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The red seaweed Asparagopsis taxiformis has a potent antimethanogenic effect, which has been proven
both in vitro and in vivo. Vegetable oil immersions of this seaweed (hereafter Bromoil) help stabilise
the bromoform (CHBr3) responsible for its antimethanogenic effect. We evaluate the effects of increasing
the levels of CHBr3 in lamb diets on growth performance, methane (CH4) production, animal health and
meat quality. Twenty-four Merino Branco ram lambs were fed a ground complete compound feed, sup-
plemented with 50 mL/kg DM of sunflower oil with different CHBr3 content. The treatments were defined
by the CHBr3 doses in the oil: 0 mg (control – B0), 15 mg (B15), 30 mg (B30) and 45 mg (B45) of CHBr3 per
kg of feed DM. The feed was prepared daily by mixing Bromoil with the compound feed. At the end of the
experiment, the lambs were sacrificed, the ruminal content was collected for in vitro fermentation to
evaluate CH4 production and organic matter (OM) degradability, and the rumen mucosa was sampled
for histological examination. Meat samples were collected for chemical composition and CHBr3 analysis.
The half-life of CHBr3 in the air-exposed feed was 3.98 h making it very difficult to establish the practiced
level of CHBr3 supplementation. Lambs-fed treatments B30 and B45 decreased DM intake by up to 28%.
Average daily gain was also reduced due to CHBr3 supplementation, with B45 showing results 40% lower
than B0. DM feed conversion ratio was similar for all treatments. The degradability of OM, the volume of
total gas and of gas without CH4 were unaffected by the experimental treatments, evaluated by the
in vitro method. However, the volume of CH4 decreased by up to 75% for treatments above 30 mg/kg
DM, while the yield of CH4/g OM degraded was reduced by up to 78% with treatments above 30 mg/kg
DM. Meat chemical composition was not affected by Bromoil supplementation and no traces of CHBr3
were found in meat samples. During this experiment, the animals presented normal health and beha-
viour. However, postslaughter examination of the rumen showed distinct lesions on the ventral region
of the rumen mucosa of animals supplemented with Bromoil. These lesions were more severe in the ani-
mals receiving treatments B30 and B45. This research determined that although concentrations of CHBr3
in the diet above 30 mg/kg DM helped to reduce CH4 emissions, it negatively affected the performance
and rumen wall.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

The macroalga Asparagopsis taxiformis is a promising nutritional
supplement to reduce methane emissions by ruminants. Supple-
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menting lambs’ diets with a vegetable oil macerate of this macro-
alga efficiently reduced in vitro methane emissions by up to 75%,
without any bromoform residues in the meat. However, our results
also showed that more than 15 mg of bromoform/kg of DM in the
diet can reduce lambs’ intake and growth rate, and that the integ-
rity of the rumen mucosa can be seriously affected. More research
is needed to find ways of limiting these constraints so that this
nutritional strategy can be safely applied in production.
Table 1
Ingredients and analysed chemical composition of the basal diet fed to lambs.

Ingredients Composition (g/kg)

Corn 70
Barley 75
Wheat 75
Dehydrated citrus pulp 75
Dehydrated sugar beet pulp 75
Soybean hulls 70
Soybean meal 100
Sunflower meal 31.5
Calcium carbonate 14
Sodium bicarbonate 8
Salt 4.5
Premix 2
Dehydrated alfalfa 400

Chemical composition
DM1 895
CP2 144
Ether extract2 28
NDF2 371
ADF2 223
Starch2 222
Sugar2 101

1 as feed.
2 DM basis.
Introduction

The livestock sector constitutes an important source of green-
house gas emissions, with an estimated annual contribution of
7.1 Gt CO2eq (Gerber et al., 2013). Methane (CH4) is one of the
greenhouse gases, with a global warming potential of about 25
times higher than carbon dioxide (CO2) over a period of 100 years
(Reay et al., 2010). Methane is also a major end-product of ruminal
fermentation of carbohydrates, representing an energy loss to the
host animal of between 2 and 12% of gross energy intake
(Johnson and Johnson, 1995). Reducing CH4 emissions from live-
stock is thus currently a main challenge for scientists, public
decision-makers, animal industry and farmers. The primary factors
affecting the level of CH4 emissions from ruminants are the
amount of feed consumed and the composition of the diet
(Johnson and Johnson, 1995). The increase of energy density of
the diets, the improvement of forage quality and the use of dietary
supplements such as lipids, plant secondary metabolites, chemical
inhibitors and alternative electron sinks are dietary strategies that
can be implemented to reduce CH4 emissions from ruminants
(Beauchemin et al., 2020).

Recently, the red macroalga Asparagopsis taxiformis (hereafter,
AT) has been recognised as possessing a potent rumen antimetha-
nogenic effect in vitro (Machado et al., 2016a; Machado et al., 2018)
and in vivo (Li et al., 2018; Roque et al., 2021). Its antimethanogenic
properties are attributed to naturally occurring halogenated com-
pounds, mainly bromoform (CHBr3), produced by the seaweed as
a defence mechanism (Kladi et al., 2004; Machado et al., 2016b).
Bromoform inhibits methanogenesis through an irreversible reac-
tion with reduced vitamin B12 coenzyme-M methyltransferase,
inhibiting cobamide-dependent methanogenesis, similar to other
halogenated analogues (Machado et al., 2016b). Freeze-drying
the biomass is the most effective process used to preserve and sta-
bilise the highly volatile CHBr3 present in the AT biomass (Vucko
et al., 2017). However, this process has high economic and environ-
mental costs. The production of CHBr3-enriched macerated oil
(Bromoil) by immersing AT biomass in edible vegetable oils has
been proposed as an alternative to freeze-drying (Magnusson
et al., 2020). Bromoil has been shown to efficiently extract and sta-
bilise CHBr3 for at least up to 24 weeks, when stored hermetically
sealed and away from light at temperatures up to 40 �C (Tan et al.,
2022).

The effectiveness of Bromoil in inhibiting ruminal methanogen-
esis has been evaluated in vitro by Kinley et al. (2022) and Sena
et al. (2024). Both studies concluded that Bromoil was effective
in reducing ruminal CH4 emissions, resulting in a 92.4% decrease
with a dietary level of CHBr3 of 117 mg/kg DM (Kinley et al.,
2022), and a decrease of 87.0% with 150 mg/kg DM (Sena et al.,
2024), after 48 h of fermentation.

As far as we know, the use of CHBr3-enriched vegetable oil in an
in vivo experiment was reported only once (Alvarez-Hess et al.,
2023). In that study, dairy cows were supplemented with a Bro-
moil from A. armata to supply 16.8 mg of CHBr3/kg of DM intake.
Methane emissions, assessed by modified SF6 (sulphur hexafluo-
ride) tracer technique, were reduced by 44 and 39%, with no
impact on milk production. These results further support the idea
2

that Bromoil can be an effective alternative to using freeze-dried
biomass to supplement ruminant diets. To our knowledge, this is
the first time that the impact of Bromoil on rumen health and per-
formance of lambs fed a finishing diet are reported.

The main objectives of this research were to evaluate the effect
of increasing levels of Bromoil in lamb diets on growth perfor-
mance, CH4 production, carcass and meat quality.
Material and methods

Experimental design and animals

Animal care and management procedures in this experiment
followed the European Directive 2010/63/UE, which concerns the
protection of animals used in scientific experiments. The proce-
dures were approved by the ORBEA of the National Institute for
Agrarian and Veterinary Research, process number 4/2023. For
the present experiment, 24 Merino Branco ram lambs were used.
The lambs were born on October 2022 in the Instituto Nacional
de Investigação Agrária e Veterinária, I.P. (INIAV – Fonte Boa) flock
and raised by their mothers until weaning, which occurred on 2
January 2023. After weaning, the lambs were confined and ran-
domly distributed to individual pens with an area of 1.25 m2,
and with permanent access to clean water. Lambs were blocked
in two groups, according to their initial live weight (i.e. high initial
live weight and low initial live weight), and randomly assigned to
one of four treatments (six lambs per treatment). The average
weaning weight was 17.1 ± 3.13 kg. The feeding experiment lasted
for 5 weeks after 1 week of adaptation to the experimental condi-
tions and basal diet, i.e., without Bromoil supplementation.

The lambs were fed a basal diet ad libitum, with ingredients and
chemical composition presented in Table 1, which were analysed
from feed samples. The treatments resulted from the incorporation
of four levels of CHBr3 in the diets: 0 mg/kg DM (B0 – control),
15 mg/kg DM (B15), 30 mg/kg DM (B30) and 45 mg/kg DM
(B45). To obtain the necessary concentrations of CHBr3 in the diet,
Bromoil was diluted daily in commercial sunflower oil to guaran-
tee the same level of 50 mL/kg DM of oil supplementation in all
diets. The diets were prepared daily by adding the oil to the basal
diet with an experiment mixer, and supplementation with Bromoil
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in the assigned animals began considering the orts and offering
110% of the previous day intake. The lambs were weighed at
seven-day intervals before feed distribution. On the slaughter
day, the lambs were weighed before leaving the sheepfold.

Preparation of bromoform-enriched sunflower oil from Asparagopsis
taxiformis

The stock Bromoil was prepared by maceration of gameto-
phytes of AT in sunflower oil. The gametophytes were harvested
by seaExpert, Ltd. (Feteira, Horta, Portugal) on May 2022 at Angú-
stias, Faial Island, Azores, Portugal (38�31′45″ N, 28�37′09″W). The
algae were collected by diving at a depth of 3–6 m, drained and
immersed in sunflower oil at 50/50 kg/L ratio and kept in eight
150 L opaque containers. After being transported to land, the con-
tainers were stored for 28 days, at which time, the AT macerated
oil (i.e. Bromoil) was removed by gravimetry and stored in 5 L opa-
que containers that were transported to the INIAV – Fonte Boa
facilities. From each 150 L container, a composite sample of oil
was collected to quantify the CHBr3. The average concentration
of CHBr3 in stock Bromoil was 2.97 mg/mL.

Slaughter procedure

Slaughter occurred on three different days (9, 13 and 15 Febru-
ary 2023) at the INIAV – Fonte Boa experimental abattoir, 500 m
away from the sheepfold. The slaughter procedures followed regu-
lation number 1099/2009 from the Council of the European Union
(EU, 2009). After stunning, with a penetrative captive bolt device,
the lambs were killed by exsanguination, the jugular veins and car-
otid arteries were sectioned and blood samples were collected
using a 6 mL AQUIGEL K3/EDTA tube for hemogram and 9 mL
serum separator (Deltalab, Barcelona, Spain) tubes for blood bio-
chemical parameters.

After evisceration, the ruminal contents were immediately col-
lected and gently homogenised. A portion of ruminal content was
strained through four layers of cheesecloth, and, in the liquid
phase, the pH was measured using a pH meter (Metrohm 744).
About 1 L of the homogenised ruminal content was transferred
to screw cap plastic containers and immediately transported to
the laboratory for in vitro CH4 evaluation, according to a procedure
adapted from Chaves et al. (2011). The rumen was washed under
tap water and observed for lesions, and samples were taken for his-
tological analysis.

The carcasses were weighed to obtain hot carcass weight and
transferred to a cooled camera at -4 �C. Twenty-four hours after
slaughter, the carcasses were re-weighed for cold carcass weight
and graded according to the EU grading procedures for ovine car-
casses (European Commission, 2008). The carcasses were split in
two halves and in the left side samples of the Longissimus lumbo-
rum muscle were collected, corresponding to the portion between
the first and fifth lumbar vertebrae. The samples were minced with
a food processor (Moulinex-123 A320R1, Group SEB Portugal Lda,
Lisbon, Portugal) (3 � 5 s), vacuum packed and stored at -20 �C
until the chemical composition and pH determination.

Stability of the bromoform in feed

To assess changes in the concentration of CHBr3 in the diet dur-
ing a 24 h exposure to air, which corresponds to the period
between the distribution of meals, a diet similar to that used in
the experiment was prepared in triplicate. For this test, the concen-
tration of CHBr3 incorporated in the feed was 58.6 mg/kg DM. After
Bromoil incorporation, initial feed samples were taken for immedi-
ate CHBr3 determination and the remaining portions were sampled
3

after being placed in trays in contact with air for 3, 6, 10, 15 and
24 h, and immediately processed.

In vitro ruminal fermentation

Three series of 24 h batch incubations, one on each slaughter
day, were conducted in an ANKOM RF Gas production System
(Ankom Technology, New York, USA) to assess the effect of increas-
ing concentrations of CHBr3 supplied as Bromoil on ruminal fer-
mentation parameters, total gas production and CH4

concentration in the fermentation flask headspace. The ruminal
digesta of each lamb collected at the abattoir was processed indi-
vidually. After being strained though four layers of cheesecloth,
the liquid phase was maintained at 38 �C and flushed with CO2

until being used in the filling of the fermentation flasks. The pH
of the ruminal fluid of each lamb was measured. One gram of
ground feed substrate was weighed and transferred to each fer-
mentation flask. The substrate was prepared on the day of the
slaughter in the same way and at the same concentration as those
used during the experiment with the lambs, matching the diets to
those consumed by the lambs donating the ruminal fluid. 60 mL of
buffer solution, prepared according to Menke et al. (1979), was
added to each fermentation flask and kept in warm water (39 �C)
for 20–30 min. After this time, 2 mL of reducing solution preheated
to 39 �C was added to each fermentation flasks. Thirty mL of the fil-
tered ruminal liquid was then added to the mixture. Before closing,
the headspace of the fermentation flasks was flushed with CO2. The
modules were tightly secured, and the fermentation flasks were
placed in a water bath (39 �C) with agitation (50 rpm) for 24 h.

After 24 h, the incubation was stopped by transferring all fer-
mentation flasks to a cold-water bath and gas samples were col-
lected using a 20 mL polypropylene syringe (B. Braun, Omnifix)
to 9 mL vacuum tubes (Vacutest Kime). The pH of the fermentation
flask content was measured using a pH meter (Metrohm 744). The
total contents of each fermentation flask were transferred to glass
tubes and centrifuged for 10 min at 1 000 � g. The residue was
transferred to a preweighed crucible filter (grade 0, porosity
160–250 lm, VitraPOR, ROBU, Hattert, Germany) mounted in a
Kitasato flask and washed using distilled water and vacuum. The
solid residue was used for quantification of the DM and organic
matter (OM) that remained at the end of the fermentation trial.

Total gas volume (mL) was calculated from cumulative pressure
according to the ANKOM RF gas production system operator’s
manual.

Analytical procedures

Proximal and chemical composition of the basal diet
Basal diet samples collected during the experiment were anal-

ysed for DM (ISO6496, 1999), CP (ISO5983, 1997) and ether extract
(ISO6492, 1999). Starch and total sugars were determined accord-
ing to Clegg (1956). For NDF and ADF determination, the method
used by Van Soest et al. (1991) was followed, in which NDF was
quantified with sodium sulphite, without a-amylase and expressed
with the ash residue.

Bromoform in the oil, diets and meat
The concentration of CHBr3 in Bromoil was determined by gas

chromatography (GC) MS using a procedure adapted from
Magnusson et al. (2020) and reported by Sena et al. (2024). The
concentration of CHBr3 in the feed was determined after mixing
1 g of feed with 100 mL of methanol and 20 lL of internal standard
(naphthalene at 1 mg/mL) and left at 4 �C for 72 h. The supernatant
was then centrifuged, and an aliquot was injected into the GC–MS.
To determine CHBr3 in meat, 5 g of raw meat was mixed with
9.5 mL of methanol and 500 lL of internal standard (naphthalene
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at 10 lg/mL) and left at 4 �C for 72 h. The supernatant was then
centrifuged, and an aliquot was filtered through a 0.2 lm syringe
filter and injected into the GC–MS. A Shimadzu GC–MS QP2010-
Plus instrument (Shimadzu Corp., Kyoto, Japan) equipped with a
fused silica capillary column (Supelcowax10, 30 m � 0.25 mm � 0.
20 lm film thickness, Supelco Inc., Bellefonte, PA, USA) was used
for all determinations. The quantification of CHBr3 was performed
in selected ion monitoring mode, and the electron impact mass
spectra were recorded with an ionisation energy of 70 eV. In
selected ion monitoring mode, m/z 173 and m/z 128 were the
quantifier ions for CHBr3 and naphthalene, respectively. The ion
source temperature was maintained at 230 �C, the interface tem-
perature at 280 �C and the GC injector at 180 �C. 1 lL of sample
was injected in splitless mode. Helium was used as the carrier
gas at a flow rate of 1 mL/min, with the oven temperature sta-
bilised at 40 �C for 1 min and increased at a rate of 16 �C/min until
it reached 250 �C, where it remained for 1 min. Bromoform concen-
tration was calculated from its peak area ratio over the internal
standard peak area and converted to concentration by reference
to standard curves. For the analysis of CHBr3 in oil, feed or meat,
different calibration curves were created, with at least nine con-
centrations ranging from 1 to 40 lL/mL, 0.01 to 1 lg/mL or 0.001
to 0.05 lg/mL, respectively. Calibration standards were injected
before and after the samples.
Organic matter of solid residue and methane proportion in the gas
At the end of each incubation period, the residue of fermenta-

tion flasks was weighed and used for DM and OM determination
according to ISO5984 (2022) to compute the disappearance of
OM. A sample of the gas present at the headspace of each fermen-
tation flask was collected and analysed using a GC equipped with a
flame ionisation detector to measure the CH4 proportion. A volume
of 200 lL of gas was injected in an HP 6890A GC (Hewlett-Packard,
Avondale, PA, USA). The GC was equipped with a TG-Bond Q capil-
lary column (Thermo Scientific USA 30 m � 0.32 mm internal
diameter � 10 lm film thickness). The analysis was conducted
with splitless injection and maintaining the oven at 150 �C for
7.5 min. The injector was kept at 200 �C and the detector at
255 �C. Helium was the carrier gas with a flux of 1.4 mL/min. Total
CH4 production (mL) was calculated using the total gas production
and the proportion of CH4 determined by GC at the end of the incu-
bation. Gas without CH4 was calculated by subtracting the volume
of CH4 from the total gas volume.
Blood chemical analysis
Standard haematological analysis was performed using a Pro-

cyte Dx (Idexx) equipment. Biochemical analysis was performed
for creatine, urea, albumin, total protein, aspartate aminotrans-
ferase and c-glutamyl transferase concentrations, using a Respon-
s920 (Diasys) equipment, according to International Federation of
Clinical Chemistry recommended standard methods. Reference
ranges for both haematology and biochemistry were based on
Smith et al. (2015).
Meat DM, protein, total lipids and pH
The Longissimus lumborum samples used for chemical analysis

were allowed to thaw during 24 h under refrigeration at -4 �C.
5 g of minced meat suspended in 50 mL of potassium chloride
(0.1 M) were used to measure pH, using a Metrohm 733 pH meter
(Metrohm AG, Switzerland) equipped with a combined glass elec-
trode (ISO2917, 1999). DM and CP of Longissimus lumborum were
determined according to ISO1442 (1997) and ISO5983 (1997),
respectively.
4

Rumen mucosa histopathology and ultrastructure analysis
Sample pieces (5 � 5 cm) of the lambs’ ventral sac rumen wall

were carefully collected at the slaughterhouse, in order to ensure
the integrity of all layers of the rumen wall and kept for fixation
in a 10% buffered formalin solution for 2 days. For histological pro-
cedures, the previously described sample pieces were embedded
into paraffin to create the formalin-fixed paraffin-embedded
blocks. The rumen wall formalin-fixed paraffin-embedded blocks
were cut with a microtome (Leica RM2125, Germany) in three
micrometre-thick slices. The sections were placed onto microscope
glass slides and then stained with haematoxylin-eosin and exam-
ined under a light microscope (Olympus BX-51, Japan). High-qual-
ity images were captured using an Olympus camera (U-CMAD-2,
Japan) to identify the presence of alterations in cell structure,
inflammation process or any other lesions.

For the electronic microscopy scanning procedures of intact tis-
sues, the previously described sample pieces were rinsed twice in
0.1 M cacodylate buffer (pH 7.4), then dehydrated through a
graded ethanol series, and finally dried using the critical point
method. The sample pieces were then sputter-coated with gold
and mounted on stubs. Specimens were observed with a
JEOL5200-LV microscope (JSM Electron Microscopes, Tokyo, Japan)
and under a SEM-UR-LBDB Hitachi microscope (SU8010 High-
Technologies Corporation, Ibaraki, Japan), and digital images were
acquired.
Statistical analysis

The experiment was conducted in a randomised block design,
with the animal as the experimental unit. Data were analysed
using the Proc Mixed of SAS (SAS Institute Inc., Cary, NC, USA).
The heterogeneity of variances of the variables was tested, and
when significant (P < 0.01), it was accommodated in the models
using the group option of the repeated statement of the Proc
Mixed. The decay of the CHBr3 concentration in feeds during
24 h of exposure to air was studied by adjusting a first-order expo-
nential decay with a plateau function on Graphic Prism software.
Individual average daily weight gain was determined by regres-
sion, relating live weight to the day of the test. Average daily
weight gain, adjusted for initial live weight, was studied using a
model in which diet and block were the fixed effects. DM and
nutrient intakes were studied using a model which considered
repeated measures over time in each animal and the diet and ini-
tial live weight block as fixed effects. The model used an autore-
gressive covariance structure, selected according to the Akaike
information criteria. Feed conversion ratios, live weight at slaugh-
ter, and carcass and meat traits were studied using a model where
the diet and initial live weight block were the fixed effects. The
results of the in vitro trial were studied using a model that consid-
ered the two fermentation flasks from the same animal as subsam-
ples, the diet as a fixed effect and slaughter day as a random block.
The covariance structure used to model the subsampling was the
compound symmetry, selected according to the Akaike informa-
tion criteria. In all the models and variables, when the treatment
effect was significant (P < 0.05), the least squares means were com-
pared to determine which treatments were effectively different. In
the tables, the values for the least squares means and SEs are
presented.
Results

Feed intake, growth and carcass traits

The results observed for intake, average daily gain and feed con-
version ratio are presented in Table 2. DM intake decreased with



Table 2
Effect of the stepwise dietary inclusion of bromoform (CHBr3) through a sunflower oil macerate of Asparagopsis taxiformis on intake, growth performance and carcass traits of the
lambs.

Treatment1

Trait B0 B15 B30 B45 SEM P-value

Intake (g/day)
DM 1 103c 1 018bc 873ab 791a 68.7 0.013
CP 154c 147bc 123ab 111a 9.91 0.014
Ether extract 31.4c 29.4bc 25.4b 13.2a 2.06 <0.001
NDF 419b 380a 336a 308a 25.6 0.022
Sugar 115c 102bc 84ab 77a 6.9 0.002
Starch 262c 215b 177ab 167a 14.6 <0.001
CHBr3 (mg/day) - 16.2a 27.7b 36.3c 2.65 <0.001

Average daily gain (g/day) 254b ± 38.4 207ab ± 31.1 216b ± 7.3 152a ± 20.6 0.042
Feed conversion ratio2 5.7 ± 1.11 5.1 ± 0.46 4.6 ± 0.46 6.6 ± 1.61 0.596
Slaughter live weight (kg) 25.1 24.3 24.2 22.0 0.88 0.090
Hot carcass weight (kg) 12.0b 11.1b 11.4b 9.7a 0.40 0.001
Dressing (%) 48.1c 45.0ab 46.8bc 43.8a 0.84 0.008

Values within a row with different superscripts differ significantly at P < 0.05.
1 Diet including 0 mg (B0), 15 mg (B15), 30 mg (B30), and 45 mg (B45) of CHBr3 per kg of diet DM.
2 DM basis.
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Fig. 1. Changes in bromoform (CHBr3) concentration in the feed given to lambs
during 24 h exposure to air and the one phase exponential model (Y = (Y0 – Plateau)
*exp(-k*hours) + Plateau, fitted (R2 = 0.959, RSD=3.64). Equation parameters
estimated: Y0 = 58.6; Plateau = 3.94; k = 0.174 and half-life of 3.99 h.
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dietary CHBr3 concentration (P = 0.013), being the highest in B0
and the lowest in treatment B45, with treatments B15 and B30 pre-
senting intermediate values. Compared to B0, B30 decreased DM
intake by 21% and B45 decreased DM intake by 28%. CP, ether
extract and sugar intakes did not differ between B0 and B15 but
were significantly lower in treatments B30 and B45 (P < 0.05). Only
ether extract intake was significantly lower in treatment B45 com-
pared to B30. Neutral detergent fibre intake was the highest in B0
(P = 0.022), while the other treatments presented similar values
among them.

Average daily gain decreased with dietary CHBr3 concentration
(P = 0.042), following a pattern similar to the one described for feed
intake, except that the average daily gain in treatment B30 differed
from that of B45. In treatment B45, the average daily gain was 40%
lower than B0. The DM feed conversion rate did not differ among
treatments (P = 0.596).

Carcass traits of lambs are also presented in Table 2. Slaughter
weight was similar across all treatments (P = 0.090). Hot carcass
weight was lower (-19%) in treatment B45 than in the other treat-
ments that presented similar values among them, averaging 11.5
± 0.40 kg (P = 0.001). Dressing percentage was lower in treatment
B45 than in B0, and B15 and B30 showed intermediate values
(P = 0.008).

Stability of the concentration of bromoform in the diet offered

The results obtained for the adjustment of one-phase decay
model to the concentration of CHBr3 in the diet exposed to air
for 24 h are shown in Fig. 1. The fractional rate of CHBr3 decay
was 17% per h (95% confidence intervals ranging from 12–23%
per h) and the half-life was 3.98 h (95% confidence intervals rang-
ing from 2.9 to 5.7 h). The plateau was reached at circa 6.7% of the
initial concentration and at 24 h circa 92% of CHBr3 had
disappeared.

In vitro fermentation

The main results from the in vitro incubations are reported in
Table 3. Degradability of OM during 24 h was unaffected by the
supplementation with Bromoil (P = 0.320), averaging 632 ± 125.4
g/kg. The volume (mL) of total gas produced and gas production
without CH4 did not differ among treatments, although the value
observed in treatment B45 tended to be lower than those of the
other treatments (P < 0.10). These results normalised to OM
degraded were also not significantly different among treatments
5

(P > 0.05). The volume (mL) of CH4 produced (P < 0.001) and the
yield of CH4 per g of OM degraded (P = 0.001) were not significantly
different between B0 and B15 but decreased in treatments B30 and
B45. Only the proportion of CH4 in total gas produced was signifi-
cantly different between B30 and B45 (P < 0.001). When compared
to B0, there was a 75% decrease in the volume of CH4 in B30 and a
56% decrease in B45. When expressed in mL/g OM degraded, there
was a 78% and a 60% decrease in CH4 in treatments B30 and B45,
respectively. The inclusion of Bromoil did not affect the pH at the
end of the incubation (P = 0.732), which averaged 6.10 ± 0.247.
Meat quality traits and blood biochemical parameters

Meat quality traits are presented in Table 4. DM, protein, total
lipids and pH were not affected by treatments (P > 0.05) and aver-
aged 23.3 ± 1.02%, 19.5 ± 1.00%, 2.66 ± 0.752% and 5.63 ± 0.084,
respectively. The biochemical parameters of the blood collected
at slaughter are presented in Table 5. The treatments had no effect
(P > 0.05) on the parameters analysed. For albumin, aspartate
aminotransferase/glutamic oxaloacetic transaminase, creatine,
gama-glutamyl-transferase, total protein and urea, the average val-
ues were 3.47 ± 0.062 g/dL, 79.0 ± 6.05 U/L, 0.60 ± 0.025 mg/dL,



Table 3
Effect of the stepwise dietary inclusion of bromoform (CHBr3) through a sunflower oil macerate of Asparagopsis taxiformis on in vitro ruminal fermentation traits evaluated
individually with lambs ruminal inocula.

Treatment1

Trait B0 B15 B30 B45 SEM P-value

OM degradability (g/kg) 607 574 648 696 45.6 0.320
Gas production (mL)

Total gas 216 231 229 167 24.3 0.084
Gas without CH4 181 195 221 155 22.4 0.072
CH4 34.0b 34.1b 8.5a 15.1a 3.92 <0.001
CH4 (%)2 15.7c 14.2c 4.5a 8.7b 1.53 <0.001

Gas yield (mL/g OM degraded)
Total gas 441 514 474 312 73.3 0.284
Gas without CH4 371 435 459 284 63.4 0.303
CH4 71.1b 77.8b 15.7a 28.1a 10.97 0.001

Final pH3 6.04 6.07 6.11 6.18 0.110 0.732

Abbreviations: OM=Organic matter.
Values within a row with different superscripts differ significantly at P<0.05.

1 Diet including 0 mg (B0), 15 mg (B15), 30 mg (B30), and 45 mg (B45) of CHBr3 per kg of diet DM.
2 Methane expressed as a percentage of total gas produced.
3 pH at the end of the fermentation run.

Table 4
Effect of the stepwise dietary inclusion of bromoform (CHBr3) through a sunflower oil macerate of Asparagopsis taxiformis on lambs’ meat pH, DM, protein and total lipids.

Treatment1

Trait B0 B15 B30 B45 SEM P-value

pH 5.60 5.64 5.64 5.62 0.037 0.856
DM (g/100 g meat) 24.0 23.4 23.1 22.7 0.35 0.090
Protein (g/100 g meat) 20.0 19.5 19.3 19.3 0.40 0.537
Total lipids (g/100 g meat) 3.01 2.49 2.74 2.28 0.336 0.459

1 Diet including 0 mg (B0), 15 mg (B15), 30 mg (B30), and 45 mg (B45) of CHBr3 per kg of diet DM.

Table 5
Effect of the stepwise dietary inclusion of bromoform (CHBr3) through a sunflower oil macerate of Asparagopsis taxiformis on lambs’ blood biochemical parameters and hemogram.

Treatment1

Trait B0 B15 B30 B45 SEM P-value

Biochemical parameters
Total protein (g/dL) 6.92 6.40 6.18 6.19 0.296 0.330
Albumin (g/dL) 3.54 3.56 3.46 3.32 0.062 0.066
Creatine (mg/dL) 0.57 0.61 0.64 0.58 0.025 0.212
Urea N (mg/dL) 32.3 35.5 30.0 31.4 2.30 0.516
AST/GOT (U/L) 77.9 83.1 79.3 75.6 6.05 0.885
GGT (U/L) 66.9 62.7 57.3 62.6 4.79 0.616

Hemogram
Erythrocytes (�106/lL) 15.5 14.5 14.8 15.5 0.60 0.584
Haematocrit (%) 35.1 37.3 33.7 31.8 2.07 0.451
Haemoglobin (g/dL) 13.2 16.8 12.1 11.6 2.94 0.600
MCV (fL) 22.6ab 25.6b 22.6ab 20.3a 1.08 0.046
MCH (pg/cell) 8.55 11.9 8.12 7.30 2.434 0.537
MCHC (g/dL) 38 ± 11.9 49 ± 10.7 38 ± 1.5 40 ± 1.8 0.822

Leucocytes (�103/lL) 6.44 4.28 5.15 4.44 1.029 0.514
Segmented neutrophils2 (%) 44.0 43.4 45.9 34.2 5.01 0.500
Lymphocytes (%) 54.0 55.5 52.3 62.3 4.73 0.594
Monocytes (%) 2.00 1.12 1.79 3.53 1.246 0.651

Platelets (�103/lL) 526 511 1 201 474 327 0.421

Abbreviations: AST/GOT=Aspartate aminotransferase/glutamic oxaloacetic transaminase; GGT=Gama-glutamyl-transferase; MCV=Mean corpuscular volume; MCH=Mean
corpuscular haemoglobin; MCHC=Mean corpuscular haemoglobin concentration.
Values within a row with different superscripts differ significantly at P < 0.05.

1 Diet including 0 mg (B0), 15 mg (B15), 30 mg (B30), and 45 mg (B45) of CHBr3 per kg of diet DM.
2 Segmented neutrophils as percentage of leucocytes.
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62.4 ± 4.79 U/L, 6.42 ± 0.296 g/dL and 32.3 ± 2.30 mg/dL,
respectively.

The hemogram is also presented in Table 5. Only mean corpus-
cular volume showed differences among treatments (P = 0.046).
Treatment B45 had a lower value than B15, and the other treat-
6

ments had intermediate values. The other parameters analysed
were not affected by the treatments (P > 0.05), averaging
5.08 ± 1.029 (�103/lL), 15.1 ± 0.60 (�106/lL), 677 ± 327.0
(�103/lL), 13.4 ± 2.94 g/dL, 8.97 ± 2.434 pg, 41.1 ± 6.46 g/dL, 56.
0 ± 4.73%, 2.11 ± 1.246%, for leucocytes, erythrocytes, platelets,
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haemoglobin, mean corpuscular haemoglobin, mean corpuscular
haemoglobin concentration, lymphocytes and monocytes,
respectively.
Macroscopic evaluation and histopathology of the rumen mucosa

The rumen wall from lambs allocated to treatments B0 and B15
did not exhibit evident macroscopic modifications. In contrast, all
the lambs receiving treatments B30 and B45 presented macro-
scopic alterations with the proliferative aspect that evoked the
aspect of spongy mushrooms. Modified rumen wall was also char-
acterised in some areas by the scarcity of the ruminal papilla
(Fig. 2, plates A–D).

The histopathologic analysis revealed that in the control group
(B0), only one sample exhibited hyperkeratosis in the rumen
mucosa (Fig. 2, plate E), while the rest showed no significant
abnormalities. However, 50% of the animals from treatment B15
experienced inflammation of the rumen mucosa, diagnosed as
acute purulent erosive ruminitis (Fig. 2, plate F). This situation
caused rumen papilla atrophy and mucosal surface flattening due
to proliferative lesions in the chorion (Fig. 2, plate G). Moreover,
these animals presented proliferative preneoplastic lesions that
affected the mucous squamous epithelium, leading to basement
membrane invasion and the passage of epithelial cells to the chor-
ion (Fig. 2, plate H). Samples from treatment B30 exhibited a signif-
icant alteration in the overall condition of the rumen wall. All
lambs given the B30 diets suffered from chronic sclerosing rumini-
tis and hyperkeratosis in the mucosa at the papilla tips (Fig. 2, plate
I), and showed the formation of fibrous tissue (Fig. 2, plate J). All
animals from treatment B45 were severely affected, also present-
ing microabscesses (Fig. 2, plate K), chronic granulomatous rumini-
tis (Fig. 2, plate L), chronic ruminitis with lymphangiectasia of the
mucosal chorion vessels (Fig. 2, plate M) and acute ruminitis with
mucosal chorion haemorrhages (Fig. 2, plate N).
Electronic microscopy scanning of the inner surface of the rumen
mucosa

Photos from electronic microscopy scanning of the inner surface
of the rumen mucosa are presented in Fig. 3. The inner surface of
the ventral ruminal sac was characterised by the presence of papil-
lae whose outline presented countless irregular concave prismatic
surfaces (Fig. 3, plates A to C). When observing these areas from
lambs getting treatments B30 and B45, major morphological
changes comprised the area of papilla scarcity or even the loss of
mucosal ruminal papillae. The development of proliferative struc-
tures that evoke spongy mushroom-like structures (Fig. 3, plates
D and E) was also evident. In these areas, a condition of reduced
and flat mucosal surface occurred (Fig. 3, plates F–H).
Discussion

The focus of this research was to study the effect of Bromoil
supplementation on CH4 emissions from growing lambs fed a
finely ground complete diet. Bromoil is a promising tool to reduce
methanogenesis when used as a feed supplement in ruminant pro-
duction. There are still some questions regarding the impact of
Bromoil on animals and their products. These include issues
related to productivity, toxicity, animal health effects, meat safety
and quality. These questions must be answered before any attempt
to spread Bromoil usage in ruminant production. Nevertheless, this
research showed for the first time the impact of CHBr3 from AT
supplemented through sunflower oil on the rumen status and on
animal performance.
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Determining the exact amount of CHBr3 fed to experimental
animals is difficult due to its high volatility. Nevertheless, it is often
assumed that the concentration of CHBr3 in the freeze-dried AT
biomass, and hence in the diet, remains stable during the experi-
mental period (Vucko et al., 2017; Roque et al., 2021). However,
this might not be true, as demonstrated by Stefenoni et al.
(2021). As the stability of CHBr3 in the Bromoil is ensured for up
to 24 weeks if stored capped (Tan et al., 2022), we would also
expect that Bromoil could ensure the stability of CHBr3 for at least
24 h when mixed with other diet ingredients and exposed to air in
the throughs. We checked that hypothesis by analysing the decay
of CHBr3 during 24 h. Our data indicated a rapid decrease in the
concentration of CHBr3 in the first few hours of exposure to air,
with a fractional rate of decay of 17% per h, a half-life of 4 h and
more than a 90% loss after 24 h. The continuous variation of CHBr3
in feed makes it very difficult to establish the practical level of
CHBr3 supplementation because it depends on individual ingestion
behaviour. Hence, ingested CHBr3 was undoubtedly bellow the tar-
get values used to prepare the diets. The rapid loss of CHBr3
observed could affect the practical use of Bromoil, requiring fre-
quent supplementation of the diet. Additionally, since CHBr3 is
an ozone-depleting gas (Tegtmeier et al., 2015), its release into
the atmosphere poses a significant environmental concern regard-
ing the implementation of Bromoil in ruminant production.

Increasing the dosage of CHBr3 in Bromoil decreased DM intake
and average daily gain. The use of Bromoil may affect intake simul-
taneously by the effect of CHBr3 and sunflower oil inclusion in the
diets or by synergy of both supplements. Nevertheless, as all the
treatments had the same amount of oil, the effects observed must
have been due to the presence of CHBr3. The inclusion of AT in the
diets of dairy cows (Roque et al., 2019; Stefenoni et al., 2021) and
steers (Roque et al., 2021) also depressed DM intake in a dose-
dependent manner. Moreover, Li et al. (2018) reported that includ-
ing 2 or 3% freeze-dried AT using crushed lupins as a carrier in the
diet of adult sheep resulted in a relevant refusal of the AT-
containing supplement. This effect may be caused by the low
palatability of the seaweed, as suggested by Roque et al. (2019).
The low palatability of Bromoil can also contribute to the observed
depression of DM intake, as it has an intense odour that persisted
after the preparation of the diets, in a gradient coinciding with the
level of Bromoil inclusion. Reinforcing this fact, we used a high-
density, low-volume diet in which all the ingredients, including
forage, were grounded. Under these conditions, the odour trans-
mitted by Bromoil was more intense than in low-density bulkier
diets, resulting in a reduction of appetite for feed, which was evi-
dent in some of the lambs assigned to diets B30 and B45. The dilu-
tion of Bromoil in bulkier diets could explain the absence of DM
intake depression in dairy cows fed vetch hay ad libitum supple-
mented with a coarse grain mixture and 134 g of Bromoil deliver-
ing 480 mg/day of CHBr3. (Alvarez-Hess et al., 2023).

The adaptation of animals to AT, or to CHBr3, might also be
determinant in preventing depression in DM intake and productive
performance. When this gradual adaptation to CHBr3 was not
applied, there were reductions in DM intake and animal perfor-
mance, as reviewed by Wasson et al. (2022). Adult sheep that
maintained DM intake in the experiment reported by Li et al.
(2018) had 2 weeks to adapt to the AT-supplemented diets. In
the present experiment, lambs were exposed to Bromoil-
supplemented diets without an adaptation period, which might
have contributed to the reduction in DM intake. The results from
the present study could further suggest that the gradual introduc-
tion of AT, or Bromoil, in diets could be mandatory to prevent the
reduction of intake and weight gain of the animals.

Lamb growth decreased less steadily than feed intake, and the
average daily gain was only significantly and strongly depressed
compared to B0 in the B45 treatment. The average daily gain values



Fig. 2. Macroscopic (Plates A to D) and histopathologic (Plates E to N) images of rumen samples from lambs supplemented bromoform (CHBr3) through a sunflower oil
macerate of Asparagopsis taxiformis. Plate description: (A) Inner mucosal lesions of the ventral ruminal sac can be observed on the outside mucosa of the rumen. (B) In some
areas of the inner ruminal sac, the typical papillae were no longer present, and a spongy aspect can be found. (C) Modified ruminal mucosa was conveyed in some areas by
scarcity of papillae. (D) Lesions with a proliferative aspect were present in several areas of the mucosa of the ventral sac of the rumen, which resembled a mushroom cap. (E)
The mucosal epithelium presented hyperkeratosis with thickening due to keratinocyte proliferation. Bar = 500 lm. (F) Acute purulent erosive duodenitis, proliferative lesion
with superficial loss of epithelial cells and accumulation of purulent exudate on the surface of the mucosa, rich in neutrophils. Bar = 400 lm. (G) Atrophy of the rumen
papillae, with smoothing of the mucosal surface. Bar = 500 lm. (H) A proliferative lesion of the mucosal squamous epithelium with invasion of the basement membrane and
passage of epithelial cells to the chorion indicating a preneoplastic lesion. Bar = 200 lm. (I) Mucosal epithelium thickening due to hyperkeratosis at the papilla tip, resulting
from keratinocyte proliferation. Bar = 200 lm. (J) Chronic sclerosing ruminitis, with the formation of fibrous tissue (fibroblasts and collagen) in the chorion of a papilla.
Bar = 200 lm. (K) Acute ruminitis, with the formation of microabscesses in the mucosal epithelium, filled with PN-Neutrophils. Bar = 100 lm. (L) Chronic granulomatous
ruminitis led to the formation of granulomas in the mucosal chorion, which was rich in multinucleated giant cells. Bar = 100 lm. (M) Chronic granulomatous ruminitis, with
lymphangiectasia of the mucosal chorion vessels. Bar = 500 lm. N) Acute ruminitis with haemorrhage in the mucosal chorion. Bar = 100 lm.
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reported for lambs supplemented with treatment B45 were below
the usual values observed for Merino Branco lambs in similar con-
ditions (Santos-Silva et al., 2019; Dentinho et al., 2020). Compara-
tively, the growth rates observed for lambs supplemented with the
8

other three treatments were within the expected range of average
daily gain values (Santos-Silva et al., 2019; Dentinho et al., 2020).
There are no reports about the effect of Bromoil on diets for grow-
ing ruminants. However, Roque et al. (2021) reported that steers



Fig. 3. Scanning electronic microscopy of the inner surface of the rumenmucosa of lambs supplemented bromoform (CHBr3) through a sunflower oil macerate of Asparagopsis
taxiformis. Plate description: (A) Normal aspect of the ruminal papillae. Bar = 500 lm. (B) Aspect of the irregular concave prismatic surface of the papillae that can house the
ruminal microbiome. Bar = 10 lm. (C) Idem, higher amplification - arrow points at the housing of the microbiome. Bar = 10 lm. (D) Ruminal major morphological changes
with the loss of mucosal ruminal papillae pattern (arrow) and the development of proliferative mushroom-like structures. Bar = 10 lm. (E) Ruminal mucosa displaying a
huge, modified area with loss of papilla pattern and the development of amorphic structures. Bar = 500 lm. (F) In the modified ruminal mucosa occurred the loss of papilla
organisation and consequently the typical irregular concave prismatic ultrastructure of the papillae was also lost. Bar = 100 lm. (G) and (H) Display the huge alteration
verified in multiple spots of the ruminal mucosa, that no longer present the papillae pattern and display a condition of reduced and flat mucosal surface. Bar = 10 lm.
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fed diets supplemented with up to 0.5% of freeze-dried AT (39 mg/
kg DM of CHBr3) maintained growth rate despite the linear
decrease in feed intake (less than 14% compared to control). This
suggests that feed intake might be more responsive to the effects
of CHBr3 than growth rate and thus points to an increase in effi-
ciency. We also observed a similar pattern in treatment B30, where
the DM intake was diminished by 21% compared to B0, and the
average daily gain was non-significantly depressed by only 15%.
However, with treatment B45, the depression in average daily gain
was drastic (less than 60% that of B0) and even larger in DM intake
(less than 72% that of B0), which suggests the occurrence of abnor-
mal health status. The clear reduction of average daily gain
observed with treatment B45 was also reflected in the significantly
lower hot carcass weight but not on slaughter live weight of the
B45 lambs. This indicates a higher offal weight in the B45 lambs,
probably due to the hypertrophy of visceral organs like the rumen
and could explain the lower dressing percentage observed.

In this experiment, the anti-methanogenic effect of Bromoil was
assessed in vitro, using the individual ruminal content of lambs as
inoculum, collected right after slaughter, thus maintaining the ani-
mal as the experimental unit. Each ruminal inoculum was incu-
bated using the diet fed to the donor as substrate, thus being
fully adapted to the level of CHBr3 supplementation. The data
obtained for CH4 production and OM fermentation after the 24 h
in vitro incubation will only be interpreted as a proxy of the
in vivo conditions. Other experiments in which CH4 emissions
can be measured directly in live lambs should confirm these
results.

The effect of CHBr3 supplementation using Bromoil as a carrier
in an in vitro experiment has already been reported by Kinley et al.
(2022) and Sena et al. (2024). In both experiments, the threshold
value for reducing CH4 production was between 50 and 75 mg
CHBr3/kg DM. in those two experiments, the ruminal inoculum
was collected from animals slaughtered in an industrial plant
and fed conventional beef finishing diets. Under those conditions,
all the CHBr3 in the system came from Bromoil in the substrate.
However, in the present experiment, the donor animals were
lambs fed experimental diets supplemented with Bromoil for
around 35 days. The microbiota could have adjusted to the sus-
tained presence of CHBr3, with consequent inhibition of the metha-
nogenic pathways in the rumen, so, we could assume that a lower
dosage of CHBr3 will be required to substantially reduce CH4

production.
In the present experiment, the supplementation with CHBr3 did

not depress the ruminal fermentative activity, as evaluated in vitro
by the total gas production, gas without CH4 and OM degradation.
Kinley et al. (2022) reported that the supplementation of forage
with Bromoil at CHBr3 concentrations up to 175 mg/kg DM did
not affect DM degradability of the production of volatile FA but
decreased total gas production by 25% after 72 h of incubation.
Sena et al. (2024) reported that supplementing a total mixed diet
with Bromoil at CHBr3 concentrations up to 150 mg/kg DM had
no effect on total gas production or OM degradability but
decreased linearly the volatile FA production. Nevertheless, the
results are difficult to compare to those of the present experiment
due to the differences in CHBr3 dosage or lack of previous adapta-
tion of the ruminal inocula to the presence of CHBr3.

The applicability of a feed supplement to reduce methanogene-
sis depends on the market availability of the feed and the impacts
on various productive aspects, such as production costs, animal
productivity, quality and safety of products for human consump-
tion, and feed management. However, it also depends on the
impact on animal health and welfare and food safety. No residues
of CHBr3 were detected in meat or liver of the lambs supplemented
with Bromoil, indicating that the toxicological risk for consumers is
negligible. For these levels of supplementation, blood parameters
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did not reveal any significant changes to the animals’ health. The
absorption of CHBr3 along the digestive tract may be null or low,
and when it occurs, it is probably excreted in urine, as suggested
by Glasson et al. (2022). Moreover, the metabolism of CHBr3 sup-
plied by AT in the rumen seems to be quite fast, as reported by
Romero et al. (2023). The authors observed that nearly 90% of
CHBr3 was degraded to CH2Br2 in the first 3 h of incubation, and
that this process was independent of the substrate used as feed.
The high volatility of CH3Br and high reactivity of Br with different
elements present in the medium prevented a more complete char-
acterization of CHBr3 degradation pathways in the rumen (Romero
et al., 2023).

Throughout the experimental period, the animals consistently
maintained normal health, a fact corroborated by the daily visual
observations. Although the blood samples collected at slaughter
are not representative of the whole experiment, they express the
animals’ health status after 5 weeks of Bromoil supplementation.
Further research on Bromoil supplementation with lambs should
take frequent blood samples throughout the experiment. However,
upon postslaughter examination of the rumen wall, distinct lesions
emerged, concentrated mainly on the ventral region of the rumen.
These lesions pointed to an underlying inflammatory process, coin-
ciding with a marked reduction in both the number and size of
rumen papillae. It is important to emphasise that these lesions
were observed exclusively in the animals assigned to treatments
B15, B30 and B45, with the most pronounced effects observed in
groups B30 and B45. In these treatments, all animals exhibited a
spectrum of lesions, including acute purulent erosive ruminitis,
hyperkeratosis, proliferative lesion, atrophy of the rumen papillae,
proliferative lesion of the squamous epithelium of the mucosa,
chronic sclerosing ruminitis, chronic granulomatous ruminitis,
rumen mucosa lymphangiectasia and microabscesses. Further-
more, histological examination of rumen papillae revealed a con-
sistent invasion of inflammatory cells across all animals
supplemented with treatments B15, B30 and B45. The fact that
these lesions were located on the rumen ventral sac led us to sus-
pect that they might result from the direct contact between the
feed and the mucosa. The diet used in this trial was a ground
high-density complete diet, the forage (dehydrated alfalfa) was
also ground and Bromoil was mixed with the other raw materials.
The small particles of the ground feed would be easily hydrated
and deposited mainly on the ventral regions of the rumen, which
led us to assume that this was the main reason why the changes
were located only in this region. Crossing these features with the
findings from scanning electron microscopy, it was clear that in
these proliferative masses was loss of the papillated area. Conse-
quently, a decrease in the surface of the rumen mucosa occurred,
with loss of the papillae revetments. Altogether, a condition of
the reduced and flat mucosal surface occurs, presumably with loss
of absorptive function. Most of the published studies in which the
animals were fed AT do not report on the rumen wall status. The
exceptions are one study with sheep (Li et al., 2018) and another
with dairy cows (Muizelaar et al., 2021). Li et al. (2018) observed
extensive nodular proliferation and discolouration in the rumen
mucosa with the blunting of ruminal papillae on wethers fed a
complete diet supplemented with AT up to 3% OM intake.
Muizelaar et al. (2021) reported that dairy cows fed 333 g of AT
DM/day presented a significant area of rumen mucosa with the
absence of rumen papillae accompanied by haemorrhages and
ulcers. In localised areas, there was a loss of papillae and a thicken-
ing of the mucosa. The association between AT and Bromoil intake,
and the rumen lesions needs to be better understood, but it sug-
gests that using AT-based supplements in ruminant feeds is not
without risk. It is unclear whether the occurrence of mucosa
lesions is related to the form in which CHBr3 is carried into the
rumen or type of basal diet used. Bulkier diets where CHBr3 can



F. Sena, A.P. Portugal, M.T. Dentinho et al. Animal 18 (2024) 101249
be diluted in a higher feed volume, could also reduce this risk.
There is a need to deepen existing knowledge on this subject.

The potential carcinogenic and ozone-depleting effects of CHBr3
and other halomethane analogues raise some concerns when sup-
plying these substances to animals used for human consumption
(Pandey et al., 2021; Glasson et al., 2022). It has been shown that
CHBr3 is absorbed by AT- supplemented dairy cows and is excreted
in trace amounts in urine and milk (Muizelaar et al., 2021; Alvarez-
Hess et al., 2023). The CHBr3 detected in the milk form those cows
was below the recommended drinking water for safe consumption
(EPA, 2018). Apparently, CHBr3 is not accumulated in the muscle
and adipose tissues. In the present experiment, CHBr3 was not
detected in any muscle samples, confirming previous results (Li
et al., 2018; Kinley et al., 2020; Roque et al., 2021). These results
suggest that diets of finishing ruminants can be supplemented
with CHBr3 carried by Bromoil without compromising the safety
of meat.

Conclusions

The findings of this study indicate that Bromoil with CHBr3
doses of 30–45mg/kg DM reduced more than 56% of CH4 emissions
evaluated in vitro with rumen inocula from individual lambs. No
CHBr3 was detected in meat indicating that it can be safe for
human consumption. Despite this, animal performance was
impaired by the higher doses of CHBr3, with decreased intake
and growth. Moreover, the animals fed the highest CHBr3 concen-
trations presented severe lesions in the ventral region of the rumen
wall. The marked loss of CHBr3 from air-exposed feed presents a
challenge for the practical farm-level implementation of the
Bromoil- supplemented diets and if scaled-up might contribute
to the depletion of the stratospheric ozone. Although Bromoil
showed a high potential to reduce rumen CH4 production further
research is needed to ensure it can effectively improve farm’s envi-
ronmental sustainability, without negatively affecting animal
health and productivity.
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