed crumble as well 

as the essential oil blend in early life improved gut health and protected against diarrhea-related 

problems. An improved digestion, partially explained by less diarrhea occurrence, could also 

possibly be due to an altered rumen and/or hindgut microbiota. No differences were found in 

the abundance of the main rumen microbial groups (total bacteria, archaea and protozoa) in the 

current study, although this does not rule out a different community structure was formed in 

LIN and ESS calves due to the nutritional treatments. Several studies describe the tight 

connection between the rumen microbiota (e.g. richness, diversity, specific taxa or OTUs) and 

the ruminant’s ability to extract energy from feed, pointing out that the functional characteristics 

of a small number of species can have a large impact on community structure and ecosystem 

functioning, and in turn on the productivity of the host [173–175]. A deeper investigation of the 

rumen community structure is thus warranted to elucidate these questions. Furthermore, the 

possibility exists that the early life feed supplements influenced the development of the 

microbiota downstream in the gastro-intestinal tract (e.g. the hindgut), possibly resulting in an 

improved digestibility. An argument for this hypothesis is a recent study that showed that an 

early life treatment might have little effect on the rumen microbial community, but rather alters 

the hindgut community [176]. Unfortunately, hindgut microbiota were not sampled in the 

current experiment.  

 

The productive phase of life. Although LIN and ESS heifers were inseminated on average 

1 mo earlier than CON calves (due to the higher BW), this did not result in a lower AFC or 

greater milk yield (until 5 wk in lactation). Within each treatment group, several heifers needed 

multiple insemination attempts, indicating overall fertility was not changed. These results are 
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in contrast with several (large-scale) studies that showed positive long-term effects on BW, age 

at first calving or milk yield as a result of improved daily growth during the pre-weaning period 

or first 6 mo of life [142–144]. Another recent cohort study including 433 heifers from 6 dairy 

herds confirmed that daily gain during the pre-pubertal period was the event from birth until 

first calving with the largest influence on lactation performance in pasture-based dairy herds 

[177]. Daily gain during the post-pubertal period was also associated with some lactation 

performance measurements, but this was less strong. However, in agreement with the current 

study, juvenile ADG and performance during first lactation were not correlated in another study 

with Holstein Friesian heifers [178]. Additionally, they found AFC (positive correlation) and 

birth season to be the most important factors influencing milk yield during first lactation. In the 

current study, we also observed that AFC had a slightly better correlation with first lactation 

performance than WFC, however we did not find an effect of birth season on milk production. 

Even though birth season affected birth weight (winter-born calves being heavier than summer-

born calves), this did not lead to better performance in later life, which could perhaps be 

attributed to extra variation induced by the nutritional treatments. This result is supported by a 

study which found lower birth weight does not have adverse effects on productivity (or fertility) 

in the first lactation [179]. 

The feed consumed by the heifers in early lactation is primarily used for the production 

of milk due to their genetics, however this energy must also be used for several other functions 

such as maintenance and growth. Numerically, LIN and ESS heifers had a lower VEM intake 

than CON heifers while their VEM requirements were numerically higher, leading to a more 

negative energy balance at 4 wk after calving. This theoretical energy balance did not 

correspond to the observed weight losses after calving, which however did correspond to the 

improved feed and energy efficiency in LIN and ESS heifers and additionally improved N 

efficiency in LIN heifers. 

CONCLUSION 

No (programmed) CH4 reduction was established by feeding extruded linseed or an essential 

oil blend from birth until 4 mo of age. Possibly the dose or the availability of the supplements 

was too low to (permanently) alter the methanogenesis during the treatment period. However, 

daily gain during the first year of life was improved by both nutritional treatments, leading to 1 

month earlier insemination. The improved feed efficiency in the early life of LIN and ESS 

heifers was maintained until 4 wk after calving, suggesting some sort of physiological, 

metabolic or microbial programming occurred on this level.  
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SUPPLEMENTARY DATA 

Supplementary Table 1. Calf metadata and medical treatments performed on the calves (not including diarrhea treatments before weaning). Antibiotics are shown in bold font. 

Experimental conditions: CON= 0, LIN= 1, ESS= 2. 

Number 
Farm 

code 

Date of birth 

(d/m/y) 

Experimental 

condition 
Group 

Mother: 

heifer (0) 

or cow (1) 

Medical treatments or illnesses 

(individual) 

Medical treatments or illnesses  

(in group) 

1 V490 28/05/2014 0 1 1  

Whole group at ca. 6 months old: 

fever during week in tie stable, 

probably due to draft. Painkillers 

were given (Ketofen) 

 

2 V491 2/06/2014 1 1 0  

3 V492 7/06/2014 2 1 0  

4 V494 10/06/2014 0 1 0  

5 V496 14/06/2014 1 1 0  

6 V497 17/06/2014 2 1 0  

7 V498 18/06/2014 2 2 1  

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) in group housing. 

First treatment 1 week after leaving 

the open-circuit chambers at ca. 6 

months of age, and second treatment 

10 days after the first. 

8 V499 19/06/2014 1 2 1  

9 V501 22/06/2014 0 2 1 

-5 d: Navel infection. Closely 

observed, not treated. Healed. 

-Ca. 6 months old: Fever and 

infection of upper respiratory tract. 

Antibiotics not deemed necessary, 

and not given. 

10 V503 1/07/2014 2 2 1  

11 V504 4/07/2014 0 2 0  

12 V508 8/08/2014 1 3 0   

13 V509 12/08/2014 2 3 0   

14 V510 24/08/2014 0 3 0   

15 V511 26/08/2014 1 3 1   

16 V514 9/09/2014 0 3 1 

At ca. 6 months, in the tie stable: 

fever. Painkiller was given (4cc 

Ketofen) 

 

17 V515 24/09/2014 1 4 0  
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18 V516 25/09/2014 2 4 0  -All had fever after vaccination 

against RSV virus, para-influenza 

and Mannheimia hemolytica (ca. 4 

months of age): treatment with 4cc 

Draxxin (tulathromycine) 

 

-Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) necessary for 

whole group (first treatment 10 days 

before rumen sampling at ca. 6 

months of age, second treatment 

after this rumen sampling) 

19 V518 13/10/2014 0 4 0  

20 V520 19/10/2014 1 4 0  

21 V522 28/10/2014 2 4 1 

Weakened by diarrhea: 8 days 

before rumen sampling at ca. 6 

months of age treated with Borgal 

(sulfadoxine, trimethoprim) and 

intravenous rehydration 

22 V523 31/10/2014 0 4 1  

23 V526 12/11/2014 0 5 0 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) at ca. 5 months 

of age 

-Coccidiosis treatment: (Baycox 

Bovis, Toltrazuril) Second treatment 

for whole group in group housing at 

ca. 5 months of age. 

24 V528 29/11/2014 1 5 0 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) at ca. 5 months 

of age 

25 V552 21/12/2014 2 5 0 

-Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) at ca. 4 months 

of age (20 d after rumen sampling) 

-Swollen foot: ca. 11 months of 

age; pain killer (Ketofen) and 

Borgal (sulfadoxine, 

trimethoprim) 

26 V553 24/12/2014 0 5 0 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) at ca. 4 months 

of age (20 d after rumen sampling) 

27 V554 29/12/2014 2 5 1 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) at ca. 4 months 

of age (30 d after rumen sampling) 

28 V555 30/12/2014 1 5 0 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) at ca. 4 months 

of age (30 d after rumen sampling) 
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29 V556 30/12/2014 2 6 0 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) two treatments 

at ca. 5 months of age, last 

treatment 1 month before rumen 

sampling at ca. 6 months of age 

 

30 V558 15/01/2015 1 6 1 

Coccidiosis treatment (Baycox 

Bovis, Toltrazuril) two treatments 

at ca. 5 months of age, last 

treatment 1 month before rumen 

sampling at ca. 6 months of age 

 

31 V559 8/02/2015 0 6 1  Coccidiosis treatment (Baycox 

Bovis, Toltrazuril). Two treatments 

with 10 days in between, first at 1 

month before rumen sampling at ca. 

6 months of age 

32 V560 14/02/2015 0 6 0  

33 V561 15/02/2015 2 6 1  

34 V562 20/02/2015 1 6 1  
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Supplementary Table 2. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from birth until 4 mo of age on dry matter intake 

during different tie stable periods (different diet compositions) 

 

 

 

 

 

Treatments1  P-value 

 CON LIN ESS SEM Postnatal treatment 

Ca. 6 mo (1 week)      

Age at start tie stable, days 159 165 161 - - 

Total DMI, kg/d 3.93b 4.43a 4.15ab 0.483 0.04 

Ca. 10 mo (2 weeks)      

Age at start tie stable, days 295 300 298 - - 

Total DMI week 1, kg/d 7.40 7.27 7.53 0.196 0.60 

Total DMI week 2, kg/d 7.47 7.63 7.76 0.294 0.67 

Ca. 12 mo (2 weeks)      

Age at start tie stable, days 361 366 365 - - 

Total DMI week 1, kg/d 7.08 7.12 7.14 0.490 0.97 

Total DMI week 2, kg/d 7.55 7.55 7.59 0.425 0.99 

Ca. 18 mo2      

Age at start tie stable, days 507 512 511 - - 

Total DMI (ca. 510 d), kg/d 8.60 9.00 9.05 0.307 0.18 

Total DMI (ca. 520 d), kg/d 8.69 9.39 9.19 0.377 0.14 

Total DMI (ca. 530 d), kg/d 8.67b 9.57a 9.38ab 0.325 0.03 

Total DMI (ca. 540 d), kg/d 9.23 9.83 9.73 0.283 0.10 

Total DMI (ca. 550 d), kg/d 9.60 9.99 9.93 0.265 0.43 
1 Treatments consisted of: no supplement (CON), extruded linseed (LIN) and essential oil blend (ESS). Means with different superscripts differ: lower case letters (adj P < 0.05) 

and upper case letters (0.05 < adj. P < 0.10) are used. 2 Heifers stayed for a period of 10 or more weeks in the tie stable between the age of 16 and 19 mo (not all groups started 

at the same age in the tie stable). Five weeks are presented (with the mean age), in which all 6 groups are included.
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Supplementary Table 3. Effect of postnatal supplementation of extruded linseed (LIN) or a blend of essential oils (ESS) from birth until 4 mo of age on VFA concentrations 

(µmol/ mL) in the rumen fluid at ca. 1, 4 and 6 mo of age* 

 

 

 

 

 

Treatments1  P-value 

 CON LIN ESS SEM Postnatal treatment 

1 mo old (N= 34)      

Acetate 8.16 7.68 7.98 1.006 0.92 

Propionate 3.46 3.18 3.74 0.582 0.74 

Butyrate 1.13 1.35 1.15 0.345 0.83 

Total VFA2 13.6 13.0 13.8 2.017 0.94 

4 mo old (N= 24)      

Acetate 4.92AB 4.62B 5.48A 0.393 0.08 

Propionate 1.71 1.98 1.69 0.187 0.42 

Butyrate 0.520 0.487 0.443 0.0671 0.67 

Total VFA2 7.46 7.41 7.91 0.591 0.71 

6 mo old (N= 33)      

Acetate 7.54 7.52 7.27 0.722 0.88 

Propionate 1.61 1.51 1.66 0.159 0.76 

Butyrate 1.12 0.908 1.05 0.165 0.58 

Total VFA2 10.9 10.4 10.5 1.001 0.88 
1Treatments consisted of: no supplement (CON), extruded linseed (LIN) and essential oil blend (ESS). Means with different superscripts differ: lower case letters (adj P < 0.05) 

and upper case letters (0.05 < adj. P < 0.10). 
2 Total VFA consisting of 7 short chain fatty acids: C2:0 (acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 

(caprionate). 

 

*At 1 mo of age, all calves are included (N=34). At 4 mo of age, total calves per group is CON=9, LIN= 8, ESS= 7. Reasons for omitting samples: 1) group 4 was left out of 

the analysis because of health problems at the moment of sampling (fever and coughing, leading to several outlier values) (i.e. 2 calves of each experimental condition), 2) 2 

calves (1 LIN and 1 ESS) were not sampled because of blood in the sampling tube, and 3) 2 calves (1 CON, 1 ESS) with aberrant rumen fluid (a lot of saliva contamination, 

leading to several outlier values). At 6 mo of age, 1 ESS calf had not been sampled.
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Supplementary Table 4. Pearson correlations between age at first calving (AFC), weight at first calving (WFC) and milk production (MP). Effect of birth season on milk 

production (one way ANOVA) 

Item MP wk 1 MP wk 2 MP wk 3 MP wk 4 MP wk 5 MP over 35d 

AFC: Pearson coefficient 

          P-value 

 

0.54 

0.002 

0.48 

0.007 

0.57 

0.0008 

0.51 

0.004 

0.55 

0.001 

0.57 

0.0008 

WFC: Pearson coefficient 

          P-value 

 

0.43 

0.02 

0.49 

0.006 

0.58 

0.0009 

0.40 

0.03 

0.48 

0.007 

0.52 

0.003 

Birth season: P-value 

                      SEM 

0.31 

2.59 

0.47 

3.40 

0.58 

3.98 

0.76 

4.05 

0.93 

3.71 

0.63 

3.27 
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ABSTRACT 

The aim of this study was to investigate the methane (CH4) reducing potential of a combination 

of pre- and/or postnatal treatment with coconut oil medium chain fatty acids (CO MCFA) in 

goat kids. The hypothesis is that influencing rumen function during early life has more chances 

for success than in the adult life, related to the resilience of the mature rumen microbiota. Forty-

eight pregnant does were split into 2 experimental groups: treated does (D+) received 40 g/d of 

CO MCFA in a test compound feed, while control does (D-) received a control compound feed, 

during the last 3 wk of gestation. Twin kids from 10 does of each group were split up into a 

treated (K+) and non-treated (K-) group, resulting in 4 experimental groups: D+K+, D+K-, D-

K+ and D-K-. The K+ kids received 1.8 mL/d of CO MCFA from birth until 2 wk post-weaning 

(11 wk). Irrespective of treatment, the experimental rearing conditions resulted in absence of 

rumen protozoa at all sampling times, assessed by quantitative PCR. In vitro incubations with 

rumen fluid at 4 wk old showed 82% lower CH4 production of inoculum from D+K+ kids 

compared to D-K- kids (P = 0.01). However, this was accompanied by lower total volatile fatty 

acids (tVFA) production (P = 0.006) and higher hydrogen accumulation (P = 0.008). 

Quantitative PCR targeting the mcrA and rrs genes confirmed a lower abundance of total 

methanogens (P < 0.02) and total eubacteria (P = 0.02) in D+K+ kids at 4 wk old. Methanogenic 

activity, as assessed by mcrA expression by RT-qPCR, was also lower in these kids. However, 

activity did not always reflect methanogen abundance. At 11 and 28 wk old, prenatal and 

postnatal effects on in vitro fermentation and rumen microbiota disappeared. Nevertheless, 

lower milk replacer intake in the first 4 wk resulted in reduced BW in K+ kids, persisting until 

28 wk of age. Additionally, differences assigned to postnatal treatment were found in papillae 

density, width and length in different areas of the rumen, recorded at 28 wk old. Conclusion: 

pre- and postnatal supplementation with CO MCFA reduced in vitro CH4 emissions until 4 wk 

old by depressing methanogen abundance and activity but at the expense of rumen fermentation 

and eubacterial abundance. Unfortunately, daily gain of K+ kids was suppressed. Some rumen 

papillae characteristics differed at 28 wk old due to postnatal treatment which ended at 11 wk 

old, indicating rumen papillary development can be affected by the early life nutritional 

circumstances. 

Key words: goat kids, in vitro enteric methane, medium chain fatty acids, prenatal/postnatal 

programming, (RT-) qPCR, rumen papillae  
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INTRODUCTION 

Nearly 50% of global greenhouse gas emissions coming from livestock farming is methane 

(CH4) [3]. Microbial fermentation in the rumen is the main contributor to these CH4 emissions. 

Coconut oil (CO), rich in medium chain fatty acids (MCFA) [110], is a promising CH4-reducing 

feed supplement [87]. In the rumen it might act as a defaunating agent [180], affecting 

methanogens indirectly [47] but it also might affect methanogens directly [181]. However, the 

CH4-reducing effects of CO have not yet been proven to be persistent, in part due to generally 

short-term studies, while microbial adaptation is likely to occur given the resilient microbial 

community in the mature rumen [182]. Manipulating rumen function in early life (EL) could 

modify the microbiota in a targeted and permanent manner, using less supplement, while 

potentially resulting in long-lasting CH4 reductions [183]. The rapid initial colonization of the 

rumen [28,51] illustrates the need for early interventions in very young animals for 

manipulation of these processes. Recent studies [62,146] explored early postnatal nutritional 

interventions, while fewer studies also investigated the potential of prenatal programming 

[147,63]. Accordingly, we hypothesized that supplementation with CO MCFA in EL could 

result in persistent lower CH4 production, through suppressing effects on the rumen microbiota. 

As a change in rumen fermentation is expected, this suggests rumen papillae development could 

be affected as well [184]. These changes could persist after ceasing the treatment. 
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MATERIALS AND METHODS 

The experiment was approved by the ethical committee of the Faculty of Veterinary Medicine 

(Ghent University, Belgium, approval number EC2015/12) and the experiment was conducted 

at the experimental stables of the Laboratory for Animal Nutrition and Product Quality (Melle, 

Belgium). All persons involved with animal care and sampling had previously obtained the 

necessary FELASA (Federation of European Laboratory Animal Science Associations) 

certificates. 

 

Animals, treatments and experimental design  

Prenatal treatment. A flock of 48 synchronized pregnant dairy goats (Saanen) from a 

commercial farm (Zele, Belgium) was randomly split into two groups (D-, control and D+, 

treated) for the last 3 wk of gestation. Both groups were offered 2 x 0.5 kg/d of a compound 

feed, which only differed in type of oil included (at 40 g/ kg DM), i.e. palm oil for the D- group 

and unesterified MCFA from CO (AVEVE, Merksem, Belgium) for the D+ group. Both 

concentrates were iso-energetic. Table 1 shows the fatty acid composition of the palm oil and 

unesterified MCFA product from CO used in the compound feed. All does were fed the same 

roughage mixture: prewilted grass silage (ad libitum) from the beginning of the dry period (6 

wk before parturition) until 2 wk before parturition, followed by a mixture of prewilted grass 

silage, maize silage and sugar beet pulp (200 / 720 / 80 g/kg DM respectively, ad libitum) during 

the last 2 wk of gestation.  

 

Table 1. Fatty acid composition of palm oil (control product) and unesterified MCFA product from coconut oil 

used in compound feeds of does and supplemented to the K+ kids (MCFA from coconut oil only) 

Item 

MCFA from 

coconut oil Palm oil 

Fatty acid, g/kg 
  

C8:0 75 

 

ND 

C10:0 60 ND 

C12:0 470 2 

C14:0 185 10 

C16:0 93 415 

C18:0 30 43 

C18:1 n-9 70 368 

C18:2 n-6 17 

 

 

99 

C18:3 n-3 ND 34 

ND = not detected  
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Postnatal treatment. Within each group, the objective was to obtain 10 does that gave 

birth to preferably two male kids. This objective could not be obtained within this flock, and 

hence four does with one male and one female kid were used. Also two individual kids from 

separate D+ does, but sharing the same sire, were used by lack of multiple kids being born from 

the group of 48 does available for this experiment. All 40 kids used in the experiment were born 

within a time frame of 7 d, and from a multiparous dam. The two kids from each doe were taken 

up into the trial and randomly assigned to a control (K-) or treated (K+) kids group. Four 

experimental conditions were created by combining pre- and/or postnatal treatment: D-K- 

(n=10), D-K+ (n=10), D+K- (n=10), D+K+ (n=10). One kid of the D+K- group died at 21 d of 

age due to congenital heart failure. Postnatal treatment, initiated at the commercial farm, started 

within 6 hours after birth and continued until 2 wk post weaning (11 wk old) (Figure 1). Dose 

of MCFA for the newborn kids was deducted from doe’s dose, based on estimated bodyweights 

(doe: 40 g/d at 75 kg BW; Kid: 1.6 g or 1.8 mL/d at 3 kg BW). The coconut MCFA product 

(liquefied in glass pots using a hot water bath) (2x 0.9 mL/d) was squirted with a small syringe 

into the back of the mouth of the kid, twice a day before milk feeding. Bodyweight was recorded 

before morning feeding every two wk until weaning (completed at 9 wk for all kids), at the end 

of the indoor stable period (13 wk) and at euthanasia (28 wk). Kids were sampled for rumen 

fluid at 4 wk, 11 wk (esophageal tube) and 28 wk of age (after euthanasia). At 28 wk old, rumen 

wall samples were collected for analysis of papillae development. 

 

 

Figure 1. Sampling and data collection schedule of goat kids. Kids were weighed (◊) from birth until weaning 

every 2 wk (----), at the end of the stable period and at 28 wk old. The bold dashed line (▪▪▪▪) indicates postnatal 

treatment period. At three ages (4 wk, 11 wk, 28 wk and rumen fluid were sampled (■). At 28 wk old, additional 

rumen wall samples (○) were collected after euthanasia to assess papillae development.  
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Diets and housing 

Does stayed at the commercial farm after kidding, while kids stayed there for one day, separated 

from the dam. Kids received mixed unpasteurized colostrum three times on day 1 from does 

that recently gave birth, and were housed on straw under a heat lamp. Kids were transported at 

day 2 to the experimental stable. From birth until 13 wk old, kids were housed in pairs of the 

same experimental condition in pens equipped with rubber mats and bedded with straw (1.8 x 

2.2 m; width x length). The pens were constructed to avoid physical contact between the 

neighbouring kids during the first wk. Kids were fed colostrum from the second and third 

milking of all does that recently gave birth, twice a day during the first two days at the stable. 

Afterwards, milk replacer (200 g/L, Denkamilk Capri Ovi, Denkavit, Voorthuizen, the 

Netherlands) was fed by bottle twice a day (08:30 h and 16:00 h) until kids were able to drink 

in pairs from a suckling bucket (per feeding max. 2 L/2 kids). From 6 wk onwards, milk powder 

concentration was lowered from 200 g/L to 175 g/L. At 7 wk, the amount of milk replacer was 

reduced to 1 L/2 kids per feeding and at 8 wk, feeding frequency was lowered to once daily 

(8:30 AM), until kids were weaned at 9 wk old. Concentrate (Capri 181, AVEVE, Merksem, 

Belgium) was provided twice a day from 1 wk of age onwards (per feeding: 50 g/2 kids at week 

1 up to max. 500 g/2 kids). Kids had ad libitum access to water and hay during the whole indoor 

stable period. The treatment period lasted until 2 wk post weaning (11 wk old), and kids were 

kept indoors until 13 wk old. Afterwards, they were placed outside on a pasture (67 x 50 m) to 

graze in group. Female kids were physically separated from males during the pasture period. 

On the pasture, all kids were daily supplemented (8:30 AM) with concentrate (max. 500 g/kid) 

until the end of the trial (28 wk). Hay was supplemented when fresh grass supply from the 

pasture was not sufficient. 

 

Rumen fluid collection and euthanasia 

At the ages of 4 and 11 wk old, rumen fluid was sampled, after a night of fasting and before 

morning feeding through esophageal tubing using a self-made plastic transparent tube (outer 

diameter 15 mm) connected to a plastic erlenmeyer and a vacuum pump. A volume of 30 mL 

fluid and digesta was collected per kid for subsequent in vitro incubations the same day. 

Materials were rinsed with hot water between sampling different kids and a 70% ethanol in 

water solution was used to disinfect. At approx. 28 wk old, kids were brought back into the 

stable on four different days (in the afternoon) within a two-week period, in 3 groups of 10 and 

one group of 9 kids. Kids were fasted overnight in the stable, with access to water, and 

euthanized the next day between 8:30-9:00 AM. First Xylazine (4mL/kid intravenously) was 
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given to sedate the kids, then Nembutal (Release, 10mL/kid) was used to euthanize. One group 

of 9 kids (1 D+K+, 2 D+K-, 3 D-K+ and 3 D-K- kids) was removed from the dataset for the 

incubations at 28 wk because of a feeding error on the day of euthanasia, which resulted in two 

kids with clear signs of acute rumen acidosis (rumen pH: 4.15 and 4.65). As results of in vitro 

incubations are largely influenced by feed remainders in the rumen inoculum, the statistical 

analysis for these in vitro fermentation parameters was done with the remaining 30 kids which 

were correctly fasted overnight before euthanasia (D+K+ n=9, D+K- n=7, D-K+ n=7, D-K- 

n=7). Within 1.5 hours after euthanasia, kids were weighed and exsanguinated, the rumen was 

dissected and opened and approx. 100 mL of rumen fluid was collected by squeezing the fibrous 

contents. In accordance to sampling at 4 and 11 wk, polypropylene tubes (15 mL) were 

completely filled with rumen fluid before closing with a screw cap, to minimize air 

contamination. Tubes were stored in thermos flasks filled with warm water for transportation 

to the lab, at walking distance (3 min) from the stable. Additionally, for all kids at all 3 sampling 

times, 3 aliquots of approx. 1.5 mL of rumen fluid were pipetted into screw cap cryovials and 

immediately snap-frozen with liquid nitrogen (in the stable). The cryovials were then stored at 

-80°C until later microbial analysis. 

 

In vitro incubations (CH4 and rumen fermentation) 

In vitro batch incubations with fresh rumen fluid [185] were performed within 15 minutes after 

sampling. Rumen fluid was first sieved (1 mm pore size) and mixed with a phosphate-

bicarbonate buffer at a ratio of 1:4, under constant CO2 flushing. The pH was measured before 

and after addition of the buffer. Then, 14 mL (at 4 and 11 wk, due to a limited amount of 

inoculum which could be retrieved at these ages) or 24 mL (at 28 wk) of the mixture was 

injected into a glass penicillin flask (volume 120 mL), closed with a rubber stopper. Prior to 

inoculum-buffer addition, flasks had been supplemented with 150 mg (4 and 11 wk) or 250 mg 

(28 wk) of dried grass silage, wetted by 1 mL of distilled water and air-tight closed. Flasks were 

then flushed with CO2 to create anaerobic conditions. Overpressure of gas was released and 1 

mL of ethane (C2H6) was injected as an internal standard for later gas measurements. Flasks 

were incubated in duplicate for 4 h and 24 h (39°C) on a shaking platform to investigate 

differences in speed of fermentation processes by the different inocula (4 h) and total potential 

to ferment the added substrate (24 h) by the rumen micro-organisms in the inocula. After 

incubation, flasks were put for 5 minutes in an ice bath to stop fermentation processes. Built-

up gas overpressure was released and gas composition (CH4, H2, CO2, C2H6) was measured by 

micro gas chromatograph (3000 micro-GC, Agilent, USA) [186]. A standard series of eight 
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flasks, first flushed with CO2 and injected with known volumes of H2, CH4 and C2H6, were also 

analyzed for each incubation run. Areas were recovered and regression curves were fitted based 

on CH4/C2H6 and H2/C2H6 ratios from the standard series flasks, which was used to calculate 

the net production of CH4 and H2 accumulation in each flask. Average values were calculated 

from duplicate flasks. Volatile fatty acid (VFA) analysis (C2:0, C3:0, iso-C4:0, C4:0, iso-C5:0, 

C5:0, C6:0) of incubated rumen fluid was performed [187]. Also non-incubated fresh rumen 

samples were analyzed (blanks) and these VFA concentrations were used to calculate net 

production of VFA in the incubated flasks. 

 

Rumen wall sampling 

The reticulum, rumen and omasum were dissected together and weighed full, after which the 

rumen was separated. The rumen was opened with an incision of approximately 15 cm starting 

from the dorsal side of the esophagus crossing the dorsal sac. After sampling of rumen content 

for in vitro incubations, the remaining rumen content was discarded. The empty rumen was 

flushed with tap water to remove particles and then weighed. After this, the rumen was 

presented on a table with the esophageal opening pointing to the left. The inner rumen wall was 

exposed by further cutting the rumen open over the left lateral side. Four anatomical areas were 

selected for papillae development analysis: (1) the ruminal atrium, (2) the ventral sac, (3) the 

caudodorsal blind sac and (4) the caudoventral blind sac (Figure 2). A patch of 3x3 cm was cut 

from each of the four areas and cleaned carefully with distilled water. Patches were immediately 

pinned on cardboard pieces with needles and immersed in glass pots (150 mL) filled with 

phosphate-buffered 4% formaldehyde solution (pH 7.4) for histomorphometric analysis. 

 

Figure 2. Rumen wall sampling areas. 1: bottom of the ruminal atrium 2: bottom of ventral sac, 3: caudal central 

part of dorsal blind sac, 4: caudal central part of ventral blind sac.  



79 
CHAPTER 2A: GOAT TRIAL 1 (pre-and/or postnatal treatment with medium chain fatty acids) 

Histological evaluation and histomorphometry of rumen wall samples 

On the same day of sampling, rumen wall samples were analyzed for papillae density 

(number/cm2) by stereomicroscopy (Olympus SZX7, Olympus, Berchem, Belgium) (power 

objective lens: 8x), using the “forbidden lines method” [188]. Samples were further left to fix 

in phosphate-buffered 4% formaldehyde solution (pH 7,4) for 24 h. Afterwards, 1 cm2 was cut 

from the sample and divided into two subsamples of 0.5 cm2. Subsamples were placed in 

fixating cassettes and flushed with tap water to remove formaldehyde from the tissue. Next, 

fixating cassettes were put in a tissue processor (Microm STP420D, Fisher Scientific, 

Loughborough, UK) for dehydrating, clearing and paraffin infiltration [189]. Sections (8µm) 

were made from the paraffin imbedded subsamples using a microtome (Microm HM 360 Cool-

cut, Thermo Fisher Scientific, Waltham, MA, USA) and placed on a glass microscope slide. 

Paraffin was then removed from the section by immersing the glass slide in xylene, decreasing 

alcohol series and distilled water [189], and stained with hematoxylin and eosin (H&E). Tissue 

samples were further preserved by adding artificial resin (DPX) to the section, sealed with a 

glass coverslip and left to dry. Morphometric analysis of sections was performed using light 

microscopy (Olympus BX-OCB, Olympus, Berchem, Belgium) (power objective lens: 4 or 10x 

depending on the sample). For each rumen area of each goat, length from base to tip and width 

of the base from 10 papillae (e.g. 5 papillae from each subsample) were measured using image 

analysis software (Olympus CellSense Dimension, Olympus, Berchem, Belgium). Total surface 

area of papillae per square centimeter epithelium (TSA) was determined as length × width × 2 

× papillae density [190]. 

 

Total RNA and DNA extraction from rumen fluid 

Approximately 1 mL of frozen rumen fluid and digesta, snap-frozen and stored in cryotubes 

under -80°C until processing, was ground with a cooled pestle under addition of liquid nitrogen. 

For total RNA extraction, between 70-90 mg of ground sample was weighed and stored in 

Eppendorf tubes on liquid nitrogen, along with 0.3 g zirconia-silica beads (diameter 0.1 mm, 

Lab Services, Breda, The Netherlands). At the same time, between 200-220 mg of ground 

sample and 0.8 g zirconia-silica beads (diameter 0.1 mm) were stored at -80°C for subsequent 

DNA extraction. The RNA extraction protocol was adapted from the Qiagen RNeasy Plus Mini 

kit (Qiagen Benelux B.V., Antwerp, Belgium). This consisted of initial lysis (lysis buffer and 

β-mercapto-ethanol) and homogenization (bead beating at 30 Hz for 2x 1 min with 30 sec of 

rest in between; Retsch Tissue Lyser, Qiagen Benelux B.V., Antwerp, Belgium), removal of 

genomic DNA by gDNA eliminator columns, binding of total RNA to RNeasy Mini spin 
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columns, washing and elution in 30µL of RNase-free water. The Nucleospin RNA Kit (Filter 

Service S.A., Eupen, Belgium), containing an on-column DNase incubation step, was 

subsequently used for further clean-up of RNA. Finally total RNA was eluted in 30 µL RNase-

free water. Nucleic acid concentrations, 260/280 ratios, 260/230 ratios were measured and 

contamination assessment was done using Nanodrop (ND1000 V3.8.1, Wilmington, USA) and 

RNA quality was checked for a number of random samples by capillary gel electrophoresis 

(Experion RNA StdSens Analysis Kit, California, USA). A noRT PCR control with primers for 

the eubacterial rrs (16S rRNA subunit) gene (Table 2), was performed for a subset of RNA 

samples to confirm absence of DNA. The RNA samples were stored at -80°C until Reverse 

Transcription. For total DNA extraction, a protocol based on CTAB/phenol-chloroform lysis 

with beat-beating and ethanol precipitation [191] was followed. The DNA samples were eluted 

in 30 µl of RNase free water. Nucleic acid concentrations, 260/280 ratio and 260/230 ratio of 

all samples were measured using Nanodrop (ND1000 V3.8.1, Wilmington, USA) and the 

Quantifluor dsDNA system (Promega Benelux, Leiden, The Netherlands). The DNA samples 

were stored at -20°C until qPCR. 

 

Reverse Transcription 

Reverse transcription was performed using the Promega RT system (Promega Benelux, Leiden, 

The Netherlands) and random hexamer primers (0.5 µg, IDT, Leuven, Belgium), starting with 

ca. 100 ng RNA. Concentrations of cDNA were measured using Nanodrop (ND1000 V3.8.1, 

Thermo Scientific, Wilmington, USA).  

 

Table 2. Primers used in this study 

Primer pair Target Sequence ‘5  ‘3 Ta 

(°C) 

PCR  

efficiencies 

DNA | cDNA 

Reference 

qmcrA F/ 

qmcrA R 

mcrA total 

methanogens 

TTC GGT GGA TCD CAR AGR GC  

GBA RGT CGW AWC CGT AGA ATC C 

60 83% | 83%  [160] 

Met630 F/ 

Met803 R 

16S rRNA 

total 

methanogens 

GGA TTA GAT ACC CSG GTA GT  

GTT GAR TCC AAT TAA ACC GCA 

60 81% | 78% [161] 

Bac338 F/ 

Bac518 R 

16S rRNA  

total 

eubacteria 

ACT CCT ACG GGA GGC AGC AG  

ATT ACC GCG GCT GCT GG 

60 82% [162] 

Syl316 F/ 

Syl539 R 

18S rRNA  

total 

protozoa 

GCT TTC GWT GGT AGT GTA TT 

CTT GCC CTC YAA TCG TWC T 

57 74% [163] 

  



81 
CHAPTER 2A: GOAT TRIAL 1 (pre-and/or postnatal treatment with medium chain fatty acids) 

Quantitative PCR 

The qPCR assays were conducted according to the MIQE guidelines [192]. 

Abundance of total methanogens, eubacteria and protozoa. The abundance of these 

microbial groups was quantified using a LightCycler480 Real-time PCR System (Roche 

Diagnostics, Penzberg, Germany). Target genes were: mcrA (methyl coenzyme-M reductase) 

and methanogenic rrs (16S ribosomal RNA subunit) for methanogens, eubacterial rrs (16S 

ribosomal RNA subunit) for total eubacteria and protozoal rrs (18S ribosomal RNA subunit) 

for total protozoa. Samples of a 100-fold dilution of the DNA extracts were used. Amplicon 

detection was done using SYBR Green technology (SensiFAST SYBR No-ROX kit, Bioline, 

London, United Kingdom). Reactions were set up in duplo in a white 384 well plate (Bio-Rad 

Laboratories N.V., Temse, Belgium). Each reaction contained, in a total volume of 10 µL, 5µL 

SensiFAST SYBR (Bioline), 0.3 µL of each primer (10µM), 2.4 µL of water and 2 µL of DNA. 

The primers, annealing temperatures and PCR-efficiencies are listed in Table 2. Amplification 

protocols for total methanogens and eubacteria started with a temperature of 95°C for 2 min, 

followed by 45 cycles of 95°C for 5 s, 60°C for 10 s and 72°C for 20 s. At the end, melting 

curve analysis was performed as follows: 95°C for 5 sec, 65°C for 1 min and heating to 97°C 

with a ramp rate of 0.06°C/ s. Data acquisition occurred 10 times for every °C. For total 

protozoa quantification the same protocol was used, but annealing temperature was set to 57°C. 

Within each run, a standard curve was constructed using a 10-fold dilution series of specific 

gBlock DNA (IDT, Leuven, Belgium) (Supplementary Table 1), containing a strain-specific 

sequence for each primer, in order to determine the PCR efficiency (Table 2). The number of 

gene copies was calculated by converting the quantification cycle values (Cq) to gene copy 

abundances, taking into account the PCR efficiency as determined by the standard curve. If Cq 

> 36, this was considered as no amplification. Data were analyzed using the LightCycler480 

software version 1.5.1.62 (Roche). The results are presented as (log10) number of gene 

copies/µL DNA extract (eubacteria and protozoa), or number of target gene copies relative to 

total number of eubacterial rrs copies (for mcrA and methanogenic rrs).  

Activity of methanogens (mcrA gene expression). The same general qPCR protocol 

specifications and primers (Table 2) were used for the methanogenic activity measurements as 

for measurement of total methanogen abundance. The abundance of mcrA and methanogenic 

rrs transcripts (cDNA, 5-fold diluted) from methanogens in all samples was quantified using 

LightCycler480 software (Roche, Vilvoorde, Belgium). Corresponding noRT samples were 

included within each run. The Cq values of noRTs differed at least in 5 cycles from the samples. 
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Subsequent RNA expression analysis was performed using the program qBase+ (Biogazelle, 

Zwijnaarde, Belgium) [193]. Expression levels of mcrA were normalized using rrs as an 

internal reference gene and calculated using the mathematical model of Pfaffl [194] with gene 

specific amplification efficiencies, as calculated by the LightCycler480 software (Table 2). 

Statistical analysis 

All goats within one experimental condition were regarded as statistical replicates. Results in 

tables are shown as least square mean averages. In the case of log-transformed parameters, 

back-transformed LS means are presented together with the 95% confidence intervals. 

Duplicate flasks in the in vitro incubations as well as the 10 papillae measured from one area 

(per kid) were considered analytical repeats, and mean values of these measurements were used 

for statistical analysis. Analysis of qPCR data was performed on log-transformed values. 

Descriptive statistics (mean and standard error) were used to create graphs. Values were 

analyzed by the MIXED procedure in SAS Enterprise (SAS Inst. Inc., Cary, USA) with prenatal 

treatment, postnatal treatment and the interaction as fixed main factors, and mother identity 

(kids coming from the same doe) and sampling day as random factors. If data was not normally 

distributed, then it was log transformed for statistical analyses (i.e. in vitro H2 accumulation 

and propionate production). When the test showed significant differences, Tukey’s post hoc 

tests were carried out. Statistical significance was assigned to P < 0.05. Statistical tendency was 

assigned to 0.05 < P < 0.10. When interaction effects were not significant, they were removed 

from the final model and only the main effects were presented. 

 

RESULTS 

Bodyweight and daily weight gain 

Kids’ weight upon arrival at the experimental stables (day 2 after birth) was not affected by 

prenatal treatment of does (Table 3), whereas postnatal supplementation with CO MCFA had a 

negative impact on total milk replacer intake (P < 0.0001) (Figure 3A), particularly in the first 

4 wk of age. At the age of 1 wk, postnatally treated kids (K+) consumed 25% less milk replacer 

compared to K- kids, but the difference was largest in wk 2 and 3, when K+ kids consumed 

32% and 31% less milk replacer than K- kids, respectively (Figure 3B). After wk 4 of life, the 

differences in milk replacer intake were declining. In the week prior to weaning, all kids 

consumed the same amount of milk replacer. Mean total concentrate intake until 13 wk of D-

K+ kids was largely influenced by intake of two kids (same pen). Without these two kids total 

concentrate intake was 18.6 kg DM/ pen (compared to 15.0 kg DM/ pen, as presented in Figure 
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3A). However, total concentrate intake was not different between experimental groups whether 

or not this pen was excluded from the analysis. The lower milk replacer intake of K+ kids during 

the first wks resulted in a reduced daily weight gain and bodyweight during the first 4 wks of 

life (Table 3). The K+ kids retained a lower bodyweight compared to K- kids during the entire 

postnatal treatment period (birth until 11 wk) and beyond: until end of the indoor stable period 

(13 wk, P = 0.009) and at euthanasia (28 wk, P = 0.09). Overall, average daily weight gain from 

day 2 after birth until weaning remained lowest in K+ kids (P = 0.001). After the indoor period 

(wk 13), D+ kids tended to have an increased daily weight gain (P = 0.07). Although concentrate 

intake during the indoor stable period of 2 kids of the D-K+ group was extremely low compared 

to the other 8 kids in the group (0.757 kg/ pen vs 21.2 kg/ pen group average), bodyweight of 

these animals did not deviate from the group mean. Daily weight gain over the whole pasture 

period (13 wk- 28 wk) did not differ between treatment groups. Over the whole trial, K+ kids 

had the lowest average daily weight gain (Table 3, P = 0.05). 

 

Figure 3. Graph A: Total milk replacer and concentrate intake (kg DM/ pen) during the entire indoor stable period 

(0-13 wk). Values represent mean intake per pen and error bars represent standard deviations (n=5). Total milk 

replacer intake of postnatally treated kids (K+) was reduced compared to the K- group (P = 0.004). Total 

concentrate intake of D-K+ kids was largely influenced by intake of two kids (same pen). Without these two goats 

total concentrate intake was 18.6 kg DM (compared to 15.0 kg DM, as presented in the figure). However, total 

concentrate intake was not different between experimental groups whether or not this pen was excluded from the 

analysis. Graph B: Mean milk replacer intake per week (kg DM/ kid) during the pre-weaning period. Data were 

calculated as total intake per week for each experimental treatment group divided by the number of kids within 

that group.  
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Table 3. Effect of prenatal (D+/D-) or postnatal (K+/K-) treatment with MCFA from coconut oil on body weight 

and daily weight gain of goat kids 

 Treatments1  P-value 

Item 
D+ D- K+ K- SEM 

Prenatal  

treatment 

Postnatal  

treatment 

Body weight, kg        

Day 2 3.96 3.76 3.89 3.82 0.132 0.33 0.64 

Wk 2 5.53 5.55 5.00 6.07 0.184 0.94 0.0003 

Wk 4 8.11 8.28 7.32 9.07 0.302 0.70 0.0007 

Wk 6 11.5 11.3 10.5 12.3 0.38 0.82 0.002 

Wk 8 14.3 14.6 13.3 15.5 0.46 0.70 0.004 

Wk 9 (weaning) 16.4 16.4 15.3 17.6 0.51 0.99 0.004 

Wk 13 23.2 22.3 21.3 24.2 0.67 0.39 0.009 

Euthanasia (ca. 28 wk) 32.6 30.7 30.5 32.8 0.92 0.16 0.092 

Daily weight gain, g/d        

0-2 wk 102 116 71.4 146 8.1 0.22 <0.0001 

2-4 wk 186 195 166 215 13.0 0.61 0.02 

4-6 wk 240 219 225 234 14.0 0.32 0.68 

6-8 wk 203 229 204 227 13.7 0.19 0.26 

0-weaning 196 196 177 216 7.1 0.98 0.001 

Weaning-13 wk 249 218 227 241 11.1 0.07 0.35 

13 wk-euth. (pasture) 86.4 75.2 83.0 78.6 5.33 0.16 0.54 

ADG trial (0-euth.) 143 133 132 144 4.1 0.09 0.05 
 

1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Since 

interaction effects between D and K were not significant, only main effects are presented. Number of kids per 

treatment: D+K+ (n=10), D+K- (n=9), D-K+ (n=10), D-K- (n=10).  
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In vitro rumen fermentation  

Four wk old (4 and 24 h incubation) (Table 4). At 4 wk old, absolute CH4 production 

after 4 h incubation was lower in rumen inoculum of D+ kids (-48%, P = 0.003) and of K+ kids 

(-43%, P = 0.01), compared with kids which did not receive any treatment pre- or postnatally. 

Associated to this CH4 reduction, tVFA was lower in D+ kids and this decrease tended to be 

stronger for kids that also received a postnatal treatment (interaction, P = 0.06). These D+K+ 

kids also had the lowest acetate/propionate ratio (P = 0.04) and butyrate production (P = 0.03). 

Propionate production was increased in K+ kids (+40%, P = 0.01), however acetate production 

was not different (P > 0.05) between groups. The production of CH4 relatively to tVFA 

(CH4/tVFA) was reduced in both D+ kids (-39%, P = 0.01) and K+ kids (-53%, P = 0.001), and 

a trend was observed for higher H2 accumulation in flasks with rumen inoculum of K+ kids (P 

= 0.07). Results after 24 h incubation showed D+K+ kids' inocula had the lowest in vitro CH4 

production (-82%) accompanied by a very high H2 accumulation (25-fold higher than D-K- 

kids) (interaction; P = 0.01 and P = 0.008, respectively). The rumen fluid of these kids further 

presented a decreased tVFA, acetate and butyrate production (interaction; P = 0.006, P = 0.05 

and P = 0.003, respectively). This resulted in a lower CH4/tVFA ratio in D+K+ kids (interaction, 

P = 0.02). Production of propionate was increased in D+ kids (+28%, P = 0.03) and K+ kids 

(+24%, P = 0.07), and the acetate/propionate ratio was decreased (D+ kids, P = 0.005; K+ kids, 

P = 0.01). Non-incubated inocula of the fasted kids were also analyzed to provide insight into 

the in vivo concentrations of VFA (Supplementary Table 2). At 4 wk of age, no differences in 

tVFA concentrations or acetate were present in these non-icubated inocula, however the amount 

of butyrate was higher in D-K+ kids compared to D-K- kids (P = 0.02) and the amount of 

propionate was higher in D+ kids (P = 0.04), an effect that was also visible after 24 h incubation. 

Eleven wk old (4 and 24 h incubation) (Table 5). At 11 wk, incubation results of two  

D-K+ kids largely deviated from the 8 other kids in the D-K+ group with regards to intake 

(lower concentrate intake and higher hay intake), and were highly influencing the results of the 

D-K+ group. Accordingly, it was decided to leave the 2 kids out of this analysis (n=8). The 

treatment effects that were observed at 4 wk old had disappeared at 11 wk old. There were no 

differences observed in absolute CH4 production, absolute H2 accumulation or CH4/tVFA after 

4 or 24 h of incubation. There was a trend for lower tVFA (P = 0.06) and a significantly lower 

production of acetate (-15%, P = 0.005) in K+ kids after 4 h incubation. After 24 h incubation, 

there was no difference anymore in acetate production, however there was still a trend for lower 

tVFA in K+ kids (P = 0.10) and also for lower acetate/propionate ratio in D+ kids (P = 0.06), 
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corresponding to results at 4 wk after 24 h incubation. The fermentative capacity of D+K+ kids’ 

inoculum had doubled compared to 4 wk old (reflected in tVFA production after 24 h 

incubation), together with a strong increase in absolute CH4 production. For non-incubated 

rumen fluid samples, the only statistical difference (confirmed as a trend by Tukey’s Post Hoc 

test) was found in acetate concentration, which was higher in D-K+ inocula compared to D+K+ 

inocula (Supplementary Table 2). 

Twenty-four wk old (4 and 24 h incubation) (Table 6). There were no differences in 

absolute CH4 production, H2 accumulation, tVFA, individual VFAs or CH4/tVFA after 4 or 24 

h incubation, nor for non-incubated samples. In general, for inocula from all experimental 

conditions, tVFA and absolute CH4 production values had doubled compared to results from 

11 wk old animals (24 h incubation).   
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Table 4. In vitro fermentation parameters of rumen fluid of goat kids, treated pre (D+ or D-) and/or postnatally (K+ or K-) with coconut MCFA, at 4 wk of age 

 Treatments1  P-value 

Item D+K+ 

(n=10) 

D+K- 

(n=9) 

D-K+ 

(n=10) 

D-K- 

(n=10) 

SEM Prenatal  

treatment  

Postnatal  

treatment 

Interaction 

Absolute CH4 production, µmol/flask         

4 hours 6.78 26.6 28.7 35.8 3.33 0.003 0.01 NS2 

24 hours 23.5b 127a 103a 133a 12.9 0.004 <0.0001 0.01 

Absolute H2 accumulation3, µmol/flask         

4 hours 13.1 7.29 10.9 5.73  0.51 0.07 NS 

24 hours 32.3a 2.27b 2.51b 1.32b  0.0009 0.0001 0.008 

Relative CH4 production  
(CH4/total VFA, µmol/µmol) 

        

4 hours 0.0435 0.193 0.156 0.232 0.0200 0.02 0.001 NS 

24 hours 0.0648b 0.307a 0.263a 0.349a 0.0309 0.001 <0.0001 0.02 

VFA production, µmol/flask         

Total VFA4         

4 hours 113 153 181 154 16.5 0.05 0.71 0.06 

24 hours 285b 415a 388a 378a 22.1 0.15 0.02 0.006 

Acetate         

4 hours 48.0 62.1 71.2 60.3  7.38 0.31 0.97 NS 

24 hours 137b 215a 201a 207a 16.5 0.11 0.02 0.05 

Propionate3         

4 hours 36.5 25.6 36.6 26.6  0.87 0.01 NS 

24 hours 93.9 74.3 71.6 59.1  0.03 0.07 NS 

Butyrate         

4 hours 20.8b 50.9a 52.3a 50.9a 6.65 0.29 0.05 0.03 

24 hours 48.9b 99.3a 81.8a 85.0a 7.28 0.27 0.001 0.003 

Acetate/propionate ratio         

4 hours 1.16b 2.47a 2.07a 2.11a 0.322 0.44 0.04 0.04 

24 hours 1.46 2.89 3.02 3.80 0.279 0.006 0.01 NS 
1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and interaction effects are presented. Means with different superscripts 

differ (P < 0.05). Superscripts are only shown when an interaction effect was detected.  2 NS: non-significant P-values for interaction effects. Interaction effects were omitted 

from the mixed model when not significant, hence no P-value is presented.  3 Log transformation was performed for this parameter. Back-transformed LS means are presented. 

No meaningful SEM can be presented for these parameters, instead confidence intervals (95%) per exp. group ([lower limit; upper limit]) are presented in same order as in the 

table. H2 (4 h): [2.95;11.1], [5.60;21.1], [3.48;15.3], [6.76;25.4]; H2 (24 h): [0.62;2.82], [1.17;5.37], [1.02;5.03], [15.1;69.0]; Propionate (4 h): [20.7;34.2], [28.4;47.1], 

[19.3;33.9], [27.9;47.6], Propionate (24 h): [47.1;74.1], [57.1;95.3], [58.5;94.4], [74.0;119].  4 Total VFA consisting of 7 short chain fatty acids: C2:0 (acetate), C3:0 

(propionate), iso-C4:0 (iso-butyrate), C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 (caprionate).
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Table 5. In vitro fermentation parameters of rumen fluid of goat kids, treated pre (D+ or D-) or postnatally (K+ or K-) with coconut MCFA, at 11 wk of age 

 Treatments1  P-value  

Item D+ D- K+ K- SEM Prenatal treatment Postnatal treatment  

Absolute CH4 production, µmol/flask         

4 hours 37.3 42.8 40.1 40.0 4.37 0.42 0.99  

24 hours 140 148 149 139 9.2 0.54 0.35  

Absolute H2 accumulation2, µmol/flask         

4 hours 2.65 3.20 2.15 3.70  0.56 0.42  

24 hours 1.08 0.92 1.07 0.93  0.63 0.29  

Relative CH4 production  
(CH4/total VFA, µmol/µmol) 

        

4 hours 0.160 0.171 0.174 0.157 0.0178 0.67 0.46  

24 hours 0.266 0.276 0.287 0.255 0.0164 0.66 0.13  

VFA production, µmol/flask         

Total VFA3         

4 hours 237 250 234 254 7.8 0.26 0.06  

24 hours 527 538 518 547 12.8 0.55 0.10  

Acetate         

4 hours 115 126 111 130 5.3 0.19 0.005  

24 hours 305 325 307 323 9.0 0.16 0.13  

Propionate2         

4 hours 83.0 79.3 79.4 82.9  0.85 0.44  

24 hours 149 137 134 152  0.25 0.16  

Butyrate         

4 hours 24.4 26.4 25.6 25.2 2.42 0.57 0.90  

24 hours 45.7 44.7 45.1 45.2 3.29 0.84 0.98  

Acetate/propionate ratio         

4 hours 1.50 1.64 1.51 1.62 0.095 0.31 0.40  

24 hours 2.10 2.54 2.42 2.22 0.150 0.06 0.30  
1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Since interaction effects between D and K were not significant, only main 

effects are presented. Number of kids per treatment: D+K+ (n=10), D+K- (n=9), D-K+ (n=8), D-K- (n=10).  2  Log transformation was performed for this parameter. Back-

transformed LS means are presented. No meaningful SEM can be presented for these parameters, instead confidence intervals (95%) per exp. group ([lower limit; upper limit]) 

are presented in same order as in the table. H2 (4 h): [1.44;6.21], [1.60;3.31], [1.35:2.80], [1.67;3.37], H2 (24 h): [0.67;1.28], [0.59;1.13], [0.71;1.22], [0.62;1.05], Propionate 

(4 h): [68.0;91.5], [65.8;90.8], [64.1;88.0], [69.7;94.6], Propionate (24 h): [130;165], [117;151], [116;149], [131;167].  3 Total VFA consisting of 7 short chain fatty acids: 

C2:0 (acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 (caprionate).
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Table 6. In vitro fermentation parameters of rumen fluid of goat kids, treated pre (D+ or D-) or postnatally (K+ or K-) with coconut MCFA, at 28 wk of age 

 Treatments1  P-value 

Item D+ D- K+ K- SEM Prenatal treatment Postnatal treatment 

Absolute CH4 production, µmol/flask        

4 hours 98.5 98.0 99.0 97.5 4.45 0.93 0.82 

24 hours 341 347 349 339 15.0 0.80 0.56 

Absolute H2 accumulation2, µmol/flask        

4 hours 1.83 1.56 1.79 1.61  0.28 0.46 

24 hours 0.533 0.560 0.559 0.533  0.47 0.49 

Relative CH4 production  
(CH4/total VFA, µmol/µmol) 

       

4 hours 0.257 0.265 0.264 0.259 0.0129 0.66 0.79 

24 hours 0.313 0.334 0.328 0.319 0.0143 0.31 0.68 

VFA production, µmol/flask        

Total VFA3        

4 hours 386 375 380 381 14.0 0.62 0.94 

24 hours 1,085 1,077 1,093 1,069 21.6 0.80 0.45 

Acetate        

4 hours 189 176 178 186 7.2 0.20 0.47 

24 hours 631 616 634 612 17.7 0.57 0.33 

Propionate2        

4 hours 115 119 118 117  0.80 0.99 

24 hours 308 304 309 304  0.69 0.67 

Butyrate        

4 hours 54.4 54.0 56.0 52.4 4.70 0.87 0.50 

24 hours 100 99.3 100 99.5 4.86 0.88 0.93 

Acetate/propionate ratio        

4 hours 1.72 1.54 1.60 1.66 0.117 0.21 0.83 

24 hours 2.04 2.05 2.05 2.04 0.085 0.95 0.96 
1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Since interaction effects between D and K were not significant, only main 

effects are presented. Number of kids per treatment: D+K+ (n=9), D+K- (n=7), D-K+ (n=7), D-K- (n=7). 2 Log transformation was performed for this parameter. Back-

transformed LS means are presented. No meaningful SEM can be presented for these parameters, instead confidence intervals (95%) per exp. group ([lower limit; upper limit]) 

are presented in same order as in the table. H2 (4 h): [1.47;2.03], [1.28;1.81], [1.43;1.99], [1.31,1.85], H2 (24 h): [0.47;0.58], [0.49;0.62], [0.49;0.61], [0.46;0.59], Propionate 

(4 h): [97.9; 129], [100;134], [98.9;132], [97.9; 133], Propionate (24 h): [286, 330], [279; 325], [285;332], [277; 326].  3 Total VFA consisting of 7 short chain fatty acids: C2:0 

(acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 (caprionate).
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Rumen microbiota 

Total DNA yield increased with age of kids (P < 0.0001). The lowest DNA yield was observed 

in D+K+ kids at 4 wk old (P = 0.05) (Table 7). In addition, total eubacterial abundance was 

lowest in these kids at 4 wk (P = 0.02, Table 7), as was total methanogen abundance (measured 

both as rrs or mcrA abundance relatively to eubacterial rrs abundance, P = 0.01 and P = 0.002, 

respectively) (Figure 4). At 11 and 28 wk old, differences in eubacterial and methanogen 

abundance disappeared. The qPCR-based tests for total protozoal abundance revealed virtually 

no protozoa were present in the rumen fluid of kids up until 28 wk of age, irrespective of 

experimental treatment. Methanogenic activity (mcrA transcipts normalized against 

methanogen rrs transcripts), after a night of fasting was numerically lowest in D+K+ kids at 4 

wk old, but this was not different from expression levels in D+K- or D-K- kids (Figure 5). 

However, taking into account the lower total methanogen abundance in D+K+ kids at 4 wk old, 

overall rumen methanogenic activity will be strongly reduced in these kids. Expression levels 

in D-K+ kids were higher than in D+K+ kids at this age (interaction, P = 0.004). At 11 wk old, 

there were no differences in mcrA expression detected, however at 28 wk old an interaction 

effect was detected (P = 0.005), showing highest levels of expression in rumen fluid of 

singularly treated kids (D+K- and D-K+ kids).  

 

Table 7. Abundance of total eubacteria (estimated by quantitative PCR) and DNA yield (estimated 

fluorometrically) in rumen fluid of goat kids treated pre (D+ or D-) and/or postnatally (K+ or K-) with coconut 

MCFA 

 

 Treatments1  P-value 

Item 
D+K+ 

(n=10) 

D+K- 

(n=9) 

D-K+ 

(n=10) 

D-K- 

(n=10) 

SEM Prenatal 

treatment 

Postnatal 

treatment 
Interaction 

DNA yield, ng/µL DNA extract 

4 wk 13.6b 42.9ab 62.8a 47.3ab 10.75 0.02 0.53 0.05 

11 wk 73.2 83.9 81.3 73.5 10.73 0.91 0.46 NS 

28 wk 85.1 111 114 124 22.55 0.34 0.42 NS 

Total eubacteria, log10 gene copies of rrs/µL DNA extract 

4 wk 5.75b 6.30a 6.46a 6.31a 0.133 0.02 0.16 0.02 

11 wk 6.76 6.77 6.83 6.78 0.056 0.52 0.58 NS 

28 wk 6.67 6.80 6.82 6.85 0.093 0.28 0.38 NS 
 

1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and 

interaction effects are presented. Means with different superscripts differ (P < 0.05). Superscripts are only shown 

when an interaction effect was detected.  
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Figure 4. Relative abundance of rumen methanogens in the rumen fluid of goat kids, treated pre (D+ or D-) and/or 

postnatally (K+ or K-) with coconut MCFA. Mean values per experimental group are presented and error bars 

represent standard errors. Means with different letters differ (P < 0.05). Graph A: abundance of rrs of methanogens 

relatively to abundance of rrs of eubacteria; graph B: abundance of mcrA relatively to abundance of rrs of 

eubacteria.  

 

 

Figure 5. Expression levels of the mcrA gene in rumen methanogens in the rumen fluid of goat kids, treated pre 

(D+ or D-) and/or postnatally (K+ or K-) with coconut MCFA. Mean CNRQ (Calibrated Normalized Relative 

Quantities) values per experimental group are presented and error bars represent standard errors. Means with 

different letters differ (P < 0.05). 
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Rumen characteristics and morphometric properties of ruminal papillae  

The empty rumen weight of K+ kids was lower (P = 0.05) compared to K- kids (Table 8). Empty 

rumen weight expressed as a percentage of total bodyweight was not different between kids, 

which suggests the lower empty rumen weight was probably caused by the general lower body 

weight. The density of the papillae (number/cm2 epithelium), observed by stereomicroscope in 

4 different areas of the rumen, did not differ (P > 0.05) between the experimental groups for the 

ventral rumen, ventral blind sac and dorsal blind sac. However, papillae density was greater in 

the ruminal atrium of K+ kids (P = 0.04) compared to their non-treated siblings. Anatomically, 

this rather small pouch is the first rumen area immediately following the end of the esophagus, 

and was characterized by very dense, long, tongue-like and dark colored papillae compared to 

the rest of the rumen wall (Figure 6). Visually, papillae from the ventral rumen and dorsal blind 

sac were very similar in appearance (shorter and rounded, laying in roof tile formation), whereas 

papillae from ventral blind sac appeared less developed and bud-like compared to the other 

sampled areas, in all four experimental conditions. Papillae were small and seemed like they 

recently developed, hence only small tongue-like papillae were present. In the ruminal atrium, 

papillae base width of K+ kids (P = 0.06) and in particular of D+K+ kids (P = 0.08) tended to 

be smaller. Papillae length tended or was smaller in the ventral rumen and dorsal blind sac of 

K+ kids (P = 0.08, P = 0.02, respectively), but not different in ruminal atrium or ventral blind 

sac. Total papillae surface area (TSA) was not different between the four experimental 

conditions in any of the four areas.
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Table 8. Rumen weight and papillae histomorphometric parameters of goat kids treated pre (D+ or D-) or 

postnatally (K+ or K-) with coconut MCFA at 28 wk of age 

 Treatments1  P-value 

Item D+ D- K+ K- SEM Prenatal 

treatment 

Postnatal 

treatment 

 Empty rumen weight, kg 0.642 0.618 0.610 0.650 0.0199 0.44 0.05 

Rumen/body weight, % 1.96 1.98 1.98 1.96 0.046 0.67 0.64 

Papillae density, number/cm2        

Ruminal atrium 58.2 63.3 64.9 56.7 3.36 0.27 0.04 

Ventral rumen 58.8 60.5 59.6 59.7 3.27 0.72 0.99 

Ventral blind sac 55.2 58.1 57.1 56.2 2.72 0.49 0.74 

Dorsal blind sac 51.5 51.9 51.6 51.9 2.57 0.92 0.91 

Papillae base width, mm        

Ruminal atrium 0.671 0.638 0.625 0.684 0.0243 0.34 0.06 

Ventral rumen 0.547 0.568 0.568 0.547 0.0133 0.28 0.25 

Ventral blind sac 0.566 0.591 0.586 0.571 0.0206 0.44 0.45 

Dorsal blind sac 0.593 0.556 0.580 0.569 0.0203 0.23 0.68 

Papillae length, mm        

Ruminal atrium 3.05 3.08 2.98 3.15 0.144 0.88 0.45 

Ventral rumen 1.50 1.50 1.39 1.60 0.084 1.00 0.08 

Ventral blind sac 1.05 1.10 1.05 1.09 0.068 0.61 0.59 

Dorsal blind sac 1.57 1.52 1.46 1.63 0.062 0.62 0.02 

Total surface area2, mm2/cm2        

Ruminal atrium 237 244 244 236 15.5 0.75 0.72 

Ventral rumen 92.1 99.1 93.5 97.7 8.07 0.53 0.55 

Ventral blind sac 65.1 74.3 68.5 71.0 5.17 0.24 0.16 

Dorsal blind sac 93.4 85.9 85.5 93.8 4.23 0.22 0.75 
1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Since 

interaction effects between D and K were not significant, only main effects are presented. Number of kids per 

treatment: D+K+ (n=10), D+K- (n=9), D-K+ (n=10), D-K- (n=10).  
2 Total surface area was determined as length × width × 2 × papillae density. 
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Figure 6. Representative pictures of each rumen area within each experimental condition (goat kids treated pre 

(D+ or D-) and/or postnatally (K+ or K-) with coconut MCFA). Number of kids per treatment: D+K+ (n=10), 

D+K- (n=9), D-K+ (n=10), D-K- (n=10). The bottom part of the ruminal atrium is characterized by long, tongue-

like papillae. The bottom, central part of the ventral sac and caudal part of the dorsal blind sac resemble each other 

most, with shorter and rounder papillae laying in a roof tile formation. The papillae of the caudal part of the ventral 

blind sac appeared to be less developed and bud-like, however the density was not different from the ventral sac 

or dorsal blind sac.  
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DISCUSSION 

In this study we tested whether it is possible to reduce enteric CH4 production as well as 

abundance and activity of methanogenic archaea in the rumen of goat kids by supplementing 

CO MCFA in early life (EL), and whether these effects can persist after supplementation stops 

(EL programming). In vitro CH4 production from inoculum of the goat kids was used as a proxy 

to assess the effect on potential CH4 production. Furthermore, effects on BW, DMI as well as 

rumen papillae morphometry (at 28 wk old) were investigated.  

Changes in rumen microbiota leading to differences in in vitro fermentation parameters 

To verify that the lack of rumen protozoa at all ages (irrespective of experimental treatment) 

was not a result of analytical errors, a number of positive control samples were added to the 

qPCR assay (i.e. DNA from rumen fluid of 1, 4 and 6 mo old calves, prepared using the same 

extraction protocol). These tests confirmed the assay was indeed capable of quantifying the 

protozoal rrs gene in rumen fluid of young ruminants. Additionally, the primers used in the 

current study have already successfully been used for protozoal quantification in goat kids 

[195], lambs [196] and cattle [197]. Probably this observation is an unintended side-effect of 

the rearing conditions in this trial. Indeed, several studies have shown that lambs and goat kids 

reared in isolation from adult ruminants have no or much less rumen protozoa compared to 

animals that have contact with older, faunated ruminants [42,195]. Although CO is known to 

have strong negative effects on rumen protozoal numbers in adult, faunated ruminants [82,109], 

defaunation of the pre- and postnatally supplemented kids could not be attributed to CO MCFA 

supplementation used in this trial, since the control kids (D-K-) were also lacking rumen 

protozoa at the 3 ages.  

Supplementing CO MCFA in pre-ruminant goat kids led to similar effects on 

fermentation as for supplementing CO or MCFA in adult ruminants: a reduction of in vitro CH4 

production accompanied by an accumulation of hydrogen, associated with an increase in 

propionate production at the expense of acetate (Hristov et al., 2009; Patra and Yu, 2013). 

Interestingly, these effects were enhanced by prenatal supplementation, but only until 4 wk after 

birth. The in vitro CH4 reduction and hydrogen accumulation in D+K+ kids at 4 wk old 

corresponded to reduced methanogenic abundance and activity [82,95,109]. A decrease in CH4 

production, associated with a lower methanogenic activity, has been described in sheep fed CO 

[181]. Furthermore, the reduced fermentative capacity (as measured by tVFA production after 

24 h incubation) of D+K+ kids corresponded to a lower total eubacterial abundance. The latter, 
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in combination with the reduced acetate production, is in line with the high susceptibility of 

cellulolytic bacteria to MCFA and dietary fat in general [111,181].  

Despite the fact that K+ kids still received the CO MCFA at 11 wk old, treatment effects 

had disappeared. This is in contrast to previously mentioned studies, where animals showed 

effects as long as treatment lasted. In the current trial, initial CO MCFA dose at birth 

corresponded to a daily dose of ca. 0.53 g/kg BW. Given the major detrimental effect of the 

postnatal supplementation on DMI, growth and in vitro tVFA production as observed at 4 wk, 

the dose was not increased throughout the trial. Accordingly, the supplementation ratio was 

reduced to a daily dose of ca. 0.10 g/ kg BW around weaning. A study in beef heifers, with 

different levels of CO (0 g/d, 125 g/d, 250 g/d, 375 g/d), showed a linear decrease in CH4 

production (-14%, -20%, -40%, respectively), and negative effects on DMI and digestibility 

only for the highest dose, corresponding to a daily supplementation of 0.78 g/kg BW [198]. The 

2 lower doses, corresponding to 0.26 and 0.52 g/ kg BW, did not affect DMI or digestibility. 

Another study in 11 mo old Tibetan sheep, supplementing daily 12 g CO or 0.48 g/ kg BW, 

showed a strong CH4 reduction in vivo (-61.2%) and a reduction of methanogen numbers and 

Fibrobacter succinogenes [199], effects also observed by Liu et al. (2011) in 16 wk old sheep 

receiving daily ca. 0.52 g/ kg BW (25 g/kg concentrate). However, this did not result in negative 

effects on growth or a reduction of tVFA in these sheep [200], as opposed  to the goat kids in 

the current trial. Hence, the major impact on intake and performance of the CO MCFA, 

supplemented at a daily dose of about 0.5 g/kg BW in the beginning of the current trial, was 

unexpected. Supplementation of CO at this dose seemed safe based on former literature 

observations. The strong effects might be due to the younger age of the newborn pre-ruminant 

animals used in the current study compared to the adult ruminants of the former studies. 

Additionally, the unesterified CO MCFA used in the current study might be more readily 

available than CO, which might have increased microbial toxicity. On the other hand, the lack 

of treatment effects at 11 wk old in the current trial could be explained by 1) a too low dose and 

possible dilution effect in the rumen, or 2) through an adaptation effect of the microbiota to the 

CO MCFA. Indeed, a recent study coupled to the current trial showed that, in vitro, a lower 

response in CH4 reduction was found when re-supplementing CO MCFA to rumen fluid of goat 

kids that were previously exposed to this treatment, suggesting possible adaptation [201].  

Because no effects were observed at 11 wk, it is not surprising there were no 

(programmed) effects at 28 wk old. Abecia et al. (2013) did succeed in programming lower 

CH4 emissions in goat kids, supplementing kids and/or their mothers postnatally from birth 
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until 3 mo old with an anti-methanogenic compound (bromochloromethane, 30 g/ kg BW/ d) 

[62]. The effects persisted until 3 mo after supplementation was ceased (particularly in double 

treated kids). In the current trial, the only effect at 28 wk old was a higher methanogenic activity 

- assessed by mcrA expression by RT-qPCR - in the singularly treated kids compared to the 

double or not supplemented kids, which did not correspond to methanogen abundance nor to 

the in vitro CH4 production. Perhaps the sampling procedure with rumen samples at one single 

moment in time, after a night of fasting, was less appropriate for activity assessments. 

Effects on weight gain 

Additionally, CO MCFA supplementation negatively affected daily gain until 4 wk old, 

however no prenatal effect was found. It is unlikely that the growth delay in K+ kids results 

from the effects on fermentation in EL, since the kids were still pre-ruminants at 4 wk of age. 

More likely non-rumen related effects played a role, such as early life MR and concentrate 

intake, possibly caused by the irritating effect of the acid supplement (pH 3.23 at room 

temperature) on feed intake. Apparently, the K+ kids had not yet caught up in terms of weight 

gain at the end of the trial, possibly also due to a slower microbial development in the rumen 

due to the antimicrobial effects of the supplement. As mentioned before, concentrate intake 

during the indoor stable period of 2 kids of the D-K+ group was extremely low compared to the 

other 8 kids in the group, but bodyweight did not deviate from the group mean. This is probably 

because they compensated reduced concentrate intake by a larger hay consumption (no data on 

hay intake). 

Papillae development 4 months after postnatal supplementation 

Rumen development is a combination of anatomic development (growth, rumen papillae), 

microbial colonization, and functional achievement [50,52] which can possibly be influenced 

by nutritional intervention in EL. Studies have shown that early intake, type and physical form 

of solid feed [202,203] and, related to this, the development of the microbial ecosystem, 

influences functional development of the rumen and therefore future animal performance. In 

short, rumen development is the result of microbial fermentation products and physical 

stimulation. Higher amounts of rumen VFA, through higher concentrate intake, could lead to 

more rapid rumen papillae development [204,205]. Butyrate and propionate are assumed to 

positively influence papillary development [65,206], however the influence of butyrate is 

disputed [207]. Studies showed that suboptimal development of the rumen microbiota will 

negatively affect rumen development but also depress solid feed intake and papillae 

development [206,204]. However, total concentrate intake until weaning or for the whole 

indoor stable period did not differ between kids. Also tVFA concentrations in non-incubated 
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rumen fluid were not different between treatment groups. On the other hand, the potential tVFA 

production, as well as individual VFA productions as assessed in vitro, were very different due 

to the combination of pre- and postnatal treatment at 4 wk old. However, only postnatal 

treatment effects were found for papillae measurements. No clear causal relationship can thus 

be made between VFA in EL and the effects on rumen papillae. Despite the postnatal treatment 

effects on papillae density and length, the TSA was not different between experimental groups 

for any of the rumen areas. Since TSA reflects the absorption capacity of the papillae, we do 

not expect differences in papillary absorbing function between kids. Ragionieri et al. (2016) 

also supplemented MCFA to calves, however in the MR (11g/d or 0.26 g/ kg BW/ d, from 14 

until 56 d old). They did not find any effects on papillae density, length, width or TSA at the 

age of 70 d old. The method of supplementation in their trial (in MR, delivering MCFA into the 

abomasum and hence by-passing the rumen) most probably is the reason no effects were 

observed in the rumen. Since the rumen epithelium is known to be subjected to continual 

changes, from regression to proliferation, like the gut lining [208], it is remarkable that postnatal 

treatment effects have not completely disappeared after 4 mo. This suggests that an EL 

treatment, directly or indirectly, can influence rumen papillary development in the long term. 

Interestingly, Tamate et al. (1962) suggested that fetal papillary development is influenced by 

short chain fatty acids from maternal circulation, however no long-term effects of prenatal 

supplementation were observed in the present study. In addition to the chemical stimulation of 

papillae development, hay provided physical stimulation during the developmental phases of 

the rumen. Earlier mentioned studies [202,203] indicated differences in forage intake levels 

(not measured here) might also account for variations in rumen development, which we cannot 

rule out based on our data. 

 

CONCLUSION 

Supplementing CO MCFA both pre- and postnatally to goat kids effectively reduced potential 

in vitro CH4 emissions until 4 wk old, by depressing both methanogen and eubacterial 

abundance. However, the associated negative effects on rumen fermentation and the observed 

growth delay due to postnatal treatment indicate the initial dose was too high. A lower starting 

dose combined with step-wise increase of the dose could have led to longer-lasting effects with 

less negative impact on animal performance. Interestingly, some rumen papillary characteristics 

were influenced until 4 mo after postnatal treatment, but this did not result in differences in 

total absorbing surface area.  
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SUPPLEMENTARY DATA 

Supplementary Table 1. Information about gBlock DNA that was used to make the standard series in the qPCR 

assays 

Target Species 
Reference 

number 

Length  

gBlock 

(bp) 

Concentration stock 

solution  

(1 ng/ µL) 

16S ribosomal RNA 

subunit (Eubacteria) 

Prevotella ruminicola NC_014033.1 890 1.025 x108 

16S ribosomal RNA 

subunit (Methanogens) 

Methanobrevibacter 

ruminantium M1 

NC_013790.1 932 9.79 x107 

mcrA (Methanogens) Methanobrevibacter 

(genus) 

NC_021355 899 1.015 x108 

18S ribosomal RNA 

subunit (Protozoa) 

Entodinium caudatum U57765.1 498 1.832 x108 

 

Supplementary Table 2. Concentrations of total and individual VFA, and pH of non-incubated rumen fluid of 

goat kids treated pre (D+ or D-) and/or postnatally (K+ or K-) with coconut MCFA, at 4, 11 and 28 wk of age 

 Treatments1  P-value 

Item, 

µmol/mL 

D+K+ 

(n=10) 

D+K- 

(n=9) 

D-K+ 

(n=10) 

D-K- 

(n=10) 

SEM Prenatal  

treatment  

Postnatal  

treatment 

Interaction 

4 wk          

tVFA2 8.18 7.91 8.59 8.78 0.736 0.40 0.97 NS3 

Acetate 6.06 6.25 6.80 7.52 0.577 0.11 0.41 NS 

Propionate 1.55 1.18 1.01 0.868 0.1890 0.04 0.19 NS 

Butyrate 0.446ab 0.405ab 0.645a 0.274b 0.1003 0.79 0.007 0.02 

pH 6.67a 6.38b 6.42b 6.44ab 0.061 0.15 0.03 0.02 

11 wk         

tVFA2 6.18 8.15 8.62 7.33 0.729 0.29 0.65 0.05† 

Acetate 4.27B 5.62AB 6.00A 5.20AB 0.416 0.14 0.52 0.02‡ 

Propionate 1.27 1.79 1.80 1.61 0.284 0.60 0.51 NS 

Butyrate 0.325 0.496 0.519 0.316 0.0780 0.93 0.84 0.03† 

pH 6.73 6.67 6.63 6.71 0.048 0.57 0.87 NS 

28 wk         

tVFA2 13.3 12.3 12.5 11.9 1.14 0.63 0.48 NS 

Acetate 9.50 8.60 8.86 8.77 0.881 0.78 0.54 NS 

Propionate 2.62 2.64 2.48 2.11 0.334 0.35 0.63 NS 

Butyrate 0.611 0.554 0.600 0.520 0.0642 0.73 0.29 NS 

pH 6.59 6.55 6.54 6.68 0.072 0.66 0.42 NS 
1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and 

interaction effects are presented. Means with different superscripts differ (P < 0.05). Superscripts are only shown 

when an interaction effect was detected. At 11 wk, number of kids in D-K+ group was 7. At 28 wk, number of 

kids per group was: D+K+ (n=9), D+K- (n=7), D-K+ (n=7), D-K- (n=7). 
2 Total VFA consisting of 7 short chain fatty acids: C2:0 (acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), C4:0 

(butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 (caprionate). 
3 NS: non-significant P-values for interaction effects. Interaction effects were omitted from the mixed model when 

not significant, hence no P-value is presented. 

† Tukey’s Post Hoc test showed no differences or trend (P > 0.10) between experimental treatments. 

‡ Tukey’s Post Hoc test showed a trend (0.05 < P < 0.10) between experimental treatments.  
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The aim of the current Chapter 2b is to investigate in more depth the effects that were observed 

on in vitro methane (CH4) production, rumen fermentation and the rumen bacterial abundance 

in 4 wk-old goat kids (as described in Chapter 2a), by exploring the rumen bacterial community 

structure and the blood plasma metabolome at this age.  
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ABSTRACT 

Rumen fluid and blood plasma samples were collected from goat kids at 4 wk of age, which 

had been supplemented or not with medium chain fatty acids from coconut oil (CO MCFA) 

pre- (D+) and/or post- (K+) -natally. Earlier reported results (Chapter 2a) showed that kids that 

were treated both pre- and postnatally (D+K+) had a lower in vitro methane (CH4) and total 

VFA production, associated with a reduction of total bacterial and methanogen abundance 

(assessed by qPCR) and a decreased methanogenic activity (expression of mcrA as assessed by 

RT-qPCR). In the current chapter, the bacterial community structure was assessed by bacterial 

16S rRNA gene amplicon sequencing and the blood plasma metabolome was investigated 

through liquid chromatography mass spectrometry. Supplementation of MCFA pre- and/or 

postnatally resulted in an altered rumen bacterial community structure, with a decreased 

richness and diversity in D+ and K+ kids, and an altered plasma metabolome. The most robust 

partial least squares-discriminant analysis (PLS-DA) model of the plasma metabolome was 

obtained when D-K- and D+K+ kids were compared (R2 = 0.29, Q² = 0.77). PERMANOVA 

analysis revealed that the bacterial communities differed between treatments at both the family 

and genus level. In general, MCFA treatment resulted in reduced cellulolytic bacteria and 

increased abundance of Streptococcus, which indicates stressed rumen conditions. Almost all 

discriminant metabolites were reduced in plasma of D+K+ kids compared to D-K- kids, notably 

a group of carnitine derivatives, which play an essential role in energy metabolism at the cellular 

level. In conclusion, supplementing MCFA in pre- and/or postnatal early life resulted in a 

delayed microbial development and possibly reduced energy metabolism at 4 wk of age. The 

bacterial community structure and plasma metabolome of control kids differed more from 

double treated kids than from kids that were only treated pre- or postnatally. 

Keywords: goat kids, in vitro fermentation, metabolomics of plasma metabolites, medium-

chain fatty acids, pre and/or postnatal treatment, rumen bacteria  
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INTRODUCTION 

Ruminants live in a close symbiotic relationship with their rumen microbiota, which is 

necessary for their health and survival. Apart from performing numerous important functions 

for the host (e.g. producing valuable nutrients from ingested feed and serving as a nutrient 

source as well), a malfunctioning microbiota is known to affect host phenotype and can lead to 

diseases [209–211]. A strong host-microbiome specificity seems to exist in adult ruminants 

[212], while in young ruminants, the developing rumen microbiota seems more “moldable”. 

Several studies have shown that the early rumen microbiota (and by extension the rumen 

fermentation) can be manipulated through a dietary intervention, with long-lasting effects on 

community composition and/or function [62,63,92,146,147]. This suggests that microbial 

manipulation methods have more chances of success during the early, unstable phase of rumen 

development. However, very little is known about the mechanisms that can maintain these 

effects after the treatment ceases, and the influence of the altered rumen microbiota on the host 

metabolome. 

The variation that exists in methane (CH4) emissions between animals is reflected in the 

microbial composition of the rumen [213]. Furthermore, 3 recent studies have found that 

differences in the rumen microbiome structure, induced by dietary interventions, are reflected 

in the ruminal and urinary metabolome [61,148,214]. For example, Morgavi et al. (2015) found 

a strong association between the composition of the rumen microbiota and the urinary 

metabolome in lambs, with colonization events reflected in different urinary metabolic profiles 

[61]. Particularly rumen bacterial and protozoal populations had the greatest effects on the 

urinary metabolome profile. Next, Saro et al. (2018) found that the metabolic profiles of both 

rumen fluid and urine at 20 wk of age differed between lambs that had been treated or not with 

a mix of garlic essential oil and linseed oil in early life. These different profiles corresponded 

with a different rumen bacterial community composition and abundance, as well as with 

different in vivo CH4 emissions, as result of the treatments [148]. Additionally, Abecia et al. 

(2018) found that treatment with bromochloromethane (a CH4 reducing product), applied to 

does during the suckling period, resulted in medium-term persistent effects on the abundance 

of specific bacterial groups in goat kids. Furthermore, the concentration of 10 rumen 

metabolites still differed as a consequence of doe treatment, 4 mo after kids were removed from 

the doe [214]. Apart from these studies, no articles have been published to our knowledge that 

mutually investigated the rumen microbiota and host metabolome during a (prenatal or 

postnatal) early life treatment. The aim of the current study was to explore in more depth the 
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rumen bacterial community of 4 wk-old goat kids (i.e. the only age at which the kids differed 

in in vitro CH4 production and fermentation pattern due to pre- and/or postnatal MCFA 

treatment; Chapter 2a), and to identify possible correlations with the blood plasma metabolome, 

in order to increase the knowledge about host-microbiome interactions in ruminants. 

 

MATERIALS AND METHODS 

Animals, treatments and experimental design 

Please refer to Chapter 2a of this thesis for a detailed description of the pre- and/or postnatal 

treatments with CO MCFA used in this goat trial and the experimental design. In the current 

Chapter 2b, only the age of 4 wk was considered (all kids were still housed in pairs of the same 

condition in the stable, and K+ kids were still receiving the CO MCFA supplement). 

 

Sampling 

At 4 wk of age, about 30 mL of rumen fluid was taken per kid before morning feeding by using 

an oral stomach tube, for subsequent in vitro incubations the same day. Furthermore, aliquots 

of 1.5 mL were immediately snap-frozen in liquid nitrogen and stored at -80°C until DNA or 

RNA extraction. The day before rumen sampling, approximately 10 mL of blood was taken via 

the jugular vein before morning feeding and stored on ice (anti-clotting Vacutest container with 

heparin, Novolab NV, Geraardsbergen, Belgium). The blood was processed on the same day 

by centrifugation (10 min, 1500 g, room temperature) to obtain plasma. Aliquots of 1 mL 

plasma were stored at -80°C until further analysis.  

 

In vitro incubation (potential CH4 production and rumen fermentation) 

Please refer to Chapter 2a of this thesis.  

 

DNA extraction and 16S rRNA amplicon sequencing 

Total DNA was extracted from rumen fluid obtained at 4 wk of age as described in Chapter 2a. 

Bacterial 16S rRNA gene amplicon sequencing (V3–V4 region, primers: 344F and 806R [215]) 

was performed for all samples. Preparation of the amplicons barcoded library was based on the 

Illumina 16S metagenomic sequencing library preparation protocol 

(https://support.illumina.com) and performed by Macrogen (Korea). The sequencing was 

performed using Illumina MiSeq V3-technology (2 × 300bp) by Macrogen (Korea).   

https://support.illumina.com/
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Plasma metabolites analysis 

Plasma metabolite profiles were performed on a fast-liquid chromatograph (1200 Series, 

Agilent, Waldbronn, Germany) coupled to a time-of-flight mass spectrometer (microTOF, 

Bruker Daltonics, Bremen, Germany). Separation was performed on an Acquity HSS T3 

column (Waters) using two mobile phases (A: water; B: acetonitrile, both containing 1% of 

formic acid). A linear gradient with a constant flow rate of 0.4 mL/min of 0% to 100% of B 

was applied for 13 min before returning to the initial conditions and equilibrating for 7 min.  

The MS-TOF system was operated in positive ionization mode with a scan range of 50–800 

m/z. The capillary was set to −4.5 kV, the nebulizer was operated at 2 bars; the dry gas was set 

to 8 L/min at a temperature of 200 ◦C. The capillary exit was set to 90V with skimmer 1 set to 

30V. The MS-TOF was calibrated by using lithium formate (ions at m/z 90 and 800). For 

accurate mass acquisition, a formate-acetate solution was infused during the run at a flow rate 

of 100 μL/min monitoring for positive ion mode. To ensure the instrumental system’s 

reproducibility and stability, 10 quality-control samples (QCs) were prepared by mixing equal 

volumes of all studied plasma samples, and analyzed five times throughout the LC-MS runs. 

Plasma and QCs were thawed at room temperature and deproteinized with 300 µl of cold 

methanol. After centrifugation and evaporation under nitrogen, the dried residues were 

dissolved in 50/50 (v/v) acetonitrile/water containing 0.1% of formic acid. The mixture was 

transferred to an autosampler vial, and 10 µl were injected into the LC–MS system. 

 

Data processing and statistical analysis 

Rumen bacterial community. First, primers were removed from the raw sequences 

(paired-end Illumina Miseq data) using the program Trimmomatic for Linux [216]. Next, 

sequences were processed through the DADA2 (Divisive Amplicon Denoising Algorithm) 

pipeline in R, resulting in an amplicon sequence variant (ASV) table [217]. Taxonomic 

assignment was performed against the Silva v128 database. Chao1 richness index, Shannon-

Wiener diversity index and transformed Simpson diversity (1-D) index were calculated with 

the Phyloseq package in R [218]. Non-metric multidimensional scaling (NMDS) plots of 

bacterial abundance data (family and genus level) were constructed using Bray-Curtis 

dissimilarities distance (vegdist function in the R package vegan [219] and isoMDS function in 

the R package MASS [220]). Permutational multivariate analysis of variance (PERMANOVA) 

using the Bray-Curtis dissimilarities was used to compare bacterial communities between 

treatment groups (adonis function in the R package vegan [219]). Pair-wise adonis function was 

used to discover statistical differences between treatments. The main families and genera 
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contributing to the differences between treatment groups were analyzed through SIMPER 

analysis (simper function in R package vegan [219]). Furthermore, differences in total relative 

abundance (%) of bacterial genera were analyzed by mixed-model ANOVA (fixed factors: 

prenatal treatment, postnatal treatment and interaction; random factor: mother identity = kids 

coming from the same doe). All kids within one treatment group were regarded as statistical 

replicates. 

Plasma metabolome. After conversion to NetCDF format using DataAnalysis 3.4 

software (Bruker Biospin, Germany), MS data were processed using the open-source Web-

Galaxy running under R [221]. Further pre-processing steps were also applied to remove noise 

and unwanted variation. Data were first filtered on retention time. Signals outside the range 

(lower than 0.4 min or higher than 22 min) were considered as noise and removed. Background 

noise was also removed by subtracting masses found in blank samples (solvents). Finally, the 

intensities were normalized within-batch using a linear regression model [222]. After filtering, 

the number of features was reduced from 4326 to 1595 mz. A data matrix containing mass and 

retention time with associated signal intensities for all detected peaks was generated and 

analyzed by multivariate analysis using SIMCA-P software (Umetrics, v. 13.01, Sweden). 

Principal component analysis (PCA) was initially performed to look for trends, clusters between 

treatments or identify potential outliers. A tight clustering of QC samples was obtained in a 

principal component analysis (PCA) model indicating stable analytical conditions throughout 

all measurements (Supplementary Figure 1). Projections to latent structures-discriminant 

analysis (PLS-DA) was then used to highlight potential markers of response to MCFA 

supplementation. For identification, fragmentation analyses were performed on pooled samples 

using an Orbitrap Velos (Thermo, Les Ulis, France) at normalized collision energies 25 

(NCE25) in the ion trap (collision-induced dissociation, resonant activation) as well as NCE 35 

in a quadrupole collision cell (Higher-energy collisional dissociation, non-resonant activation). 

If needed, the collision energy was adapted for ion species with insufficient or too harsh 

fragmentation (signal intensity of the precursor ion in the fragment spectra outside a 10-40% 

range). Chromatography was executed on UltraMate 3000 (Dionex, Les Ulis, France), coupled 

to the Orbitrap Velos, using the same LC conditions as for the LC-MS acquisitions described 

before. Full scans were acquired at mass resolution 100,000 (FWHM, m/z 400) to obtain the 

exact mass whereas mass resolution 30,000 (FWHM, m/z 400) was used for fragmentation 

experiments, both with AGC 1E6. 
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Correlations. Spearman correlation tests were performed between the bacterial genera 

(with an abundance of > 0.1%) that differed between treatments and in vitro fermentation 

parameters at 4 wk of age (production after 24 h incubation), using the CORR procedure in 

SAS Enterprise (SAS Inst., Inc., Cary, USA). Scatter plot matrices of each correlation pair were 

checked and correlations with P < 0.10 were further considered. 

 

RESULTS 

Rumen bacterial community 

Richness and diversity. A total of 1,398,396 bacterial sequences were retained for analysis, 

with on average 36,800 ± 6,484 reads per sample. The observed number of ASV (observed at 

least once in each sample) was lower in D+ kids (mean 159.1 vs. 212.5, P < 0.0001) and tended 

to be lower in K+ kids (178.2 vs 193.4, P = 0.06). The Chao1 richness index corresponded to 

these results (Figure 1). In addition to a lower richness in D+ kids, the Shannon-Wiener and 

Simpson diversity indices were also lower in these kids (P < 0.0001 and P = 0.003, 

respectively). The Shannon-Wiener index also presented a trend towards lower diversity in K+ 

kids (P = 0.07), but this was not picked up by the Simpson index. Interestingly, the kids that do 

not receive the treatment postnatally (D+K- and D-K- kids) show the least within-group 

variation for these parameters, in contrast, the within-group variation is largest in D+K+ kids. 

Figure 1. Graphical representation of differences in bacterial community richness and diversity between 4 wk-old 

goat kids treated prenatally (D+), postnatally (K+) or not (D- and/or K-) with MCFA from coconut oil. A) Chao1 

richness index; B) Shannon-Wiener diversity index (dependent of both richness and evenness of the community); 

C) Simpson diversity index (i.e. transformed Simpson index: 1-D; less sensitive to richness of the community).  
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Differences at the phylum level. In total, 8 phyla were detected in all treatment groups 

(Table 1). The main phyla were Firmicutes and Bacteroidetes, representing on average 55.5% 

and 37.7% of all sequences, respectively. In D+ kids, the relative abundance of Bacteroidetes 

was increased (P = 0.004) and Firmicutes were decreased (P = 0.02). Subsequently, the 

Firmicutes/Bacteroidetes ratio was lowest in D+ kids (P = 0.03) (Figure 2). Furthermore, there 

was a tendency towards less Cyanobacteria in D+ kids (P = 0.07). In K+ kids, the Bacteroidetes 

were decreased (P = 0.03), while Actinobacteria were increased (P = 0.02). An interaction effect 

was found (P = 0.06) for the phylum Fusobacteria towards higher abundance in D+K+ kids 

compared to D+K- kids. 

Table 1. Relative abundance (%) of the 8 phyla* present in all treatment groups, ranked from highest to lowest 

mean abundance. Four-wk old goat kids were prenatally (D+), postnatally (K+) or not (D- and/or K-) with MCFA 

from coconut oil. 

 

 Treatments1  P-value 

Phyla D+ D- K+ K- SEM 
Prenatal 

treatment 

Postnatal 

treatment 

Firmicutes 52.2 58.4 56.5 54.1 1.73 0.02 0.34 

Bacteroidetes 42.2 33.6 34.8 41.0 1.79 0.004 0.03 

Proteobacteria 1.97 2.39 2.81 1.56 0.572 0.61 0.14 

Verrucomicrobia 1.42 1.54 1.50 1.46 0.398 0.84 0.93 

Actinobacteria 1.18 2.32 3.15 0.343 0.7643 0.31 0.02 

Tenericutes 0.763 1.23 0.836 1.150 0.2533 0.22 0.39 

Fusobacteria2 0.150 0.0686 0.173 0.0460 0.0468 0.23 0.05 

Cyanobacteria 0.0164 0.0859 0.0566 0.0457 0.0246 0.07 0.73 
*Six phyla were only found in a few samples: Elusimicrobia (1 D-K- kid: 0.75%), Gracilibacteria (1 D-K- kid: 

0.015%), Planctomycetes (4 D-K- kids: average 0.026%), Saccharibacteria (2 D+K+ kids, average 0.023%), 

Spirochaetae (1 D+K+ kid: 0.017%), Synergistetes (2 D-K- kids: average 1.10%). 
1 Treatments consisted of 4 combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Since interaction 

effects between D and K were not significant, only main effects are presented. Number of kids per treatment: 

D+K+ (n=10), D+K- (n=9), D-K+ (n=10), D-K- (n=10).  
2 For Fusobacteria, a tendency was found for an interaction effect: P = 0.08 (D+K+A, D+K-B, D-K+AB, D-K-AB). 

 

Figure 2. Firmicutes to Bacteroidetes ratio in the rumen bacterial community of 4 wk-old goat kids treated 

prenatally (D+), postnatally (K+) or not (D- and/or K-) with MCFA from coconut oil.  
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Differences at the family and genus level. The NMDS plots showed that, at the family 

level, D+K+ kids were the most scattered and seemed to cluster more separate from the other 

groups (Figure 3A). At the genus level, samples seemed to cluster according to prenatal 

treatment (D+ or D-) along the vertical coordinate, and according to kid treatment (K+ or K-) 

along the horizontal coordinate, with D+K+ kids again showing the most scattering (Figure 

3B). Pairwise adonis comparisons analysis confirmed that the bacterial community structure 

differed between treatment groups at the family and genus level (P = 0.01 for both). 

Specifically, at the family level, all treatment groups differed from each other, except for D-K+ 

and D-K-. At the genus level, all 4 treatment groups differed from each other.  

The majority of bacteria in all samples (ca. 75% of the sequences) were classified into 4 

families: Bacteroidaceae (mean 30.6%, phylum Bacteroidetes,), Ruminococcaceae, 

Lachnospiraceae and Christensenellaceae (mean 21.8%, 16.1% and 7.2%, respectively, phylum 

Firmicutes). To know which bacterial families contribute principally to the observed clustering, 

SIMPER analysis was performed. Bacterial families with an average percent contribution 

greater than 1% to the dissimilarity between D+ and D- kids or K+ and K- kids are shown in 

Supplementary Table 1 and 2. The 5 most influential bacterial families, accounting together for 

63% of the variability between D+ vs. D- kids were Bacteroidaceae (17%), Ruminococcaceae 

(17%), Streptococcaceae (12%), Lachnospiraceae (10%) and Christensenellaceae (7%). 

Comparing K+ vs K- kids at the family level, the same 5 families also accounted for 63% of 

the variability (slightly different cumulative contribution percentages). Table 2 shows an 

overview of bacterial families with a relative abundance of more than 1% that differed between 

the experimental treatments (P < 0.05 or 0.05 < P < 0.10). Mixed model ANOVA indicated that 

MCFA supplementation both pre- and postnatally (D+K+) dramatically influenced the relative 

abundance of the Streptococcaceae (109-fold higher, P = 0.005) and Ruminococcaceae (2-fold 

lower, P = 0.007) compared to D-K- kids. The family Clostridiales_vadinBB60_group was 

decreased in both pre- and postnatal treated kids (P = 0.005 and P = 0.02, respectively). Prenatal 

treatment increased the relative abundance of Bacteroidaceae (P = 0.02) and 

Porphyromonadaceae (P = 0.03), and decreased or tended to decrease the relative abundance of 

Erysipelotrichaceae (P = 0.009) and Prevotellaceae (P = 0.06). In contrast to prenatal treatment, 

postnatal treatment decreased the Porphyromonadaceae (P = 0.04). Furthermore, postnatal 

treatment decreased the Christensenellaceae (P = 0.002) and tended to increase the 

Acidaminococcaceae (P = 0.06).  
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At the genus level, nearly 50% of all bacterial sequences were classified into 3 genera:  

Bacteroides (30.6%), unassigned Lachnospiraceae (10.4%) and Christensenellaceae_R-

7_group (7.1%). Other important genera representing more than 1% of the sequences were: 

Ruminococcaceae_NK4A214_group (5.1%), Streptococcus (4.5%), Ruminococcus_1 (3.6%), 

Ruminococcaceae_UCG-005 (2.8%), Oscillibacter (2.7%), Ruminococcaceae_UCG-014 

(2.6%), Parabacteroides (2.2%), Lachnoclostridium (2.1%), unassigned Ruminococcaceae 

(1.9%), Alistipes (1.6%), Clostridiales_vadinBB60_group (1.3%) and Faecalicoccus (1.1%). 

No Fibrobacter (phylum Fibrobacteres), Butyrivibrio or Megasphaera (both phylum 

Firmicutes) were detected in any of the treatment groups. Bacterial genera with an average 

percent contribution greater than 1% to the dissimilarity between D+ and D- kids or K+ and K- 

kids are shown in Supplementary Table 1 and 2. The 5 most influential genera, accounting 

together for 39% of the variability between D+ and D- kids were: Bacteroides (13%), 

Streptococcus (9%), unassigned Lachnospiraceae (7%), Christensenellaceae_R.7_group (5%) 

and Oscillibacter (5%). The same genera in the same decreasing order of contribution, but with 

slightly different cumulative contribution percentages, accounted for the variability between 

K+ and K- kids. Table 3 gives an overview of the genera with a relative abundance of more 

than 0.1% that differed between the experimental treatments (P < 0.05 or 0.05 < P < 0.10). 

Nineteen differing genera were found, belonging to 12 families. Most differences in genera 

abundance due to treatment were found within the order Clostridiales: pre- and/or postnatal 

treatment reduced the relative abundance of 9/14 of these genera, while 5 genera were 

increased. Almost all genera within the family Ruminococcaceae were decreased, except for 

Ruminococcus_2, which was increased in D+K- kids (P = 0.01). Other genera of which the 

relative abundance was increased due to pre- and/or postnatal treatment were Streptococcus 

(D+K+ kids, P = 0.02), Bacteroides (D+ kids, P = 0.02) and Parabacteroides (D+K- kids, P = 

0.01). The genus Fusobacterium tended to be relatively less abundant in D+K- kids (P = 0.08), 

and unassigned NB1-n tended to be reduced in D+K+ kids compared to D-K- kids (P = 0.05).
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Figure 3. Non-metric multidimensional scaling (NMDS) plot of the rumen bacterial community structure of 4 wk-old goat kids treated prenatally (D+), 

postnatally (K+) or not (D- and/or K-) with MCFA from coconut oil, based on Bray-Curtis dissimilarity indices, at the level of A) family and B) genus. Ellipses 

are added for better visualization. 
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Table 2. Overview of bacterial families with a relative abundance > 1% that differ between the 4 experimental 

treatments (4 wk-old goat kids treated prenatally (D+), postnatally (K+) or not (D- and/or K-) with MCFA from 

coconut oil) 

  

 Treatments1  P-value 

Family, % D+K+ D+K- D-K+ D-K- SEM 

Pre-

natal 

treatm

ent 

Post-

natal 

treatm

ent 

Inter-

action 

Acidaminococcaceae 1.76 0.567 1.27 0.751 0.4314 0.74 0.06 NS2 

Bacteroidaceae 32.0 36.1 28.5 26.4 2.43 0.02 0.75 NS 

Christensenellaceae 4.72 8.12 5.40 10.6 1.37 0.31 0.002 NS 

Clostridiales_vadinBB60_

group 
0.219 1.02 1.33 2.53 0.397 0.005 0.02 NS 

Erysipelotrichaceae 1.20 0.763 2.74 2.38 0.422 0.009 0.27 NS 

Porphyromonadaceae 3.00 5.33 1.70 2.70 0.783 0.03 0.04 NS 

Prevotellaceae 0.020 0.345 0.970 3.38 0.996 0.06 0.17 NS 

Ruminococcaceae 12.1b 21.7ab 26.4a 25.9a 2.50 0.002 0.09 0.06 

Streptococcaceae 16.4a 0.0661b 1.60b 0.150b 2.8180 0.02 0.007 0.02 

 

 1 Treatments consisted of 4 combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and 

interaction effects are presented. Means with different superscripts differ (P < 0.05). Superscripts are only shown 

when an interaction effect was detected. Number of kids per treatment: D+K+ (n=9), D+K- (n=9), D-K+ (n=10), 

D-K- (n=10).  
2 NS: non-significant P-values for interaction effects. Interaction effects were omitted from the mixed model when 

not significant, hence no P-value is presented.
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Table 3. Overview of bacterial genera with a relative abundance > 0.1% that differ between the 4 experimental treatments (4 wk-old goat kids treated prenatally (D+), postnatally 

(K+) or not (D- and/or K-) with MCFA from coconut oil). Order and family of the genera are presented as well. To facilitate reading of the table, genera belonging to the same 

family were grouped by alternating line colors 

   Treatments1  P-value 

Order Family Genus, % D+K+ D+K- D-K+ D-K- SEM 
Prenatal 

treatment 

Postnatal 

treatment 

Inter-

action 

Bacteroidales Bact. Bacteroides 32.0 36.1 28.5 26.4 2.43 0.02 0.70 NS2 

Bacteroidales Porph. Parabacteroides 1.22b 4.84a 0.989b 1.87b 0.516 0.01 0.0003 0.01 

Clostridiales Christ. Christensenellaceae_R.7_group 4.69 8.09 5.29 10.5 1.363 0.32 0.003 NS 

Clostridiales Christ. Unassigned Christensenellaceae 0.0303 0.0328 0.100 0.0653 0.0121 0.0009 0.19 NS 

Clostridiales Clostr. Anaerotruncus 0.128b 0.227ab 0.382a 0.251b 0.05055 0.02 0.75 0.04 

Clostridiales Clostr. Unass.Clostridiales_vadinBB60_group 0.219 1.02 1.33 2.53 0.397 0.005 0.02 NS 

Clostridiales Clostr. Lactonifactor 0.0130b 0.116a 0.0181b 0.0103b 0.0189 0.02 0.02 0.01 

Clostridiales Clostr. Ruminiclostridium_5 0.245a 0.128ab 0.122ab 0.0482b 0.0417 0.04 0.03 NS 

Clostridiales Lachn. Lachnoclostridium 1.28 3.89 1.09 2.38 0.603 0.18 0.006 NS 

Clostridiales Oscill. Oscillibacter 0.503b 7.35a 0.941b 2.37ab 1.411 0.13 0.01 0.07 

Clostridiales Peptoc. Unassigned Peptococcaceae 0.0159b 0.0572ab 0.0265b 0.141a 0.02825 0.12 0.01 NS 

Clostridiales Rumin. Ruminococcaceae_UCG.002 0.0364 0.0917 0.610 0.307 0.1351 0.02 0.29 NS 

Clostridiales Rumin. Ruminococcaceae_UCG.004 0.0877b 0.280a 0.217ab 0.246a 0.03885 0.24 0.01 0.05 

Clostridiales Rumin. Ruminococcus_1 1.99b 1.73b 3.84b 7.12a 0.799 0.0004 0.08 0.04 

Clostridiales Rumin. Ruminococcus_2 0.0189b 2.54a 0.739b 0.705b 0.4479 0.23 0.01 0.01 

Clostridiales unknown Unassigned Clostridiales 0.0444b 0.0916b 0.220a 0.116b 0.03245 0.008 0.40 0.03 

Fusobacteriales Fusob. Fusobacterium 0.277A 0.0202B 0.0748AB 0.0603AB 0.0639 0.23 0.05 0.08 

Lactobacillales Strept. Streptococcus 16.4a 0.0674b 1.57b 0.140b 2.818 0.02 0.007 0.02 

NB1-n NB1-n NB1-n3 0.0742B 0.408AB 0.380AB 0.978AB 0.2253 0.07 0.06 NS 
1 Treatments consisted of 4 combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and interaction effects are presented. Means with different superscripts 

differ (lowercase: P < 0.05; uppercase: 0.05 < P < 0.10). Superscripts are only shown when an interaction effect was detected. Number of kids per treatment: D+K+ (n=9), D+K- 

(n=9), D-K+ (n=10), D-K- (n=10).  
2 NS: non-significant P-values for interaction effects. Interaction effects were omitted from the mixed model when not significant, hence no P-value is presented. 
3 SILVA taxonomy. Alternative: RF3 (Greengenes taxonomy). Tukey’s Post Hoc test revealed a tendency between D+K+ and D-K- kids (P = 0.05). 

Abbreviations for Family: Bact. (Bacteroidaceae), Porph. (Porphyromonadaceae), Christ. (Christensenellaceae), Clostr. (Clostridiaceae), Lachn. (Lachnospiraceae), Oscill. 

(Oscillospiraceae), Peptoc. (Peptococcaceae), Rumin. (Ruminococcaceae), Fusob. (Fusobacteriaceae), Strept. (Streptococcaceae). 
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Plasma metabolome 

After filtration and normalization, 1595 variables were found in the plasma samples. Even 

though no clear distinctive patterns were observed with PCA (Supplementary Figure 1), PLS-

DA score plots show separation between the control group and the treatment groups, analyzed 

together or separately. The robustness and validity of the PLS models were then assessed: first, 

they are considered robust if the value of their predictive capacity is superior to 0.5. To validate 

the models, a 200-time permutation test was used to check if the models could lead to a correct 

classification by chance. A model is valid if the majority of the permuted Q² are lower than the 

initial (non-permuted) model. In the current trial, all PLS-DA models had an acceptable 

predictive Q² (from 0.40 to 0.66, Figure 4, left) but the cross-validation permutation test (Figure 

4, right) showed an absence of reliability as the Q² values of several permuted models (blue 

squares on the left of the permutation tests) were equal to, or greater than, the original value 

(single blue square on the right of the permutation tests). To improve these PLS models, a 

variable selection based on univariate analysis was performed. The variables with a P-value < 

0.3 (n= 646) were selected for further multivariate analysis. The simplified PLS-DA models 

clearly discriminated D-K- kids (control) from all other treated groups (Figure 5, A-D). The 

most robust PLS-DA model (Q² = 0.77) was obtained when animals were treated both pre- and 

postnatally (D+K+) (Figure 5D). Variables responsible for the discrimination between D-K- 

and D+K+ kids were selected according to their VIP value (Variable Importance in Projection, 

a measure of a variable's importance in the PLS-DA model) (Figure 5D). Of the 646 variables 

used, a total of 256 variables with VIP >1 could be ascribed to this discrimination.   
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Figure 4. Projections to latent structures-discriminant analysis (PLS-DA) models and validation permutation tests 

of plasma samples from 4 wk-old goat kids treated prenatally (D+), postnatally (K+) or not (D- and/or K-) with 

MCFA from coconut oil. Right figures (permutation tests): x-axis = similarity index, y-axis = R² (green circles) 

and Q² (blue squares) values.   
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Figure 5. Projections to latent structures-discriminant analysis (PLS-DA) models after variable selection and 

validation permutation tests of plasma samples from 4 wk-old goat kids prenatally (D+), postnatally (K+) or not 

(D- and/or K-) with MCFA from coconut oil. Right figures (permutation tests): x-axis = similarity index, y-axis = 

R² (green circles) and Q² (blue squares) values.   



117 
CHAPTER 2B: GOAT TRIAL 1 (rumen bacterial community and plasma metabolome) 

For identification, an in-house database containing more than 1000 metabolites analyzed 

under the same conditions was queried based on both retention time and mass obtained from a 

time of flight mass spectrometry (MS-ToF) detector. Twelve putative candidates were obtained 

(Table 4). In order to confirm their identity, samples were analyzed by Orbitrap to obtain the 

exact mass and mass fragmentation pattern (see Materials and Methods). From these 12 

candidates, 3 remain unknown because their fragmentation pattern did not match with the 

corresponding standards. The identity of 3 metabolites (leucine/isoleucine, methionine and 

pantothenic acid) were confirmed by analytical standard (level 1). A putative annotation of level 

2 was assigned for the 6 remaining metabolites because fragmentation analyses were not 

possible; either they had a weak signal intensity (n = 3), or no signal (n = 3), probably due to 

the instability of metabolite. Four of these putatively annotated metabolites were related to 

carnitine metabolism (9-decenoylcarnitine, trans-2-tetradecenoyl-carnitine/cis5, 

palmitoylcarnitine and stearoylcarnitine). The remaining 2 annotated metabolites were cholic 

acid glucuronide, a derivate from cholic acid (an important bile acid), and alanine, an amino 

acid. All metabolites, except for pantothenic acid and unknown metabolite 2, were reduced in 

the blood plasma of D+K+ kids compared to D-K- kids.
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Table 4. Changes in (putatively) identified plasma metabolites between double treated (D+K+) and control (D-K-) kids* 

 

Metabolite VIP Change1 
Retention time 

(min) 

P-

value 

Identification 

level 

Ion 

species 
Exact mass 

Structure 

formula 

∆ m/z 

(ppm)2 

Alanine 1.05  3 0.12 2 ▪ [M+H]+ 90.05536 C3H8O2N 4.497 

Unknown 1 1.42  4 0.19 NI_1 [M+H]+ 118.08641 C5H12O2N 1.311 

Leucine / Isoleucine 1.45  4 0.22 1 [M+H]+ 132.10200 C6H14O2N 1.06 

Unknown 2 1.59  4 0.04 NI_2 [M+H]+ 148.09663 C6H14O3N -1.282 

Methionine 1.30  5.3 0.20 1 [M+H]+ 150.05840 C5H12O2NS 0.50 

Pantothenic acid 1.17  10.3 0.28 1 [M+H]+ 220.11800 C9H18O5N 0.38 

9-decenoylcarnitine 1.55  13.4 0.04 2 ▪ [M+H]+ 314.23211 C17H32O4N -1.511 

Cholic acid glucuronide 1.15  14 0.05 2 ▪▪ ND    

Trans-2-tetradecenoyl-

carnitine/cis-5 

1.37  14.8 0.12 2 ▪▪ ND    

Palmitoylcarnitine 1.26  15.9 0.07 2 ▪ [M+H]+ 400.34192 C23H46O4N -0.538 

Unknown 3 1.15  16.1 0.19 NI_3 [M+H]+ 426.35749 C25H48O4N -0.693 

Stearoylcarnitine 1.50  16.7 0.02 2 ▪▪ ND    

 

*Four-wk old goat kids were treated prenatally (D+), postnatally (K+) or not (D- and/or K-) with MCFA from coconut oil. 

1 Change in terms of increase or decrease, of treated (D+K+) compared to control (D-K-) conditions. 
2 Mass error, measured relatively to the theoretical exact mass. 

ND: not detected (no signal in Orbitrap). 

NI_1: not identified because the fragmentation pattern strongly differed from the 2 candidates of the in-house database (valine and 5-aminopentanoic acid), which have the 

same retention time and mass.  

NI_2: not identified because the exact mass of the candidate (proline) measured in Orbitrap did not match with the corresponding standard. 

NI_3: not identified because it was not possible to discriminate between the 4 candidates: 11Z-octadecenylcarnitine/ vaccenyl carnitine/ elaidic carnitine/ oleoylcarnitine.  

▪ Retention time and accurate mass match with in-house database, but not possible to do MS² (weak signal). 

▪▪ Retention time and accurate mass match with in-house database, but not possible to do MS², no signal probably due to the instability of metabolite. 
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Correlations between the relative abundance of bacterial genera and in vitro fermentation 

characteristics (24 h incubation) 

From the 19 genera with a relative abundance greater than 0.1% that also differed between 

experimental treatments (Table 3), 15 showed significant correlations (P < 0.10) with 

fermentation parameters (Table 5). Several correlations are not reported, because of the high 

occurrence of zero values which excludes a correlation (H2 accumulation) or because scatter 

plots indicate no relationship exists (Streptococcus, Oscillibacter, Fusobacterium, 

Lactonifactor). In general for most of the 15 remaining bacterial genera, positive correlations 

(P < 0.10) were found with CH4 production, CH4/total VFA and A/P ratio and negative 

correlations with propionate production. The genus Ruminiclostridium_5 deviated from this 

pattern, showing significant negative correlations with CH4 production, CH4/total VFA, and 

A/P ratio, and a positive correlation with propionate production. Very high correlations 

(Spearman correlation coefficient (SCC) > 0.70) with fermentation parameters were found for 

the genera NB.1-n (SCC > 0.72 with P <0.0001 for CH4, acetate production and A/P ratio) and 

unassigned Clostridiales_vadinBB60_group (SCC > 0.73 with P < 0.0001 for CH4, CH4/total 

VFA and A/P ratio, and SCC = -0.71 with P < 0.0001 for propionate production). The genera 

Bacteroides, Lachnoclostridium and unassigned Christensenellaceae did not show significant 

correlations with any of the in vitro fermentation parameters.  
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Table 5. Correlations between the relative abundance of bacterial genera with an abundance > 0.1% that differ 

between experimental treatments* and in vitro incubation parameters (productions after 24 h incubation) at 4 wk 

of age in goat kids. Spearman correlation coefficient is given together with P-value between brackets. Non-

significant Spearman correlation coefficients (P > 0.10) are marked in grey.  

 

 Incubation parameters (µmol produced, 24 h)1 

Relative abundance genus, 

% 
CH4 tVFA CH4/tVFA Acetate Propionate Butyrate A/P ratio 

Bacteroides 
-0.12 

(0.46) 

0.0027 

(0.99) 

-0.14 

(0.40) 

-0.046 

(0.79) 

0.13 

(0.44) 

0.096 

(0.57) 

-0.082 

(0.62) 

Parabacteroides 
0.43 

(0.007) 

0.32 

(0.05) 

0.40 

(0.01) 

0.35 

(0.03) 

-0.29 

(0.08) 

0.44 

(0.006) 

0.42 

(0.009) 

Christensenellaceae_R.7_ 

group 

0.61 

(<0.0001) 

0.43 

(0.008) 

0.58 

(0.0002) 

0.47 

(0.004) 

-0.50 

(0.002) 

0.41 

(0.01) 

0.60 

(<0.0001) 

Unassigned 

Christensenellaceae 

0.18 

(0.29) 

0.15 

(0.38) 

0.16 

(0.34) 

0.18 

(0.29) 

-0.26 

(0.12) 

0.24 

(0.16) 

0.19 

(0.26) 

Anaerotruncus 
0.43 

(0.007) 

0.29 

(0.08) 

0.43 

(0.008) 

0.25 

(0.13) 

-0.53 

(0.0008) 

0.35 

(0.04) 

0.52 

(0.0009) 

Unassigned 

Clostridiales_vadinBB60_ 

group 

0.76 

(<0.0001) 

0.50 

(0.002) 

0.73 

(<0.0001) 

0.58 

(0.0002) 

-0.71 

(<0.0001) 

0.53 

(0.0008) 

0.82 

(<0.0001) 

Lachnoclostridium 
0.066 

(0.69) 

0.097 

(0.56) 

-0.0042 

(0.98) 

-0.023 

(0.89) 

0.20 

(0.24) 

0.083 

(0.63) 

-0.018 

(0.91) 

Ruminiclostridium_5 
-0.34 

(0.04) 

-0.014 

(0.93) 

-0.39 

(0.02) 

-0.18 

(0.28) 

0.41 

(0.01) 

-0.12 

(0.48) 

-0.38 

(0.02) 

Unassigned Peptococcaceae 
0.27 

(0.10) 

0.037 

(0.83) 

0.37 

(0.02) 

0.088 

(0.60) 

-0.31 

(0.07) 

0.27 

(0.10) 

0.30 

(0.07) 

Ruminococcaceae_UCG.002 
0.36 

(0.03) 

0.28 

(0.09) 

0.36 

(0.03) 

0.32 

(0.06) 

-0.22 

(0.18) 

-0.034 

(0.84) 

0.38 

(0.02) 

Ruminococcaceae_UCG.004 
0.41 

(0.01) 

0.20 

(0.24) 

0.47 

(0.003) 

0.16 

(0.36) 

-0.39 

(0.02) 

0.41 

(0.01) 

0.40 

(0.01) 

Ruminococcus_1 
0.52 

(0.0007) 

0.21 

(0.21) 

0.58 

(0.0001) 

0.26 

(0.12) 

-0.37 

(0.02) 

0.067 

(0.70) 

0.45 

(0.005) 

Ruminococcus_2 
0.55 

(0.0004) 

0.41 

(0.01) 

0.57 

(0.002) 

0.45 

(0.005) 

-0.34 

(0.04) 

0.28 

(0.09) 

0.49 

(0.002) 

Unassigned Clostridiales 
0.32 

(0.05) 

0.19 

(0.25) 

0.34 

(0.04) 

0.14 

(0.41) 

-0.45 

(0.006) 

0.37 

(0.02) 

0.45 

(0.004) 

NB1-n 
0.78 

(<0.0001) 

0.69 

(<0.0001) 

0.66 

(<0.0001) 

0.72 

(<0.0001) 

-0.45 

(0.005) 

0.51 

(0.001) 

0.75 

(<0.0001) 

 

* Four-wk old goat kids were treated prenatally (D+), postnatally (K+) or not (D- and/or K-) with MCFA from 

coconut oil. 

1 No correlations are reported with H2 production due to the high occurrence of zero values, which excludes a 

correlation. No correlations are reported with Streptococcus, Oscillibacter, Fusobacterium and Lactonifactor 

because scatter plots indicated no relationship existed.  



121 
CHAPTER 2B: GOAT TRIAL 1 (rumen bacterial community and plasma metabolome) 

DISCUSSION 

Developmental delay of the rumen bacterial community  

The NMDS plot showed that samples of D+K+ kids appeared to be more scattered than samples 

from other treatment groups at the same age. It has been shown that, as the ruminant animal 

ages, the rumen microbial community within individuals of a group matures and develops in a 

convergent way (i.e. less scattered when presented visually) [148]. Hence, this could indicate 

there was a delay in maturation of the bacterial community in D+K+ kids. The reduced richness 

and diversity of the rumen bacterial community due to D+ or K+ treatment, together with the 

depressed in vitro fermentative function also support this hypothesis. Firmicutes, harboring a 

large number of cellulolytic bacteria, were decreased in D+ kids. Within this phylum, most 

differences in abundance were found within the order Clostridiales, which includes many 

polysaccharolytic bacteria that contribute to the production of VFA in the gut [223]. For 

example, 3 genera of the family Ruminococcaceae (cellulolytic fiber-degrading bacteria) were 

reduced due to MCFA treatment, potentially linked to the depressed fermentation capacity 

observed in vitro in MCFA-treated kids. In adult ruminants, coconut oil has been reported to 

depress fiber degradability [109], accompanied by a reduction of Fibrobacter succinogenes, 

although Ruminococcus flavefaciens or Ruminococcus albus were not affected [200,224]. 

However, a study in which dairy cows were supplemented with 50 g/kg of DM (750 g/d) of 

C14:0 (resulting in a 34% reduction of absolute CH4 emissions) showed a reduction of both 

Fibrobacteraceae and Ruminococcaceae [225]. In contrast, no Fibrobacteria were found in any 

of the treatment groups in the current study, although Fibrobacter, a keystone genus for fiber 

digestion was found to be present already within the first 10 d of life in young ruminants [28,51]. 

We cannot explain this finding. Possibly the lack of protozoa in all treatments is related to this, 

since Fibrobacter was reported to be decreased in fauna-free animals [226]. Also, Fibrobacter 

has been shown to prefer the rumen of bovines over other ruminant species [31].  

In addition to the reduction of cellulolytic groups, the substantially higher abundance of 

Streptococcus in D+K+ kids is striking. Streptococcus species (principally S. bovis in the 

rumen) are facultative anaerobic, lactate-producing bacteria that are related to the development 

of (lactic) rumen acidosis [227,228], and are themselves relatively acid-tolerant [229]. 

Correspondingly, Fusobacterium, which use lactate as the major energy substrate and does not 

use any sugars [228], tended to have the highest abundance in D+K+ kids. Furthermore, 2 

genera of the family Christensenellaceae (butyrate producers found to be positively linked to a 

balanced rumen pH [230,231]) were reduced in D+ or K+ kids. All these shifts together with 
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the decrease in cellulolytic bacteria (which are sensitive to even modest declines in pH 

[232,233]) and the shift in fermentation pattern towards lower acetate and butyrate (D+K+ kids) 

and higher propionate production (D+ and K+ kids), could suggest more acid rumen conditions 

in MCFA-treated kids. Additionally, the MCFA supplement was acid as such (pH 3.23 at room 

temperature). However, rumen pH of the D+K+ kids’ inoculum was not different from D-K- 

kids’ inoculum, and even higher than in D+K- and D-K+ treatments (Chapter 2a), possibly 

linked to the lower total VFA production. The opportunistic and rapidly growing characteristics 

of Streptococcus [234] are likely the cause of their substantial (relative) increase in the stressed 

rumen conditions of D+K+ kids, while other groups were decreased.  

Changes in bacterial community linked to decreased in vitro CH4 and fermentation 

As described in Chapter 2a, in vitro CH4 emissions were strongly reduced in D+K+ kids. In 

accordance to this study, Abecia et al. (2018) also found reduced CH4 emissions in goat kids at 

weaning due to an anti-methanogenic treatment (bromochloromethane), associated with an 

increase in the family Bacteroidaceae and a decrease in Ruminococcaceae [214]. Furthermore, 

they also found that the medium term persistency of effects on abundance of specific bacterial 

groups was associated to both doe and kid treatment. Maternal influence on the offspring’s 

microbial colonization has been described before [147,151] and merits more investigation. In 

the current study, several bacterial genera showed strong positive correlations with absolute 

and relative in vitro CH4 production and the A/P ratio, such as unassigned 

Clostridiales_vadinBB60_group, Christensenellaceae_R.7_group and NB1-n. A lower 

abundance of Clostridiales_vadinBB60_group was also found in 8 wk-old lambs which had 

lower in vivo CH4 emissions [148]. Additionally, the abundance of the family 

Christensenellaceae was shown to be positively correlated with the abundance of methanogens 

in human stool and to form co-occurrence relationships with methanogenic archaea in the 

gastro-intestinal tract of both humans and mice [235,236]. They also have been shown to be 

negatively correlated with the family Bacteroidaceae [235], similar to the current study. The 

uncultured Mollicutes genus NB1-n (phylum Tenericutes, termed RF3 using Greengenes 

taxonomy), tended to be reduced in D+K+ kids and additionally showed the strongest 

correlations to in vitro VFA and acetate production. However, this group has a low relative 

abundance and not much is known at present about this genus, except for characteristics 

assigned to Mollicutes like the lack of a cell wall [237]. Mollicutes groups were also found to 

be reduced in dairy cows supplemented 50 g/kg of DM (750 g/ d) of C14:0, resulting in a 34% 

reduction of absolute CH4 emissions [225]. In line with this study (Chapter 2a and 2b), 
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Christensenellaceae, Ruminococcaceae, and 2 methanogen species (Methanobrevibacter 

ruminantium and Methanobacterium alcaliphilum) were reduced in these cows, while 

Lactobacillaceae were increased.  

 

Altered plasma metabolome linked to lower energy metabolism and in vitro fermentation 

The metabolomics approach used in the current study detected differences in the plasma 

metabolic profiles of goat kids treated both pre- and postnatally with MCFA (D+K+) or not 

treated (D-K-). Additionally, these two treatment extremes also differed in bacterial community 

structure and in vitro fermentation parameters. Although only a few metabolites could be 

identified to the highest level with the current methods; generally, metabolite concentrations 

were reduced in D+K+ kids compared to D-K- kids. Importantly, many other discriminating 

metabolites were not identified because their characteristics (molecular mass, retention time 

and MS/MS spectrum) did not match our in-house database. Four of the 9 putatively identified 

metabolites were carnitine derivatives. Carnitine is well known to play a role in the energy 

metabolism of the animal, and is linked with facilitating the β-oxidation of medium and long-

chain fatty acids in the mitochondria [238,239]. It also promotes the energy production from 

glucose through regulation of pyruvate-dehydrogenase complex. In beef calves and fattening 

lambs, supplementation of carnitine has been shown to increase daily gain [240]. In the current 

study, all carnitine derivatives in the plasma were decreased in D+K+ kids, possibly indicating 

a reduced energy metabolism. Additionally, other metabolites that might play a role in the 

animal’s (energy) metabolism were decreased in D+K+ kids as well, among which the amino 

acid alanine, as well as cholic acid glucuronide, a derivative of cholic acid (an important bile 

acid) [241,242].  

Interestingly, differences in carnitine derivatives (3-deoxycarnitine) were also found in 

2 recent studies that investigated the rumen fluid metabolome in animals with lower in vivo 

CH4 emissions (i.e. 3-deoxycarnitine was decreased in 6 mo-old goat kids from which the doe 

received bromochloromethane during suckling [214], and was increased in 20 wk-old lambs 

supplemented with a mix of linseed oil and garlic essential oil [148]). The link between this 

group of metabolites and CH4 production merits more investigation. Furthermore, Saro et al. 

(2018) observed a link between lower CH4 and Methanomassillicoccales (methylotrophs) 

abundance and less metabolites that were methyldonors (i.e. 3-deoxycarnitine, betaine and 

choline). Unfortunately in the current study, we did not study the methanogen community.  
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CONCLUSION 

Supplementing MCFA in pre- and/or postnatal early life in goat kids negatively affected rumen 

maturation and resulted in effects at the level of the intermediate metabolism at 4 wk of age. 

This was indicated by an altered, less rich and less diverse rumen bacterial community structure 

and altered plasma metabolome. The stronger combined effect of pre- and postnatal treatment 

further underlines the important influence of the prenatal conditions on the rumen microbial 

development and the metabolism of the offspring.   
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SUPPLEMENTARY DATA 

 

Supplementary Figure 1. PCA models of plasma metabolites. Quality control samples (QC, blue dots), 

constructed by mixing equal volumes of all the samples, are well clustered.  

 

  

QC D+K+ D-K- D-K+ D+K-

t[
2
]

-40

-30

-20

-10

0

10

20

30

-50 -40 -30 -20 -10 0 10 20 30 40

t[1]

(D-K- vs D+K+)(D-K- vs D-K+)

(D-K- vs D+K-)[D-K- vs (D+K-_D-K+_D+K+]



126 
CHAPTER 2B: GOAT TRIAL 1 (rumen bacterial community and plasma metabolome) 

Supplementary Table 1. Bacterial families or genera with an average percent contribution greater than 1% to the 

dissimilarity between D+ and D- kids at 4 wk of age in a Bray-Curtis dissimilarity matrix (SIMPER analysis). 

 

Taxonomic group 

Average 

contribution 

 

Standard 

deviation of 

contribution 

Cumulative 

contribution 
P-value* 

Family     

Bacteroidaceae 6.27 4.636 17.3 0.009 

Ruminococcaceae 5.96 3.875 33.8 0.010 

Streptococcaceae 4.28 7.083 45.6 0.006 

Lachnospiraceae 3.59 2.547 55.5 0.54 

Christensenellaceae 2.79 2.007 63.2 0.62 

Rikenellaceae 2.17 2.953 69.2 0.09 

Porphyromonadaceae 1.63 1.320 73.7 0.002 

Erysipelotrichaceae 1.55 1.589 78.0 0.07 

Coriobacteriaceae 1.02 2.123 80.8 0.87 

Prevotellaceae 1.02 1.876 83.6 0.34 

Genus     

Bacteroides 6.27 4.636 12.9 0.006 

Streptococcus 4.28 7.083 21.8 0.007 

Lachnospiraceae 3.26 2.425 28.5 0.55 

Christensenellaceae_R.7_group 2.79 2.003 34.3 0.65 

Oscillibacter 2.29 3.099 39.0 0.05 

Ruminococcaceae_UCG.005 2.26 2.801 43.6 0.002 

Ruminococcaceae_NK4A214_group 1.97 1.576 47.7 0.84 

Ruminococcus_1 1.89 1.515 51.6 0.003 

Ruminococcaceae_UCG.014 1.79 1.795 55.3 0.11 

Alistipes 1.43 2.297 58.2 0.009 

Parabacteroides 1.34 1.097 61.0 0.004 

Lachnoclostridium 1.07 1.113 63.2 0.10 

Rikenellaceae_RC9_gut_group 1.06 2.116 65.4 0.35 
*Permutation P-value. Probability of getting a larger or equal average contribution in random permutation of the 

group factor. 
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Supplementary Table 2. Bacterial families or genera with an average percent contribution greater than 1% to the 

dissimilarity between K+ and K- kids at 4 wk of age in a Bray-Curtis dissimilarity matrix (SIMPER analysis). 

 

Taxonomic group 
Average 

contribution  

Standard 

deviation of 

contribution 

Cumulative 

contribution 
P-value* 

Family     

Bacteroidaceae 5.75 4.289 16.18 0.59 

Ruminococcaceae 5.70 3.829 32.20 0.07 

Streptococcaceae 4.11 6.759 43.77 0.01 

Lachnospiraceae 3.56 2.494 53.79 0.84 

Christensenellaceae 3.16 2.117 62.68 0.003 

Rikenellaceae 2.22 2.844 68.92 0.02 

Porphyromonadaceae 1.57 1.220 73.33 0.006 

Erysipelotrichaceae 1.48 1.603 77.49 0.59 

Coriobacteriaceae 1.09 2.195 80.56 0.06 

Prevotellaceae 1.05 1.962 83.51 0.11 

Genus     

Bacteroides 5.75 4.289 11.98 0.58 

Streptococcus 4.11 6.759 20.54 0.009 

Lachnospiraceae 3.24 2.394 27.30 0.75 

Christensenellaceae_R.7_group 3.16 2.112 33.88 0.003 

Oscillibacter 2.41 3.147 38.90 0.002 

Ruminococcaceae_UCG.005 2.08 2.812 43.24 0.064 

Ruminococcaceae_NK4A214_group 1.98 1.729 47.36 0.61 

Ruminococcus_1 1.75 1.492 51.01 0.08 

Ruminococcaceae_UCG.014 1.72 1.747 54.58 0.53 

Parabacteroides 1.40 1.091 57.50 0.0005 

Alistipes 1.36 2.070 60.33 0.05 

Lachnoclostridium 1.19 1.139 62.81 0.0008 

Rikenellaceae_RC9_gut_group 1.11 2.223 65.12 0.04 

Olsenella 1.01 2.223 67.22 0.11 
*Permutation P-value. Probability of getting a larger or equal average contribution in random permutation of the 

group factor.  
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Supplementary Figure to Chapters 2a and 2b. General overview of the observed effects of MCFA supplementation pre- and/or postnatally on 

goat kids at 4 wk of age, at the level of rumen microbiota, in vitro fermentation, performance and metabolism 
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ABSTRACT 

Experiment 1 (cannulated dairy cows). A sequential dose-response feeding trial with DHA-

Gold (a whole cell marine micro-algae powder, containing ca.180 g/kg docosahexaenoic acid 

or DHA) was performed with 4 cannulated Holstein dairy cows, to determine: 1) whether the 

fermentative and methane (CH4) producing capacity of the rumen inoculum was modified 

through supplementation to donor cows, by using in vitro batch incubations, and 2) whether the 

cows’ milk production and DMI was affected. Cows were adapted to a control diet for 3 wk 

(adaptation period, ADAP), followed by the first treatment period of 2 wk (ALG1) in which 

cows were fed 180 g DHA Gold/d in a compound feed. In the second treatment period of 2 wk 

(ALG2), cows received 360g DHA Gold/d. Finally, all cows returned to the control diet for 3 

wk (recovery period, RECOV). Rumen fluid and milk samples were taken in the last wk of each 

of the 4 experimental periods. During ALG1 and ALG2, in vitro VFA and particularly 

propionate production was increased (P = 0.007 and P = 0.004, respectively), resulting in a 

lower CH4/total VFA (-32% and -26%, respectively, P = 0.0008) and a lower acetate to 

propionate ratio (P = 0.006). In contrast to ALG1, the higher DHA-Gold dose in ALG2 reduced 

DMI (-20%, P = 0.002), milk production (-31%, P < 0.0001), milk fat yield (-48%, P = 0.003) 

and feed conversion efficiency (P = 0.01). These negative effects persisted after RECOV, while 

in vitro CH4 production and fermentative capacity were restored. In conclusion: 180 g DHA-

Gold/d (ca. 0.28g/kg BW) can reduce in vitro CH4 production by 32%, without negative effects 

on production in vivo, except for a reduction of milk fat yield. 

Experiment 2 (goat kids). Twenty pregnant Saanen goats, giving birth to 2 male kids, were 

used. Half of the does were supplemented (D+) with 18.2 g/d of DHA-Gold (0.28g/kg BW) in 

the concentrate during the last 3 wk of pregnancy, whereas the other half was not (D-). 

Immediately after kidding, 1 kid per doe in both groups was supplemented daily with 0.28 g/kg 

BW of DHA-Gold (K+) until 12 wk of age, whereas the other kid was untreated (K−). This 

resulted in 4 experimental groups: D+K+, D+K−, D−K+ and D−K−. In vitro incubations with 

fresh rumen fluid were performed at the ages of 4 wk, 11 wk and 24 wk. Additionally, rumen 

tissue of the ruminal atrium, ventral rumen and dorsal blind sac were collected to assess rumen 

morphometry. Rumen inocula of  D+ kids at 4 wk of age showed lower in vitro CH4 production 

(P = 0.05). This was mainly caused by a reduction in the overall fermentation capacity, which 

remained a tendency until 11 wk of age. As a consequence, prenatal as well as postnatal 

supplementation of DHA-Gold stimulated rather than inhibited in vitro CH4 /total VFA at 4 and 

11 wk of age. Supplementation of DHA-Gold either pre- or postnatally decreased density, 
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width, and total surface area of ruminal papillae of kids at 24 wk of age, but no effect on daily 

gain was observed. Moreover, detrimental effects of DHA-Gold supplementation on in vitro 

VFA production or stimulation of relative CH4 production were no longer observed at 24 wk 

of age. In conclusion: neither pre- nor postnatal DHA-Gold supplementation showed potential 

for reduction of rumen methanogenesis. Furthermore, this early life intervention could represent 

some risk for impaired rumen papillae development, which, however, did not impair animal 

performance. 

Keywords: DHA-Gold, cannulated dairy cows, goat kids, in vitro methane, pre-/postnatal 

supplementation, rumen papillae.   
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INTRODUCTION 

Poly-unsaturated fatty acids (PUFA) are considered promising feed additives for methane 

(CH4) reduction in ruminants, and are natural alternatives for synthetic CH4-reducing 

compounds [81,88]. The higher the degree of unsaturation, the more toxic PUFA are to rumen 

micro-organisms [10,95,98,243]. Marine products, rich in omega-3 long-chain PUFA (LC-

PUFA) such as eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, 

C22:6 n-3), has been shown to decrease in vitro methanogenesis and increase propionate 

concentrations [98,244]. The high levels of LC-PUFA in fish oil originate from the diet of these 

fish (eating zooplankton that have fed on algae), because in fact marine microalgae and algae-

like micro-organisms are the primary synthesizers of omega-3 LC-PUFA [245,246]. Because 

of environmental concerns about fish stocks and high costs, microalgae (e.g. Crypthecodinium 

cohnii or Schizochytrium sp.), which can be mass-produced [247], could serve as a valuable 

and more sustainable alternative for fish oil and the production of LC-PUFA [197,246]. Several 

studies showed the CH4-reducing potential in vitro of DHA in particular. Incubations under 

partial H2 atmosphere have suggested that high amounts of DHA lead to direct toxic effects on 

rumen methanogens. However, suppression of methanogenesis at lower doses seems to be 

indirect and caused by affecting H2-releasing fermentative pathways [244].  

The product DHA-Gold (whole cell algae powder from Schizochytrium sp., containing ca. 

180 g/kg DHA, DSM, Switzerland) has potential to reduce CH4 in vitro [119,244], however 

this could not yet be confirmed in vivo [248,249]. Experiment 1 (cannulated dairy cows) was 

performed in order to find a CH4-reducing dose of DHA-Gold without negative effects on DMI, 

since this is reported to be a potential problem [248,250]. This potential of this dose could then 

further be tested in an early life context. Several studies have already shown the possibility to 

alter methanogenesis or the rumen microbiota in the long-term through a nutritional 

intervention in early life [62,146], in this way avoiding to treat the adult ruminant which is 

characterized by a resilient rumen microbial community [24]. De Barbieri et al. (2015) 

successfully showed that the rumen fermentation and bacterial community of newborn lambs 

could be altered by modifying the diet of the mothers prenatally with persistent effects beyond 

weaning, using medium chain fatty acids from coconut oil. Besides effects on rumen microbes 

and their function, pre- or postnatal treatment has also been shown to affect rumen wall 

morphology [251], as this can be influenced by a change in the rumen fermentation [184]. 

Additionally, DHA is important for the development of the central nervous system in 

mammals, and maternal intake of DHA during pregnancy (in the form of fish oil or marine 
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micro-algae) is linked to an increased gestation length, improved lamb survival rate and 

neonatal vigor in sheep [252,253], a tendency to more rapidly contact the udder and grasp a teat 

in piglets and beneficial effects on piglet pre-weaning growth and weaning weight [254]. 

Interestingly, these beneficial effects depended upon timing and duration of DHA allocation. 

In addition to potentially reducing the CH4 emissions, supplementing DHA in early life could 

therefore also lead to animal health and performance benefits.  

 

In the current Chapter, 2 experiments with DHA-Gold are presented. In the first experiment 

with cannulated dairy cows, we aimed to find a practical dose of DHA-Gold which results in 

reduction of CH4 emissions in vitro and minimal negative effects on animal feed intake and 

production. In the second experiment, the optimal DHA-Gold dose from Experiment 1 was used 

(relatively to BW) for supplementation to dairy goats in late pregnancy. We hypothesized that 

supplementing DHA-Gold prenatally and/or postnatally to goat kids could affect the rumen’s 

methanogenesis capacity, both during and after supplementation due to early life programming. 

Furthermore, because of possible effects on rumen fermentation pattern, this early life exposure 

could possibly affect rumen papillae morphometry and function later in life.  
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MATERIALS AND METHODS 

Experiment 1 (cannulated dairy cows) 

Animals, experimental design and feeding 

The experiment was approved by the ethical committee of the Flanders Research Institute for 

Agriculture, Fisheries and Food (ILVO, approval number EC2013/205) and the experiment was 

conducted at the ILVO (Melle, Belgium). Four multiparous cannulated Holstein-Friesian cows 

were used in this study. Two cows were in second lactation, 1 cow in third lactation and 1 cow 

in fifth lactation. Cows were on average 193 days in milk. The average weight was 649.3 kg 

and daily milk yield was 22.3 kg ±3.8 kg (48.1g fat/kg and 35.9g protein/kg) before the 

experiment started. All cows were housed individually in a tie stable with rubber bedding, 

separate mangers and continuous access to water during the course of the experiment. 

The trial was set up as a sequential dose-response trial, starting with a 3 wk adaptation 

period (ADAP) wherein the cows received the same control diet. Maize silage and pre-wilted 

grass silage were mixed on DM basis in a ratio of 45/55 and fed at 08:15h and 15:00h. 

Concentrate supply was calculated per cow at the start of the trial, based on ad libitum roughage 

intake supplemented with concentrates to cover 105% of the animals requirements for net 

energy [164] and digestible protein in the intestine [255]. According to individual needs, soy 

bean meal and formaldehyde-treated soy bean meal (rumen-protected) was added to the diet 

(on DM basis: 34% maize silage, 46% grass silage, 15% concentrates, 5% soy bean meal). A 

treatment concentrate containing 180g/kg DHA-Gold (DSM, Switzerland) replaced 1 kg/d of 

the standard concentrate in the diet in treatment period 1 (ALG1) for a 2 wk-period (180g DHA-

Gold/d, 32.4 g DHA/d) (Table 1). In treatment period 2 (ALG2), the daily amount of DHA-

Gold concentrate was doubled to 2 kg/day (360 g DHA Gold, 64.8 g DHA) for 2 wk, by 

replacing another kg of the standard concentrate. All concentrates (standard, DHA-gold, 

soybean meals) were fed in 2 equal parts during morning and evening milking (at 05:00h and 

17:00h) in two equal parts. After ALG2, the cows returned to the control diet for a period of 3 

wk (recovery period, RECOV), after which the trial ended. The amount of roughages and 

concentrates was kept constant over the whole experimental period. Feed intake was recorded 

daily for all cows. Leftovers were weighed and recorded every wk.   
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Table 1. Ingredient composition of control and algal concentrate used in Experiment 1  

Item Control concentrate Algal concentrate 

Ingredient, g/kg product   

   Beet pulp 350 122 

   Soy bean meal 230 231 

   Wheat 175 89.0 

   Corn 120 146 

   Molasses 70.0 57.0 

   Corn gluten meal - 120 

   DHA Gold - 180 

   Feed phosphate 10.0 10.0 

   Trace elements Roche1 10.0 10.0 

   Lignin sulphuric acid 10.0 10.0 

   NaCl 6.00 6.00 

   MgO2  (93%) 5.00 5.00 

   Chalk 4.00 4.00 

Chemical composition, g/kg DM   

   Dry matter (g/kg) 898 905 

   Crude protein 

Cru 
183 183 

   Crude fat 

VEM 
29.3 99.7 

   Crude ash 82.3 144 

   Crude fiber 100 50.1 

   NDF 189 126 

   ADF 107 62.8 

   ADL  6.20 5.50 

   Sugars 100 87.5 

   Starch 214 195 

   VEM2, /kg of DM 1,067 1,258 

   DPI3 119 114 

   RDPB4 11.1 14.7 

   FOM5 635 512 
1 Vitamin A (E672): 1,000,000 IU/kg; vitamin D3 (E671): 400,000 IU/kg; vitamin E (5,000 mg/kg); biotin: 

500,000 µg/kg; ferrum (ferro(II)sulfate monohydrate): 5,000 mg/kg; cupper (cupper(II)sulfate pentahydrate): 

2,500 mg/kg; manganese (manganese oxide): 5,000 mg/kg; cobalt (cobalt carbonate monohydrate): 50 mg/kg; zinc 

(zinc oxide): 10,000 mg/kg; iodium (calcium iodate anhydrate): 250 mg/kg; selenium (natrium selenite): 70,020 

µg/kg. Calcium: 19.37%. 
2 VEM = feed unit milk (1 VEM = 6.9036 kJ net energy) [164]. 
3 DPI = True protein digested in the small intestine [255]. 
4 RDPB = Rumen degradable protein balance [255]. 
5 FOM = Fermentable organic matter [255].  
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Analyses of feed and milk samples  

Feed and milk samples were analyzed as described in Chapter 1 of this thesis. 

 

In vitro batch incubations 

In vitro batch incubations with fresh rumen fluid (Vlaeminck et al. 2014) were performed 

within 30 minutes after sampling. Average values of the two sampling days were considered 

for further analysis. In the lab, rumen fluid was sieved (1 mm pore size) and stirred under 

flushing with CO2. Then, 50 ml of rumen fluid was mixed with 200 ml of phosphate-carbonate 

buffer under CO2 flushing, and pH was measured before and after adding the buffer. Next, 25 

ml of the mixture was injected into a glass penicillin flask (120 ml, closed with a rubber 

stopper), which was previously flushed with 100% CO2 or 100% H2. There was 1 flask per cow 

per gaseous atmosphere (for each sampling day). Also, an amount of 250 mg of a dried 

grass/maize silage mixture was added to all flasks beforehand. Overpressure of gas was released 

and 1 ml of ethane (C2H6) was injected as an internal standard for gas measurements. Flasks 

were then incubated (39°C) on a shaking platform for 24 hours. A gas standard series of 8 flasks 

were analyzed for each incubation run, as described in Debruyne et al. 2018. VFA analysis 

(C2:0, C3:0, iso-C4:0, C4:0, iso-C5:0, C5:0, C6:0) of incubated rumen fluid was performed as 

well [187]. Also non-incubated fresh rumen samples were analyzed and these VFA 

concentrations were used to calculate net production of VFA in the incubated flasks. Total VFA 

was calculated as the sum of acetate, propionate, isobutyrate, butyrate, isovalerate, valerate and 

caprionate amounts. 

In addition to investigating the effects of in vivo treatment on in vitro CH4 production, 

the different gaseous atmospheres were used to examine the effects on the fermenting 

microbiota (CO2 atmosphere) or the hydrogen conversion efficiency of the methanogens (H2 

atmosphere). The hydrogen conversion efficiency is a measure of how efficiently the H2 present 

in the headspace was converted to CH4 in the flask, and was calculated as (mmol CH4 produced 

under H2 atmosphere – mmol CH4 produced under CO2 atmosphere) / (theoretical mmol CH4 

that could be produced from H2 added to the headspace of the flask at the start of the 

experiment). The proportion of H2 that could be utilized for CH4 production was calculated 

using the ideal gas law of Boyle and Gay-Lussac. For an ideal gas under standard 

circumstances, 1 mol of gas corresponds to 22.4 L. Taking into account the temperature of the 

flasks’ gas phase after incubation, 1 mol corresponded to 24.06 L. The volume of the headspace 

of the flask is 95ml (120 ml flask volume–25 ml rumen fluid/buffer), which corresponds with 

3.95 mmol H2. In hydrogenotrophic methanogenesis, 4 mol H2 is used to produce 1 mol of CH4, 
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so in theory the amount of added H2 potentially could produce 0.99 mmol of CH4. Hydrogen 

recovery (2Hr) was calculated as (2P + 2B+ 4CH4 +H2) / (2A + P + 4B) × 100 with acetate (A), 

propionate (P), butyrate (B) and CH4 expressed as net molar production and H2, the net molar 

accumulation after 24 h of incubation. This recovery reflects the validity of the model of 

metabolic H2 transfer in the rumen fermentation model [256]. 

 

Experiment 2 (goats) 

Ethical approval and animal handling 

The in vivo experiment was carried out at the experimental farm of Ghent University (Agrivet, 

Proefhoevestraat 18, 9090 Melle), with the approval from the Ethical Committee of the Faculty 

of Veterinary Medicine and Bioscience Engineering of Ghent University, Belgium (EC-2016-

16). Between the second and third wk of age, goat kids were dehorned for safety of the care 

takers, to prevent injuries among goat kids and to avoid dominance behavior. The dehorning 

was done following a standard protocol used in practice and approved by the ethical committee 

of the local university. The in vitro set-up was developed and carried out at the Laboratory for 

Animal Nutrition and Animal Product Quality (LANUPRO) of Ghent University. 

 

Animals, treatments and experimental design 

Prenatal treatment. A group of 108 Saanen dairy goats were synchronized (insemination 

between 2nd and 25th of September 2015) at a commercial farm (Zele, Belgium). During the last 

3 wk of pregnancy, the does were randomly divided in 2 experimental groups: 54 does for the 

control (D-) and DHA-Gold supplemented group (D+) (DSM, Nutritional Products, Deinze, 

Belgium). The dose of DHA-Gold supplemented to the does was based on Experiment 1 

(cannulated dairy cows, also previously published as a symposium abstract [257]). A daily dose 

of on average 0.28 g/kg BW of DHA-Gold reduced the in vitro methane production when 

incubating the rumen inoculum, without impairment of DMI and in vitro VFA production. An 

equivalent dose (expressed on BW) was offered to the supplemented does (D+). Similarly, an 

equivalent dose, calculated on BW basis, was supplemented to the goat kids used in the present 

study. All does were fed grass silage (first wk) or a roughage mixture ad libitum (in g/kg of 

fresh material basis: 720 / 200 / 80 of maize silage / grass silage / fodder beet, during the last 2 

wks) which was supplemented with a concentrate (1 kg/d). Diets were offered as 2 equal meals 

at 09:00 h and 15:00 h. Each group was housed in a pen with free access to fresh water. The 

concentrate differed in type depending on experimental group, containing either 18.2 g/kg of 
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rapeseed for the control group (D-) or 18.2 g/kg of DHA-Gold mixed in the concentrate for the 

supplemented group (D+) (Table 2 and 3). Both concentrates were equal in NE (924 VEM/kg) 

[164] and small intestine digestible protein (DPI = 156 g/kg) [255] as well as proximate 

chemical composition. We relied on the Dutch NE evaluation system, with feed unit lactation 

being the unit for the NEl, which is also used to calculate NE requirements for maintenance and 

growth of goats [164]. Additionally, the Dutch true protein digested in the intestine system was 

used to calculate the small intestine digestible protein requirements for maintenance and growth 

of goats (true protein digested in the intestine) [255]. 

 

 

Table 2. Chemical and fatty acid composition of rapeseed (control product) and DHA-Gold (used in concentrates 

supplemented to does). DHA-Gold was supplemented to the K+ kids as an emulsion in water (0.333 g/mL) 

(Experiment 2) 

 

Item, g/kg product Rapeseed DHA-Gold 

Chemical composition   

Moisture  7.70 20.3 

Crude protein 198 167 

Crude fat 415 556 

Starch  174 124 

Crude ash 39.0 88.1 

Crude fiber 97.0 45.0 

Fatty acids, g/kg product   

14:0 26.0 30.7 

16:0 2.80 83.8 

18:0 0.60 2.00 

18:1 n-9 379 16.7 

18:2 n-6 7.00 0.50 

22:0 ND 54.0 

22:6 n-3 ND 148 
ND= not detected.  

C18:1 n-9 includes the sum of (c-9 + c-11 + t-10 + t-11) isomers. 
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Table 3. Ingredients (g/kg of product) and fatty acid composition (g/kg of product) of the concentrate of control 

(D-) group and DHA-Gold (D+) group (Experiment 2) 

Ingredients Concentrate 

Soy bean meal 260 

Rapeseed (D-) or DHA-Gold (D+) 18.2 

Maize 232 

Beet pulp 200 

Wheat 150 

Molasses 50.0 

Lignosulphonate 20.0 

Vitamin premix AD1 16.0 

Vitamin E1 1.00 

Feed phosphate 16.0 

Trace elements2 16.0 

Salt 10.0 

MgO 93% 7.00 

Calcium carbonate 4.00 

DPI3 119 

VEM (VEM/kg)4 958 

FA composition  D- D+ 

14:0 16.2 21.2 

16:0 3.32 5.12 

18:0 0.65 0.53 

18:2 n-6 9.63 8.37 

22:0  - 1.13 

22:6 n-3 <0.10 2.87 
1 VIT A, D and E (UI/g): A (312), D (62.5) and E (6,000). 
2 Premix of trace elements and minerals (mg/g): Fe (281), Cu (62.5), Mn (116), Co (1.4),  

Zn (175), I (4.8), Ca (244.3), P (157), K (248), Mg (73.8) and Na (8.1). 
3 DPI = true protein digested in the small intestine [255]. 
4 VEM = feed unit milk (1 VEM = 6.9036 kJ net energy) [164]. 

 

 

Postnatal treatment. In each group of does, the goal was to obtain at least 10 does kidding 

of preferably at least 2 male kids. This goal could not be obtained, and hence 2 does with only 

1 single male kid were retained in both the D+ and D- group as they did not give birth to male 

twins. All 40 goat kids used in the experiment were born within a time frame of 35 d. After 

kidding, the kids were immediately separated from their mother and each allocated to an 

experimental group: non treated (K−) or treated (K+, daily 0.28 g/kg of BW per day of DHA-

Gold, in 2 equal doses), thus resulting overall in 4 experimental groups each containing 10 kids: 

D+K+, D+K−, D−K+ and D−K− (analogous to Chapter 2a of this thesis). The treatment of the 

kids (K+) started within 6 h after birth and lasted until 3 wk post-weaning (12 wk of age) (Figure 

1), during which kids were grouped in pairs of the same experimental condition in 20 separate 

pens with free access to fresh water and hay. The pens were constructed to avoid physical 

contact between the neighboring kids during the first wks of life. Prior to each supplementation, 

a DHA-Gold emulsion was freshly prepared in water (0.333 g/mL) and was administered orally 
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before the morning and afternoon feeding with a 10 mL syringe. The dose of DHA-Gold was 

increased every 2 wk according to the BW of the kids. BW was recorded before morning 

feeding every 2 wk until 12 wk for all kids and at euthanasia (ca. 24 wk of age). Goat kids 

received colostrum in individual bottles (mixture from all does kidding on the same day on the 

farm) on the first day after birth, on the second day they received mixed colostrum from the 

second and third milking and from day 3 until weaning (9 wk of age) kids received milk 

replacer, prepared using goat milk powder (Denkamilk Capri Ovi, Denkavit, Voorthuizen, the 

Netherlands) [containing g/kg DM: crude protein 380, crude fat 470 fat and crude ash 70, 

respectively].  

Concentrate and hay was at the disposal of the kids from 2 wk of age onwards and kids were 

gradually weaned from 6 to 9 wk of age, replacing the milk powder by increasing the offer of 

hay (ad libitum) and concentrate (maximum 1 kg/pen/d) [Capri, AVEVE, Merksem, Belgium]. 

From 6 wk onwards, milk powder concentration was lowered from 200 g/L to 175 g/L. At 7 wk 

of age, the total amount of milk replacer was reduced to 1 L per 2 kids per feeding time, for the 

last 2 wk (wk 8 and 9), the milk feeding time was reduced to 500 mL per 2 kids once a day 

(08:30 h). By the end of 9 wk of age, all kids were weaned. Postnatal supplementation of DHA-

Gold (K+) was ceased 3 wk after weaning (12 wk old). At this age, goat kids were moved to a 

pasture for the last 3 mo of the experiment (May – August, 2016) and housed together. The 

pasture was provided with a shelter, water was offered ad libitum and a supplementation of 500 

g/d per animal of goat concentrate was provided (Capri 181, AVEVE, Merksem, Belgium). The 

pasture surface had been grazed by goat kids during a previous experiment. The pasture had not 

been grazed for a period of 7 mo before the goat kids were moved to the pasture. Hay was 

offered throughout the time on the pasture in a fixed hay rack to complement the animal 

requirements, when weather conditions (excess or lack of rain) were not favorable to support 

grass growth.  

Figure 1. Sampling and data collection schedule of goat kids. Kids were weighed (◊) from birth until weaning 

every 2 wk (----), at the end of the stable period and at 24 wk of age. The bold dashed line (▪▪▪▪) indicates postnatal 

treatment period. At three ages (4 wk, 11 wk, 24 wk) rumen fluid was sampled (■). At 24 wk of age, additional 

rumen wall samples (○) were collected after euthanasia to assess papillae morphometry.  
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Rumen fluid sampling at 4, 11 and 24 wk of age; euthanasia and assessment of rumen wall 

morphometry at 24 wk of age 

This was performed as described in Chapter 2a [251]. The ventral blind sac was not sampled in 

the current study. 

In vitro incubations at the age of 4 wk, 11 wk and 24 wk 

This was performed similarly as described in Chapter 2a [251], except 2 flasks with 100% H2 

atmosphere were added. Hydrogen recovery (2Hr) was calculated as explained in material and 

methods of Experiment 1. 

 

Statistical analysis (Experiment 1 and 2) 

Statistical analysis was carried out in SAS Enterprise (SAS Inst. Inc., Cary, USA). In 

Experiment 1, all 4 cows were regarded as statistical replicates. The effect of treatment was 

analyzed by mixed model ANOVA with treatment period as main factor and cow as random 

factor. In Experiment 2, all goats within one experimental condition were regarded as statistical 

replicates. If data were not normally distributed, then they were log-transformed for statistical 

analyses. In the case of log-transformed parameters, back-transformed LS means are presented 

together with the 95% confidence intervals. Duplicate flasks in the in vitro incubations as well 

as the 10 papillae measured from one area (per kid) were considered analytical replicates, and 

mean values of these measurements were used for statistical analysis. Pearson correlation 

coefficients were calculated between papillae measurements (density, base width, length and 

total surface area), BW and VFA concentrations of the rumen inoculum at 24 wk of age, using 

PROC CORR-Pearson procedure of SAS (version 9.1; SAS Institute Inc., Cary, NC). In general 

for both experiments, results in tables are shown as least square mean averages. When the test 

showed significant differences, Tukey’s post hoc tests were carried out. Statistical significance 

was assigned to P < 0.05. Statistical tendency was assigned to 0.05 < P < 0.10.   
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RESULTS 

Experiment 1 (cannulated cows) 

In vitro CH4 production and fermentation parameters (CO2 atmosphere) 

After ALG1, the absolute in vitro CH4 production was numerically reduced by 12%, while total 

VFA production was increased by 17% (P = 0.007), due to an increase in propionate (+32%, P 

= 0.002) (Table 4). Accordingly, the CH4/total VFA ratio was reduced (-32%, P = 0.003), as 

well as the acetate to propionate (A/P) ratio (P = 0.05). There were no differences in H2 

accumulation in the flasks compared to ADAP. The highest dose of DHA-Gold (ALG2) still 

reduced absolute CH4 production numerically by 11%, and increased VFA production, in 

particular propionate, as well as H2 accumulation compared to ADAP (+15%, P = 0.02; +37 %, 

P = 0.0005 and +33%, P = 0.10, respectively). Accordingly, both CH4/total VFA (-26%, P = 

0.01) as well as A/P (P = 0.009) were reduced. At the end of the trial (after 3 wk RECOV), in 

vitro CH4 production and fermentation characteristics returned to the initial ADAP values. Non-

incubated rumen fluid shows the VFA concentrations as they were in the in vivo situation during 

morning sampling (Supplementary Table 1). Propionate concentrations were increased in the 

rumen fluid after ALG1 compared to ADAP (P = 0.02), and tended to be increased after ALG2 

(P = 0.09), whereas similar concentrations were observed again after RECOV. Furthermore, 

butyrate concentrations tended to be increased as well after ALG1 (P = 0.07), but not anymore 

after ALG2 or RECOV. Due to the increased propionate concentrations, the A/P ratio was 

reduced after ALG1 and ALG2 (P= 0.0004). There were no differences in acetate or total VFA 

concentrations.  

In vitro CH4 production and fermentation parameters (H2 atmosphere) 

In general under H2 atmosphere, 3 to 4-fold more CH4 was produced during all treatment 

periods compared to the CO2 atmosphere, as could be expected (Table 4). The absolute CH4 

production was not reduced after ALG1 or ALG2 compared to ADAP, indicating that the 

methanogen activity was not suppressed by the treatments given in vivo.   
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Table 4. In vitro fermentation parameters (under CO2 or H2 gas phase) of rumen fluid from cannulated dairy cows 

(N=4) supplemented (ALG1 and ALG2) or not (ADAP and RECOV) with DHA-Gold (Experiment 1) 

 Treatment periods   

Item, µmol/flask ADAP ALG1 ALG2 RECOV SEM P-value 

Under CO2 gas phase       

Absolute CH4 production 448ab 369b 400ab 487a 28.7 0.02 

Absolute H2 accumulation 0.956ab 0.867bc 1.27a 0.568c 0.0814 0.001 

CH4/total VFA (µmol/µmol) 0.419a 0.284b 0.312b 0.415a 0.0217 0.0008 

VFA production       

     Total VFA 1,077b 1,292a 1,264ab 1,176ab 40.4 0.007 

     Acetate 613 691 655 668 25.6 0.19 

     Propionate 261b 385a 411a 305b 18.1 0.0004 

     Butyrate 162 157 141 158 16.6 0.80 

Acetate/propionate ratio 2.35a 1.81bc 1.61c 2.22ab 0.121 0.006 

2Hr1 (mol/mol) 1.24 1.07 1.18 1.22 0.056 0.15 

Under H2 gas phase       

Absolute CH4 production 1,423bc 1,320c 1,544b 1,686a 43.3 <0.0001 

H2 conversion efficiency2 (%) 98.4b 96.1b 116a 121a 2.7 <0.0001 

CH4/total VFA (µmol/µmol) 1.31b 1.07c 1.29b 1.55a 0.051 0.0004 

VFA production       

     Total VFA 1,084B 1,238A 1,206AB 1,094AB 53.8 0.05 

     Acetate 566 652 599 597 34.1 0.15 

     Propionate 308b 375a 409a 285b 16.2 0.0006 

     Butyrate 163 152 137 161 16.0 0.66 

Acetate/propionate ratio 1.84ab 1.76bc 1.47c 2.11a 0.096 0.003 
1 2Hr = H recovery, calculated as (2P + 2B+ 4CH4 +H2) / (2A + P + 4B) with acetate (A), propionate (P), butyrate 

(B) and CH4 expressed as net molar production and H2, the net molar accumulation after 24 h of incubation (under 

CO2 atmosphere only). 
2 H2 conversion efficiency was calculated as: (mmol CH4 produced under H2 atmosphere – mmol CH4 produced 

under CO2 atmosphere) / (theoretical mmol CH4 that could be produced from H2 added to the headspace of the 

flask at the start of the experiment) (under H2 atmosphere only). 

 

 

Interestingly, absolute CH4 production was increased after ALG2 compared to ALG1 (P = 

0.03), and was highest after RECOV, with an increase of 16% compared to ADAP (P = 0.001) 

(Figure 2). In figure 2, the dark grey bars represent the amount of CH4 that was produced from 

fermentative H2 (originating from substrate degradation, CO2 atmosphere). For this, equal 

fermentative H2 production under H2 and CO2 atmosphere is assumed. The light grey bars 

represent the amount of CH4 that was additionally produced from the extra H2 added to the 

atmosphere at the beginning of the incubation. This was calculated as the difference between 

the total CH4 (measured under H2 atmosphere) and the CH4 production from fermentative H2 

as quantified from the incubations under CO2 atmosphere. After ALG1, CH4 produced from H2 

added to the incubation atmosphere decreased by 3% only (Figure 2), which was reflected in a 

similar H2 conversion efficiency (Table 4). After ALG2, a higher amount of CH4 was produced 

from the H2 added to the atmosphere compared to ALG1 (P = 0.0003), linked to a higher H2 

conversion efficiency (116%, P = 0.0003), and increased absolute CH4 production. The H2 
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conversion efficiency remained increased after 3 wk of RECOV, corresponding to the highest 

absolute CH4 production, and highest calculated CH4 production from H2 added to the 

atmosphere. In line with the incubations under CO2 atmosphere, total VFA under H2 

atmosphere tended to increase after ALG1 compared to ADAP (P = 0.09), but was not different 

after ALG2 or RECOV. Because of this, CH4/total VFA was reduced after ALG1 compared to 

ADAP (P = 0.02), but was similar to ADAP again after ALG2, and furthermore obtained the 

highest value after RECOV (P = 0.02), corresponding to the increased absolute CH4 production. 

Propionate production was increased during both ALG1 and ALG2 compared to ADAP (P = 

0.04 and P =0.004, respectively), but did not differ anymore after RECOV (similar productions 

as what was observed under CO2 atmosphere). The A/P ratio was reduced after ALG2 compared 

to ADAP (P = 0.04), but returned to similar ADAP value after RECOV. 

Figure 2. Absolute in vitro CH4 production of cannulated dairy cows (N=4) supplemented (ALG1 and ALG2) or 

not (ADAP and RECOV) with DHA-Gold (Experiment 1). Dark grey bars represent the amount of CH4 that was 

produced from fermentative H2 (CO2 atmosphere incubations, SEM = 28.7), light grey bars represent the additional 

amount of CH4 that was produced from adding H2 to the atmosphere (i.e. total CH4 production under H2 atmosphere 

– CH4 production under CO2 atmosphere, SEM = 43.3). Percentages show differences between light grey bars. 

Different letters indicate statistical differences (P < 0.05).  

 

DMI, BW and Milk Production 

DHA-Gold supplemented at the lowest dose (ALG1) did not significantly affect dry matter or 

energy intake, while intake of some chemical fractions changed (Table 5). Nevertheless, 

increasing the DHA-Gold dose (ALG2) dramatically reduced intake of all fractions, energy and 

total dry matter. Similarly, milk production and FPCM were reduced when the highest DHA-

Gold dose was supplied, while milk fat percentage (P = 0.05) and yield (-25%, P = 0.01) were 

already reduced at the lowest dose, resulting in a trend for lower FPCM. Effects on feed and 

energy efficiency followed the same pattern. Average BW was 679 kg after ADAP, which was 

slightly reduced to 661 kg after ALG1 (-3% BW) and further reduced to an average of 635 kg 
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(i.e. -7% BW) after ALG2. One cow (5th lactation) developed mastitis, having a milk production 

of only 6.2 kg/d during the second wk of ALG2 (compared to 18.3 kg on average in ADAP). 

The control diet (RECOV) was re-installed after ALG2. Only during the second wk of re-

installing the control diet, DMI and milk yield steadily increased again in all cows, but on 

average over the 3 wk of RECOV, milk yield and milk fat yield were still severely reduced as 

compared to ADAP (-33%, P < 0.0001 and -32%, P = 0.002, respectively) and not different 

from after ALG2. However, concentrations of milk fat, protein and lactose had recovered to 

pre-treatment values. Corresponding to the still depressed DMI and milk yield, the energy 

intake, FPCM, and feed and energy efficiency were also still depressed after RECOV.  

Table 5. Dry matter and energy intake, intake of chemical fractions, milk yield, milk composition and feed 

efficiency by cannulated dairy cows (N=4) supplemented (ALG1 and ALG2) or not (ADAP and RECOV) with 

DHA-Gold in Experiment 1 

 Treatment periods   

Item ADAP ALG1 ALG2 RECOV SEM P-value 

Intake, kg/d       

DMI 20.6a 19.1ab 16.7b 17.6b 1.22 0.002 

Energy intake (VEM/d) 19,154a 17,787ab 15,819b 16,045b 1,155.5 0.002 

Crude protein 2.92a 2.48b 2.25b 2.31b 0.216 0.0002 

Crude fat 0.323c 0.395b 0.471a 0.257d 0.0212 <0.0001 

Crude fiber 4.50a 4.22ab 3.52c 4.00b 0.254 0.0004 

Crude ash 1.41a 1.32ab 1.19b 1.19b 0.082 0.003 

NDF 8.04a 7.58a 6.35b 7.13b 0.452 0.0006 

ADF 4.73a 4.44ab 3.71c 4.17bc 0.268 0.0004 

ADL 0.426a 0.399ab 0.325c 0.352b 0.0244 <0.0001 

Starch 3.35a 3.18ab 2.75b 2.86b 0.204 0.003 

Sugar 0.569a 0.464b 0.498ab 0.475b 0.0424 0.03 

Output       

Yield, kg/d       

Milk 21.3a 19.1a 14.6b 14.2b 1.54 <0.0001 

FPCM1 21.8a 18.3ab 12.8c 16.1bc 1.34 0.0004 

Yield, g/d       

Fat 950a 718b 495c 647bc 54.8 0.0003 

Protein 693a 633ab 486b 564ab 55.2 0.02 

Lactose 907a 838ab 516c 738b 60.4 0.0004 

Concentration, %       

Fat 4.83A 3.93B 4.04AB 4.22AB 0.207 0.05 

Protein 3.51AB 3.44B 3.97A 3.65AB 0.144 0.09 

Lactose 4.59a 4.56a 4.05b 4.60a 0.091 0.008 

Feed efficiency2 1.11a 0.970ab 0.865b 0.803b 0.0402 0.003 

Energy efficiency3 0.175a 0.151ab 0.133b 0.127b 0.0082 0.002 
1 Fat and protein corrected milk; was calculated during the last wk of each treatment period as follows: (0.337 + 

(0.116 x % milk fat) + (0.06 x % milk protein)) x kg milk production. 2 Feed efficiency was calculated as kg 

FPCM/ kg DMI, during the last wk of each treatment period. 3 Energy efficiency was calculated as kg FPCM/ 

VEM intake during the last wk of each treatment period, and expressed as kg FPCM/ MJ intake in the table (1 

VEM = 0.006904 MJ).  
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Experiment 2. 

BW and daily weight gain 

Goat kids without a prenatal supplementation of DHA-Gold (D- kids) showed a higher (P < 

0.05) BW at 2 d of age (Table 6). This might be explained by the larger number of kids born 

from D+ does (D+ does: 3 twins; 6 triplets; 1 quad; D- does: 6 twins; 4 triplets), which cannot 

be due to the prenatal treatment as this only took place during the last 3 wk of pregnancy. As 

the does were randomly divided into 2 groups, no differences in fetal numbers had been 

expected. Hence, ultrasound scanning prior to group separation was not deemed necessary to 

compose both groups, but could have excluded this potential confounding factor. At 2 wk of 

age, BW was still lower for D+ kids compared to D- kids (6.03 kg vs 6.72 kg, respectively) (P 

= 0.03). However, the effect on BW was not persistent, and did not differ between groups from 

wk 4 of age onwards until euthanasia at ca. 24 wk of age (Table 6), except at the day that the 

kids left for the pasture, BW tended to be lower for D+ kids (24.7 kg vs. 26.3 kg, respectively) 

(P = 0.08). The daily gain (g/d) generally did not differ over the complete trial, except at the 

end of the stable period (between 10-12 wk of age, receiving the highest dose of DHA-Gold), 

D+ kids tended to have a lower daily gain compared to D- kids (P = 0.09). Neither pre- nor 

postnatal supplementation of DHA-Gold affected the intake of colostrum and milk replacer 

(Table 6). From 7 wk of age until weaning (9 wk), all kids fully consumed the offered milk 

replacer. All kids started eating concentrate from wk 2 onwards, irrespective of the treatment. 

At the start, D-K+ kids were eating the most concentrate, while D+ kids ate the least amount (P 

= 0.03). In wk 3, D-K+ kids still had the highest concentrate intake, however this was not 

different from D-K- kids, and D+K+ kids ate the least amount (P = 0.04). The differences in 

concentrate intake disappeared from wk 4 onwards, and between 4 and 12 wk of age, 

concentrate intake was not different anymore. From wk 7 of age onwards, all goat kids were 

eating at least 1 kg/pen/d of concentrate. 
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Table 6. Effects of supplementing goat kids pre- (D+ or D-) and/or postnatally (K+ or K-) with DHA-Gold on BW, daily weight gain and feed intake (Experiment 2) 

 Treatments1  P value 

Item 

D+K+ 

(n=10) 

D+K- 

(n=10) 

D-K+ 

(n=10) 

D-K- 

(n=10) 
SEM 

Prenatal  

treatment 

Postnatal  

treatment 
Interaction 

BW, kg         

Day 2 3.87ab 3.55b 4.13ab 4.39a 0.193 0.02 0.86 0.10 

Wk 2 6.27 5.79 6.67 6.77 0.259 0.03 0.43 0.23 

Wk 4 9.84 9.20 10.1 10.21 0.344 0.12 0.36 0.20 

Wk 6 13.4 12.5 13.5 13.7 0.45 0.22 0.41 0.19 

Wk 8 17.3 16.0 17.3 17.5 0.56 0.22 0.27 0.18 

Wk 9 (weaning) 19.5 18.4 19.8 20.0 0.56 0.21 0.32 0.31 

Wk 10 20.7 19.3 20.3 20.4 0.59 0.59 0.31 0.20 

Wk 12 25.0 23.1 24.8 25.0 0.67 0.21 0.22 0.14 

To the pasture 25.6 23.9 26.0 26.6 0.80 0.08 0.47 0.15 

Euthanasia (ca. 24 wk) 36.4 33.5 35.9 36.0 1.27 0.49 0.18 0.16 

Daily weight gain, g/d         

0-2 wk 180 169 182 172 10.8 0.89 0.15 0.96 

2-4 wk 255 243 245 247 9.8 0.77 0.58 0.48 

4-6 wk 254 235 240 245 12.7 0.89 0.60 0.35 

6-8 wk 280 251 277 271 14.6 0.59 0.22 0.42 

10-12 wk 318 279 344 358 25.1 0.09 0.53 0.2 

0-weaning  250 238 250 248 7.5 0.55 0.34 0.49 

Weaning-12 wk 270 230 246 249 14.1 0.84 0.22 0.14 

Pasture period 123 110 116 112 11.0 0.89 0.19 0.44 

ADG trial (0- euth.) 188 173 186 184 7.1 0.63 0.12 0.22 

Feed intake, kg DM/pen         

Total milk replacer2 29.3 28.2 29.8 30.3 1.54 0.16 0.41 0.29 

Concentrate wk 2 0.00264c 0.00440c 0.0466a 0.0211b 0.01822 0.01 0.45 0.03 

Concentrate wk 3 0.0871c 0.126b 0.314a 0.252ab 0.09662 0.06 0.86 0.04 

Concentrate wk 4-12 7.10 6.84 7.22 7.07 0.142 0.18 0.56 0.62 
 

1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and interaction effects are presented. Means with different 

superscripts differ (P < 0.05). Superscripts are only shown when an interaction effect was detected. 
2 Total milk replacer during the entire indoor stable period (0-12 wk). 
 



148 
CHAPTER 3: two experiments investigating the methane-reducing potential of DHA-Gold 

In vitro rumen fermentation 

Under 100% CO2 atmosphere, rumen inocula collected from D+ kids at 4 wk of age showed a 

lower CH4 production (P = 0.05) (Table 7). This was accompanied by a higher H2 accumulation 

in the flasks (P = 0.04) and a lower total VFA production (P < 0.001). Absolute CH4 production 

under 100% H2 atmosphere did not differ, but the H2 conversion efficiency was numerically 

lower for D+ kids compared to D- kids (i.e. 88.6% vs 99.6%), which was associated with a 

higher H2 accumulation. This indicates that the in vitro CH4 reduction was particularly caused 

by a reduction in the overall fermentation, but possibly also by a negative effect on 

methanogenesis. Due to the strongly reduced total VFA production, the relative CH4 production 

to total VFA (CH4/total VFA) was highest in inoculum from D+K- kids (P = 0.03), and in 

general higher in kids that received DHA-Gold either pre- or postnatally. Propionate 

proportions (mol/100 mol) were greater in K+ kids (P = 0.04), but no differences were observed 

in acetate or butyrate proportions. 

The CH4-reducing effect of the prenatal treatment was not observed anymore at 11 wk 

of age, however total VFA production still tended to be lower in D+ kids at 11 wk of age (P = 

0.06), with a tendency for lower propionate proportions (P = 0.09). Interestingly, K+ kids had 

a higher absolute CH4 production at 11 wk of age (P = 0.02), and in accordance, acetate 

proportions tended to be greater (P = 0.08) and H2 accumulation in the flasks tended to be lower 

(P = 0.09). The CH4/total VFA ratio remained higher in kids that received DHA-Gold either 

pre-or postnatally (P = 0.04). There was again no effect of treatment on CH4 production under 

100% H2 atmosphere, although the absolute values were much lower compared to 4 wk of age, 

corresponding to a lower H2 conversion efficiency in all treatment groups. There were no 

differences in H2 conversion efficiency between treatment groups.  

At 24 wk of age, no differences in absolute or relative CH4 production were found 

anymore. However, under 100% H2 atmosphere, CH4 production was now greatest in D+K+ 

kids (P = 0.04). Logically, these kids had the highest H2 conversion efficiency compared to D-

K- kids (90.8% vs. 73.5%, P = 0.0001) (under H2 atmosphere), and numerically the lowest H2 

accumulation in the flasks (under CO2 atmosphere). The D+K+ kids also had the lowest 

propionate proportions (P = 0.04) and the highest A/P ratio (P =0.04) compared to D-K- kids. 

The rumen inoculum of K+ kids had a higher total VFA production (P = 0.03), with a greater 

acetate proportion (P < 0.001).   
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The VFA concentrations of non-incubated rumen fluid samples are presented in 

Supplementary Table 2. At 4 wk of age, postnatal treatment led to a decrease in total VFA 

concentrations, among which a reduction of acetate concentration (P= 0.002 and P = 0.0007, 

respectively). Because of this, the A/P ratio was also reduced in K+ kids (P = 0.01). In contrast, 

D+ kids had decreased propionate concentrations (P = 0.04). At 11 wk of age, no differences 

were found in VFA concentrations between treatment groups. However, at 24 wk of age, total 

VFA and acetate concentrations were higher in D+K+ kids compared to D+K- kids (P = 0.02 

and P = 0.007, respectively) and there were tendencies towards higher propionate and butyrate 

concentrations in K+ kids (P = 0.10 and P = 0.08, respectively). The A/P ratio tended to be 

lower for D+ kids (P = 0.06) (Supplementary Table 2). 
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Table 7. In vitro fermentation parameters of rumen fluid of goat kids treated pre- (D+ or D-) and/or postnatally (K+ or K-) with DHA-Gold, at 4, 11 and 24 wk of age (24 h 

incubation under CO2 atmosphere, unless stated differently) (Experiment 2) 

 Treatments1  P value 

Item 

D+K+ 

(n=10) 

D+K 

(n=10) 

D-K+ 

(n=10) 
D-K-(n=10) SEM 

Prenatal  

treatment 

Postnatal  

treatment 
Interaction 

4 wks         

CH4 production, µmol/flask 157 170 190 177 45.1 0.05 0.99 0.36 

CH4 production (H2), µmol/flask 1,102 1,209 1,347 1,183 260.7 0.19 0.72 0.11 

H2 accumulation2, µmol/flask 0.0895 0.106 0.0610 0.0514  0.04 0.99 0.12 

H2 conversion efficiency3, % 88.3 88.8 105 94.0 8.468 0.31 0.39 0.35 

Relative CH4 production4 0.43b 0.44a 0.43b 0.37c 0.09 0.08 0.76 0.03 

Total VFA5, µmol/flask 361 384 438 467 56.1 <0.001 0.15 0.87 

VFA proportions, mol/100 mol         

     Acetate 69.1 70.0 67.7 69.6 3.99 0.48 0.27 0.69 

     Propionate 16.8 15.8 17.4 15.9 2.98 0.86 0.04 0.07 

     Butyrate 10.0 9.50 10.1 10.5 2.38 0.44 0.93 0.58 

Acetate/propionate ratio 4.33 4.62 4.01 4.65 1.33 0.75 0.33 0.75 

2Hr6 1.10 1.10 1.10 1.00 0.130 0.34 0.75 0.56 

11 wk         

CH4 production, µmol/flask 135 119 138 115 19.7 0.87 0.02 0.59 

CH4 production (H2), µmol/flask 840 787 830 723 148.5 0.27 0.61 0.71 

H2 accumulation2, µmol/flask 0.826 1.260 0.941 1.101  0.99 0.09 0.42 

H2 conversion efficiency3, % 64.6 62.1 70.2 61.6 5.96 0.73 0.17 0.45 

Relative CH4 production4  0.35a 0.33ab 0.34a 0.29b 0.04 0.05 0.07 0.04 

Total VFA5, µmol/flask 382 358 398 397 45.2 0.06 0.40 0.41 

VFA proportions, mol/100 mol         

     Acetate 63.8 59.6 61.0 58.6 5.8 0.30 0.08 0.61 

     Propionate 21.9 22.0 23.8 24.4 3.96 0.09 0.77 0.87 

     Butyrate 9.10 9.70 8.70 9.00 2.26 0.76 0.24 0.67 

Acetate/propionate ratio 3.03 2.74 2.64 2.42 0.59 0.11 0.16 0.93 

2Hr6 1.00 1.00 1.10 1.00 0.120 0.85 0.23 0.42 

 
(continued on next page)  
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(continued Table 7) 

 

24 wk         

CH4 production, µmol/flask 353 325 345 337 75.9 0.89 0.38 0.65 

CH4 production (H2), µmol/flask 1,249a 1,195ab 1,167b 1,059c 70.2 0.09 0.56 0.04 

H2 accumulation2, µmol/flask 0.761B 0.845AB 1.12A 0.853AB  0.08 0.45 0.09 

H2 conversion efficiency3, % 90.8a 88.2ab 83.0b 73.5c 2.06 0.0001 0.004 0.07 

Relative CH4 production4  0.25 0.24 0.24 0.25 0.04 0.97 0.80 0.59 

Total VFA5, µmol/flask 1380 1323 1394 1335 83.7 0.63 0.03 0.97 

VFA proportions, mol/100 mol         

     Acetate 67.7 66.3 66.7 64.7 1.54 0.01 <0.010 0.50 

     Propionate 20.5b 22.8a 22.3ab 23.8a 1.8 0.02 <0.001 0.04 

     Butyrate 6.72 6.27 6.22 6.91 0.67 0.75 0.56 0.07 

Acetate/propionate ratio 3.30a 2.92b 3.01ab 2.73b 0.29 0.01 0.001 0.04 

2Hr6 0.82 0.87 0.86 0.90 0.96 0.56 0.42 0.11 

 
1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and interaction effects are presented. Means with different 

superscripts differ (P < 0.05). Superscripts are only shown when an interaction effect was detected. 
2 Log transformation was performed for this parameter. Back-transformed LS means are presented. No meaningful SEM can be presented for these parameters, instead 

confidence intervals (95%) per exp. group ([lower limit; upper limit]) are presented in same order as in the table. H2 accumulation (4 wk): [0.0398;0.230], [0.0365;0.247], 

[0.0103;0.102], [0.0376;0.0772]; (11 wk): [0.359;1.94], [0.708;2.75], [0.503;2.49], [0.478;3.45]; (24 wk): [0.499;1.19], [0.522;1.53], [0.646;2.63], [0.675;1.18].  
3 H2 conversion efficiency was calculated as: (mmol CH4 produced under H2 atmosphere – mmol CH4 produced under CO2 atmosphere) / (theoretical mmol CH4 that could be 

produced from H2 added to the headspace of the flask at the start of the experiment), for incubations under H2 atmosphere only. 
4 Relative CH4 production calculated as CH4/tVFA under CO2 atmosphere. 
5 Total VFA consisting of 7 short chain fatty acids: C2:0 (acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 

(caprionate). 
6 2Hr = H recovery, calculated as (2P + 2B+ 4CH4 +H2) / (2A + P + 4B) with acetate (A), propionate (P), butyrate (B) and CH4 expressed as net molar production and H2, the 

net molar accumulation after 24 h of incubation (CO2 atmosphere only). 
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Rumen characteristics and morphometric properties of ruminal papillae 

Rumen digesta weight and empty rumen weight was or tended to be greater for D+K+ kids at 

24 wk of age (P = 0.04 and P = 0.06, respectively) (Table 8). Empty rumen weight expressed 

as a percentage of total BW was not different between kids, which suggests that the higher 

empty rumen weight is probably caused by the numerically higher BW of D+K+ kids. Papillae 

density in the ruminal atrium and dorsal blind sac was or tended to be greater in K+ kids (P = 

0.04 and P = 0.08, respectively). Papillae width tended to be smaller in D+ kids in the ruminal 

atrium (P = 0.08) and was greater for D-K+ kids compared to D+K+ kids in the dorsal blind 

sac (P = 0.05). Papillae were numerically smallest for D+K- kids in the ruminal atrium, and 

longest in the ventral rumen. Prenatal DHA-Gold supplementation reduced TSA as compared 

with D-K- kids, while the D-K+ treatment showed intermediate results (P = 0.03). 

 

Table 8. Effects of supplementing goat kids pre- (D+ or D-) and/or postnatally (K+ or K-) with DHA-Gold on 

rumen weight and papillae histomorphometric parameters at 24 wk of age (Experiment 2) 

 Treatments1  P value 

Item 

D+K+ 

(n=10) 

D+K- 

(n=10) 

D-K+ 

(n=10) 

D-K- 

(n=10) 
SEM 

Prenatal  

treatment 

Postnatal  

treatment 
Interaction 

Empty rumen weight, kg 0.796 0.698 0.778 0.792 0.370 0.41 0.14 0.06 

Empty rumen/BW, % 2.18 2.09 2.17 2.19 0.010 0.53 0.46 0.27 

Rumen digesta, kg 6.40a 5.30b 5.70ab 5.80ab 0.450 0.78 0.09 0.04 

Papillae density, 

number/cm2 
        

Ruminal atrium 53.0 59.6 57.4 66.3 5.47 0.26 0.04 0.75 

Ventral rumen 49.1 55.9 47.9 47.8 3.48 0.18 0.31 0.30 

Dorsal blind sac 45.7 56.3 47.6 50.8 4.50 0.71 0.08 0.33 

Papillae base width, mm         

Ruminal atrium 0.549 0.523 0.572 0.583 0.022 0.08 0.73 0.38 

Ventral rumen 0.503 0.496 0.498 0.521 0.014 0.67 0.62 0.31 

Dorsal blind sac 0.473b 0.483ab 0.525a 0.486ab 0.013 0.09 0.21 0.05 

Papillae length, mm         

Ruminal atrium 4.45 3.97 4.40 4.83 0.26 0.21 0.86 0.06 

Ventral rumen 1.85 2.28 2.06 1.94 0.02 0.84 0.33 0.06 

Dorsal blind sac 1.74 1.86 1.76 1.73 0.10 0.77 0.60 0.35 

Total surface area, 

mm2/cm2 
        

Ruminal atrium 257b 242b 288ab 361a 25.8 0.01 0.15 0.03 

Ventral rumen 93.3 123 95.5 96.5 9.07 0.20 0.11 0.13 

Dorsal blind sac 70.9 93.6 84.5 81.3 1.13 0.87 0.23 0.12 
1 Treatments consisted of 4 combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Main and 

interaction effects are presented. Means with different superscripts differ (P < 0.05). Superscripts are only shown 

when an interaction effect was detected.  
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DISCUSSION 

Experiment 1 (cannulated cows) was performed to find a suitable dose of DHA-Gold that could 

reduce CH4 production without negative effects on animal performance, aiming to be used in 

Experiment 2 (goat trial) for pregnant dairy does and goat kids. In general, the first dose of 

DHA-Gold tested (180 g/d, corresponding to ca. 0.28 g/kg BW) had the best potential, leading 

to a reduced CH4/total VFA production without negative effects on DMI, milk yield and feed 

and energy efficiency. The same dose, expressed relatively to BW, was supplemented to the 

D+ dairy does (and thus D+ kids), and to the K+ kids. The second dose tested in the cannulated 

cows (360 g/d, corresponding to ca. 0.57 g/kg BW) was not used in the goat trial, because of 

the negative effects observed on intake and animal performance. For reasons of clarity, both 

experiments are first discussed separately and then compared to each other. 

 

Experiment 1: effects of DHA-Gold supplementation on in vitro fermentation and animal 

performance 

The increase of fat (and PUFA) in the diet resulted in decreased milk fat yield (-48%), caused 

by both a reduction in the milk fat concentration as well as milk yield at the highest 

supplementation. The detrimental effects on animal performance of 360 g DHA-Gold/d 

probably were at least partially caused by the reduced DMI, feed and energy efficiency. 

Furthermore, these effects were persistent and were still observed after 3 wk on a control diet. 

Indeed, it is known that addition of marine algae to the diet of ruminants can result in reduced 

DMI, milk yield, milk fat yield and percentage and a different milk fatty acid profile 

[248,258,259,250,260], however results can differ between studies. Moate et al. (2013) found 

that supplementing 125, 250 or 375 g DHA-Gold/d did not decrease CH4 emissions or milk 

yield, although DMI was reduced [248], additionally Klop et al. (2016) supplemented 195 g 

DHA-Gold/d without any effects on CH4 emissions, milk yield or DMI (however cows were 

fed restricted diets) and Hostens et al. (2011) even found an increase in milk yield by feeding 

220 g DHA Gold/d [261]. However in all studies milk fat content and yield were reduced, which 

was also the case in the current study, and is known to be associated with modifications in the 

biohydrogenation of PUFA in the rumen [262]. Additionally, marine algae supplementation has 

been shown to result in changes in the rumen bacterial community [263,264]. 

Despite the detrimental effects on DMI, in vitro fermentation capacity increased and a 

favorable shift in H2 utilization from CH4 to propionate production was observed after 

supplementation of 180 g DHA-Gold/d and remained after supplementation of 360 g DHA-
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Gold/d. The fermentation pattern of the non-incubated rumen fluid showed a similar shift. 

However, absolute CH4 emissions were not reduced which was also found in vivo by Moate et 

al. (2013) after feeding similar doses DHA-gold to dairy cows, although in their study no  

effects on fermentation parameters were found [248]. In line with the current study, an increase 

in propionate was found in vitro when pure DHA was added to rumen inoculum for incubation 

(5 mg DHA/ 5 mL rumen fluid + 20 mL buffer), but in contrast, acetate, butyrate and total VFA 

production were reduced [265]. Reduced acetate and total VFA concentrations were also found 

by Boeckaert et al. (2008), where DHA-Gold was supplemented in vivo to dairy cows via the 

concentrate (9.35 g DHA-Gold/kg DMI or 196 g DHA-Gold/d), without changes in propionate 

[250]. Furthermore, Moate et al. (2013) did not find any effect on fermentation capacity by 

adding increasing doses of DHA-Gold to the diet of dairy cows (125, 250 or 375 g/d), nor any 

effect on in vivo CH4 emissions, which were even increased relative to DMI. The reason for 

these different responses to similar doses of DHA-Gold in literature is unclear, but are possibly 

related to the basal ration. 

The increased CH4 production potential and H2 conversion efficiency after ALG2 under 

H2 atmosphere is striking and of interest, as it might indicate the occurrence of changes in the 

rumen microbiota. Potentially, the H2 conversion efficiency (a theoretical measure for H2 

conversion to CH4) beyond 100 % after ALG2 and RECOV indicates a possible persistent shift 

in methanogen community towards increased activity of non-hydrogenotrophic methanogens. 

This hypothesis is supported by the fact that there were no differences in VFA production or 

fermentation pattern between flasks under CO2 or H2 atmosphere that could account for a higher 

H2 production.  

 

Experiment 2 

Prenatal nor postnatal supplementation with 0.28 g DHA-Gold/kg BW (similar to 180 g/d for 

the dairy cows) did result in important differences in DMI (although concentrate intake was 

temporarily reduced in D+ kids until 3 wk of age), daily gain or BW throughout the trial. 

However, prenatal supplementation reduced in vitro absolute CH4 production and increased H2 

accumulation in D+ kids’ inoculum at 4 wk of age (suggesting reduced methanogenesis), while 

relative CH4 production was enhanced by pre- and/or postnatal supplementation at 4 and 11 wk 

of age. This was mainly caused by a decreased fermentation capacity, indicating DHA-Gold 

suppressed the fermentative microbiota. The reduced methanogenesis concurs with former 

studies which indicated that in vitro supplementation of DHA, either as fish oil [98] or as DHA 

enriched micro-algae [244] can reduce rumen methanogenesis. This in vitro effect was also 
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confirmed in vivo using fish oil [98]. Additionally, an increase in relative CH4 production by 

feeding DHA-Gold was also observed in other studies [248,266]. For example, supplementing 

increasing doses of DHA-Gold to dairy cows (up to 375 g DHA-Gold/d, or ca. 0.66 g DHA-

Gold/kg BW when assuming cows of 571 kg), did not reduce total CH4 emissions, but rather 

increased CH4 emissions relatively to DMI [248]. No differences were found in rumen 

fermentation. Klop et al. (2016) also found an increase in CH4/kg DMI after supplementation 

of DHA-Gold to lactating dairy cows (195 g DHA-Gold/d, or 0.30 g DHA-Gold/kg BW when 

assuming cows of 650 kg) [266]. Nevertheless, in the current study, the stimulatory effect of 

prenatal and postnatal supplementation on relative CH4 production was no longer observed at 

the end of the trial, after supplementation had ceased (24 wk of age). Also the reduced 

fermentation capacity observed in D+ kids, that still tended to be reduced at 11 wk of age, 

disappeared by 24 wk of age. Interestingly, some fermentation parameters were different 3 mo 

after supplementation had ceased. The K+ kids now had a higher fermentation capacity, among 

which an increase in acetate production, which could possibly promote H2 production and 

subsequent methanogenesis in the rumen. The H2 conversion efficiency, which did not 

significantly differ at 4 and 11 wk of age, was increased at 24 wk of age in inoculum of kids 

that were supplemented either pre- or postnatally, which corresponded to the higher CH4 

producing potential of D+K+ kids’ inoculum under H2 atmosphere. In contrast to the 

hypothesized CH4-reducing potential of DHA-Gold, the rumen microbial community of pre- or 

postnatally supplemented kids seemed to direct the added H2 more efficiently towards 

methanogenesis. 

Although a correlation between rumen morphology and SCFA absorption might be 

expected in (young) ruminants [184,267], this has recently been questioned in studies with adult 

ruminants [268]. Also in the current study, differences in papillae morphology induced by 

variation in concentrate intake did not affect the fractional absorption rate of VFA [269], 

suggesting that morphological changes cannot directly be interpreted at a functional level. This 

could be the reason why TSA of the papillae in the predominant absorption side (ruminal 

atrium) of DHA-Gold supplemented kids did not seem to correlate with performance 

parameters. Moreover, the persistent prenatal (D+) effect of DHA-Gold at 24 wk of age is 

remarkable, as it is known that the rumen epithelium is continuously changing over time [270]. 

No effects of prenatal treatment were found in a similar goat trial where MCFA from coconut 

oil were supplemented, although some effects of postnatal treatment were found on length or 

width of papillae, without leading to differences in TSA (Chapter 2a) [251]. Besides a potential 

direct effect of the prenatally supplemented DHA-Gold, an indirect effect could have played a 
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role since physical stimulations, e.g. related to the intake of fiber by the young ruminant, might 

affect rumen papillae development [203]. In the present study, the hay intake was not measured, 

and hence, it is unknown whether it was influenced by the prenatal supplementation of DHA-

Gold. Additionally, concentrate intake which was reduced in D+ goat kids until 3 wk of age, 

could have influenced papillae development. Potentially, the lower concentrate intake might 

have been indicative for a generally lower intake of solid feed. However, it is uncertain whether 

a reduction which only took place during the second and third week of life, where papillae 

development is still limited, could have induced persistent effects on rumen morphometry until 

24 wk of age.  

 

Comparing results from Experiment 1 and 2 

Whereas supplementation of DHA-Gold (0.28 g/kg BW) to cannulated dairy cows resulted in 

an increased fermentation capacity and reduced relative CH4 production, pre- and/or postnatal 

supplementation to goat kids resulted in a reduced fermentation capacity and increased relative 

CH4 production during the postnatal treatment period. In both experiments the effects on CH4 

production disappeared after supplementation was ceased, however some parameters remained 

altered, such as the H2 conversion efficiency. There are several important differences between 

these 2 experiments: 1) animal species, 2) rumen developmental status, 3) animal physiological 

status (pre-ruminant vs. lactating ruminant), and 4) mode of supplementation (in utero after 

digestion in the doe in the case of D+ vs. orally, or a combination). Because of this, it is difficult 

to compare the results in a straightforward way.  

Apparently, prenatal supplementation with a potentially anti-methanogenic compound 

can have a more severe impact on rumen fermentation than when supplemented postnatally or 

in adult life. A strong effect of prenatal supplementation of MCFA in goat kids on fermentation 

was also reported by Debruyne et al. (2018) [251], indicating a suppression of the rumen 

microbial abundance of bacteria and methanogens occurred in D+K+ kids at 4 wk of age, 

corresponding to a lower richness and diversity of the bacterial community in D+ kids in 

particular. After 4 wk of age, the differences in microbial abundances disappeared (Chapter 2a 

and 2b). Possibly this was also the case in the current trial at 4 wk of age, given the reduced 

fermentation capacity, however no microbial analyses were performed. Additionally, the 

increased H2 conversion efficiency that was observed in both goat kids as dairy cows until after 

supplementation with DHA-Gold had ceased, suggests some persistently altered methanogen 

community, as indicated above. A long-term effect of DHA-exposure to rumen microbiota and 

specifically methanogens was not reported earlier. However, the possible enhancing effect on 
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methanogenesis observed in the current trial would be opposite of what is aimed for, and could 

indicate methanogens quickly adapted or were unaffected in their function by the DHA Gold. 

Indeed, it was confirmed by Ruiz-Gonzalez et al. (2018) in a re-supplementation experiment 

that in vitro CH4 inhibition by DHA-Gold tended to be smaller for rumen inoculum of D+ kids 

compared to D- kids at 24 wk of age [271].  

 

 

CONCLUSION 

Neither pre- nor postnatal supplementation with DHA-Gold (using the doses and methods tested 

in the current Chapter) has potential for CH4 mitigation in young goats during supplementation 

or through programming. Opposite effects on relative CH4 production were observed in early 

life of goat kids compared with adult dairy cows, and supplementation rather enhanced than 

reduced relative CH4 production in goats. Furthermore, pre- or postnatal supplementation in 

goats resulted in decreased density, width and surface area of the ruminal papillae at 24 wk of 

age, but animal performance was not impaired. Finally, some effects of adding marine algae in 

the diet were still observed until 3 wk (adult cows) or until 3 mo (young goats) after 

supplementation had ceased.  
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SUPPLEMENTARY DATA 

Supplementary Table 1. Concentrations of total and individual VFA in non-incubated rumen fluid from 

cannulated dairy cows (N=4) supplemented (ALG1 and ALG2) or not (ADAP and RECOV) with DHA-Gold 

(Experiment 1) 

 Treatment periods   

Item, µmol/mL ADAP ALG1 ALG2 RECOV SEM P-value 

Total VFA1 22.2 27.9 22.8 23.0 2.23 0.16 

Acetate 15.1 17.6 14.0 15.6 1.40 0.23 

Propionate 3.34b 5.31a 4.69ab 3.64b 0.4000 0.01 

Butyrate 2.97B 4.00A 3.29AB 3.15AB 0.394 0.08 

A/P ratio 4.54a 3.31b 3.01b 4.34a 0.194 0.0004 
1 Total VFA consisting of 7 short chain fatty acids: C2:0 (acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), 

C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 (caprionate). 

 

 

Supplementary Table 2. Concentrations of total and individual VFA in non-incubated rumen fluid of goat kids 

treated pre- (D+ or D-) and/or postnatally (K+ or K-), at 4 and 11 wk of age (only main effects) and 24 wk of age 

(with interaction effect) (Experiment 2) 

 Treatments1  P-value 

Item, µmol/mL D+ D- K+ K- SEM Prenatal  

treatment 

Postnatal  

treatment 

Interaction 

4 wk          

Total VFA2 5.02 5.56 4.63 5.96 0.359 0.34 0.002 / 

Acetate 4.03 4.27 3.53 4.77 0.280 0.58 0.0007 / 

Propionate 0.746 0.932 0.801 0.877 0.0589 0.04 0.38 / 

Butyrate 0.153 0.230 0.181 0.202 0.04192 0.26 0.55 / 

A/P ratio 0.364 0.314 0.305 0.373 0.01746 0.06 0.01  

11 wk         

Total VFA2 9.38 10.6 10.6 9.32 0.664 0.42 0.15 / 

Acetate 7.03 8.03 8.07 6.99 0.641 0.32 0.11 / 

Propionate 1.49 1.76 1.66 1.59 1.623 0.55 0.74 / 

Butyrate 0.532 0.472 0.519 0.484 0.05866 0.48 0.67 / 

A/P ratio 0.326 0.397 0.387 0.337 0.03240 0.15 0.25 / 

Item, µmol/mL 
D+K+ 

(n=10) 

D+K- 

(n=10) 

D-K+ 

(n=10) 

D-K- 

(n=10) 
SEM 

Prenatal  

treatment 

Postnatal  

treatment 

Interaction 

24 wk         

Total VFA2 12.8a 10.2b 11.5ab 11.9ab 0.619 0.78 0.07 0.02 

Acetate 9.39a 7.21b 8.45ab 8.95ab 0.467 0.44 0.07 0.007 

Propionate 2.08 1.63 1.75 1.72 0.136 0.40 0.10 0.14 

Butyrate 0.746 0.659 0.691 0.580 0.05424 0.24 0.08 0.82 

A/P ratio 0.184 0.182 0.198 0.215 0.0120 0.06 0.53 0.42 
 

1 Treatments consisted of four combinations of pre (D+ or D-) and/or postnatal (K+ or K-) treatment. Only main 

effects are presented for 4 and 11 wk old (no interaction effects found for these ages) and for 24 wk of age both 

main and interaction effects are presented. Means with different superscripts differ (P < 0.05). Superscripts are 

only shown when an interaction effect was detected. 
2 Total VFA consisting of 7 short chain fatty acids: C2:0 (acetate), C3:0 (propionate), iso-C4:0 (iso-butyrate), 

C4:0 (butyrate), iso-C5:0 (iso-valerate), C5:0 (valerate), C6:0 (caprionate). 
3 NS: non-significant P-values for interaction effects. Interaction effects were omitted from the mixed model 

when not significant, hence no P-value is presented. 

† Tukey’s Post Hoc test showed no differences or trend (P > 0.10) between experimental treatments.  

‡ Tukey’s Post Hoc test showed a trend (0.05 < P < 0.10) between experimental treatments.
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Introduction 

In the near future, an increased demand for animal food products is expected because of the 

predicted world population growth (ca. 2.3 billion over the next 4 decades, especially in Latin 

America, South Asia and China), the increasing income of the emerging middle class, and 

urbanisation [272,273]. With the prospect of a changing climate and the coupled negative 

effects on the planet, sustainable food production becomes increasingly important, and more 

emphasis is put on reducing the anthropogenic greenhouse gas emissions, including those of 

livestock production. The livestock sector, and ruminant animals in particular, are known for 

the production of large amounts of methane (CH4) [3]. Finding ways to reduce CH4 emissions, 

without jeopardizing the ruminant’s health and production, is thus an important question. 

In this thesis, the aim was to reduce CH4 emissions in ruminants by feeding potential 

CH4-reducing supplements in early life, with effects persisting in the long-term. In this way, 

possible side-effects that could occur when treating adult animals (e.g. residues in milk or meat) 

could be by-passed. Additionally, possible effects of early life supplementation on rumen 

papillary development and future performance were investigated. Four commercially available 

feed supplements were selected from 3 broad categories of supplements which showed potential 

to reduce CH4 in vitro and/or in vivo in adult ruminants. These categories were: (long-chain) 

poly-unsaturated fatty acids (i.e. extruded linseed (Nutex68) [274] and marine micro-algae 

(DHA-Gold)), medium-chain fatty acids (from coconut oil [181]), and secondary plant 

metabolites (essential oil blend, Agolin Ruminant [74]). Two different “early life” approaches 

were tested: feeding the supplement only postnatally (female calves, Chapter 1) or pre- and/or 

postnatally (goat kids, Chapter 2a, 2b and 3). Goat kids were chosen to test the potential of pre- 

and/or postnatal treatment because of the possibility to have twins, which is beneficial for the 

investigation of a prenatal treatment effect. These male goat kids were bought from a 

commercial farm and eventually euthanized around 6 or 7 months of age, in order to study the 

rumen papillary development. In contrast, the female calves were born and remained in the 

dairy herd of ILVO, so they could be followed up until the lactating stage of life, providing the 

possibility to investigate long-term effects of treatment on production as well. Another 

difference between these animal trials was the method of CH4 measurement. The experimental 

stables of ILVO are equipped with 6 open-circuit chambers and 2 GreenFeed systems, which 

enabled in vivo measurements from the age of 4 months until adult lactating cow. However, at 

the age of 4 months, calves had to be housed in pairs in order to reach the minimal analytical 
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threshold for CH4 detection. No CH4-measurement chambers for small ruminants were 

available to use for the goat kids and large open-circuit chambers were not equipped for 

measurements with small ruminants. In vitro CH4 measurements with batch incubations were 

thus chosen as a proxy to estimate the potential CH4 emissions of the goat kids (also for the 

cow trial described in Chapter 3). Figure 1 shows an overview of the different experiments and 

the main investigated parameters in this thesis. 

 From Chapter 1, it was concluded that - although no (programmed) CH4 reduction was 

established in dairy heifers - feeding extruded linseed or an essential oil blend from birth until 

4 mo of age resulted in positive long-term effects, in particular on daily gain and feed efficiency. 

The latter effects suggest some sort of programming occurred on this level. The main 

conclusions of Chapter 2a and 2b, which are 2 subchapters of the same goat trial, are that 

supplementing MCFA from coconut oil can result in detrimental, though transient, effects on 

in vitro rumen fermentation capacity, CH4 production, and rumen bacterial and methanogenic 

abundance. The effects of prenatal supplementation on these parameters, alone or in 

combination with postnatal treatment, were observed until 4 wk of age. Effects of postnatal 

supplementation were observed on milk replacer intake, resulting in reduced daily gain, and on 

papillae morphometry until 4 mo after treatment had ceased. Additionally, pre- and/or postnatal 

MCFA supplementation also affected the rumen bacterial community structure and blood 

plasma metabolome. Chapter 3 combined the results of 2 DHA-Gold trials, with a cannulated 

dairy cow trial (adult) as a preliminary study for the goat trial (early life). In general, effects 

observed on in vitro CH4 production from the dairy cow trial and goat trial did not concur. It 

was concluded that prenatal or early life DHA-Gold supplementation did not lower but rather 

enhanced in vitro CH4 production compared with non-supplemented goat kids during the 

postnatal treatment period. Additionally, this resulted in an altered rumen papillae development 

until 3 mo after postnatal supplementation had ceased. However, the overall animal 

performance was not affected. 

The current Section III aims to provide a general discussion and suggestions for future 

research opportunities within this field. The general discussion evaluates and compares the 

potential of the early life methods for CH4 reduction that were evaluated in this PhD thesis to 

what exists in literature. Furthermore, results on animal performance characteristics are 

discussed, as well as the possibility of early adaptation to feed supplements (related in vitro 

experiments from Ruiz-González, A. [201]), general reflections and limitations and finally a 

general conclusion. 
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Figure 1. Overview, connections and planned future analyses of the Chapters presented in this thesis. 
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Comparing the potential of prenatal and/or postnatal supplementation in early life for 

(programmed) CH4 reduction and the effects on in vitro fermentation 

Postnatal treatment in early life. In Chapter 1 (calf trial), a postnatal supplementation 

approach was tested with 2 different feed supplements (extruded linseed, LIN and an essential 

oil blend, ESS), but no effects were found on in vivo CH4 emissions during or after 

supplementation. Furthermore, in vitro batch incubations with rumen fluid of these calves (not 

described in this thesis) also did not show effects on in vitro CH4 production or other 

fermentation parameters [275]. As postnatal doses were based on CH4-inhibiting doses of LIN 

for adult dairy cows (3.5 kg/d) [88], the absence of CH4 reduction during the postnatal treatment 

was not expected. Similarly, no CH4 reduction was observed through postnatal supplementation 

of the essential oil blend (Agolin Ruminant), despite its supplementation at a level which was 

higher than the effective dose for an adult cow [74] when expressed relative to BW (i.e. 0.002 

g/kg BW for a cow weighing 650 kg, compared to 0.004 g/kg BW at 16 wk for ESS calves). 

The same was observed for postnatal supplementation with MCFA (Chapter 2a) and DHA-

Gold (Chapter 3) in the goat trials: doses (relative to BW) that are considered effective in adult 

ruminants did not result in reduced (in vitro) CH4 production in these young goats.  

Thus, the hypothesis that the developing rumen would be easier to influence than the 

mature rumen, was not fulfilled in the current thesis. Our initial hypothesis that methanogens 

could be more effectively suppressed when they are the least abundant and active, is possibly 

not true, but the opposite. Indeed, the possibility exists that the treatments did not work precisely 

because the methanogens were so low. Other reasons could be because the rumen microbial 

network in newborns does not yet function as it does in adult ruminants (differences in stage of 

development, possibly different sensitivities to supplements), or because all animals in our trials 

were (unintentionally) fauna-free during the treatment period (i.e. possibly different rumen 

microbial composition). The latter perhaps partially explains the different outcome in these 

animals, since all supplements tested have been shown to affect protozoa to a certain extent 

(coconut oil, linseed oil, DHA-Gold: [109,197,276]; Agolin Ruminant: personal 

communication Beatrice Zweifel and Diego Morgavi, 2018). Possibly the antimicrobial effects 

of these supplements depend on a faunated microbiota. This could also explain to different 

results of Abecia et al. (2013), who found that supplementation of bromochloromethane could 

effectively reduce CH4 in both adult goats as in young goats that were allowed to suckle [62].  
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 We cannot rule out that prenatal supplementation or the combination of pre- and 

postnatal supplementation of extruded linseed or Agolin Ruminant in the calf trial could have 

resulted in effects on in vitro or in vivo CH4 emissions. However, the postnatal mode of 

supplementation and doses of all tested supplements do not seem promising for (programmed) 

CH4 reduction in dairy cows or goats.  

 

Comparing both goat trials. The combination of pre- and postnatal MCFA treatment 

(Chapter 2a) resulted in very strong reductions of in vitro CH4 production (-82%) and 

fermentation capacity, accumulation of H2 and a shift in fermentation pattern towards 

propionate at 4 wk of age. These effects of feeding MCFA in vivo on in vitro fermentation 

characteristics correspond with finding of in vitro studies using MCFA [110,181], and 

furthermore suggest that combining pre- and postnatal treatment can result in synergistic 

effects. In contrast, the effectiveness of DHA-Gold to reduce in vitro CH4 production was less 

strong (prenatal treatment, -12%), even though the dose was increased according to BW of the 

goat kids (0.28 g/kg BW) (Chapter 3). This can be due to several reasons. First, the availability 

of the fatty acids was different (i.e. free MCFA vs. esterified PUFA in DHA-Gold), implying 

DHA-Gold first has to undergo lipolysis before the toxic PUFA are released. Similarly, a higher 

CH4-reducing potential was observed for linseed oil compared to crude or extruded linseed (in 

which the PUFA are less available) [88]. Second, MCFA cannot be metabolized by rumen 

bacteria [83], while the PUFA could be biohydrogenated by the rumen bacteria as a self-defense 

mechanism [96], making DHA-Gold less harmful for methanogens. The cow trial (described in 

Chapter 3 as well) indeed confirmed that methanogens were not affected in their functionality 

by DHA-Gold supplementation (although perhaps a persistent shift towards increased activity 

of non-hydrogenotrophic methanogens took place when feeding the highest dose). However, 

Beauchemin et al. (2008) stated that there were no differences in efficacy between sources of 

MCFA and PUFA, except when using non-esterified MCFA [277]. This indicates that the fact 

that the MCFA were “free” possibly played a larger role than the fact that they could not be 

metabolized by the microbiota. Third, comparison with literature could suggest that release of 

the LC-PUFA from marine microalgae occurs more slowly compared to fish oil, lowering their 

efficacy to reduce CH4. Based on the results with fish oil by Fievez et al. (2003), 

docosahexaenoic acid (DHA) should have a clear negative effect on CH4 production, but this 

was not confirmed by feeding marine microalgae in the studies of Moate et al. (2013) and Klop 

et al. (2016). The following order of FA toxicity to rumen microbiota is thus suggested: free 
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(non-esterified) fatty acids (e.g. MCFA) > esterified FA in oils (e.g. fish oil, linseed oil) > 

esterified FA in micro-algae or seeds (e.g. DHA-Gold, extruded linseed). 

Pre- and/or postnatal DHA-Gold supplementation enhanced rather than reduced the in 

vitro CH4/total VFA production during the complete treatment period, as a consequence of the 

reduced in vitro fermentative capacity. Although an increase of in vitro relative CH4 production 

was not expected, this is in line with several in vivo studies in dairy cows [248,278]. Moate et 

al. (2013) supplemented increasing doses of DHA-Gold to dairy cows (up to 375 g DHA-

Gold/d, or ca. 0.66 g /kg BW when assuming cows of 571 kg), which did not result in lower 

CH4 emissions, but rather in increased CH4 /kg DMI [248]. Also Klop et al. (2016) found an 

increase in CH4/kg DMI after supplementation of DHA-Gold to lactating dairy cows (195 g 

DHA-Gold/d, or 0.30 g /kg BW when assuming cows of 650 kg) [278]. However, in both goat 

trials, effects on in vitro CH4 production were transient and disappeared by 11 wk of age 

(MCFA) or after postnatal supplementation had ceased (DHA-Gold). The inhibitory effect of 

prenatal DHA-Gold supplementation on fermentative capacity also gradually disappeared (-

17.7%, P < 0.001 at 4 wk of age vs. -6.9%, P = 0.06 at 11 wk of age). The lack of effects after 

the postnatal treatment period in both goat trials is in contrast with the pioneering study of 

Abecia et al. (2013) with bromochloromethane, describing persisting effects on in vivo CH4 

emissions in goat kids until 3 mo after ceasing the treatments (although the reduction was less 

strong compared with during treatment). Evidence from both goat trials indicates that prenatal 

supplementation, despite its brevity of only the last 3 wk before parturition, can have effects on 

in vitro CH4 production of the offspring until 4 or 11 wk of age. Although the effects as such 

were different, this remains an interesting observation.  

 

Comparing the effects of prenatal and/or postnatal supplementation in early life on the 

rumen microbiota 

The feed supplements in the calf trial (Chapter 1) did not induce changes in the general 

abundances of rumen bacteria and methanogens nor in the methanogen activity until 6 mo of 

age, which was consistent with the similar in vivo CH4 emissions and rumen VFA 

concentrations at these ages between all groups. In contrast, negative effects of pre- and/or 

postnatal treatment with MCFA were observed on bacterial and archaeal abundance and on the 

rumen bacterial community development of goat kids at the age of 4 wk (Chapter 2b). These 

results could be linked to the altered in vitro fermentation pattern (Chapter 2a). The prenatal 

supplementation period was relatively short, and kids were already separately housed from the 
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doe at 2 d of age in order to prevent other forms of inoculation from the dam (i.e. contact with 

the udder during suckling, saliva during licking). These results indicate that the influence of the 

dam as “microbial inoculator” presumably already starts before birth. Additionally, the 

importance of the dam (or a ruminating animal) for successful installation and development of 

rumen protozoa in pre-ruminant animals [42,54,61] was confirmed in the calf trial and the 

MCFA goat trial of this thesis (probably the goat kids in the DHA-Gold trial were fauna-free 

as well due to isolated housing conditions, but this was not measured). 

 

Effect of early life treatments on animal performance and host characteristics 

Daily gain and bodyweight. Daily gain of both LIN and ESS calves was increased 

during the pre-weaning period and the first year of life, and these calves had a higher BW than 

CON heifers during most of the trial. Furthermore, LIN and ESS calves had less pre-weaning 

diarrhea and/or less severe diarrhea (as assessed by the number of electrolyte treatments/ 

diarrhea case) and had a better feed efficiency pre-weaning and after the first calving. This 

indicates that dairy calves can benefit from these supplements during the pre-weaning period, 

and that some kind of programming was established for a better feed efficiency. This 

programming could be physiological (e.g. passage rate), metabolical or microbial (rumen and/or 

hindgut). No effect (DHA-Gold) or even an opposite effect (MCFA) on daily gain and BW was 

found in the goat trials. The negative effects on daily gain in kids treated postnatally with MCFA 

were linked to their lower milk replacer intake. The growth delay of postnatally treated kids 

was never compensated for later in life, and BW still tended to be lower at euthanasia (28 wk 

of age). Interestingly, control goat kids (D-K-) from the DHA-Gold trial seemed to have a better 

performance compared to control kids of the MCFA trial, as assessed by their mean BW 

throughout the trial, and the final BW at 24 or 28 wk of age (Figure 2). Total milk replacer 

intake was similar between these 2 control groups (31.0 kg DM vs 30.3 kg DM for MCFA and 

DHA-Gold trial, respectively), while concentrate intake until weaning was on average 3 kg 

higher for MCFA control kids. The reason for this difference in daily gain is not clear, possibly 

an important difference existed in hay intake (ad libitum), which was not measured in both 

trials. The above-mentioned unfavorable results (on milk replacer intake or the increased in 

vitro CH4/total VFA production, for MCFA and DHA-Gold respectively), without a 

(programmed) reduction of CH4, makes the use of these supplements in the current dose and 

set-up unsuitable for commercial CH4 reduction strategies in early life of goat kids.  
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Figure 2: Bodyweight evolution of D-K- goat kids (control) in the MCFA and DHA-Gold trials. The MCFA trial 

lasted until 28 wk of age, while the DHA-Gold trial lasted until 24 wk of age.  

 

 

Rumen papillary morphometry after treatment. No data are available about papillary 

morphometry in the calf trial, since calves were not sacrificed. However, this was studied in 

both goat trials at 24 (DHA-Gold) or 28 wk (MCFA) of age (ca. 3 or 4 mo after postnatal 

supplementation, respectively). Pre- and postnatal exposure to DHA-Gold negatively affected 

total surface area (TSA) of papillae in the ruminal atrium at 24 wk of age, without negatively 

affecting daily gain or BW throughout the trial. For MCFA supplementation, postnatal 

treatment effects were found as well on some papillary characteristics at 28 wk of age, but no 

effects on total surface area, though these kids tended to have a lower final BW due to negative 

effects of MCFA supplementation on milk replacer intake. In literature, positive correlations 

are described between VFA (particularly propionate and butyrate) and rumen papillae 

characteristics [65,205,279]. Although early life treatment influenced the fermentation pattern 

in MCFA-treated kids, no clear relationship could be made with the effects on rumen papillae. 

Ruiz-González et al. (2018) deeper investigated possible correlations between VFA and 

papillae characteristics in the DHA-Gold goat trial, and found only some fragmented 

correlations between VFA at euthanasia and papillae morphometry (e.g. with papillae base 

width in the ventral rumen and papillae length and TSA in the ruminal atrium) [271]. It is not 

clear how such long-lasting effects of prenatal supplementation on papillae morphometry arise. 

Tamate et al. (1962) suggested that the papillary development in the offspring is correlated with 

maternal circulation of short-chain FA [279], but this could not be verified in the present trials 

since the mother animals were not sampled (commercial farm animals). Possibly, in utero, the 

LC-PUFA are provided to the goat kids through the blood, since many nutrients can cross the 

placenta [280]. Also, these FA can be absorbed through the amniotic fluid and be swallowed 

by the fetus, ending up in the gastro-intestinal tract in very early life [281].  
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Studies showed that suboptimal development of the rumen microbiota can negatively 

affect rumen development and papillae development [206,204]. The decreased TSA in the 

ruminal atrium of DHA-Gold supplemented kids at 24 wk of age (D+ and/or K+) can be 

interpreted as a negative effect, but no data are available about rumen microbiota of these goat 

kids. Possibly the reduced fermentative capacity during the postnatal treatment period (D+) can 

be linked to a suboptimal development of the rumen microbiota, however, at 24 wk of age, total 

VFA was increased in K+ kids. In MCFA treated kids, it was clear that the pre-weaning rumen 

microbiota overall was less developed. However, we cannot conclude that the rumen papillae 

were indeed negatively affected, since no effect on TSA was observed in these kids. 

 

Host metabolome. To our knowledge, only 1 study has been published in which effects 

of maternal supplementation on the offspring’s rumen fermentation characteristics (including 

CH4) and rumen development [63], as well as on the rumen bacterial community [147] were 

investigated. Much more research exists on maternal nutrition and the consequences on 

metabolism of the offspring [136,282], however never examined simultaneously with CH4 

production or ruminal fermentation characteristics of the offspring. In this aspect, Chapter 2a 

and 2b represent pioneering research. A few studies have attempted to find a link between CH4 

emission traits and metabolites in the rumen and/or other body fluids [61,148,214]. All these 

studies, together with the results presented in Chapter 2b, indicate induced changes in the rumen 

functionality are also observed in the host metabolism. A common group of metabolites that 

was found in all studies were carnitine-derivatives, which potentially show a relationship to the 

(in vitro) CH4 producing phenotype. More research is necessary to investigate these and 

potential other relationships between urinary and blood metabolites and rumen methanogenesis. 

In the ideal case, typical metabolite(s) can be identified in low CH4 emitting ruminants, that are 

linked to host-microbiome interactions. 

 

Possible adaptation to early life treatments  

The rumen microbiota is typically characterized by an enormous complexity, interspecies 

interactions, redundancy, resilience and host specificity [24]. This makes the adult rumen 

ecosystem capable of overcoming stressful situations [212] but also makes it hard to alter [283]. 

In addition, a possible “danger” of feeding supplements for a prolonged time in adult ruminants 

is that animals may adapt and fail to respond to repeated treatments. These characteristics are 

believed to be less strong, and more manipulable, in the early development of the rumen [183]. 
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However, no effect of postnatal supplementation was observed on (in vitro) CH4 production 

during the treatment period in these early life experiments. This could possibly be due to the 

development of some form of adaptation by the rumen microbes, which occurs faster in young 

animals compared to adult animals. Ruiz-González et al. (2017) came to the same conclusion 

from a re-exposure experiment with CON and LIN rumen inoculum (6 and 12 mo of age) to the 

same kind of lipid [75] (same calves as in the current thesis). This experiment showed that the 

inhibition of in vitro CH4 production by adding linseed oil to the inoculum was smaller for 

rumen inoculum of 6 and 12 mo-old heifers that had received extruded linseed in early life. 

Saro et al. (2018) supplemented lambs with a mix of linseed oil and garlic essential oil in early 

life, and re-treated some of them again later in life. Similarly, they found that in vivo CH4 

emissions were numerically higher in lambs that experienced the supplement in early life, 

suggesting that the early life intervention resulted in an increased resilience of the community 

to the supplement [148]. A re-treatment experiment was also performed by Ruiz-González et 

al. (2018) for the DHA-Gold treated goat kids [271], revealing similar observations: in vitro 

CH4 inhibition by DHA-Gold tended to be smaller for D+ treated kids’ inoculum compared to 

D- kids. Additionally, re-treated D+ kids’ inoculum had a smaller decrease of total VFA 

production than D- kids. Furthermore, results for re-treatment of goat kids’ inoculum (from 

Chapter 1) with MCFA also indicate less inhibitory effects are observed for rumen inoculum of 

early life exposed animals [201]. All these results indicate that prenatal or early life exposure 

to potentially CH4-reducing supplements may desensitize the rumen microbes to the inhibitory 

effects of the supplement later in life, which is not a desirable result. Unfortunately, no such re-

treatment experiment has been performed for ESS calves, so it is not known if calves treated 

with Agolin Ruminant in early life will be less sensitive to this later in life. Castro-Montoya et 

al. (2015) supplemented Agolin Ruminant for 8 wk to adult cattle (1 g/d) and did not see an 

adaptation occur (i.e. in vivo CH4 emission remained reduced) over that period [74]. However, 

it is not known if this would be similar in the developing rumen. 

 

General reflections, limitations and suggestions for further research 

Choice of feed supplements. The extruded linseed (Nutex68) used in the calf trial (Chapter 

1) was not the most ready-to-use product for commercial practices. This crumble is 

commercially available from a Belgian animal feed producer and was already successfully 

tested for its CH4-reducing potential in dairy cows [88]. However, the physical form of the 

supplement (solid feed) posed a practical problem since newborn calves don’t eat solid feed 

yet. Adding this crumble to the milk replacer was not considered a good option, since this could 
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result in the closing of the esophageal groove, directing the crumble to the abomasum instead 

of the rumen. By mixing the amount of crumble with a small amount of milk, we managed to 

make a small bolus of the crumble, which was then fed by hand to the calves. Care was taken 

to see if the bolus was indeed swallowed, and gloves were used. In this way, a direct comparison 

could be made between the effect of the same supplement in newborn and adult cows, but this 

is of course not feasible in commercial practice. Additionally, the matrix of the linseed-PUFA 

(extruded, crumble) probably provided some protection of the PUFA, resulting in a slower 

release in the rumen and hence a slower and smaller exposure to the rumen microbiota. Linseed 

oil would have been a better choice to guarantee a better contact of PUFA with the rumen 

microbiota for this proof-of-principle experiment, as was suggested above. Additionally, 

linseed oil has also been shown to result in greater CH4 reductions in vivo (-64% vs -38% for 

extruded linseed) [88]. 

Long-chain PUFA, such as DHA, have been shown to reduce CH4 effectively in vitro 

[98,244], however promising in vivo results were still lacking (in contrast, relative CH4 

emissions were even increased in two studies with DHA-Gold [248,278]). In the cow trial with 

DHA-Gold (Chapter 3), cows received the supplement in vivo, and in vitro batch incubations 

were used to assess CH4 production. The results for in vitro CH4 production and fermentation 

of the cows were in line with the above-mentioned in vitro studies but not with the in vivo 

studies, showing a CH4 reduction as long as DHA-Gold was supplemented. However, prenatal 

and early life supplementation to goat kids resulted in unfavorable results on CH4 production, 

which are more in line with what is observed in other in vivo studies. More evidence is thus 

gathering that DHA-Gold is not a recommended product to reduce CH4 emissions in ruminants, 

neither in adult ruminants nor through programming of young animals. Maybe other sources of 

LC-PUFA could be considered.  

 

Choice of microbial analysis methods. To date, no specific reference genes have been 

described to normalize mcrA expression in methanogens, apart from the most often used 

methanogenic 16S rRNA gene [284,285]. Using the expression of only 1 reference gene 

contrasts with methods in eukaryotes, where often several (presumed) stably expressed 

housekeeping genes in eukaryotic transcription studies are used to control for error between 

samples. Using multiple housekeeping genes (i.e. internal RNA controls) is done because no 

single housekeeping gene will always have stable expression levels under all experimental 

conditions [286]. Possibly, more research into reliable housekeeping genes in methanogens can 

therefore optimise mcrA expression studies. Concerning 16S rRNA amplicon sequencing, we 
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chose to utilise the DADA2 pipeline to process the Illumina sequencing data. This method was 

recently implemented at the different ILVO research units and was also optimised specifically 

for rumen-derived samples at the Animal Sciences unit. Although the currently most used 

methods for analysing next generation sequencing (NGS) data involve clustering into OTUs 

(97% identity treshold), some controversy exists on the potential bias that can result from 

clustering tools [287]. Methods and models that use individual sequence data instead, such as 

DADA2, can potentially reduce this bias [288]. However, because this method is quite new, 

comparsion of the results between studies (OTU vs. ASV) is not evident. On the other hand, 

variations in - for example - rumen sampling method and DNA analysis method [289], or 

sequencing technology can also result in more bias at the data analysis stage, indicating care 

should always be taken when comparing NGS data. 

 

Suggestions for further research. 

 Investigate the “holobiont” as a whole. The composition and function of microbiomes are 

so critical for most animals, including ruminants, that an increasing number of scientists 

believe that hosts and their microbiomes should be considered as a single ecological unit, 

the holobiont [290]. The interplay of the rumen development on anatomical, functional and 

microbial level is complex and still not entirely clear [183]. This is why, in order to better 

understand processes occurring in the rumen during early life, these different levels should 

be taken into account. Furthermore, factors related to the ruminant host should be 

investigated as well, e.g. related to the immune system [291] or metabolism [148,214], to 

further explore the interplay between microbiome and host. Additionally, effects of pre- or 

postnatal early life treatments on the hindgut should be considered, since the possibility 

exists that an early life treatment has little effect on the rumen microbial ecosystem but 

rather on the hindgut community [176].  

 Investigate mechanisms of prenatal programming of the rumen. In this thesis, interesting 

prenatal treatment effects (alone or in combination with postnatal supplementation) were 

observed on rumen microbiota, - functionality, blood metabolites and even rumen papillae 

morphometry of the offspring, ranging from 4 wk until 24 wk after prenatal treatment had 

ceased. However, how this was established was not further studied and deserves more 

investigation. Additional trials, including for example nutritional treatments during other 

periods in pregnancy (e.g. early and mid-pregnancy), sampling of the dam (e.g. vaginal, 

ruminal and gut microbiota, CH4 production phenotype) and the offspring (e.g. fetal 

sampling of blood, rumen wall, amniotic fluid, birth through C-section) and more sampling 
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points in early life, would be interesting to confirm the potential of prenatal programming 

for steering the rumen microbiota of the offspring. Additionally, the duration of such 

programming effects can be studied using long-term trials. 

 In vivo CH4 measurements. It was not possible to perform in vivo CH4 measurements for 

the goat trials in this thesis due to practical reasons, however, in vivo measurements are 

warranted to confirm the observed effects. 

 Other CH4-reducing feed supplements. Other feed supplements that show good potential to 

reduce CH4 in ruminants could be further investigated in an early life context. For example, 

3-nitrooxypropanol (3-NOP) shows up to 30% in vivo CH4 reduction in dairy cows, without 

negatively affecting feed intake or milk production and composition [292,293]. 

Furthermore, the inhibitory effect persisted over 12 wk of treatment, indicating adaptation 

did not occur. 3-NOP specifically inhibits a step in methanogenesis (inhibition of the 

enzyme MCR) [294], similar to the mode of action of bromochloromethane (interfering 

with a methyl-transferase step in methanogenesis) [62,295]. In addition, 3-NOP is 

considered non-toxic for the animal [296], and does not pose an environmental concern in 

contrast to bromochloromethane [297]. An early life application of this product could 

further reduce product costs and shorten the period of time the animal has to be treated. 

 Include rumen fungi. The role of rumen fungi and their functional importance in CH4 

formation is still not well known [298], however studies show some anaerobic fungi seem 

to be associated with high CH4 emissions [299,300]. Furthermore, this less-investigated 

group, which serves important fermentative functions, can reach up to 20% of the ruminal 

biomass in sheep under certain feeding systems [301]. It would be interesting to see if and 

how rumen fungi are affected by early life CH4-reducing supplements, in this way 

increasing the knowledge about microbial networks in the rumen. 

 

Planned deeper analyses.  

 Rumen bacterial community (calves). The better feed efficiency of LIN heifers observed in 

Chapter 1, together with the difference in re-treatment response between inoculum from 

LIN calves and CON heifers [75], could suggest some changes in the functioning of the 

rumen microbial community. A link between feed efficiency and the rumen bacterial 

community has been reported before in ruminants [174,302], suggesting the possibility that 

the rumen bacterial community (and not the bacterial abundance) was altered in the long-

term due to the early life supplementation. Indeed, several studies that have shown that 
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changes in the rumen bacterial community due to a nutritional intervention in early life, can 

persist until months after the treatment was ceased [92,146,148]. Analysis of the bacterial 

community through next generation sequencing (16S rRNA) is pending for the ages 1, 4, 6 

mo of age and 1 mo after calving. 

 Rumen bacterial community (goat kids, MCFA). To further examine if the altered bacterial 

community of MCFA-treated goat kids persists, this will be investigated through next 

generation sequencing (16S rRNA) at the ages of 11 and 28 wk of age. 

 

The position of this PhD in a broader (nutritional) context 

While the aim of this PhD was to perform fundamental research concerning CH4 reduction in 

ruminants through early life programming, further questions may arise about the future role of 

livestock in feeding the growing world population. Studies suggest that by 2050, there will be 

70 to 100% more food needed [303]. The increased production of food must be accomplished 

by taking into account changing consumption patterns, impacts on the climate and growing 

scarcity of water and land. Today, the food production system generates a broad range of 

environmental impacts, among which the contribution of livestock is significant [304]. 

The supply of protein in the human diet is crucial, and preferably environmentally-friendly 

[273]. According to the World Health Organisation, the average adult requires 50-60 g of (plant 

and/or animal) protein daily, while the current average global supply of terrestrial animal 

protein per person is 27 g /day [305]. The supply of protein differs largely between countries; 

e.g. average European supply is 102 g/d (51 g is terrestrial animal protein), while average West 

African supply is 65 g (8 g is terrestrial animal protein) [306]. Livestock contribute to food 

security by delivering protein-rich products, essential nutrients, manure, draught power and by 

generating income. On the other hand, they also consume human-edible food, produce 

greenhouse gases and graze on pastures that could also be used for crop production [307]. For 

these and other reasons, the future role of livestock in the food system and the replacement by 

alternative protein sources is heavily debated. Three possible paths in this debate are discussed 

by Van Zanten et al. (2018): 1) reduce the environmental footprints of individual animal source 

foods (“sustainable intensification”), 2) limit or avoid animal source foods, and 3) avoid feed-

food competition without leaving animal production (“low-cost livestock”) [306]. Following 

the “sustainable intensification” path, reducing the footprint mainly implies increasing the yield 

per unit of resource used or emission produced. This could be done through precision 

fertilisation (feed productioni), increasing the life-time productivity of the herd (e.g. improving 
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feed efficiency, reducing diseases), or improving manure management. However, the footprint 

concept does not account for feed-food competition, and in this path a transition from grass-

based to more concentrate-based ruminant systems would even be preferred [308]. Following 

the second path, Smetana et al. (2015) investigated the environmental impact of various meat 

substitutes by considering a “cradle-to-plate” meal life cycle. The results showed that, given 

the current technology, the highest impacts existed for lab-grown meat and mycoprotein-based 

analogues, and lowest impact for insect-based and soy meal-based substitutes [309]. Possibly, 

these foods can become more important in the future diet, thus reducing the environmental 

footprint. However, in a completely vegan situation, a problem could occur with human inedible 

by-products (currently fed to animals), that are no longer recycled back into the food system 

(e.g. wheat straw, sugar beet pulp) [306]. It would require new technological developments to 

valorize these by-products in other ways. The third option aims to only feed livestock with 

products we cannot or do not want to eat (e.g. leftovers of crop residues, by-products of 

industry, grasslands). In this way, production of livestock feed is largely decoupled from arable 

land. Moreover, studies show that by eating a small amount of animal source food from such 

low-cost livestock, we can feed the global population with lowest possible use of arable land 

(including the option that everyone would become vegan) [306]. Also GHG emissions from 

livestock productions could be reduced by 19-50% compared with a business-as-usual scenario, 

however the vegan scenario would reduce these emissions considerably more (explained by the 

large role of ruminants in a low-cost livestock scenario). This early life approach in this thesis 

could be positioned within the path of “sustainable intensification”, or even in a “low-cost 

livestock” situation, if the utilised feed supplements are non-human edible. More research is in 

any case needed to validate the potential of feeding supplements in early life to (permanently) 

reduce CH4 emissions.  

Finding ways to produce food in an efficient and sustainable way, has to take into account 

a variety of inputs (land, water, energy, labour, genetic resources…) and outputs (kg of meat, 

milk, eggs, GHG emissions, welfare…) [310], that often cannot be optimised at the same time. 

New global policies are needed to ensure food security for 2.3 billion more people in the coming 

4 decades, and probably will require major changes in both consumption and production of 

animal products.
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General conclusions 

The early life supplementation methods and feed supplements (extruded linseed, Agolin 

Ruminant, MCFA from coconut oil and DHA-Gold) tested in this thesis did not (persistently) 

reduce CH4 reduction in goats or dairy heifers. In contrast to studies in adult ruminants, no 

effect of postnatal supplementation alone was found on CH4 emissions. Nevertheless, several 

interesting observations were done:  

 

1) Prenatal nutrition of the dam, alone or in combination with a postnatal treatment, has 

the potential to influence the in vitro CH4 production, rumen microbiota and –

functionality of the offspring, as well as rumen papillae morphometry, ranging from 

until 4 wk and 24 wk of age (MCFA and/or DHA-Gold). However, the effects observed 

in this thesis are not always favorable.  

 

2) The combination of pre- and postnatal exposure can work synergistically for some 

supplements (MCFA).  

 

3) Postnatal supplementation can positively affect daily gain pre-weaning and during the 

first year of life, and result in positive long-term effects on feed efficiency until after 

first calving (extruded linseed, Agolin Ruminant).  

 

More research into prenatal programming (with or without postnatal treatment) and a holistic 

approach is warranted to further elucidate the potential and working mechanisms of early life 

programming of enteric CH4 emissions in ruminants.
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Summary 

With the prospect of a growing world population, demanding more animal products like milk 

and meat, sustainable livestock production becomes increasingly important. This includes 

minimizing the greenhouse gas emissions that contribute to global warming. Specifically in 

ruminants, large amounts of the potent greenhouse gas methane (CH4) are produced mainly as 

a side-product of enteric fermentation in the rumen. Production and release of CH4 from the 

rumen corresponds to an energy loss for the animal between 2-12% of the gross energy intake. 

Therefore a reduction of enteric CH4 emissions could, next to the environmental benefits, also 

be beneficial to ruminant performance. Different strategies exist to reduce CH4 emissions in 

ruminants, among which fat supplementation is considered to be one of the most readily 

applicable methods. Fatty acids (e.g. medium chain fatty acids, MCFA or poly-unsaturated fatty 

acids, PUFA) can induce toxic effects on specific rumen microbiota, resulting in reduced 

production of CH4, as is reported in adult ruminants. However, supplementing adult ruminants 

with fats or oils can also result in negative effects on dry matter intake and subsequently animal 

performance. Recent studies suggest that it is possible to alter and program the rumen 

microbiota in the long-term, including methanogenesis, by feeding CH4-reducing supplements 

in the early life (pre- and/or postnatally) of the ruminant. This could allow to feed lower 

supplement doses and limit negative effects on animal performance. The aim of this thesis was 

to explore the potential of feeding supplements containing PUFA, MCFA or an essential oil 

blend to ruminants in prenatal and/or postnatal life for long-term CH4 reduction and additionally 

improve the knowledge about early life nutrition on rumen papillary development and future 

performance. 

In Chapter 1, a postnatal treatment approach was tested in dairy heifers, supplementing 

extruded linseed (Nutex68, 22 g/d, increasing until 578 g/d) or an essential oil blend (Agolin 

Ruminant, 0.5 g/d) from birth until ca. 4 months of age. Although no (programmed) CH4-

reduction was established in these dairy heifers, both supplements resulted in positive long-

term effects, in particular on daily gain during the first year of life and feed efficiency after first 

calving. The latter effect suggests some kind of programming occurred on this level. 

Chapter 2a and 2b are subchapters of the same goat trial, in which a pre- and/or 

postnatal treatment with coconut MCFA was tested. The combination of pre- and postnatal 

supplementation (i.e. 40 g/d during last 3 weeks of gestation and/or 1.8 mL/d from birth until 2 

weeks after weaning) resulted in a drastic reduction of in vitro CH4-production, but also of the 
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fermentative capacity at 4 weeks of age. This was linked to detrimental effects on the rumen 

microbiota, which seemed to be less mature compared to control kids of that age. Additionally, 

these kids had an altered plasma metabolic profile, possibly indicating a lower energy 

metabolism. However, the effects on in vitro CH4 production and fermentation were transient, 

and disappeared by 11 weeks of age. Postnatal treatment furthermore reduced milk replacer 

intake, resulting in reduced daily gain until weaning, and altered some rumen papillary 

characteristics at the age of 28 weeks. 

Chapter 3 combined the results of two animal trials in which a marine algae product 

rich in long-chain PUFA (DHA-Gold) was supplemented: a cannulated dairy cow trial (adult) 

as a preliminary study for the goat trial (similar set-up as the MCFA goat trial). Although 

reduced CH4 production was obtained with the dairy cows, pre- or postnatal supplementation 

(0.28 g/kg BW) did not lower but rather enhanced in vitro CH4 production compared with non-

supplemented goat kids during the postnatal treatment period. Additionally, this resulted in 

altered rumen papillary characteristics at the age of 24 weeks. However, the overall animal 

performance of the goat kids was not affected. 

In conclusion, the early life supplementation methods, tested in dairy heifers and goats, 

did not result in a (persistent) CH4 reduction. Nevertheless, several interesting observations 

were made, indicating prenatal nutritional treatment (with or without postnatal treatment) in 

goats can transiently or persistently influence in vitro CH4 production, rumen microbial 

development, rumen papillary characteristics and the intermediary metabolism in the offspring. 

Furthermore, long-term positive effects of postnatal supplementation were observed on daily 

gain in heifers, and feed efficiency was improved until after the first calving. More research is 

warranted to investigate how pre- or postnatal programming of these investigated parameters is 

established in the offspring, and how this can be modulated.
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Samenvatting 

Met het vooruitzicht op een groeiende wereldbevolking, die meer dierlijke producten als melk 

en vlees vraagt, wordt een duurzame manier van veeteelt steeds belangrijker. Dit omvat ook het 

beperken van de broeikasgasemissies, die bijdragen tot de opwarming van de aarde. Specifiek 

in herkauwers worden er grote hoeveelheden methaan (CH4) geproduceerd, als een bijproduct 

van de vertering in de pens. Daarnaast betekent de productie en vrijzetting van CH4 uit de pens 

een energieverlies voor het dier tussen de 2-12% van de bruto energie opname. Hierdoor kan 

het verminderen van CH4 emissies in herkauwers, naast de voordelen voor het milieu, ook 

leiden tot een verbeterde dierlijke productie. Er bestaan verschillende strategieën om de CH4 

emissies te verminderen in herkauwers. Het supplementeren van vetten in het rantsoen wordt 

beschouwd als één van de meest direct toepasbare methoden. Vetzuren (vb. middellange keten-

vetzuren, MCFA of poly-onverzadigde vetzuren, PUFA) kunnen toxische effecten veroorzaken 

op bepaalde pensmicroben, wat resulteert in een verlaagde CH4 productie, zoals is aangetoond 

in volwassen herkauwers. Echter kan het supplementeren van vetten in het rantsoen ook leiden 

tot een verlaagde droge stofopname, en verdere negatieve effecten op de dierlijke productie in 

volwassen herkauwers. Recente studies suggereren de mogelijkheid om de pensmicrobiota, 

alsook de methanogenese, langdurig te sturen (programmeren) door toediening van CH4-

reducerende supplementen in het vroege leven (pre- en/of postnataal). Op deze manier zouden 

lagere dosissen van de supplementen nodig zijn en kunnen mogelijks de negatieve effecten op 

de dierlijke productie worden geminimaliseerd. Het doel van dit proefschrift was het potentieel 

te bestuderen van voedersupplementen met PUFA, MCFA of een mengsel van essentiële oliën 

voor lange-termijn CH4-reductie in herkauwers, door middel van pre- en/of postnatale 

supplementatie. Daarnaast kan de kennis omtrent de invloed van het voeder in het vroege leven 

op de penspapilontwikkeling en de toekomstige dierlijke productie worden verbeterd. 

In Hoofdstuk 1 werden geëxtrudeerd lijnzaad (Nutex68, 22 g/d, verhoogd tot 578 g/d) 

of een mengsel van essentiële oliën (Agolin Ruminant, 0.5 g/d) postnataal gesupplementeerd 

aan vaarskalveren vanaf de geboorte tot ca. 4 maanden oud. Hoewel geen (geprogrammeerde) 

CH4-reductie bekomen werd, resulteerden beide supplementen in gunstige lange-termijn 

effecten op dagelijkse groei tijdens het eerste levensjaar en in een verbeterde voederefficiëntie 

na de eerste kalving. Dit laatste suggereert dat er een vorm van “programming” plaatsvond op 

dit niveau.  
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Hoofdstukken 2a en 2b zijn deel van dezelfde geitenproef, waarin een pre- en/of 

postnatale supplementatie met kokos-MCFA werd getest. De combinatie van pre- en postnatale 

supplementatie (40 g/d gedurende de laatste 3 weken van de dracht en/of 1.8 mL/d vanaf 

geboorte tot 2 weken na het spenen) resulteerde op 4 weken leeftijd in een drastische reductie 

van in vitro CH4 productie, maar ook van de fermentatiecapaciteit. Dit was gelinkt aan nadelige 

gevolgen voor de pensmicrobiota, die minder ontwikkeld leek in vergelijking met 

controlelammeren op die leeftijd. Daarnaast hadden deze lammeren een ander profiel van 

plasmametabolieten, mogelijks geassocieerd met een lager energiemetabolisme. De effecten op 

in vitro CH4 productie en fermentatie waren echter tijdelijk, en verdwenen tegen de leeftijd van 

11 weken oud. Bovendien verlaagde de postnatale supplementatie de kunstmelkopname, wat 

resulteerde in een verlaagde dagelijkse groei tot spenen, en enkele gewijzigde 

penspapilkenmerken op de leeftijd van 28 weken. 

In Hoofdstuk 3 werden de resultaten gecombineerd van twee dierproeven waarin een 

product met lange keten PUFA afkomstig van marine algen (DHA-Gold) werd getest: een proef 

met gefistuleerde melkkoeien als een verkennende studie voor een geitenproef (gelijkaardige 

set-up als de MCFA geitenproef). Hoewel een in vitro CH4-reductie bekomen werd in de 

melkkoeien, resulteerde pre- of postnatale supplementatie (0.28 g/kg BW) in geiten niet in een 

lagere maar eerder in een hogere in vitro CH4 productie vergeleken met de controlelammeren 

tijdens de postnatale behandelingsperiode. Daarnaast resulteerde dit in enkele gewijzigde 

penspapilkenmerken op de leeftijd van 24 weken, hoewel de algemene dierlijke prestaties niet 

waren beïnvloed. 

 Samengevat resulteerden de geteste supplementatiemethoden in vaarskalveren en 

geitenlammeren niet in een (persistente) CH4 reductie. Toch werden enkele interessante 

bevindingen gemaakt, die aantonen dat prenatale supplementatie in geiten (al dan niet in 

combinatie met postnatale supplementatie) kan leiden tot tijdelijke of persistente effecten op in 

vitro CH4 productie, de microbiële ontwikkeling van de pens, penspapilkenmerken en het 

intermediair metabolisme in het nageslacht. Daarenboven werden positieve lange-termijn 

effecten van postnatale supplementatie waargenomen op de dagelijkse groei in vaarzen, en op 

de voederefficiëntie na de eerste kalving. Meer onderzoek is nodig om te bestuderen hoe pre- 

of postnatale programmering van de onderzochte parameters gebeurt in het nageslacht, en hoe 

dit kan worden gestuurd.
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