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Abstract

Enteric methane (CH4) emissions from ruminants contribute significantly to agricultural greenhouse
gases. Anti-methanogenic feed additives (AMFA), such as Asparagopsis spp. and 3-nitrooxypropanol
(3-NOP), reduce CH4 emissions by inhibiting methanogenic enzymes. However, CHs inhibition often
leads to dihydrogen (H2) accumulation, which can impact rumen fermentation and decrease dry
matter intake (DMI). Recent studies suggest that co-supplementation of CHa inhibitors with
alternative electron acceptors, such as phloroglucinol, fumaric acid, or acrylic acid, can redirect excess
H: during methanogenesis inhibition into fermentation products nutritionally beneficial for the host.
This review summarises findings from rumen simulation experiments and in vivo trials that have
investigated the effects of combining a CHas inhibitor with an alternative Hz acceptor to achieve
effective inhibition of methanogenesis. These trials demonstrate variable outcomes depending on
additive combinations, inclusion rates, and adaptation periods. The use of phloroglucinol in vivo
consistently decreased H: emissions and altered fermentation patterns, promoting acetate
production, compared to the co-supplementation with fumaric acid or acrylic acid as an alternative
electron acceptor. As a proof of concept, phloroglucinol shows promise as a co-supplement for
reducing CHs and H2 emissions and enhancing volatile fatty acid profiles in vivo. Optimising
microbial pathways for Hz utilisation through targeted co-supplementation and microbial adaptation
could enhance the sustainability of CHs mitigation strategies using feed additive inhibitors in
ruminants. Further research using multi-omics analyses is needed to understand microbial dynamics
and improve the efficacy of CHs inhibitor interventions with an alternative H2 acceptor co-
supplementation in vivo.

Keywords: enteric methane emission; methane inhibitor; alternative hydrogen acceptor; rumen
fermentation; ruminants

Background

Several strategies have been explored in recent years to mitigate enteric methane (CHa)
emissions. Among these, the use of anti-methanogenic feed additives (AMFA) is increasingly
recognised as the most potent abatement strategy to manipulate ruminal fermentation and decrease
enteric CHsemissions from ruminants (Honan et al., 2021; Arndt et al., 2022; Beauchemin et al., 2022).
Numerous feed additives, including CHs inhibitors and rumen modifiers, hold the potential to
significantly reduce enteric CHs emissions primarily by direct inhibition of the enzymes that are
unique to methanogens, indirectly by modulating rumen fermentation, or through both effects (del
Prado et al., 2025). Notably, two additive inhibitors, red macroalgae Asparagopsis spp. and the
synthetic compound 3-nitrooxypropanol (3-NOP), have consistently reduced enteric CHs emissions
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by more than 20% in ruminants (del Prado et al., 2025). The CH4 reduction effect of Asparagopsis is
attributed to bromoform (CHB13), a major active ingredient found in concentrations up to 100-fold
higher than the next most abundant component, dibromochloromethane (Machado et al., 2016). The
mode of action of CHBr3 occurs via competitive inhibition of coenzyme M methyltransferase and
methyl coenzyme M reductase (MCR) involved in the reduction of one- or two-carbon substrates
with dihydrogen (Hz) by methanogenic archaea to produced CHas (Wasson et al., 2022). Similarly,
synthetic CHas inhibitors such as iodoform (Wood et al, 1968; Glasson et al., 2022), 2-
bromoethanesulfonate (BES; Gunsalus et al., 1978), and 3-NOP (Duin et al., 2016) also specifically
target MCR involved in the CHsproduction pathway of rumen archaea. These potent inhibitors block
the action of the enzyme MCR, which is shared by all methanogenic pathways, and thus specifically
targeted to inhibit all different methanogens (Belanche et al.,, 2025). Nitrate is also an effective
synthetic feed additive for mitigating CHs, both in vitro and in vivo (Olijhoek et al.,, 2016; Liu et al.,
2017). Dietary nitrate supplementation reduces CHsemission in in vivo studies (van Zijderveld et al.,
2011; Olijhoek et al., 2016), and the effect has been attributed to the direct toxic effect of the ingredient,
resulting in an inhibited microbial activity of methanogens (Liu et al., 2017). In addition to the impact
on CHasreduction, dietary feed additive inhibitors have potential effects on dry matter intake (DMI),
weight gain, or milk production in ruminant livestock (del Prado et al., 2025).

The inhibition of enteric methanogenesis with CHa inhibitors affects the metabolism of the
rumen microbial ecosystem (Belanche et al.,, 2025). This results in increased H: emissions in vivo
(Ungerfeld et al., 2022), increased accumulation of Hzin vitro (Ungerfeld, 2015) and in vivo (Melgar et
al.,, 2020; Cowley et al., 2024), and sometimes increased ruminal levels of intermediate electron
carriers such as ethanol, formate (Martinez-Fernandez et al., 2016; Melgar et al., 2020), and lactate
(Amgarten et al., 1981). For example, H2 accumulation is one of the marked indirect effects of CHa
inhibitor supplementation, which has positive and negative impacts on hydrogenogenic and
hydrogenotrophic microorganisms in the rumen (Ungerfeld, 2020). The concentration of ruminal H>
centrally regulates the proportions of fermentative end-products, as indicated by the metabolic
interactions among fermentative bacteria and between hydrogenogenic bacteria and
hydrogenotrophic methanogens (Mackie et al.,, 2024). Enteric methanogenesis is an evolutionary
adaptation that limits the accumulation of ruminal Hz resulting from fibre degradation (Wolin et al.,
1997), as high H: partial pressure in the rumen would otherwise impair the ability of microbial
populations to digest carbohydrates (McAllister and Newbold, 2008; van Lingen et al., 2016). Under
typical conditions, methanogenic archaea utilise Hz to produce CHs (Belanche et al., 2025), which
indirectly sustains the fermentation process and mitigates the negative feedback inhibition of excess
H: on the degradation of dry matter in the rumen (McAllister and Newbold, 2008). Thus, the removal
of H:z enables the re-oxidation of NADH to NAD*, which occurs through the transfer of electrons
released from the oxidation of glyceraldehyde 3-phosphate to 1, 3-diphosphoglycerate during
glycolysis, a process essential for the continuation of hexose catabolism in the rumen (Wolin, 1979;
Russell and Wallace, 1997). The health and productivity of animals can be negatively impacted by
disruptions to the rumen ruminal microbiome, which facilitate these reactions (Mackie et al., 2024).
Therefore, to preserve feed conversion and animal productivity, dietary intervention strategies aimed
at manipulation of the rumen microbial environment for methanogenesis inhibition require careful
consideration (Choudhury et al., 2015).

Mitigation strategy using feed additives to reduce rumen methanogenesis requires a consistent
and sustained reduction in CHsemissions from ruminants without negatively affecting animal
health, welfare, or productivity (Honan et al., 2021; Belanche et al.,, 2025; Durmic et al., 2025).
However, studies have shown that feed additive inhibitors reduce enteric methanogenesis and often
increase emission of ruminal Hz (Olijhoek et al., 2016; Krizsan et al., 2023; Thorsteinsson et al., 2023a;
Maigaard et al., 2024a), which is suggested to be a consequence of direct inhibition of rumen CHa
production (Thorsteinsson et al., 2023b). Increased enteric emission of Hzindicates higher levels of
dissolved Hzin the rumen associated with a reduced redox state (Kjeldsen et al., 2024). A surplus of
electron donors from H: accumulation during the inhibition of rumen methanogenesis can impact

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1716.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2025 d0i:10.20944/preprints202510.1716.v1

3 of 17

optimal microbial fermentation and synthesis (McAllister and Newbold, 2008; Thorsteinsson et al.,
2023b), potentially leading to negative effects on animal performance as reflected in decreased feed
intake (Maigaard et al., 2024a). The challenge with using inhibitors to reduce enteric CHs emissions
is the inefficiency of the rumen microbiome to capture and redirect excess H: spared from
methanogenesis inhibition into alternative metabolic pathways for the synthesis of metabolites
usable by ruminants (Ungerfeld et al., 2022; Romero et al., 2023). This indicates that the rumen system
can still be optimised to improve animal productivity by feeding novel substrates to modify rumen
microbiome and redirect Hz towards the production of beneficial fermentation products (Romero et
al., 2024). Thus, co-supplementation of an alternative electron alternative sink with higher H affinity
during methanogenesis inhibition would be a promising strategy for a robust mitigation of enteric
CHa4 emissions in ruminants. As an example, microbial reduction of phloroglucinol or fumaric acid
could provide a pathway to incorporate increased H2 produced under methanogenesis inhibition
conditions into the production of acetate or propionate, an energy-yielding product used by the
animal (Romero et al., 2023; Thorsteinsson et al., 2023b). The metabolic fate and significance of the
absorbed alternative electron sink may impact the beneficial effects on animal productivity during
the inhibition of enteric methanogenesis. This depends on the nutritional requirements of each animal
species and the energy savings achieved through H: incorporation (Ungerfeld, 2013). Previous
literature postulated that co-supplementation of a feed additive inhibitor with an alternative electron
sink would significantly reduce CHs production without a concomitant increase in H2 accumulation
or emissions, thereby mitigating the negative effects of methanogenesis inhibition on fermentation
and animal performance (Huang et al., 2023; Romero et al., 2023; Battelli et al., 2025). Hence, this
current review summarised recent findings from rumen simulation experiments and in vivo trials that
have investigated the effects of combining a CH4 inhibitor with an H2 acceptor to achieve effective
inhibition of methanogenesis. Although the data were insufficient to conduct a meta-analysis, direct
comparison of variances between the trials was used to highlight significant findings.

Integrated Approach: Co-Supplementation of a Methane Inhibitor with an
Alternative Hz Acceptor In Vitro and In Vivo

Only a small number of laboratory experiments and animal studies have explored the synergistic
effects of methanogenesis inhibitors and alternative electron acceptors on fermentation parameters,
CHs production, and H: accumulation or emissions (Table 1). The in vitro rumen simulation
experiments by Huang et al. (2023) and Romero et al. (2023) evaluated the effects of CHa4 inhibitors
(Asparagopsis or BES) used alone or with an alternative electron acceptor (phloroglucinol) on
CHas production, H:accumulation, and fermentation parameters. These in vitro experiments
confirmed the inhibitory potential of individual CHa inhibitors at different concentrations, which
increased H2 accumulation and substantially decreased CHa production, total VFA, and the acetate-
to-propionate (A:P) ratio (Huang et al., 2023; Romero et al., 2023). Huang et al. (2023) showed that
phloroglucinol supplemented alone and in combination with BES decreased CHi production,
propionate production, and H2accumulation, as well as increased acetate production, total VFA and
A:P ratio compared to the CHa inhibitor-only treatment. In Huang et al. (2023), the intensity of the
impacts of co-supplementation on CH4 production, fermentation parameters, and Hz accumulation
increased with the accelerated inclusion of phloroglucinol to 36 mM. Similarly, Romero et al. (2023)
demonstrated the effects of CHainhibitor-only (Asparagopsis) and co-supplementation with the
increasing doses of phloroglucinol (6, 16, 26 and 36 mM) on CH4 production, H2 accumulation, and
fermentation parameters. Supplementation of Asparagopsis at 2% DM of substrate with increasing
doses of phloroglucinol (6, 16, 26 and 36 mM) linearly decreased CHi production, propionate
production, and Hz accumulation, while increased acetate production, total VFA, and A:P ratio
(Romero et al., 2023). Thorsteinsson et al. (2023b) examine the effects of nitrate or Asparagopsis with
and without fumaric acid as an alternative electron acceptor on CHs production and H2accumulation
in vitro. Thorsteinsson et al. (2023b) found that supplementation with nitrate alone reduced CHa
production without resulting in detectable levels of Hz2 production. The combination of nitrate and
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fumaric acid has not further decreased CHs production compared to the nitrate-only treatment, thus
making it impossible to evaluate the effect of nitrate with fumaric acid co-supplementation on H
production (Thorsteinsson et al., 2023b). Thorsteinsson et al. (2023b) speculated that all available
dissolved H> was used for nitrate reduction to ammonia or other competing pathways, explaining
the lack of increased Hz levels in the nitrate treatment. However, Thorsteinsson et al. (2023b) reported
that supplementation of Asparagopsis with fumaric acid significantly reduced CHs production
resulting in no significant change in Hz concentration above the detection level (Table 1). There was
no synergistic effect of supplementing Asparagopsis with fumaric acid on H: production in
Thorsteinsson et al. (2023b). Severe inhibition of methanogenesis by Asparagopsis, with or without
fumaric acid, had no effect on dry matter degradability at any incubation period compared to the
control, suggesting that the excess Hz produced may have been redirected in the production of other
metabolites, such as propionate and butyrate, through pathways that have not been analysed in
Thorsteinsson et al. (2023b). In a recent in vitro study, Battelli et al. (2025) observed a different
interaction where none of the combinations of CHsinhibitor (Iodoform or Quercetin) with alternative
Ho-acceptor (Activated charcoal powder, phloroglucinol, or vitamin E) demonstrated a synergistic
effect to reduce Hz production and improve fermentation parameters (Table 1). However, a co-
supplementation of CHa inhibitors, including Iodoform and Quercetin (Table 1), significantly
decreased CH: production and numerically reduced Hz production without impacts on the total VFA
concentrations compared to the control (Battelli et al., 2025). The synergistic effect between these CHa
inhibitors could be due to complementary mechanisms of action, where Quercetin reduces protozoan
abundance (Kim et al.,, 2015) and modulates microbial fermentation (Battelli et al., 2023), while
Iodoform targets and inhibits specific methanogenic enzymes (Glasson et al., 2022; Thorsteinsson et
al., 2023a). The inclusion of Quercetin could indirectly limit CHs production by reducing the
abundance of protozoa and thus decreasing interspecies Hatransfer to methanogens for
methanogenesis (Battelli et al, 2025). Microbial degradation of Quercetin to 3,4-
dihydroxyphenylacetate in the rumen also consumes H:or formate, which acts as a competing
electron sink and reduces the availability of Hz for CHs production (Krumholz and Bryant, 1986;
Berger et al., 2015).

Furthermore, the publications by Maigaard et al. (2024b) and Romero et al. (2024) reported
effects of combined supplementation of CHs inhibitors and alternative Hz acceptors on rumen
fermentation, enteric CHs+and H2emissions, and animal performance in vivo (Table 1). Maigaard et al.
(2024b) reported that co-supplementation of 3-NOP (60 mg/kg of DM) with fumaric acid (390 g/d),
acrylic acid (242 g/d), or phloroglucinol (480 g/d) as alternative electron acceptor, significantly
reduced CHsemissions and numerically decreased H2emissions without pronounced effects on total
VFA in lactating dairy cows fed high-forage diets. The co-supplementation of 3-NOP (60 mg/kg of
DM) with phloroglucinol (480 g/d) had no pronounced effect on the DMI, but co-supplementation
with fumaric acid (390 g/d) or acrylic acid (242 g/d) significantly increased propionate production
and significantly reduced A:P ratio (Maigaard et al., 2024b). Consistently, supplementation of fumaric
acid-only reduced CHs emissions and shifted rumen fermentation patterns towards a higher
proportion of propionate, lower A:P ratio, and decreased total VFA in goats fed low and high forage
diets (Li et al., 2018), as also found by Maigaard et al. (2024b). However, the anti-methanogenic co-
supplementation of nitrate (15 g/kg of DM) with fumaric acid (390 g/d), acrylic acid (242 g/d), or
fumaric acid (195 g/d) plus acrylic acid (121 g/d) had no significant effects on CHsand H2 emissions,
but improved DMI except for co-supplementation with acrylic acid in dairy cows (Maigaard et al.,
2024b). The numerical reduction in Hz emissions in vivo, due to the co-supplementation of nitrate
with fumaric acid in Maigaard et al. (2024b), agrees with the previous findings using similar
ingredients in vitro (Thorsteinsson et al., 2023b). In addition, Romero et al. (2024) demonstrated that
inclusion of Asparagopsis with phloroglucinol up to 20 g/kg DM/d, a rumen equivalent concentration
of 36 mM/d, in high-forage diets reduced CHsand H: emissions compared to the control without
negative impacts on rumen fermentation and DMI in dairy goats. Moreover, the in vivo
supplementation of phloroglucinol with or without Asparagopsis, promoted a shift in the fermentation
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patterns towards a higher proportion of acetate and increased A:P ratio, and a lower proportion of
propionate (Romero et al.,, 2024). Comparatively, a previous rumen simulation study (Romero et al.,
2023) used Asparagopsis (2% DM) with phloroglucinol (36 mM) and found a more pronounced
decrease in CHs4 production (-100%) and H: accumulation (-46%) compared to the reductions
observed (Table 1) in dairy goats fed similar ingredients at the same concentrations in Romero et al.
(2024). This discrepancy could be due to the differences between in vitro and in vivo experimental
conditions. Overall, there is a paucity of data related to the in vivo evaluation of the co-
supplementation of a CHs4 inhibitor with an alternative Hz2acceptor.

Table 1. Summary of the experiments demonstrating effects of co-supplementation of methane inhibitors with

alternative hydrogen acceptors on dihydrogen accumulation or emission during methanogenesis inhibition.

CHs
Type of H: Acetate Propionate A:P
Refere Feed production Total DMI
study, AMFA Dose Animals accumulation  proportion proportion ratio
nce substrate /emission VEA (%) (%)
duration /emission (%) (%) (%) (%)
(%)
Huang
In vitro High fiber -21 (c.
et al, Invitro,24h AT 1.5% DM -22(c. Q) +104 (c. C) -13(c. Q) +12(c. Q) -9(c. Q) N.A
culture* substrate Q)
2023
+35 (n.s
In vitro High fiber +150 (n.s +7(ns -11 (n.s 1.5% +17 (s.s
Invitro,24h  AT+Phl 15%+6mM -38(c. Q) 1.5% N.A
culture* substrate 1.5% AT) 1.5% AT) AT) 1.5% AT)
AT)
In vitro High fiber -47 (c.
In vitro, 24 h AT 2.5% DM -76 (c. C) +541 (c. C) -32(c.Q) +35(c.C) -22(c.C) NA
culture* substrate Q)
+68 (s.s
In vitro High fiber +10 (s.s 2.5% +41 (s.s -24 (s.s2.5% +18 (s.s
Invitro,24h  AT+Phl  25%+6mM -9 (c.O) 2.5% N.A
culture* substrate AT) 2.5% AT) AT) 2.5% AT)
AT)
In vitro High fiber -45 (c.
In vitro, 24 h BES 3uM -51(c.C)  +5733(c.C)  -26(c.C) +33(c.C) +2(c.C) NA
culture* substrate C)
+102
BES+Ph In vitro High fiber +35(s.s +11 (ss
In vitro, 24 h 3 uM+6 mM -46 (c.C) - 36 (n.s BES) - 33 (s.s BES) (s.s N.A
1 culture* substrate BES) BES)
BES)
In vitro High fiber -21 (c.
In vitro, 96 h BES 3uM -70(c. Q) +931 (c. C) -7(.C) +7(c. Q) -6(c.Q) N.A
culture* substrate Q)
+752
BES + Ph 3 uM +36 In vitro High fiber +42 (s.s +77 (s.s
In vitro, 96 h -100 (c. C) - 72 (s.s BES) - 86 (s.s BES) (s.s N.A
1 mM culture* substrate BES) BES)
BES)
+791
In vitro High fiber +38 (s.s +69 (ss
In vitro, 94 h Phl 36 mM -99.7 (c. Q) - 62 (s.s BES) - 85 (s.s BES) (s.s N.A
culture* substrate BES) BES)
BES)
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Romero
In vitro High fiber plus 779 (n.s -34 (ss -7 (ns
et al, Invitro,24h AT 1% DM -9 (ss C) -13 (s.s C) +33(s.s Q) N.A
culture? substrate Q) C) Q)
2023
In vitro High fiber -19(ss -4 (ns
In vitro, 24 h AT 2% DM -99 (s.s C) +3,650 (s.s C) -14 (s.s C) +33(s.s C) N.A
culture? substrate C) Q)
In vitro High fiber -38 (s.s -7 (ns
In vitro, 24 h AT 3% DM -100(s.sC)  +5,793 (s.s C) -15(s.s C) +36 (s.s C) N.A
culture? substrate C) Q)
In vitro High fiber +10,257 (s.s -37 (s.s -7 (ns
In vitro, 24 h AT 4% DM -100 (s.s C) -15(s.s C) +35 (s.s C) N.A
culture? substrate (@) Q) Q)
In vitro High fiber -37 (s.s -8 (ns
In vitro, 24 h AT 5% DM -100 (s.sC)  +7,007 (s.s C) -15(ss Q) +35 (s.s C) N.A
culture? substrate Q) Q)
In vitro High fiber -23 (c.
In vitro, 5d AT 2% DM -99 (c.O) +1,450 (c. C) -12(s.s C) +15(s.s C) -18(c.C) N.A
culture? substrate C)
In vitro High fiber -37 (n.s 2% +8(s.s2% -18 (s.s 2% +31 (s.s +18 (s.s
In vitro, 5d AT + Phl 2% + 6 mM -100 (c. C) N.A
culture? substrate AT) AT) AT) 2% AT) 2% AT)
In vitro High fiber -23(s.s -14 (ss
In vitro, 5d AT 2% DM -99 (s.s C) +2,323 (s.s C) -13(ss Q) +14 (s.s C) N.A
culture? substrate Q) Q)
In vitro High fiber -27 (3.5 2% +10 (5.5 2% -17 (s.s 2% +33 (n.s +27 (s.s
In vitro, 5d AT + Phl 2% + 6 mM -100 (s.s C) N.A
culture? substrate AT) AT) AT) 2% AT) 2% AT)
+121
In vitro High fiber -49 (s.s 2% +22(s.5 2% -44 (s.s 2% +71 (s.s
In vitro, 5d AT+Phl  2%+16 mM -100 (s.s C) (5.52% N.A
culture? substrate AT) AT) AT) 2% AT)
AT)
+292
In vitro High fiber - 63 (s.52% +32 (5.5 2% - 66 (s.52% +88 (s.s
In vitro, 5d AT + Phl 2% +26 mM -100 (s.s C) (5.52% N.A
culture? substrate AT) AT) AT) 2% AT)
AT)
+ 354
In vitro High fiber - 46 (s.52% +34 (s.s 2% -70(s.s2% +99 (s.s
In vitro, 5d AT+Phl 2% +36 mM -100 (s.s C) (5.52% N.A
culture? substrate AT) AT) AT) 2% AT)
AT)
Thorste
insson In vitro High fiber
In vitro, 24 h Nit 0.05g -56 (s.s C) +0.00 (n.s C) N.D N.D N.D N.D N.A
et al, culture® substrate
2023b
In vitro High fiber
In vitro, 24 h AT 0.05g -98 (s.s C) +202 (n.s C) N.D N.D N.D N.D N.A
culture® substrate
0.05 g +0.05 In vitro High fiber
Invitro,24h  Nit+FA -47 (s.s C) +0.00 (n.s C) N.D N.D N.D N.D N.A
g culture® substrate
0.05 g +0.05 In vitro High fiber
Invitro,24h AT +FA -98 (s.s C) +211 (n.s C) N.D N.D N.D N.D N.A
g culture® substrate
In vitro High fiber
In vitro, 36 h Nit 0.05g -52(s.s C) +0.00 (n.s C) N.D N.D N.D N.D N.A

culture® substrate
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In vitro High fiber
In vitro, 36 h AT 0.05¢g -99 (s.s C) +82 (n.s Q) N.D N.D N.D N.D N.A
culture® substrate
0.05 g +0.05 In vitro High fiber
Invitro,36h  Nit+FA -46 (s.s C) +0.00 (n.s C) N.D N.D N.D N.D N.A
g culture® substrate
0.05 g +0.05 In vitro High fiber
In vitro, 36 h AT +FA -99 (s.s Q) +136 (n.s C) N.D N.D N.D N.D N.A
g culture® substrate
In vitro High fiber
In vitro, 48 h Nit 0.05¢g -61(s.sC) +0.00 (n.s C) N.D N.D N.D N.D N.A
culture® substrate
In vitro High fiber
In vitro, 48 h AT 0.05¢g -99 (s.s C) +124 (ns C) N.D N.D N.D N.D N.A
culture® substrate
0.05 g +0.05 In vitro High fiber
Invitro,48h  Nit+FA -55(s.s C) +0.00 (n.s C) N.D N.D N.D N.D N.A
g culture® substrate
0.05 g +0.05 In vitro High fiber
In vitro, 48 h AT +FA -99 (s.s Q) +176 (n.s C) N.D N.D N.D N.D N.A
g culture® substrate
Battelli
In vitro High fiber -25(s.s +3(s.s
et al, Invitro,24h 10D 0.007% DM -62 (s.s C) +4,803 (s.s C) -7 (ss Q) +23 (s.s C) N.A
culture® substrate Q) Q)
2025
In vitro High fiber +4(s.s
In vitro, 24 h QUE 3% DM -19 (s.s C) -19 (ns C) +2(s.s C) -2(s.s Q) -3(ssC) N.A
culture® substrate C)
In vitro High fiber +6(s.s -09 (s.s
In vitro, 24 h ACP 5% DM -0.8(s.sC) -35(n.s C) +2(s.s Q) -6 (s.s Q) N.A
culture® substrate C) Q)
In vitro High fiber +82(ss +42(s.s
In vitro, 24 h Phl 23% DM +4(s.sC) +3(nsC) +17 (s.s C) -37 (s.s Q) N.A
culture® substrate C) Q)
In vitro High fiber +39 (s.s +9(s.s
In vitro, 24 h VitE 0.45% DM +35 (5.5 C) +26 (n.s C) +6 (s.s Q) -24 (ss Q) N.A
culture® substrate (@) Q)
10D + In vitro High fiber +0.00 (s.s -2 (ns +10 (s.s
In vitro, 24 h 0.007% +5% +835 (s.s C) +1 (s C)e +2 (ns Q) N.A
ACP culture® substrate Q) Q) Q)
10D + In vitro High fiber +31 (s.s +46 (s.s
In vitro, 24 h 0.007% +23% -68 (s.s C) +8,416 (s.s C) +9 (s.s C) -19 (s.s C) N.A
Phl culture® substrate Q) Q)
10D + 0.007% +0.45  In vitro High fiber -13 (s:s +3 (ns
In vitro, 24 h -63(s.s Q) +4,965 (s.s C) -5(ss Q) +17 (s.s C)° N.A
VitE % culture® substrate Q) Q)
QUE + In vitro High fiber +6(s.s -0.7 (s.s
In vitro, 24 h 3% +5% -6(ssC) -13 (n.s C) +3 (s.s Q) -5(s.s Q) N.A
ACP culture® substrate C) Q)
QUE + In vitro High fiber +68 (s.s +40 (s.s
In vitro, 24 h 3% +23% -32(s.sC) +2,019(ssC) +16(ssC) -31(s.s Q) N.A
Phl culture® substrate C) C)
QUE + In vitro High fiber +0.00 (s.s +31 (s.s +5(s.s
In vitro, 24 h 3% +0.45% +26 (n.s C) +7 (s.s Q) -20 (s.s Q) N.A
VitE culture® substrate Q) (@) Q)
10D + In vitro High fiber -13 (s:s +0.00
In vitro, 24 h 0.007% +3% -98 (s.s Q) +1,642 (s.s C) -2(ss Q) +11 (s.s C)¢ N.A
QUE culture® substrate Q) (n.sC)
10D +
0.007 +3 + In vitro High fiber -9(ss +3(s.s
In vitro, 24 h QUE + -82(s.sC) +952 (s.s C) -0.8 (n.s C)c +7(s.s C) N.A
5% culture® substrate Q) Q)
ACP
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10D +
0.007 +3 + In vitro High fiber +46 (s.s +42 (s.s
In vitro, 24 h QUE + -96 (s.s C) +2932(ssC) +13(ssC) -24 (ss Q) N.A
23% culture® substrate Q) Q)
Phl
10D +
0.007 +3 + In vitro High fiber -11(ss +0.3 (ns
In vitro, 24 h QUE + -98 (s.s Q) +1,271 (s.s C) -2(ss Q) +9(s.s Q) N.A
0.45% culture® substrate C) Q)
VitE
Maigaa +5
15 g/kg DM Lactatin High -6 (n.s +0.00
rd etal., In vivo, N.S Nit + FA -2(nsC) -36 (n.s C) -2(ssC) +6 (ns C) (s.s
+390 g/d g COws forage Q) (n.s C)
2024b C)
-11
Nit + 15g/kg DM Lactatin High -04
In vivo, N.S -4 (nsC) -47 (ns C) +4(ssC) +6 (nsC) -7(ssC) (s.s
AA +242 g/d g cows forage (nsC)
Q)
15 g/kg DM +4
Nit + FA Lactatin High -3 (ns
In vivo, N.S +195 g +121 +3 (ns C) -37 (n.s C) +1 (n.s C) +5 (n.s C) -2(ss Q) (s.s
+AA g cows forage Q)
g/d 0
60 mg/kg -6
3-NOP + Lactatin High -16 (s.s -3 (ns
In vivo, N.S DM + 390 -21(s.sC) -11 (ns C) -3(nsC) +13 (s.s C) (n.s
FA g cows forage Q) Q)
g/d Q)
60 mg/kg -24
3-NOP + Lactatin High -18 (s.s -15(s.s
In vivo, N.S DM + 242 -50 (s.s C) +18 (n.s C) -0.7 (ns C) +21(ssC) (s.s
AA g cows forage Q) Q)
g/d 0
60 mg/kg -5
3-NOP + Lactatin High -0.4
In vivo, N.S DM +480 -35(s.s Q) -3(nsC) +0.6(n.sC)  +0.00 (n.s C) -(nsC) (n.s
Phl g cows forage (n.s C)
g/d Q)
Romero -1
20 g/kg Dairy High +30 (s.s -4 (ns
et al, Invivo, 14d Phl -7(. Q) -34 (nsC) +9(s.sC) -16 (s.s C) (n.s
DM/d goats forage Q) Q)
2024 Q)
-6
Dairy High -30(s.s -5(ns
In vivo, 14d AT 5 g/kg DM/d -40 (c. O) +4,383 (s.s C) -11(s.s C) +33(s.s C) (n.s
goats forage C) Q)
9]
+1
5g+20g/kg Dairy High +11.8 (n.s +39 (n.s +6(n.s
Invivo,14d AT +Phl -47 (c. C) - 68 (s.s AT) -22 (n.s AT) (n.s
DM/d goats forage AT) AT) AT)
AT)

AMFA = anti-methanogenic feed additives; CHa = methane; Ha= dihydrogen; A:P = acetate-to-propionate; VFA
= volatile fatty acids; DMI = dry matter intake; AT = Asparagopsis taxiformis; Phl = phloroglucinol; BES = 2-
bromoethanesulfonate; DM = dry matter substrate; Nit = Nitrate; FA = Fumaric acid; AA = Acrylic acid; IOD =
Iodoform; QUE = Quercetin; ACP = Activated charcoal powder; VitE = Vitamin E; N.S = study duration not
stated; d = day; h = hours; 3-NOP = 3-nitrooxypropanol; * = rumen fluid from dairy cows; = rumen fluid from
dairy goats; ® = rumen fluid from nonlactating cows; c. C = compared to control treatment; s.s C = statistically
significant compared to control treatment; n.s C = not statistically significant compared to control treatment; n.s
1.5% AT = not statistically significant compared to 1.5% Asparagopsis taxiformis treatment; s.s 2.5% AT =

statistically significant compared to 2.5% Asparagopsis taxiformis treatment; n.s BES = not statistically significant

r(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202510.1716.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2025 d0i:10.20944/preprints202510.1716.v1

9 of 17

compared to BES treatment; s.s BES = statistically significant compared to BES treatment; s.s 2% AT = statistically
significant compared to 2% AT treatment; n.s 2% AT = not statistically significant compared to 2% AT treatment;
s.s AT = statistically significant compared to AT treatment; n.s AT = not statistically significant compared to AT
treatment; N.D = not determined; © = the results for VFA after 48 h of fermentation; N.A = not applicable; + =
increase; - = decrease; 1-5% AT: Inclusion of AT at the rate of 1-5% DM substrate.

Potentials of Hz2 Acceptor Co-Supplementation for Enhanced Methanogenesis
Inhibition

The effectiveness of a CHa inhibitor with an alternative Hzacceptor has shown a wide variation
across in vitro and in vivo studies due to differences in inclusion rates of the feed additives, ration
formulation, duration of adaptation to the ingredients, and animal species or source of the rumen
fluid inoculum for in vitro experiments (Table 1). Several metabolic pathways have been identified as
alternative electron sinks for excess H: from methanogenesis inhibition, including co-
supplementation with fumaric acid, acrylic acid (Maigaard et al., 2024b), or phloroglucinol (Romero
et al., 2024). The dietary co-supplementation with alternative electron sinks stimulates rumen
microbial groups that use Hz as a reductant to metabolise these additives into nutritionally usable
products for the animal, and as such decreases excess Hz accumulation. This minimises digestible
energy losses from greenhouse gas production while avoiding fermentation inhibition and thus is
probably an excellent methanogenesis-inhibition strategy (Lan and Yang, 2019). For example, co-
supplementation with fumaric acid and acrylic promote increased proportion of propionate, while
microbial degradation of phloroglucinol promote acetate production in vivo (Table 1), which are
energy yielding products nutritionally beneficial for the host. Succinate-forming bacteria in the
rumen use Hz or formate as an electron donor to reduce fumaric acid into succinic acids, which is
further decarboxylated to propionate via the succinate-propionate pathway. This process limits the
availability of Ha for CHa production. In this reduction, one mole of Hz is consumed for every mole
of fumaric acid converted to succinic acid (Ungerfeld et al., 2007). The reduction of fumaric acid
occurs when population of the succinate-forming bacteria is sufficiently large and the partial pressure
of Hz is high, as these ruminal microbes have a lower affinity for H2 compared to methanogenic
archaea (Asanuma et al., 1999). Similarly, acrylic acid is reduced to propionate via a different
mechanism, the acrylate pathway, and one mole of Hz is used for every mole of acrylic acid during
the reduction process (Newbold et al., 2005). Maigaard et al. (2024b) observed an increased
proportion of propionate in nitrate (15 g/kg DM/d) or 3-NOP (60 mg/kg DM/d) co-supplementation
with fumaric acid (390 g/d) or acrylic acid (242 g/d), which suggests that some Hz was redirected to
the reduction of fumaric acid and acrylic acid to propionate (Table 1). Moreover, inclusion of
phloroglucinol facilitated the incorporation of accumulated H: during biotransformation of the
additive into VFA, particularly acetate (Huang et al., 2023). Huang et al. (2023) also found that the
molar proportions of isobutyrate and isovalerate, which are produced from the deamination of
branched-chain amino acids and function as a carbon skeleton in the production of branched-chain
amino acids (Chen and Russell, 1988), were reduced by the supplementation of phloroglucinol, with
or without BES. Increased synthesis or reduced degradation of branched-chain amino acids in the
rumen may enhance the amount of these amino acids available for productive functions in the small
intestine of the host ruminant (Huang et al., 2023). Rumen microbes such as Eubacterium
oxidoreducens spp. and Coprococcus spp. can use formate or Hz as an electron donor to reduce
phloroglucinol, producing VFA, particularly acetate (Krumholz et al., 1987; Tsai and Jones, 1975).
Tsai et al. (1976) indicated that one molecule of H:is utilised to degrade one molecule of
phloroglucinol to produce two molecules each of acetate and COz. Notably, different phloroglucinol
reductases from anaerobic fermenting bacteria, classified within the NADPH-dependent short-chain
dehydrogenases/reductases ~ family, catalyse the reduction of phloroglucinol to
dihydrophloroglucinol (DHP), which is followed by hydrolytic ring cleavage of DHP to form 3-
hydroxy-5-oxohexanoate and then subsequently converted to acetate and butyrate as end products
(Krumholz et al., 1987; Conradt et al., 2016). When supplemented at sufficient concentration,
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phloroglucinol serves as an alternative H: acceptor, allowing excess H: produced from
methanogenesis inhibition to be redirected into useful products for the host ruminant (Huang et al.,
2023). Huang et al. (2023) demonstrated that, under equivalent CHs inhibition using BES (3 uM), co-
supplementation with a higher dose of phloroglucinol at 36 mM resulted in a more pronounced
reduction of Hz accumulation compared to a lower dose (6 mM). The low H: recovery, concomitant
with an increased A:P ratio due to higher proportion of acetate in accelerated dose of an alternative
electron acceptor in BES (3 puM) + Phloroglucinol (36 mM) treatment, indicated a reduction of
phloroglucinol to acetate (Huang et al., 2023). Microbial degradation of phloroglucinol by Coprococcus
spp. results in the production of acetate and CO: (Tsai and Jones, 1975), while Eubacterium
oxidoreducens reduces phloroglucinol to acetate and butyrate as end products (Krumholz et al., 1987).
However, the bacteria that catabolise phloroglucinol as a substrate, including Coprococcus spp.,
Eubacterium oxidoreducens, and Streptococcus ovis (Tsai and Jones, 1975; Krumholz and Bryant, 1986),
are present at low abundance in the rumen (Huang et al., 2023). Hence, long adaptation of rumen
microbiota is necessary to promote the growth of such bacteria for the effective degradation of
phloroglucinol using Ha to deliver reducing equivalents. Published in vitro studies showed that a
sequential batch incubation for a longer duration (3-5 d) using phloroglucinol as an alternative
H: acceptor and BES or Asparagopsis as the CHa inhibitor decreased metabolic hydrogen recovery and
increased total VFA and acetate production compared to shorter (24-h) incubations (Huang et al.,
2023; Romero et al., 2023). Romero et al. (2024) adapted dairy goats to the diets containing increasing
concentration of phloroglucinol (5, 10, 15, and 20 g/kg DM) for 10 d, which resulted in no significant
difference in H: emissions. Similarly, the study by Maigaard et al. (2024b) found no interaction
between co-supplementation of 3-NOP (60 mg/kg DM/d) with phloroglucinol (480 g/d) and
H: emissions, potentially due to the 7-d short period for ingredient adaptation in the rumen.
Therefore, along adaptation (> 10 d) to a supplemented feed in vivo or longer incubation times in vitro
could favour optimal growth of bacteria able to metabolise phloroglucinol or any other compound
acting as an alternative electron acceptor to reduce H: accumulation during methanogenesis
inhibition.

Although different combinations of CHainhibitors and alternative H:acceptors have been
recently explored in vitro and in vivo (Table 1), including co-supplementation of Asparagopsis with
phloroglucinol, BES with phloroglucinol (Huang et al., 2023; Romero et al., 2023), nitrate with fumaric
acid or acrylic acid (Maigaard et al., 2024b), iodoform with activated charcoal powder, vitamin E, or
phloroglucinol (Battelli et al., 2025), and 3-NOP with phloroglucinol (Maigaard et al., 2024b). Dietary
co-supplementation with alternative electron acceptors such as fumaric acid or acrylic acid increases
ruminal propionate (Figure 1), while phloroglucinol mainly increases ruminal acetate production
(Figure 2). These changes in VFA profiles only decrease excess Hz during methanogenesis inhibition
but also lead to an increase in energy-yielding precursors in animals, which consequently improves
feed efficiency. Propionate serves as the main precursor for gluconeogenesis and is the primary
energy source for weight gain and lactose production, while acetate provides the carbon required for
milk fat synthesis in ruminants (Reddy and Hyder, 2023). The low efficacy in Hzreduction from
fumaric acid or acrylic acid co-supplementation in lactating dairy cows (Maigaard et al., 2024b) seems
to result from incomplete conversion of these organic acids, which is typical of reduced efficiency in
slow-growing, low-numbers ruminal microbiota after a short adaptation period. The use of
phloroglucinol in vivo consistently decreased H2emissions compared to dietary co-supplementation
with fumaric acid or acrylic acid as an alternative electron acceptor, as shown in Table 1. This suggests
that phloroglucinol can redirect excess Hz into beneficial fermentation products more effectively than
fumaric acid and acrylic acid. However, animals supplemented with phloroglucinol alone showed a
higher decrease in H: emissions than those fed a co-supplementation of CHainhibitor with
phloroglucinol, which suggests that further optimisation of this nutritional strategy may still be
possible (Romero et al., 2024). The response of Hzemissions in dairy goats (Romero et al., 2024) and
lactating dairy cattle (Maigaard et al., 2024b) from co-supplementation with phloroglucinol, is a proof
of concept and suggests that combining CHa inhibitor and phloroglucinol as dietary supplements can
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be used across different ruminant species, although this would need further confirmation using
animal experiments in different production settings. Future research is warranted to elucidate the H
transfer pathways and ecological dynamics within the rumen microbiome. This research should focus
on the molecular interactions between alternative microbial Hz consumers during supplementation
of an alternative electron acceptor (e.g., phloroglucinol or any potential additive), with and without
a CHainhibitor. This requires using multi-omics analyses, such as metagenomics and
metatranscriptomics, to allow precise identification of microbial communities and characterisation of
genes for hydrogenases and other enzymes involved in H: utilisation within the rumen. These
investigations will provide critical insights to engineer robust microbial communities that can
sustainably metabolise phloroglucinol to redirect Hz flow when methanogenesis is inhibited.

Fumaric acid
. l’ y ®
Succinate Acrylic acid

Hz

Propionate

T Propionate

-2\ )
/

Figure 1. A schematic illustrating the pathways involved in the degradation of fumaric acid and acrylic acid,
highlighting the redirection of excess dihydrogen by organic acid-utilising bacteria during the inhibition of
methanogenesis in the rumen. (1) Microbial degradation of fumaric acid and acrylic acid by organic acid-utilising
bacteria in the rumen. (2) Increased concentrations of dissolved dihydrogen (dH:) during the inhibition of
methanogenesis. (3) Capture of excess dihydrogen (Hz) for the reduction of organic acids (fumaric acid and
acrylic acid) by ruminal bacteria. (4) Reduction of fumaric acid to succinate using incorporated dihydrogen (Hz)
as an electron donor by organic acid-utilising bacteria in the rumen. (5) Decarboxylation of succinate to
propionate via succinate-propionate pathway. (6) Reduction of acrylic acid to propionate using incorporated
dihydrogen (Hz) as an electron donor, via the acrylate pathway. (7) Increased propionate production. (8) Rumen
wall. (9) Absorption of propionate through the rumen wall. Created in BioRender:
https://BioRender.com/cmqasgs.
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Figure 2. A schematic illustrating the pathways involved in the degradation of phloroglucinol, highlighting the
redirection of excess dihydrogen by phloroglucinol-utilising bacteria during the inhibition of methanogenesis in
the rumen. (1) Microbial degradation of phloroglucinol by bacteria in the rumen. (2) Increased concentrations of
dissolved dihydrogen (dH2) during the inhibition of methanogenesis. (3) Capture of excess dihydrogen (Hz) for
the reduction of phloroglucinol by ruminal bacteria. (4) Reduction of phloroglucinol to dihydrophloroglucinol
using incorporated dihydrogen (H:) as an electron donor, catalysed by NADPH-dependent short-chain
dehydrogenases/reductases. (5) Hydrolysis of dihydrophloroglucinol to 3-hydroxy-5-oxohexanoate. (6)
Conversion of 3-hydroxy-5-oxohexanoate primarily results in acetate and carbon dioxide (CO2) production when
degraded by Coprococcus spp., or acetate and butyrate when degraded by Eubacterium oxidoreducens. (7) Increased
acetate or acetate and butyrate production. (8) Rumen wall. (9) Absorption of acetate or acetate and butyrate
through the rumen wall. (10) Increased carbon dioxide (CO2) production. Created in BioRender:
https://BioRender.com/cfd68sv.

Conclusions

Anti-methanogenic feed additive inhibitors effectively reduce enteric CHs emissions but often
lead to Hz accumulation, which can impair rumen fermentation and animal performance. Thus, an
approach to stimulate enteric microbial groups capable of capturing excess Hzvia alternative energy-
yielding metabolic pathwaysin the rumen should be considered when inhibiting CHs emissions from
livestock. Dietary co-supplementation with alternative electron acceptors such as phloroglucinol,
fumaric acid, or acrylic acid offers a promising strategy to redirect excess H: into beneficial
fermentation products during methanogenesis inhibition. However, outcomes vary across studies
due to differences in additive combinations, dosages, and adaptation periods. Phloroglucinol used
as a co-supplement with Asparagopsis, or 3-NOP shows strong potential to reduce Hz emissions and
improve VFA profiles in vivo. Future research should explore long-term microbial adaptation, and
the use of multi-omics analyses to gain a comprehensive understanding of the relationship between
electron sink-utilising bacteria abundances and responses in the rumen, with the aim of optimising
H: utilisation pathways through the co-supplementation of alternative Hz acceptors. Developing a
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tailored supplementation strategy of a CHiinhibitor with an alternative H: acceptor to
methanogenesis could enhance CH4 mitigation while preserving or improving animal health and
feed efficiency. While co-supplementation with alternative Hz acceptors, particularly phloroglucinol,
may enhance mitigation of enteric CHs emissions in ruminant livestock, the cost of the quantities
required to achieve a robust daily reduction in methanogenesis will be impractical for on-farm
adoption.
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