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In this study, Lippia origanoides Kunth, native to the Alto Patia region in
Southwest Colombia, and Pichia guilliermondii LV196, an inactivated yeast
from the germplasm bank of Agrosavia (Colombian Agricultural Research
Corporation), alone or combined, were tested for their long-term effect on
rumen fermentation and methanogenesis whilst also characterising their effect
on bacterial and methanogen communities. Whereas essential oils act through
selective inhibition of microbial groups, yeasts are thought to work through the
selective stimulation of key microbes in the rumen. We hypothesized that yeast
supplementation could modulate the antimicrobial effect of a high thymol-
containing oregano oil, allowing a more efficient feed utilization whilst
decreasing methane production. When added to a rumen simulating
fermentor (RUSITEC), L. origanoides Kunth at 132 pL/d had a detrimental
effect on rumen fermentation which was accompanied by a reduction in the
relative abundance of protozoa and fungi and a profound impact on the
bacterial and archaeal communities. P. guilliermondii LV196 at 0.5 g/L,
however, had no effect on fermentation parameters or nutrient utilization,
and neither changes in microbial abundances or in the structure of bacterial
and archaeal communities were observed. P. guilliermondii LV196 did not
stimulate microbial numbers nor activity and, consequently we could not test
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whether it could have counterbalanced the antimicrobial effect of the essential
oil. Future studies need to both investigate lower levels of essential oil addition,
but also to re-examine the effects of P. guillermondii in the rumen and/or to
replace it with other yeast of known biological activity when combined with oils
extracted from L. origanoides Kunth.

KEYWORDS

Lippia, methane, microbiome, oregano oil, Pichia, rumen fermentation,

yeast, RUSITEC

Introduction

Cattle production is a major income source in many
developing countries but also a major source of greenhouse
gas emissions (Arango et al., 2020). We have suggested that an
approach focused on natural feed additives such as essential oils
and yeast products, might be used to improve efficiency of feed
utilization, reduce methane production and enhance overall
productivity (Newbold and Ramos-Morales, 2020). However,
we have also noted that one of the limitations of the use of plant
extracts in ruminant diets is the inconsistent effects due to a
variable composition in bioactive compounds (Ramos-Morales
et al, 2019). In addition, supply chains and availability may also
represent barriers in developing countries. We have thus
investigated natural products sourced in-country as possible
routes to rumen manipulation in the Colombian cattle sector.

Thymol has been identified as a bioactive compound capable
of manipulating rumen fermentation and decreasing methane
emissions (Yu et al., 2020). L. origanoides Kunth, endemic in arid
tropical lands, is adapted to the dry soil and drought conditions
of the Alto Patia region in Southwest Colombia. Its high thymol
content and low composition variability give this essential oil
great biological value (Betacourt et al., 2019). A preliminary in
vitro study with this essential oil (Rodriguez Quiroz, 2014), has
already shown its potential as an antimethanogen. Furthermore,
as it is produced by marginalized rural communities that inhabit
these areas, if a market can be developed for its incorporation in
ruminant diets, it would potentially have a significant economic
and social impact. However, thymol has also been reported to
inhibit rumen fermentation in general, decreasing volatile fatty
acid production (Evans and Martin, 2000).

Whilst some natural additives such as essential oils act
through selective inhibition of microbial groups, probiotics are
thought to work through the selective stimulation of key
microbes in the rumen (Newbold and Ramos-Morales, 2020).
Saccharomyces cerevisiae is the most frequently used probiotic
yeast in ruminant nutrition. It has been shown to stimulate
microbial protein synthesis and fibre degradation in the rumen
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(Newbold et al., 1996), whereas less studied yeast from the genus
Pichia have also been shown to stimulate microbial numbers in
the rumen enhancing dry matter digestibility (Suntara et al,
2021). P. guilliermondii LV196, from the germplasm bank of
Agrosavia (Colombian Agricultural Research Corporation), is a
unique, whole-cell, inactivated yeast with potential as a feed
additive to enhance productivity in ruminants (Rodriguez et al,
2015). Whilst somewhat limited in number, studies suggest that
P. guillemondii can stimulate rumen fibre breakdown (Marrero
et al,, 2016), and it has also been shown to improve intestinal
immune health in pigs, broilers and calves (Shanmugasundaram
and Selvaraj, 2012; Bass et al., 2019; Pasten et al., 2021).

As noted above yeast and essential oils act in different ways
through the promotion of beneficial microbes and the inhibition
of detrimental microbes, respectively. Although it has been
suggested that combinations of feed additives with
complementary mechanisms of action may synergistically or
additively decrease methane production without any adverse
effects on feed digestion or fermentation (Patra and Yu, 2014),
studies on additive or associative effects of feed additives are
surprisingly lacking. In our study we have investigated if yeast
supplementation may modulate the potentially negative effects
on fermentation of a high thymol-containing oregano oil,
allowing a more efficient feed utilization whilst decreasing
methane production.

Material and methods
Essential oil and yeast

Aerial parts of L. origanoides Kunth were collected from
wild-growing populations located in the arid and dry ecosystem
from Alto Patia, in Colombia. Essential oil was extracted by
steam distillation for 3 h and composition was analyzed by
GCMS at Universidad Industrial de Santander, as described by
Betancourt et al. (2019). The composition of L. origanoides
native to the Alto Patia in Colombia has been reported in few
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studies (Vasquez Carrefo, 2012; Rodriguez Quiroz, 2014;
Betacourt et al., 2019), showing consistency in terms of major
biochemically related groups of compounds with thymol
ranging from 70 to 80%, followed by its precursors, p-cymene
and 7y-terpinene, at much lower amounts (2-7%), and with
carvacrol as a trace constituent (0.9%).

P. guilliermondii strain LV196 was obtained from the
germplasm bank of Colombian Agricultural Research
Corporation (Agrosavia). Yeast cells were produced by
discontinuous batch fermentation using a modified medium
including a by-product of the purification of glycerine and
mineral salts (Chaparro et al., 2017). Starch as a drying
protectant for a fluidized bed drying process was used
guarantying a greater shelf life than similar commercial
products (Chaparro et al., 2017).

Rumen simulation technique

The rumen simulation technique (RUSITEC; Czerkawski
and Breckenridge, 1977) was used to study the effect of a control
diet alone or supplemented with either L. origanoides Kunth at
200 pL/L (132 uL/d), P. guilliermondii at 500 mg/d or a
combination of both; these doses were selected based on a
dose-response study with oregano oil (unpublished) and
previous work of the research group with live strains of S.
cerevisae (Newbold et al., 1996). Experimental diets had a
50:50 forage to concentrate ratio and ingredients (hay, barley,
soya) were provided chopped to promote microbial attachment
and fiber degradability. Ingredients and chemical composition of
the experimental diet is shown in Supplemental Table 1.

Rumen digesta was obtained from four rumen-cannulated
Holsten-Frisian cows fed a maintenance diet composed of 67%
perennial ryegrass hay and 33% concentrate, on a DM basis.
Rumen digesta was obtained before the morning feeding,
strained through two layers of muslin, transferred to preheated
thermo-flasks (39°C) and transported immediately to the
laboratory. The trial consisted of a single incubation period
using 16 vessels that were considered as experimental units. Each
dietary treatment was randomly allocated to the vessels that were
inoculated with rumen fluid from four different cows (four
replicates). Vessels had an effective volume of 800 mL and
were kept at 39°C under permanent vertical agitation.

On day 1, vessels were inoculated with strained rumen fluid
mixed with artificial saliva (McDougall, 1948) and demineralised
water in a 1:1:1 ratio. Then, artificial saliva was continuously
infused at a rate of 660 mL d™! (dilution rate of 3%/h) using a
multichannel peristaltic pump (Watson-Marlow 200 series,
Cornwall, UK). For each vessel, squeezed rumen solids (20 g
fresh matter) were placed in a nylon bag (110 x 60 mm, pore size
100 um?®) and incubated for 1 d to provide solid-associated
bacteria, while experimental feed (20 g fresh matter) was
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supplied in a second bag. On subsequent days, the feed bag
that had remained 2 d in each vessel was squeezed, returning the
liquid to the vessel, and discarded; a new bag, containing 20 g
fresh matter was then inserted to the vessel.

The trial lasted for 16 d, using the first 12 d for adaptation
and the last 4 d for sampling. Dry matter degradation, total gas
and methane production and outflow of fermentation products
were measured on days 13, 14, 15 and 16. Nylon bags were
collected, rinsed with cold water for 20 min, and DM
disappearance after 48 h incubation was calculated from the
loss in weight. The residue was then analysed for energy, OM,
nitrogen (N), NDF and ADF to determine gross energy and
nutrient disappearance. Fermentation gases were collected in
gas-tight bags (TECOBAG 5L, PETP/AL/PE-12/12/75,
Tesseraux container GmbH, Germany) to measure total gas
and methane production. Daily production of ammonia and
volatile fatty acids (VFA) were measured in the overflow flasks
with 10 mL of saturated HgCl, (diluted 1:5) added to stop the
fermentation. For VFA determination, 1.6 mL of sample was
diluted with 0.4 mL of deproteinising solution (200 mL L'
orthophosphoric acid containing 20 mmol L™" of 2-ethylbutyric
acid as an internal standard). For ammonia analysis, 0.8 mL of
sample was diluted with 0.2 mL of trichloro-acetate (25% wt:
vol). Samples for microbial characterization (15 mL) were
collected on days 15 and 16, pooled together and immediately
frozen in liquid N, prior to long- term storage at -80C.

Sample analyses

For feed analysis, DM and OM content were determined by
drying in an oven at 105°C for 24 h and heating at 550°C for 6 h
in a muffle furnace, respectively. Nitrogen concentration was
measured by the Dumas combustion method (Elementar
analyser, Vario MAX cube, Hanau, Germany). For NDF and
ADF determination, the automated fibre analyser (ANKOM
2000, Macedon, USA) was used. Energy was calculated using a
bomb calorimeter (6400 Calorimeter, Parr, Moline, IL). Methane
concentration was determined by directly injecting 0.5 mL of gas
sample into a gas chromatograph (ATI Unicam 610 Series,
Cambridge, UK) fitted with a 40 cm Porapak N metal packed
column (Agilent, Cheshire, UK) and flame ionisation detector.
Ammonia and VFA concentrations in vessels and overflows
were determined as described by Weatherburn (1967) using an
automated spectrophotometer (ChemWell T,Astoria Pacific,
Oregon, USA) and Stewart and Duncan (1985) using gas
chromatography, respectively.

DNA extraction, quantitative PCR and next
generation sequencing

Genomic DNA was extracted from pooled samples
withdrawn on days 15 and 16 from each vessel. Freeze-dried
samples (25 mg DM) were bead beaten in 4% SDS lysis buffer for
45 seconds and DNA was extracted using a CTAB/Chloroform
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method (adapted from Yu and Morrison, 2004) in that lysis of
cells was achieved by incubating with sodium dodecyl sulphate
(SDS) buffer for 10 min at 95°C and potassium acetate was
substituted for phenol in removing proteins. Concentration and
quality of genomic DNA was assessed by spectrophotometry
(Nanodrop ND-100, Thermo Scientific, USA). Absolute
concentrations of DNA from total bacteria, methanogens,
fungi, and protozoa were determined by qPCR and serial
dilutions of their respective standards (107'-107°) as
previously described (Belanche et al., 2012; Belanche et al.,
2016). Quantitative PCR (qPCR) was conducted in triplicate
using a LightCycler 480 System (Roche, Mannheim, Germany).

Rumen bacterial and methanogenic archaeal communities
were studied using high-throughput sequencing (de la Fuente
et al,, 2014). For bacterial profiling, amplification of the V1-V2
hypervariable regions of the 16S rRNA gene was carried out
using bacterial primers (27F and 357R; Spear et al., 2008)
followed by Ion Torrent adaptors. For methanogens profiling,
amplification of the V2-V3 hypervariable region of the 16S
rRNA gene was performed using archaeal primers (86F and
519R; Wright and Pimm, 2003) also followed by Ion
Torrent adaptors.

Forward primers were barcoded with 10 nucleotides to allow
sample identification. PCR was carried out on a 25 uL reaction
containing DNA template (1 uL), 0.2 pL reverse primer, 1 uL
forward primer, 5 UL buffer (PCR Biosystems Ltd., London,
UK), 0.25 pL bio HiFi polymerase (PCR Biosystems) and 17.6
uL molecular grade water. Amplification conditions for bacteria
and methanogens were 95°C for 1 min, and then 22 cycles of 95°
C for 15 s, 55°C for 15 s and 72°C for 30 seconds. To assess
quality of amplifications, resultant amplicons were visualised on
a 1% agarose gel. PCR products were then purified using
Agencourt AMpure XP beads (Beckman Coulter Inc.,
Fullerton, USA), and DNA concentration was determined
using an Epoch Microplate Spectrophotometer fitted with a
Take 3 Micro-Volume plate (BioTek, Potton, UK) to enable
equimolar pooling of samples with unique barcodes.

Libraries were further purified using the EGel system with
2% agarose gel (Life Technologies Ltd., Paisley, UK). Purified
libraries were assessed for quality and quantified on an Agilent
2100 Bioanalyzer with High Sensitivity DNA chip (Agilent
Technologies Ltd., Stockport, UK). Library preparation for
NGS sequencing was carried out using the Ion Chef system
(Life Technologies UK Ltd) and the Ton PGM HiQ Chef kit, and
sequencing using the Ion Torrent Personal Genome Machine
(PGM) system on an Ion PGM Sequencing 316 Chip v2 BC. Due
to the lower abundance of methanogens than total bacteria, the
methanogens library was sequenced using a smaller chip (Ion
PGM Sequencing 314 Chip v2).

Following sequencing, data were processed as previously
described (de la Fuente et al, 2014). Briefly, taxonomy was
assigned to the OTUs using the mothur software package v.
1.36.0. Data were denoised by removing low-quality sequences,
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sequencing errors and chimeras (quality parameters: maximum
10 homopolymers, qaverage 13, qwindow 25, for archaea the
qwindow was set at 30, and erate = 1; Chimera check, both de
novo and database driven using Uchime).

Sequences were clustered into OTUs using the Uparse
pipeline at 97% identity. Bacterial taxonomic information on
16S rRNA gene sequences was obtained by comparing against
Ribosomal Database Project-II (Wang et al., 2007), while the
methanogens were compared with the RIM-DB database
(Seedorf et al,, 2014). The number of reads per sample was
normalised to the sample with the lowest number of sequences.
To exclude potential bacterial sequences from the methanogens
dataset, methanogens sequences were aligned to the RDP-II with
BLAST, and those OTUs identified as bacteria were removed.

Calculations and statistical analysis

Metabolic hydrogen production, incorporation into
fermentation products, and recovery, were calculated from the
stoichiometry of reducing equivalents released in acetate,
propionate, butyrate and methane as described by Moss et al.
(2000). Daily production of VFA and ammonia in the RUSITEC
system, nutrient and energy disappearance, methane data and
diversity indexes, were analysed statistically following a factorial
design with EO (essential oil) and Y (yeast) as main factors and,
with individual cows as a blocking term. The effect of the factors
and their interaction on the relative abundance of different
bacterial and archaeal taxa was analysed in a similar way, with
P values adjusted for multiple testing using the method proposed
by Benjamini and Hochberg (1995) to decrease the false
discovery rate. When effects were detected, treatment means
were compared by Fisher’s protected LSD test. Findings with P <
0.05, P < 0.10 when applying Benjamini and Hochberg (1995)
correction, were regarded statistically significant. Genstat 15th
Edition (VSN International, Hemel Hempstead, UK) was used.

Permutation multivariate analysis of variance
(PERMANOVA) was used to determine overall significant
differences in bacterial and archaeal community structure and
was performed in PRIMER 6 and PERMANOVA + (versions
6.1.18 and 1.0.8, respectively; Primer-E, Ivybridge, UK). For both
bacterial and archaeal communities, OTUs abundance percentage
data were subjected to square root transformation and Bray-
Curtis distance matrices calculated. PERMANOVA was carried
out using default settings with 9999 unrestricted permutations,
and the Monte Carlo P value was calculated. Analysis of Similarity
(ANOSIM) was carried out in PRIMER 6 and PERMANOVA +
using the Bray-Curtis distance matrix calculated above. This
analysis was used to provide a metric of the degree of
divergence between communities as given by the R statistic.

To calculate the contribution of environmental data on
bacteria and archaea communities, distance-based linear
modelling was used to calculate which environmental variables
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had a significant correlation with the community data.
Significant variables were used in distance-based redundancy
analysis (dbRDA) (Legendre and Anderson, 1999) as
implemented in PRIMER 6 and PERMANOVA+.

Results

Feed degradability, fermentation pattern
and microbial numbers

Treatments including oregano oil decreased (Table 1) feed
and energy disappearance after 48 h of incubation (P<0.001),
decreasing DM, OM and N disappearance by 13-16%, NDF and
ADF disappearance by 32-40% and energy disappearance by 12-
22%. Similarly, the addition of oregano oil had a major effect on
fermentation (Table 2), decreasing total VFA and ammonia
production (P<0.001) by 29-32% and 59-66%, respectively, as
compared with the control. Also, oregano oil promoted a
decrease in daily gas (P=0.012; 16-18%) and methane
production (P=0.002; 28-32%), both in absolute terms and per
unit of DM degraded. Stoichiometry calculations showed that
treatments including oregano oil had both lower 2H production
and 2H incorporation (around 30% less), compared with the
control and yeast only treatments, resulting in a similar recovery
(about 100%) for all treatments. The addition of yeast did not
affect feed disappearance or the fermentation pattern (P>0.18).
The combination of oregano oil and yeast had a similar effect to
that observed when feeding the oil only, with no clear interaction
effects observed.

Quantitative PCR (Table 3) revealed decreases in the relative
abundance of anaerobic fungi (P=0.005; 8-23%) and protozoa
(P<0.001; 24%) with oregano oil. A slight decrease (P=0.032; 4%)
in anaerobic fungi was also observed in vessels supplemented
with yeast. Again, no interaction between oregano oil and yeast
treatments was observed (P>0.05). No effect of treatments on the
relative abundance of bacteria (P>0.5) or archaea (P>0.2)
was observed.

10.3389/fanim.2022.951789

Bacterial 16S rRNA gene sequencing

Quality filtering resulted in 1,860,849 high quality sequences
that clustered into 2,039 different OTUs with 57,910 reads per
sample after normalization.

Permutational analysis of the variance (Table 4) showed a
strong effect of treatment on the structure of the bacterial
community (P=0.001). Pairwise comparison revealed that the
structure of the bacterial community differed between
treatments including oregano oil (EO and EO+Y) and
control (P=0.001) and yeast only treatments (P=0.001). The
dramatic difference in the structure of the bacterial community
between these treatments was confirmed by ANOSIM
(P=0.001; R=1).

To detect correlations between the structure of the bacterial
community and rumen fermentation parameters, dbRDA was
performed with Bray-Curtis dissimilarities. The primary axis
accounted for 69.2% of total variation, and an obvious
separation between treatments including oregano oil and
control and only yeast treatments was observed (Figure 1).
Total VFA (P=0.001), acetic (P=0.002) and propionic
production (P=0.056) were negatively correlated to the
structure of the bacterial community of samples from vessels
fed with oregano oil (alone or with yeast).

Regarding bacterial diversity (Table 5), treatments including
oregano oil decreased both Simpson’s (P=0.011) and Shannon’s
(P<0.001) indexes. Bacterial richness also decreased (P<0.001)
when feeding oregano oil, either on its own or combined
with yeast.

Overall, oregano oil had a great impact on the bacterial
community structure. At the phylum level (Table 6), whilst no
significant effect on the relative abundance of Bacteroidetes
(P=0.991), the most abundant phylum across diets (53%), was
observed, the relative abundance of Firmicutes, which made up
28% of the bacterial community, increased (P=0.005) with
oregano oil. The relative abundance of other phyla decreased
(P<0.005) in vessels supplemented with oregano oil or oregano
oil plus yeast, with the greatest effect observed for Fibrobacteres

TABLE 1 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on feed and energy

disappearance in the RUSITEC system.

Treatment SED P

C EO Y EO+Y EO Y EOxY EO Y EOxY
Disappearance (%)
DM 50.6 43.8 48.4 429 1.108 1.108 1.567 <.001 0.194 0.558
OM 49.3 422 47.0 41.4 1.122 1.122 1.587 <.001 0.198 0.534
N 67.4 58.3 65.4 56.8 1.64 1.64 232 <.001 0.304 0.871
NDF 31.2 21.2 28.6 18.5 2.109 2.109 2.982 <.001 0.241 0.984
ADF 24.8 15.5 24.7 15.2 2.59 2.59 3.662 0.006 0.934 0.954
Energy 51.4 452 494 40.0 1.01 1.01 1.43 <.001 0.006 0.136
Frontiers in Animal Science 05 frontiersin.org
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TABLE 2 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on fermentation products

and methanogenesis in the RUSITEC system.

Treatment SED P

C EO Y EO+Y EO Y EOxY EO Y EOxY
Fermentation products
(mmol/d)
Total VFA 352 249 352 24.3 1.81 1.81 2.56 <.001 0.86 0.871
Acetate 15.8 9.9 15.5 9.1 0.87 0.87 1.23 <.001 0.553 0.766
Propionate 7.15 3.12 7.42 3.15 0.59 0.59 0.84 <.001 0.802 0.842
Butyrate 6.95 6.36 6.69 6.43 0.32 0.32 0.45 0.212 0.772 0.619
Iso-Butyric 0.49 0.27 0.47 0.26 0.02 0.02 0.03 <.001 0.593 0911
Valeric 1.43 1.22 1.52 1.31 0.06 0.06 0.09 0.009 0.18 0.991
Iso-Valeric 1.57 0.62 1.68 0.5 0.10 0.10 0.15 <.001 0.969 0.301
Caproic 1.8 3.44 1.84 3.55 0.14 0.14 0.20 <.001 0.594 0.824
Ammonia 3.72 1.54 3.72 1.27 0.13 0.13 0.18 <.001 0.315 0.302
Gas emissions
Total gas (L/d) 1.26 1.06 1.31 1.03 0.08 0.08 0.11 0.012 0.905 0.616
Methane (mM) 7.93 6.93 7.66 6.74 0.25 0.25 0.35 0.004 0.381 0.865
Methane (mmol/d) 10.1 7.3 10 6.9 0.71 0.71 1.00 0.002 0.771 0.831
Methane (mmol/g DOM) 1.23 1.05 1.3 1.01 0.06 0.06 0.09 0.005 0.812 0.442
2H produced (mmol/d) 66.6 48.3 65.3 47.0 3.43 3.43 4.85 <.001 0.713 0.999
2H accepted (mmol/d) 68.6 48.0 68.4 46.7 4.23 4.23 5.99 <.001 0.866 0.902
Recovery (%) 103 99 105.9 99.3 2.58 2.58 3.65 0.07 0.548 0.631

and Elusimicrobia, which were almost completely inhibited,
followed by Proteobacteria and Verrucomicrobia.

Within the Bacteroidetes phylum, oregano oil promoted a
shift at the family level, with the greatest effect in the relative
abundance observed for Prevotellacea and Marinilabiliaceae
which increased and decreased, respectively (P=0.001;
Supplementary Table 2). In case of Firmicutes, the relative
abundance of the families Erysipelotrichaceae,
Acidaminococcaceae and Christensenellaceae, increased
(P<0.001; Supplementary Table 2). At the genus level
(Table 7), the greatest impact on the relative abundance of
bacteria was the increase in Sharpea (Erysipelotrichaceae
family) and Prevotella (Prevotellacea Family) and the decrease
in the unclassified bacteria (P=0.002), followed by that of
Fibrobacter (Fibrobacteraceae family).

Methanogens 16S rRNA sequencing

Quality filtering and removal of bacterial sequences resulted
in 2,188,976 high-quality methanogen sequences that were
clustered into 36 unique OTUs with 50,536 sequences per
sample after normalization.

Permutational analysis of the variance revealed a clear effect
of oregano oil on the structure of the archaeal community
(Table 4), that was similar to that observed on the structure of
the bacterial community. The high separation between samples
from vessels fed oregano oil, either alone or with yeast, and those
vessels belonging to control and yeast treatments, was also
shown by ANOSIM (P=0.001, R=1). dbRDA primary axes
displayed 71.7% of the total variation and a clear separation
between treatments containing oregano oil and those of control

TABLE 3 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on microbial numbers in the

RUSITEC system.

Treatment

C EO Y EO+Y
Microbial numbers
Bacteria (log copies/g DM) 10.8 10.9 10.5 10.8
Methanogens (log copies/g DM) 9.28 9.20 9.00 8.98
Anaerobic fungi (log copies/g DM) 7.44 6.85 7.17 5.7
Protozoa (log copies/g DM) 8.93 6.75 8.62 6.75
Frontiers in Animal Science 06

SED P
EO Y EOxY EO Y EOxY
0.296 0.296 0418 0.497 0.505 0.65
0.157 0.157 0.223 0.769 0.146 0.849
0.279 0.279 0.394 0.005 0.032 0.15
0.294 0.294 0416 <.001 0.606 0.61
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TABLE 4 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on the structure of the

bacterial and methanogens communities in the RUSITEC system.

Bacteria Archaea

P (MC) Permanova R-value Anosim PAnosim P (MC) Permanova R-value Anosim PAnosim
treatment effect 0.001 0.684 0.001 0.667
Pairwise comparisons
CvsY 0.819 -0.302 0.971 0.756 -0.125 0.914
Cvs EO 0.001 1 0.05 0.001 1 0.05
C vs EO+Y 0.001 1 0.05 0.001 1 0.05
Y vs EO 0.001 1 0.05 0.002 1 0.05
Y vs EO+Y 0.001 1 0.05 0.002 0.99 0.05
EO vs EO+Y 0.112 0.344 0.05 0.206 0.063 0.343
and yeast only (Figure 2). Total VFA (P=0.001), acetic Discussion

(P=0.004), propionic (P=0.024) and ammonia production
(P=0.016) were negatively correlated to the structure of the
archaeal population in vessels corresponding to the essential
oil with or without yeast.

Similar to the effects on the bacterial community structure,
methanogen richness and diversity decreased in the presence of
oregano oil (Table 5; P< 0.05). Oregano oil had a major effect on the
relative abundance of archaeal families in this experiment (Table 8),
increasing the abundance of Methanomassiliicoccaceae and
Methanobacteriaceae, and decreasing that of Methanomicrobiaceae.
Within the family Methanomassiliicoccaceae, oregano oil promoted
the substitution of Group G9 and G3b by groups G11 and GI0.
Oregano oil also increased the relative abundance of
Methanobrevibacter and decreased that of Metanomicrobium.

N
o
]

Our study was based on three interlinked hypotheses:

1. Oil extracted from L. origanoides Kunth would inhibit
methanogenesis but might also inhibit the overall
fermentation process.

. The yeast P. guilliermondii LV196 would stimulate
microbial numbers and microbial activity.

3. By combining L. origanoides Kunth oil with P.
guilliermondii LV196, the yeast would help to
overcome the general inhibition in fermentation
caused by the essential oil, leading to lower methane
production but no adverse effect on fiber degradation
and rumen fermentation.
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DbRDA illustrating the relationship between the structure of the bacterial community with the rumen fermentation pattern in the RUSITEC
system. Arrows show the direction of the gradient. Samples belonging to each treatment are represented by blue and red triangles, essential oil
alone or combined with yeast, respectively, green square for samples of the control treatment, and pink rhombus for those of the yeast

treatment.
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TABLE 5 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on the richness (number of
OTUs) and diversity of the bacteria and methanogen communities in the RUSITEC system.

Treatment SED P
C EO Y EO+Y EO Y EOxY EO Y EOxY

Bacteria

Richness 1435 631 1379 484 51.5 51.5 72.9 <.001 0.08 0.398
Simpson index 0.948 0.895 0.944 0.900 0.015 0.015 0.021 0.011 0.981 0.766
Shannon index 4.65 3.28 4.59 321 0.190 0.190 0.269 <.001 0.719 0.97
Archaea

Richness 26.75 26.00 26.75 22.75 1.061 1.061 1.501 0.052 0.16 0.16
Simpson index 0.673 0.771 0.684 0.931 0.0739 0.0739 0.1045 0.045 0.277 0.34
Shannon index 1.49 1.01 1.51 0.69 0.1867 0.1867 0.2641 0.007 0.433 0.397

Hypotheses one was clearly confirmed. Methane production
was decreased both in absolute terms and per unit of DM
degraded but this was associated with a major shift in the
bacterial population and an overall inhibition of fermentation.
Essential oils such as oregano oil have been shown to slow down
starch and protein degradation, reducing the risk of acidosis
when feeding high concentrate diets and increasing the
efficiency of N utilization, while reducing methane production
(McIntosh et al., 2003; Calsamiglia et al., 2007; Patra, 2011).
However, adverse effects on fiber digestion depending on the
type and dose of essential oil, as well as basal diet, have also been
reported (Calsamiglia et al., 2007; Macheboeuf et al., 2008).
Gram-positive bacteria seem to be more susceptible to essential
oils than gram-negative, due to their lack of a protective outer
membrane surrounding the cell wall (Patra and Yu, 2012).
However, essential oils have shown a wide range of
antimicrobial activities (Cobellis et al., 2016). Most of the
studies with oregano oil have been focused on Origanum spp.
with high carvacrol content. The present study evaluated the
effect of L. origanoides Kunth, a high thymol- containing species
native to the arid and dry ecosystem of Alto Patia in Colombia,

as a rumen modulator. To our knowledge, this is the first time
that L. origanoides Kunth has been evaluated in a long-term in
vitro system with an in depth study of the changes in microbial
populations. Both thymol and carvacrol have been reported to
have a strong and broad antimicrobial activity due to the
presence of a hydroxyl group in their phenolic structure
(Calsamiglia et al., 2007; Benchaar and Greathead, 2011). The
dose used in our study was based on a preliminary short term in
vitro study (data not shown) carried out with increasing doses of
L. origanoides Kunth (100, 200 and 400 mg/L), that were selected
based on literature available (Calsamiglia et al., 2007). A recent
study by Yu et al. (2020), testing those same doses of pure
thymol in 24 h in vitro incubations, also suggested that 200 mg/L
might improve rumen fermentation.

Several short-term in vitro studies have shown that oregano
oil and carvacrol affect N metabolism via the reduction of
protein degradation and ammonia production (Benchaar et al.,
2008). Reductions in methane emissions have also been reported
in the presence of essential oil from Origanum spp. (Benchaar
and Greathead, 2011; Cobellis et al., 2016). However, relatively
high concentrations of oregano oil can cause an overall

TABLE 6 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on the relative abundance of
bacteria phyla present at an average of more than 0.5% (false discovery rate for Benjamini-Hochberg:0.25).

Treatment

Control EO Y EO+Y EO
Bacteroidetes 0.526 0.449 0.489 0.565 0.044
Firmicutes 0.284 0.503 0.294 0.386 0.039
Tenericutes 0.033 0.019 0.031 0.019 0.005
unclassified 0.020 0.006 0.021 0.006 0.003
Spirochaetes 0.037 0.018 0.039 0.018 0.005
Proteobacteria 0.034 0.0031 0.047 0.005 0.009
Fibrobacteres 0.031 0.0002 0.039 0.0002 0.005
Elusimicrobia 0.013 0.00001 0.021 0.00001 0.006
Verrucomicrobia 0.020 0.002 0.018 0.001 0.003
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SED Benjamini-Hochberg corrected P-value

Y EOxY EO Y EOxY
0.004 0.062 0.991 0.867 0.612
0.039 0.055 0.005 0.867 0.612
0.005 0.007 0.045 0.867 0914
0.003 0.004 0.003 0.867 0914
0.005 0.007 0.005 0.867 0914
0.009 0.013 0.005 0.867 0914
0.005 0.007 0.003 0.867 0914
0.006 0.009 0.031 0.867 0914
0.003 0.005 0.003 0.867 0914
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TABLE 7 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on the relative abundance of
bacteria genera present at an average of more than 0.2% (false discovery rate for Benjamini-Hochberg:0.25).

Treatment SED Benjamini-HochbergP-value
Control EO Y EO+Y EO Y EOxY EO Y EOxY
Prevotella 0.079 0.231 0.093 0.281 0.016 0.016 0.023 0.002 0.668 0.764
Streptococcus 0.112 0.151 0.134 0.113 0.027 0.027 0.039 0.749 0.958 0.764
Asteroleplasma 0.003 0.002 0.003 0.001 0 0 0.001 0.028 0.958 0.764
unclassified 0.521 0.191 0.469 0.239 0.048 0.048 0.068 0.002 0.958 0.764
Paraprevotella 0.009 0.012 0.010 0.005 0.002 0.002 0.003 0.652 0.931 0.502
Selenomonas 0.005 0. 0.005 0.000 0.001 0.001 0.001 0.002 0.958 0.966
Lachnospiracea_incertae_sedis 0.004 0.002 0.003 0.002 0.001 0.001 0.001 0.041 0.958 0.884
Anaerovorax 0.005 0 0.003 0 0.001 0.001 0.001 0.002 0.931 0.764
Treponema 0.022 0.015 0.023 0.015 0.003 0.003 0.005 0.075 0.958 0.966
Butyrivibrio 0.002 0.004 0.002 0.004 0 0 0.001 0.021 0.958 0.966
Christensenella 0.006 0.013 0.007 0.007 0.002 0.002 0.003 0.132 0.931 0.603
Ruminococcus 0.002 0.003 0.002 0.003 0.001 0.001 0.001 0.356 0.958 0.966
Eubacterium 0.004 0.005 0.004 0.005 0.002 0.002 0.002 0.724 0.958 0.966
Vampirovibrio 0.006 0 0.017 0 0.007 0.007 0.010 0.182 0.958 0.884
Sharpea 0.010 0.228 0.006 0.128 0.023 0.023 0.032 0.002 0.528 0.502
Schwartzia 0.006 0.001 0.006 0 0.001 0.001 0.001 0.002 0.958 0.966
Sphaerochaeta 0.014 0.003 0.015 0.002 0.002 0.002 0.002 0.002 0.958 0.966
Pseudobutyrivibrio 0.004 0.009 0.004 0.012 0.001 0.001 0.001 0.002 0.792 0.603
Fibrobacter 0.031 0 0.039 0 0.005 0.005 0.007 0.002 0.958 0.884
Mucinivorans 0.006 0.005 0.005 0.002 0.001 0.001 0.001 0.028 0.446 0.764
Anaeroplasma 0.028 0.017 0.026 0.017 0.005 0.005 0.007 0.096 0.958 0.764
Candidatus Endomicrobium 0.012 0 0.020 0 0.006 0.006 0.009 0.044 0.958 0.884
Oribacterium 0.002 0.001 0.002 0.001 0 0.000 0 0.011 0.958 0.966
Bulleidia 0.002 0.020 0.002 0.019 0.004 0.004 0.005 0.002 0.958 0.966
Phocaeicola 0.018 0.030 0.007 0.064 0.010 0.010 0.014 0.017 0.958 0.502
Subdivisi0n5£eneraﬁincertaefsedis 0.020 0.001 0.018 0.001 0.003 0.003 0.005 0.002 0.958 0.966
Rikenella 0.007 0.006 0.006 0.004 0.002 0.002 0.003 0.506 0.958 0.966
Lactobacillus 0.011 0.004 0.010 0.005 0.003 0.003 0.004 0.072 0.958 0.966
Succiniclasticum 0.006 0.033 0.005 0.056 0.004 0.004 0.006 0.002 0.446 0.495
Acidaminococcus 0.004 0.001 0.004 0.001 0.001 0.001 0.001 0.002 0.958 0.966
Ruminobacter 0.003 0 0.016 0 0.005 0.005 0.007 0.112 0.931 0.764
Pseudomonas 0.004 0.001 0.003 0.001 0 0 0.001 0.002 0.958 0.966
Sutterella 0.003 0.001 0.002 0.003 0.001 0.001 0.001 0.733 0.958 0.502

reduction in rumen fermentation as compared with other less
potent essential oils (Patra and Yu, 2012). Regarding ruminal
microorganisms, Zhou et al. (2019) reported that depending on
the dose of oregano oil, microbial populations could be affected
positively or negatively. In the present study, feeding L.
origanoides had a detrimental effect on rumen fermentation,
with decreases in nutrient disappearance as well as VFA and
ammonia production observed. A decrease in the concentration
of fungi and protozoa, which play a significant role in the
degradation of plant cellulosic fibres, was also observed in the
presence of oregano oil. Although total bacterial and archaeal
numbers remained unchanged, oregano oil promoted a much
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lower bacterial richness and a less diverse bacterial and archaeal
community. ANOSIM showed that both, the bacterial and
archaeal community structure was strongly affected by
treatments containing oregano oil. The dramatic impact of
oregano oil on the composition of both the bacterial and
archaeal communities further confirmed its profound
inhibitory effect on the overall fermentation, at the
concentration tested. Yu et al. (2020), when testing thymol in
vitro, showed changes in the major phyla, with a decrease in the
relative abundance of Bacteroidetes and an increase in that of
Firmicutes. In our study we found a slight but not statistically
significant decrease in the abundance of Bacteroidetes, and a
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FIGURE 2

DbRDA illustrating the relationship between the structure of the archaeal community with the rumen fermentation pattern in the RUSITEC
system. Arrows show the direction of the gradient. Samples belonging to each treatment are represented by blue and red triangles, essential oil
alone or combined with yeast, respectively, green square for samples of the control treatment, and pink rhombus for those of the yeast

treatment

substantial increase in that of Firmicutes. At the family level, we oregano oil, there was a dramatic increase in the relative
observed that the bacterial community of vessels fed with abundance of members of the Methanomassiliicoccaceae, and
oregano oil was enriched in Erysipelotrichaceae, especially to a lesser extent, of those belonging to the Methanobacteriaceae,
Sharpea spp., which has been reported to be characteristic of that was compensated by a decrease in Methanomicrobiaceae.
low methane yield animals (Kamlke et al., 2016). This increase, as The greatest effect was observed for the genus
well as that in the relative abundance of Prevotella, involved in Methanomicrobium, which in this study and opposite to many
protein degradation (Wallace et al., 1997) and reported to be others in which Methanobrevibacter strains account for the
abundant when methane is inhibited (Tapio et al., 2017), was majority of methanogens in the rumen (Henderson et al,
compensated with a decrease in the abundance of unclassified 2015; Friedman et al, 2017), made up more than half of the
bacteria. Zhou et al. (2020) also reported an increased relative archaeal population, and almost disappeared with the addition
abundance of Prevotella in the presence of oregano oil, which of the oil.

they attributed to reduced competition from other bacteria that Whilst hypothesis one was confirmed, hypothesis two was
are inhibited by this essential oil. Regarding effects on the not, with no indication of P. guilliermondii LV196 stimulating
composition of the archaeal communities when adding either microbial numbers or activity. Yeast products, either live

TABLE 8 Effect of supplementing a control diet (C) with oregano oil (EO), yeast (Y) or a combination of both (EO+Y) on the relative abundance of
archaeal genera present at an average of more than 0.2% (false discovery rate for Benjamini-Hochberg:0.25).

Treatment SED Benjamini-Hochberg corrected P-value
C EO Y EO+Y EO Y EOxY EO Y EOxY
Methanomassiliicoccaceae G11 0.009 0.304 0.014 0.647 0.099 0.099 0.139 0.003 0.829 0.540
Methanobrevibacter 0.003 0.101 0.011 0.078 0.021 0.021 0.030 0.005 0.829 0.846
Methanomassiliicoccaceae G9 0.161 0.002 0.162 0.002 0.038 0.038 0.053 0.004 0.988 0.984
Methanomicrobium 0.496 0.001 0.408 0.002 0.073 0.073 0.104 0.003 0.829 0.846
Methanomassiliicoccaceae G8 0.003 0.000 0.003 0.000 0.001 0.001 0.001 0.004 0.829 0.866
Methanomassiliicoccaceae G12 0.202 0.343 0.234 0.131 0.065 0.065 0.092 0.778 0.829 0.540
Methanomassiliicoccaceae G3b 0.073 0.002 0.085 0.001 0.015 0.015 0.021 0.003 0.829 0.860
Methanomassiliicoccaceae G3a 0.021 0.023 0.028 0.010 0.009 0.009 0.012 0.432 0.829 0.718
Methanomassiliicoccaceae G10 0.003 0.223 0.003 0.128 0.045 0.045 0.064 0.005 0.829 0.718
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or inactivated, are widely used as feed additives in ruminants to
improve rumen fermentation and performance. Their effects are
variable, depending on yeast strain, viability, yeast culture and
media associated with it, and post-fermentation processing
(Shurson, 2018). Nevertheless, it has been suggested that
supplementation with yeast cell walls could have similar effects
(improved fibre digestion, decreased acetate:propionate ratio
and reduced methane production) to those observed when
feeding live yeast (McCann et al., 2017). The effects observed
with inactivated yeast cultures have been attributed to functional
metabolites that include uncharacterized yeast growth factors, B
vitamins, amino acids, organic acids, and other fermentation
products that can stimulate bacterial growth and lead to
increased microbial protein production, fiber digestion, or
increased utilization of fermentation end products (Miller-
Webster et al., 2002; Moallem et al., 2009; Robinson and
Erasmus, 2009). Our results showed that the inclusion of P.
gillermondii LV196 had no effect on fermentation parameters or
nutrient utilization. Neither changes in microbial abundances or
in the structure of bacterial and archaeal communities were
observed in the presence of P guillermondii. Since inactive yeast
may act only by providing stimulatory factors as compared to
live yeast, which could either compete for substrates or stimulate
specific rumen bacteria, it is reasonable to think that higher
doses of inactivated yeast would be needed to offset their lack of
biological activity in order to improve their action in rumen.

The failure to support hypothesis two means that hypothesis
three is untestable, the yeast did not stimulate microbial
numbers nor activity, thus could not be expected to act as to
counterbalance the antimicrobial effect of the essential oil.
Future studies need to both investigate lower levels of essential
oil addition and also re-examine the effects of P. guillermondii in
the rumen and/or to replace it with other yeast of known
biological activity when combined with oils extracted from L.
origanoides kunth.
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