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Abstract

Background Methane (CH,) is a major greenhouse gas, and ruminants are one of the sources of CH, which is pro-
duced by the rumen microbiota. Modification of the rumen microbiota compositions will impact the CH, produc-
tion. In this study, the effects of melatonin on methane production in cows were investigated both in the in vitro
and in vivo studies.

Results Melatonin treatment significantly reduced methane production in both studies. The cows treated with mela-
tonin reduced methane emission from their respiration by approximately 50%. The potential mechanisms are multi-
ple. First, melatonin lowers the volatile fatty acids (VFAs) production in rumen and reduces the raw material for CH,
synthesis. Second, melatonin not only reduces the abundance of Methanobacterium which are responsible for gen-
erating methane but also inhibits the populations of protozoa to break the symbiotic relationship between Metha-
nobacterium and protozoa in rumen to further lowers the CH, production. The reduced VFA production is not asso-
ciated with food intake, and it seems also not to jeopardize the nutritional status of the cows. This was reflected

by the increased milk lipid and protein contents in melatonin treated compared to the control cows. It is likely

that the energy used to synthesize methane is saved to compensate the reduced VFA production.

Conclusion This study enlightens the potential mechanisms by which melatonin reduces rumen methane produc-
tion in dairy cows. Considering the greenhouse effects of methane on global warming, these findings provide valu-
able information using different approaches to achieve low carbon dairy farming to reduce the methane emission.
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Background

Low carbon economic agriculture is the future goal of all
countries over the world, especially for those countries
having large numbers of cows and sheep. According to
the Food and Agriculture Organization (FAO), the live-
stock sector accounts for 18% of global greenhouse gas
emissions [1]. Particularly, the carbon emissions from
beef and milk production account for 41% and 20% of
the total emissions from animal husbandry, respectively
[2]. Global warming potential (GWP) analysis shows that
methane is 25 times more potent than carbon dioxide in
terms of greenhouse warming effect per molecule, but
its half-life in the atmosphere is much shorter (around
12 years) than that of carbon dioxide (CO,), which can
remain in the atmosphere for 300 to 1000 years. There-
fore, cutting methane emissions may achieve a relatively
quick effect to reduce global warming [3, 4]. The rumen
is a unique organ which distinguishes ruminants from
other livestock, and it is the main site of methane pro-
duction [5]. Methanogenic bacteria or archaea habited in
rumen are the “machines” of methane production. These
microorganisms either freely localize in the rumen fluid,
attach to the surface of the protozoa or the hydrogenase
bodies of the protozoa cytoplasm, or may be bound to
other microorganisms and food particles as well as to
the rumen wall [6-9]. The methane generated in rumen
releases into air by burping. Therefore, methane emission
from ruminants has considerable greenhouse gas effect
on the environment.

On other hand, these anaerobic bacteria, archaea, cili-
ated protozoa, and fungi in rumen coexist and cooperate
to break down cellulose, hemicellulose, carbohydrates,
and others to provide energy and nutrients to the cows
[10, 11]. Therefore, the abundance and stability of rumen
microorganisms in dairy cows play a crucial role in their
health and production performance [12, 13]. With the
advancement of the knowledge on the microbiome, dif-
ferent approaches have been used to manipulate the
rumen microbiota with the purpose of preserving their
beneficial effects on animal health while reducing the
greenhouse gas emissions [14]. Among them, antioxidant
feeding seems to be a suitable approach since it can alter
rumen microbes in dairy cows with limited side effects.
For example, feeding cattle with tannic acid (TA), which
has a similar antioxidant effect to vitamin E, reduced
CH, production, crude protein (CP) digestibility, and
VFA [15]. In vitro study found that resveratrol addition
reduced the abundance of Methanobrevibacter and thus
reduced the methane production [16]. The spent coffee
grounds (SCQ) feeding also induces shifts in the rumi-
nal bacterial community and alters the correlation net-
works among bacterial taxa and ruminal volatile fatty
acid (VFA) probably due to the antioxidant properties
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of SCG as well as its high content of melatonin [17, 18].
In the cows with high dose of SCG feeding, the genera
Treponema, CF231, Butyrivibrio, BF331, Anaeroplasma,
Blautia, Fibrobacter, and Clostridium in their rumens
were significantly enriched [19]. These findings suggested
that antioxidant feeding could change rumen microflora
and modify methane and VFA production in ruminants.

Melatonin (MT), an ancient antioxidant, was first dis-
covered in 1958 by Lerner et al. from the bovine pin-
eal gland [20]. Since then, MT is identified in almost all
organisms, from bacteria, fungi, and plants to mammals
[21]. MT is produced not only in the pineal gland but
also in other organs and tissues including the gastroin-
testinal tract, brain, liver, kidneys, adrenal glands, heart,
thymus, gonads, placenta, and uterus [22]. In addition to
its anti-inflammatory, sleep-promoting, mood-improv-
ing, reproduction-regulating, and immune-enhancing
activities, melatonin is a potent antioxidant [23]. Its anti-
oxidant effects have been well documented [24]. Cur-
rently, several studies have revealed the potential effects
of melatonin on bacterial infections. For example, mela-
tonin supplementation in cows reduced elevated milk
somatic cell counts induced by Staphylococcus aureus or
Escherichiacoli infections [25, 26]. The antibacterial effect
of melatonin might relate to its ability to reduce intra-
cellular substrates, lipid levels, and metal binding which
are required for bacteria growth [27, 28]. Several studies
have showed that melatonin could regulate the activity
of gut microorganisms or their metabolites to improve
physiological functions of gut and protect against various
intestinal diseases [29-32]. These included the beneficial
effects of melatonin on intestinal epithelial cell perme-
ability, energy utilization, motility, bicarbonate secretion,
and tight junctions to alleviate the irritable bowel syn-
drome, Crohn’s disease, and ulcerative colitis [29]. This
is partially attributed to melatonin’s effects on intestinal
morphological structure and distribution of enterotoxin-
producing Escherichia coli in the intestine [29]. Mela-
tonin not only altered the metabolism of the intestinal
microbiota but also affected the composition of the intes-
tinal microbiota [28, 30—32]. Therefore, more and more
studies have focused on the regulatory effects of mela-
tonin on the gut microflora which play the important role
in health and diseases [33—36].

However, the effects of melatonin on rumen micro-
organisms either in the in vivo or in the in vitro
conditions have been rarely reported. The rumen
microorganisms are important for nutrition of rumi-
nants and also are responsible for carbon emissions
associated with greenhouse effect. Therefore, in this
study, we have first established an in vitro rumen fer-
mentation model to study the effects of melatonin on
rumen microorganisms as well as their metabolism
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related to methane production. Then, results obtained
from the in vitro rumen fermentation model were fur-
ther validated in the cows. We attempt to uncover the
potential mechanisms of melatonin on rumen micro-
biota metabolism and methane production via both the
in vitro and in vivo rumen fermentation models. We
expect that this initial study will provide new informa-
tion for the application of melatonin in ruminants.

Materials and methods

Chemicals

Melatonin (Food Grade) (99.32%) used for animal study
was purchased from Huanggang Hengxingyuan Chemi-
cal Co., Ltd. (Hubei province, China). The detail of
melatonin used for animal study was shown in Table S1.
The artificial saliva was prepared from 400 mL of dis-
tilled water, 200 mL of liquid A and 200 mL of liquid B,
0.1 mL of liquid C, 1 mL of resazurin solution (0.1%),
and 40 mL of reduction buffer solution. After prepara-
tion, the artificial saliva was placed at 39 °C and filled
with CO, gas to adjust the pH value to 6.8. Liquid A
was prepared from 5.7-g Na,PO,, 6.0-g KH,PO,, 0.6-g
MgSO,-7H,0, and 1-L distilled water. Liquid B was
prepared from 4.0-g NH,HCO,, 35-g NaHCO,, and
1-L distilled water. Liquid C was prepared from 13.2-g
CaCl,-2H,0, 10.0-g MnCl,-4H,0, 1.0-g C,Cl,-6H,0,
8.0-g FeCl,-6H,0, and 100-mL distilled water. Reduc-
tion buffer solution was prepared from 625-mg
Na,S-9H,0, 4-mL NaOH (1 mol/L), and 100-mL dis-
tilled water. Resazurin was purchased from Shang-
hai Aladdin Biochemical Technology Co. (Shanghai,
China). The chemical reagents used for artificial saliva
were purchased from China National Pharmaceutical
Chemical Reagent Co. (Shanghai, China).

Melatonin, CH,4, VFA, and metabolites detection

Melatonin (>99.8%, M5250), used as the standard for
liquid chromatography tandem mass spectrometry (LC—
MS/MS) detection, was purchased from Sigma Aldrich
(St. Louis, MO, USA). Methanol (HPLC grade) was pur-
chased from Thermo Fisher Scientific (Waltham, MA,
USA). Acetonitrile (HPLC grade) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Hydro-
chloric acid was purchased from Shanghai Aladdin Bio-
chemical Technology Co. (Shanghai, China). Formic acid
(HPLC grade) was purchased from Shanghai Aladdin
Biochemical Technology Co. (Shanghai, China). 2-Ethyl
butyric acid was purchased from Shanghai Aladdin Bio-
chemical Technology Co. (Shanghai, China). Ultrapure
water with a resistance of 18.2 MQ c¢cm—1 was purified
using a Milli-Q system (Millipore, Bedford, USA).
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Animals

In the in vitro rumen fermentation model, the rumi-
nal fluid of the cows was collected from ruminal fistu-
las from Sanshi cattle farm, Changping District, Beijing.
Cows used in the in vivo experiments were from the
Nankou Third cattle farm in Changping District, Beijing.
The TMR (total mixed ratio) diet and nutrient composi-
tion for in vitro and in vivo experiments were shown in
Table 1. All experiments were approved by the China
Agricultural University Laboratory Animal Welfare
and Animal Experimental Ethical Inspection Commit-
tee. The approved protocol number for the study was
AW80802202-1-1.

The construction of in vitro rumen fermentation model
and experimental designs

Four Holstein cows with rumen fistulae served as rumen
fluid donors. To control their food consumption, each
cow was fed same amount of TMR (22 kg dry matter/
day/cow). After milking and before feeding, the rumen
fluids were collected at 9:00 am. The rumen fluid of four
cows was pooled together and filtered through four layers
of gauze and then placed in a thermos flask to be mixed
thoroughly. The in vitro rumen fermentation model was
performed using Heinz anaerobic fermentation bottles,
each of which was a 150 mL consisting of 50 mL of artifi-
cial saliva and 0.5 g of cattle farm TMR feeding material
as the fermentation substrate and mixed with 25 mL of
well-mixed rumen fluid. The air in the fermentation flasks

Table 1 Ingredient composition and nutrient levels (DM basis)

of diets
Ingredients Percentage  Nutrient levels (%)
Fine material 9.04 Phosphorus 0.7
Oats 8.02 Dry matter 46.5
Silage 57.01 Protein 184
Omelo® 1.06 Insoluble protein 12.78
Flaked corn 7.39 Rumen-bypass protein 512
Corn 6.55 NDF® 3621
Alfalfa 253 Acid wash insoluble protein 1.55
Wet beer lees 840 ADF¢ 24.48
Total 100.00 Neutral wash insoluble protein ~ 3.71
Lignin 5.08
Starch 21.89
Fat 4.62
Ash 8.08
Calcium 1.05

@ Omelo was a kind of protein
> NDF, neutral detergent fiber
€ ADF, acid detergent fiber

Particle size of in vitro experiments, powdered
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was replaced with nitrogen, and the Hennessey stop-
per was sealed immediately after the air was exhausted.
A pre-vacuumed gas collection bag (Hedetech, China)
(200 mL) was installed on top of the stopper. The mix-
ture was fermented anaerobically at 39 °C in a constant
temperature incubator to collect fermentation gas and
fermentation liquid. In some Heinz anaerobic fermen-
tation bottles, different concentrations of melatonin
solutions were added at the beginning of fermentation.
These included melatonin 1073, 10°, and 10~ M groups,
respectively. Fermentation times were set for 2 h, 4 h, 8 h,
24 h, and 48 h. Three times in vitro experiments with six
technical replicates each were performed. Six replicates
were set for each fermentation sample of different treat-
ments. Based on the results from the dose-responsive
study, the 1073 M melatonin was selected for the follow-
ing study. A 107> M melatonin was added to the fermen-
tation vial every 24 h, and the fermentation continued
for 72 h. In the daily melatonin solution addition to the
fermentation bottle, a specific Hennessey rubber stopper
plug was used to keep the anaerobic condition (this was
illustrated in Fig. S1). Six replicates for each sample were
used.

The animal study and sample collection

Twenty Holstein cows without rumen fistulae were
involved in this study, which were kept in semi-open
activity yards together with individual neck clamp and
feed trough. The general information for these cows
was recorded, including body weight (683+22.4 kg),
lactation days (152+12 day), milk yield of control
group (41.9+2.2 kg/day), milk yield of melatonin group
(42.2+2.3 kg/day), and parity (3.1+£0.8). To control
their food consumption, each cow was given the same
amount of TMR dry material (22 kg DM/d/cow), and
the intake was also recorded daily. Based on the average
volume of 67 L of the cow’s rumen [37] and the in vitro
study’s melatonin concentration of 107> M which was
selected for the most of the studies, the feeding dose
of melatonin was calculated as 15 g/day for each cow
(10~ mol/Lxrumen volume (67 L)xmelatonin molar
mass (232 g/moL) = 15 g). The cows were divided into a
melatonin-fed group (15 g/day) and a control group with
10 cows in each group, respectively. Cows in the experi-
mental group were fed melatonin powder (same quality
as the in vitro study) wrapped with digestible paper daily
after milking at 16:00 pm, while cows in the control group
were fed digestible paper only (we did not feed melatonin
from the rumen sampling tube since melatonin was fed
daily and rumen sampling tube was inserted only in the
time of rumen fluid collection). The treatment last for
24 days. Pre-feeding for 3 days before the experiment
and simulated collection of respiratory gas and rumen
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fluid was also performed to prime cows for subsequent
experiments. Breathing gas, rumen fluid, milk and blood
samples were collected after milking at 9:00 am on days
0, 7, 14, and 21, respectively. Milk was collected at morn-
ing milking. Rumen fluid, blood, and breathing gas were
collected sequentially after morning milking and before
morning feeding (breathing gas was collected from 5
cows in each group, as long constraint of cows would
affect their performance).

Forty milliliters of milk was collected with preserva-
tive and stored at 4 °C for testing milk composition. Ten
milliliters milk was collected without preservative stored
at—20 °C for melatonin determination. Ruminal fluid
was collected from a rumen sampling tube with its metal
end entering the cow’s mouth and into the rumen, and
then the rumen fluid was sucked out using a 200-mL
syringe (Fig. S2a). The first 20 mL of rumen fluid was dis-
carded, and then 50 mL of rumen fluid was collected and
stored at—80 °C. Blood was collected from the tail vein.
Five milliliters of blood was filled into EDTA anticoagula-
tion tubes and stored at—80 °C. Five milliliters of blood
was placed in serum-separating tubes and centrifuged for
the serum collection. The serum was stored at—20 °C.
Breathing gas was collected with gas respiration mask
and gas bag (HedeTech, China) (50 L). The cattle respira-
tion mask was purchased from China Agricultural Uni-
versity Beef Cattle Research Center (BRBC) (Fig. S2b).
Simply, when the animal inhales, the outside gas enters
the air inlet, and the outlet on the side of the exhaust port
will be sealed, while when exhaling, the air inlet is sealed
by a spring gasket, and the gas enters the ventilation pipe
through the exhaust port into the breathing test bag.
The breath test collection bag is made of heat-shrinkable
polyurethane material for gas collection, with a size of
65X 65x100 cm and a capacity of about 420 L. Before
use, the gas bags were vacuumed. Fifteen seconds after
the cows were put on the gas collection mask, the gas
bag was connected to avoid residual gas in the gas collec-
tion mask tube to interfere test results. Breathing gas was
collected for 10 min into a 420-L gas bag from each cow,
mixed thoroughly, and then transferred to two 50-L gas
bags to be stored for testing.

Methane, VFAs, melatonin, milk composition, 16S rRNA
sequencing, metagenomic sequencing, and metabolome
detection in samples

Methane and VFA detection

Methane and VFAs in the samples were detected by Shi-
madzu 2010 gas chromatography (Japan). Five millilit-
ers of rumen fluid was put into a plastic amperometric
flask. Two-hundred milliliters of 1.0 mg/mL 2-ethylbu-
tyric acid solution+4 mL mixed solution of 1% hydro-
chloric acid and 5% formic acid were added. The mixture
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was shaken and mixed well. The mixture was placed in
an ice water bath for 30 min and intermittently shaken
and then centrifuged at 1500 rpm for 10 min. One mil-
liliter of the supernatant was placed in a 1.5-mL cen-
trifuge tube and centrifuged at 14,000 rpm for 10 min.
The supernatant was taken again and passed through
0.45-pum filter and was ready for VFA detection. HP
19091N-213I (30 mXx0.32 mmXx0.50 pm) column was
used for VFA detection. The injection volume for VFA
detection was 1 pL. One mL of gas from the gas bag
was drawn directly for methane detection. HP-PLOT/Q
(30 mx0.53 mm x40.00 pm) column was used for meth-
ane detection. The carrier gas used for both the VFA and
methane assays was N, at a flow rate of 2 mL/min and
5 mL/min, respectively.

Melatonin detection

Melatonin in the samples was detected by Agilent 6470
liquid chromatography tandem mass spectrometry
(USA). One milliliters sample (rumen fluid, serum, and
milk) was mixed with 4-mL methanol. The mixture was
vortexed for 10 min and placed at—20 °C for 30 min.
Finally, the sample was centrifuged for 10,000 rpm at 4 °C
for 5 min. The supernatant was passed through a 0.22-
um syringe filter and was ready for MT detection. C18
reversed-phase column (50 mmx2.1 mmX1.8 um) was
used for melatonin detection. Gradient elution was per-
formed using 0.1% formic acid water and methanol as the
aqueous and organic phases, respectively. The flow rate
was 0.4 mL/min. The injection volume was 2 pL.

Milk composition detection

Milk samples with preservatives were homogenized by
ultrasound for 30 min at 37 °C for detection of milk com-
position. Milk compositions were detected by MilkoScan
FT + (Denmark) automated tester for lactose, milk fat,
milk protein, dry matter, and urea nitrogen in milk.

DNA extraction, PCR amplification, and 16S rRNA sequencing
DNA was extracted using E.Z.N.A. Stool DNA Kit
(Omega Bio-tek, Inc., USA) following the manufacturer’s
instruction. Concentration and quality of the genomic
DNA were checked by NanoDrop 2000 spectrophotom-
eter (Thermo Scientific Inc., USA). DNA samples were
stored at—20 °C for subsequent experiments. The V3—
V4 region of the bacterial 16S rRNA genes was ampli-
fied using the primers 338F (5"-ACTCCTACGGGAGGC
AGCAG-3") and 806R (5'-GGACTACHVGGGTWT
CTAAT’). For each sample, 8-digit barcode sequence
was added to the 5" end of the forward and reverse prim-
ers (provided by Allwegene Company, Beijing). Finally,
universal primers with barcode sequences were synthe-
sized and amplified on an ABI 9700 PCR system (Applied

Page 5 of 15

Biosystems, Inc., USA). The PCR was carried out on
a Mastercycler Gradient (Eppendorf, Germany) using
25-pL reaction volumes, containing 12.5 uL 2x Taq PCR
MasterMix (Vazyme Biotech Co., Ltd., China), 3-uL BSA
(2 ng/pL), 1-pL forward primer (5 uM), 1-pL reverse
primer (5 pM), 2-pL template DNA, and 5.5-pL ddH,O.
Cycling parameters were 95 °C for 5 min, followed by 28
cycles of 95 °C for 45 s, 55 °C for 50 s, and 72 °C for 45 s
with a final extension at 72 °C for 10 min. The PCR prod-
ucts were purified using a Agencourt AMPure XP Kit
(Beckman Coulter, Inc., USA). Sequencing libraries were
generated using NEBNext Ultra II DNA Library Prep Kit
(New England Biolabs, Inc., USA) following the manu-
facturer’s recommendations. The concentration and size
of the library were assessed by NanoDrop 2000 (Ther-
moFisher Scientific, Inc., USA), Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc., USA), and ABI StepOnePlus
Real-Time PCR System (Applied Biosystems, Inc., USA),
respectively. The libraries were subjected to paired-end
sequencing (2x300 bp) on Illumina MiSeq/NovaSeq
6000 (Illumina, Inc., USA) platform at Beijing Allwegene
Technology Co., Ltd. The raw data was divided into differ-
ent samples according to the barcode sequence through
QIIME (v1.8.0) software [38]. Pear (v0.9.6) software [39]
was used to filter and splice raw data. The sequences
were removed from consideration if they were shorter
than 120 bp, had a low quality of score (<20), and con-
tained ambiguous bases. During splicing, the minimum
overlap setting was 10 bp, and the mismatch rate was 0.1.
After splicing, sequences less than 230 bp in length were
removed using VSEARCH [40] (v2.7.1) software, and chi-
meric sequences were removed by comparison with the
Gold Database using the UCHIME [41] method. Quali-
fied sequences were clustered into operational taxonomic
units (OTUs) at a similarity threshold of 97% using
UPARSE algorithm [42] of VSEARCH (v2.7.1) software.
The BLAST tool [43] was used to classify OTU repre-
sentative sequences of bacterial 16S sequences into dif-
ferent taxonomic groups against Silval38 [44] database,
and e-value threshold was set to 1e-5.

Metagenomic sequencing analysis

The previously extracted DNA samples were frag-
mented to an average size of around 350 bp using Covaris
M220 (Gene Company Limited, China) for paired-end
(PE) library construction. PE library was constructed
using TruSeq DNA Sample Prep Kit as per manufac-
turer’s instructions (Illumina). PE sequencing was per-
formed using the Illumina HiSeq 4000 platform. Adapter
sequences were removed from the 3" and 5 ends of the
paired-end Illumina reads using SeqPrep (Version 1.1;
https://github.com/jstjohn/SeqPrep). Low-quality reads
(filtering of reads with sequencing adapters, filtering of
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reads with N (uncertain base) content ratio>1%, filter
reads with low quality bases (Q <20) content >50%) were
removed using Sickle (Version 1.33). Metagenomics data
were assembled using default parameters of MEGA-
HIT (v1.0.6) [45]. Contigs with a length of over 500 bp
were selected as the final assembly result. The contigs
were then used for further gene prediction and annota-
tion. Open reading frames (ORFs) from each assembled
contig were predicted using prodigal software [46]. The
predicted gene sequences were de-redundant at 0.95
similarity using CD-HIT software [47]. The nonredun-
dant gene sets were obtained, and the sequencing data
were compared with the constructed nonredundant gene
sets using Bowtie software [48]. The information on the
abundance of individual genes in different samples was
counted and normalized to obtain the gene abundance
table. Species composition analysis based on reads using
diamond [49] compared to NCBI NR database combined
with megan6 [50] parsing. The predicted nonredundant
gene sets were compared with the functional annotation
databases KEGG, COG/KOG, and GO [51-53], and the
overall number of nonredundant genes annotated and
the number in each sample were counted.

Metabolome analysis

Metabolome was measured by ultra-performance liquid
chromatography tandem mass spectrometry (UPLC-
MS/MS). Fifty-microliter sample was mixed with 300
puL of methanol. The mixture was vortexed for 3 min
and centrifuged at 12,000 rpm for 10 min at 4 °C. Two-
hundred microliters of supernatant was placed at—20 °C
for 30 min and then centrifuged at 12,000 rpm at 4 °C for
3 min. The 150 pL of supernatant was taken again and
was ready for metabolome detection. Waters ACQUITY
UPLC HSS T3 C18 column (100 mmx2.1 mmX 1.8 pm)
was used for metabolome detection. Gradient elution was
performed using 0.1% formic acid water and 0.1% for-
mic acid acetonitrile as the aqueous and organic phases,
respectively. The flow rate was 0.4 mL/min. The injection
volume was 2 pL. Analyst 1.6.3 software was used to pro-
cess the mass spectrum data. MultiQuant software was
used to open the sample off-machine mass spectrometry
file. R software was used to analyze hierarchical cluster
analysis (HCA) of accumulation patterns of metabolites
among different samples. Fold change and VIP values of
OPLS-DA model were combined to screen differential
metabolites. The metabolites with fold change>2 and
fold change <0.5 in the experimental group and the con-
trol group were considered to be significant difference.

Statistical analysis
16S rRNA gene sequencing and metagenomics statis-
tics data are presented as bar plots based on P-values

Page 6 of 15

derived from a Kruskal-Wallis test. Based on the OTU
and its abundance results, the a-diversity index was cal-
culated using QIIME (v1.8.0) software and plotted using
R [54] (v3.6.0) software. The f5-diversity distance matrix
was calculated using QIIME (v1.8.0) software, and PCA
analysis was plotted based on the distance matrix using
R (v3.6.0) software. For taxonomic data, FDR correction
of the P-values was conducted in using the default stats
packages available in R (V3.6.0). The data were expressed
as mean+ SEM. If the comparison is in the same group
before and after treatment, paired 7-test was used; oth-
erwise, the one-way analysis of variance (ANOVA) was
performed followed by multiple comparison or multiple
T-test using IBM SPSS (21.0) software. P<0.05 was con-
sidered significant difference.

Results

The effects of melatonin on methane production and VFA
in the in vitro rumen fermentation model

The methane content of all groups in culture flasks
increased gradually from the period of 2 to 48 h incu-
bations, indicating the success of the in vitro rumen
fermentation model which exhibited active microbial
fermentation to produce methane (Fig. 1A). The meth-
ane production was significantly lower at 4 h of fermen-
tation in all melatonin groups than that in the control
group (P<0.001, Fig. 1A). Methane levels decreased by
20.3%, 19.18%, and 19.51% in the 107> M, 10> M, and
1077 M melatonin groups, respectively, compared to the
control group. Then, from 8 to 48 h period of fermenta-
tion, the methane content exhibited no significant differ-
ences among groups, excepting that 10~ M melatonin
group had a lower methane content than other groups
(P=0.032, Fig. 1A). This phenomenon suggested that
melatonin might be exhausted by the metabolism of the
rumen microbiota. Therefore, in the additional study,
the melatonin was continuously (every 24 h) added into
the fermentation system to keep a relatively stable mela-
tonin concentration during the period of the study. The
results showed that even at the 72-h fermentation, the
melatonin level in MT-treated groups was significantly
higher than that in the control group (£<0.0001, Fig. 1D),
and accordingly, the methane content in melatonin con-
tinuously treated groups was significantly lower than that
in the control group (P<0.001, Fig. 1B). The methane
production in 1073 M melatonin group was decreased
25.02% compared to the control group.

It had been reported that the abundance of rumen
methanogens was positively correlated to the methane
production [56]. These microorganisms degrade carbo-
hydrates to produce VFA, which are the main source of
energy for the ruminant organism [10]. The close rela-
tionship between methanogens and VFA was essential
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for maintaining normal rumen physiological function.
To further confirm the effects of melatonin on rumen
metabolism, the VFA content was examined. As shown
in Fig. 1C, the melatonin treatment selectively decreased
the concentration of some VFAs including acetate
(P<0.01, Fig. 1C), isobutyrate (P<0.01, Fig. 1C), and
isovalerate (P<0.05, Fig. 1C) compared to the control
group. Acetate is a short-chain fatty acid (SFA) that is the
major substrate for de novo fatty acid synthesis [57]. A
decrease in acetate is often accompanied by a decrease in
milk fat.

Effects of melatonin on the composition of rumen
microorganisms in vitro

We carried out 16S rRNA gene sequencing to analyze
the composition of rumen microorganisms. The results
firstly showed that the alpha diversity in melatonin
group was significantly higher than that of the control
(P=0.001, Fig. 2A), and a significant distinction in beta
diversity between these two groups are also observed
(Fig. 2B). The principal component 1 (PC1) and princi-
pal component 2 (PC2) explained 22.25% and 13.21%
the variations, respectively. Due to the known VFA- and
methane-reducing effect of melatonin, we focused poten-
tially different influences of melatonin on rumen bacteria,
archaea, or fungi. Analysis showed a significant differ-
ences in bacteria at the phylum level, between melatonin

and control groups (Fig. 2C), in particular Prevotellaceae
that are the major rumen bacteria to generate propionic
acid [58]; we significantly reduced in abundance in mela-
tonin group (P=0.004, Fig. 2D), which was consistent
with the simultaneously propionic acid reduction found
in the study.

Archaea are the only known group of microorgan-
isms that produce energy via methanogenesis [59], and
archaea abundance is closely linked to methane pro-
duction. We thus used metagenomic sequencing to
analyze archaeal species composition of rumen micro-
organisms. The result showed that the melatonin-treated
group significantly reduced the abundance of archaea
phyla (P<0.05, Fig. 2E). In detail, melatonin treatment
led to significant changes in a total of 26 methanogenic
genera; among them, 23 were significantly reduced,
including g_Methanoplanus, g_Methanococcoides and
g_Methanospirillum, etc. (all P<0.05, Fig. 2G). Because
of the symbiotic and interacting relationship between
methanogenic bacteria, fungi, and protozoa in the
rumen, the abundance of fungi and protozoa in rumen
was also analyzed (Fig. 2F and H), and we found sig-
nificant changes in total of 59 protozoa tested, among
which 47 protozoa were significantly decreased (P<0.05,
Fig. 2H). Furthermore, rumen microbial metagenomic
sequences were aligned to COG/KOG, KEGG, and GO
databases to examine the effect of melatonin on rumen
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microbial function, and we found that all of them were
mainly enriched in amino acid as well as carbohydrate
transports and metabolisms (Fig. 2I and J). KEGG and
GO analyses further demonstrate that rumen microbial
differential genes were mainly enriched in carbohydrate
metabolism, amino acid metabolism, catalytic activity,
and metabolic process (Fig. 2K and L). In conclusion,
melatonin has significant impact on rumen microbial
function in dairy cows and likely affects their productive
performance and metabolism.

Effect of melatonin feeding on methane production

and VFA in cows

The result showed that melatonin was detected in
the rumen fluid of all groups, indicating the naturally
occurring melatonin is present in the rumen fluid. The
results are consistent with Ouyang et al. [60]. They have
reported the melatonin circadian rhythm in the rumen
fluid of the cows. However, melatonin levels in the rumen
fluid at 7, 14, and 21 days were significantly higher in
melatonin group than that in control group (P<0.01,
Fig. 3A). Accordingly, the respiratory gases of the cows
were also collected at 0, 7, 14, and 21 days after treat-
ment. The results showed that methane content from
respiration of the cows fed with melatonin significantly
decreased from day 14 of the study compared to their

baseline, i.e., decreased 53.03% at day 14 and 49.11% at
day 21, respectively (P<0.05, Fig. 3B). Meanwhile, the
results also showed that there was a significant decrease
of the methane emission from respiration of cows in
melatonin group compared to the control cows at days 14
and 21, respectively (Fig. 3C). The VFA in ruminal fluid
was measured at day 21 of feeding. The results showed
that the VFA was significantly decreased in melatonin
group compared to the control (P<0.05, Fig. 3D). The
significantly decreased VFAs included acetate, propion-
ate, butyrate, valerate, and isovalerate. The trends of both
methane and VFA changes in the in vivo experiment
were consistent with the in vitro experiment.

Effect of melatonin feeding on the composition of rumen
microbiota of cows

16S rRNA gene sequencing was used to analyze the com-
position of rumen microorganisms between MT-feeding
group and control. The results showed that the alpha
diversity was not significantly different between mela-
tonin and the control groups (Fig. 4A). This result was
different from the in vitro study, and the exact mecha-
nisms are currently unknown and requires further
research. The results from the in vivo study indicated
that melatonin did not alter the flora abundance in the
intact rumen. As to the beta diversity, the PC1 and PC2
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accounted for 8.69% and 8.84%, respectively, implying
that the differences between the groups were significantly
greater than that within the group (Fig. 4B). This differ-
ence presumably was due to the aggregated feature of the
flora in melatonin group, indicating melatonin’s capac-
ity to regulate the distribution of the microbiota in the
rumen in the in vivo condition. The bacteria of rumen
microflora that differed significantly at the family level
were shown in Fig. 4C. The g_Lachnoclostridium_5 and
g Romboutsia were significantly downregulated in mela-
tonin group compared to the control group (Fig. 4D and
E). g Lachnoclostridium_5 was involved in the metabo-
lism of a variety of carbohydrates, and its fermentation
produced acetate and butyrate [61]. G_Romboutsia was
the main butyrate producer [62]. The decrease of these
two bacteria was consistent with the decrease of rumen
VEFA in dairy cows.

Effect of melatonin feeding on the metabolism of dairy
cows

To ensure consuming the same amount of food, each
cow was given TMR of 22 kg dry matter/day. The record
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showed that every cow completed its daily TMR, and no
alteration of food intake was observed between the cows
of melatonin treated and control groups. In addition, the
body weight between the two groups is also stable. The
results showed that melatonin reduced the production of
VFAs seemly was not due to the food consumption but
altered microbiota metabolisms. The regulatory effect of
the melatonin-treated group on rumen microbial struc-
ture in the in vivo study was not as great as in the in vitro
study. Likely, melatonin level in the rumen of the cow was
not as high as in the in vitro study (10> M) as we cal-
culated since the rumen melatonin could be distributed
into the peripheral blood of the cow and metabolized.
In order to verify this speculation, the peripheral blood
of cows was collected for analysis of the melatonin level
as well as the broad metabolomics. It was found that
the serum melatonin level was slightly increased with
time in melatonin group compared to the control group
(Fig. 5C); however, the serum melatonin metabolites
including 2-hydroxymelatonin and 6-hydroxymelatonin
were significantly higher than those of the control, and
this indicated that a portion of rumen melatonin was
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Fig. 3 Effects of melatonin supplementation on rumen methane (CH,) production and VFA in cows with intact rumen. A Rumen fluid melatonin
concentrations (N=8 for control, N=8 for melatonin groups). B CH, production of melatonin-treated group compared with before and

after treatment (N=5 for control, N=5 for melatonin groups). C CH, production of melatonin treated compared with control group (N=5

for control, N=5 for melatonin groups). D VFA content. Data were expressed as mean +SEM (N= 10 for control, N=10 for melatonin groups). Ns,

no significant difference, * <0.05, ** <0.01, ***<0.001, **** <0.0001
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distributed to other tissues and degraded. In addition,
a total of 31 differential metabolites were screened in
serum by metabolome analysis, of which 8 were up- and
23 were downregulated in melatonin group compared
to the control group (Fig. 5A). The amino acid metabo-
lites including N-acetylneuraminic acid, N-y-acetyl-N-
2-formyl-5-methylkynurenine, and glycyl-phenylalanine
(Gly-Phe) were significantly upregulated (Fig. S3e, c,
and f) indicating the elevated amino acid metabolism,
while metabolites associated with lipid oxidation includ-
ing thromboxane B2 (TXB2), arachidonic acid (AA), and
eicosapentaenoic acid (EPA) were significantly downreg-
ulated (Figs. S4d, ¢, and v). The differential metabolites
were annotated and displayed using the KEGG database
(Fig. 5B). The differential metabolites were enriched in
metabolic pathways such as tryptophan metabolism, ser-
otonergic synapse, inflammatory mediators, regulation
of tryptophan channels, biosynthesis of unsaturated fatty
acids, and arachidonic acid metabolism.

The milk composition of cows was also examined. The
results showed that milk fat content was 16.28% higher
at day 21 (P=0.016, Fig. 5D); protein content was signifi-
cantly higher at day 7 [17.07% (P=0.025)], day 14 [12.00%
(P=0.017)]; and day 21 [16.73% (P=0.005)], respectively
(Fig. 5E); and the solids non-fat (SnF) was significantly
higher (18.08%) at day 21(P<0.001, Fig. 5F) in mela-
tonin group than that in the control group. There were
no significant differences in milk lactose and urea nitro-
gen between groups (Fig. S5A and B). Acetate is a major
source of energy and substrate for milk fat synthesis in

the dairy cow [63]. The results showed that acetate,
butyrate (Fig. 3D), and metabolites associated with lipid
oxidation (Fig. S4d, ¢, and v) decreased in the mela-
tonin treated group, and their decline could result in the
decrease of milk fat. Unexpected, the significant increase
in milk fat on day 21 was observed, and this increase
might be a result of the reduced methane production (see
discussion). Milk protein increased significantly from day
7 compared with control group. Judging from the metab-
olome data, this might relate to the increased amino acid
metabolism induced by melatonin (Fig. S3e, ¢, and f),
thus improving the milk protein synthesis.

Discussion

Ruminal microorganisms play an important role in the
metabolism and health of the host, and the nutrients
produced by rumen microorganisms meet up to 70%
of the energy needs of the ruminants [10, 64]. There-
fore, modulation of rumen microbial fermentation can
improve the productive performance of the ruminants.
In the rumen, the majority of the cellulose and hemicel-
lulose are degraded to form VFAs for energy metabo-
lism, while this process also produces some by-products
including methane, water, and hydrogen [65]. Among the
six short VFAs (acetate, propionate, isobutyrate, butyrate,
isovalerate, valerate) generated in rumen, their composi-
tions will impact the amounts of hydrogen production
which serves as the substrate of methane synthesis. As a
result, the fermentation pattern of rumen VFAs directly
affects the methane production [65]. For example,
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supplementation with 3-nitrooxypropanol (NOP) signifi-
cantly decreased total VFA content and ratio of acetate to
propionate and reduced the methane production in rumi-
nants [66]. Wang et al. [67] also reported that addition of
polyphenols significantly reduced methane production
due to the decreased acetate (A), increased propionate
(P), and the decreased A/P ratio in the in vitro rumen
fermentation model. Danielsson et al. also showed that
alterations of the rumen fermentation products, such as
the ratio of butyrate (B) and propionate (P) to total VFA,
influenced methane production, indicating that methane
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formation depends on different fermentation pathways
which are dependent on the compositions of the rumen
microbiota. The formation of acetate and butyrate is
associated with the production of methanogenic sub-
strates, formate and H,. Usually, the high-yielding cows
often have the high amounts of CH, emission [68]. The
current study has showed that melatonin treatment has
reduced rumen methane production with the reduction
of total and individual VFAs in the rumen. The decrease
in VFAs can be caused by decreased food intake of the
cows or also indicated a decrease in rumen metabolism
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of cellulose, H, production by the ruminal microbiota.
In the current study, the food consumption was carefully
controlled, and no significant difference was observed
between melatonin-treated and the control cows. Thus,
the focus was given to the ruminal microbiota composi-
tions and metabolism.

The compositions of ruminal microbiota directly influ-
ence methane production. The association between
the methane production and rumen microbes has been
extensively studied. Shabat et al. [69] reported that
rumen microorganisms were variable in cows, and these
variations caused different fermentation pathways with
varied VFAs production, which in turn affected host’s
fed-material utilization. Sheep with high methane emis-
sion exhibited the increased methanogenic pathways and
upregulated gene expression related to these pathways in
rumen microbiotas [70]. Wallace et al. [71] selected high
and low methanogenic cattle to study their rumen flora
composition in which the 16S/18S rRNA gene abundance
analysis showed that the number of Methanobrevibacter
in the rumen of high methanogenic cattle was 2.5-fold
higher than that in the low methanogenic cattle. In addi-
tion, the methane production not only in rumen involved
methanogenic bacteria but also in other non-methano-
genic bacteria and some common bacteria, as well as
protozoa; their genetic differences also affected methane
production. For example, the abundance of Vibrio succi-
nogenes family was fourfold lower in the high methano-
genic group than the low methanogenic group. KEGG
analysis showed that archaeal genes which were directly
or indirectly responsible for methane production in cat-
tle with high methane production were 2.7-fold more
abundant than that in its low counterparts [71]. Succini-
vibrionaceae family was more abundant in cows with low
CH, production [68]. In the current study, we found that
melatonin significantly reduced the abundance of most of
the dominant rumen methanogenic bacteria and caused
significant changes in a total of 26 methanogenic genera;
among them, 23 were significantly reduced, including
g Methanoplanus, g Methanococcoides, and g Methano-
spirillum bacteria. In addition, melatonin caused signifi-
cant changes in total of 57 of 59 protozoa tested; among
them, the populations of 47 protozoa were significantly
decreased. The dramatic reduction of methane pro-
duction (in vitro around 25%, in vivo around 50%) by
melatonin may be related to its inhibitory effect on the
methanogenic genera and may also relate to that mela-
tonin breaks the symbiotic relationship between these
bacteria and protozoa. We also realized that the current
data could not fully support that all the methane reduc-
tion effect was due to the melatonin’s effect on the altera-
tions of the rumen microbiota by its antioxidant activity as
mentioned in the introduction, and some other activities
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of melatonin might be involved, such as its bacterial static,
metabolic regulatory, and immune activities [14]. But the
relationships among melatonin administration, altered
rumen microbiota, and methane reduction are indeed
present. The exact mechanisms warrant for future stud-
ies. Beside impacting the compositions of rumen micro-
organisms, the potential effects of melatonin to modify
the functions of rumen microbiota cannot be ignored
since metagenomic results showed that rumen microbial
differential genes were enriched in carbohydrates as well
as amino acids transports and metabolisms in melatonin-
treated group compared to the control. Therese processes
are closely associated with energy metabolism of organ-
isms. The exact role of functional alterations of rumen
microbiota on the methane production after melatonin
treatment cannot be distinguished from other factors at
current study and requires well-designed future studies.

Interestingly, melatonin increased the abundance of
beneficial bacteria including Ruminococcaceae, Bifido-
bacterium, and Lachnospiraceae (Fig. S6a, b, and c) while
decreased the abundance of pathogenic bacteria such
as Romboutsia (Fig. 4D), Lachnoclostridium (Fig. 4E),
and Citrobacter (Fig. S6d). This observation suggests
that melatonin selectively compromises some microbial
activity but boosts others, particularly downregulating
the activity of methanogenetic bacteria. Based on these
observations, it appeared that melatonin could improve
the rumen flora composition and most importantly to
reduce methane production. The methane emission from
ruminants has profound impact on the global green-
house effect [72]. In the in vitro study, melatonin addi-
tion reduced methane production by around 25%, and in
the in vivo study, melatonin administration reduced the
methane emission from the cow’s respiration by approxi-
mately 50%. We also realized that this number (50%)
might not be very accurate since the respiration gas col-
lection only last for 10 min. The reason is that under the
current respiration gas collection equipment (Fig. S2b),
the cows can only be restricted for a short moment; oth-
erwise, it will jeopardize their production performance.
With the improvement of the equipment in the near
future, the more accurate number will emerge. But the
current measurement, at least, reflects the tendency that
melatonin can significantly reduce the methane emission
from ruminants’ respiration. All these in vitro and in vivo
data strongly indicated that melatonin was a molecule
which has the capacity to dramatically reduce the meth-
ane production from cows. If this observation has been
confirmed by others or in other species of ruminants, the
environmental impact of this findings warrants further
investigation.

In addition, the ruminal flora differential genes were
enriched in pathways of lipid metabolism after melatonin
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treatment. A few studies have found a correlation between
intestinal methanogenic bacteria and lipid metabolism. In
a study of human intestinal flora, Methanobrevibacter were
found to be negatively associated with total fat content [73].
A correlation between methanogenic bacteria and intestinal
lipid deposition was reported in intestinal flora of poultry
[74]. Furthermore, the dairy metabolome analysis showed
that melatonin treatment reduced most metabolites associ-
ated with lipid oxidation, which indicated more fat deposi-
tion in cows. This fat deposition might alter the level of fat
in the milk. Unexpectedly, the significant increase in milk
fat on day 21 was observed. This increase might be the result
of methane reduction, i.e., the energy saved from methane
synthesis was used for lipid production, but this is specula-
tion and is deserved for future study to confirm.

The rumen microorganisms also affected milk pro-
tein content in cows. For example, rumen Prevotella by
affecting amino acid metabolism increase the protein
content of milk, while Methanobrevibacter mellerae were
enriched in the rumen of low milk protein cows by uti-
lizing the energy to generate CH, [56]. These observa-
tions were consistent with our findings, i.e., the content
of milk protein was significantly higher in melatonin-
treated groups than that in the controls. The metagen-
omic results also supported this observation, i.e., the
differential genes of rumen microorganisms were mainly
enriched in amino acid transport and metabolism in mel-
atonin-treated group compared to the control.

Most of studies to modify rumen flora compositions
were through nutritional intervention. However, genetic
factors of the host had a profound influence on the gut
microbial composition. Evidence showed that different
individuals responded differently when the diet was the
same [75, 76]. The effects of the host’s genetic factors on
the gut microbial compositions had been documented in
mice [77-79]. In ruminants, correlation between host’s
genetic factors and rumen microorganisms has also been
observed. For example, the phenotypes of cattle including
their food utilization rate and methane emission feature
influence their rumen microorganism composition which
exhibits potential heritability [80, 81]. Based on the obser-
vations that melatonin had the capacity to improve rumen
microorganism composition and reduce ruminal methane
production, it was possible genetically to establish the low
carbon emission cow population by screening cows with
high expression of melatonin synthetic genes and high
rumen melatonin levels. This will be our future goal.

Conclusion

Current study found that melatonin improved rumen
microbiota composition. Particularly, melatonin signifi-
cantly reduced rumen methanogenic microorganisms to
lower the methane production which directly related to
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reduce the greenhouse effect. In addition, melatonin may
also modify the functions of some microorganisms to
reduce the VFA production which further strengthened
its methane reduction activity. Reduction of VFA produc-
tion will inevitably lower the efficiency of feeding utili-
zation and impact the nutrition of the ruminants. In the
current study, we have not detected significant nutritional
issue including the body weight chance and milk compo-
sition. However, the increased milk quality with elevated
milk protein content indicated an improved nutritional
status of cows with melatonin treatment. It was specu-
lated that the decreased VFA production might be com-
pensated by the reduced methane production since the
energy used for methane synthesis could be converted to
synthesize milk fat and proteins. Our observations pro-
vide novel information which relates to low carbon dairy
farming and improved production performance of cows.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-023-01620-z.

Additional file 1: Fig. S1. Schematic diagram of continuous fermenta-
tion in vitro. Fig. S2a. Rumen sampling tube. Fig. S3. Up-regulated
metabolites. Fig. S4. Down-regulated metabolites. Fig. S5. Milk lactose
and urea nitrogen between groups. Fig.S6. Differences in rumen bacterial
at genus level.

Additional file 2: Table S1. Analysis results of melatonin products.

Acknowledgements

The authors acknowledge Prof. Hongjian Yang's laboratory at the College of
Animal Science and Technology, China Agricultural University, for providing
the experimental materials for the in vitro rumen simulation experiments. The
authors would like to thank all the staff of Nankou Third cattle farm for their
help with the field experiments.

Authors’ contributions

YF and SY wrote the main manuscript text. TW, YL, HH, XL, and DL prepared
Figs. 1,2, 3,4, 5. XM, SG, YY, YL, and HY prepared supplementary Figs. 1, 2, 3, 4,
5,6.YF and SY completed the in vitro rumen fermentation model experiment.
YF, SY, and HH completed the field experiment and sample collection. SL, NY,
and GL guided the whole experiment.

Funding

Beijing Innovation Consortium of Livestock Research System (BAICO5-
2022).The 67th general grant of China Postdoctoral Science Foundation
(2020M670540).

Availability of data and materials
All raw data and sequencing information can be requested by contacting the
corresponding author Guoshi Liu (gshliu@cau.edu.cn).

Declarations

Ethics approval and consent to participate

This study was approved by the China Agricultural University Laboratory
Animal Welfare and Animal Experimental Ethical Inspection Committee. The
approved protocol number for the study was AW80802202-1-1.

Consent for publication
Not applicable.


https://doi.org/10.1186/s40168-023-01620-z
https://doi.org/10.1186/s40168-023-01620-z

Fu et al. Microbiome

(2023) 11:196

Competing interests
The authors declare that they have no competing interests.

Author details

'College of Animal Science and Technology, China Agricultural University, Bei-
jing, China. ?Beijing Changping District Animal Disease Prevention and Control
Center, Beijing, China. *Beijing General Station of Animal Husbandry, Beijing,
China. “Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China.
®Beijing Jingwa Agricultural Science and Technology Innovation Center,
Beijing, China.

Received: 14 September 2022 Accepted: 13 July 2023
Published online: 29 August 2023

References

1.

O'Mara FP. The significance of livestock as a contributor to global green-
house gas emissions today and in the near future. Anim Feed Sci Technol
Elsevier. 2011;166:7-15.

Crippa M, Solazzo E, Guizzardi D, Monforti-Ferrario F, Tubiello FN,

Leip A.. Food systems are responsible for a third of global anthropo-
genic GHG emissions. Nat Foo. Nature Publishing Group UK London.
2021;2:198-209.

Kebreab E, Clark K, Wagner-Riddle C, France J. Methane and nitrous oxide
emissions from Canadian animal agriculture: a review. Can J Anim Sci
NRC Research Press Ottawa, Canada. 2006;86:135-5.

Kumar S, Puniya AK, Puniya M, Dagar SS, Sirohi SK, Singh K, et al. Factors
affecting rumen methanogens and methane mitigation strategies. World
J Microbiol Biotechnol Springer. 2009;25:1557-66.

Eckard RJ, Grainger C, De Klein CAM. Options for the abatement of
methane and nitrous oxide from ruminant production: a review. Livest Sci
Elsevier. 2010;130:47-56.

Martin C, Morgavi DP, Doreau M. Methane mitigation in ruminants: from
microbe to the farm scale. Animal England. 2010;4:351-65.

Newbold CJ, Lépez S, Nelson N, Ouda JO, Wallace RJ, Moss AR. Propionate
precursors and other metabolic intermediates as possible alternative
electron acceptors to methanogenesis in ruminal fermentation in vitro. Br
J Nutr England. 2005;94:27-35.

Newbold CJ, Lassalas B, Jouany JP. The importance of methanogens
associated with ciliate protozoa in ruminal methane production in vitro.
Lett Appl Microbiol England. 1995;21:230-4.

Jeyanathan J, Martin C, Morgavi DP. Screening of bacterial direct-fed
microbials for their antimethanogenic potential in vitro and assessment
of their effect on ruminal fermentation and microbial profiles in sheep. J
Anim Sci United States. 2016;94:739-50.

Bergman EN. Energy contributions of volatile fatty acids from the
gastrointestinal tract in various species. Physiol Rev United States.
1990;70:567-90.

Firkins JL, Yu Z. Ruminant nutrition symposium: how to use data on the
rumen microbiome to improve our understanding of ruminant nutrition.
J Anim Sci United States. 2015;93:1450-70.

Jami E, White BA, Mizrahi . Potential role of the bovine rumen micro-
biome in modulating milk composition and feed efficiency. PLoS ONE.
2014;9:e85423.

Jewell KA, McCormick CA, Odt CL, Weimer PJ, Suen G. Ruminal bacterial
community composition in dairy cows is dynamic over the course of two
lactations and correlates with feed efficiency. Appl Environ Microbiol.
2015;81:4697-710.

Cholewiniska P, Czyz K, Nowakowski P, Wyrostek A. The microbiome of
the digestive system of ruminants - a review. Anim Heal Res Rev England.
2020;21:3-14.

. Yang K, Wei C, Zhao GY, Xu ZW, Lin SX. Effects of dietary supplementing

tannic acid in the ration of beef cattle on rumen fermentation, methane
emission, microbial flora and nutrient digestibility. J Anim Physiol Anim
Nutr (Berl) Germany. 2017;101:302-10.

MaT, Wu W, TuY, Zhang N, Diao Q. Resveratrol affects in vitro rumen
fermentation, methane production and prokaryotic community
composition in a time- and diet-specific manner. Microb Biotechnol.
2020;13:1118-31.

20.

AR

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

39.

40.

Page 14 of 15

Tan D-X, Hardeland R, Manchester LC, Korkmaz A, Ma S, Rosales-Corral S,
et al. Functional roles of melatonin in plants, and perspectives in nutri-
tional and agricultural science. J Exp Bot England. 2012;63:577-97.
Ramakrishna A, Giridhar P, Sankar KU, Ravishankar GA. Melatonin and
serotonin profiles in beans of Coffea species. J Pineal Res England.
2012;52:470-6.

Goiri |, Diaz de Otdlora X, Ruiz R, Rey J, Atxaerandio R, Lavin JL, et al. Spent
coffee grounds alter bacterial communities in Latxa dairy ewes. Microor-
ganisms. 2020;8.

Konturek SJ, Konturek PC, Brzozowska |, Pawlik M, Sliwowski Z,
Czednikiewicz-Guzik M, et al. Localization and biological activities of
melatonin in intact and diseased gastrointestinal tract (GIT). J Physiol
Pharmacol. 2007,58:381-405.

Cipolla-Neto J, Amaral FG do. Melatonin as a hormone: new physiological
and clinical insights. Endocr Rev. 2018;39:990-1028 United States.
Kvetnoy IM. Extrapineal melatonin: location and role within diffuse neu-
roendocrine system. Histochem J Netherlands. 1999;31:1-12.

Brzezinski A. Melatonin in humans. N Engl J Med. United States;
1997;336:186-95. Available from: https://www.ncbi.nlm.nih.gov/pub-
med/8988899

Tan D-X, Manchester LC, Esteban-Zubero E, Zhou Z, Reiter RJ. Melatonin
as a potent and inducible endogenous antioxidant: synthesis and
metabolism. Molecules. 2015;20:18886-906.

Yao S, Wu H, Ma H, Fu'Y, Wei W, Wang T, et al. Effects of rumen bypass
melatonin feeding (RBMF) on milk quality and mastitis of Holstein cows.
Peer). 2020;8:€9147.

Wu H, Yao S, Wang T, Wang J, Ren K, Yang H, et al. Effects of melatonin on
dairy herd improvement (DHI) of Holstein cow with high SCS. Molecules.
2021;26.

Tekbas OF, Ogur R, Korkmaz A, Kilic A, Reiter RJ. Melatonin as an antibiotic:
new insights into the actions of this ubiquitous molecule. J Pineal Res
England. 2008;44:222-6.

Srinivasan V, Mohamed M, Kato H. Melatonin in bacterial and viral infec-
tions with focus on sepsis: a review. Recent Pat Endocr Metab Immune
Drug Discov. 2012;6:30-9 United Arab Emirates.

RenW, Wang P, Yan J, Liu G, Zeng B, Hussain T, et al. Melatonin alleviates
weanling stress in mice: involvement of intestinal microbiota. J Pineal Res.
England; 2018;64.

Rahman MA, Azuma'Y, Fukunaga H, Murakami T, Sugi K, Fukushi H, et al.
Serotonin and melatonin, neurohormones for homeostasis, as novel
inhibitors of infections by the intracellular parasite chlamydia. J Antimi-
crob Chemother England. 2005;56:861-8.

Rottenberg ME, Gigliotti-Rothfuchs A, Wigzell H. The role of IFN-gamma
in the outcome of chlamydial infection. Curr Opin Immunol England.
2002;14:444-51.

Moffett JR, Namboodiri MAA. Tryptophan and the immune response.
Immunol Cell Biol Wiley Online Library. 2003;81:247-65.

Yin J, LiY,Han H, Chen S, Gao J, Liu G, et al. Melatonin reprogramming of
gut microbiota improves lipid dysmetabolism in high-fat diet-fed mice. J
Pineal Res. 2018;65:¢12524 England.

Gao J, Xu K, Liu H, Liu G, Bai M, Peng C, et al. Impact of the gut microbiota
on intestinal immunity mediated by tryptophan metabolism. Front Cell
Infect Microbiol. 2018;8:13.

Ghareghani M, Reiter RJ, Zibara K, Farhadi N. Latitude, vitamin D, mela-
tonin, and gut microbiota act in concert to initiate multiple sclerosis: a
new mechanistic pathway. Front Immunol. 2018;9:2484.

Gao T, Wang Z, Dong Y, Cao J, Lin R, Wang X, et al. Role of melatonin in
sleep deprivation-induced intestinal barrier dysfunction in mice. J Pineal
Res. England; 2019,67:e12574.

. Silanikove N, Tadmor A. Rumen volume, saliva flow rate, and systemic

fluid homeostasis in dehydrated cattle. Am J Physiol United States.
1989;256:R809-15.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequenc-
ing data. Nat Methods Nature Publishing Group. 2010;7:335-6.

Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate
lllumina Paired-End reAd mergeR. Bioinformatics Oxford University Press.
2014;30:614-20.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open
source tool for metagenomics. PeerJ. Peer] Inc,; 2016;4:2584.


https://www.ncbi.nlm.nih.gov/pubmed/8988899
https://www.ncbi.nlm.nih.gov/pubmed/8988899

Fu et al. Microbiome

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

(2023) 11:196

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics Oxford Univer-
sity Press. 2011;27:2194-200.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial ampli-
con reads. Nat Methods. 2013;10:996" - 8 Nature Publishing Group US
New York.

Ye J, McGinnis S, Madden TL. BLAST: improvements for better sequence
analysis. Nucleic Acids Res Oxford University Press. 2006;34:W6-9.
Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, et al. SILVA: a
comprehensive online resource for quality checked and aligned riboso-
mal RNA sequence data compatible with ARB. Nucleic Acids Res Oxford
University Press. 2007;35:7188-96.

Li D, Liu C-M, Luo R, Sadakane K, Lam T-W. MEGAHIT: an ultra-fast
single-node solution for large and complex metagenomics assembly

via succinct de Bruijn graph. Bioinformatics Oxford University Press.
2015;31:1674-6.

Hyatt D, LoCascio PF, Hauser LJ, Uberbacher EC. Gene and translation ini-
tiation site prediction in metagenomic sequences. Bioinformatics Oxford
University Press. 2012;28:2223-30.

Li W, Jaroszewski L, Godzik A. Clustering of highly homologous
sequences to reduce the size of large protein databases. Bioinformatics
Oxford University Press. 2001;17:282-3.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol BioMed Central. 2009;10:1-10.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment

using DIAMOND. Nat Methods. Nature Publishing Group US New York.
2015;12:59-60.

Huson DH, Beier S, Flade |, Gorska A, El-Hadidi M, Mitra S, et al. MEGAN
community edition-interactive exploration and analysis of large-scale
microbiome sequencing data. PLoS Comput Biol. 2016;12:1004957
Public Library of Science San Francisco, CA USA.

Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller W, et al.
Gapped BLAST and PSI-BLAST: a new generation of protein data-

base search programs. Nucleic Acids Res Oxford University Press.
1997;25:3389-402.

Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 2.0: a web server
for annotation and identification of enriched pathways and diseases.
Nucleic Acids Res. 2011;39:W316-22 Oxford University Press.

Eddy SR. Profile hidden Markov models. Bioinformatics. 1998;14:755-63.
R Core Team R. R: A language and environment for statistical computing.
Vienna, Austria; 2013;

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol
Springer. 2011;12:1-18.

Xue M-Y, Sun H-Z, Wu X-H, Liu J-X, Guan LL. Multi-omics reveals that the
rumen microbiome and its metabolome together with the host metabo-
lome contribute to individualized dairy cow performance. Microbiome.
2020;8:64.

ZhaoY, Guo X, Yan S, Shi B, Sheng R. Acetate regulates milk fat synthesis
through the mammalian target of rapamycin/eukaryotic initiation factor
4E signaling pathway in bovine mammary epithelial cells. J Dairy Sci
United States. 2021;104:337-45.

Tao Y, Wang T, Huang C, Lai C, Ling Z, Zhou Y, et al. Incomplete degrada-
tion products of galactomannan from Sesbania cannabina modulated
the cecal microbial community of laying hens. J Anim Sci. United States;
2022;100.

Garcia PS, Gribaldo S, Borrel G. Diversity and evolution of methane-
related pathways in Archaea. Annu Rev Microbiol United States.
2022;76:727-55.

Ouyang J, Wang M, Bu D, Ma L, Liu F, Xue C, et al. Ruminal microbes
exhibit a robust circadian rhythm and are sensitive to melatonin. Front
Nutr Switzerland. 2021;8:760578.

Carasso S, Fishman B, Lask LS, Shochat T, Geva-Zatorsky N, Tauber E.
Metagenomic analysis reveals the signature of gut microbiota associated
with human chronotypes. FASEB J Off Publ Fed Am Soc Exp Biol United
States. 2021;35:€22011.

Van den Abbeele P, Belzer C, Goossens M, Kleerebezem M, De Vos

WM, Thas O, et al. Butyrate-producing Clostridium cluster XIVa species
specifically colonize mucins in an in vitro gut model. ISME J England.
2013;7:949-61.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

75.

76.

77.

78.

79.

80.

81.

Page 15 of 15

Urrutia N, Bomberger R, Matamoros C, Harvatine KJ. Effect of dietary
supplementation of sodium acetate and calcium butyrate on milk fat
synthesis in lactating dairy cows. J Dairy Sci. 2019;102:5172-81.

Guarner F. Enteric flora in health and disease. Digestion. Switzerland;
2006;73 Suppl 1:5-12.

Janssen PH. Influence of hydrogen on rumen methane formation and
fermentation balances through microbial growth kinetics and fermenta-
tion thermodynamics. Anim Feed Sci Technol Elsevier. 2010;160:1-22.
Kim H, Lee HG, Baek Y-C, Lee S, Seo J. The effects of dietary supplemen-
tation with 3-nitrooxypropanol on enteric methane emissions, rumen
fermentation, and production performance in ruminants: a meta-analysis.
J Anim Sci Technol. 2020;62:31-42.

Wang Y, YuS, LiY, Zhang S, Qi X, Guo K, et al. Pilot study of the effects of
polyphenols from chestnut involucre on methane production, volatile
fatty acids, and ammonia concentration during in vitro rumen fermenta-
tion. Anim an open access J from MDPI. 2021;11.

Danielsson R, Dicksved J, Sun L, Gonda H, Mller B, Schnirer A, et al.
Methane production in dairy cows correlates with rumen methanogenic
and bacterial community structure. Front Microbiol. 2017;8:226.

Shabat SK Ben, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby

S, Berg Miller ME, et al. Specific microbiome-dependent mecha-

nisms underlie the energy harvest efficiency of ruminants. ISME J.
2016;10:2958-72.

ShiW, Moon CD, Leahy SC, Kang D, Froula J, Kittelmann S, et al. Methane
yield phenotypes linked to differential gene expression in the sheep
rumen microbiome. Genome Res. 2014,24:1517-25.

Wallace RJ, Rooke JA, McKain N, Duthie C-A, Hyslop JJ, Ross DW, et al. The
rumen microbial metagenome associated with high methane produc-
tion in cattle. BMC Genomics. 2015;16:839.

Islam M, Lee S-S. Advanced estimation and mitigation strategies: a cumu-
lative approach to enteric methane abatement from ruminants. J Anim
SciTechnol. 2019;61:122-37.

Kumpitsch C, Fischmeister FPS, Mahnert A, Lackner S, Wilding M, Sturm
C, et al. Reduced B12 uptake and increased gastrointestinal formate

are associated with archaeome-mediated breath methane emission in
humans. Microbiome. 2021,9:193.

Wen C, Yan W, Sun C, Ji C, Zhou Q, Zhang D, et al. The gut microbiota

is largely independent of host genetics in regulating fat deposition in
chickens. ISME J. 2019;13:1422-36.

Weimer PJ, Stevenson DM, Mantovani HC, Man SLC. Host specificity of
the ruminal bacterial community in the dairy cow following near-total
exchange of ruminal contents. J Dairy Sci United States. 2010;93:5902-12.
Krehbiel CR, Rust SR, Zhang G, Gilliland SE. Bacterial direct-fed microbials
in ruminant diets: performance response and mode of action. J Anim Sci
Oxford University Press. 2003;81:E120-32.

McKnite AM, Perez-Munoz ME, Lu L, Williams EG, Brewer S, Andreux PA,
et al. Murine gut microbiota is defined by host genetics and modulates
variation of metabolic traits. PLoS ONE. 2012;7:¢39191.

Benson AK, Kelly SA, Legge R, Ma F, Low SJ, Kim J, et al. Individuality in
gut microbiota composition is a complex polygenic trait shaped by
multiple environmental and host genetic factors. Proc Natl Acad Sci U S
A.2010;107:18933-8.

Buhnik-Rosenblau K, Danin-Poleg Y, Kashi Y. Predominant effect of host
genetics on levels of Lactobacillus johnsonii bacteria in the mouse gut.
Appl Environ Microbiol. 2011;77:6531-8.

Sasson G, Kruger Ben-Shabat S, Seroussi E, Doron-Faigenboim A, Shterzer
N, Yaacoby S, et al. Heritable bovine rumen bacteria are phylogenetically
related and correlated with the cow’s capacity to harvest energy from its
feed. MBio. 2017;8.

LiF, Li C, ChenY, Liu J, Zhang C, Irving B, et al. Host genetics influence the
rumen microbiota and heritable rumen microbial features associate with
feed efficiency in cattle. Microbiome. 2019;7:92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Effects of melatonin on rumen microorganisms and methane production in dairy cow: results from in vitro and in vivo studies
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Materials and methods
	Chemicals
	Melatonin, CH4, VFA, and metabolites detection
	Animals
	 The construction of in vitro rumen fermentation model and experimental designs
	The animal study and sample collection
	Methane, VFAs, melatonin, milk composition, 16S rRNA sequencing, metagenomic sequencing, and metabolome detection in samples
	Methane and VFA detection
	Melatonin detection
	Milk composition detection
	DNA extraction, PCR amplification, and 16S rRNA sequencing
	Metagenomic sequencing analysis
	Metabolome analysis

	Statistical analysis

	Results
	 The effects of melatonin on methane production and VFA in the in vitro rumen fermentation model
	 Effects of melatonin on the composition of rumen microorganisms in vitro
	Effect of melatonin feeding on methane production and VFA in cows
	Effect of melatonin feeding on the composition of rumen microbiota of cows
	Effect of melatonin feeding on the metabolism of dairy cows

	Discussion
	Conclusion
	Anchor 29
	Acknowledgements
	References


