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It is known that nitrate inhibits ruminal methanogenesis, mainly through competition with hydro-
genotrophic methanogens for available hydrogen (H2) and also through toxic effects on the metha-
nogens. However, there is limited knowledge about its effects on the others members of ruminal
microbiota and their metabolites. In this study, we investigated the effects of dietary nitrate inclusion on
enteric methane (CH4) emission, temporal changes in ruminal microbiota, and fermentation in Holstein
calves. Eighteen animals were maintained in individual pens for 45 d. Animals were randomly allocated
to either a control (CTR) or nitrate (NIT, containing 15 g of calcium nitrate/kg dry matter) diets. Methane
emissions were estimated using the sulfur hexafluoride (SF6) tracer method. Ruminal microbiota changes
and ruminal fermentation were evaluated at 0, 4, and 8 h post-feeding. In this study, feed dry matter
intake (DMI) did not differ between dietary treatments (P > 0.05). Diets containing NIT reduced CH4

emissions by 27% (g/d) and yield by 21% (g/kg DMI) compared to the CTR (P < 0.05). The pH values and
total volatile fatty acids (VFA) concentration did not differ between dietary treatments (P > 0.05) but
differed with time, and post-feeding (P < 0.05). Increases in the concentrations of ruminal ammonia
nitrogen (NH3eN) and acetate were observed, whereas propionate decreased at 4 h post-feeding with
the NIT diet (P < 0.05). Feeding the NIT diet reduced the populations of total bacteria, total methanogens,
Ruminococcus albus and Ruminococcus flavefaciens, and the abundance of Succiniclasticum, Coprococcus,
Treponema, Shuttlewortia, Succinivibrio, Sharpea, Pseudobutyrivibrio, and Selenomona (P < 0.05); whereas,
the population of total fungi, protozoa, Fibrobacter succinogenes, Atopobium and Erysipelotrichaceae
L7A_E11 increased (P < 0.05). In conclusion, feeding nitrate reduces enteric CH4 emissions and the
methanogens population, whereas it decreases the propionate concentration and the abundance of
bacteria involved in the succinate and acrylate pathways. Despite the altered fermentation profile and
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ruminal microbiota, DMI was not influenced by dietary nitrate. These findings suggest that nitrate has a
predominantly direct effect on the reduction of methanogenesis and propionate synthesis.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The livestock sector contributes significantly to global food se-
curity, accounting for 17% and 33% of the world consumption of
kilojoules and proteins (Rosegrant et al., 2009). An increase in
global demands of meat (73%) and milk (58%) is projected for the
year 2050, compared to 2010; due to projected increases in world
population, urbanization, and income in developing countries
(FAOSTAT, 2020; Gerber et al., 2013a). To meet this demand, the
main challenge for the livestock sector is to increase production
efficiency while reducing the impact on the environment.

Ruminal fermentation plays a crucial role in the digestion and
transformation of structural and non-structural carbohydrates into
useful products and metabolites beneficial to ruminant animals
(Armstrong and Blaxter, 1957), a process that also generates
methane (CH4) which is then released into the atmosphere. This
CH4 source accounts for approximately 6% of global greenhouse gas
(GHG) emissions (Gerber et al., 2013b). Methane is produced during
ruminal methanogenesis by the methanogens that are closely
associated with ciliated protozoa and hydrogen (H2) producing
bacteria (Morgavi et al., 2010).

Studies have shown that CH4 emission is strongly related to feed
intake and diet composition (Hellwing et al., 2018; Hristov et al.,
2018), hence dietary interventions are among the most preferred
GHG mitigation avenues leading to concurrent reduction of emis-
sion intensities by increasing animal performance (Beauchemin
et al., 2020). One of these strategies is the supplementation of di-
ets with nitrate (NO3

e). The mitigation of CH4 emissions in vivo
through the use of NO3

e has proven to be effective, with an observed
reduction potential ranging from 6.8% to 12.5% for each 1% of NO3

e

added daily on a dry matter (DM) basis (Lund et al., 2014; van
Zijderveld et al., 2010; Veneman et al., 2015). It is known that
NO3

e in the rumen acts as an electron acceptor, thereby competing
for dissolved H2 between nitrate-reducing microorganisms and
methanogenic archaea (Latham et al., 2016). This mode of action is
thermodynamically explained, given that reduction of NO3

e to NH3
is more favorable (delta Gibbs [DG] ¼ �599.6 kJ/mol) than meth-
anogenesis (DG ¼ �136 kJ/mol) (Thauer et al., 1977).

To date, there are no conclusive research results on the effects of
NO3

e addition on ruminal fermentation and the ruminal microbiota,
mainly due to the scarcity of research results. While some studies
report a decrease in propionate production and an increase in ac-
etate production (Olijhoek et al., 2016; Troy et al., 2015), another
study reported an opposite effect (Wang et al., 2018), and others did
not reveal significant changes (Popova et al., 2017; Zhang et al.,
2019). It has been also reported that although methanogenesis
was inhibited with the inclusion of NO3

e, the concentration of H2
(gaseous and dissolved) increased (Guyader et al., 2015; Olijhoek
et al., 2016). All these reports suggest that competition for avail-
able H2 cannot be regarded as the only mode of action of NO3

e to
reduce CH4 emissions. A possible explanation for the inhibition of
methanogenesis could be the toxic effects of compounds derived
from nitrate-reduction causing a reduction in the relative abun-
dance and activity of methanogens (Granja-Salcedo et al., 2019;
Iwamoto et al., 2002; Popova et al., 2019).
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The production of volatile fatty acids (VFA), H2, and CH4 peak
shortly following feeding (van Lingen et al., 2017). Also, the
composition of ruminal microbiota varies widely during the day
due to the different fermentation stages of feeds (Shaani et al.,
2018). However, several studies that evaluated the effects of NO3

e

on ruminal microbiota focused their analysis on a single follow-up
time and did not report significant changes in the bacterial, pro-
tozoan, methanogenic and fungal communities (Granja-Salcedo
et al., 2019; Popova et al., 2017). Therefore, it is important to
consider the variation in the dynamics of the ruminal microbiota
and its metabolites in response to the inclusion of NO3

e in the diet.
Thus, the aim of this work was to simultaneously address the
temporal changes in the population of ruminal microbiota
(methanogens, bacteria, protozoa, and fungi), the concentration of
dissolved metabolites (ruminal ammonia nitrogen [NH3eN] and
VFA), and the emissions of CH4 in response to the inclusion of NO3

e

in the diet of calves, with the purpose of understanding the effect in
greater detail. In order to safeguard against unwanted effects on
animal health and performance, an intermediate level of NO3

e in-
clusion (15 g/kg DM) was chosen based on the finding of previous
studies (van Zijderveld et al., 2011a; Olijhoek et al., 2016), and a
gradual acclimatization to increasing levels was implemented. We
hypothesized that nitrate feeding would induce changes in ruminal
microbiota composition, resulting in changes in ruminal fermen-
tation profiles and lower CH4 emission.

2. Materials and methods

2.1. Experimental design and animal procedures

The protocols, procedures, and the care of the animals were
approved by the Institutional Committee for the Care and Use of
Animals (CICUAE File No. 2017/124, approval date September 12,
2017) of the National Institute of Agricultural Technology (INTA),
Argentina.

The experiment was conducted in the Experimental Dairy
Centre of the Balcarce Experimental Station at INTA, Argentina.
Eighteen Holstein calves (7 heifers and 11 steers) of 8.1 ± 0.5
months of age and 214 ± 13.5 kg of live weight (LW) were randomly
allocated to either a control diet (CTR; including 5 steers and 4
heifers) or a nitrate diet (NIT; including 6 steers and 3 heifers). The
CTR group received a total mix ration (on DM basis), containing
ground corn (69.3%), soybean expeller (8.4%), urea (0.8%), vitamin-
mineral premix (1.1%), and grass hay (20.4%); whereas the NIT
group received a total mix ration (on DM basis), containing ground
corn (68.4%), soybean expeller (8.4%), urea (0.2%), vitamin-mineral
premix (1.1%), grass hay (20.4%), and 1.5% of nitrate (as calcium
nitrate, Calcinit YARALIVA, Olso, Norway), (Appendix Table 1).

The trial included 30 d of acclimatization to diet, followed by a
15-d period of measurements (on d 31 to 45). To reduce the risks of
toxicity from nitrites (ruminal microorganism convert NO3

e to ni-
trite [NO2

e]), the amount of NO3
e in the diet was gradually increased

as previously described (Ortiz-Chura et al., 2021). Throughout the
experiment, the animals were kept in individual pens of 36m2 (9 m
length � 4 m width), which were constructed outdoors using

http://creativecommons.org/licenses/by-nc-nd/4.0/
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electric fences. The experimental animals were fed ad libitum twice
a day (08:00 and 16:00; equal rations), and drinking water was
freely available to them.

2.2. Diet chemical composition and feed intake

The experimental animals were fed at 100% of their ad libitum
consumption observed during the last week of the acclimatization
period. Feed dry matter intakes (DMI, in kilograms per day) by
individual animals were measured daily as the difference between
the amount offered and the amount refused. Refused feed was
collected from the feeding bins immediately before feeding. Dry
matter intake was also measured during the days of CH4 emission
measurements (on d 36 to 40), when the feeding level was set to
95% of the ad libitum feed intakemeasurement period to ensure the
complete intake of the diet. The experimental animals were
weighed on d 1 and 45 (initial and final weight, respectively),
following a fasting period of 24 h before initial and final weighing,
when feed and water were removed.

The dry matter concentration of feed offered was determined by
oven drying at 105 �C for 24 h. Ash concentrations were determined
by incineration at 550 �C for 4 h (AOAC, 1990; method 942.05). The
total nitrogen (TN) concentration was determined using a com-
bustion type auto-analyzer (Leco FP-2000, Leco Corp., St. Joseph,
MI) according to AOAC Official Methods (1990; method 990.03) and
the crude protein (CP) was calculated as TN � 6.25. The ether
extract (EE) concentration was determined after extraction with
petroleum ether using a Soxhlet System Apparatus (Electromantle
ME1000, UK) according to AOAC (1990; method 920.39). The con-
centration of the neutral detergent fiber (NDF) was determined
using the Ankom 220 fiber analyzer (ANKOM Technology,
Macedonia NYeUSA) according to Van Soest et al. (1991). The
starch concentration was analyzed using the enzymatic method
(MacRae and Armstrong, 1968).

2.3. Enteric methane emission

Methane emissions from individual animals were estimated
using the principles of the sulfur hexafluoride (SF6) tracer tech-
nique (Zimmerman, 1993; Johnson et al., 1994), with a slight
modification as described by Pinares-Pati~no et al. (2012). This
modification involved extending the duration of breathed air
sample collection from every 24 h (traditional technique) to 5
consecutive days (adapted technique). Briefly, at the beginning of
the acclimatization period, the calves were orally dosed with
permeation tubes containing the tracer. The tubes were chosen
from a larger number based on their high linearity of mass loss
(R2 > 0.99) and narrow range of pre-calibrated rates of SF6
permeation (4.57 ± 0.64 mg/d; range 3.85 to 5.99 mg/d). The
sample collection system consisted of polyvinyl chloride yoke-
shaped devices (2.5 L volume) and the sample flow regulator was
a metal capillary (10 cm length), with a small section (5 mm)
pressed until the desired flow was achieved (initial flow rate
0.25 mL/min). Approximately, 500 mbar of internal pressure in the
collection device at the end of sample collection was aimed
(Pinares-Pati~no and Clark, 2008). The sampling period was 5
consecutive days as proposed by Gere and Gratton (2010) and
validated by Pinares-Pati~no et al. (2012). Parallel to the animal
breath sample collections, background air samples were also
collected at a surrounding site, away from the animal pens to
determine the baseline atmospheric concentrations of CH4 and SF6.
These background samples were collected in duplicate, facing the
wind direction. Given the disposition of the animal pens, it was
assumed that concentrations of CH4 and SF6 in the inspired air by
animals would be similar to those at the background samplers.
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Sampling for CH4 emission started at 08:30 on d 36 and ended at
08:00 on d 40. The concentrations of CH4 and SF6 were analyzed
using a gas chromatograph (PerkinElmer 600, USA) as described by
Gere et al. (2019).

Methane emissions were calculated using the permeation rate
of each SF6 permeation tube and the concentration of CH4 and SF6
measured in each sample, according to the equation described by
Williams et al. (2011):

CH4ðg=dÞ¼ PR SF6ðg=dÞ �
½CH4�e½BGCH4�
½SF6�e½BGSF6�

� MWCH4

MWSF6
� 1;000

where PR SF6 is the permeation rate of the SF6 tubes; [CH4] and
[SF6] are the concentrations of these gases in the samplers; [BG] is
the baseline atmospheric concentrations (baseline values were
2.8 ± 0.3 parts per million and 6.3 ± 0.7 parts per trillion for CH4
and SF6, respectively); MWCH4 and MWSF6 are the molecular mass
of CH4 (16.04 g/mol) and SF6 (146.06 g/mol), respectively.
2.4. Sampling and processing of ruminal fluid

The ruminal fluid of the 18 animals in study was sampled at 3
evaluation times: 0 h pre-feeding (08:00), 4 h post-feeding (12:00),
and 8 h post-feeding (16:00; immediately before the afternoon
feeding) on d 41, 42 and 43, respectively. Samples of ruminal fluid
(approximately 200 mL per animal) were obtained by esophageal
tubing using a flexible PVC tube (2 mm of wall thickness and 8 mm
of internal diameter; Tecnocom, Buenos Aires, Argentina) with
about 25 holes of 3 mm diameter in the 15 cm-probe head, and an
electric vacuum pump (down to 7mbar; PXC-100, BOMBAS PASCAL
S.A., Argentina). Then, the samples were filtered with a 3-cloth
gauze, and immediately afterward the pH of each sample was
measured. Finally, 50 mL was subsampled for microbial studies,
10 mL for determination of VFA concentration, 10 mL for ammonia
concentration, and 5 mL for the count of ciliated protozoa. The
samples for microbial studies were lyophilized and stored
at �70 �C, and the samples for ruminal fermentationwere acidified
by the addition of 100 mL of 99% sulfuric acid and kept at �20 �C
until their use. Samples for protozoa count were conserved in a
solution of 10% formaldehyde (vol/vol), at room temperature.
2.5. Determinations of the ruminal fermentation parameters

Concentrations of VFAwere determined by gas chromatography
using Konik 5000B equipment (KONIK Group. Miami, USA) and
according to the procedures described by Friggens et al. (1998). The
concentration of total VFA was expressed in mM, and the fermen-
tation profiles of acetate, propionate, iso-butyrate, butyrate, iso-
valerate, and valerate were expressed in percentage of total VFA.
Ruminal NH3eN concentration was determined using the color-
imetry technique using the uremia kit (Lab Wiener, Rosario-
Argentina) according to the manufacturer's instructions. The pH
of the ruminal samples was analyzed with a potentiometer
(Corning Ltd, Halstead, Essex, UK).
2.6. DNA extraction, microbial quantification of specific populations
and counting of protozoa

Total genomic DNA was extracted from 100 mg of the lyophi-
lized ruminal sample using the commercial Mini Kit DNA Stool
QIAamp extraction kit (Qiagen GmbH, Hilden, Germany) following
the manufacturer's instructions. The DNA concentration was
analyzed qualitatively and quantitatively using electrophoretic
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runs on 0.8% agarose gels and fluorometry (Qubit 2.0, Qubit dsDNA
Broad Range Assay Kit, Life Technologies, Oregon, USA).

The absolute quantification of specific microbial populations
was determined using real-time PCR (qPCR) by comparison with
serial dilutions (108 to 101) of specific plasmid DNA standards. The
quantitative qPCR was performed using the StepOnePlus Real-Time
System (TermoFisher Scientific, USA). A total of 2 mL of genomic
DNA (10 ng/mL) was added to the amplification reaction containing
20 pmol of each primer, 4 mL of 5X HOT FIREPol EvaGreen qPCRMix
Plus (Solis BioDyne, Estonia), and DNA/RNA free water adjusting to
the total volume (20 mL) in duplicate for each sample. The primers
used for the amplification of the 16S rRNA andmethyl coenzyme-M
reductase (mcrA) gene regionwere obtained from the bibliographic
reference (Appendix Table 2).

The amplification of the fragments was previously fine-tuned
(Ortiz-Chura et al., 2018). The procedure briefly consisted of a cy-
cle of 95 �C for 15 min, followed by 40 cycles of 95 �C for 30 s for
denaturation; hybridization at 60 �C for 30 s, but which varied
according to the primer, and 72 �C for 1 min for the extension. The
quantification was based on the construction of regression curves
of the standard plasmid with already known concentrations. In
each reaction, the linear regression values of the standard curve
were within normal limits (R2 ¼ 0.99, slope ¼ �3.2 to �3.6 and
efficiency ¼ 95% to 110%).

The ruminal ciliated protozoa count was performed according to
the methodology described by Dehority (1993). This procedure
consisted of mixing the previously filtered fluid samples with a
formalin saline solution. Then, the samples were stained with
methyl green and the count of the number of ciliated protozoa was
performed using an optical microscope (Nikon eclipse E200MV,
Nikon Tokyo, Japan).
2.7. Microbial analysis by 16S rRNA amplicon sequencing

In order to analyze the meta-taxonomic temporal changes of
ruminal bacteria, a total of 30 samples of genomic DNA of ruminal
content were evaluated, consisting of 5 samples randomly chosen
from each treatment group, at 3 separate evaluation times. The
samples for 16S rRNA amplicon sequencing were sent to the Ge-
nomics and Sequencing Service of the Research Center in Veteri-
nary and Agronomic Sciences of INTA, Argentina. The processing
of samples for sequencing is briefly described below. A PCR was
used to amplify the V3 to V4 regions of the 16S rRNA gene for
bacteria. For this purpose, 4 primers were used: 2 specific �341f/
805r (341F: CCTACGGGNGGCWGCAG and 805R: GACTACHVGGG
TATCTAATCC) þ 2 that contain the adapter sequences P5/P7 for
the indexed flow cells (Klindworth et al., 2012). The reactions
were kept at 95 �C for 3 min to denature the DNA, proceeding to
amplification for 30 cycles at 95 �C for 30 s, 55 �C for 30 s and 72 �C
for 45 s; a final extension of 10 min at 72 �C was added to ensure
complete amplification.

The expected fragment length of the PCR products was verified
with agarose gel electrophoresis (1%) with ethidium bromide, and
the size of the amplicon was estimated comparing it with a scale of
1 kb plus DNA (1 kb plus the scale of DNA, Invitrogen, Carlsbad, CA,
USA). In addition, the PCR fragments were purified using the
Agencourt AMPure XP kit (Beckman Coulter, USA) following the
manufacturer's instructions. Finally, to validate the library, the size
of the DNA fragment was verified using the 5200 Fragment
Analyzer System (Agilent Technology Inc. CA. USA). The amplicons
were sequenced with the Illumina MiSeq platform (Illumina Inc.,
San Diego, USA). Raw data of the sequencing from our samples are
available upon request.
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2.8. Bioinformatic analysis

Sequencing of the bacterial 16S rRNA amplicon yielded
3,178,366 paired-end reads with a mean length of 464 pb, which
merged using Mothur's Make. Contig command (Schloss et al.,
2009). Further, sequences were quality trimmed and those that
did not meet the following criteria were excluded from analysis:
length 200 to 600 bp, ambiguous bases > 6, Phred score > 25, ho-
mopolymer < 8, mismatches in primers < 4. Operational taxonomic
units (OTU) picking was performed using the Uclust algorithmwith
GreenGenes v13.8 database as a reference and 97% of similarity
threshold (Seedorf et al., 2014). Representative sequences were
aligned using PyNAST (Caporaso et al., 2009), and chimeric se-
quences were searched using the Chimera. Uchime command from
the Mothur package. The taxonomy was assigned using the
GreenGenes v13.8 database.

2.9. Statistical analysis

Data for feed intake and CH4 emission were analyzed using a
general linear model (GLM) SAS Software (13.1, SAS Institute SAS,
2013, Cary, NC, USA) as a randomized complete block design
(Block ¼ Sex), according to the following model I:

Yij ¼ m þ Sexi þ Treatj þ еij,

where: Yij ¼ response variable; m ¼ general mean of the experi-
ment; Sexi ¼ sex (i¼ 2); Treatj¼ dietary treatments, CTR versus NIT
(j ¼ 2); еij ¼ experimental error. Data for pH, NH3eN, VFA, ciliated
protozoa, the concentration of bacteria, methanogens and fungi by
qPCR, and the alpha-diversity indices (Chao 1 and ACE estimators
and Shannon and Simpson diversity indices) were compared be-
tween dietary treatments and sampling times by a repeated mea-
sures ANOVA using the PROCMIXED of the SAS Software, according
to the model II:

Yijkl ¼ m þ Sexi þ Treatj þ Animk

(Treat) þ Timel þ Treat � Time þ еijkl,

where: Yijkl ¼ response variable; m ¼ general mean of the experi-
ment; Sexi ¼ sex (i ¼ 2; block); Treatj ¼ dietary treatments, CTR
versus NIT (j ¼ 2); Anim (Treat)k ¼ is the repeated effect of the kth
calf within the jth dietary treatments (k ¼ 18); Timel ¼ sampling
times (l ¼ 3); Treat � Time ¼ interaction; еijkl ¼ experimental error.

The OTU tables and raw counts per taxonomic level were used to
compute the relative abundance of bacterial phyla and genera. The
data of abundance were analyzed according to model II using PROC
MIXED of SAS Software, either for data with normal distribution or
for those data that were transformed to normalize them using the
square root function. Prior to the alpha and beta-diversity analysis,
the data from the OTU table of the samples were normalized using
the rarefy function of the vegan package in R Studio 3.6.1 (R Core
Team, 2019), which is applied as an ad hoc medium to normalize
the microbiome counts that have resulted from libraries of very
different sizes.

For the beta-diversity analysis, the ordering graphs of the non-
metric dimensional scale (NMDS) were applied using the
BrayeCurtis dissimilarity distance in the R ggplot2 package
(Wickham, 2016) and the meta MDS function in the R vegan sta-
tistical package (Oksanen et al., 2019), in which the OTU were
rarefied to the lowest sequence number. For statistical analysis of
beta-diversity, we performed the permutational multivariate
analysis of variance (PERMANOVA) using Adonis function in R. In
addition, for each set of beta-diversity data, the differences were
compared using the group dispersion homogeneity test using the



Table 2
Effects of diet, time of collection of sample and their interaction on ruminal pH and
fermentation parameters in ruminal fluid collected from Holstein calves fed a con-
trol diet (CTR) and a nitrate-containing diet (NIT).

Item Diet SEM P-value

CTR NIT Diet Time D � T

pH 6.8 6.8 0.03 0.753 0.001 0.136

A. Ortiz-Chura, J. Gere, G. Marcoppido et al. Animal Nutrition 7 (2021) 1205e1218
betadisper function in the R vegan package (Anderson, 2006). All
differences were significant when P < 0.05.

Spearman's correlation analysis was used to determine the de-
gree of association between enteric CH4 emission, ruminal
fermentation, and the relative abundance of bacterial communities
from sequencing results. The analyses were performed using the
corrplot function in R.
NH3eN, mg/dL 8.5 10.2 0.35 0.047 0.002 0.001
Total VFA, mmol/L 236.2 228.4 8.23 0.253 0.036 0.092
Fermentation profile, %
Acetate 69.6 75.3 0.55 0.009 0.279 0.001
Propionate 20.9 14.9 0.49 0.010 0.245 0.001
Butyrate 6.2 6.9 0.19 0.198 0.817 0.149
Iso-butyrate 1.3 0.8 0.13 0.115 0.255 0.308
Valerate 0.6 0.4 0.02 0.037 0.917 0.165
Iso-valerate 1.3 1.4 0.05 0.748 0.411 0.098
A/P ratio 3.7 5.4 0.14 0.005 0.196 0.001

D � T ¼ Diet � Time interaction; NH3eN ¼ ammonia nitrogen; VFA ¼ Volatile fatty
3. Results

3.1. Feed intake and CH4 emission

Feed intake, initial and final weights did not differ (P > 0.05)
between dietary treatments. Compared to the CTR diet, feeding the
NIT diet decreased both CH4 emission (g/d; P ¼ 0.009) and CH4
yield (g/kg DMI; P ¼ 0.041), by 27% and 21%, respectively (Table 1).
acids; A/P ¼ acetate to propionate ratio.
3.2. Temporal changes of ruminal fermentation parameters

Ruminal pH and total VFA concentration did not differ (P > 0.05;
Table 2) between dietary treatments. Therewas no Diet� Time (i.e.,
sampling time) interaction effect on pH (P ¼ 0.136). However, pH
changed as a function of sampling time (P ¼ 0.001). The initial pH
was close to neutral, but 4 h post-feeding, this value decreased
significantly in both dietary treatments; then the pH value tended
to increase until reaching an average value of 6.8 in both treat-
ments. There were Diet, Time, and Diet � Time interaction effects
(P < 0.05) on the concentration of NH3eN. The concentrations of
NH3eN did not differ (P > 0.05) at 8 h post-feeding period, but for
the pre-feeding period it was higher for the CTR than for the NIT
diet; whereas at 4 h post-feeding it was higher for the NIT than for
the CTR diet (11.8 vs. 5.2 mg/dL, respectively) (Fig. 1A).

Total VFA concentration showed no Diet � Time interaction
(P ¼ 0.092). However, it changed with sampling time (P ¼ 0.036),
concentrations being higher at 4 h post-feeding than pre-feeding
and 8 h post-feeding periods (Fig. 1B). The fermentation profile
analysis showed Diet � Time interaction (P < 0.05) for the molar
proportion of acetate, propionate, and for the acetate to propionate
(A/P) ratio, whereas the molar proportions of the other VFA showed
no Diet � Time interaction (P > 0.05) (Table 2). No effects of sam-
pling time on the molar proportions of VFA were observed
(P > 0.05). Moreover, there were diet effects on the molar propor-
tion of acetate, propionate, valerate, and on the A/P ratio (P < 0.05;
Table 2). The molar proportion of acetate increased between 0 h
and 4 h for the NIT diet, whereas in the same period it decreased for
CTR diet, hence at 4 h post-feeding, the acetate molar proportion
was much higher for the NIT than for the CTR diet (Fig. 1C). For the
same period of sampling, the molar proportion of propionate
showed opposite changes than those for acetate, hence at 4 h post-
Table 1
Feed dry matter intake (DMI), average liveweight (LW) and methane emissions from
Holstein calves fed a control diet (CTR) and a nitrate-containing diet (NIT).

Item Diet SEM P-value

CTR NIT

DMI1, kg of DM/d 8.8 8.2 0.23 0.117
Initial LW, kg 213.9 214.2 4.76 0.960
Final LW, kg 267.6 265.8 5.81 0.832
DMI2, kg of DM/d 8.0 7.3 0.37 0.086
CH4 emission, g/d 242.7 178.0 15.33 0.009
CH4 yield, g/kg of DMI 30.8 24.4 2.16 0.041

DM ¼ dry matter.
1 DMI ad libitum.
2 DMI restricted (95%) during the methane measurement period.
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feeding, propionate molar proportion was higher for the CTR than
the NIT diet (Fig. 1D). The A/P ratio in the NIT diet increased from
0 h to 4 h post-feeding, hence, at 4 h post-feeding it was much
higher than for the CTR diet (P < 0.05).
3.3. Temporal changes of ruminal microbiota using qPCR

Feeding the NIT diet led to a significant decrease in the bacterial
population (P ¼ 0.001; Fig. 2A). Likewise, a time sampling effect
was observed (P¼ 0.002), but no Diet� Time interaction effect was
observed (P ¼ 0.353) (Table 3). The methanogens population
showed a Diet� Time interaction (P < 0.013) (Table 3). Compared to
the CTR diet, the NIT feeding decreased the methanogens popula-
tion, by 0.31 and 0.42 log10/g at 4 and 8 h post-feeding, respectively
(Fig. 2B). The total fungal population showed a Diet � Time inter-
action (P ¼ 0.003) (Table 3). The fungal population increased at 4 h
and 8 h post-feeding of the NIT diet in comparison to the CTR diet
(Fig. 2C). In addition, feeding the NIT diet increased significantly the
population of ciliated protozoa (P ¼ 0.001; Fig. 2D) and Fibrobacter
succinogenes (P ¼ 0.001; Fig. 3A) compared to the CTR diet. How-
ever, neither Diet � Time interaction nor time sampling effects
were observed (P > 0.05).

The populations of Ruminococcus albus, Ruminococcus flavefaciens,
and Veillonella parvula showed no Diet� Time interaction (P > 0.05).
However, feeding the NIT diet decreased the populations of R. albus
and R. flavefaciens compared to the CTR diet (P < 0.05; Fig. 3B and C).
No differences were observed between dietary treatments for the
population of V. parvula (P¼ 0.349) and no sampling time effect was
observed either (P ¼ 0.110). The population of Selenomonas rumi-
nantium showed a Diet � Time interaction (P ¼ 0.046), the popula-
tion was much higher for the CTR than for the NIT diet at the pre-
feeding and 4 h post-feeding periods (Fig. 3D).
3.4. Diversity and composition of bacterial communities

A total of 2,783,124 bacterial and archaeal sequences were ob-
tained as a result of the filtering analysis from 30 samples. The
results revealed that the richness indices (Chao1 and ACE) and
alpha-diversity estimators (Shannon and Simpson) of the ruminal
bacteria did not differ between the dietary treatments (P > 0.05) or
during the 3 evaluation times (P > 0.05) (Appendix Table 3). The
beta-dispersion analysis showed differences between dietary
treatments (Appendix Fig. A). However, the beta-diversity analysis
of bacterial communities revealed significant differences between
the dietary treatments (P < 0.001); and showed a distinct



Fig. 1. Temporal changes of fermentation parameters (mean ± standard error) in ruminal fluid collected from Holstein calves fed a control diet (CTR; grey line) and a nitrate-
containing diet (NIT; black line). (A) Ruminal ammonia (NH3eN); (B) total volatile fatty acids; (C) molar proportion of acetate; (D) molar proportion of propionate. 0 h: pre-
feeding; 4 h: 4 h post-feeding; 8 h: 8 h post-feeding. Significance level: *, P � 0.05; **, P < 0.01; ***, P < 0.001.

Fig. 2. Temporal changes of ruminal microbial populations (mean ± standard error) in ruminal fluid collected from Holstein calves fed a control diet (CTR; grey line) and a nitrate-
containing diet (NIT; black line). (A) Total bacteria; (B) total methanogens; C) total fungi; D) total ciliate protozoa. 0 h: Pre-feeding; 4 h: 4 h post-feeding; 8 h: 8 h post-feeding.
Significance level: *, P � 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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separation in the analysis of NMDS plot between the dietary
treatments (Fig. 4). As regards the time factor, no separation was
observed between the 3 levels, and no significant differences were
found (P ¼ 0.996).
1210
A total of 24 bacterial and archaeal phylawere identified. The 12
most abundant bacterial phyla found in both treatments and in the
3 evaluation timeswere those summarized in Table 4 and Fig. 5. The
Euryarchaeota phyla was the only one identified within the



Table 3
Effect of diet, time collection and their interaction on ruminal microbiota (copies
log10/g) in ruminal fluid collected from Holstein calves fed a control diet (CTR) and a
nitrate-containing diet (NIT).

Item Diet SEM P-value

CTR NIT Diet Time D � T

Total bacteria 11.8 11.4 0.03 0.001 0.002 0.353
Methanogens 8.4 8.2 0.03 0.048 0.001 0.013
Fungi 4.8 6.5 0.12 0.001 0.122 0.003
Protozoa, log10/mL 4.8 6.0 0.04 0.001 0.057 0.140
Fibrobacter succinogenes 6.4 7.2 0.07 0.001 0.460 0.747
Ruminococcus albus 7.4 6.5 0.06 0.001 0.003 0.182
Ruminococcus flavefaciens 9.1 7.4 0.05 0.001 0.051 0.061
Selenomonas ruminatium 8.5 7.7 0.06 0.001 0.160 0.046
Veillonella parvula 5.3 5.2 0.08 0.349 0.110 0.800

D � T ¼ Diet � Time interaction.
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archaeal community, and the sequences that were not classified
under any phylum (other) in the dietary treatments and during the
3 evaluation times were on average (7.6 ± 0.96)% and (7.4 ± 1.54)%
(mean ± standard deviation) in the CTR diet and the NIT diet,
respectively. The Firmicutes and Bacteroidetes phyla were the most
abundant ones, accounting for 84.1% and 85.7% of the total bacterial
phyla in the CTR diet and the NIT diet, respectively. Likewise,
changes in the relative abundance of Firmicutes and Bacteroidetes
phyla were variable among animals within each dietary treatment,
i.e., the coefficient of variation (CV) in the pre-feeding period
ranged from 5.9% to 13.9%. In contrast, in the 4 h and 8 h post-
feeding periods, the CV ranged from 6.1% to 26.3% (Fig. 5). How-
ever, the relative abundance of these dominant phyla, that of the
Tenericutes, WPS-2, Cyanobacteria, Euryarchaeota phyla, and the
Firmicutes to Bacteroidetes ratio (F/B) did not result in a
Diet� Time interaction and neither did they differ between dietary
treatments (P > 0.05).
Fig. 3. Temporal changes of ruminal microbial populations (mean ± standard error) in rumi
containing diet (NIT; black line). (A) Fibrobacter succinogenes; (B) Ruminococcus albus; (C) Ru
feeding; 8 h: 8 h post-feeding. Significance level: *, P � 0.05; **, P < 0.01; ***, P < 0.001;
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In turn, no interaction was observed for the Proteobacteria,
Spirochaetes, and Synergistetes phyla (P > 0.05), but their abun-
dance decreased as a result of feeding the NIT diet (P < 0.05). The
TM7 and Fibrobacteres phyla did not show any interaction either
(P < 0.05), but their abundance increased as a result of feeding the
NIT diet compared to the CTR diet. Moreover, a significant effect of
sampling times was observed on the relative abundance of TM7,
Cyanobacteria, and Euryarchaeota (P < 0.05). However, the Firmi-
cutes, Bacteroidetes, Proteobacteria, Spirochaetes, Tenericutes,
WPS-2, Synergistetes, and Fibrobacteres phyla and the F/B ratio did
not differ among the sampling times (P > 0.05). An interaction of
Diet � Time (P < 0.05) was shown for Actinobacteria and Verru-
comicrobia. Compared to the CTR diet, feeding the NIT diet
increased the relative abundance of Actinobacteria at 0 h (P < 0.05),
whereas, the relative abundance of Verrucomicrobia was increased
at 4 and 8 h post-feeding (P < 0.05) (Table 4).

Feeding the NIT diet reduced the ruminal abundance of Succi-
niclasticum, Coprococcus, Treponema, Shuttlewortia, Succinivibrio,
Pseudobutyrivibrio, Sharpea, and Selenomona, compared to the CTR
diet (P < 0.05). This contrasts with the abundance of Atopobium,
Erysipelotrichaceae_L7A_E11, and Fibrobacter, which increased in
the NIT diet (P < 0.05). However, no differences were found be-
tween dietary treatments for the Prevotella, Ruminococcus, Butyr-
ivibrio, Clostridium, Oscillospira, Bulleidia, Moryella, Streptococcus,
Schwartia, Lactobacillus, and Mogibacterium genera (P > 0.05)
(Table 5). On the other hand, significant changes were observed as a
result of the sampling times, as the abundance of the genera
Pseudobutyrivibrio, Butyrivibrio, Clostridium, and Mogibacterium
decreased and then recovered. In contrast, the abundance of the
genus Ruminococcus increased at 4 h post-feeding (P < 0.05).
Furthermore, a Diet � Time interaction was observed (P < 0.05) for
the Atopobium and Erysipelotrichaceae L7A_E11 genera. The abun-
dance of Atopobiumwas higher for the NIT diet than for the CTR diet
nal fluid collected from Holstein calves fed a control diet (CTR; grey line) and a nitrate-
minococcus flavefaciens; (D) Selenomonas ruminantium. 0 h: Pre-feeding; 4 h: 4 h post-
****, P < 0.0001.



Fig. 4. Comparison of bacterial community structure and composition between dietary
treatments, control (CTR; C) and nitrate (NIT; :). During the sampling times, 0 h:
pre-feeding (red round symbol), 4 h: 4 h post-feeding (green round symbol), and 8 h:
8 h post-feeding (blue round symbol). Data were examined by multivariate analysis,
non-metric multidimensional scaling (NMDS) plots derived from Bray Curtis dissimi-
larity analysis between animals. Samples were plotted along the first 2 component
axes. The microbial composition was compared using the Adonis Test. Diets effect, P-
value < 0.001, Time effect, P-value ¼ 0.996.
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only in the pre-feeding period (P < 0.05); whereas, the abundance
of genus L7A_E11 from the Erysipelotrichaceae family was higher at
0 and 4 h post-feeding periods for the NIT diet than for the CTR diet
(P < 0.05).
3.5. Correlation between methane emission, ruminal fermentation,
and ruminal microbiota

In order to estimate the degree of association between enteric
CH4 emission, ruminal fermentation and ruminal microbiota, a
correlation analysis was performed for both dietary treatments at
0 h (pre-feeding period). In the CTR diet (Fig. 6A), the CH4 emission
and yield were not significantly correlated with any member of the
ruminal microbiota. The proportion of acetate was positively
correlated with the Tenericutes phyla (r ¼ 0.90, P < 0.05) and
negatively correlated with the F/B ratio (r ¼ �0.90, P < 0.05),
Shuttlewortia (r ¼ �0.90, P < 0.05) and Selenomona (r � �0.90,
P < 0.001). Propionate was negatively correlated with
Table 4
Effects of diet, time collection of sample and their interaction on the relative abundance
Holstein calves fed a control diet (CTR) and a nitrate-containing diet (NIT).

Item Diet Time1

CTR NIT 0 h 4 h

Firmicutes 47.74 50.31 49.02 50.64
Bacteroidetes 36.38 35.39 35.15 34.85
Proteobacteria 2.34 1.07 1.64 2.02
Spirochaetes 2.21 0.81 1.70 1.26
Tenericutes 1.51 1.86 1.55 1.61
Actinobacteria 1.31 1.28 1.57a 1.46a

TM7 0.43 1.09 0.63b 1.05a

Cyanobacteria 0.12 0.06 0.06b 0.12a

WPS-2 0.08 0.01 0.10 0.01
Verrucomicrobia 0.07 0.27 0.15 0.17
Synergistetes 0.03 <0.01 0.02 0.01
Fibrobacteres <0.01 0.08 0.04 0.02
Euryarchaeota 0.12 0.33 0.27a 0.27a

F/B ratio 1.38 1.52 1.45 1.59

D � T ¼ Diet � Time interaction; F/B ratio ¼ Firmicutes to Bacteroidetes ratio.
a, b Within rows, means with different superscripts differ at P � 0.05.

1 0 h: pre-feeding period; 4 and 8 h: post-feeding periods.
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Cyanobacteria (r¼�0.90, P < 0.05) and Erysipelotrichaceae L7A_E11
(r ¼ �0.90, P < 0.05), and positively correlated with Actinobacteria
(r ¼ 0.90, P < 0.05), Fibrobacteres (r ¼ 0.90, P < 0.05), Succiniclas-
ticum (r ¼ 0.90, P < 0.05), Shuttlewortia (r � 0.90, P < 0.001), Sele-
nomona (r ¼ 0.90, P < 0.05), Lactobacillus (r ¼ 0.90, P < 0.05) and
Fibrobacter (r ¼ 0.90, P < 0.05). NH3eN was negatively correlated
with Bacteroidetes (r ¼ �0.90, P < 0.05) and Moryella (r ¼ �0.90,
P < 0.05) and pH was positively correlated with the relative
abundance of the Butyrivibrio genus (r ¼ 0.90, P < 0.05).

On the other hand, in the NIT diet (Fig. 6B), the CH4 emissionwas
positively correlated with Succinivibrio (r � 0.90, P < 0.001), and
negatively correlated with Cyanobacteria (r��0.90, P < 0.001) and
Pseudobutyrivibrio (r ¼ �0.90, P < 0.05). Methane yield was posi-
tively correlated with TM7 (r ¼ 0.90, P < 0.05), Bulleidia (r ¼ 0.90,
P < 0.05), and negatively correlated with Tenericutes (r ¼ �0.90,
P < 0.05), Fibrobacteres (r ¼ �0.90, P < 0.05) and Fibrobacter
(r ¼ �0.90, P < 0.05). The proportion of acetate was positively
correlated with Cyanobacteria (r ¼ 0.90, P < 0.05) and negatively
correlated with Prevotella (r ¼ �0.90, P < 0.05) and Succinivibrio
(r ¼ �0.90, P < 0.05). In contrast, propionate was positively corre-
lated with Succinivibrio (r � 0.90, P < 0.001) and negatively with
Cyanobacteria (r ¼ �0.96, P < 0.001) and Pseudobutyrivibrio
(r ¼ �0.90, P < 0.05). Butyrate was negatively correlated with
Fibrobacteres (r ¼ �0.90, P < 0.05) and Fibrobacter (r ¼ �0.90,
P < 0.05). The total VFA concentration was positively correlated
with Succiniclasticum (r ¼ 0.90, P < 0.05), and negatively correlated
with Shuttlewortia (r ¼ �0.90, P < 0.05). The NH3eN concentration
was positively correlated with Spirochaetes (r ¼ 0.90, P < 0.05) and
Treponema (r ¼ 0.90, P < 0.05). Ruminal pH was positively corre-
lated with Bacteroidetes (r � 0.90, P < 0.001) and Prevotella
(r ¼ 0.90, P < 0.05), and negatively correlated with the F/B ratio
(r ¼ �0.90, P < 0.05), Coprococcus (r � �0.90, P < 0.001) and Ery-
sipelotrichaceae L7A E11 (r ¼ �0.90, P < 0.05).

4. Discussion

4.1. Feed intake, methane emission, and methanogen population

Drymatter intakewas not affected when nitratewas included in
the diet of dairy calves at 15 g/kg of DM. This is in agreement with
findings from previous studies (Hulshof et al., 2012; Olijhoek et al.,
2016). However, recent studies by Meller et al. (2019) and Rebelo
et al. (2019) reported a decrease of around 8.0% in DMI for
of ruminal bacteria at phylum level (% of the total) in ruminal fluid collected from

SEM P-value

8 h Diet Time D � T

47.42 0.952 0.358 0.406 0.214
37.66 0.950 0.790 0.432 0.177
1.46 0.199 0.014 0.514 0.229
1.58 0.003 0.038 0.732 0.724
1.90 0.117 0.381 0.451 0.178
0.87b 0.096 0.964 0.019 0.003
0.60b 0.076 0.016 0.047 0.211
0.09ab 0.008 0.218 0.005 0.661
0.02 0.005 0.274 0.053 0.434
0.21 0.013 0.015 0.216 0.031
0.02 0.003 0.013 0.415 0.322
0.06 0.009 0.001 0.349 0.321
0.13b 0.029 0.249 0.037 0.249
1.32 0.070 0.574 0.313 0.234



Fig. 5. Ruminal relative abundance of the most abundant phyla in individual ruminal fluid collected from Holstein calves fed a control diet (CTR; n ¼ 5) and a nitrate-containing
(NIT; n ¼ 5) diet. During 3 sampling times; 0 h: pre-feeding; 4 h: 4 h post-feeding; 8 h: 8 h post-feeding.

Table 5
Effects of diet, time collection of sample and their interaction on the relative abundance of ruminal bacteria at genus level (% of the total) in ruminal fluid collected from
Holstein calves fed a control diet (CTR) and a nitrate-containing diet (NIT).

Item Diet Time1 SEM P-value

CTR NIT 0 h 4 h 8 h Diet Time D � T

Group of diminished bacteria by NIT diet
Succiniclasticum 1.90 0.59 1.19 1.16 1.39 0.069 0.004 0.354 0.132
Coprococcus 1.87 0.44 0.87 1.67 0.92 0.225 0.015 0.167 0.848
Treponema 1.31 0.66 1.10 0.89 0.97 0.315 0.033 0.062 0.585
Shuttlewortia 1.07 0.20 0.68 0.56 0.65 0.117 0.007 0.052 0.591
Succinivibrio 0.84 0.01 0.34 0.57 0.37 0.106 0.006 0.603 0.279
Pseudobutyrivibrio 0.58 0.04 0.41a 0.16b 0.36ab 0.036 0.002 0.016 0.056
Sharpea 0.32 0.04 0.14 0.22 0.18 0.032 0.010 0.642 0.185
Selenomona 0.22 0.10 0.13 0.13 0.21 0.023 0.024 0.270 0.271

Group of increased bacteria by NIT diet

Atopobium 0.18 0.52 0.55a 0.36ab 0.13b 0.052 0.023 0.015 0.008
Erysipelotrichaceae_L7A_E11 0.08 0.21 0.20a 0.10b 0.13b 0.011 0.010 0.005 0.010
Fibrobacter <0.01 0.08 0.04 0.02 0.06 0.009 0.003 0.240 0.192

Group of bacteria unchanged by NIT diet

Prevotella 17.16 16.68 15.79 17.40 17.58 0.583 0.856 0.409 0.778
Ruminococcus 6.18 7.34 4.71b 9.66a 5.90b 0.530 0.483 0.004 0.511
Butyrivibrio 3.55 4.59 5.08a 3.42b 3.72ab 0.254 0.207 0.037 0.065
Ruminococeae_Clostridium 0.92 0.99 0.96b 0.89b 1.02a 0.110 0.804 0.011 0.823
Oscillospira 0.79 0.80 0.74 0.80 0.84 0.093 0.971 0.920 0.828
Bulleidia 0.65 0.42 0.49 0.77 0.35 0.143 0.886 0.133 0.164
Moryella 0.13 0.19 0.19 0.12 0.18 0.018 0.132 0.277 0.572
Streptococcus 0.07 0.07 0.07 0.08 0.06 0.005 0.642 0.185 0.262
Schwartia 0.07 0.02 0.05 0.03 0.06 0.004 0.065 0.088 0.417
Lactobacilus 0.07 0.02 0.05 0.04 0.04 0.016 0.090 0.535 0.067
Mogibacterium 0.04 0.06 0.07a 0.05ab 0.03b 0.005 0.256 0.020 0.184

D � T ¼ Diet � Time interaction.
a, b Within a row, means with different superscripts differ at P � 0.05.
10 h: pre-feeding period; 4 and 8 h: post-feeding periods.
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inclusions of nitrate at similar levels of inclusion. This decrease in
DMI was attributed, initially, to nitrate toxicity (evidenced by
increased blood methemoglobin level [>20% of total hemoglobin]),
when animals received diets >1% (on DM basis) of nitrate and
without considering a scheme of dietary acclimatization (Bruning-
Fann and Kaneene, 1993). Likewise, when the methemoglobinemia
incidence was controlled, by gradual acclimatization or by using
protected nitrate, the reduction in DMI was explained mainly due
1213
to the organoleptic properties of nitrate (bitter taste), both in cattle
(Newbold et al., 2014; Lee et al., 2015) and in sheep (Li et al., 2012).
Therefore, it seems that a gradual acclimatization scheme to nitrate
is key tomaintain DMI levels without affecting animal performance
(van Zijderveld et al., 2011b) and without compromising animal
health (Ortiz-Chura et al., 2021).

Methane yield was reduced by 21% when nitrate was included
in the diet of dairy calves. This result agrees with findings from



Fig. 6. Spearman's correlation analysis between methane (CH4) emission, ruminal fermentation and ruminal microbiota by 16S rRNA amplicons sequencing for the pre-feeding
period (0 h), for a control diet (A) and a nitrate containing diet (B). Significance level: *: P � 0.05; **: P < 0.01; ***: P < 0.001. CH4 total: expressed in grams of CH4 per ani-
mal; CH4 yield: expressed in grams of CH4 per kilogram of dry matter intake.
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previous studies showing a reduction of between 16% and 25%
with inclusion levels between 13 and 21 g of NO3

e/kg of DM (Klop
et al., 2016; Lund et al., 2014; Olijhoek et al., 2016; van Zijderveld
et al., 2011a). In contrast, Meller et al. (2019) and Rebelo et al.
(2019) reported that although the CH4 emission was decreased
as a result of dietary nitrate, no differences in CH4 yield were
observed. This lower CH4 emission and null effect on CH4 yield
were mainly attributed to lowered DMI by nitrate effect because
feed intake is positively associated with enteric CH4 emissions
(Hristov et al., 2018). However, in the present study, the lower CH4
emission is not related to DMI variation, as it did not differ
significantly among dietary treatments. Therefore, the lower CH4
emission would be mainly related to the mode of action of nitrate
at the ruminal level.

In the rumen, the reduction of NO3
e to NH3 is energetically more

favorable than carbon dioxide reduction. Stoichiometrically, the
addition of 1 mol of NO3

e reduces by 1 mol the CH4 production,
which is equivalent to 28.4 g of CH4/100 g of NO3

e (Latham et al.,
2016). Thus, assuming a complete reduction of NO3

e, the addition
of 15 g of calcium nitrate (equivalent to 11.3 g NO3

e/kg of DM) would
have a reduction potential of 2.9 g CH4/kg of DM. However, the CH4
reduction observed in the present study (6.4 g/kg of DM) was much
higher than the stoichiometric expectation. Reported CH4 reduc-
tion efficiencies greater than 100% of those from the stoichiometric
expected value (Zhang et al., 2019), and increasing H2 concentration
(gaseous and dissolved) after feeding dietary nitrate (Guyader et al.,
2015; Olijhoek et al., 2016), suggest that nitrate may not act only as
an effective H2 sink. In this sense, the toxic effects of nitrate-
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reducing metabolites (e.g., nitrite, nitrate esters, nitric oxide, and
nitrous oxide) on ruminal methanogen growth seem to be more
important because this inhibitory effect was previously reported in
in vitro (Iwamoto et al., 2002) and in vivo studies (Asanuma et al.,
2015). In addition, some studies suggest that hydrogenotrophic
methanogens such as Methanobrevibacter spp. would be very sen-
sitive to dietary nitrate (Bowen et al., 2020). Although the direct
and indirect effects on methanogens and other members of the
ruminal microbiota remain unclear, these inhibitory effects may
result from the oxidizing nature of nitrite in relation to its anti-
microbial properties (Cammack et al., 1999; Marais et al., 1988).

In the present study, the decrease in CH4 emissions and CH4
yield as a result of NIT diet feeding seems not only due to ther-
modynamic competition for H2 but also to the inhibition of the
methanogen population (mcrA; a conserved gene involved in
methanogenesis) observed at 4 and 8 h post-feeding. Similar re-
sults inmcrA copy reductionwere reported in dairy cows fed nitrate
(Veneman et al., 2015). In the same line, Granja-Salcedo et al. (2019)
and Bowen et al. (2020) revealed that lower CH4 emissions in beef
cattle fed nitrate were associated with a smaller Euryarchaeota to
bacteria ratio and a lower abundance of M. spp.

4.2. Ruminal fermentation and microbiota

Ruminal pH usually decreases after feeding and then gradually
increases due to VFA absorption, rumination, and salivation
(Aschenbach et al., 2011). This pattern of change in pH was also
observed in the present study, for a diet low in forage to
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concentrate ratio (20:80). It is well known (e.g., van Lingen et al.,
2017) that following feeding, the molar proportion of acetate de-
creases and then recovers, whereas the molar proportion of pro-
pionate increases and then decreases. In this study, the described
patterns of change in molar proportions of VFA were observed in
the CTR diet. On the other hand, feeding the NIT diet altered the
fermentation profile in a contrasting pattern; i.e., an increase in the
molar proportion of acetate and a decrease in propionate molar
proportion (at 4 h post-feeding period). This latter profile was also
observed in in vitro (Lee et al., 2017) and in vivo (Hulshof et al.,
2012; Olijhoek et al., 2016; Troy et al., 2015) studies, when nitrate
was included in the diet.

Propionate synthesis is thermodynamically considered a more
favorable pathway under high H2 pressure conditions (typically
after feeding) (Janssen, 2010), and can sometimes be stimulated
whenmethanogenesis is inhibited (Wang et al., 2018). In this study,
although the concentration of dissolved H2 was not evaluated, the
results suggest that the available H2 was not incorporated into the
propiogenesis either, as the proportion of propionate decreased
when fed the NIT diet. Therefore, it might be suggested that
changes in the fermentation profile might be more related to the
toxic effects of the nitrate-reduction metabolites on bacterial
populations involved in propionate synthesis than on changes in
metabolic hydrogen flow.

Relative abundances of Succiniclasticum, Coprococcus, Trepo-
nema, Shutlewortia, Succinivibrio, Pseudobutyrivibrio, Sharpea, and
Selenomona were decreased when nitrate was included in the diet
of dairy calves. These findings are unprecedented because, on the
one hand, previous studies that reported a reduction in propionate
synthesis did not evaluate the effects of nitrate feeding on the
ruminal microbiota. On the other hand, studies that evaluated the
effects of nitrate on the ruminalmicrobiota did not showchanges in
propionate synthesis. Furthermore, our results suggest that this
detrimental effect on bacterial abundance could be associated with
the lower propionate production because the conversion of pyru-
vate to propionate involves the acrylate and the succinate path-
ways. For instance, genes encoding these metabolic pathways were
identified in the Succinivibrio dextrinosolvens genome (Hackmann
et al., 2017; Hailemariam et al., 2020), which participates in the
active synthesis of succinate (O'Herrin and Kenealy, 1993). In
addition, this study and another study conducted by Ren et al.
(2019) observed that Succinivibrio was positively correlated with
propionate.

Another bacteria which could participate in the succinate
pathway through the production of succinate, formate, and acetate
is Treponema briyantti (Stanton, 1984), but in this study, the Trep-
onema genus was not correlated to the production of propionate.
Concomitantly, genes that participate in the synthesis of propionate
through the succinate pathway were identified in the genome of
some species of the Selenomona genus (Hackmann et al., 2017;
Wang et al., 2020). In turn, Succiniclasticum ruminis has been
identified as an active participant in the conversion of succinate to
propionate (van Gylswyk, 1995). In addition, this study revealed a
strong correlation between the abundance of Selenomona and
Succiniclasticum and the production of propionate. Furthermore, it
was determined that the Sharpea spp. (Kumar et al., 2018) and
Pseudobutyrivibrio xylanovorans bacteria (Palevich et al., 2020)
produce lactate, formate, and butyrate as a final product of glucose
fermentation. It was also determined that Coprococcus participates
in the production of propionate through the acrylate pathway using
lactate (Reichardt et al., 2014). However, in the present study, no
strong correlations were found between Coprococcus and propio-
nate production.

On the other hand, the relative abundance of bacteria of the
genus Atopobium (from Actinobacteria phyla) increased in response
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to the feeding the NIT diet. Also, the genus Atopobiumwas found to
be a prevalent member of the human gut microbiota or ruminal
microbiota (Harmsen et al., 2000). In the rumen, the genus Ato-
pobium was described as a member of the epimural community
(Chen et al., 2011), and their abundance increase under high-
concentrate diets (>70%) (Mao et al., 2013; Petri et al., 2013). In
turn, the L7A_E11 genus was phylogenetically categorized within
the Erysipelotrichaceae family. The genome of this bacterium was
recently sequenced from the metagenome of beef cattle (Stewart
et al., 2018). Although very little is known about these bacteria,
the relative abundance of the Erysipelotrichaceae family has been
associated with the energy and protein metabolism of animal gut
microbiota (Bermingham et al., 2017). Some previous studies on
beef cattle showed a positive correlation between the abundance of
L7A_E11 and total VFA concentration (Bi et al., 2018), and with the
level of muscle marbling (Kim et al., 2020). However, their role in
the rumen remains unknown.

The ruminal population of R. albus and R. flavefaciens decreased,
whereas the population of F. succinogenes increased when nitrate
was included in the diet of dairy calves. However, these results were
contradictory to the findings of previous studies (Iwamoto et al.,
2002; Asanuma et al., 2015) because these studies revealed a
reduction in the populations of these 3 fibrolytic bacteria, whereas
other studies showed no change, except for F. succinogenes, which
increased (Granja-Salcedo et al., 2019). The reason for these con-
tradictory findings could be related to the technique used in the
different studies (in vitro vs. in vivo), sampling times (pre- and post-
feeding periods), ruminal sampling technique (ruminal cannula vs.
stomach tubing), DNA extraction method, ruminal fraction used
(liquid, solid or mixture), among others. Similarly, the basal diet used
in previous studies seems to play a crucial role because, in recent
studies, when nitrate was used as a non-protein nitrogen source in
low-quality diets, it was shown that higher fiber digestibility was
associated with higher R. albus and total protozoa population (Zhang
et al., 2019). However, our findings could partly explain the lower
CH4 emissions for the NIT diet because the genus Ruminococcus has
been considered an H2 producer, but this is not the case for
F. succinogenes (Chaucheyras-Durand et al., 2010). Furthermore,
F. succinogeneswas found in higher density in low CH4-emitting beef
cattle phenotypes (Tapio et al., 2017) and, in the present study, it was
negatively correlated with CH4 production, suggesting an indirect
effect on CH4 emission for the NIT diet.

The population of the genus Selenomona and the species
S. ruminantium decreased, but there was no change in the popu-
lation of V. parvula in response to the NIT diet. The results were
contradictory with findings from previous studies (Granja-Salcedo
et al., 2019; Iwamoto et al., 2002; Zhao et al., 2018), although
another study showed no changes in the populations of nitrate-
reducing bacteria when nitrate was included in the diet (Popova
et al., 2017). The reason for these differences might be related to
the methodology applied in the different studies (in vitro vs.
in vivo), and sampling times (pre- and post-feeding), among others.
We recommend furthering these studies using meta-
transcriptomic tools to more deeply understand the nitrate- and
nitrite-reduction process in the rumen.

Ciliated protozoa populations increased significantly as a result
of feeding the NIT diet, which is in line with the results obtained in
goats (Zhang et al., 2019) and in vitro studies (Lin et al., 2011).
Furthermore, in a recent in vivo experiment with defaunated and
faunated sheep supplemented with 1.8% of nitrate (on a DM basis),
it was reported that nitrate metabolizes more rapidly in the pres-
ence of ruminal protozoa, and defaunated sheep may have an
increased risk of poisoning due to nitrite accumulation in the
rumen (Villar et al., 2020). In contrast, Iwamoto et al. (2001)
observed that nitrite inhibited the growth of protozoa, and
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recently it was determined that nitrite interfered with the motility
and chemotaxis of protozoa (mainly on isotrichids) in in vitro cul-
tures (Roman-Garcia et al., 2019). In other studies, in sheep (van
Zijderveld et al., 2010) and cattle (Popova et al., 2017) the proto-
zoan population was not influenced by nitrate supplementation.

Previous studies suggested a smaller relationship between the
fungi population and nitrate metabolism (Lin et al., 2011; Zhang
et al., 2019). In contrast, the present study found that the fungi
population increased as a result of feeding the NIT diet, suggesting
that they might be involved in nitrate reduction. However, more
studies are required to confirm the role of fungi in nitrate meta-
bolism in the rumen. Finally, the variation observed among animals
for both relative abundances at the phylum level and beta disper-
sion analysis of bacterial communities is mainly due to the age of
the animals in this experiment, because in general, a higher vari-
ation of microbial compositionwas observed in young animals than
in adults due to the status of rumenmaturity, and the development
and establishment of ruminal microbiota (Jami et al., 2013).

The results confirmed the hypothesis that nitrate feeding
induced changes in the populations of total bacteria, methanogens,
ciliated protozoa, total fungi, fibrolytic bacteria, and bacteria
involved in the succinate and acrylate pathways, thus, these
changes were associated with decreased enteric CH4 emission and
altered ruminal fermentation profiles.

5. Conclusions

This study, in dairy calves, confirmed the ability of inclusion of
nitrate in the diet to reduce enteric CH4 emission and CH4 yield
without significantly affecting feed intake. The lower enteric CH4
emission in response to nitrate feeding was over the stoichiomet-
rically predicted reduction potential and also associated with a
lower density of total methanogen population, suggesting a pre-
dominantly direct effect on ruminal methanogenesis. The decrease
in the molar proportion of propionate in ruminal fluid in response
to nitratewas associated with a reduction in the relative abundance
of the genera Succiniclasticum, Coprococcus, Treponema, Shutle-
wortia, Succinivibrio, Pseudobutyrivibrio, Sharpea, and Selenomona
genera.
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