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To date, there is an urgent need for implementing practical strategies to reduce CH4

emissions from ruminants. Lovastatin (Lv) is a specific inhibitor of methanogenic archaea.
Due to the high cost of pure Lv, solid-state fermentation might be an economical
bioprocess to produce Lv and facilitate its use in ruminant nutrition. The goal of this
work was to assess the effects of supplementing fermented oat straw as a lovastatin
carrier (FOS) to a high-grain ration on in vitro CH4 inhibition and rumen microbiota in beef
cattle. The experimental design of in vitro rumen fermentation was completely randomized
with four concentrations of Lv in the diet mixture. The supplementation with FOS to give Lv
concentration of 100 and 150mg L−1 in the ruminal fermentation medium significantly
inhibited methanogenesis at similar levels. This suggested that less than 20% of FOS was
required in the ration to achieve up to 38% of CH4 mitigation without affecting the chemical
composition and nutritional value of the ration. Short-chain fatty acid (SCFA) production
and profile showed that only the treatments with Lv at 100 and 150mg L−1 decreased the
concentration of total SCFAs; the molar ratio of propionate significantly increased with
respect to that of the control. Treatment with Lv at 150 mg L−1 did not result in significant
differences in the alpha and beta diversity indices compared to the control. However,
significant changes in the relative abundance of some microorganisms were detected,
such as an increase in Ruminococcus and a decrease in Prevotella. The predominant
99%+ MA in all controls, treatment, and inocula samples belonged to the
Methanobrevibacter genus and very small (negligible) unclassified Methanobacterium
genus (Euryarchaeota phylum). Interestingly, the reduction of relative abundance of MA
was 39.17%, very close to the percent reduction of CH4 production, 38%. Our data
showed that there was a parallel and similar percent decrease of both CH4 production and
relative abundance of the predominant MA in our experiment, although the statistical
significance was not complete. Finally, our results hold promise for significantly decreasing
ruminal CH4 by 38%. Thus, our work is one step toward the sustainable management of
the livestock sector.
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INTRODUCTION

There is an urgent need for finding and implementing practical
strategies to reduce greenhouse gases (GHGs) emissions from
ruminants, especially its contribution to the atmospheric CH4

level (Havlík et al., 2014). Dangal et al. (2017) found that non-
dairy cattle contributed to the major portion of CH4 emissions;
they accounted for 70% of the total emissions from the livestock
sector (2.72 gigatons of CO2 in the year 2014).

According to US-EPA (2014), the content of CH4 in the
atmosphere has increased more than 2-fold compared to the
concentration in the preindustrial age. In more recent years,
concentrations of CH4 in the atmosphere have risen from 1’100 to
1’800 ppb; this represented ca. 64% in terms of concentration.
The average relative rate of increase (relative to the initial
concentration in 1950) was 1.01 (% yr−1) (Supplementary
Appendix S1).

Mole to mole, CH4 is a 25-fold more powerful GHG than CO2.
Thus, CH4 removal is more difficult and expensive if we consider
an “end-of-pipe” classical approach of environmental
engineering, that is, given the pollutant(s) for removing the
pollutant by degradation/transformation/sequestration. Any
treatment of the atmosphere to remove CH4 faces at least two
stumbling blocks: 1) the massive movement of large flows of air,
and 2) the abovementioned low concentration of CH4 in the air.

The alternative means of controlling CH4 contents in the
atmosphere by mitigation/prevention measures and processes
seem to be more feasible than “end-of-the-pipe” solutions and
are described in several roadmaps of GHG abatement (Royal
Society-Royal Academy of Engineering, 2018.) Significant savings
in energy expenses can be made, as well as saving costs by avoided
damages to the environment and health. Hopefully, “freezing” the
contents of CH4 in the atmosphere or at least significantly
decreasing its rate of accumulation would be achieved.

Our work deals with one of these approaches. The first step is
the valorization of agricultural residues by solid-state
fermentation (SSF) with fungi to produce lovastatin (Lv)
(Ábrego-García et al., 2020; submitted to Scientific Reports).
Lv is a well-known inhibitor of methanogenesis in pure
cultures of methanogens (Miller and Wolin, 2001;
DemonfortNkamga et al., 2017).

To some extent, livestock production can be envisioned as a
sort of “animal biorefinery,” a specific type of biorefinery
among a large variety of platforms and types (Castro, 2019)
and implemented in a direct cascade mode (Poggi-Varaldo
et al., 2014; Fava et al., 2015; Escamilla-Alvarado et al., 2017)
whose first stage is the valorization of agricultural residues.
Afterward, meat, milk, cheese, cream, butter, hides are
obtained from animals, minimizing at the same time the
emissions of CH4. The collection of ruminal fluids at the
slaughterhouse would allow recovering value-added
enzymes as well as inocula for biofuel production (Bansal
and Goel, 2015; Goel et al., 2015; Weimer, 2015.)
Furthermore, more bioenergy can be obtained downstream
by hydrogenogenic or methanogenic fermentation of several
wastes generated in the process (waste feedstock, animal feces,
slaughterhouse wastes, etc.) (Escamilla-Alvarado et al., 2017).

The final streams of solids and semisolids that are the
remainder of the whole processing can be transformed into
a soil amender.

CH4 mitigation strategies have focused mainly on animal
breeding, increasing animal productivity, nutrition, and
modulation of rumen fermentation (Beauchemin et al., 2020).
Regarding the modulation of rumen fermentation, the inhibition
of methanogenic archaea (MA) is an effective strategy to mitigate
CH4 production from ruminants (Beauchemin et al., 2020). It is
opportune to recall that there are three pathways of the archaeal
membrane lipid biosynthesis (Jain et al., 2014): the 2-C-methyl-
D-erythritol 4-phosphate 1-deoxy-D-xylulose 5-phosphate
pathway and two mevalonate pathways. It has been reported
that Lv is a specific inhibitor of 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase, which limits the kinetics in the
mevalonate pathway (Masters et al., 1995). Moreover, Miller
and Wolin (2001) and DemonfortNkamga et al. (2017) have
reported that Lv is a strong CH4 suppressor in pure cultures of
Methanobrevibacter strains.

On the other hand, a major problem with pure Lv application
in animal nutrition is its high cost up to 7.5 US $/g of industrial-
grade Lv (Mulder et al., 2018; Sigma-Aldrich, 2020). In this
regard, the solid-state fermentation (SSF) of agricultural
residues can be an attractive alternative for Lv production
because the equivalent price could be as low as 1/20 of that of
commercial Lv Supplementary Appendix S2.

The fermented agricultural residues are used as a lovastatin
carrier to provide moderate concentrations of lovastatin in cattle
rations and to inhibit the ruminal methanogenesis in a significant
proportion (Wang et al., 2016; Candyrine et al., 2018).

In general, substrates of SSF are the same as the typical
components of animal feed. One of these is oat straw from
oat, an agricultural crop widely distributed. In Mexico in the
year 2016, 690′204 ha were dedicated to oat cultivation and 10.48
million metric tons of production was reported (SAGARPA,
2017). Approximately 5% of the total (ca. 0.5 million tons)
was oat straw (Kim and Dale, 2004).

Oat straw is commonly used as feed for livestock and is
characterized by its high content of cellulose, hemicellulose,
and lignin (Zheng et al., 2020). Thus, processed agricultural
residues such as oat straw and others could be incorporated
into ruminant diets and could contribute 1) as a source of Lv and
2) to animal nutrition.

Despite this, very few studies have investigated the effects of
fermented crops or agricultural residues (rice and rice straw) as
an Lv-carrier supplement in in vitro rumen fermentation (Faseleh
Jahromi et al., 2013a; Morgavi et al., 2013). The findings in those
reports are subject to certain limitations. First, Lv yields by SSF
were very low, 0.26 and 0.57 mg g−1 of dry matter (DM)
fermented substrate for Faseleh Jahromi et al. (2013a) and
Morgavi et al. (2013), respectively. Second, the in vitro
ruminal fermentation substrate was carried out with 100% of
fermented rice stubble and rice grain; they could not use a basic
diet (total mixed ration) because the resulting final Lv
concentration would have been very low and no inhibitory
effects would have been detected. This, in turn, introduced a
bias in the ruminal fermentation tests. These limitations are
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evidence of the difficulty of the inclusion of those fermented
substrates in the rations without changing their ingredient
proportions and chemical composition.

On the other hand, the results associated with pure Lv from
in vitro experiments using RFI and forages or total mixed rations
and low-dose Lv (<5 mg/L) (Busquet et al., 2005; OBrien et al.,
2014) showed no effects of Lv on rumen CH4 production. By
contrast, the experiment of Soliva et al. (2011) using the
RUSITEC “rumen simulation technique” system, where RFI
from a dairy cow, an experimental diet based on ryegrass hay,
barley, soybeans, and a single dose of Lv (150 mg/L) were tested,
showed that CH4 production was inhibited up to 40%.

So far, no reports exist on supplementing FOS as a lovastatin
carrier to cattle ration and its impact on ruminal methanogenesis
as well as on the rumen microbiota and fermentation end
products under in vitro conditions.

The goal of this work was to assess the influence of
supplementing FOS (as a lovastatin carrier) to a high-grain
total mixed ration on in vitro methanization inhibition and
rumen microbiota in beef cattle.

The contributions of our work revolve around 1) the
determination of the effect of supplementing fermented oat
straw as a lovastatin carrier (FOS) to a high-grain ration on
in vitro; 2) microbial analysis by high-throughput sequencing
technology and bioinformatics tools; 3) statistical analysis of key
variables of microbial community characterization such as alpha
and beta diversity as well as a Pearson correlation of the rumen
microbiota and fermentation end products.

MATERIALS AND METHODS

Experimental Design
We performed two experimental designs based on in vitro
ruminal fermentation tests. Regarding the debate between
in vitro and in vivo tests, it is worth highlighting that there is
a consensus of several experts (Yáñez-Ruiz et al., 2016;
Danielsson et al., 2017) in that IVtFT is very useful for
screening diets and preliminary evaluation of feed additives
and inhibitory agents of CH4 production in ruminal
fermentation. They also advise running IVvFT after the IVtFT
to confirm the main results as well as to gain more information
that can only be obtained in IVvFT, before making decisions or
implementing strategies at the commercial level.

In the first experiment, we examined the effects of Lv
concentration (through FOS supplementation) on the CH4

production in vitro rumen fermentation using a completely
randomized design. The treatments were four concentrations
of Lv in the medium: 0, 50, 100, and 150 mg L−1. The dose of
0 mg L−1 acted as a control. The doses were chosen to represent
the interval of Lv concentrations reported for in vitro rumen
fermentation experiments close to ours Supplementary
Appendix S3. The response variables were total gas
production (TGP), hydrogen, CH4, and short-chain fatty acids
(SCFAs), among others.

In the second part of the experiment, the effect of Lv
(supplemented by FOS) on microbial communities of batch

ruminal fermentation was determined. To this goal, samples
from the first experiment, that is, the control, treatment at
150 mg Lv L−1, and inoculum (ruminal fluid), were chosen for
analysis and determination of alpha and beta diversity and the
relative abundance of several phyla and families of key eubacteria
and methanogenic archaea (MA), using high-throughput
sequencing technology.

In both experimental designs, each treatment had three
independent repetitions according to the replication practice in
similar literature dealing with IVtFT (Morgavi et al., 2013;
Danielsson et al., 2017b; O Brien 2014; Khonkhaeng and
Cherdthong, 2020). Finally, the Spearman correlation
coefficient between rumen microbiota and fermentation end
products was calculated.

In vitro Rumen Fermentation Technique
The FOS supplement for rumen CH4 mitigation was obtained
from our previous work (Ábrego-García et al., 2020, submitted to
Scientific Reports.). The overall Lv concentration was 24 mg g−1

DM of oat straw. Five grams of oat straw were ground (5 mm),
placed in 250 ml Erlenmeyer’s flask, and moisture content
adjusted to 70% with the SSF medium (Jirasatid et al., 2013).
The pH of the culture medium was set to 5.5. Then, the flasks
were sterilized at 121°C/15 min and seeded with 2 ml of spore
suspension A. terreus (CDBBH-194). Afterward, the temperature
was reduced to 28°C/24 h and then to 26°C until the end of the
incubation period (Xu et al., 2005).

FOS was dried in a convective, forced-air oven (55°C/248 h)
and powdered. Dry-powdered substrates (1 g) were extracted
with 40 ml of ethyl acetate in 250 ml Erlenmeyer’s flasks, and
they were agitated for 2 h in a shaker at 200 rpm. The mixture was
separated by filtration through a membrane filter (0.22 Durapore,
Millipore, MA, United States). The solvent was evaporated in a
rotary evaporator under vacuum at 60°C. The dry residual was re-
dissolved in 5 ml of acetonitrile and further filtered through 0.22-
μm Acrodisc syringe filters (Millipore, MA, United States of
America) before HPLC analysis (Jaivel and Marimuthu, 2010).
Lv was determined as reported by Yang and Hwang (2006) using
HPLC (Varian Analytical Instruments, Model 9010, CA,
United States). More detailed information on this procedure
can be found in Supplementary Appendix S4.

The in vitro rumen fermentation was performed in 120-ml
serum bottles. The main substrate of ruminal fermentation was a
high-grain ration constituted by ground corn grain, soybean
meal, urea, mineral mix, accompanied by FOS as the Lv
carrier, and oat straw (to compensate FOS) (Table 1).
Afterward, ruminal-fluid inoculum (RFI) and liquid medium
were added to give the target Lv concentrations per liter of the
mixture. Four treatments with four target concentrations of Lv in
the suspension mixture (0, 50, 100, and 150 mg Lv L−1 of
suspension mixture volume) were implemented, which
corresponded to 0, 95, 189, and 284 g DM-FOS kg−1 DM of
solids mixture (Table 1).

The FOS was not sterilized before its use in this test. For more
details on the units and how the solids mixtures were
implemented for each target dose of Lv, please see
Supplementary Appendix S5.

Frontiers in Energy Research | www.frontiersin.org April 2021 | Volume 9 | Article 6307013

Ábrego-Gacía et al. Fermented Oat Straw as Lovastatin-Carrier

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


All ingredients of the cattle diets were ground and sieved
through a 1-mm mesh screen, and 1 g of the ration was
transferred into the serum bottles. The chemical
composition of the ration with different proportions of FOS
was very similar and contained an average (DM%) of 89.97
organic matter, 12.67 crude protein, and 5.63 ash; the
predominant component of the diets was ground corn grain
as an energy source and the second component in importance
was soybean meal as a source of protein (Table 1). This ration
is typical of beef cattle production in the finishing stage (Gaey,
1984).

Then, 30 ml of the buffer mineral medium (Menke and
Steingass 1988) was transferred into the bottles and fitted with
rubber stoppers and capped with aluminum caps. Finally, the
bottles were purged with CO2 gas to ensure anaerobic conditions
and conserved at –4°C.

The RFI was collected from three cannulated steers. The steer
management procedures in our work were approved by the
Animal Care Committee, Livestock Farming Program, Campus
Montecillos, Colegio de Postgraduados (Texcoco, Edo. de
Mexico). Technical specifications appropriate for the care and
use of animals were according to the Official Mexican Standard
NOM-062-ZOO-1999 (DOF Diario Oficial de la Federación,
2001).

The diet fed to steers contained forage and concentrate in
the ratio of 60:40. The whole RFI was sampled manually 2 h
before morning feeding, transferred to preheated 1.5-L
thermos, and brought to the laboratory within 1 h post-
collection. The RFI was filtered through four sheets of
cheesecloth and mixed in equal portions into a flask in a
water bath at 39°C under CO2. Immediately, 15 ml of FRI
was transferred into prewarmed serum bottles, and they
were placed in an orbital shaker incubator at 70 oscillations
min−1 at 39°C for 48 h. We used three extra serum bottles
(buffer mineral medium + RFI) as blanks for the correction
of TGP.

Bromatological Analysis of the Diets
Experimental diets were analyzed as described by the AOAC
(2002): organic matter, dry matter, ash, and crude protein
contents. Also, neutral detergent fiber (NDF) and acid
detergent fiber (ADF) were determined according to van Soest
et al. (1991); NDF was performed with the addition of stable
amylase and sodium sulfite.

Measurements of Total Gas Production,
Hydrogen, CH4, and Short-Chain Fatty
Acids
Total gas production was measured by acid brine displacement at
12, 24, 36, and 48 (Escamilla-Alvarado et al., 2014). Before the
measurement of TGP, a sample was taken from each culture’s
headspace and analyzed for CH4 and H2 determination by a gas
chromatograph (Gow-Mac, Model 350, Pittsburgh, PA,
United States of America) equipped with a TCD and a
column packed with Molecular Sieve 5 A.

The temperatures of the detector, injector, and column at 100,
25, and 25°C, respectively; chromatographic Ar was the carrier.
CH4, H2, and Ar standards were of chromatographic quality
(>99.9%, INFRA S.A. de C.V., Mexico City, Mexico).

Pressure–volume–temperature characteristics of biogas
samples were used to calculate biogas volume, according to
the ideal (perfect) gas law (Castellan, 1983). Gas volume
results were standardized (SmL) at standard pressure and
temperature, 101.32 kPa and 298 K, respectively (Escamilla-
Alvarado et al., 2014).

After 48 h of incubation, the fermentation was stopped by
keeping serum bottles at –10°C for 10 min, and the pH was
measured. For the determination of SCFA, the samples were
analyzed as reported by Cottyn and Boucque (1968). Briefly,
250 μL of metaphosphoric acid (25%) was added to 750 μL of
supernatant rumen fluid from the fermentation bottles. The
samples were then centrifuged (15,000 g 10 min.−1; 4°C), and
700 μL of the clear supernatant was transferred to gas
chromatography vials and injected into a PerkinElmer
(Autosystem) gas chromatograph that was equipped with an
FID and a capillary column (Model ZB-FFAP, Phenomenex,
United States). The detector and injector temperatures was
250°C. N2 was the carrier at a flow rate of 20 ml min−1.
Regarding the oven, its temperature program was as
follows: 60°C for 2 min, an increase of temperature up to
140°C with a ramp of 5°C min−1, and then, a constant
temperature of 140°C for 6 min (Muñoz-Páez et al., 2014).
The external standard used was purchased from Sigma-
Aldrich, Volatile Free Acid Mix CRM46975, Bellefonte, PA,
United States.

Isolation of Total DNA From Rumen Fluid
Samples
Total genomic DNA was isolated from the bottom (6 ml) and the
fluid surface (6 ml) of the serum bottles. Afterward, they were
centrifuged at 10,000 g/30 s. The pellets were recovered for the
DNA extraction with a commercial kit (UltraClean Soil DNA

TABLE 1 | Ingredients, chemical composition, and proportions of fermented oat
straw as a lovastatin-carrier additive in the experimental diets.

Ingredient (g/kg DM) Lovastatin mg L−1

0 50 100 150

Ground corn grain 566 566 566 566
Soybean meal 120 120 120 120
Urea 10 10 10 10
Mineral premixa 20 20 20 20
Oat straw 284 189 95 0
Fermented oat straw 0 95 189 284
Chemical composition (% DM)
Organic matter 90.37 90.03 90.10 89.38
Crude protein 12.01 12.62 12.35 13.70
Ash 5.25 5.53 5.73 6.01
NDFb 58.08 60.18 65.34 59.69
ADFc 13.48 13.38 13.12 13.04

aMineral premix; Ca, 30%; p, 1.00%; Na, 7.00%; K, 0.10%; S, 150 ppm; Fe, 720 pp; Mg,
720; Cu, 285 ppm; Zn, 720 ppm; I, 8 ppm; Co., 2 ppm; Se, 5 ppm.
bNeutral detergent fiber.
cAcid detergent fiber.
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Isolation Kit de MO BIO). DNA concentrations were determined
using an A260/280 spectrophotometer (Epoch Microplate,
BioTek Instruments, Vermont, United States), and the quality
was assessed by electrophoresis in agarose gel. Samples of DNA
were kept at –80°C until analyses.

16S rDNA Library Preparation and
Sequencing
The 16S rRNA gene sequences were amplified with the barcoded
primers 341F and 806R (V4 region of bacteria and archaea)
according to Zhu et al. (2018). Library preparation was carried
out following 16S metagenomic sequencing library preparation
using SuperFi 2x MM enzyme, and the samples were amplified
with the following program: 98°C/30 s (1 cycle), 98°C/10 s, 50°C/
30 s, 72°C/30 s (25 cycles), and 72°C/5 min. Amplicon sequencing
was performed by Illumina MiSeq (2 × 250 pb) technology at the
INMEGEN (Mexico City, Mexico). The read sequences were
deposited in the Sequence Read Archive (SRA) database of the
NCBI (BioProject: PRJNA690783).

Bioinformatic Analysis
The paired-end sequences were joined by q2-vsearch algorithm
QIIME2, v. 2019.1 (Rognes et al., 2016). The adapters were
removed with the Cutadapt tool (Martin, 2011). Quality
control of the sequences was performed by the Deblur
algorithm (Weiss et al., 2017).

Alfa and beta indices diversity as well as taxonomy-based
analyses were calculated by QIIME two software, v. 2019.1
(Rideout et al., 2018). Sequences were organized into OTUs
(operational taxonomic units) with 99% identity and classified
into the taxonomical levels based on the Greengenes (v. 13.8)
database (http://greengenes.lbl.gov).

Statistical Analysis
TGP, hydrogen, CH4, SCFA, relative abundance, and alpha
diversity indices were subjected to the general linear effects
model with PROC GLM of SAS Studio, v 3.8 (SAS Inst. Inc.,

Cary, NC, United States), and the LSD (Least Significant
Difference) post hoc test was used to assess any significant
means differences.

All graphics were performed using R studio (3.6.1). Alpha
diversity boxplot was created with ggplot two package according
to Hill et al. (2003). Beta diversity was generated by principal
component analysis (PCA) of unweighted UniFrac and plotted
with the Vegan and the ggplot2 packages (Lê et al., 2008). The
Spearman correlation heat map between fermentation end
products and rumen microbiota was calculated with the
Hmisc package. Statistical significance was considered when
the p-value < 0.05.

RESULTS AND DISCUSSION

Effect of Lovastatin Concentration on Total
Gas Production, CH4, Hydrogen, and
Short-Chain Fatty Acids
The results obtained from in vitro rumen fermentation (TGP,
CH4, hydrogen, and SCFA) are presented in Table 2. CH4

production at 48 h of incubation was significantly lower for all
concentrations of Lv (p < 0.05); therefore, a similar pattern of
TGP was observed.

The CH4 mitigation was similar in the FOS treatments with
concentrations of Lv at 100 and 150 mg L−1; both treatments
showed inhibition levels of 38% compared to the control. As a
reminder, all our treatments with Lv used FOS as Lv carrier.

This could be attributed to the inhibition of specific
methanogens present in the rumen which are known to
synthesize their cell membrane via mevalonate, for instance,
M. ruminantium (Bharathi and Chellapandi, 2017). Moreover,
it has been reported that Lv completely inhibited CH4 production
of the strain (DemonfortNkamga et al., 2017).

Our finding agreed with the reports of Soliva et al. (2011) who
observed that Lv dosage at 150 mg L−1 mitigated CH4 production
by up to 42% in in vitro ruminal fermentation studies. According

TABLE 2 | Effects of fermented oat straw as a lovastatin-carrier additive on total gas production, methane, and short-chain fatty acids.

Lovastatin (mg L−1)

Item 0 50 100 150 SEMa p-value

TGPb, SmL 133.63a 112.24b 102.37cb 104.26cb 8.57 0.007
CH4, SmL 44.86a 33.57ba 27.26bc 28.13bc 3.53 0.001
H2, mmol 1.32a 6.08b 13.52c 10.68c 1.55 0.001
pH at 48 h 5.9 6.1 6.0 5.9 0.13 0.349
Total SCFAc, mM 106.67a 92.31ab 76.8b 76.57b 11.76 0.058
SCFA (mol/100 mol)
Acetate 66.36a 65.03ba 56.10c 58.03bc 2.8 0.005
Propionate 17.83a 19.60a 22.86b 23.30b 1.58 0.001
Butyrate 11.60 10.10 12.96 12.63 1.75 0.260
Valerate 3.6a 3.8ba 6.3c 5.8bc 0.97 0.019
A:P rationd 3.7a 3.3ba 2.4bc 2.5c 0.32 0.003

aStandard error of the mean.
bTotal gas production.
cShort-chain fatty acids.
dA:P � acetate-to-propionate ratio.
a-c means within a row with different superscripts differ (p < 0.05).
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to Busquet et al. (2005) and O’Brien et al. (2014), low concentrations
of commercial Lv (at five and 3.2 mg L−1) did not significantly
inhibit ruminal methanogenesis. However, Faseleh Jahromi et al.,
2013b demonstrated that processed rice straw as a lovastatin carrier
(concentration of Lv on the rumen fluid-based medium
4.32mg L−1) induced CH4 and TGP mitigation by 21 and 16%
(p< 0.01), respectively, using the processed rice straw as the only feed
ingredient of in vitro rumen fermentation. The use of high doses of
Lv (100–150mg L−1) in our work and in that of Soliva et al. (2011)
could raise concerns on possible toxic effects of this substance on
cattle. In principle, we did not evaluate the toxicity of Lv in cattle.
Moreover, to the best of our knowledge, this type of study is
nonexistent or very scarce in the open literature (Web of Science,
2021). Only one record was found in the period 2000–2021, and it
dealt with arsenic toxicity in animals. However, more R&D on the
toxicity of Lv and other inhibitors of cattle methanogenesis is clearly
amust for the safe and sound application of the Lv approach for CH4

mitigation.
A close work by Ramírez-Restrepo et al. (2014) evaluated the

effect of supplementing several doses of fermented red rice as Lv
carrier on live animal weight and dry matter intake of cattle, as
well as ruminal CH4 emission. The microbial agent wasMonascus
purpureus, an Lv-producing fungus. Some toxic episodes were
observed in cattle at the highest dosages of fermented red rice in
the feed, although the authors ascribed this effect to the fungus
and some of its metabolites, not the Lv.

Recently, Leo et al. (2020) examined the effects of Lv on
skeletal muscles of goats, intending to identify whether Lv
supplementation of goat diets could negatively affect the
health and welfare of these small ruminants. Four groups of
five male goats each were fed a ration that contained 22.8% grain
concentrate, 50% rice straw, and 27.2% of PKC (palm kernel cake;
either fermented with A. terreus and non-fermented), to give 0, 2,
4, and 6 mg Lv/kg LW. Fermented PKC was the Lv-carrier
component of the diet. They found degeneration in selected
muscles of the goats that were fed the highest dose of Lv. The
authors concluded that supplementing naturally produced Lv at a
dose >4 mg/ kg Lv could negatively affect the welfare and health
of the treated animals.

The limitation of the work by Leo et al. (2020) is that the
adverse effects on the goat muscles cannot be ascribed to Lv per se
since the authors did not include positive controls where the diets
were enriched with pure (commercial grade) Lv. Due to the lack
of positive controls, the negative effects determined in this work
could have been caused either by Lv, or other compounds or
microbes contained in the fermented residue carrying the Lv. In
summary and unfortunately, there is not a conclusive case against
Lv use in goat diets.

Instead of using Lv or other specific chemical inhibitors, a
promising avenue for ruminal CH4 mitigation is the use of
cultures (for instance, yeast cultures) as an inhibitor of CH4

production in ruminal fermentation. In the work of Ruiz et al.
(2016), the authors studied the effects of the supplementation of
Candida norvegensis (Cn) (live cells and likely metabolites present
in the used medium) on the ruminal fermentation of oat straw (as
the sole source of carbon, no actual cattle ration was used). Their
results hold promise for developing an original approach to

mitigation of ruminal CH4 generation. Neither Lv nor other
conventional inhibitor was used for inhibition of the ruminal
methanization. Batch tests of 36-h duration were run, with four
replicates. Treatments were “Cn addition” and “no Cn addition”
(or control), and 5 times of incubation were sampled. It was
found that a significant CH4 production inhibition occurred only
at 8-h incubation. Incubations at 4, 12, 24, and 36 h failed to
demonstrate a significant CH4 generation inhibition. The latter
was likely related to a high value of the standard error of the mean
of the experiment.

On the other hand, the hydrogen gas production significantly
increased with concentrations of Lv 100 and 150 mg L−1 (3 and 8
fold increase relative to control, respectively, Table 2). It is known
that methanogenesis continually removes H2; the latter is used as
an energy source. A possible explanation for this is that once the
main sink for H2 in the rumen is inhibited (methanogens), the H2

generated in the fermentation starts to accumulate in the gas
headspace. This has been reported for inhibited methanogenic
consortia (Sparling et al., 1997; Martinez-Fernandez et al., 2016).
Similarly, Guyader et al. (2016) reported that H2 accumulation
occurred in around 15 and 25 h of incubation (7- fold with respect
to control) for in vitro bovine rumen fermentation of a diet
characterized by an f:c ratio of 50:50 spiked with nitrate as the
methanogenesis inhibitor.

In our work, the contents of total SCFA at the end of the
fermentation in units with Lv 100 and 150 mg L−1 was
significantly reduced by 28% compared to that in the control
(p < 0.05, Table 3). Interestingly, there was no significant
difference between SFCA concentration in the units with
50 mg L−1 and that in the control units.

The molar proportion of acetate was reduced by 14% when
comparing the treatments with Lv 100 and 150mg L−1 (p < 0.05)
to the control. Yet, the molar percentages of valerate and propionate
increased (p < 0.01). The Lv concentration did not affect the molar
percentage of butyrate (p > 0.26). The ratio of acetic to propionic acids
decreased only in the treatments with concentrations of Lv 100 and
150mg L−1 (p < 0.05) (Table 2).

The methanogenesis abatement would imply the existence of
alternative routes for the electron flow, some of them thriving on
the accumulated H2 (Weimer, 1998). For instance, propionate
production can be one of these pathways since electron flow
would shift to propionate. Likely, this could have occurred in the
treatments with 100 and 150 Lv mg L−1, where the final
propionate molar proportion increased up to 28%.

Our results agreed fairly well with those of Ungerfeld (2015)
and Capelari and Powers (2017), who reported a significant
increase in the molar proportion of propionate in vitro batch
cultures of rumen fluid with either forage or grain diets as a
substrate when CH4 production was inhibited.

Effect of Lovastatin Concentration on Alpha
and Beta Diversity
Rarefaction curves (Supplementary Appendix S6) suggested that
our samples were close to asymptotic patterns. This, in turn,
indicated that the depth of sequencing covered most of the
existing microorganisms (Brewer and Williamson, 1994).
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As shown in Figure 1, the alpha diversity; Shannon and Simpson
indices; the richness index, Chao1; the evenness index, Pielou, and
Faith; and as well as the number of observed OTUs showed that
there were no significant differences between the Lv-treated, control
with no Lv, and inoculum.

The mean OTU richness of the treatments was 783, 687, and
743 for the rumen inoculum, the control, and the treatment with
Lv 150 mg L−1, respectively. Diversity indices of Chao1 ranged
from 687 to 779. Its trend, and the pattern of the diversity indices
Faith and Shannon, paralleled the trend shown for the OTU
values (Figure 1).

The diversity index Shannon–Weaver based on log 10 was on
the order of 7.6; the highest value corresponded to the control,
which denotes high diversity among the microorganisms that
make up this community. We obtained values for the Simpson
index in a narrow and high range (0.983–0.987), also designating
high diversity for the treatments. Pielou’s index fell in a very
narrow interval of 0.805–0.808. Since a value of 1 would mean a
perfect evenness, those values indicated a fair degree of
equidistribution of microbial groups in our samples
(Magurran, 2004).

Our results were consistent with those of Zhou et al. (2020)
who evaluated the effect of oregano essential oil concentration
(130 mg L−1) on in vitro fermentation and rumen microbiota. In
their work, when CH4 production was inhibited (p < 0.05), no

significant differences in several diversity indices were found
between the control and essential oil–treated units (p > 0.05).
For instance, Shannon index values were 8.01 and 8.12, Simpson
of 0.99 and 0.99, Chao1 of 1979.1 and 1928.0, and OTU numbers
of 1297 and 1323, for control and treatment, respectively.

The analysis of beta diversity using PCA (weighted UniFrac
distances) revealed that the mean distance between inoculum,
control diet, and the treatment with Lv 150 mg/L was not
separated into clusters, indicating that Lv treatment had no
impact on the beta diversity (Figure 2A). Also, the Venn
diagram (Figure 2B) suggested that the treatment groups
shared most of the microorganisms which confirmed that the
concentration of Lv 150 mg L−1 did not affect the beta diversity of
the rumen microbiota. These results agree with the findings of
other studies, where SSF of palm kernel cake (as a source of Lv)
was used as a supplement to mitigate rumen CH4 emissions in
goats (Candyrine et al., 2018). It was found that the fermented
palm kernel cake did not affect the alpha and beta diversity of the
rumen microbiota.

Effect of Lovastatin on the Relative
Abundance of the Rumen Microbiota
The relative abundances at the phylum level of rumen microbiota
among the treatment groups are shown in Figure 3. Nineteen

TABLE 3 | Relative abundance of bacteria and archaea of rumen fermentation in the following treatments: inoculum, control, and fermented oat straw as lovastatin carrier
150 mg L−1.

Phyla Sub classification Treatments SEMb p-value

Inoculum Control FOSLCa

Firmicutes 30.97a 48.20ab 54.48b 10.89 0.0881
Order: Clostridiales 16.54 18.84 17.55 3.90 0.7770
Other: Firmicutes 6.41a 12.57a 19.57b 3.11 0.0062
Family: Ruminococcaceae 5.78a 9.80b 13.71c 1.08 0.0003
Succiniclasticum 1.69a 5.75b 4.67ab 1.93 0.0957
Ruminococcus 0.55a 1.22a 2.30b 0.52 0.0168

Bacteroidetes 41.41b 29.77a 23.63ab 7.85 0.0802
Other: Bacteroidetes 23.26 18.93 18.61 5.23 0.5176
Prevotella 18.14a 10.83b 5.02c 3.14 0.0064

Proteobacteria 6.42 6.36 6.43 1.46 0.9982
Pseudomonas 5.35 4.61 4.52 1.54 0.7775
Other: Proteobacteria 1.07 1.75 1.90 0.62 0.2939

Verrucomicrobia 11.69b 5.71a 3.89a 1.46 0.0015
Tenericutes 1.33a 2.57b 2.60b 0.39 0.0123
Euryarchaeota 3.72b 1.94ab 1.18a 1.07 0.0665
Planctomycetes 1.71 1.51 1.68 0.51 0.8833
TM7 0.95 1.20 1.02 0.25 0.4819
Spirochetes 0.44a 1.28b 0.63ab 0.34 0.0525
Actinobacteria 0.18a 0.58b 0.49b 0.10 0.0068
Lentisphaerae 0.43b 0.25b 0.04a 0.10 0.0110
Cyanobacteria 0.08 0.12 0.02 0.05 0.1280
LD1 0.25b 0.10a 0.03a 0.04 0.0008
Armatimonadetes 0.12 0.11 0.10 0.04 0.9556
Chloroflexi 0.10 0.10 0.17 0.08 0.4817
Bacteria unclassified 0.13 0.03 0.12 0.05 0.1628
Synergistetes 0.00 0.05 0.05 0.04 0.3456
SR1 0.00 0.03 0.03 0.24 0.2801
Elusimicrobia 0.00 0.03 0.02 0.01 0.2676

aFermented oat straw as a lovastatin carrier 150 mg L−1.
bStandard error of the mean.
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bacterial phyla were assigned with the predominance of
Bacteroidetes and Firmicutes, accounting for 70% of the total
sequences. These results are consistent with those of Wu et al.
(2012) and Myer et al. (2016) who found that these two phyla
were predominant in bovine rumen communities.

Subsequently, the samples were dominated by phyla:
Verrucomicrobia (∼7%), Proteobacteria (∼6%), Euryarchaeota
(∼2%), Tenericutes (∼2.1%), Planctomycetes (∼1.6%), and the
remainder was represented by <3% of the total sequences
(Figure 3).

At the phylum level, a significant change was observed in the
relative abundance: Lentisphaerae was reduced at a concentration
of Lv 150 mg L−1, suggesting a possible subacute ruminal acidosis
(Mao et al., 2013). However, concentration of Lv had no effect on
the medium pH (p > 0.05; Table 3).

The predominant 99%+ MA in all controls, treatment, and
inoculum belonged to the Methanobrevibacter genus and very
small (negligible) unclassified Methanobacterium genus. Both
genera are included in the Euryarchaeota phylum. No genera
from the phylum Crenarchaeota were found in our samples
(Brochier-Armanet et al., 2008).

Moreover, the percent reduction of relative abundances of MA
between control and “treatment 150 mgLv/L” ηc-t was given by
the following equation:

ηc−t � [(1.94 − 1.18)
1.94

] � 39.17%, (1)

with p < 0.066, close to p � 0.05; unfortunately the SEM was high,
1.07% (new Table 3).

Interestingly, the reduction of the relative abundance of MA
was very close to the percent reduction of CH4 production, 38%
(Table 2). This is a striking parallel trend between
methanogenesis inhibition and the relative abundance of MA,
irrespective of the sharp p-values.

In summary, our data showed that there was a parallel and
similar percent decrease of both CH4 production and relative
abundance of the predominant MA in our experiment. The
statistical significance was not complete since the decrease in
CH4 production was significant (p < 0.05), whereas the decrease
in the relative abundance of MA was p � 0.066.

The observed trend was consistent with Gottlieb (2916) and
Miller and Wolin (2001) who reported negative effects of Lv on
the growth and activity of MA pure cultures.

As we mentioned in the Introduction section, Lv as an HMGR
inhibitor disrupts the cell membrane by interfering with the
biosynthesis of isoprenoids. This, in turn, disturbs the
membrane-bound respiratory chain of methanogenesis and
mevalonate pathway (Gottlieb et al., 2016). Previous
experimental works have shown that the growth and activity
of several MA were significantly reduced by Lv; the Lv’s effect on
cellulolytic bacteria was negligible (Wolin and Miller, 2001).

Interestingly, Sharma et al. (2011) modeled the behavior of the
enzyme F420–dependent NADP oxidoreductase. It is known to
catalyze the electron transfer during methanogenesis in
Methanobrevibacter smithii. Consequently, it can be a potential

FIGURE 1 | Alpha diversity measures of rumen microbiota in the following treatments: inoculum, control, and FOS (Lv concentration 150 mg L−1).
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target for interrupting CH4 production. They conducted a
modeling study. In the last stage of their research (the
inhibitor prediction study), it was predicted that mevastatin
and Lv produced more affinity for the model structure of
NADP oxidoreductase as compared to F420. Therefore those
compounds might act as a potential inhibitor of F420-dependent
NADP oxidoreductase protein.

One consequence of Sharma’s hypothesis could be that this
mechanism of decrease of CH4 production would not be
necessarily related to a decrease in the MA growth.
However, this interpretation should be considered with
caution because it is a result of a model prediction, not an
experimental fact.

In this context, Wang et al. (2016) evaluated the effect of red
yeast rice inclusion in the ration (as a source of Lv, 4 mg kg−1 LW)

of goats and reported that the abundance of Methanobrevibacter
significantly decreased.

Regarding other microbial groups, at the genus level, the
following changes were observed: Prevotella was significantly
reduced (p < 0.05) by a concentration of Lv 150 mg L−1

compared with the control. Prevotella is directly associated
with cattle fed high-grain diets (Wu et al., 2012; Tao et al.,
2017). The observed decrease in Prevotella could be
interpreted as the result of hemicellulose degradation during
the early stages of in vitro fermentation (Emerson and
Weimer, 2017).

On the other hand, it has been reported that Ruminococcus
is one of the predominant cellulolytic genera in the rumen
(Puniya et al., 2015). The family Ruminococcaceae, as well as
the Ruminococcus genus abundance, increased by 2.38- and

FIGURE2 | (A)Principal coordinate analysis derived fromweighted UniFrac distance among samples of treatments (inoculum, blue; control, red; and concentration
of Lv 150 mg/L, green). (B) Venn diagram analysis among three treatments. (C) The percentage of variation explained by each PCoA axis.
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4.18- fold (p < 0.05) in units with Lv 150 mg L−1 compared with
the control.

The advantages of the FOS Lv carrier derives from its
production with the fungus A. terreus, which is known to
produce fibrinolytic enzymes, and it also exhibits minimal
potential hazard to humans, the environment, and minimal
biosafety protection (Level 1) (Prévot et al., 2013 and CDCP
(2020). Despite the latter, studies on the potential toxicity of FOS
and other fermented residues that act as an Lv carrier (toxicity
either due to surviving A. terreus or fermentation metabolites that
are not usually monitored) is an important area of research that
should be reinforced to confirm the R&D of the SSF approach to
Lv production and feeding.

Figure 4 displays Spearman’s correlation between the rumen
microbiota and fermentation end products. Only significant
correlations are discussed here.

Euryarchaeota was negatively correlated (p < 0.01) with
the production of propionate and butyrate, whereas it was
positively correlated with the production of CH4 and acetate.
The correlation between Euryarchaeota abundance and CH4

was expected since decreases of abundance and CH4 of the
control vs treatment 150 mgLv/L were 38 and 39%,
respectively. A strong correlation between the
Euryarchaeota abundance and CH4 was also reported by
Danielsson et al. (2017) in experiments with a variety of
cows fed the same diet. Most ruminal methanogenic archaea
that metabolize CO2 and H2 (CO2-reducing methanogenesis)
correspond to the Euryarchaeota phylum (Borrel et al., 2016).
For example, Henderson et al. (2015) in their extensive work
reported that M. gottschalkii and M. ruminantium were the
most predominant methanogenic archaea in rumen fluid
samples of ruminants (cattle, sheep, goats, and cervids)
and camelids from different geographical regions. Also, the

data reported about negative Spearman’s correlations
between Euryarchaeota butyrate and Euryarchaeota
propionate as discussed above appear to substantiate that
propionate was considered as an alternate sink for H2 in
the rumen.

Prevotella genus was positively correlated with the production
of TGP (p < 0.01), SCFA, and CH4 (p < 0.05). As already stated,
Prevotella contributes to ruminal hemicellulose degradation and
some fermentation end products are acetate, CO2, and H2

(Emerson and Weimer, 2017). Our results were congruent
with the findings of Shen et al. (2017), who observed a
significant positive correlation between Prevotella and the
production of CH4, acetate, and butyrate when in vitro CH4

production was inhibited by monensin and nisin treatments
(p < 0.05).

Despite the low relative abundance of Lentisphaerae, a
positive correlation (p < 0.05) with TGP and SCFA was
found. This result was likely due to the contribution of
glycoside hydrolase enzymes of Lentisphaerae to the
hydrolysis of the dietary cell wall polysaccharides
(Kaoutari et al., 2013).

Contrary to expectations, the family Ruminococcaceae was
negatively correlated (p < 0.05) with TGP, CH4, and SCFAs. It is
known that family Ruminococcaceae includes predominant
cellulolytic bacterial species (R.?avefaciens and R. albus) and
they can produce some SCFAs and substrates that are
consumed by methanogenesis (Zhou et al., 2015); thus, some
parallel development of Ruminococcaceae and variables
associated with robust methanogenesis would have been
expected. Despite this, our findings appear to be supported by
Mi et al. (2018) who showed that family Ruminococcaceae was
negatively correlated with the production of CH4 from in vivo
experiments.

FIGURE 3 | Microbiota profiles at the phylum level representing bacterial and archaea of the following treatments: inoculum, control, and supplemented with
fermented oat straw (Lv concentration of 150 mg L−1).
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CONCLUSION

This study provided evidence that the supplementation of FOS
(to give concentrations of Lv 100 and 150 mg L−1) in the high-
grain diet has potential for rumen CH4 mitigation without
significantly changing the chemical composition of the diet.
Less than 20% of FOS supplement was required in the diet to
achieve up to 38% of CH4 mitigation.

SCFA production and profile showed that only the treatments
with Lv at 100 and 150 mg L−1 decreased the concentration of
total SCFA; the molar ratio of propionate significantly increased
with respect to that of the control.

The ruminal fermentation at Lv 150 mg L−1 did not show
significant differences in the alpha and beta diversity indices
compared to the control. However, significant changes in
the relative abundance of some microorganisms were found,
such as an increase in Ruminococcus, and a decrease in
Prevotella.

The predominant 99%+ MA in all controls, treatment, and
inocula samples belonged to the Methanobrevibacter genus and
very small (negligible) unclassified Methanobacterium genus

(Euryarchaeota phylum). Interestingly, the reduction of
relative abundance of MA was 39.17%, very close to the
percent reduction of CH4 production, 38%. Our data showed
that there was a parallel and similar percent decrease of both CH4

production and relative abundance of the predominant MA in
our experiment, although the statistical significance was not
complete.
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NOTATION

ADF Acid detergent fiber

Cn Candida norvegensis

CP Crude protein

DM Dry matter

DMI Dry matter intake

FOS Fermented oat straw, lovastatin carrier

GHG Greenhouse gases

IVtFT In vitro fermentation test

IVvFT In vivo fermentation test

LSD Least significant difference

Lv Lovastatin

MA Methanogenic archaea

NDF Neutral detergent fiber

OM Organic matter

OTUs Operational taxonomic units

PCA Principal Component Analysis

PKC Palm kernel cake

RFI Ruminal-fluid inoculum

SCFA Short-chain fatty accidents

SEM Standard error of the mean

SFF Solid-state fermentation

SM Supplementary Material

TGP Total gas production

Greek characters

ηc-t percent decrease of relative abundance of MA between the control (0
mgLv/L) and the “treatment” with 150 mgLv/L

ηin-t decrease of relative abundance of MA between the inoculum and the
“treatment” with 150 mgLv/L.
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