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Abstract
Background: Newborn ruminants possess an underdeveloped rumen which is colonized by
microorganisms acquired from adult animals and the surrounding environment. This microbial transfer
can be limited in dairy systems in which newborns are separated from their dams at birth. This study
explores whether the direct inoculation of fresh or autoclaved rumen �uid from adult goats to newborn
kids has a bene�cial effect on rumen microbial development and function.

Results: Repetitive inoculation of young kids with fresh rumen �uid from adult goats adapted to forage
(RFF) or concentrate diets (RFC) accelerated microbial colonization of the rumen during the pre-weaning
period leading to high protozoal numbers, a greater diversity of bacterial (+234 OTUs), methanogens (+6
OTUs) and protozoal communities (+25 OTUs) than observed in control kids (CTL) without inoculation.
This inoculation also increased the size of the core bacterial and methanogens community and the
abundance of key rumen bacteria (Ruminococcaceae, Fibrobacteres, Veillonellaceae, Rikenellaceae,
Tenericutes), methanogens (Methanobrevibacter ruminantium, Methanomicrobium mobile and Group 9),
anaerobic fungi (Piromyces and Orpinomyces) and protozoal taxa (Enoploplastron, Diplodinium,
Polyplastron, Ophryoscolex, Isotricha and Dasytricha) before weaning whereas CTL kids remained
protozoa-free through the study. Most of these taxa were positively correlated with indicators of the
rumen microbiological and physiological development (higher forage and concentrate intakes and animal
growth during the post-weaning period) favouring the weaning process in RFF and RFC kids in
comparison to CTL kids. Some of these microbiological differences tended to decrease during the post-
weaning period, although RFF and RFC kids retained a more complex and matured rumen microbial
ecosystem than CTL kids. Inoculation with autoclaved rumen �uid promoted lower development of the
bacterial and protozoal communities during the pre-weaning period than using fresh inocula, but it
favoured a more rapid microbial development during the post-weaning than observed for CTL kids.

Conclusions: This study demonstrated that inoculation of young ruminants with fresh rumen �uid from
adult animals accelerated the rumen microbial colonization which was associated with an earlier rumen
functional development. This strategy facilitated a smoother transition from milk to solid feed favoring
the animal performance during post-weaning and minimizing stress.

Background
Ruminants possess a complex gastric system composed of four chambers; the rumen is the largest and
hosts a vast and diverse microbial community composed of bacteria, methanogenic archaea, protozoa
and fungal species which are adapted to thrive in anaerobic conditions and are responsible for the
fermentation of the diet consumed by the animal. At birth, however, the rumen is not fully developed
(proto-rumen) and lacks the microbiota present in adult animals [1, 2]. Newborn ruminants rely on milk-
based diets that bypass the rumen through the oesophageal groove to reach the abomasum where
digestion starts [3]. A correct transition from proto-rumen to rumen will later determine the e�ciency of
the nutrients’ digestion and absorption in the gut and other tissues [4, 5]. In this transition, microbial
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colonization occurring during and after birth plays a pivotal role on the development of the rumen that
undergoes dramatic changes through the �rst weeks of life up to weaning and beyond [1, 6]. Previous
studies have shown that early colonization events shape the composition of the rumen microbiome
throughout life [7, 8].The early colonizing microbes may facilitate the establishment of functional gut
microbiota by several possible mechanisms. The �rst colonizers are facultative anaerobes and are
thought to render the gut environment suitable to anaerobic rumen microbes [9]. Recent works have
reported the unique and potentially important in�uences of maternal microbiota from the skin, udder,
vagina, saliva and colostrum, which each appears to make early contributions to the bio-spatial and
longitudinal succession of microbes throughout the early life of the animal [10, 11]. This is particularly
critical in the context of modern dairy livestock systems in which the newborn is taken away from the
mother after birth, generally fed on arti�cial milk, and are kept isolated from adult animals, which can
limit the rumen microbial development and animal performance [5]. The magnitude of the detrimental
effects increases when arti�cial rearing is combined with early weaning programs to minimize milk-
replacer costs, which may lead to weaning-associated health and digestive problems [12].

We have previously shown that the natural rearing of newborns with the dam accelerates the rumen
microbial colonization as compared to arti�cial milk feeding animals [1, 13], having positive effects on
feed digestion and animal growth later in life [5]. The main advantage in this early established microbiota
consists of a more diverse prokaryotic community and the presence of rumen protozoa that cannot
colonize the rumen unless there is direct contact between young and adult animals. Different studies
have investigated the potential of inoculation with rumen �uid in the early life of ruminants to overcome
the de�cient colonization process occurring under arti�cial milk feeding with contrasting results [14, 15,
16]. However, they have used an intermittent inoculation approach, and the analyses are limited to the
most commonly studied bacteria but not to methanogens and eukaryotes (protozoa and fungi) that,
despite contributing up to 50% of the total microbial biomass, are usually neglected in rumen microbiome
studies [17]. The large variability observed in past studies using rumen �uid inoculation suggests that
more attention must be given to the selection of the microbial inoculum and the time window in which the
inoculation is applied. From an ecological perspective, the simpler and less diverse gastro-intestinal
microbiota of newborn kids is more receptive to exogenous inoculation than in adult animals because it
has less colonization resistance [7]. This suggests that divergent rumen microbiotas adapted to different
diets could be potentially inoculated into young ruminants to modulate the colonization pattern and the
establishment of a desirable rumen microbial activity for a particular production system.

In previous works, we optimized the type of inocula [18] and we showed [19] that early-in-life inoculation
of goat kids with rumen �uid from adult animals stimulated feed intake and rumen function in terms of
volatile fatty acids (VFA) production during the pre-weaning period. This inoculation also helped the
transition from liquid to solid feeding and to minimize the growth retardation following weaning.
However, the impact of the inoculation on the rumen microbiome and the identity of the key microbes
which promote these physiological advantages are yet unknown. Here, we hypothesise that an early-in-
life rumen microbial inoculation would modify its microbial colonization and development processes with
potential long-lasting effects in goats. We used a multi-kingdom meta-taxonomic community analysis
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(including bacteria, methanogens, protozoa and anaerobic fungi) to have a detailed description of the
rumen microbiome and how it is modulated by inocula adapted to different diets. We studied the effect of
forage- and concentrate-adapted inocula as well as autoclaved rumen �uid to investigate this hypothesis.

Results
Inocula characterization and effects on rumen fermentation and animal performance

This study investigated the effects of early-in-life inoculation of newborns goat kids with rumen �uid
from adult goats adapted to forage (RFF) or concentrate-rich diets (RFC), autoclaved rumen �uid (AUT) or
absence of inoculation as control (CTL). RFF inocula had greater pH and acetate molar proportion,
whereas RFC had greater concentrations of DM, total VFA and propionate and butyrate molar proportions
(Supplementary Table 1). The microbial composition also showed substantial differences between these
inocula: RFF inocula had higher bacterial and methanogens richness and higher abundances of certain
microbial taxa such as Clostridiales, Rikenellaeae, Methanomassiliicoccaceae, Dasytricha and
Caecomyces. On the contrary, RFC inocula had a higher load of total bacteria, protozoa and anaerobic
fungi, as well as higher abundances of certain microbial taxa such as Lachnospiraceae, Veillonellaceae,
Methanobrevibacter, Polyplastron and Piromyces. AUT inocula had a concentration of fermentation
products in between RFF and RFC values, but without viable cells, as noted by the undetectable
concentration of microbial DNA and intact protozoal cells after optical inspection.

Goat kids were daily inoculated from birth to 11 weeks of age and reared under arti�cial milk feeding.
Rumen samples were taken at 5, 7 and 9 weeks of age to describe the rumen microbiome before, during
and after weaning, respectively. Inoculation with fresh rumen (RFF and RFC) �uid increased solid feed
intake (Fig. 1A) and the rumen VFA concentration during the pre-weaning period (Fig. 1B). This
inoculation favored the transition to a solid diet as greater average daily gain (ADG) and butyrate molar
proportion were observed during the post-weaning period (week 8, Fig. 1C) in comparison with CTL and
AUT kids.
Effect of inoculation on the multi-kingdom rumen community

The multi-kingdom analysis included all microbial OTUs from bacterial (88%), methanogens (2.7%),
protozoal (2.2%) and anaerobic fungal origin (7.1%) in a combined community representing the entire
rumen microbiome. Permutational analysis of variance (PERMANOVA, Table 1) showed that this multi-
kingdom community was highly affected (P < 0.01) by the microbial inoculation (explaining 21.8% of the
total variance), the age of the animals (16.2) and their interaction (9.9%). Pair-wise analysis also showed
differences between all four inoculation treatments and sampling times being illustrated in the Principal
Coordinate Analysis (PCoA, Suppl. Fig. S1). This graphical representation showed that PCO1 (explaining
19.4% of the variance) discriminated between control (right), AUT (center) and RFF and RFC (left)
whereas the PCO2 (17% of the variance) discriminated between pre-weaning (top) and post-weaning
(bottom). Samples from RFF and RFC animals positively correlated with OTUs belonging to
Ruminococcaceae, Christensenellaceae, Clostridiales, Anaerovorax, SP3-e08, Mogibacterium,
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Bacteroidales and Prevotella at 5 weeks, with Entodinium at 7 weeks and with Prevotellaceae,
Selenomonas, Lachnospiraceae and Succinivibrio at 9 weeks of age, indicating a successional
colonization process. For a more detailed description of the rumen microbiome, the main microbial
groups were separately analyzed.

Table 1
Effects of early-in-life rumen microbial inoculation and

time on the rumen community structure.

Community1 Inoculation Time Interaction

Multi-kingdom    

Variance (%) 21.8 16.2 9.90

Pseudo-F 12.3 13.7 2.79

P-value < 0.001 < 0.001 < 0.001

Bacteria      

Variance (%) 16.1 17.3 9.26

Pseudo-F 8.20 13.21 2.36

P-value < 0.001 < 0.001 < 0.001

Methanogens    

Variance (%) 24.9 11.5 9.07

Pseudo-F 12.5 8.70 2.28

P-value < 0.001 < 0.001 0.002

Protozoa      

Variance (%) 14.5 9.07 6.28

Pseudo-F 6.79 4.23 1.47

P-value < 0.001 < 0.001 0.096

Anaerobic fungi    

Variance (%) 30.4 1.73 4.41

Pseudo-F 8.45 1.44 1.23

P-value < 0.001 0.192 0.193

1PERMANOVA based on the Bray-Curtis dissimilarity.
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Effect of inoculation on the rumen bacterial community

RFC kids had lower bacterial DNA concentration per gram of DM than the other three treatments (Fig. 2A).
The sequencing analysis generated on average 14,451 ± 716 high quality bacterial sequences per sample.
RFF kids, followed by RFC and AUT, showed the highest bacterial diversity in terms of OTUs (Fig. 2B) and
Shannon index (Fig. 2C), whereas CTL kids showed the lowest bacterial diversity indexes. Venn diagrams
showed that the core bacterial community was composed by 15 OTUs (Fig. 2D). The inoculation with
fresh rumen promoted a large core bacterial community in RFF (composed by 202, 231 and 164 OTUs)
and RFC kids (139, 190 and 159 OTUs at weeks 5, 7 and 9, respectively). Moreover, many of these OTUs
(20–30%) were exclusively shared between these two treatments indicating a similar community
structure. AUT kids had a medium size core community (144, 153 and 124 OTUs), whereas CTL kids had
much smaller core community (53, 76 and 53 OTUs at week 5, 7 and 9, respectively), being most of these
OTUs (up to 64%) common across all treatments.

PERMANOVA analysis showed that inoculation and sampling time had signi�cant impacts on bacterial
community structure, explaining 16–17% of the total variance (Table 1). PCoA illustrated these
differences in the bacterial community structure (Fig. 2E) in which PCO1 captured a gradient of
community development according to the age of the kids (from left to right), whereas PCO2 did so for the
CTL kids (from up to down). This PCoA also identi�ed relevant microbes which partially explained these
differences. For example, samples taken at 9 weeks of age from AUT, RFF and RFC kids correlated with
the presence of Prevotella OTUs, whereas those from CTL kids did so with Succinivibrio OTUs. Inocula
samples clustered together with samples from RFF and RFC kids at 7 weeks of age, indicating a similar
bacterial community and as expected, the effect of the inoculation differed with the age of the kids
(interaction, P < 0.001. Table 1), indicating that speci�c analyses for each sampling time were needed.

During the pre-weaning period (week 5, Fig. 2F), inoculation with fresh rumen �uid showed a unique and
different bacterial community as compared to AUT or CTL kids. This bacterial community correlated with
indicators of the rumen microbial and functional development such as dry matter intake (DMI), forage
intake, protozoal concentration and bacterial and protozoal richness. Most differences among treatments
were also extended to the age at weaning (week 7, Fig. 2G). Again, clustered samples from these latter
groups were related with higher bacterial and protozoal richness, as well as with the average daily gain
(ADG-f) and feed e�ciency (FE-f) during the following week, suggesting that this community structure
minimized the weaning shock. During the post-weaning period (week 9, Fig. 2H) CTL kids retained a
different bacterial community than that of other treatments, whereas the bacterial community of AUT
kids became closer to those kids inoculated with fresh rumen �uid. Greater bacterial and protozoal
richness were again associated with the bacterial community structure of inoculated groups, along with
digestible cellulose (DCI) and hemicellulose (DHCI) and forage intake during the following week (Forage
–f).

The analysis of the relative abundances of the most predominant bacterial families and genera (Fig. 3A
and Suppl. Table S2) indicated that 12 out of the 21 families identi�ed showed signi�cant differences
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based on the inoculation treatment, regardless of sampling time. Inoculation with fresh rumen �uid
promoted the presence of certain bacterial taxa at week 5 (Elusimicrobia, Anaerobiospirillum,
Catenisphaera, Clostridiaceae, Marvinbryantia, Saccharofermentans, Quinella, Selenomonas,
Rhodocyclaceae, Succinomonas, Synergistes, Olicosphaeraceae, PeH15 and SP3-e08) which were not
present in CTL kids, the �rst three being also absent in AUT kids. Most of these taxa were not detected at
later sampling times in CTL kids indicating a microbial colonization delay. Inoculation with fresh rumen
�uid also increased the abundance of various phyla (Firmicutes, Fibrobacteres, Tenericutes,
Cyanobacteria and Elusimicrobia) and genera (Fibrobacter, Succiniclasticum, Eubacterium,
Lachnoclostridium, Moryella, Oribacterium or Anaerotruncus) in comparison with CTL and AUT kids
across sampling times. On the contrary, Bacteroidales, Alloprevotella and Coprococcus were most
abundant in CTL and AUT groups across sampling times. Moreover, 17 out of the 21 taxa presented
signi�cant differences according to sampling time: Prevotellaceae and Succinivibrionaceae increased
over time whereas Ruminococcaceae decreased. The interaction between inoculation and sampling time
was signi�cant in 10 out of 21 bacterial taxa indicating that the effects were more obvious before than
after weaning. For example, CTL kids had a higher abundance of Bacteroides, Lachnospira,
Streptococcus, Pasterurellaceae and Pyramidobacter than the rest of treatments at 5 weeks of age but
differences disappeared after weaning.

Spearman correlations were performed to assess the potential implications of changes in rumen meta-
taxonomics data on animal physiology (Table 2 and Suppl. Table S3). Bacterial richness, a number of
bacterial phyla such as Fibrobacteres, Firmicutes, Tenericutes, Elusimicrobia, Cyanobacteria, Chloro�exi
and Lentisphaerae, and several bacterial families such as Ruminococcaceae, Veillonellaceae,
Rhodocyclaceae, Rikenellaceae, De�uviitaleaceae and Family_XIII positively correlated with various
indicators of the rumen physiological development such as forage and solids intake, acetate molar
proportion, presence of protozoa and higher bacterial, protozoal and methanogens diversity. Moreover,
the abundance of Firmicutes and Veillonellaceae positively correlated with the ADG during the post-
weaning period indicating a better transition from liquid to solid feed during the post-weaning period. On
the contrary, the phylum Bacteroidetes, the families Bacteroidaceae, Comamonadaceae and
Neisseriaceae and the order Bacteroidales showed a negative correlation with these indicators of the
rumen physiological development as well as with animal performance during the post-weaning period.
Table 2. Correlations among the rumen microbiota and digestive physiology data.
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1Microbial data were log10 transformed and only Spearman’s correlations coefficients ρ > 0.3 (green) or ρ <
−0.3 (red) and p < 0.01 are shown (N=96). Parameters: milk, concentrate, forage and DM intake (g/d), rumen
pH,total volatile fatty acids (mM), acetate (%), propionate, butyrate (%), odd and branched chain fatty acids (%),
microbial concentration (log10 copies/mg DM), OTUs richness (-R), plasma β-hydroxybutyrate (mM), blood
glucose (mg/dL), average daily gain (g/d) and ADG during the post weaning period (ADG-pw).

Effect of inoculation on the rumen archaeal community
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The interaction between inoculation treatment and time on the concentration of methanogenic archaea in
the rumen was signi�cant (Fig. 4A). Although RFF kids, followed by AUT and RFC, showed the highest
concentrations of methanogens at 5 weeks of age (and CTL the lowest) these differences tended to
decrease as kids aged. Sequencing analysis generated an average of 14,180 ± 1,100 high-quality
methanogens sequences per sample and showed that methanogens diversity increased with the age of
the kids (Fig. 4B). Moreover, CTL kids showed lower methanogens diversity in terms of OTUs and
Shannon index (Fig. 4C) than observed in other treatments across time points. The methanogens core
community was composed by only two OTUs (both of them belonging to the genus Methanobrevibacter)
which were shared across all treatments and time points (Fig. 4D). However, at week 9 new
Methanobrevibacter and Methanosphaera OTUs appeared in this core community. Venn diagrams for
individual time points revealed that the methanogens core community remained similar for CTL kids (5, 3
and 5 OTUs at week 5, 7 and 9, respectively) but increased for AUT (6, 12 and 17 OTUs), RFF (7, 9 and 15
OTUs) and RFC kids (7, 11 and 13 OTUs).

Rumen methanogens community structure was greatly affected by inoculation, sampling time and their
interaction (Table 1, Fig. 4E), however, PERMANOVA indicated that the proportion of the variance
explained by the inoculation treatment was twice more than that explained by sampling time (24.92 vs
11.54%). PCoA showed that PCO1 separated samples from CTL (right) and from the rest of treatments
(left), whereas PCO2 disaggregated samples between pre-weaning (bottom) and post-weaning (top).
Moreover, samples collected from RFF and RFC at 5 weeks positively correlated with OTUs belonging to
Methanimicrococcus, Methanophanus and Groups 8, 9 and 10.

The study of the methanogens community structure at 5, 7 and 9 weeks of age using Distance-Based
Redundancy Analyses (Fig. 4F) showed a general pattern characterized by a separation through axis 1
between samples from CTL kids (right) and those from RFF and RFC kids (left). At week 5, RFF and RFC
samples positively correlated with the presence of higher diversity levels for bacteria, methanogen and
protozoa and higher DMI and blood beta-hydroxybutyrate indicating a more microbiological and
functional rumen development. At weeks 7 (Fig. 4F) and 9 (Fig. 4H), RFF and RFC samples correlated
with higher diversity indexes protozoal concentration, forage intake and ADG and FE during the following
week after weaning whereas CTL samples clustered on opposite direction indicating a more undeveloped
methanogens community.

The analysis of the relative abundances of the 15 most predominant methanogen species (Fig. 3B and
Suppl. Table S4) showed differences according to the inoculation treatment (13 species) and sampling
time (11 species), however a signi�cant interaction was found for most of them. At 5 weeks of age, nearly
the entire methanogens community (99.7%) in CTL kids was formed by Methanobrevibacter gottschalkii
and Group8_sp, however these two species only represented 39.0, 22.9 and 29.1% in AUT, RFF and RFC.
On the contrary, RFF and RFF had increased abundances of Group9_sp (34.4%), Methanomicrobium
mobile (9.7%), Methanobrevibacter ruminantium (3.8%) and Methanobassiliicoccaceae spp (18.3%),
whereas AUT kids were more abundant in Group10_sp (14.7%). At week 7, a consistent presence of
Methanimicrococcus blatticola, Methanomicrobium mobile, Methanosphaera, Group12_sp and
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Group10_sp was detected in AUT, RFF and RFC but were absent in CTL kids which still retained higher
numbers of M. gottschalkii (39.6%). This over-representation was even bigger at 9 weeks of age (59.9%),
whereas inoculated kids were more abundant in a greater number of methanogen species (e.g.
Group8_sp and Group_9sp).

The abundance of M. gottschalkii (and Group8_sp) was negatively correlated with forage intake,
presence of protozoa and ADG before and after weaning, indicating the presence of an immature
methanogens community (Table 2). On the contrary, M. blatticola, M. mobile, M. ruminantium,
Methanosphaera and Group9_sp were positively correlated with indicators of a greater rumen
microbiological (protozoal, methanogens and bacterial concentration and diversity) and physiological
development (forage intake and ADG before and after weaning).

Effect of inoculation on the rumen protozoal community
Control kids remained protozoa-free over the entire duration of this study. Inoculation with fresh rumen
�uid promoted a higher concentration of rumen protozoa (Fig. 5A) at week 5 but these differences tended
to be smaller as time progressed (interaction P < 0.05). The 18S amplicon sequencing yielded an average
of 18,164 ± 644 sequences per sample and diversity analysis showed that RFF and RFC had higher
protozoal diversity in terms of OTUs (Fig. 5B) and Shannon index (Fig. 5C) than AUT kids across
sampling times. A total of 14 protozoal OTUs formed the core community shared between AUT, RFF and
RFC kids across time points (Fig. 5D). The treatment-speci�c core community increased over time for RFC
(20, 23 and 25 OTUs at week 5, 7 and 9, respectively), and for RFF kids (25, 27 and 19 OTUs) since most
OTUs were shared across these two treatments. On the contrary, the protozoal core community was
smaller and remained constant over time for AUT kids.

PERMANOVA revealed that the inoculation and the sampling time greatly modi�ed the protozoal
community structure explaining 14.5% and 9.07% of the total variance, respectively (Table 1). Pair-wise
comparisons and PCoA analysis (Fig. 5E) showed that inoculation with fresh rumen �uid promoted a
protozoal community similar to the observed in the inocula and positively correlated with the presence of
8 different protozoal OTUs, whereas the community in the AUT kids only correlated with Entodinium
OTUs. The analysis of the protozoal community at different time points showed that RFF and RFC
always shared a similar protozoal community which was positively correlated with indicators of a rumen
microbiological (higher bacterial and protozoal richness) and functional development (higher DM, forage
and concentrate intakes, and higher VFA, butyrate and ADG). This protozoal community differed to that
observed in AUT kids at 5 (Fig. 5F) and 7 weeks (Fig. 5G) but not at 9 weeks of age (Fig. 5H), indicating a
delay in the rumen protozoal colonization in AUT kids.

Analysis of the protozoa relative abundances (Fig. 6A and Suppl. Table S5) showed a progressive
decrease over time in the entodiniomorphids (family Ophryoscolecidae) and an increase in holotrichs
protozoa (family Buetschliidae). AUT kids had increased numbers of Entodinium, whereas RFF and RFC
were more abundant on Diplodinium, Enoploplastron, Isotricha and Dasytricha, these differences being
greater before than after weaning. The abundance of most protozoal species was positively correlated
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with DM intake and bacterial, methanogens and protozoal diversities. Abundances of Ophryoscolex,
Isotricha and Dasytricha were also correlated with higher VFA concentration and ADG during the post-
weaning period as indicators of rumen development.

Effect of inoculation and age on the rumen fungal community
Inoculation with fresh rumen �uid increased the anaerobic fungal concentration at week 5 in comparison
to CTL and AUT kids (Fig. 7A), some of these differences persisted at weaning but disappeared after
weaning (interaction, P < 0.001). Fungal sequencing yielded an average of 6,548 ± 618 high quality
sequences per sample for those taken at 5 and 7 weeks of age. However, the number of reads observed at
9 weeks was unexpectedly low and this time point was not further considered. No differences were found
in the anaerobic fungal richness or alpha-diversity levels across treatments (Fig. 7B and 7C).

An absence of a core anaerobic fungal community was observed since no OTUs were shared across
treatments and time points (Fig. 7D). Despite that, a treatment-speci�c core community was observed in
CTL (6 and 5 OTUs at week 5 and 7, respectively), RFF (2 and 2 OTUs) and RFC (11 and 3 OTUs) but not
in AUT kids. PERMANOVA revealed that the fungal community structure was highly affected by the
inoculation (P < 0.001) explaining 29.8% of the total variation, whereas no effect was observed for the
age of the kids (Table 1). PCoA analysis (Fig. 7E) showed a clear separation between kids inoculated with
fresh rumen �uid (right) and those from CTL and AUT (left). Moreover, a different fungal community was
observed between RFF (top) and RFC samples (bottom) being these latter samples correlated with the
presence of several Piromyces OTUs.

Inoculation with rumen �uid greatly modi�ed the fungal colonization process in terms of taxa abundance
(Fig. 6B and Suppl. Table S6). CTL kids had an anaerobic fungal community composed by only 3 taxa:
Neocallimastigaceae spp (76%), Neocallimastix (10%) and Caecomyces (14%). AUT kids showed lower
numbers of Neocallimastigaceae spp and Neocallimastix than CTL kids, but higher numbers of
Caecomyces, Piromyces, Orpinomyces and Capnodiales. Moreover, RFF showed the highest abundance
of Orpinomyces, whereas RFC did so for Piromyces. Correlation analysis showed that Caecomyces
negatively correlated with the presence of protozoa (Table 2), whereas Orpinomyces positively correlated
with indicators of the rumen physiological (concentrate and DM intakes) and microbiological
development (higher bacterial and protozoal richness). Piromyces was correlated with even more
indicators of the rumen microbiological development (including methanogens and protozoal
concentrations and methanogens richness).

Discussion
In our study two types of fresh rumen inocula, along with autoclaved inocula, were used to test whether
the microbes (or their fermentation products) could affect rumen microbial colonization in early life as
previously suggested [20, 21]. In an earlier in vitro study we evaluated the microbial activity of different
types of rumen inocula, sampling time, and preservation methods and we concluded that fresh rumen
�uid sampled at 3 h after feeding provides the most diverse and active inoculum [18]. The present in vivo
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study builds upon these observations to gain insight in the microbiological processes occurring in the
rumen.

Rumen bacterial community
The rumen bacterial colonization is a sequential process in which Proteobacteria represent the main early
colonizers, followed by increasing complexity and abundances of strictly anaerobes such as
Bacteroidetes and Firmicutes [22]. Our study showed that inoculation with fresh rumen �uid accelerated
this colonization process during the pre-weaning period leading to a higher diversity (+ 234 OTUs), and a
greater core bacterial community shared between RFF and RFC kids (+ 117 OTUs) than reported in CTL
kids. Our study showed that CTL kids had higher abundance of several Proteobacteria families during the
pre-weaning period (e.g. Comamonadaceae and Pateurellaceae) indicating delayed microbial
colonization. On the contrary, RFF and RFC kids had a higher abundance of members of the
Succinivibrionaceae family (e.g. Ruminobacter, Succinomonas and Succinivribrio). This later family is
reported to become more predominant when starter concentrate is consumed [6] due to its ability to
degrade starch and simple sugars into propionate [23, 24], as reported here. The positive correlations
observed with concentrate intake, propionate, butyrate and ADG con�rm the importance of
Succinivibrionaceae in the transition from milk to solid feed 21 and in the rumen functional development
[25].

An increase in the ratio Firmicutes to Bacteroidetes has been reported when animals consume forage
diets [5, 26], and a decrease in the abundance of Bacteroidetes has been described when animals start
eating solid feed [6], and both aspects are con�rmed in our study. In particular, CTL kids, in comparison to
those inoculated with fresh rumen �uid, had higher abundance of several Bacteroidetes families such as
Bacteroidales (42% vs 15%) and Bacteroidaceae (7.6% vs 0%) during the pre-weaning period. These
bacterial taxa were negatively correlated with feed intake, rumen microbial complexity and ADG during
the post-weaning period con�rming that they are indicators of an underdeveloped rumen bacterial
community, as previously reported [16]. On the contrary, RFF and RFC kids had increased abundances of
key Firmicutes families such as Veillonellaceae (+ 2.78 folds) and Acidaminococcaceae (+ 2.46 folds),
the plant degrader Rikenellaceae (+ 7.28 folds) during the pre-weaning period, as well as the presence of
Fibrobacter which is considered a highly specialized cellulose and hemicellulose degrader [27]. These
microbiological changes are signs of a greater maturity of their bacterial community since all these taxa
are strict anaerobes capable of degrading �brous recalcitrant substrates [28, 29] and showed positive
correlation with the forage intake and ADG during the post-weaning period. Several other minor phyla
such as Chloro�exi, Cyanobacteria, Elusimicrobia, Spirochaetes and Tenericutes had also higher
abundance in kids inoculated with fresh rumen �uid. Spirochaetes is considered a xylan degrader,
whereas Cyanobacteria is most probably Melainabacteria which is considered an anaerobic microbe able
to act as hydrogen producer [30]. This inoculation with rumen �uid allowed the rumen colonization by
Elusimicrobia, Anaerobiospirillum, Catenisphaera, Clostridiaceae, Marvinbryantia, Saccharofermentans,
Quinella, Selenomonas, Rhodocyclaceae, Succinomonas, Synergistes, Olicosphaeraceae, PeH15 and SP3-
e08, which are mostly strict anaerobes and are considered late rumen colonizers involved in solid feed
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degradation [16] and were not present in CTL kids during the pre-weaning period. Therefore, their
presence in the rumen can explain the greater bacterial diversity, redundancy and adaptability to solid
feed observed in RFF and RFC animals [31]. Similar increase in diversity and solid feed intake was
reported in arti�cial-suckling calves with early feeding with solid feed in comparison to those fed milk
until weaning [32]. Therefore, our results are in agreement with previous suggestions indicating that
rumen bacterial programming through inoculation of rumen �uid is possible [7] with the effects
persisting, to some extent, during the post-weaning period since CTL bacterial community remained less
developed before and after weaning.

It has been suggested that the use of microbiologically divergent inocula could modulate the
establishment and shape of the rumen bacterial community composition [15, 33]. Our study did not agree
with this hypothesis with regards to the bacterial community since most of the differences found
between RFF and RFC inocula did not translate into a difference in the rumen bacterial diversity. This
observation suggests that the bacterial community structure present in the inocula is not that relevant,
since only those microbes able to colonize the newborn animal will get established [34]. As a result, as
time progressed the bacterial community structure became more similar between all three groups of
inoculated kids, probably because of a complete establishment of an adult-like bacterial community after
weaning, when animals fed on solid feeds [32] and as a result of the appearance of rumen protozoa in
AUT kids as described below. This observation agrees with most studies in which only the bacterial
community was studied [15] concluding that inoculation of young ruminants with rumen �uid is more
effective when performed before than after weaning [16].
Rumen methanogens community
Although there are no publications describing the effect of early microbial inoculation on the rumen
methanogens and protozoal communities, it has been observed that the natural microbial transfer that
occurs by the contact with adult animals promotes substantial changes in the methanogens [1] and
protozoal communities [35]. Our study revealed that inoculation with fresh rumen �uid accelerated the
rumen colonization by methanogens during the pre-weaning period leading to higher concentrations (+ 
2.0 log10 units), richness (+ 5.5 OTUs) and core community, and promoting a more mature methanogens
community than observed in CTL kids. This might be caused by the acquisition of protozoa-associated
methanogens, which stands for approximately 20% of the methanogens [36], because it has been shown
that presence of protozoa increases methanogens diversity [37].

Skillman et al. [2] reported that methanogens colonize the rumen in the �rst 2 weeks of life. We noted that
the most abundant genus across all samples was Methanobrevibacter which was identi�ed as a member
of the core community as previously described [21, 38]. Methanobrevibacter gottschalkii, a highly
abundant hydrogenotrophic species [39], was predominant in CTL kids before weaning, whereas the
inoculation with fresh rumen �uid promoted the proliferation of other methanogens such as
Methanomassiliicocaccaceae spp., M. mobile, M. ruminantium and Group9_sp, promoting a more diverse
community. These latter taxa showed positive correlations with indicators of the rumen microbiological
development (protozoal concentration and richness) and physiological development (higher forage intake
and ADG during the post-weaning period) possibly as a result that some of them (e.g.
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Methanobrevibacter and Methanomicrobium) have been found inside of rumen protozoa
(endosymbionts) and can favour the inter-species H2 transport and ultimately feed utilization [40].
Similarly, M. ruminantium requires the presence of other methanogen species to thrive; therefore its
presence can be considered an indicator of rumen microbial maturity [2, 5]. Most of the differences in the
methanogens community observed during the pre-weaning period (e.g. higher diversity and abundance of
M. ruminantium) were maintained during the weaning and the post-weaning stages. As a result, CTL kids
still lacked relevant taxa such as Methanosphaera, M. blatticola and some Methanomassilicoccaceae
members, indicating an underdeveloped methanogens community in comparison to RFF and RFC kids. A
greater methanogens core community and diversity was also observed at weaning in lambs under natural
vs arti�cial milk feeding [41] indicating that inoculation with fresh rumen �uid can partially mimic the
microbial transfer from the dam to the offspring.

The positive effect of the inoculation with fresh rumen �uid was more evident for RFF than for RFC,
possibly as a result of the higher methanogens diversity in the RFF inoculum. This observation supports
the concept of “rumen microbial programming” for the methanogens community based on the
modi�cation of the colonization process [7]. The higher methanogens concentration and diversity
observed in AUT than CTL kids could be an indirect effect mediated by the presence of protozoa as
described below [37].
Rumen protozoal community
Anaerobic protozoa are late rumen colonizers because they are highly sensitive to oxygen and require
direct contact between young and adult ruminants for an effective transmission, drinking water being the
most likely mode of transfer [42]. This lack of contact with adult ruminants justi�es the absence of
protozoa in CTL kids during the entire duration of the study, an aspect that we have also described
previously in arti�cially reared lambs [41]. A natural sequence of rumen colonization has been described
for the different protozoal families starting by Entodiniinae, followed by Diplodiniinae and
Ophyoxcolecinae and �nishing with holotrichs [42]. The visual microscopy examination of the protozoal
community [19] and sequencing data con�rmed this sequence. The presence of a small concentration of
protozoa, mostly composed of Entodinium, in AUT kids located in three contiguous pens suggested that
they may have accidentally been cross-faunated before week 5. Moreover, the lack of holotrichs and
Diplodinium at week 5 indicated an incomplete and delayed rumen protozoal colonization in AUT kids
given the inherent di�culty of holotrichs to become stabilised in the rumen of young ruminants [43, 44].
This partial faunation of the AUT kids, along with the potential positive effects of some metabolites
present in the autoclaved rumen �uid (e.g. VFA, microbial extracts, micro-nutrients) in young calves [20,
21], could explain the moderate but positive impact of this treatment on the rumen microbial and
physiological development noted in our study.

Our �ndings clearly indicated that inoculation with fresh rumen �uid accelerated the rumen protozoal
colonization during the pre-weaning period both in concentration and diversity (+ 27 OTUs). As a result,
RFF and RFC kids had increased number of �brolytic protozoa (Diplodinium, Ophryoscolex and
Enoploplastron) and holotrichs (Isotricha and Dasytricha) which are considered late rumen colonizers
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involved in the H2 production [45]. The results suggested that these protozoal taxa, along with the
protozoal richness, can be considered indicators of the rumen microbial and functional development. The
symbiotic relations between rumen protozoa and methanogens in relation to the inter species H2 transfer
[46], and between protozoa and bacteria in relation to cross-feeding processes [45] could partially explain
the positive correlation of these protozoal taxa with methanogens and bacterial diversity, as well as with
solid feed intake. Moreover, it has been suggested that bacterial predation by protozoa might stimulate
the proliferation of different bacterial species occupying similar metabolic niches [47]. Newbold et al. [35]
after conducting a meta-analysis concluded that presence of rumen protozoa (in comparison to
defaunated animals) have a positive effect on feed intake (+ 2%), VFA production (+ 5%) and NDF
digestibility (+ 11%) but negative on the microbial protein synthesis (-30%) and ADG (-9%) being these
differences diet-dependent. Our �ndings suggested that the early colonization of the rumen by a mature
protozoal community had positive effects under arti�cial-milk feeding conditions facilitating the
transition from liquid to solid feed.

As it was expected, RFF and RFC kids had a similar protozoal community structure and shared a large
core community (up to 23 OTUs), due to the lack of substantial differences in the protozoal community
between both types of fresh inocula. However, the protozoal community structure in AUT kids also
converged with that observed in RFF and RFC kids during the post-weaning period. These �ndings
suggest that the rumen protozoal colonization process can be modulated by the type of microbial
inocula, but the persistency of the those differences is weak and kids tend to converge into a similar
protozoal community, possibly as a result of a cross-faunation between animals [48].
Rumen fungal community
Rumen fungi are considered late rumen colonizers [49]. Likewise rumen protozoa, anaerobic fungi are
high sensitive to oxygen, but their ability to form resistant spores allows them to retain viability in dung,
soil and feed, making easier their transmission [50]. Fonty et al. [51] found anaerobic fungi (mostly
Neocallimastix) in the rumen of �ock-reared lambs by 8–10 days after birth, although their presence was
intermittent and highly variable until weaning. Orpin [52] also reported that fungi are apparently able to
colonize the rumen before the ingestion of large amounts of solid feed. Our �ndings support this
hypothesis since an abundant and diverse anaerobic fungal community was observed before weaning
across all treatments. CTL kids were particularly abundant on uncultured Neocallimastigaceae genera but
lacked some of the most relevant genera such as Piromyces, Orpinomyces and Capnodiales, indicating
the presence of an underdeveloped and treatment-speci�c fungal core community. On the contrary,
inoculation with fresh rumen �uid promoted a more abundant and different fungal community than
observed in CTL and AUT kids before weaning. In a previous study we showed higher fungal diversity in
naturally reared lambs (with their dams) than in their arti�cially reared counterparts at weaning [41],
differences which were not noted in the present study. Instead, inoculation with fresh rumen �uid
modulated the fungal community structure during the pre-weaning period leading to increased numbers
of Piromyces and Orpinomyces. Piromyces has been described to degrade a wide range of plant
structural materials as well as glucose [53, 54] and it has been correlated with ADG during the post-
weaning period [41]. Orpinomyces is considered a relevant cellulose and xylanase degrader [55]
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particularly abundant in grazing lambs [5]. Our study showed that Piromyces was positively correlated
with the bacterial, methanogens and fungal diversities whereas Orpinomyces correlated with solid feed
intake indicating that both are indicators of the rumen development.

It has been suggested that once animals start eating solid feed, the feed composition is the main
determining factor of the rumen fungal community [52]. Our study did not allow discerning whether the
observed changes in the fungal community were directly determined by the inoculating process or
indirectly by the increase in the solid feed intake. Similar co-occurring effects (higher solid feed intake
and higher fungal development) were reported in young lambs fed natural milk feeding, in comparison to
natural reared, with the peculiarity that these effects persisted during the grazing period leading to higher
forage digestibility and ADG during later in life [41]. Our study seems to agree with these �ndings because
RFF and RFC showed higher forage intake than CTL kids up to week 13, but the persistency of the effects
on the fungal community needs further research.

In terms of productive outcomes, the overall acceleration of the rumen microbial colonization induced by
the inoculation with fresh rumen �uid promoted a concomitant acceleration in the rumen functional
development during the pre-weaning period. This development implied higher solid feed intake, rumen
VFA and blood β-hydroxybutyrate concentrations than in CTL kids [19]. Despite these positive indicators,
inoculation with fresh rumen �uid did not improve ADG as reported in previous studies [15, 16, 56],
possibly because the more complex microbiota is associated with lower feed e�ciency when ruminants
are fed concentrated diets [31]. However, in our study, this microbial complexity and redundancy provided
higher adaptability. As a result, kids inoculated with fresh rumen �uid experienced a higher ADG at week 8
(immediately after weaning), indicating that these kids experienced less growth retardation and weaning
shock resulting on positive health and welfare outcomes [19].

Conclusions
This experiment based on a multi-kingdom analysis of the rumen microbiome revealed that an early-in-
life repetitive inoculation of young ruminants with fresh rumen �uid from adult animals accelerated the
establishment of a more complex and diverse bacterial, methanogenic, protozoal and fungal
communities during the pre-weaning period. This microbial complexity facilitated the adaptability of the
host ruminant to nutritional challenges favouring the transition from milk to solid feeding during the
weaning process. The intensity and persistency of the microbiological effects varied depending on the
rumen microbial community considered. The type of diet consumed by the donor animal modulated the
methanogens and fungal colonization process but had a minor impact on the bacterial and protozoal
communities resulting on similar productive outcomes. The inoculation of autoclaved rumen �uid also
promoted positive effects on the rumen function but much less evident than using fresh inocula. Further
research is needed to evaluate the persistency of these effects in adult animals and their impact on
animal productivity.

Methods
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Description of the inocula

Animal procedures were conducted by trained personnel according to the Spanish guidelines (RD
53/2013), and protocols were approved by the Ethical Committee for Animal Research (EEZ-CSIC)
regional government (09/03/2017). As described in [19], eight adult Murciano-Granadina goats with
permanent rumen �stula were distributed into two groups and used as rumen �uid donors. Four received
a 100% forage-based diet consisting in 750 g alfalfa hay and 750 g oat hay daily, whereas the other four
were fed a concentrate-based diet consisting in 800 g concentrate feed, 125 g alfalfa hay and 125 g oat
hay. The forage chemical composition (in g/kg DM) was organic matter 906, nitrogen 25, neutral
detergent �bre 594, acid detergent �re 366, acid detergent lignin 95 and ether extract 16, while the pelleted
concentrate (Lactación Rumiantes, Macob, Granada, Spain) was 951, 33, 254, 73, 21 and 45, respectively.
Diet was offered at 1.2 times maintenance level and divided into two equal meals (8:00, 16:00 h).

Rumen �uid from donor goats fed forage (RFF) or concentrate diets (RFC) were collected daily 3 h after
the morning feeding (100 ml/donor), pooled by diet, strained through double cheesecloth, bubbled with
CO2, maintained at 37 ºC in a pre-warmed thermal �ask and immediately administered as fresh inoculum
to young kids. Autoclaved inoculum (AUT) was prepared weekly by mixing equal volumes of RFF and
RFC inocula from all donors and autoclaved at 115 ºC for 30 min to destroy all microbes but maintaining
the rumen fermentation products. Four subsamples from each type of inocula were taken at regular
intervals for inocula characterization (Suppl. Table S1).

Inoculation experiment

A total of 80 newborn Murciano-Granadina goat kids were randomly distributed in 4 experimental groups:
RFF and RFC kids were inoculated with rumen �uid from adult goats fed forage-rich or concentrate-rich
diets, respectively. AUT kids were inoculated with the autoclaved rumen �uid whereas CTL kids received
no inoculation. Inoculation consisted of an oral and daily drench of rumen �uid (2.5 ml/animal during
week 1 and 5 ml/animal thereafter) from day 1 until 11 weeks of age. Kids from different treatments were
separated by a 2-m-wide corridor to prevent physical contact. Inoculation was performed by trained
personnel following always the same sequence (AUT followed by RFF and RFC kids) and changing all
inoculation material (e.g. drench and gloves) to prevent cross-contamination between experimental
groups.

After parturition, all kids were separated from their mother and received approximately 200 ml of pooled
natural colostrum divided in two doses. To avoid any initial bias, average body weight (BW) and
males/females ratio was kept similar in all treatments and siblings were always allocated into different
treatments. Kids within each treatment were distributed in 5 contiguous pens with similar age (maximum
2 days difference) and were handled and sampled on the same day across treatments.

All kids were raised on commercial milk replacer (Univet Spray, Cargill, Barcelona, Spain) offered ad
libitum. From week 2, kids had free access to the same forage mixture that has been described for the
donor goats and to pelleted starter concentrate (0–14 Rumiantes Transición, Macob, Granada, Spain)



Page 18/34

with the following chemical composition (in g/kg DM): 949 OM, 226 CP, 319 NDF, 87 ADF, 34 ADL, 48 EE.
Kids were weaned at 7 weeks of age by progressively decreasing milk powder concentration during 4
days. Forage and concentrate intakes were daily recorded, BW, blood glucose and β-hydroxybutyrate
concentrations were weekly monitored.

Rumen microbial sampling and analyses

Rumen microbiota was studied at weeks 5 (pre-weaning), 7 (weaning) and 9 (post-weaning). Rumen
content was withdrawn by orogastric intubation at 09:00 h as previously described [19]. Rumen samples
(ca. 50 ml) were �ltrated through cheesecloth, and a subsample was snap-frozen in liquid N whereas
solids were discarded given the small and variable proportion of solids in the samples. Rumen samples
were freeze-dried, bead-beated for 1 min (MiniBeadBeater, Biospect Products, Bartlesville, OK, USA) and
DNA was extracted using a commercial kit (QIAamp DNA Stool Mini Kit, Qiagen Ltd, Barcelona, Spain).
DNA was also extracted from the rumen �uids used as inocula (positive controls) and from negative
controls (DNA extraction without rumen �uid) and further analyzed. Eluted DNA (2 µl) was used to assess
the abundance of the main microbial groups by quantitative PCR (qPCR) an iQ5 multicolour Real-Time
PCR Detection System (BioRad Laboratories Inc., Hercules, CA, USA). Speci�c primers for the 16S
bacterial rRNA gene, mcrA gene for archaea and 18S rRNA genes for protozoa and anaerobic fungi were
used as previously described and validated [57–60, respectively]. Rumen fermentation characteristics in
terms of pH, ammonia and volatile fatty acids (VFA) was also described at the same ages [19]. This
metadata (Supplementary Table 7) was used to relate microbial changes in the rumen with animal
physiology.

Next generation sequencing

For meta-taxonomics analyses 8 kids from each treatment were selected (all males from pens 1, 2, 3 and
4) and a template of rumen DNA was sent to University of Illinois Biotechnology Center (Urbana, IL, USA)
for Fluidgim amplicon sequencing using Miseq V3 (Illumina Inc., San Diego, CA, USA). Primers used for
the ampli�cation were forward: 5'-CCTACGGGAGGCAGCAG-3’ and reverse: 5'-CCGTCAATTCMTTTRAGT-3’
targeting V3_V5_F357_R926 region of the 16S rRNA gene in bacteria; forward: 5'-
GYGCASCAGKCGMGAAW-3’ and reverse: 5'-GGACTACVSGGGTATCTAAT-3’ targeting Arch349F_806R
region of the 16S rRNA gene in archaea; forward: 5'-CAGCAGCCGCGGTAATTCC-3’ and reverse: 5'-
CCCGTGTTGAGTCAAATTAAGC-3’ targeting F566Euk_R1200 region of the 18S rRNA gene in protozoa;
and forward: 5'-GCATCGATGAAGAACGCAGC-3’ and reverse: 5'-TCCTCCGCTTATTGATATGC-3’ targeting
ITS3_ITS4 region of the nuclear ribosomal subunit between 18S and 28S rRNA genes in fungi.

For each of the 4 major microbial groups, primer sorted and demultiplexed paired-end reads were merged
and then combined into one �le. Downstream processing was performed using QIIME [61] and Mothur
[62] for archaea, PIPITS [63] for fungi and IM-Tornado [64] for bacteria and protozoa, where non-
overlapping reads are processed while retaining maximal information content. Low-quality reads and
bases (PHRED quality score below 25) were trimmed. Minimum length of reads after quality �ltering was
350 for bacteria and archaea, 187 for protozoa and 300 for fungi. Chimeras were identi�ed and removed
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using chimera.vsearch [65]. Operational taxonomic units (OTU) were identi�ed at 97% similarity level and
then representative sequences from all OTUs were aligned against Greengenes 13_8 97% [66] for bacteria,
RIM-DB [67] for archaea, Silva v. 132 [68] for protozoa and UNITE [69] for fungi. Once alignment was
performed, data from each of the 4 major microbial groups were processed separately. The number of
sequences per sample for each microbial group was normalized across all the samples and singletons
were removed. Only sequences from rumen protozoa (subclass Trichostomatia) and anaerobic fungi
(class Neocallimastigomycota) were further considered to prevent potential bias derived from transient or
non-rumen eukaryotes [70]. Raw sequences reads were deposited at European Nucleotide Archive
repository (accession: ERP122902).

Calculations and statistical analyses

Statistical analyses were conducted using SPSS software (IBM Corp., Version 21.0, New York, USA).
Quantitative PCR data (rDNA copies/mg DM) and taxa abundances (sequences) were tested for
normality using the Shapiro–Wilk test and data were log10 transformed to achieve a normal distribution.
Data were analysed based on a repeated measures mixed –effects (residual maximum likelihood) as
follows:

Y ijkl  = µ + Ii + Tj + (I × T)ij + Gk + A(G)l + eijkl

where Yijkl is the dependent, continuous variable, µ is the overall population of the mean, Ii is the �xed
effect of the inoculation (i = CTL vs AUT vs RFF vs RFC), Tj is the �xed effect of the sampling time or age
(j = 5 vs 7 vs 9 weeks), (I × A)ij is the interaction term, Gj is the random effect of the pen considered as a
block (j = 1 to 5), A(G)l is the random effect of the animal nested to the pen (l = 1 to 80 for qPCR and 1 to
32 for sequencing data) and eijkl is the residual error. For taxonomic data, False Discovery Rate was
minimized using the Bonferroni statistical. Signi�cant effects were declared at P < 0.05 and tendency to
difference at P < 0.1.

Venn diagrams were performed to illustrate the treatment effects on the core microbial community which
was de�ned as the OTUs shared across the majority (> 75%) of the individuals [8]. Treatment effects on
the rumen multi-kingdom (including all microbial groups) and on the bacterial, methanogens, protozoal
and anaerobic fungal communities were assessed based on the Bray-Curtis distance metrics using the
UPGMA function of PRIMER-6 software (PRIMER-E Ltd., Plymouth, UK). Log10-transformed data were
analysed by non-parametric PERMANOVA after 999 random permutations of residuals under the reduced
model using the Monte Carlo test [71]. When a factor was found signi�cant, pair-wise comparisons were
performed. Principal Coordinate analysis (PCoA) were performed to illustrate the impact of the treatments
on the overall microbial community structure and tripod vectors were included to describe the direction
and intensity of the most discriminant OTUs (Spearman´s correlation > 0.55). Given that three different
nutritional situations were studied, Distance-Based Redundancy Analyses were performed to illustrate the
relationship between the community structure of the rumen microbiota and metadata (32 variables
reported in Supplementary Table 2) describing the rumen function and animal performance at 5, 7 and 9
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weeks of age. Distance based linear models (DistLM) were developed based on the Bray-Curtis similarity
and the predictor variables were selected based on a step-wise procedure with 999 random permutations
following the Akaike information criterion with corrections for small sample size (AICc) to avoid model
over�tting. Only predictor variables which resulted signi�cant (P < 0.05) were included in the �nal model.
Spearman correlations (ρ) were calculated to assess the relationships between the microbial taxa
abundance (log10 number of sequences) and the metadata. Strong correlations were de�ned as those
with ρ ≥ 0.3 or ≤ -0.3 and P < 0.01.

List Of Abbreviations
ADG: Average daily gain

AUT: Goat kids inoculated with autoclaved rumen �uid

BHB: Beta-hydroxybutyrate

BW: Body weight

CTL: Control goat kids without inoculation

dbRDA: Distance-based redundancy analysis

DCI: Digestible cellulose intake

DHCI: Digestible hemicellulose intake

PCoA: Principal Coordinate Analysis

PERMANOVA: Permuntational analysis of variance

RFC: Goat kids inoculated with rumen �uid adapted to concentrate diet

RFF: Goat kids inoculated with rumen �uid adapted to forage diet

VFA: Volatile fatty acids
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Figure 1

Effect of early-in-life rumen microbial inoculation on animal performance in goats. A) feed intake, B),
rumen VFA, C) animal growth and D) rumen butyrate molar proportion. Goat kids were inoculated (I) with
fresh rumen �uid from adult goats adapted to forage-rich (RFF) or concentrate-rich diets (RFC),
autoclaved rumen �uid (AUT) or absence of inoculation as control (CTL) and sampled at different times
(T). Means within a row with different letters differ from high to low at P < 0.05.
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Figure 2

Effects of early-in-life rumen microbial inoculation on the rumen bacterial community in goats. Boxplots
indicating the concentration of total bacteria (A) and diversity indexes (B,C). Venn diagrams indicating
the number of OTUs in the core community (D). Principal co-ordinates analysis (E) illustrating the
treatment effects on the bacterial community showing the most discriminant OTUs (ρ > 0.75). Distance-
based redundancy analysis illustrating relationship between the structure of the bacterial community and
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rumen function indicators before (F), during (G) and after (H) weaning. Pair-wise PERMANOVA values are
provided in grey boxes based on the Bray-Curtis dissimilarity. Goat kids inoculated (I) with fresh rumen
�uid from adult goats adapted to forage-rich (RFF) or concentrate-rich diets (RFC), autoclaved rumen �uid
(AUT) or absence of inoculation as control (CTL) and sampled at different times (T). Means within a row
with different letters differ from high to low at P < 0.05.

Figure 3

Effect of the early-in-life rumen microbial inoculation on the rumen prokaryotic taxa distribution. A)
Bacterial and (B) methanogens abundances. Goat kids inoculated (I) with fresh rumen �uid from adult
goats adapted to forage-rich (RFF) or concentrate-rich diets (RFC), autoclaved rumen �uid (AUT) or
absence of inoculation as control (CTL) and sampled at different times (T).
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Figure 4

Effects of early-in-life rumen microbial inoculation on the rumen methanogens community in goats.
Boxplots indicating the concentration of total methanogens (A) and diversity indexes (B,C). Venn
diagrams indicating the number of OTUs in the core community (D). Principal co-ordinates analysis (E)
illustrating the treatment effects on the methanogens community showing the most discriminant OTUs (ρ
> 0.55). Distance-based redundancy analysis illustrating relationship between the structure of the
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methanogens community and rumen function indicators before (F), during (G) and after (H) weaning.
Pair-wise PERMANOVA values are provided in grey boxes based on the Bray-Curtis dissimilarity. Goat kids
inoculated (I) with fresh rumen �uid from adult goats adapted to forage-rich (RFF) or concentrate-rich
diets (RFC), autoclaved rumen �uid (AUT) or absence of inoculation as control (CTL) and sampled at
different times (T).Means within a row with different letters differ from high to low at P < 0.05.

Figure 5
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Effects of early-in-life rumen microbial inoculation on the rumen protozoal community in goats. Boxplots
indicating the concentration of total protozoa (A) and diversity indexes (B,C). Venn diagrams indicating
the number of OTUs in the core community (D). Principal co-ordinates analysis (E) illustrating the
treatment effects on the rumen protozoal community showing the most discriminant OTUs (ρ > 0.55).
Distance-based redundancy analysis illustrating relationship between the structure of the protozoal
community and rumen function indicators before (F), during (G) and after (H) weaning. Pair-wise
PERMANOVA values are provided in grey boxes based on the Bray-Curtis dissimilarity. Goat kids
inoculated (I) with fresh rumen �uid from adult goats adapted to forage-rich (RFF) or concentrate-rich
diets (RFC), autoclaved rumen �uid (AUT) or absence of inoculation as control (CTL) and sampled at
different times (T). Means within a row with different letters differ from high to low at P < 0.05.

Figure 6

Effect of the early-in-life rumen microbial inoculation on the rumen eukaryotic taxa distribution. A)
Protozoa and (B) anaerobic fungi abundances. Goat kids inoculated (I) with fresh rumen �uid from adult
goats adapted to forage-rich (RFF) or concentrate-rich diets (RFC), autoclaved rumen �uid (AUT) or
absence of inoculation as control (CTL) and sampled at different times (T).
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Figure 7

Effects of early-in-life rumen microbial inoculation on the anaerobic fungal community in goats. Boxplots
indicating the concentration of anaerobic fungi (A) and diversity indexes (B,C). Venn diagrams indicating
the number of OTUs in the core community (D). Principal co-ordinates analysis (E) illustrating the
treatment effects on the anaerobic fungal community showing the most discriminant OTUs (ρ > 0.75).
Distance-based redundancy analysis illustrating relationship between the structure of the anaerobic
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fungal community and rumen function indicators before (F), during (G) and after (H) weaning. Pair-wise
PERMANOVA values are provided in grey boxes based on the Bray-Curtis dissimilarity. Goat kids
inoculated (I) with fresh rumen �uid from adult goats adapted to forage-rich (RFF) or concentrate-rich
diets (RFC), autoclaved rumen �uid (AUT) or absence of inoculation as control (CTL) and sampled at
different times (T). Means within a row with different letters differ from high to low at P < 0.05.
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