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Red seaweed extracts reduce
methane production by altering
rumen fermentation and
microbial composition in vitro
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A series of in vitro batch culture incubations were carried out to investigate

changes in rumen fermentation characteristics, methane (CH4) production,

and microbial composition in response to supplementation with five di�erent

red seaweed species (Amphiroa anceps, AANC; Asparagopsis taxiformis, ATAX;

Chondracanthus tenellus, CTEN; Grateloupia elliptica, GELL; and Gracilaria

parvispora, GPAR). Prior to the incubations, the total flavonoid and polyphenol

content of the red seaweed extracts was quantified. The incubated substrate

consisted of timothy hay and corn grain [60:40 dry matter (DM) basis].

Treatments were substrate mixtures without seaweed extract (CON) or

substrate mixtures supplemented with 0.25 mg/mL of red seaweed extract.

Samples were incubated for 6, 12, 24, 36, and 48h. Each sample was incubated

in triplicates in three separate runs. In vitro DM degradability, fermentation

parameters (i.e., pH, volatile fatty acids, and ammonia nitrogen), total gas

production, and CH4 production were analyzed for all time points. Microbial

composition was analyzed using 16S rRNA amplicon sequencing after 24h

of incubation. The highest CH4 reduction (mL/g DM, mL/g digested DM,

and % of total gas production) was observed in ATAX (51.3, 50.1, and 51.5%,

respectively, compared to CON; P < 0.001) after 12h of incubation. The other

red seaweed extracts reduced the CH4 production (mL/g DM; P < 0.001)

in the range of 4.6–35.0% compared to CON after 24h of incubation. After

24h of incubation, supplementation with red seaweed extracts tended to

increase the molar proportion of propionate (P = 0.057) and decreased the

acetate to propionate ratio (P = 0.033) compared to the CON. Abundances

of the genus Methanobrevibacter and total methanogens were reduced

(P = 0.050 and P = 0.016) by red seaweed extract supplementation. The

linear discriminant analysis e�ect size (P < 0.05, LDA ≥ 2.0) showed that

Frontiers in Veterinary Science 01 frontiersin.org

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2022.985824
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.985824&domain=pdf&date_stamp=2022-11-16
mailto:lss@gnu.ac.kr
https://doi.org/10.3389/fvets.2022.985824
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2022.985824/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

UG Succinivibrionaceae, Anaeroplasma, and UG Ruminococcaceae, which

are associated with higher propionate production, starch degradation, and

amylase activity were relatively more abundant in red seaweed extracts than in

the CON. Our results suggest that supplementation with red seaweed extracts

altered the microbiota, leading to the acceleration of propionate production

and reduction in CH4 production.

KEYWORDS

Asparagopsis, seaweed, in vitro, methane, metataxonomic, rumen microbiota

Introduction

Recognizing the urgent need to address climate change, most

nations have set a goal of achieving net-zero greenhouse gas

(GHG) emissions by the second half of the twenty-first century

(1). Methane (CH4) is a major source of atmospheric GHG (2).

For example, CH4 emissions from the enteric fermentation of

ruminants contribute to approximately 37.3% of the total GHG

emissions across the agricultural sector in Korea (3). Methane

produced by ruminants is not only related to climate change

but also associated with a loss of energy (2–12% gross energy

intake) of the host animals (4). Energy saved because of a

decrease in CH4 production could potentially be available for

animal performance and improve the efficiency of production

(i.e., meat, milk, and wool) (5).

A variety of feed additives have been used to reduce CH4

production by modulating microbial methanogenesis within the

rumen (ionophores, nitrate, etc.). Seaweeds (also known as red,

green, or brown macroalgae) have been shown to be some

of the most promising additives for this purpose. The global

production of seaweeds reached 32.4 million tons in 2018, and

seaweeds are currently harvested in approximately 50 countries

(6, 7). Seaweeds are mainly used for direct human consumption

in Asian countries, they have been used as a feed ingredient

more recently, as well as in other industrial applications (i.e.,

bioenergy). The capability of seaweed to contribute wellbeing

and health in livestock is mediated by bioactive compounds

that are synthesized by a few seaweed species (8–11). Some of

these bioactive compounds [e.g., bromoform in red species and

polyphenols or phlorotannins in brown species (12–14)] are

associated with a reduction in methanogenesis in the rumen.

Many seaweed species have been evaluated through in vitro

studies, and some have been shown to reduce CH4 production

Abbreviations: AANC, Amphiroa anceps; ATAX, Asparagopsis taxiformis;

CTEN, Chondracanthus tenellus; GELL, Grateloupia elliptica; GPAR,

Gracilaria parvispora; CE, Catechin equivalent; GAE, garlic acid equivalent;

PCoA, principal coordinate analysis; LDA, linear discriminant analysis;

LEfSe, linear discriminant analysis e�ect size; KEGG, Kyoto encyclopedia

of genes and genomes.

in the rumen (13, 15–17). For example, in an in vitro study, red

seaweeds (Gracilaria vermiculophyla and Gigartina sp.) reduced

CH4 production [mL/g dry matter (DM)] by 39 and 36%,

respectively, when supplemented with meadow hay (Holstein

cow) at a 25% of DM basis (16). When brown seaweeds

(Ulva sp. and Sargassum horneri) were supplemented at 4% of

DM to a total mixed ration (TMR), in vitro CH4 production

(mL) was reduced by 5.75 and 3.69%, respectively [donor

animals: Holstein cows; (17)]. In another in vitro study, extracts

of five different red seaweed species (Grateloupia lanceolata,

Hypnea japonica, Pterocladia capillacea, Chondria crassicaulis,

and Gelidium amansii) reduced the CH4 production (mL/g

DM) by 11.9–50.6%, when supplemented at 0.25 mg/mL (DM

basis) to timothy hay [donor animals: Hanwoo cows; (18)]. The

reduction in CH4 was at least in part caused by a reduction in

methanogen abundance. Extracts of brown seaweeds (Undaria

pinnatifida, Sargassum fusiforme, and Sargassum fulvellum) also

reduced in vitro CH4 production (mL/g DM) by 21.3–26.8%

when supplemented at 0.25 mg/mL (DM basis) to a mixture of

timothy hay and corn grain [donor animals: Hanwoo cow; (13)].

Furthermore, red seaweed (Asparagopsis taxiformis; ATAX) has

been shown to reduce CH4 production [mL/g organic matter

(OM)] by 95–99% when supplemented at 5% OM to a TMR

fed to Holstein and Jersey cows (11) or when supplemented 2%

OM to Brahman steer fed Rhodes grass (19). Recently, it has

been reported that Asparagopsis spp. reduced CH4 production

in lactating Holstein cows (19) and Angus-Hereford cross beef

steers (14) when supplemented to a TMR at 0.5% OM.

The present study investigated five red seaweed species

(Amphiroa anceps, AANC; ATAX; Chondracanthus tenellus,

CTEN; Grateloupia elliptica, GELL; and Gracilaria parvispora,

GPAR) found in Korea. These species are edible red seaweeds

commonly used as food ingredients and for diverse industrial

applications (production of agar, bioethanol, and textiles) (20,

21). Many studies have confirmed that these species produce

certain secondary metabolites that have positive effects on

human and animal health. For example, CTEN and GPAR

have radical-scavenging activities (22, 23). Kim et al. (24)

and Lee et al. (25) reported that the bromophenols contained

in GELL have antioxidant, anticancer, and anti-inflammatory
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effects. AANC contains many secondary metabolites, including

tannins, which can have antimicrobial and pharmacological

activities (26). Based on the bioactivities of various compounds

from the extracts of these five red seaweeds, we hypothesized

that they may affect the microbiota, leading to a shift in the

fermentation pattern and reduction in CH4 production. To date,

the effects of red seaweeds on microbiota and their functions

have been rarely investigated, and their effects on fermentation

and CH4 production are still unclear, except for the effect of

ATAX (11, 19) and GPAR (16). Therefore, the main objectives of

this study were to (1) identify total flavonoids and polyphenols

in the extracts of these five red seaweeds; (2) examine the

effects of supplementation with their extracts on fermentation

characteristics and CH4 production; and (3) investigate the

effects of supplementation with their extracts on microbial

composition and functions.

Materials and methods

Ethics statement

All experimental protocols were approved by the Animal

Care and Use Committee (Approval ID: GNU-180130-A0007)

of the Gyeongsang National University (Jinju, Gyeongsangnam-

do, Korea). All experimental procedures were performed

according to the guidelines and regulations set out by this

governing body.

Red seaweed extract preparation

Five different red seaweed extracts, AANC, ATAX,

CTEN, GELL, and GPAR, were provided by the Marine

Biodiversity Institute of Korea (MABIK, Seocheon, Korea). The

specific information on red seaweed extracts is indicated in

Supplementary Table 1. Each fresh seaweed was cut or crushed

into small pieces, freeze-dried, and ground into a fine powder.

Then, 50 g/L powder was extracted with 70% ethyl alcohol, using

an ultrasonic cleaner (WUC-N30H; Daihan Scientific, CO.,

Ltd, Seoul, Korea). Subsequently, stock solution (50 mg/mL) of

each extract was dissolved in dimethyl sulfoxide (Sigma-Aldrich

Chemical Co., St. Louis, MO, USA) and diluted using culture

media before in vitro incubation.

Chemical analysis

The chemical composition of the incubated substrates is

shown in Table 1. Prior to chemical analysis, timothy hay

and corn grain were dried at 65◦C for 48 h to measure

DM. Dried samples were ground with a Wiley mill (Arthur

Thomas Co., Philadelphia, PA) fitted with a 1mm screen.

TABLE 1 Chemical composition of substrates used in the in vitro

experiment.

Item Timothy hay Corn grain

Chemical composition (% of DM)

Dry matter 92.1 85.4

Organic matter 95.6 98.8

Crude protein 8.40 7.65

Neutral detergent fiber 65.1 23.7

Acid detergent fiber 34.8 10.7

Ether extract 1.57 3.30

Non-fiber carbohydrate 20.5 64.2

Calcium 0.35 0.02

Phosphorus 0.23 0.22

All values represent the mean of triplicate analysis. DM, dry matter. NDF assayed with

heat-stable amylase and expressed inclusive of residual ash.

Timothy hay and corn grain samples were analyzed for DM,

crude protein, ether extract, and ash contents, which were

determined as described by AOAC (1990; method 934.01,

954.01, 920.39, and 942.05, respectively) (27). The content

of neutral detergent fiber (aNDF), acid detergent fiber, and

lignin was analyzed according to Van Soest et al. (28). The

aNDF content was analyzed using heat-stable α-amylase and

expressed inclusive of residual ash. Non-fiber carbohydrate

content was estimated based on the following equation: non-

fiber carbohydrate = 100–(crude protein + ether extract + ash

+ aNDF). Detailed analysis for total flavonoid and polyphenol

was performed as described by Choi et al. (13). Total flavonoid

and polyphenol concentration was measured using a microplate

reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA,

USA) at 510 and 750 nm, respectively.

Experiment procedures

Two cannulated non-lactating Hanwoo cows [average body

weight (BW) 506 kg] were used as rumen fluid donors. The cows

were fed a standard diet composed of 600 g/kg timothy hay and

400 g/kg of commercial concentrate mix at 2% DM of their BW.

The cows had free access to water. Rumen fluid samples were

collected frommultiple rumen sites (dorsal, ventral, cranial, and

caudal) 2 h before morning feeding. The rumen content was

directly collected by hand through the rumen cannula. To collect

the rumen fluid, the contents were strained through four layers

of cheesecloth into a pre-warmed Duran bottle (1 L) leaving no

headspace. Equal volumes of the freshly strained rumen fluid

from two cows were combined. In the laboratory, the inoculum

was kept in a water bath at 39◦C. The initial pH of the inoculum

was between 6.86 and 6.91. The in vitro buffer (artificial saliva)

was prepared as described by McDougall (29) and mixed with
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rumen fluid in a ratio of 1:2 (v/v), under strictly anaerobic

conditions. In the bottle, 0.5 g of grounded substrates (0.3 g of

timothy hay and 0.2 g of corn grain, DM basis) was placed into a

nylon bag (pore size 50± 10µm, R510, AnkomTechnology, NY,

USA). Treatments were as follows: substrate mixture without

seaweed extract (CON), substrate mixture supplemented with

seaweed extracts (0.25 mg/mL), and blank (without substrate

mixture). The dosage of seaweed extract was chosen based on

a previous study (13). The mixture of rumen fluid and in vitro

buffer (40 mL/bottle) was accurately dispensed into each bottle

under a stream of CO2. The bottles were capped with a butyl

rubber stopper and placed in a shaking incubator (120 rpm) at

39◦C for 6, 12, 24, 36, and 48 h. Three incubation runs were

conducted on three separate days. Triplicate samples of each

treatment were incubated in each run and time point. Three

blank bottles with no substrate were used to correct for gas

production arising from the inoculum.

Sampling and measurements

At each time point, the gas production was measured using

a manual pressure transducer (Laurel Electronics, Inc., Costa

Mesa, CA, USA). The readings of the pressure transducer were

converted to gas volume (mL) using an equation developed for

our laboratory conditions (30).

V = (P− 11.015)/8.5502(n = 144, R2 = 0.999)

where V= gas volume (mL) and P=measured pressure (psi).

Headspace gas samples (6mL) were taken from each bottle

with a 10mL gas-tight syringe and stored in a vacuum test

tube (Vacutainer, Becton Dickinson, Franklin Laker, NJ, USA).

The concentration of CH4 in the gas samples was assayed

by gas chromatography (Shimadzu, GC-2010 PLUS, Japan)

equipped with HP-PLOT Q capillary column (I.D. 0.53mm,

L.30m). A flame ionization detector (FID) with a methanizer

was used to analyze CH4 concentration. Column, injector, and

detector temperatures were controlled with 35, 200, and 250◦C,

respectively, and helium and hydrogen (H2) gases were used as

carrier and combustion gases, respectively. The total production

of CH4 was calculated according to López et al. (31) as follows:

CH4, mL = CH4concentration (mL/mL)× (Total gas, mL

+ Headspace, 80 mL)

At each time point, the pHwas determined using a pHmeter

(S220, Mettler-Toledo, Greifensee, Switzerland). The sample of

liquid cultures (5mL from each vial) was collected to analyze

volatile fatty acid (VFA) and ammonia nitrogen (NH3-N).

Quantification of VFA was done using high-performance liquid

chromatography (L-2200, Hitachi, Tokyo, Japan) according to

Adesogan et al. (32). Ammonia nitrogen was quantified as

described by Chaney and Marbach (33) using a spectrometer

(Model 680, Bio-Rad Laboratories, Hercules, CA, USA) at

630 nm absorbance. Fluid sub-samples (1.8mL) collected after

24 h of incubation were stored at−80◦C until DNA extraction.

In vitro dry matter degradability

The nylon bags were washed with running tap water until

the water became clear. Subsequently, they were dried in the

oven at 105◦C for 24 h to determine the apparent in vitro

DM degradability (IVDMD). In vitro DM degradability was

calculated as the equation below, where DMI means initial DM

and DMF means finished DM.

IVDMD (%) =
weight of DMI − weight of DMf

weight of DMI
× 100

DNA extraction, PCR amplification, and
sequencing

The genomic DNA was extracted using repeated bead

beating and column extraction followed by extraction using

a QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden,

Germany) as described by Yu and Morrison (34). The

quality and quantity of extracted DNA were analyzed using

a NanoDrop ND-2000 spectrophotometer (Thermo Fisher

Scientific Inc., Wilmington, DE, USA). Quantitative real-time

PCR was done using a CFX 96 Touch system (Bio-Rad

Laboratories, Inc.) by using several primer sets described

in Supplementary Table 2, to quantify total bacteria, ciliate

protozoa, fungi, and total methanogens following our previous

study (13). The amplicon targeting the V3–V4 region of

16S rRNA genes was processed and sequenced by Macrogen

(Macrogen Inc., Seoul, Korea). In brief, indexed 16S rRNA

amplicon libraries from both prokaryotes and eukaryotes

were amplified using 341F (5′ CCTACGGGNGGCWGCAG-3′)

and 805R (5′-GACTACHVGGGTATCTAATCC-3′) universal

primers (35) with a unique barcode for each rumen DNA

sample. The amplicon libraries were sequenced using the 2 ×

300 paired-end protocol on the Illumina MiSeq platform (San

Diego, CA, USA).

Bioinformatics analysis

The amplicon sequencing data were analyzed using the

QIIME2 platform (version 2021.02) (36). Briefly, reads were

denoised, dereplicated, and filtered (Phred Q < 25) for chimeras

to generate Amplicon Sequence Variants (ASVs) according to

the recommended parameters in the DADA2workflow (37). The
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identified sequences from this study are available in the NCBI

sequence read archive (accession numbers: PRJNA830647).

Taxonomy was assigned to the ASVs using a pre-trained

classifier Silva (SSU138) 16S rRNA gene database (38). Major

classified taxa, which were detected in over 50% of the

samples at least one of the treatments, were discussed in

this study. Alpha- and beta-diversity analyses were performed

with the rarefied ASV table using the lowest sequence

count (21,703 ASVs). Richness (observed ASVs and Chao1

estimates), Evenness, Simpson’s index, Shannon’s index, and

Faith’s phylogenetic diversity were calculated based on the

rarefied ASV table. Principal coordinate analysis (PCoA) of Bray

Curtis, Jaccard, weighted UniFrac, and unweighted UniFrac

distance analysis was used to investigate the dissimilarity of

overall microbiota between treatments. The reconstruction

and functional prediction of the metabolic pathways of the

metagenome, gene families, and enzymes were performed

using the PICRUSt2 (v.2.4.1) software, with the recommended

scenario and settings (39). Pearson’s correlation was performed

to explore the relationships among prokaryotic microbiota

(existing in at least 50% of the samples), fermentation, and

gas parameters. We inferred co-occurrence networks using

the SparCC algorithm (40) for calculating the correlation

strength and significance of major prokaryotic genera (relative

abundance > 0.1%) as implemented in FastSpar (41). To

determine correlations, FastSpar was run with 50 iterations,

including 1,000 bootstraps to infer P-values.

Statistical analysis

The data obtained from in vitro experiment (pH, IVDMD,

NH3-N, VFA, and gas parameters) and the absolute abundance

of ciliate protozoa, fungi, and total methanogens were analyzed

using the GLIMMIX procedure of SAS software (version. 9.4,

SAS Institute Inc., Cary, NC, United States).

Y ijk = µ + αi + βj + γk + εijkl

where Yijk is the experimental data, µ is the overall mean, αi
is the fixed effect of dietary treatments (i= 1 to 6), βj is the fixed

effect of incubation times (j = 1 to 5), γk is the random effect of

the fermentation trials (k = 1 to 3), and εijkl is the unexplained

random error. Differences between treatment means were

determined by Tukey’s honest significant differences (HSD) test.

Statistical significance was declared at P < 0.05, and a trend was

discussed when 0.05 < P < 0.10. To assess the effects of the

different treatments on the changes in a microbial community,

permutationalmultivariate analysis of variance (PERMANOVA)

with 9,999 random permutations was performed using the

QIIME2 software package. Multiple comparisons for the relative

abundance of the classified microbial taxa (>0.1%), some of the

predicted Kyoto encyclopedia of genes and genomes (KEGG)

pathways, and modules (>0.1%) were statistically analyzed by

the Tukey HSD test. To identify the difference in microbial

populations in five different dietary treatments to characterize

the microbial population at the genera level using linear

discriminant analysis (LDA) effect size (LEfSe) implemented in

the Galaxy web application (42). We also identified functions

of microbiota based on KEGG pathways and modules using

LEfSe analysis. The normalized ASV counts in each sample were

used as the input for the LEfSe analysis. Differences among

classes were determined using the non-parametric Kruskal

Wallis test, at a significance level of P < 0.05 and with a

threshold LDA score of 2.0. The LEfSe was analyzed using

the Wilcoxon rank sum test, with P < 0.05 again taken to

indicate significance. Pearson’s correlation coefficients among

prokaryotic microbiota, fermentation, and gas parameters were

calculated using the PROC CORR procedure of SAS and

visualized using R package corrplot (v. 4.0.2). Only significant

correlation coefficients (|r| > 0.7, P < 0.05) were determined for

generating the correlation and network analysis.

Results

Total flavonoid and polyphenol profiles
of red seaweed extracts

The total flavonoid and polyphenol contents are shown in

Figure 1. Total flavonoid content varied between species and

was highest for ATAX [106.9 ± 7.59mg catechin equivalent

(CE)/g] followed by GELL (13.4± 2.34mg CE/g), GPAR (8.20±

0.56mg CE/g), AANC (6.24 ± 1.91mg CE/g), and CTEN (6.24

± 1.91mg CE/g). The total polyphenol content was highest in

ATAX [20.6± 1.01mg garlic acid equivalent (GAE)/g] followed

by GELL (20.1 ± 0.30mg GAE/g), CTEN (10.8 ± 0.25mg

GAE/g), AANC (7.43 ± 0.42mg GAE/g), and GPAR (2.36 ±

0.19mg GAE/g). The ATAX extract was higher in total flavonoid

and polyphenol content than the other seaweed extracts.

In vitro fermentation characteristics

The effects of the red seaweed extract on in vitro

fermentation characteristics are shown in Figure 2. The pH was

affected (P < 0.05) by red seaweed extracts, but to different

magnitudes, depending on the sampling time point. After 6,

12, and 24 h of incubation, pH in response to AANC, CTEN,

and GELL was higher (P < 0.01) compared to the CON.

However, after 48 h of incubation, pH in response to AANC

and ATAX was lower than (P < 0.01) that of the CON, whereas

no significant differences were observed in GELL. The IVDMD

after 6 and 24 h in all incubations containing seaweed extracts

Frontiers in Veterinary Science 05 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

FIGURE 1

Concentration of total flavonoid and polyphenol in red seaweed extracts. TF, total flavonoid; CE, Catechin equivalent; TP, total polyphenol; GAE,

garlic acid equivalent; AANC, Amphiroa anceps; ATAX, Asparagopsis taxiformis; CTEN, Chondracanthus tenellus; GELL, Grateloupia elliptica;

GPAR, Gracilaria parvispora. Bars represent standard error of triplicate analysis.

tended to be lower (6 h: P = 0.065 and 24 h: P = 0.084)

compared to the CON. After 12 h of incubation, IVDMD in

response to GELL was lower compared to the CON (P = 0.012).

Ammonia nitrogen concentrations after 24, 36, and 48 h in all

incubations containing seaweed extracts were lower compared

to the CON (P < 0.05). After 6 and 48 h of incubation, total

VFA concentration in response to AANC was lower (P < 0.01)

compared to the CON. After 12 and 24 h of incubation, the

molar proportion of acetate in response to ATAXwas lower (P<

0.05) compared to the CON. However, after 48 h of incubation,

the molar proportion of acetate in response to AANCwas higher

(P < 0.001) than that of the CON. After 24 h of incubation, the

molar proportion of propionate in all incubations containing

seaweed extracts tended to be higher (P = 0.057) compared

to the CON. After 48 h of incubation, the molar proportion of

propionate in response to AANC was lower (P < 0.001) than

that of the CON. After 12 and 48 h of incubation, the molar

proportion of butyrate in response to CTEN (12 h: P = 0.030)

and GELL (48 h: P < 0.001) was higher than that of the CON.

After 24 h of incubation, the acetate to propionate (AP) ratio in

response to ATAX and GELL was lower (P = 0.033) compared

to the CON. After 48 h of incubation, the AP ratio in response to

AANC was higher (P < 0.001) than that of the CON.

Total gas and CH4 production

As shown in Figure 3, after 12 h of incubation,

supplementation with AANC and GELL resulted in the

lowest total gas production (mL/g DM, P < 0.001) compare

to the CON. After 48 h of incubation, total gas production

(mL/g DM) in all red seaweed extracts was higher (P < 0.001)

compared to the CON. Methane production (mL/g DM)

largely followed a similar pattern to that of total gas production

(mL/g DM) until 24 h of incubation. Differences were foremost

observed after 36 h of incubation. Compared to the CON, the

highest CH4 reduction (mL/g DM, mL/g digested DM, and %

of total gas production) was observed in ATAX (51.3, 50.1, and

51.5%, respectively, P < 0.001) at all the time points, except

for 48 h after the onset of incubation. After 6 h of incubation,

AANC, GELL, and GPAR led to higher CH4 production

(mL/g DM), mL/g digested DM, and % of total gas production

(23.4–49.4, 25.8–63.4, and 17.6–43.7%, respectively, P < 0.001)

than that of the CON. However, after 36 h of incubation, all red

seaweed extracts except GPAR reduced CH4 production (mL/g

DM, 4.66–19.9%, P < 0.001), mL/g digested DM (6.01–20.2%, P

= 0.0003), and CH4 production (% of total gas, 7.14–21.5%, P

< 0.001) that of the CON.
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FIGURE 2

E�ects of red seaweed extracts on in vitro fermentation characteristics. IVDMD, in vitro dry matter degradability; NH3-N, ammonia nitrogen;

VFA, volatile fatty acid; AP, acetate to propionate; CON (black circle), without seaweed extracts; AANC (sky blue circle), Amphiroa anceps; ATAX

(red circle), Asparagopsis taxiformis; CTEN (dark gray circle), Chondracanthus tenellus; GELL (yellow circle), Grateloupia elliptica; GPAR (orange

circle), Gracilaria parvispora. Data were analyzed using seaweed extracts dose amount: 0.25 mg/mL, based on a 5% basis of substrate mixture.

Bars represent the standard error of triplicate analysis. P-values represent multiple comparison output of each incubation time. a−cMeans with

di�erent superscript letters indicate a significant di�erence (P < 0.05). (A) pH, (B) IVDMD (%), (C) NH3-N (mg/dL), (D) Total VFA (mmol), (E)

Acetate (%), (F) Propionate (%), (G) Butyrate (%), and (H) AP ratio.

Microbial composition

A total of 1,035,111 16S rRNA sequences were generated

by the 16S rRNA sequence analysis. After the removal of low-

quality, non-targeted and chimeric amplicons by QIIME2 (Q

score > 25), 516,939 sequences (50% of the raw reads) were

obtained with an average of 28,719 ± 2,824 sequences per

sample. As shown in Table 2, alpha-diversity measurements of

the prokaryotic community (observed ASV, Chao 1 estimates,

evenness, Shannon’s index, and faith’s PD) did not differ between

CON and red seaweed extracts group. However, Simpson’s index

was higher in CTEN than that of the CON. Regards to beta-

diversity compared by PERMANOVA was shown in Figure 4.

The Bray-Curtis, weighted Unifrac, and unweighted Unifrac

distances of the each of red seaweed extracts did not differ

from CON. However, Jaccard distance tended to be affected

by supplementation AANC and CTEN (Q = 0.098 and 0.097)

than that of the CON. In the overall comparison, it was differed

Frontiers in Veterinary Science 07 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

FIGURE 3

E�ects of red seaweed extracts on in vitro total gas and methane production. CH4, methane; DM, dry matter; CON (black circle), without

seaweed extracts; AANC (sky blue circle), Amphiroa anceps; ATAX (red circle), Asparagopsis taxiformis; CTEN (dark gray circle), Chondracanthus

tenellus; GELL (yellow circle), Grateloupia elliptica; GPAR (orange circle), Gracilaria parvispora. Data were analyzed using seaweed extracts dose

amounts: 0.25 mg/mL, 0.25 mg/mL, based on a 5% basis of substrate mixture. Bars represent the standard error of triplicate analysis. P-values

represent multiple comparison output of each incubation time. a−cMeans (n = 3) with di�erent superscript letters indicate a significant

di�erence (P < 0.05). (A) Total gas (mL/g DM), (B) CH4 (mL/g DM), (C) CH4 (digested DM), and (D) CH4 (% of total gas).

from CON in Bray-Curtis (P = 0.022), Jaccard (P = 0.007), and

weighted Unifrac distance (P = 0.034), whereas no differences

were observed in unweighted Unifrac distance.

The Venn diagram showed shared prokaryotic

genera between CON and red seaweed extracts

(Supplementary Figure 1). Over 110 genera were shared

by each of the red seaweed extracts and CON. The most

shared red seaweed extract was GPAR which shared a total of

124 genera.

The major taxa with relative abundance above 0.1% in

at least one group are shown in Supplementary Figure 2.

At the phylum level, nine phyla had a relative abundance

> 0.1%, and Bacteroidota, Firmicutes, Proteobacteria, and

Fibrobacterota were the four dominant phyla. At the genus level,

three dominant genera were Prevotella, Rikenellaceae RC9 gut

group, and F082, while the genus Denitrobacterium only found

in red seaweed extracts supplementation. The differentially

abundant family and genus levels between the CON and red

seaweed extracts group were identified using LEfSe (Table 4).

At the family level, red seaweed extracts supplementation was

more enriched in the relative abundance of three families

within Acholeplasmataceae (GELL), WCHB1-41 (GPAR), and

Eggerthellaceae (ATAX), whereas there were no families

enriched in the CON, AANC, and CTEN. At the genus level,

a total of six genera including UG Ruminococcaceae (ATAX),

Denitrobacterium (ATAX), Candidatus Saccharimonas (CTEN),

Anaeroplasma (GELL), UG Succinivibrionaceae (GELL), and

Muribaculaceae (GPAR) were found to be enriched in the red

seaweed extracts supplementation, whereas there were no genera

enriched in the CON and AANC.

The RT-PCR results showed that the abundance of

total bacteria, ciliate protozoa, and fungi had no significant

differences observed between CON and red seaweed extract

supplementation (Table 4). However, the abundance of total

methanogens was lower (P = 0.016) in AANC and GPAR than

that of the CON.
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TABLE 2 Alpha diversity measurements of the microbiota 24h of in vitro incubation.

Measurement CON Treatments SEM P-value

AANC ATAX CTEN GELL GPAR

Diversity

Observed ASVs 798 742 745 840 831 799 51.4 0.325

Chao1 estimates 801 744 747 843 832 800 51.8 0.330

Evenness 0.90 0.90 0.90 0.90 0.90 0.89 0.00 0.274

Simpson’s index 0.99 0.99 0.99 1.00 1.00 0.99 0.00 0.043

Shannon’s index 8.66 8.53 8.59 8.76 8.74 8.62 0.09 0.169

Faith’s PD 47.1 46.0 46.3 48.9 49.1 47.0 2.14 0.603

All values represent the mean (n = 3, n means separate run). SEM, standard error of the mean; amplicon sequence variant; PD, phylogenetic diversity; CON, without seaweed extracts;

AANC, Amphiroa anceps; ATAX, Asparagopsis taxiformis; CTEN, Chondracanthus tenellus; GELL, Grateloupia elliptica; GPAR, Gracilaria parvispora.

Predicted functions of the microbiota

No significant difference in the predicted functional features

of the microbiota against seven different databases (i.e., COG,

PFAM, EC, MetaCyc Pathways, KEGG orthologs, KEGG

modules, and KEGG pathways) was detected between the

CON and red seaweed extract (Supplementary Table 3). The

overall predicted functional features are shown in Table 5.

According to LEfSe analysis, two KEGG pathways were

enriched in AANC supplementation (taurine and hypotaurine

metabolism, ko00430; and glyoxylate and dicarboxylate

metabolism, ko00630). In the KEGG modules, four predicted

functional features were found to be enriched in the GELL

supplementation (threonine biosynthesis, M00018; guanine

ribonucleotide biosynthesis; M00050; NAD biosynthesis,

M00115; and coenzyme A biosynthesis, M00120), whereas

C5 isoprenoid biosynthesis (M00096) was enriched in CON.

Although not identified as a biomarker by the LEfSe analysis,

we found some significant KEGG pathways or modules related

to fermentation characteristics (ko00280, valine, leucine and

isoleucine degradation; ko00071, fatty acid degradation; and

M00149, succinate dehydrogenase) and CH4 production

(ko00680, CH4 metabolism; M00176, assimilatory sulfate

reduction; and M00344, Formaldehyde assimilation belong to

CH4 metabolism).

Correlation analysis

To identify the associations between the fermentation

and gas parameters and differently abundant taxa, we

conducted a correlation analysis by calculating Pearson’s

correlation coefficients (Figure 5). Strong correlations (Pearson

correlation coefficients, |r| > 0.7, P < 0.05) were detected

by supplementation with red seaweed extracts. Total gas

production was negatively correlated with [Eubacterium]

coprostanoligenes group, whereas CH4 production (including

CH4 digested DM and % of total gas production) was positively

correlated with the Lachnospiraceae ND3007 group. The

concentration of NH3-N and IVDMD was negatively correlated

with unclassified Ruminococcaceae and Pedosphaeraceae

DEV114, respectively. [Eubacterium] ruminantium group,

Lachnospiraceae XPB1014 group, Ruminobacter, Ruminococcus,

and Anaeroplasma were positively correlated with total VFA

production, whereas Bacteroidales BS11 gut group and F082

were negatively correlated. The molar proportion of acetate

was negatively correlated with Selenomonas, Succinivibrio,

and Denitrobacterium, whereas molar proportion of butyrate

was positively correlated with Selenomonas. The molar

proportion of propionate was positively correlated with

unclassified Succinivibrionaceae and negatively correlated

with Anaerovorax, whereas AP was negatively correlated

with Succinivibrio.

To infer an underlying relationship between prokaryotic

microbiota by red seaweed extract supplementation, we

plotted the co-occurrence network interaction. The co-

occurrence network consisted of 38 nodes and 72 edges

(Supplementary Figure 3), including 48 positive correlations

and 24 negative correlations (|r| > 0.7, P < 0.05). Based

on the centrality parameters (including degree, authority, and

eigenvector centrality), F082 was the best centrality genus in red

seaweed extract supplementation.

Discussion

Flavonoids and polyphenols in seaweeds exert antimicrobial

effects (43) and can interact either positively or negatively

with the rumen microbiota (44). For example, flavan-3-ol,

(+)-catechin (a flavonoid sub-group) can function as an

alternative H2 sink to CH4 precursors in the rumen (45). In

the present study, we found that ATAX was the most effective

species to reduce CH4 production. Interestingly, ATAX had

the highest total polyphenol and flavonoid content (Figure 1).

Several studies reported that flavonoids and polyphenols can
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FIGURE 4

Principal coordinates analysis based on the (A) Bray-Curtis, (B) Jaccard, (C) Weighted Unifrac, and (D) Unweighted Unifrac distances of the red

seaweed extracts in the in vitro cultures. PERMANOVA results of the pairwise comparison of the overall microbiota structures between the

control and each red seaweed treatment were included (after 24h of in vitro incubation). CON (black circle), without seaweed extracts; AANC

(sky blue circle), Amphiroa anceps; ATAX (red circle), Asparagopsis taxiformis; CTEN (dark gray circle), Chondracanthus tenellus; GELL (yellow

circle), Grateloupia elliptica; GPAR (orange circle), Gracilaria parvispora.

alter rumen fermentation and microbiota (13, 46–48). For

example, Ma et al. (47) reported that supplementation with

natural polyphenol resveratrol reduced the total VFA content

regardless of the diet type or fermentation time. Our previous

study also showed that supplementation with brown seaweed

extracts (with similar or lower contents of flavonoids and

polyphenols than those in red seaweed extracts) decreased

the abundance of proteolytic species (13). However, different

types of flavonoid and polyphenol compounds are produced in

different seaweed species, explaining their different effects on

the rumen microbiota (13). The concentrations of flavonoids,

polyphenols, and other bioactive compounds in seaweeds can

Frontiers in Veterinary Science 10 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

FIGURE 5

Pearson’s correlation coe�cients between the relative abundance of di�erentially abundant bacterial genera and fermentation and gas

parameters a�ected by the red seaweed extract supplementation after 24h of in vitro incubation. Each row in the graph represents fermentation

and gas parameters, each column represents a prokaryotic genera. Only strong significant correlation coe�cients (|r| > 0.7, P < 0.05) are shown

on the plot. CH4, methane; DM, dry matter; NH3-N, ammonia nitrogen; VFA, volatile fatty acid; AP, acetate to propionate; UCG, uncultured

genus-level group.

vary depending on the growing seasons, geographical locations,

and post-harvest processing (49, 50). For example, most studies

of ATAX used ATAX harvested in Australia (11, 14, 15, 19).

Thus, it is possible that the observed CH4 reduction efficiency

of 8–90% in the present study occurred because the content

of the main anti-methanogenic bioactive compound in ATAX

(bromoform) collected in Korea differs from that in ATAX

collected in Australia. Furthermore, other substances in seaweed

may contribute to differences in CH4 reduction, as suggested by

Vijn et al. (51). The activity of bromoform can also be impacted

by the extraction process or storage conditions, as suggested by

Stefenoni et al. (52). It is also possible that the lower effectiveness

in CH4 reduction was caused by differences in the substrate used

and by microbial variations in the rumen fluid.

Our results clearly indicate that most red seaweed extracts

significantly reduced CH4 production after 12 h of incubation,

which was accompanied by decreased IVDMD, total and

individual VFA, and total gas production (Figure 2). These

results are consistent with those of previous studies in which

ruminant diets were supplemented with red seaweed and red

seaweed extracts (11, 15). Studies of red seaweeds showed

that ATAX, Halymenia floresii, Hypnea pannosa, and Laurencia

filiformis reduced CH4 production (mL/g OM) in an in vitro

batch system by 26.5–98.9% and total gas production by 10.1–

61.8% (15). Roque et al. (11) reported that supplementation

with 5% ATAX (OM basis) significantly reduced total gas

(mL/g OM, −51.8%) and CH4 production (mL/g OM, −95%).

However, our study showed that total gas and CH4 production

gradually recovered after 36 h of incubation, which appears to

be associated with increased IVDMD and total VFA production.

This finding is consistent with those of a previous in vitro

study in which five red seaweed species (Grateloupia lanceolata,

Hypnea japonica, Pterocladia capillacea, Chondria crassicaulis,

and Gelidium amansii) were supplemented (18).

Several factors may explain the recovery of fermentation

parameters after 24 h of incubation between red seaweed extract

supplementation and the CON. First, the relative abundances

of members of the order Bacteroidales (Rikenellaceae RC9 gut

Frontiers in Veterinary Science 11 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

group and F082) were higher in AANC, CTEN, and GPAR than

in the CON (Table 3). Pitta et al. (53) demonstrated that the

Rikenellaceae RC9 gut group is a member of the Rikenellaceae

family, which are fibrolytic microbes. The Rikenellaceae RC9

gut group produces acetate and propionate as fermentation end

products (54) and may contribute to reducing CH4 production

by participating in VFA production andH2 scavenging (55). The

specific function of F082 remains unclear, but F082 taxa can

ferment various substrates because of their high abundance and

multifunctional characteristics, which is characteristics of these

Bacteroidetes (56). Although F082 was found to be enriched

in AANC, CTEN, and GPAR, they were negatively correlated

TABLE 3 Major genera of bacteria (relative abundance > 0.1%) in response to supplementation of red seaweed extracts after 24h of in vitro

incubation.

Genus Relative abundance (%) SEM P-value

CON AANC ATAX CTEN GELL GPAR

Prevotella 17.9 17.3 18.7 18.4 20.0 19.4 0.72 0.184

Rikenellaceae RC9 gut group 11.8 13.1 11.5 13.2 11.4 12.9 0.56 0.051

F082 10.5 12.3 10.2 11.4 10.2 11.1 0.49 0.036

Bacteroidales RF16 group 7.96 9.10 7.25 7.96 7.14 7.61 0.49 0.120

Ruminobacter 4.53 4.43 4.96 3.00 6.33 3.38 0.83 0.089

Christensenellaceae R-7 group 4.40 3.66 4.50 4.22 3.64 3.96 0.27 0.180

Fibrobacter 2.27 1.55 1.93 1.37 2.45 1.45 0.32 0.162

Oscillospiraceae NK4A214 group 2.23 2.03 2.33 2.35 2.06 2.31 0.15 0.535

Bacteroidales BS11 gut group 1.90 2.07 1.70 1.90 1.72 1.89 0.09 0.142

Succinivibrio 1.57 0.83 1.41 0.83 1.39 0.97 0.17 0.126

UCG-010 1.44 1.60 1.39 1.50 1.34 1.54 0.09 0.377

Anaeroplasma 1.42ab 0.99b 1.46ab 1.04b 1.72a 1.06b 0.12 0.004

Succiniclasticum 1.37 1.38 1.48 1.47 1.47 1.47 0.11 0.952

Acetitomaculum 1.25 1.03 1.31 1.25 1.07 1.18 0.09 0.297

WCHB1-41 1.20ab 1.14ab 0.99ab 0.99ab 0.80b 1.34a 0.10 0.037

Lachnospiraceae NK3A20 group 1.05 0.92 0.89 1.06 0.70 0.92 0.13 0.436

Prevotellaceae UCG-003 0.97ab 0.92ab 0.82b 0.96ab 0.96ab 1.01a 0.06 0.073

Erysipelatoclostridiaceae UCG-004 0.89 0.98 0.87 0.84 1.02 0.85 0.08 0.581

Oscillospiraceae UCG-002 0.86 1.13 0.95 0.91 0.79 0.88 0.16 0.728

Quinella 0.82 0.69 0.72 0.73 0.55 0.84 0.08 0.192

Treponema 0.77 0.48 0.73 0.56 0.91 0.50 0.13 0.116

Ruminococcus 0.77 0.33 0.78 0.63 0.76 0.50 0.13 0.156

Gastranaerophilales 0.77 0.86 0.74 0.84 0.86 0.71 0.05 0.179

MVP-15 0.68 0.66 0.62 0.60 0.56 0.56 0.04 0.365

Clostridia vadinBB60 group 0.56 0.55 0.53 0.48 0.60 0.58 0.08 0.876

p-251-o5 0.56 0.63 0.62 0.73 0.65 0.66 0.05 0.312

[Eubacterium] coprostanoligenes group 0.54 0.58 0.64 0.72 0.57 0.64 0.07 0.509

Muribaculaceae 0.53 0.62 0.53 0.73 0.48 0.75 0.06 0.027

Pedosphaeraceae DEV114 0.52 0.59 0.47 0.56 0.46 0.57 0.05 0.355

UG Succinivibrionaceae 0.51ab 0.35b 0.59ab 0.37b 0.69a 0.43ab 0.06 0.011

Candidatus Saccharimonas 0.49a 0.64ab 0.56bc 0.69a 0.54bc 0.60ab 0.02 <0.001

Selenomonas 0.48 0.35 0.49 0.39 0.36 0.56 0.09 0.567

Papillibacter 0.43 0.58 0.44 0.46 0.43 0.49 0.04 0.156

Succinivibrionaceae UCG-002 0.31 0.30 0.41 0.38 0.55 0.35 0.07 0.169

Methanobrevibacter 0.40 0.27 0.38 0.38 0.31 0.27 0.03 0.050

Denitrobacterium 0.00b 0.09ab 0.20a 0.14a 0.15a 0.17a 0.03 0.003

All values represent the mean (n = 3, n means separate run). a−cMeans in the same row with unlike superscripts differ, P < 0.05. SEM, standard error of the mean; CON, without

seaweed extracts; AANC, Amphiroa anceps; ATAX, Asparagopsis taxiformis; CTEN, Chondracanthus tenellus; GELL, Grateloupia elliptica; GPAR, Gracilaria parvispora; UCG, uncultured

genus-level group; UG, Unclassified genus.
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with total VFA production in Figure 5, suggesting that F082

enriched by supplementation with red seaweed extracts does

not play a crucial role in VFA production. Nonetheless, we

found that both genera (Rikenellaceae RC9 gut group and

F082) were important nodes in red seaweed extract based

on co-occurrence network analysis (Supplementary Figure 3).

Interestingly, these genera showed a co-occurrence interaction

with many minor prokaryotic microbiota (i.e, Pedosphaeraceae

DEV114, Papillibacter, UCG-010) whose functions are not well-

understood. Thus, they may be associated with prokaryotic

microbiota with diversemetabolic functions. Second, the relative

abundance of Candidatus Saccharimonas, a potential cellulose

utilizer (57), was higher following supplementation with all

red seaweed extracts, suggesting that the red seaweed extracts

promote the growth of Candidatus Saccharimonas and thus

enhance its VFA production. Third, except for GPAR, the other

red seaweed extracts did not affect the absolute abundance of

ciliate protozoa and fungi, which play important roles in plant

cell wall degradation. Taken together, red seaweed extracts may

affect the growth of certain prokaryotic taxa, but the underlying

mechanisms require further investigation.

An increase in propionate production decreases the available

H2 for CH4 formation (58). Therefore, increased propionate

content in the rumen is associated with reduced CH4

production. In the present study, the molar proportion of

propionate tended to increase following red seaweed extract

supplementation after 24 h of incubation (Figure 2). These

results are consistent with those of previous studies (11, 18, 19).

Propionate is typically produced via two pathways in the rumen:

the succinate (major pathway) and acrylate pathways (59).

Species of the genera Prevotella, Succinivibrio, andRuminobacter

ferment carbohydrates to produce succinate (60), whereas

Succiniclasticum and Selenomonas ferment succinate to produce

propionate through the succinate pathway (61). In the present

study, the abundance of Ruminobacter, UG Succinivibrionaceae,

and Succinivibrionaceae UCG-002 was higher after in response

to supplementation with ATAX and GELL (Table 3). Although

the relative abundance of Succinivibrio and Selenomonas did not

differ between the treatments supplemented with red seaweed

extract and the CON, it was negatively correlated with the

molar proportion of acetate (Figure 5). In addition, unclassified

Succinivibrionaceae was positively correlated with the molar

proportion of propionate. Red seaweed extract supplementation

may increase the activity of Succinivibrio to promote increased

propionate production by utilizing the H2 typically used for

CH4 production and instead using it for propionate production,

thereby contributing to a reduction in CH4. Huntington et al.

(62) reported that rumen fermentation of starch increases

rumen propionate production. Thus, Anaeroplasma, a genus

involved in starch digestion (63) which was predominant

in GELL supplementation, may also contribute to higher

propionate production.

TABLE 4 Abundance of bacteria families and genera in response to supplementation with red seaweed extracts evaluated with LEfSe analysis after

24h of in vitro incubation.

Taxa Dominance1 Relative abundance (%) SEM LDA P-value

CON AANC ATAX CTEN GELL GPAR

Family

Eggerthellaceae ATAX 0.120 0.321 0.519 0.469 0.408 0.454 0.04 3.366 0.027

WCHB1-41 GPAR 1.204 1.141 0.989 0.988 0.796 1.342 0.10 3.447 0.050

Acholeplasmataceae GELL 1.498 1.023 1.521 1.105 1.817 1.107 0.12 3.610 0.033

Genus

UG Ruminococcaceae ATAX 0.107 0.036 0.177 0.078 0.128 0.067 0.03 2.968 0.042

Denitrobacterium ATAX 0.000 0.085 0.199 0.135 0.147 0.172 0.04 3.170 0.037

Candidatus saccharimonas CTEN 0.490 0.641 0.559 0.687 0.544 0.605 0.02 3.260 0.015

Anaeroplasma GELL 1.419 0.991 1.455 1.043 1.717 1.058 0.12 3.610 0.033

UG Succinivibrionaceae GELL 0.505 0.353 0.593 0.368 0.686 0.430 0.06 3.280 0.029

Muribaculaceae GPAR 0.532 0.617 0.527 0.732 0.475 0.754 0.06 3.155 0.035

RT PCR (log10 rrs copies/mL)

Total bacteria — 10.2 10.3 10.3 10.3 10.4 10.3 0.06 — 0.672

Ciliate protozoa — 8.57 8.60 8.62 8.63 8.57 8.49 0.06 — 0.341

Fungi — 6.24 6.21 6.38 6.38 6.43 6.13 0.08 — 0.113

Total methanogens — 8.56a 8.09b 8.21ab 8.30ab 8.30ab 8.17b 0.08 — 0.016

1Only the taxa which have over 0.1% average relative abundance in at least one of the treatments were statistically analyzed by LEfSe (P < 0.05, LDA ≥ 2). All values represent the mean

(n = 3, n means separate run). abMeans in the same row with unlike superscripts differ, P < 0.05. LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis; SEM,

standard error of the mean; CON, without seaweed extracts; AANC,Amphiroa anceps; ATAX,Asparagopsis taxiformis; CTEN, Chondracanthus tenellus; GELL,Grateloupia elliptica; GPAR,

Gracilaria parvispora; UG, unclassified genus.
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In the rumen, the genus Methanobrevibacter is responsible

for producing CH4 and accounts for approximately 61.6–

74% of the total archaeal community (64–66). A reduction

in CH4 production in the rumen is typically accompanied

by significantly lower abundances of methanogens and ciliate

protozoa (67). However, conflicting observations have been

reported in several studies, despite the reduction in CH4

production (13, 68). According to Guo et al. (68), CH4 formation

was reduced by the application of tea saponins, which lowered

the activity of the mcrA gene; these results indicate that the

methanogen population has methanogenic activity and that the

total number of methanogens was not affected. In addition, in

our previous in vitro study, brown seaweed extracts inhibited

protozoan populations, but different partner specificities were

observed within archaeal and protozoan species (13). We

predicted that methanogens living in association with ciliate

protozoa would not be affected to the same extent as

ciliate protozoa, whereas the remaining methanogens residing

freely in the rumen would be decreased by red seaweed

extract supplementation. This hypothesis was supported by a

previous study showing that numerous protozoan genera and

methanogen species were positively or negatively correlated

with CH4 production (69). In addition, some studies showed

that variations in CH4 production do not necessarily result

from changes in the methanogen cell density but rather are

related to the community structure of the methanogens (70, 71).

Only small alterations in the either prokaryotic community

or Euryarchaeota were similar between the CON and red

seaweed extracts in the present study (Table 4, Figure 4). Our

results highlight that large-scale changes in the rumen microbial

community are not a prerequisite for altering the function

of the rumen microbiome, as suggested by Roque et al. (11).

We could not determine whether the rumen methanogen

community and ciliate protozoa composition was altered in

response to supplementation with red seaweed extracts; whether

the extracts further modify the methanogen composition and

CH4 production requires further analysis. The discrepancies

between CH4 production and CH4-producing microbiota may

be explained by the lack of significant differences in CH4

metabolism in the KEGG pathway (ko00680) or module

(M00344) analysis.

Red seaweed extract supplementation can affect the

important features of feed digestion (such as carbohydrate,

amino acid, and lipid metabolism), as well as many fundamental

microbe characteristics (such as threonine biosynthesis, NAD

biosynthesis, and coenzyme A biosynthesis) (Table 5). A

comparison of CON and AANC supplementation revealed

enrichment in valine, leucine, and isoleucine degradation

(ko00280); these amino acids are important contributors to

microbial protein synthesis. According to Xue et al. (72),

the enrichment of valine, leucine, and isoleucine metabolism

suggests that microbial protein synthesis is increased in

TABLE 5 Abundance of KEGG pathways and modules in response to supplementation with red seaweed extracts evaluated with LEfSe analysis after

24h of in vitro incubation.

Parameters Dominance1 CON Treatments SEM LDA P-value Description

AANC ATAX CTEN GELL GPAR

KEGG pathways

ko00430 AANC 0.727 0.743 0.730 0.727 0.737 0.723 0.00 2.884 0.035 Taurine and hypotaurine metabolism

ko00630 AANC 0.670 0.680 0.673 0.673 0.680 0.677 0.00 2.457 0.047 Glyoxylate and dicarboxylate

metabolism

ko00280 – 0.580b 0.618a 0.575b 0.608a 0.577b 0.599ab 0.01 – 0.015 Valine, leucine and isoleucine

degradation

ko00071 – 0.380b 0.395a 0.377b 0.391ab 0.379b 0.386ab 0.00 – 0.007 Fatty acid degradation

ko00680 – 0.439 0.436 0.444 0.436 0.438 0.433 0.00 – 0.184 Methane metabolism

KEGGmodules

M00018 GELL 0.783 0.780 0.787 0.780 0.787 0.780 0.00 2.531 0.049 Threonine biosynthesis

M00050 GELL 0.913 0.907 0.913 0.910 0.920 0.913 0.00 2.848 0.040 Guanine ribonucleotide biosynthesis

M00096 CON 0.937 0.920 0.937 0.930 0.937 0.930 0.00 2.740 0.020 C5 isoprenoid biosynthesis

M00115 GELL 0.847 0.840 0.850 0.840 0.850 0.840 0.00 2.542 0.024 NAD biosynthesis

M00120 GELL 0.673 0.670 0.670 0.670 0.677 0.670 0.00 2.615 0.037 Coenzyme A biosynthesis

M00149 – 0.68 0.72 0.67 0.71 0.68 0.72 0.01 – 0.061 Succinate dehydrogenase

M00176 – 0.13ab 0.13ab 0.12b 0.12b 0.13a 0.12b 0.00 – 0.006 Assimilatory sulfate reduction

M00344 – 0.58 0.58 0.57 0.58 0.57 0.58 0.00 – 0.030 Formaldehyde assimilation

1Only the KEGG pathways and modules which have over 0.1% average relative abundance in at least one of the treatments were statistically analyzed by LEfSe (P < 0.05, LDA ≥ 2). All

values represent the mean (n= 3, n means separate run). abMeans in the same row with unlike superscripts differ, P < 0.05.

LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis; SEM, standard error of the mean; KEGG, Kyoto encyclopedia of genes and genomes; ko, KEGG orthology;

CON, without seaweed extracts; AANC, Amphiroa anceps; ATAX, Asparagopsis taxiformis; CTEN, Chondracanthus tenellus; GELL, Grateloupia elliptica; GPAR, Gracilaria parvispora.
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the rumen to enhance feed efficiency. Additionally, fatty

acid degradation (ko00071) was enriched after AANC

supplementation, thus increasing the yield of acetyl-CoA, which

may be further used to produce energy for cellular biosynthesis

(73, 74). However, the fermentation characteristics (IVDMD

and total VFA) did not differ between the CON and AANC

groups, indicating that AANC supplementation can alter

unspecified metabolic pathways during fermentation without

detrimental effects.

We found that enrichment of assimilatory sulfate reduction

(M00176), which is an alternative H2 sink (75), was greater

after GELL supplementation than after supplementation with

the other extracts and CON. The end product of the

sulfate reduction pathway, hydrogen sulfide can inhibit

rumen methanogenic activity and consequently reduced CH4

production (76). Indeed, we found that the number of

Desulfovibrio (sulfur metabolism and sulfate-reducing genus)

was higher after ATAX supplementation than after CON

supplementation (0.31 vs. 0.34%), although the difference

was not significant. Additionally, we found that the genus

Dentirobacterium, which occupies a very small proportion of

the microbiota, was only observed after red seaweed extract

supplementation, with ATAX showing the greatest enrichment

(Table 4). Denitrobacterium species metabolize a variety of

nitrocompounds in the rumen by oxidizing H2 or formate (77)

and can consume lactate, which is an intermediate product,

and H2 sink (78). Anderson et al. (79, 80) demonstrated

that Denitrobacterium detoxificans added to the rumen culture

primarily directly inhibit CH4 formation. One plausible

explanation for this effect is that the Denitrobacterium genus

may improve the ability of prokaryotes to utilize alternative

H2 sinks, leading to a decline in the level of H2 available as a

substrate for CH4 formation.

In summary, supplementation with red seaweed extracts

can alter prokaryotic communities associated with propionate

production, resulting in accelerated propionate production

and reduced CH4 production. In addition, the relative

abundances of Methanobrevibacter and total methanogens

decreased following supplementation with red seaweed extracts,

which was consistent with the decreased CH4 production.

Although red seaweed extract supplementation may not

substantially affect the overall microbiota and functional

profiles, it affected the relative abundance of some prokaryotic

microbiota andmetabolic pathways. However, a large number of

prokaryotes remain to be cultured, which is a limitation of this

study. Further animal studies are needed to confirm the in vitro

effects of red seaweed extract supplementation on fermentation

characteristics, CH4 production, and microbiota.

Data availability statement

The datasets presented in this study can be

found in online repositories. The names of the

repository/repositories and accession number(s)

can be found at: https://www.ncbi.nlm.nih.gov/,

PRJNA830647.

Ethics statement

All experimental protocols were approved by the Animal

Care and Use Committee (Approval ID: GNU-180130-A0007)

of the Gyeongsang National University (Jinju, Gyeongsangnam-

do, Korea). Written informed consent was obtained from the

owners for the participation of their animals in this study.

Author contributions

SSL, YC, and SJL designed the experiment. SJL provided

funding. YC, SJL, HK, JE, and SJ conducted the experiment. YC

and YL did the sequencing-based analysis. All the visualization

of data and statistical analysis were performed by YC. HK, JE,

SJ, and DB helped to revise the manuscript. JS provided rumen

plasmid DNA for this study. LG, TP, DB, and SSL reviewed

the manuscript, read, and approved the final manuscript.

All authors contributed to the article and approved the

submitted version.

Funding

This studywas supported by theNational Institute of Animal

Science, Ministry of Rural Development Administration,

Republic of Korea (research project PJ01477803).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fvets.2022.985824/full#supplementary-material

Frontiers in Veterinary Science 15 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fvets.2022.985824/full#supplementary-material
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

References

1. Agreement P. UNFCCC, Adoption of the Paris Agreement. COP. 25th Session
Paris (2015).

2. Stocker TF, Qin D, Plattner G-K, TignorM, Allen SK, Boschung J, et al.Climate
Change 2013. The Physical Science Basis. Working Group I Contribution to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change-Abstract
for decision-makers; Changements climatiques 2013. Les elements scientifiques
Contribution. Cambridge University Press (2013).

3. Inventory GG. Research Center of Korea. National Greenhouse Gas Invention
Report Korea. Seoul: Ministry of Environment, Greenhouse Gas Inventory and
Research Center (2013).

4. Johnson KA, Johnson DE. Methane emissions from cattle. J Anim Sci. (1995)
73:2483–92. doi: 10.2527/1995.7382483x

5. Ungerfeld EM. Inhibition of rumen methanogenesis and
ruminant productivity: a meta-analysis. Front Vet Sci. (2018)
5:113. doi: 10.3389/fvets.2018.00113

6. FAO. The State of World Fisheries and Aquaculture 2016. Rome: FAO (2016).

7. Blikra MJ, Altintzoglou T, Løvdal T, Rognså G, Skipnes D, Skåra
T, et al. Seaweed products for the future: using current tools to develop
a sustainable food industry. Trends Food Sci Technol. (2021) 118:765–
76. doi: 10.1016/j.tifs.2021.11.002

8. Chowdhury S, Huque K, Khatun M. Algae in animal production. In:
Agracultural Science of Biodiversity and Sustainability Workshop. Copenhagen:
Tune Landboskole; Jordbrugsforlaget (1995). p. 181–91.

9. Abdul QA, Choi RJ, Jung HA, Choi JS. Health benefit of fucosterol from
marine algae: a review. J Sci Food Agric. (2016) 96:1856–66. doi: 10.1002/jsfa.7489

10. Corona G, Ji Y, Anegboonlap P, Hotchkiss S, Gill C, Yaqoob P,
et al. Gastrointestinal modifications and bioavailability of brown seaweed
phlorotannins and effects on inflammatory markers. Br J Nutr. (2016) 115:1240–
53. doi: 10.1017/S0007114516000210

11. Roque BM, Brooke CG, Ladau J, Polley T, Marsh LJ, Najafi N,
et al. Effect of the macroalgae Asparagopsis taxiformis on methane
production and rumen microbiome assemblage. Anim Microbiome. (2019)
1:3. doi: 10.1186/s42523-019-0004-4

12. Wang Y, Xu Z, Bach SJ, McAllister TA. Effects of phlorotannins
from Ascophyllum nodosum (brown seaweed) on in vitro ruminal digestion
of mixed forage or barley grain. Anim Feed Sci Technol. (2008) 145:375–
95. doi: 10.1016/j.anifeedsci.2007.03.013

13. Choi Y, Lee SJ, Kim HS, Eom JS, Jo SU, Guan LL, et al. Effects of seaweed
extracts on in vitro rumen fermentation characteristics, methane production, and
microbial abundance. Sci Rep. (2021) 11:24092. doi: 10.1038/s41598-021-03356-y

14. Roque BM, Venegas M, Kinley RD, De Nys R, Duarte TL, Yang
X, et al. Red seaweed (Asparagopsis taxiformis) supplementation reduces
enteric methane by over 80 percent in beef steers. PLoS ONE. (2021)
16:e0247820. doi: 10.1371/journal.pone.0247820

15. Machado L, MagnussonM, Paul NA, De Nys R, Tomkins N. Effects of marine
and freshwater macroalgae on in vitro total gas and methane production. PLoS
ONE. (2014) 9:e0085289. doi: 10.1371/journal.pone.0085289

16. Maia MRG, Fonseca AJM, Oliveira HM, Mendonça C, Cabrita ARJ. The
potential role of seaweeds in the natural manipulation of rumen fermentation and
methane production. Sci Rep. (2016) 6:32321. doi: 10.1038/srep32321

17. Park KY, Jo YH, Nejad JG, Lee JC, Lee HG. Evaluation of nutritional value
of Ulva sp. and Sargassum horneri as potential eco-friendly ruminants feed. Algal
Res. (2022) 65:102706. doi: 10.1016/j.algal.2022.102706

18. Lee SJ, Shin NH, Jeong JS, Kim ET, Lee SK, Lee SS. Effect of
rhodophyta extracts on in vitro ruminal fermentation characteristics,
methanogenesis and microbial populations. Asian Austral J Anim Sci. (2018)
31:54–62. doi: 10.5713/ajas.17.0620

19. Machado L, Magnusson M, Paul NA, Kinley R, de Nys R, Tomkins N.
Dose-response effects of Asparagopsis taxiformis and Oedogonium sp. on in
vitro fermentation and methane production. J Appl Phycol. (2016) 28:1443–
52. doi: 10.1007/s10811-015-0639-9

20. Meinita MDN, Marhaeni B, Winanto T, Jeong GT, Khan MNA, Hong
YK. Comparison of agarophytes (Gelidium, Gracilaria, and Gracilariopsis) as
potential resources for bioethanol production. J Appl Phycol. (2013) 25:1957–
61. doi: 10.1007/s10811-013-0041-4

21. Sanjeewa KKA, Lee WW, Jeon YJ. Nutrients and bioactive potentials
of edible green and red seaweed in Korea. Fish Aquat Sci. (2018) 21:1–
11. doi: 10.1186/s41240-018-0095-y

22. Piao MJ, Hyun YJ, Oh TH, Kang HK, Yoo ES, Koh YS, et al. Chondracanthus
tenellus (Harvey) hommersand extract protects the human keratinocyte cell line by
blocking free radicals and UVB radiation-induced cell damage. Vitr Cell Dev Biol
Anim. (2012) 48:666–74. doi: 10.1007/s11626-012-9564-2

23. Kang D-M, Kang S-M. The antioxidation effect of Gracilaria spp. extract. J
Korean Soc Cosmetol. (2021) 27:552–9. doi: 10.52660/JKSC.2021.27.3.552

24. Kim KY, Nam KA, Kurihara H, Kim SM. Potent α-glucosidase inhibitors
purified from the red alga Grateloupia elliptica. Phytochemistry. (2008) 69:2820–
5. doi: 10.1016/j.phytochem.2008.09.007

25. Lee HG, Lu YA, Je JG, Jayawardena TU, Kang MC, Lee SH, et al.
Effects of ethanol extracts from grateloupia elliptica, a red seaweed, and its
chlorophyll derivative on 3T3-L1 adipocytes: suppression of lipid accumulation
through downregulation of adipogenic protein expression. Mar Drugs. (2021)
19:1–14. doi: 10.3390/md19020091

26. Raj EDS. UV–VIS and HPLC studies on Amphiroa anceps (Lamarck)
decaisne. Arab J Chem. (2016) 9:S907–13. doi: 10.1016/j.arabjc.2011.09.005

27. AOAC. Official Methods of Analysis. Arlington, VA: Association of Official
Analytical Chemists (1990).

28. Van Soest PJ, Robertson JB, Lewis BA. Symposium: carbohydrate
methodology, metabolism, and nutritional implications in dairy cattle. J Dairy Sci.
(1991) 74:3583–97. doi: 10.3168/jds.S0022-0302(91)78551-2

29. McDougall EI. Studies on ruminant saliva. 1. The composition and output of
sheep’s saliva. Biochem J. (1948) 43:99–109. doi: 10.1042/bj0430099

30. Theodorou MK, Williams BA, Dhanoa MS, McAllan AB, France J. A
simple gas production method using a pressure transducer to determine the
fermentation kinetics of ruminant feeds. Anim Feed Sci Technol. (1994) 48:185–
97. doi: 10.1016/0377-8401(94)90171-6

31. López S, Dhanoa MS, Dijkstra J, Bannink A, Kebreab E, France
J. Some methodological and analytical considerations regarding application
of the gas production technique. Anim Feed Sci Technol. (2007) 135:139–
56. doi: 10.1016/j.anifeedsci.2006.06.005

32. Adesogan AT, Krueger N, Salawu MB, Dean DB, Staples CR. The influence
of treatment with dual purpose bacterial inoculants or soluble carbohydrates
on the fermentation and aerobic stability of bermudagrass. J Dairy Sci. (2004)
87:3407–16. doi: 10.3168/jds.S0022-0302(04)73476-1

33. Chaney AL, Marbach EP. Modified reagents for determination of urea and
ammonia. Clin Chem. (1962) 8:130–2. doi: 10.1093/clinchem/8.2.130

34. Yu Z, Morrison M. Improved extraction of PCR-quality
community DNA from digesta and fecal samples. Biotechniques. (2004)
36:808–12. doi: 10.2144/04365ST04

35. Herlemann DPR, Labrenz M, Jürgens K, Bertilsson S, Waniek JJ, Andersson
AF. Transitions in bacterial communities along the 2000 km salinity gradient of the
Baltic sea. ISME J. (2011) 5:1571–9. doi: 10.1038/ismej.2011.41

36. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-
Ghalith GA, et al. Author correction: reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat Biotechnol. (2019)
37:1091. doi: 10.1038/s41587-019-0209-9

37. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes
SP. DADA2: high-resolution sample inference from illumina amplicon data. Nat
Methods. (2016) 13:581–3. doi: 10.1038/nmeth.3869

38. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. (2013) 41:590–6. doi: 10.1093/nar/gks1219

39. Douglas GM, Maffei VJ, Zaneveld J, Yurgel SN, Brown JR, Taylor CM, et al.
PICRUSt2: an improved and customizable approach for metagenome inference.
BioRxiv. (2020) 672295. doi: 10.1101/672295

40. Friedman J, Alm EJ. Inferring correlation networks from genomic survey
data. PLoS Comput Biol. (2012) 8:e1002687. doi: 10.1371/journal.pcbi.1002687

41. Watts SC, Ritchie SC, Inouye M, Holt KE. FastSpar: rapid and scalable
correlation estimation for compositional data. Bioinformatics. (2019) 35:1064–
6. doi: 10.1093/bioinformatics/bty734

42. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol. (2011) 12:1–
18. doi: 10.1186/gb-2011-12-s1-p47

43. Keyrouz R, Abasq ML, Bourvellec C Le, Blanc N, Audibert L, Argall E, et al.
Total phenolic contents, radical scavenging and cyclic voltammetry of seaweeds
from brittany. Food Chem. (2011) 126:831–6. doi: 10.1016/j.foodchem.2010.10.061

Frontiers in Veterinary Science 16 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.3389/fvets.2018.00113
https://doi.org/10.1016/j.tifs.2021.11.002
https://doi.org/10.1002/jsfa.7489
https://doi.org/10.1017/S0007114516000210
https://doi.org/10.1186/s42523-019-0004-4
https://doi.org/10.1016/j.anifeedsci.2007.03.013
https://doi.org/10.1038/s41598-021-03356-y
https://doi.org/10.1371/journal.pone.0247820
https://doi.org/10.1371/journal.pone.0085289
https://doi.org/10.1038/srep32321
https://doi.org/10.1016/j.algal.2022.102706
https://doi.org/10.5713/ajas.17.0620
https://doi.org/10.1007/s10811-015-0639-9
https://doi.org/10.1007/s10811-013-0041-4
https://doi.org/10.1186/s41240-018-0095-y
https://doi.org/10.1007/s11626-012-9564-2
https://doi.org/10.52660/JKSC.2021.27.3.552
https://doi.org/10.1016/j.phytochem.2008.09.007
https://doi.org/10.3390/md19020091
https://doi.org/10.1016/j.arabjc.2011.09.005
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1042/bj0430099
https://doi.org/10.1016/0377-8401(94)90171-6
https://doi.org/10.1016/j.anifeedsci.2006.06.005
https://doi.org/10.3168/jds.S0022-0302(04)73476-1
https://doi.org/10.1093/clinchem/8.2.130
https://doi.org/10.2144/04365ST04
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1101/672295
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1093/bioinformatics/bty734
https://doi.org/10.1186/gb-2011-12-s1-p47
https://doi.org/10.1016/j.foodchem.2010.10.061
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Choi et al. 10.3389/fvets.2022.985824

44. Patra AK, Saxena J. A new perspective on the use of plant secondary
metabolites to inhibit methanogenesis in the rumen. Phytochemistry. (2010)
71:1198–222. doi: 10.1016/j.phytochem.2010.05.010

45. Becker PM, van Wikselaar PG, Franssen MCR, de Vos RCH, Hall RD,
Beekwilder J. Evidence for a hydrogen-sink mechanism of (+)catechin-mediated
emission reduction of the ruminant greenhouse gasmethane.Metabolomics. (2014)
10:179–89. doi: 10.1007/s11306-013-0554-5

46. Kim ET, Guan LL, Lee SJ, Lee SM, Lee SS, Lee ID, et al. Effects of
flavonoid-rich plant extracts on in vitro ruminal methanogenesis, microbial
populations and fermentation characteristics. Asian Austral J Anim Sci. (2015)
28:530–7. doi: 10.5713/ajas.14.0692

47. Ma T, Wu W, Tu Y, 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. doi: 10.1111/1751-7915.13566

48. Lee SJ, Kim HS, Eom JS, Choi YY, Jo SU, Chu GM, et al. Effects of
olive (Olea europaea l.) leaves with antioxidant and antimicrobial activities
on in vitro ruminal fermentation and methane emission. Animals. (2021)
11:2008. doi: 10.3390/ani11072008

49. Tayyab U, Novoa-Garrido M, Roleda MY, Lind V, Weisbjerg MR.
Ruminal and intestinal protein degradability of various seaweed species
measured in situ in dairy cows. Anim Feed Sci Technol. (2016) 213:44–
54. doi: 10.1016/j.anifeedsci.2016.01.003

50. Pandey D, Mansouryar M, Novoa-Garrido M, Næss G, Kiron V, Hansen HH,
et al. Nutritional and Anti-Methanogenic Potentials of Macroalgae for Ruminants.
Burleigh Dodds Science Publishing Limited (2021). doi: 10.19103/AS.2021.0091.14

51. Vijn S, Compart DP, Dutta N, Foukis A, Hess M, Hristov AN, et al. Key
considerations for the use of seaweed to reduce enteric methane emissions from
cattle. Front Vet Sci. (2020) 7:597430. doi: 10.3389/fvets.2020.597430

52. Stefenoni HA, Räisänen SE, Cueva SF,Wasson DE, Lage CFA, Melgar A, et al.
Effects of the macroalga Asparagopsis taxiformis and oregano leaves on methane
emission, rumen fermentation, and lactational performance of dairy cows. J Dairy
Sci. (2021) 104:4157–73. doi: 10.3168/jds.2020-19686

53. Pitta DW, Pinchak WE, Dowd SE, Osterstock J, Gontcharova V, Youn
E, et al. Rumen bacterial diversity dynamics associated with changing from
bermudagrass hay to grazed winter wheat diets. Microb Ecol. (2010) 59:511–
22. doi: 10.1007/s00248-009-9609-6

54. Holman DB, Gzyl KE. A meta-analysis of the bovine gastrointestinal tract
microbiota. FEMS Microbiol Ecol. (2019) 95:1–9. doi: 10.1093/femsec/fiz072

55. Daghio M, Ciucci F, Buccioni A, Cappucci A, Casarosa L, Serra A,
et al. Correlation of breed, growth performance, and rumen microbiota in two
rustic cattle breeds reared under different conditions. Front Microbiol. (2021)
12:652031. doi: 10.3389/fmicb.2021.652031

56.Wirth R, Kádár G, Kakuk B,Maróti G, Bagi Z, Szilágyi Á, et al. The planktonic
core microbiome and core functions in the cattle rumen by next generation
sequencing. Front Microbiol. (2018) 9:2285. doi: 10.3389/fmicb.2018.02285

57. Opdahl LJ, Gonda MG, St-Pierre B. Identification of uncultured bacterial
species from firmicutes, bacteroidetes and candidatus saccharibacteria as candidate
cellulose utilizers from the rumen of beef cows. Microorganisms. (2018)
6:17. doi: 10.3390/microorganisms6010017

58. Kobayashi Y. Abatement of methane production from ruminants: trends
in the manipulation of rumen fermentation. Asian Austral J Anim Sci. (2010)
23:410–6. doi: 10.5713/ajas.2010.r.01

59. Jeyanathan J, Martin C, Morgavi DP. The use of direct-fed microbials
for mitigation of ruminant methane emissions: a review. Animal. (2014) 8:250–
61. doi: 10.1017/S1751731113002085

60. Russell JB, Rychlik JL. Factors that alter rumen microbial ecology. Science.
(2001) 292:1119–22. doi: 10.1126/science.1058830

61. Van Gylswyk NO. Succiniclasticum ruminis gen. nov., sp.
nov., a ruminal bacterium converting succinate to propionate as
the sole energy-yielding mechanism. Int J Syst Bacteriol. (1995)
45:297–300. doi: 10.1099/00207713-45-2-297

62. Huntington GB, Harmon DL, Richards CJ. Sites, rates, and limits of starch
digestion and glucose metabolism in growing cattle. J Anim Sci. (2006) 84
(Suppl):14–24. doi: 10.2527/2006.8413_supplE14x

63. Dai X, Paula EM, Lelis ALJ, Silva LG, Brandao VLN, Monteiro HF, et al.
Effects of lipopolysaccharide dosing on bacterial community composition and
fermentation in a dual-flow continuous culture system. J Dairy Sci. (2019) 102:334–
50. doi: 10.3168/jds.2018-14807

64. Janssen PH, Kirs M. Structure of the archaeal community of the rumen. Appl
Environ Microbiol. (2008) 74:3619–25. doi: 10.1128/AEM.02812-07

65. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Janssen PH, et al.
Rumen microbial community composition varies with diet and host, but a
core microbiome is found across a wide geographical range. Sci Rep. (2015)
5:14567. doi: 10.1038/srep14567

66. Pitta D, Indugu N, Narayan K, Hennessy M. Symposium
review: understanding the role of the rumen microbiome in enteric
methane mitigation and productivity in dairy cows. J Dairy Sci. (2022)
105:8569–85. doi: 10.3168/jds.2021-21466

67. Newbold CJ, Lassalas B, Jouany JP. The importance of methanogens
associated with ciliate protozoa in ruminal methane production in vitro. Lett Appl
Microbiol. (1995) 21:230–4. doi: 10.1111/j.1472-765X.1995.tb01048.x

68. Guo YQ, Liu JX, Lu Y, Zhu WY, Denman SE, McSweeney CS. Effect of tea
saponin on methanogenesis, microbial community structure and expression of
mcrA gene, in cultures of rumen micro-organisms. Lett Appl Microbiol. (2008)
47:421–6. doi: 10.1111/j.1472-765X.2008.02459.x

69. Tan C, Ramírez-Restrepo CA, Shah AM, Hu R, Bell M, Wang Z, et al. The
community structure and microbial linkage of rumen protozoa and methanogens
in response to the addition of tea seed saponins in the diet of beef cattle. J Anim Sci
Biotechnol. (2020) 11:1–10. doi: 10.1186/s40104-020-00491-w

70. Shi W, 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. doi: 10.1101/gr.168245.113

71. St-Pierre B, Cersosimo LM, Ishaq SL,Wright ADG. Toward the identification
of methanogenic archaeal groups as targets of methane mitigation in livestock
animals. Front Microbiol. (2015) 6:776. doi: 10.3389/fmicb.2015.00776

72. Xue MY, Sun HZ, Wu XH, Liu JX, Guan LL. Multi-omics reveals
that the rumen microbiome and its metabolome together with the host
metabolome contribute to individualized dairy cow performance. Microbiome.
(2020) 8:64. doi: 10.1186/s40168-020-00819-8

73. Goepfert S, Poirier Y. β-Oxidation in fatty acid degradation and beyond.Curr
Opin Plant Biol. (2007) 10:245–51. doi: 10.1016/j.pbi.2007.04.007

74. Park T, Cersosimo LM, Li W, Radloff W, Zanton GI. Pre-weaning
ruminal administration of differentially-enriched, rumen-derived inocula shaped
rumen bacterial communities and co-occurrence networks of post-weaned
dairy calves. Front Microbiol. (2021) 12:625488. doi: 10.3389/fmicb.2021.
625488

75. Zhao Y, Zhao G. Decreasing ruminal methane production
through enhancing the sulfate reduction pathway. Anim Nutr. (2022)
9:320–6. doi: 10.1016/j.aninu.2022.01.006

76. van Zijderveld SM, Gerrits WJJ, Apajalahti JA, Newbold JR, Dijkstra J,
Leng RA, et al. Nitrate and sulfate: effective alternative hydrogen sinks for
mitigation of ruminal methane production in sheep. J Dairy Sci. (2010) 93:5856–
66. doi: 10.3168/jds.2010-3281

77. Anderson RC, Rasmussen MA, Jensen NS, Allison MJ.
Denitrobacterium detoxificans gen. nov., sp. nov., a ruminal bacterium
that respires on nitrocompounds. Int J Syst Evol Microbiol. (2000)
50:633–8. doi: 10.1099/00207713-50-2-633

78. Li Y, Kreuzer M, Clayssen Q, Ebert MO, Ruscheweyh HJ, Sunagawa
S, et al. The rumen microbiome inhibits methane formation through dietary
choline supplementation. Sci Rep. (2021) 11:21761. doi: 10.1038/s41598-021-
01031-w

79. Anderson RC, Carstens GE, Miller RK, Callaway TR, Schultz CL, Edrington
TS, et al. Effect of oral nitroethane and 2-nitropropanol administration on
methane-producing activity and volatile fatty acid production in the ovine
rumen. Bioresour Technol. (2006) 97:2421–26. doi: 10.1016/j.biortech.2005.
10.013

80. Anderson RC, Ripley LH, Bowman JGP, Callaway TR, Genovese KJ, Beier RC,
et al. Ruminal fermentation of anti-methanogenic nitrate- and nitro-containing
forages in vitro. Front Vet Sci. (2016) 3:62. doi: 10.3389/fvets.2016.00062

Frontiers in Veterinary Science 17 frontiersin.org

https://doi.org/10.3389/fvets.2022.985824
https://doi.org/10.1016/j.phytochem.2010.05.010
https://doi.org/10.1007/s11306-013-0554-5
https://doi.org/10.5713/ajas.14.0692
https://doi.org/10.1111/1751-7915.13566
https://doi.org/10.3390/ani11072008
https://doi.org/10.1016/j.anifeedsci.2016.01.003
https://doi.org/10.19103/AS.2021.0091.14
https://doi.org/10.3389/fvets.2020.597430
https://doi.org/10.3168/jds.2020-19686
https://doi.org/10.1007/s00248-009-9609-6
https://doi.org/10.1093/femsec/fiz072
https://doi.org/10.3389/fmicb.2021.652031
https://doi.org/10.3389/fmicb.2018.02285
https://doi.org/10.3390/microorganisms6010017
https://doi.org/10.5713/ajas.2010.r.01
https://doi.org/10.1017/S1751731113002085
https://doi.org/10.1126/science.1058830
https://doi.org/10.1099/00207713-45-2-297
https://doi.org/10.2527/2006.8413_supplE14x
https://doi.org/10.3168/jds.2018-14807
https://doi.org/10.1128/AEM.02812-07
https://doi.org/10.1038/srep14567
https://doi.org/10.3168/jds.2021-21466
https://doi.org/10.1111/j.1472-765X.1995.tb01048.x
https://doi.org/10.1111/j.1472-765X.2008.02459.x
https://doi.org/10.1186/s40104-020-00491-w
https://doi.org/10.1101/gr.168245.113
https://doi.org/10.3389/fmicb.2015.00776
https://doi.org/10.1186/s40168-020-00819-8
https://doi.org/10.1016/j.pbi.2007.04.007
https://doi.org/10.3389/fmicb.2021.625488
https://doi.org/10.1016/j.aninu.2022.01.006
https://doi.org/10.3168/jds.2010-3281
https://doi.org/10.1099/00207713-50-2-633
https://doi.org/10.1038/s41598-021-01031-w
https://doi.org/10.1016/j.biortech.2005.10.013
https://doi.org/10.3389/fvets.2016.00062
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Red seaweed extracts reduce methane production by altering rumen fermentation and microbial composition in vitro
	Introduction
	Materials and methods
	Ethics statement
	Red seaweed extract preparation
	Chemical analysis
	Experiment procedures
	Sampling and measurements
	In vitro dry matter degradability
	DNA extraction, PCR amplification, and sequencing
	Bioinformatics analysis
	Statistical analysis

	Results
	Total flavonoid and polyphenol profiles of red seaweed extracts
	In vitro fermentation characteristics
	Total gas and CH4 production
	Microbial composition
	Predicted functions of the microbiota
	Correlation analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


