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ARTICLE INFO ABSTRACT
Keywords: Many strategies for mitigating enteric methane (CH4) emissions in ruminants have focused on
Bromoform suppressing the activity of rumen methanogens, but this often leads to excess dihydrogen (Hj)
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Rumen fermentation
Rumen microbiota

accumulation in the rumen, which is subsequently expelled and represents a potential energy loss.
We hypothesized that phloroglucinol could act as a Hp acceptor when rumen methanogenesis is
inhibited and be potentially transformed into beneficial compounds for the animal. Eight adult
goats were randomly assigned to a replicated 4 x 4 Latin square design with a 2 x 2 factorial
arrangement of treatments: two levels of Asparagopsis taxiformis as CHy4 inhibitor [0 vs. 5 g/kg on
a dry matter (DM) basis; AT- and AT+, respectively] and two levels of phloroglucinol as alter-
native Hy acceptor (0 vs. 20 g/kg DM, PG- and PG+, respectively). Therefore, four dietary
treatments were considered: i) basal diet (AT-PG-); ii) A. taxiformis alone (AT+PG-); iii) phlor-
oglucinol alone (AT-PG+); and iv) the combination of A. taxiformis and phloroglucinol
(AT+PG+). Animals were fed a maintenance diet with a 70:30 forage-to-concentrate ratio. After
10 d of adaptation to the diet, enteric gas emissions were measured in respiration chambers
during 3 d prior to rumen content sampling on d 14. Dietary supplementation with A. taxiformis
decreased CHy4 production (-33.9 %) and increased Hy emissions (+3465 %), along with greater
rumen propionate concentration. In contrast, phloroglucinol supplementation alone did not
impact CH,4 emissions or the rumen concentration of the main microbial groups but substantially
increased acetate molar proportion (+10.2 %) which could act as an alternative Hy acceptor.
Moreover, when A. taxiformis was combined with phloroglucinol, it resulted in a decrease in Ha
emissions (-68.1 %). However, this decrease in Hy emissions was not fully explained by the in-
crease in the acetate as phloroglucinol led to an increase in acetate both when methanogenesis
was inhibited and when it was not. These findings suggest that the rumen fermentation of
phloroglucinol may capture some of the additional H; arising from the inhibition of
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CH4, Methane; CO2, Carbon dioxide; CP, Crude protein CP; DM, Dry matter; DMI, Dry matter intake; EE, Ether extract; H2, Dihydrogen; NDF,
Neutral detergent fiber; OM, Organic matter; SEM, Standard error of the mean; VFA, Volatile fatty acids.
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methanogenesis by A. taxiformis through pathways other than acetate formation. Moreover, Hy
emissions were not eliminated and most of the decrease occurred during the post-prandial stage,
suggesting that the efficiency of Hj redirection could be further improved.

1. Introduction

Methane (CHy) is a greenhouse gas with a global warming potential 28-34 times greater than carbon dioxide (CO3) over a 100-year
time horizon and 84-86 times more potent over a 20-year time horizon (Gerber et al., 2013). Methane production from ruminant
livestock is responsible for approximately 40 % of total greenhouse gas emissions from livestock and 26 % of global anthropogenic CH4
emissions (Gill et al., 2010; Tseten et al., 2022). The main source of enteric CH4 emissions in ruminants is the rumen methanogenesis
which is a biological process in which methanogens primarily utilize dihydrogen (Hs) generated from feed fermentation to reduce CO,
thereby lowering the partial pressure of Hy in the rumen (Ellis et al., 2008). Enteric CHj is then exhaled or eructated by the ruminant
into the atmosphere, having a notable short-term impact on global warming but also representing a loss of 2-12 % of the gross energy
intake to the animal (Johnson and Johnson, 1995). In recent years, different additive-based nutritional technologies to mitigate CH,4
emissions from ruminants have been developed (Honan et al., 2021). Novel synthesized nitrooxycompounds, such as 3-nitrooxypro-
panol (3NOP) (Kebreab et al., 2023) and plant-based additives rich in halogenated compounds, such as the red macroalgae Aspar-
agopsis spp. (Lean et al., 2021; O’Hara et al., 2023) have been found to decrease CH4 production under in vitro and in vivo conditions. In
particular, Asparagopsis taxiformis has shown high efficacy with CH4 reductions of up to 80 % in cattle (Kinley et al., 2020; Roque et al.,
2021) due to its high bromoform content (Glasson et al., 2022). Bromoform is a halogenated CH,4 analogue that specifically targets the
nickel tetrapyrrole (cofactor F430) of methyl-coenzyme M reductase, thereby inhibiting the last step of methanogenesis (Ermler, 2005;
Yang et al., 2007; Glasson et al., 2022). Additionally, bromoform inhibits the cobamide-dependent methyl-transferase step of meth-
anogenesis by cross-reacting with reduced vitamin B;5 of methyl-tetrahydromethanopterin:coenzyme M methyltransferase (Wood
et al., 1968; Honan et al., 2021).

The inhibition of rumen methanogenesis often leads to Hy accumulation in the rumen, making Hj available for being redirected
towards alternative metabolic pathways that consume H, and yield fermentation products such as volatile fatty acids (VFA)
(Ungerfeld, 2015). This has been evidenced by the shift in the fermentation profile towards propionate production (a Ho-incorporating
pathway) that has been consistently reported when CH4 inhibitors were included in the diet of ruminants (Hristov et al., 2015;
Martinez-Fernandez et al., 2016; Kinley et al., 2020). However, methanogenesis inhibition is yet accompanied by a substantial increase
in Hy expelled across all these studies, indicating that the rumen system is unable to capture all the Hy in excess into nutritionally
valuable metabolic products for the ruminant. This suggests that this process can still be optimized in order to minimize the energy lost
by the host (Ungerfeld et al., 2022). Novel nutritional strategies based on feeding substrates that can modify the rumen microbiota and
act as Hp acceptors could facilitate the redirection of energy towards beneficial fermentation products, resulting in potential increases
in productivity.

Reductive acetogenesis (Gagen et al., 2015), propionogenesis (Newbold et al., 2005), nitrate and sulphate reduction (van Zij-
derveld et al., 2010), increases of microbial biomass production (Ungerfeld, 2015) and the metabolism of organic acids (Ungerfeld
et al., 2003; Newbold et al., 2005) have been identified as alternative pathways in the rumen for allocating the excess Ho when CHy is
inhibited (Newbold et al., 2005). However, not all of them promote the synthesis of metabolites that are nutritionally usable by the
animal. A proposed nutritional strategy consists of dietary supplementation with phenolic compounds such as flavonoids that can be
degraded by rumen bacteria into energy yielding products (Krumholz and Bryant, 1986; McSweeney et al., 2001). The microbial
degradation of flavonoids in the rumen generally results in the formation of phloroglucinol as an intermediate metabolite (Krumholz
et al., 1987). This metabolite can be reduced by specific rumen bacteria into acetate, consuming Hy (Tsai and Jones, 1975; Tsai et al.,
1976; Patel et al., 1981). Martinez-Fernandez et al. (2017) showed that, under the methanogenesis inhibition scenario induced by
chloroform, phloroglucinol supplementation decreased Hy expelled by redirecting Hy towards acetate production in beef cattle. In
previous in vitro work, we evaluated the potential of different phenolic compounds as Hy acceptors, including phloroglucinol using
rumen fluid from cattle (Huang et al., 2023) and goats (Romero et al., 2023b). We found that rumen microorganisms can utilize the
excess Hj resulting from methanogenesis inhibition by A. taxiformis in the catabolism of phloroglucinol to acetate, thereby shifting the
fermentation profile and decreasing the amount of Hj released. The present study hypothesized that a similar redirection of Hy could
also occur in vivo. Thus, the aim of this study was to analyze the effect of combining A. taxiformis and phloroglucinol to decrease CH4
emissions while improving rumen fermentation through a more efficient Hy utilization in goats.

2. Material and methods
All management and experimental procedures involving animals were conducted by trained personnel according to the Spanish

Animal Experimentation guidelines (RD 53/2013). Protocols were approved by the Ethical Committee for Animal Research at the
Estacion Experimental del Zaidin (EEZ-CSIC) (A/18/03/2019/042).

2.1. Feed additives

The anti-methanogenic additive used was A. taxiformis (Blue Ocean Barns Inc., Redwood City, CA, US) containing bromoform at a
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concentration of 5 g/kg on a dry matter (DM) basis. Bromoform concentration was measured by headspace solid-phase micro
extraction (CTC Analytics PAL Combi-xt Autosampler, Zwingen, Switzerland) according to Colomb et al. (2008) at the Centre for
Scientific Instrumentation of the University of Granada (CIC-UGR), Spain. The macroalgae was freeze-dried and ground to pass
through a 1-mm screen. The mill equipment was previously cooled in liquid to avoid overheating and altering the active compound.
Afterwards, A. taxiformis was ground for 2 x 30 s with a 30 s interval between cycles to cool the mill. Milled seaweed material was
stored in an airtight recipient contained in a desiccator at 4 °C. The phenolic compound used as substrate was phloroglucinol
anhydrous (MBL LAB CORDOBA SL, Cérdoba, Spain; 99 % purity).

2.2. Experimental design

Eight Murciano-Granadina adult female goats with an average body weight (BW) of 40.8+1.8 kg were used as experimental an-
imals at EEZ-CSIC, Granada, Spain. They were randomly assigned to 1 of 4 experimental treatments and the study was conducted over
8 experimental periods according to a replicated 4 x 4 Latin square design (alternating the animals from the first and second Latin
Square in consecutive periods) with a 2 x 2 factorial arrangement of treatments: two levels of A. taxiformis (0 vs. 5 g/kg DM; AT- and
AT+, respectively) and two levels of phloroglucinol (0 vs. 20 g/kg DM; PG- and PG+, respectively). Therefore, four treatments were
considered: i) a basal diet without supplementation (AT-PG-); ii) a basal diet supplemented with A. taxiformis (AT+PG-); iii) a basal
diet supplemented with phloroglucinol (AT-PG+); and iv) a basal diet supplemented with A. taxiformis and phloroglucinol (AT+PG-+).
The doses of A. taxiformis and phloroglucinol were determined based on a previous in vitro study (Romero et al., 2023b). Throughout
the experiment, all goats had free access to drinking water and were fed the same basal diet (Table 1) consisting of alfalfa hay chopped
at 15-20 cm and barley grain in a 70:30 ratio in DM. Feed intake was restricted to 1 kg DM/d representing approximately 90 % of the
ad libitum DMI based on measurements conducted during one week before the experiment began. Diet was divided into two equal daily
meals at 0900 and 1400 h (representing 0 h and 5 h in Fig. 1, respectively). This feed distribution ensured enough time for the animals
to eat the second meal before the artificial illumination was turned off (from 1900 to 0700 h), as they had negligible feed consumption
during the overnight period. Additives were mixed with ground barley grain (20 g DM) and administered directly into the animal’s
mouth via a top-cut syringe at feeding times. The animals from AT-PG- group were dosed similar amount of ground barley without
additives.

Each 14-d experimental period consisted of 10 d for adaptation to the treatments in individual pens, followed by 3 d for CH4 and H,
measurements, and the last day for rumen fluid sampling. As rumen microbiota needs to be adapted to the presence of phenolic
compounds to facilitate their degradation (Theodorou et al., 1987), phloroglucinol was administered in increasing doses over the first
3d (5, 10, and 15 g/kg DM, respectively). From d 4 onwards, animals were supplemented with the complete doses of phloroglucinol
and A. taxiformis (20 g/kg DM). During d 11, 12 and 13, animals were confined in open-circuit respiration chambers to quantify enteric
CH4 and H; emissions. Each goat was always allocated to the same chamber across all periods to minimize intra-animal variability. For
each animal, feed intake was daily recorded, as well as the temperature, humidity, CO5 concentration and air turnover rate within each
respiration chamber.

On d 14, animals returned into the individual pens and were fed at 0900 h, along with the administration of the treatments. At 3 h
post-feeding (1200 h), rumen content was withdrawn by orogastric intubation (100 mL approx.) as described in Belanche et al. (2020).
Rumen samples were filtered through sterile cheesecloth (1 mm pore size) and fluid subsamples were stored at —20 °C for lactate and
VFA analysis, and at —80 °C for quantification of the main microbial groups in the liquid fraction, as described in Romero et al.
(2023b). Goats were weighed twice within each period (d 1 and 14) before feeding (0900 h) using a digital scale (Bosche GmbH & Co.
KG, Damme, Germany) corresponding to the entrance and exit of the chamber, respectively. Furthermore, feed samples were collected
once a week and pooled to conduct compositional analysis.

2.3. Methane and dihydrogen measurements

Enteric CH4 and H; production by each goat was measured using 4 open-circuit respiration chambers as described by Abecia et al.
(2012). Chamber air temperature was maintained between 15 and 20°C. Measurements were interrupted twice a day, when the
chamber floor was cleaned and the goats received the morning feed (0900 h), and when animals received the afternoon feed (1400 h).
These 10-min interruptions had minimal effect on the daily emissions as they coincided when the corresponding exhaust duct was not
being sampled. Airflow (L/min) was measured twice a day for the exhaust duct of each chamber using an anemometer (PCE Ibérica SL,
Albacete, Spain). The air stream in each duct was subsampled and directed into a gas analyzer. Methane concentration was measured
using an infrared gas analyzer (ULTRAMAT 23, Siemens AG, Munich, Germany), whereas Hy concentration was measured using a

Table 1
Chemical composition (g/kg DM) of the diet ingredients.
DM OM CP EE NDF ADF ADL
Alfalfa hay 904 895 148 9.01 566 423 314
Barley 909 907 106 19.5 296 60.8 8.26
A. taxiformis 924 788 393 3.59 424 112 79.4

DM: Dry matter; OM: Organic matter; CP: Crude protein; EE: Ether extract; NDF: Neutral detergent fiber; ADF: Acid detergent fiber; ADL: Acid
detergent lignin.
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Fig. 1. Average diurnal pattern of CH,4 (a) and H emissions (b) in goats (n=8 for 3 d) fed a basal diet (AT-PG-); supplemented with A. taxiformis at
5 g/kg DM (AT+PG-); supplemented with phloroglucinol at 20 g/kg DM (AT-PG+); or supplemented with A. taxiformis and phloroglucinol
(AT+PG+). Arrows represents the feeding/dosing times at 0900 h and 1400 h, respectively.

o
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tin-dioxide semiconductor sensor (Q-S121, Qubit Systems Inc., Kingston, Ontario, Canada). Additionally, room air was also sub-
sampled and analyzed to determine the background CH,4 and Hy concentrations. Gases in each chamber were measured for 90 s every
12.5 min (equivalent to 115 measurements/d). The daily CH4 and H; emissions from each chamber were calculated as the air flow
multiplied by the gas concentration in the chamber exhaust after background subtraction.

2.4. Chemical analyses

Feed samples were passed through a 1-mm sieve for analyses, and DM, organic matter (OM), crude protein (CP), ether extract (EE),
neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) were determined as described in Arco-Pérez
et al. (2017). Dry matter (method 934.01) and ash (OM) (method 942.05) were determined according to AOAC (2005). Nitrogen
content (AOAC method 990.03) was determined using the Dumas method (Leco TruSpec CN, St. Joseph, MI, USA) and converted to CP
by multiplying by 6.25. Ether extract was measured by extraction with petroleum ether (AOAC method 920.39). The analyses of NDF
and ADF were carried out according to Van Soest et al. (1991) using an Ankom 220 fiber analyzer unit (Ankom Technology Corp.,
Macedon, NY, USA), with a heat stable a-amylase, while ADL was determined by solubilization of cellulose with 72 % sulfuric acid,
being all expressed exclusive of residual ash (aNDFom, aNDFom and aADLom, respectively). Concentrations of individual VFA were
analyzed with a GC system coupled with a flame ionization detector (Auto-System PerkinElmer, Norwalk, CT, USA) using a crosslinked
100 % polyethylene glycol column (TRB-FFAP, 30 m x 0.53 mm i.d. x 1 pm film thickness, Teknokroma, Spain), as described in
Arco-Pérez et al. (2017). Lactate concentration was measured using the colorimetric method described by Barker and Summerson
(1941) consisting in the oxidation of lactic acid to acetaldehyde in hot concentrated sulfuric acid. The color reaction between acet-
aldehyde and p-hydroxydiphenyl in concentrated sulfuric acid (cold) is then quantified by colorimetry.
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2.5. Real-time PCR analysis

Samples of rumen fluid were freeze-dried, and microbial DNA was extracted using DNeasy PowerSoil Pro Kit (Qiagen, Germany).
Eluted DNA (2 pl) was used to assess the abundance of the main microbial groups by quantitative PCR (qPCR) using an iQ5 multicolor
Real-Time PCR Detection System (BioRad Laboratories Inc., Hercules, CA, USA). Specific primers and standards for the 16 SrRNA gene
for bacteria, mcrA gene for archaea, 18 S rRNA gene for protozoa, and the region between 18 S rRNA and ITS1 gene for anaerobic fungi
were used as previously described in Palma-Hidalgo et al. (2021).

2.6. Statistical analyses

Prior to conducting the ANOVA, the assumptions of normality and homogeneity of variance were checked using the Shapiro-Wilk
and Bartlett’s tests, respectively. Results were statistically analyzed by a 2 x 2 factorial ANOVA as follows:

Yijk = u + AT; + PG;j + ATxPGj; + Gi + PR; + gjj

Where Yj represents a dependent, continuous variable, u is the overall mean, AT; is the fixed effect of A. taxiformis inclusion (i =
0 vs. 5 g/kg DM), PG; is the fixed effect of phloroglucinol supplementation (j = 0 vs. 20 g/kg DM), AT xPG;; represents the interaction
term, Gy represents the random effect of the goat (k = 1-8), PR; represents the random effect of the period (I = 1-8), and e;j; is the
residual error. Means were compared by Fisher’s protected LSD test when significant interactions were found (P < 0.05), using the
StatGraphics Centurion 19 software (StatPoint Technologies, Inc. USA, 2020). Significant effects were declared at P < 0.05 and
tendencies to differences at 0.05 < P < 0.10.

3. Results
3.1. Animal performance, and methane and dihydrogen emissions

No significant differences were observed for DMI and BW across treatments (Table 2). The supplementation with A. taxiformis
decreased daily CH,4 emissions (CH4 production), per unit of DMI (CH, yield) and per kg of BW by 33.9, 31.4 and 34.7 %, respectively,
compared to treatments without A. taxiformis (P < 0.001). Phloroglucinol supplementation did not affect CH4 emissions.

The supplementation with A. taxiformis also promoted a substantial increase in Hy emission per day, per DMI and per BW being
3465, 3711 and 3888 % higher than treatments without A. taxiformis supplementation, respectively (P < 0.001). There was an
interaction between supplementation of A. taxiformis and phloroglucinol on Hy emissions (P = 0.01), whereby combining both sup-
plements decreased total expelled Hy (-68.1 %), Hy per unit of DMI (-71.4 %), and Hy per kg BW (-72.3 %) compared with the sup-
plementation of A. taxiformis alone. Likewise, the Hy expelled per mol of CH4 decreased was greater with A. taxiformis supplementation
(P < 0.001), although the significant interaction (ATxPG, P = 0.02) revealed that this increase was 56.1 % lower when A. taxiformis
was combined with phloroglucinol, in comparison with A. taxiformis alone.

3.2. Diurnal pattern of methane and dihydrogen emissions

Methane and H; emissions (L/h) followed a diurnal variation which was determined by the feeding pattern as shown in Fig. 1.
Methane production in treatments without A. taxiformis supplementation peaked at hours 1 and 6, corresponding to post-prandial

Table 2
Effect of dietary supplementation with A. taxiformis (AT) and phloroglucinol (PG) on body weight, dry matter intake, CH4 and H, production in goats
after 14 d of treatment.

AT- AT+ SEM P-value

PG- PG+ PG- PG+ AT PG ATxPG
BW, kg 40.4 39.3 39.8 39.7 0.89 0.97 0.76 0.78
DMI, kg/d 0.90 0.89 0.85 0.86 0.020 0.29 0.96 0.81
CH4 emissions
CH,, L/d 45.4 42.2 27.1 30.8 1.78 <0.001 0.91 0.13
CHy, L/kg DMI 50.8 47.5 31.6 35.9 1.86 <0.001 0.82 0.10
CH,, L/kg BW 1.18 1.13 0.68 0.83 0.056 <0.001 0.55 0.23
H, emissions
Ha, L/d 0.29° 0.19° 13.0° 4.15° 1.254 <0.001 0.01 0.01
Ha, L/kg DMI 0.31° 0.22° 15.67 4.47° 1.519 <0.001 0.01 0.01
H,, L/kg BW 0.01° 0.005" 0.37° 0.10° 0.0359 <0.001 0.01 0.01
H,/CH, decr.! 0° 0° 0.712 0.31° 0.070 <0.001 0.08 0.02

AT-: A. taxiformis at 0 g/kg DM; AT+: A. taxiformis at 5 g/kg DM; PG-: Phloroglucinol at 0 g/kg DM; PG+: Phloroglucinol at 20 g/kg DM; SEM:
Standard error of the mean; BW: Body weight; DMI: Dry matter intake.

¢ Values within a row with different superscripts differ significantly at P < 0.05 (n=8) due to AT x PG interaction.

1 Mol of Hy per mol of CH, decreased in relation to the AT-PG- diet.
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situations, and was lower with the macroalgae supplementation at the corresponding times. Similarly, two large peaks were observed
for Hy emissions at 1 and 6 h in animals supplemented with A. taxiformis alone, which correspond with the post-prandial CH4 inhi-
bition. However, these peaks were less pronounced in animals supplemented with A. taxiformis combined with phloroglucinol and
absent in those supplemented with phloroglucinol alone or fed the basal diet.

Considering the diurnal fluctuations of CH4 production and H; emissions within each treatment, three-time intervals were iden-
tified which correspond with i) the post-prandial effects after the first feeding/dosing (0-5 h interval), ii) the second feeding/dosing
(5-10 h interval) and iii) the overnight period (10-24 h interval) (Table 3). Supplementation with A. taxiformis promoted a decrease in
the CH4 production in all the three-time intervals, this decrease being much larger during the post-prandial periods (-60 %, P < 0.001)
than overnight (-23 %, P = 0.02). During the period between 5 and 10 h, the decrease in CH4 production induced by A. taxiformis
supplementation tended to be higher when the macroalgae was not combined with phloroglucinol (interaction, P = 0.07). As described
before, Hy emissions were increased by A. taxiformis (P < 0.001) and decreased by phloroglucinol supplementation (P = 0.003 and P =
0.05), but these effects only occurred during post-prandial periods (i and ii) and not overnight (iii). Moreover, the increase in Hy
emissions induced by A. taxiformis supplementation during the post-prandial periods was significantly lower when A. taxiformis was
combined with phloroglucinol (interaction, P < 0.06). This interaction was not detected during the 10-24 h period which corre-
sponded with a non-feeding period.

3.3. Rumen fermentation and microbial abundances

There were no differences in lactate and total VFA concentrations across experimental groups (Table 4). However, a shift in the VFA
profile was observed when A. taxiformis and phloroglucinol were administered. The supplementation of A. taxiformis significantly
decreased the acetate (P < 0.001) and increased propionate (P < 0.001), butyrate (P = 0.02) and valerate molar proportions (P <
0.001), resulting in decreased acetate:propionate (A:P) ratio (P < 0.001). Conversely, phloroglucinol promoted a shift in the
fermentation pattern towards a higher acetate (P < 0.001) and A:P ratio (P < 0.001), and lower propionate (P < 0.001), isobutyrate (P
= 0.001), butyrate (P = 0.01), isovalerate (P = 0.03) and valerate molar proportions (P = 0.001).

Quantitative PCR analysis showed a tendency (interaction, P = 0.10) to decrease the concentration of total bacteria when
A. taxiformis and phloroglucinol were combined, compared to separate supplementations (Table 4). The rumen concentrations of
archaea, protozoa and anaerobic fungi were unaffected across experimental treatments.

4. Discussion
4.1. Methane and dihydrogen emissions

The rumen anti-methanogenic effects of A. taxiformis have been previously reported in vitro (Kinley et al., 2016; Machado et al.,
2016, 2018; Roque et al., 2019a; Brooke et al., 2020), in sheep (Li et al., 2018), beef cattle (Kinley et al., 2020; Roque et al., 2021), and
dairy cows (Stefenoni et al., 2021; Krizsan et al., 2023). The effectiveness of A. taxiformis has shown a large variation across these
studies due to differences in inclusion rate, bromoform concentration, animal species, and diet formulation (Hegarty et al., 2021). Li
et al. (2018) reported a 15 % decrease in CH4 production in Merino sheep fed A. taxiformis at 5 g/kg OM, whereas Stefenoni et al.
(2021) indicated reductions up to 80 % using a similar concentration in dairy cows. The 33.9 % reduction in CH4 production observed
in the present study when supplementing A. taxiformis at 5 g/kg DM agrees with a meta-analysis of the effects of supplementing
A. taxiformis to cattle, which found a 37 % mean reduction in CHy yield (Lean et al., 2021).

In terms of Hp fluxes, the literature shows that inhibiting methanogenesis through the supplementation of A. taxiformis (Kinley
et al., 2020; Roque et al., 2021; Stefenoni et al., 2021; Krizsan et al., 2023) and other anti-methanogenic feed additives such as

Table 3

Effect of the dietary supplementation with A. taxiformis (AT) and phloroglucinol (PG) on averaged CH, and H; production (L/h) at different time
intervals during 24 h: after the first feeding/dosing (0-5 h interval), ii) the second feeding/dosing (5-10 h interval) and iii) the overnight period
(10-24 h interval).

AT- AT+ SEM P-value

PG- PG+ PG- PG+ AT PG ATxPG
CH4 emissions, L/h
0-5h 2.32 2.04 0.86 1.08 0.138 <0.001 0.84 0.15
5-10 h 2.19 1.95 0.92 1.25 0.119 <0.001 0.75 0.07
10-24h 1.46 1.42 1.12 1.28 0.056 0.02 0.55 0.34
H, emissions, L/h
0-5h 0.07° 0.05° 1.30% 0.41° 0.113 <0.001 0.003 0.004
5-10 h 0.03 0.03 0.92 0.36 0.098 <0.001 0.05 0.06
10-24h 0.03 0.03 0.17 0.03 0.028 0.17 0.20 0.18

AT-: A. taxiformis at 0 g/kg DM; AT+: A. taxiformis at 5 g/kg DM; PG-: Phloroglucinol at 0 g/kg DM; PG+: Phloroglucinol at 20 g/kg DM; SEM:
Standard error of the mean. The 0-5 h interval represents the period following the first feeding/dosing (0900 h), the 5-10 h interval represents the
period following the second feeding/dosing (1400 h), and the 10-24 h interval represents the overnight period.

@b yalues within a row with different superscripts differ significantly at P < 0.05 (n=8) due to AT x PG interaction.
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Table 4
Effect of dietary supplementation with A. taxiformis (AT) and phloroglucinol (PG) on rumen fermentation parameters and the abundance of the main
rumen microbial groups in goats after 14 d of treatment.

AT- AT+ SEM P-value

PG- PG+ PG- PG+ AT PG ATxPG
Lactate, pg/mL 47.4 53.6 52.9 51.5 3.16 0.82 0.75 0.60
Total VFA, mM 81.5 78.5 77.8 82.7 1.87 0.94 0.79 0.29
Proportions, %
Acetate 69.1 75.0 61.7 69.0 1.03 <0.001 <0.001 0.57
Propionate 15.7 13.2 20.9 16.2 0.64 <0.001 <0.001 0.19
Isobutyrate 1.12 0.88 1.16 0.95 0.037 0.39 0.001 0.78
Butyrate 11.3 8.80 13.0 11.1 0.476 0.02 0.01 0.70
Isovalerate 1.18 0.88 1.15 1.05 0.049 0.46 0.03 0.25
Valerate 1.65 1.27 2.13 1.69 0.077 <0.001 0.001 0.79
A:P ratio 4.44 5.79 3.09 4.28 0.207 <0.001 <0.001 0.75
Microbes®
Bacteria 10.5 10.8 10.8 10.7 0.06 0.40 0.64 0.10
Protozoa 7.74 7.71 7.89 7.79 0.040 0.17 0.40 0.69
Archaea 4.88 4.93 5.31 4.91 0.221 0.67 0.71 0.64
Fungi 6.15 6.30 6.65 6.45 0.140 0.24 0.91 0.52

AT-: A. taxiformis at 0 g/kg DM; AT+: A. taxiformis at 5 g/kg DM; PG-: Phloroglucinol at 0 g/kg DM; PG+: Phloroglucinol at 20 g/kg DM; SEM:
Standard error of the mean; VFA: Volatile fatty acid; A:P: Acetate:propionate ratio.
IMicrobial concentration based in qPCR in log10 DNA copies / mg DM.

synthetic halogenated compounds (Mitsumori et al., 2012; Martinez-Fernandez et al., 2016) and 3NOP (Hristov et al., 2015; Lopes
et al., 2016; Vyas et al., 2016) leads to an excess of rumen Hy which can be redirected toward alternative sinks (Janssen, 2010). Our
study confirmed that the supplementation of A. taxiformis inhibited H, consumption by methanogens, resulting in Hy accumulation in
the rumen. However, an important proportion of the H accumulated in the rumen was exhaled, representing a moderate energy loss to
the animal (Ungerfeld et al., 2022). In contrast to A. taxiformis, the supplementation with phloroglucinol showed no effect on CHy4
emissions in vivo.

Several Hy-incorporating metabolic pathways have been identified to potentially capture the excess rumen Hy when methano-
genesis is inhibited (Ungerfeld, 2015). However, there is limited data on the evaluation of combining CH,4 inhibitors and Hy acceptors
in vivo. Martinez-Fernandez et al. (2017) showed that phloroglucinol supplementation decreased Hy emissions (-51 %) in cattle when
methanogenesis was inhibited by chloroform. A similar decrease in Hy emission (-68.1 %) were observed in the present study when
A. taxiformis supplementation was combined with phloroglucinol as compared with supplementation of A. taxiformis alone. These
findings are in line with our dose-response in vitro experiment (Romero et al., 2023b) which showed a progressive decline in expelled
Hy (up to —63 %) with increasing phloroglucinol doses (from 0 to 36 mM) under a CH, inhibition scenario (A. taxiformis at 2 %).
Moreover, previous in vitro (Huang et al., 2023; Romero et al., 2023b) and in vivo studies (Martinez-Fernandez et al., 2017) reported a
small but additional decrease in CH4 production when phloroglucinol was combined with a methanogenesis inhibitor (-14 %). This
aspect was not observed in our study, likely due to the differences between in vitro and in vivo conditions, as well as the type of inhibitor
used (A. taxiformis vs. chloroform). Animals supplemented with A. taxiformis and phloroglucinol still expelled more Hy than those
supplemented with phloroglucinol alone or fed the basal diet, suggesting that a further optimization of this nutritional strategy could
still be possible. In this sense, alternative combinations of CHy4 inhibitors and Hy acceptors have been recently explored, such as
A. taxiformis combined with fumaric acid in vitro (Thorsteinsson et al., 2023) and 3NOP combined with nitrate fumarate or acrylate in
dairy cows (Maigaard et al., 2024a; 2024b). However, they did not result in further decreased in expelled Hy. Therefore, phloroglucinol
remains as one of the most promising Hj acceptor to date to capture excess Hj resulting from methanogenesis inhibition.

The pattern of CH4 and Hj emissions throughout the day revealed larger post-prandial differences across treatments that gradually
came closer towards the end of the day. This distinct pattern agrees with that observed in goats treated with bromochloromethane
(Martinez-Fernandez et al., 2013). The lower inhibitory activity towards the end of the day could indicate a rapid degradation of
bromoform in the rumen. Romero et al. (2023a) reported using batch culture that 90 % of the bromoform content in A. taxiformis was
degraded within the first 3 h of fermentation. Thus, the efficacy of this mitigation strategy could be improved by using novel delivery
formats that allow sustained slow release of bromoform into the rumen. This would prolong the anti-methanogenic effect of bro-
moform in the rumen and ameliorate Hy peaks, possibly improving the incorporation of Hy into phloroglucinol reduction.

4.2. Feed intake and body weight

Animals were fed a restricted amount of feed, therefore no differences in DMI were observed across treatments. However,
A. taxiformis supplementation could be an issue when animals are fed ad libitum as DMI typically decreases in experiments with CHy4
reductions above 50 %. This potential decrease in DMI has been linked to the accumulation of excess Hy and total gas in the rumen
(Ungerfeld, 2018; Kjeldsen et al., 2022). It could be expected that phloroglucinol supplementation could mitigate this effect as it
decreased Hy accumulation. However, no differences in BW were observed between treatments in the present study, possibly as a result
of the experimental design (Latin square) and the use of non-growing and non-lactating animals. Thus, the potential effects of
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combining A. taxiformis and phloroglucinol on production parameters would need further investigation including experiments with a
larger number of growing or lactating ruminants over longer experimental periods.

4.3. Rumen microbial fermentation

A shift in rumen fermentation toward propionate was observed in this study with A. taxiformis supplementation, leading to a
decrease in the A:P ratio (-30.4 %). This agrees with previous studies (Li et al., 2018; Kinley et al., 2020; Stefenoni et al., 2021) that
observed a 12-45 % decrease in the A:P ratio when methanogenesis was inhibited by A. taxiformis supplementation. Moreover,
phloroglucinol supplementation resulted in an increase in the acetate molar proportion and the A:P ratio in our work, as observed in
previous in vitro studies (Huang et al., 2023; Romero et al., 2023b). Sarwono et al. (2019) observed that in vitro incubation with
phloroglucinol redirected rumen fermentation towards acetate production in high-forage diets (as noted in the present study), but not
in high-concentrate diets, possibly as a result of lower H; availability. The increase in acetate and A:P ratio resulting from phlor-
oglucinol supplementation can be explained by the degradation pathway of phloroglucinol in the rumen. Among other phenolic
compounds, phloroglucinol can be reduced by specific rumen bacteria classified as Eubacterium oxidoreducens, Streptococcus bovis, and
Coprococcus spp. to dihydrophloroglucinol, using NADPH or formate as the electron donors, thereby alleviating the partial pressure of
Hj in the rumen (Tsai and Jones, 1975; Tsai et al., 1976; Patel et al., 1981; Krumholz et al., 1987). Specifically, three phloroglucinol
reductases belonging to the family of NADPH dehydrogenases/reductases have been identified as responsible for the anaerobic
degradation of phloroglucinol (Conradt et al., 2016). Then, the hydrolytic ring cleavage of the dihydrophloroglucinol molecule
predominantly produces CO; and acetate (and butyrate to a lesser extent) as end products (Conradt et al., 2016).

This study demonstrated that phloroglucinol supplementation significantly increased acetate molar proportion (+10.2 %) across
treatments. Our experimental hypothesis was that acetate production derived from phloroglucinol degradation performs as an
alternative Hy acceptor, therefore a higher increase in acetate would be expected assuming that all H, not used in the methanogenesis
pathway was diverted to acetate production. This hypothesis was only partially demonstrated as the increase in the acetate molar
proportion associated to phloroglucinol degradation was only slightly higher in presence than in absence of A. taxiformis (+11.8 vs
+8.1 %), without reaching statistical differences. Part of the discrepancy can be explained by the fact that while CH4 and Hy pro-
ductions were measured continuously during 3 days, VFA concentrations derived from a single time sample, as further discussed.
Interestingly, the similar A:P ratio observed between the AT-PG- and AT+PG+ diets is possibly because the increase in the acetate
production induced by phloroglucinol degradation was counterbalanced by the increase in the propionate production induced by
A. taxiformis supplementation. In agreement with Martinez-Fernandez et al. (2017), no differences were observed in total VFA con-
centration when phloroglucinol was supplemented in a CHy4 inhibition scenario in the present study. Conversely, the previous in vitro
studies reported an increase in total VFA concentration when A. taxiformis and phloroglucinol were combined (Huang et al., 202.3;
Romero et al., 2023b). Differences in CHy4 inhibition rates and rumen fermentation pattern between in vitro (Kinley et al., 2016;
Machado et al., 2016, 2018; Roque et al., 2019a) and in vivo studies using Asparagopsis spp. have been previously reported (Li et al.,
2018; Roque et al., 2019b; Krizsan et al., 2023). In concordance, our previous in vitro studies showed a more substantial reduction of
CH4 production (> 99 %), resulting in greater availability of Hj to be utilized by phloroglucinol-reducing bacteria (Huang et al., 202.3;
Romero et al., 2023b). Thus, the degradation rate of phloroglucinol to acetate in vivo could be expected to be lower than observed
under in vitro conditions. This lower phloroglucinol degradation could be partially explained by its lower availability for the rumen
microbes as a result of the higher liquid passage rate than under in vitro conditions. Other possible explanations could be associated to
the different sampling time (24 h vs 3 h after feeding) and units (VFA production vs VFA concentration) considered in vitro or in vivo,
respectively (Romero et al., 2023b). In relation to the sampling method, Ramos-Morales et al., (2014) demonstrated that stomach
tubing is a feasible alternative for sampling rumen digesta allowing to detect most of the effects observed when sampling through
cannula in terms of rumen fermentation and microbiome. However, our experimental protocol consisting in rumen sampling 3 h after
the morning feeding did not allow to capture the diurnal variation in the rumen fermentation pattern nor the total VFA production
which could be linked with the CH4 and H; emissions.

4.4. Abundance of the main microbial groups

Rumen concentrations of total bacteria, methanogens, protozoa, and anaerobic fungi were not affected by the dietary supple-
mentation with A. taxiformis, phloroglucinol or the combination of both. A reduction in the number of methanogens by A. taxiformis
supplementation was expected, as observed in one of the previous in vitro experiments (Romero et al., 2023b). However, A. taxiformis
supplementation had no effect on the abundance of archaeal communities under in vivo conditions. Krizsan et al. (2023) did not find
any significant differences in the abundance of archaeal communities but showed a shift in the archaeal community composition upon
A. taxiformis supplementation. This observation supports previous findings suggesting that rumen methanogenesis depends to a large
extent on the relative abundance of different archaeal species and their activity rather than their absolute numbers (Zhou et al., 2010).
Phloroglucinol did not affect the abundance of total bacteria, but a shift in bacterial community structure with increased levels of
bacterial taxa able to catabolize phloroglucinol to acetate and butyrate would be expected. As mentioned above, several rumen
bacteria have been identified as phloroglucinol utilizers and their relative abundance was affected when phloroglucinol was sup-
plemented as an available substrate (Martinez-Fernandez et al., 2017). In addition, de Paula et al. (2016) observed a decrease of
Entodinium protozoa with supplementation of different phenolic compounds, whereas Zuhainis et al. (2007) found that certain
phenolic monomers decreased rumen fungal population. Thus, further and more detailed analyses of the rumen microbiota are needed
to clarify the mechanisms of action of phloroglucinol in the rumen microbial ecosystem.



P. Romero et al. Animal Feed Science and Technology 316 (2024) 116060
5. Conclusions

This in vivo study demonstrated that dietary phloroglucinol supplementation attenuated the postprandial peak of Hy emissions
resulting from the inhibition of methanogenesis by A. taxiformis. Supplementation with phloroglucinol promoted an increase in acetate
molar proportion in the rumen both when methanogenesis was inhibited and when it was not and therefore, the Hj redirection cannot
be fully explained by the acetate acting as the key Hj acceptor. Moreover, most of this Hy redirection occurred during the post-prandial
stage and Hy production was still detected across treatments, suggesting that H redirection efficiency could be further improved.
These findings warrant additional research to optimize this nutritional strategy and to assess its long-term effects on animal pro-
ductivity. Given the high phloroglucinol cost, alternative Hy acceptors should be investigated in order to implement similar strategies
on farm conditions.
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