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ABSTRACT ARTICLE HISTORY

Asparagopsis (A. taxiformis and A. armata) as a dry feed additive, and Received 30 May 2023

novel oil-based formulations containing bromoform are effective at Accepted 14 August 2023

reducing enteric methane emissions in ruminant livestock. An

inclusion rate of Asparagopsis at 0.2%-0.5% of the daily diet for A o .
q . sparagopsis; ruminants;

cattle of say 470 kg consuming 15 kg dry matter (DM) per day is enteric methane;

equivalent to 30-75 g/day Asparagopsis delivering 180-450 mg/ bromoform; dose-response;

day bromoform (at 6 mg bromoform per gram of seaweed) per toxicology; residues; health

animal equivalent to 0.4-1.0 mg/kg/day of bromoform. This is a

low dose when compared to those evaluated in animal toxicity

studies. A response relationship in terms of emission reductions

and the dosage of bromoform ingested, is established, as

opposed to dose responses linked to seaweed biomass. Most of

the research studies on bromoform as a methane mitigant have

used Asparagopsis. Nevertheless, the primary interest from a

regulatory perspective is bromoform, the most prevalent

bioactive. Regulatory considerations to enable safe use of

bromoform for methane mitigation in ruminants are described. A

key conclusion is that bromoform, administered in very low

doses, is not bioavailable at measurable levels. Hence the risk of

residue transfer or toxicity in livestock and humans will be minimal.

KEYWORDS

Introduction

Asparagopsis taxiformis was shown to be the most promising in an in vitro screening
process to identify the potential of different seaweeds to reduce methane synthesis
(Machado et al. 2014). Recent research with animals has shown that the seaweed Aspar-
agopsis (both A. taxiformis and A. armata) is effective at reducing methane emissions
when included in the diet of ruminant livestock (Li et al. 2018; Roque et al. 2019;
Kinley et al. 2020; Lean et al. 2021; Roque et al. 2021; Stefenoni et al. 2021; Fennessy
et al. in preparation). Naturally occurring bromoform in Asparagopsis is considered
responsible for this effect and oil-based formulations containing Asparagopsis-derived
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bromoform included in the diet have been shown to be as effective as the seaweed itself
(Alvarez-Hess et al. 2023). Earlier publications have noted that the concentration of bro-
moform is crucial in determining the effectiveness of Asparagopsis and should remain
above 1 mg bromoform/g organic matter (Vucko et al. 2017) in an in vitro study, and
that methane emissions can be reduced incrementally by increasing the percentage of
Asparagopsis in the diet (Roque et al. 2019; Kinley et al. 2020; Roque et al. 2021).

In this review, dose-response relationships between the reduction in methane and the
dosage of bromoform (mg) ingested from seaweed (or from bromoform in an oil-based
delivery vehicle) as part of the diet for both sheep and cattle are elucidated, as opposed to
dose responses linked to seaweed biomass. This complements recent in vitro research
(Andreen et al. 2023). Although most of the research studies completed to date, on bro-
moform as a methane mitigant have used Asparagopsis, as a source of bromoform, (with
one including bromoform in an oil, extracted from Asparagopsis), the primary interest
from a regulatory perspective is on bromoform, but in this review, we consider the
issues from both an Asparagopsis and a bromoform perspective.

A number of authors offer different perspectives on the opportunities and challenges
faced in the development of Asparagopsis for methane suppression, including efficacy,
cost-effectiveness and safety concerns (Abbott et al. 2020; Munoz-Tamayo et al.
2021; Vaskoska 2021; Wheeler et al. 2021; Glasson et al. 2022; Jia et al. 2022; Roskam
et al. 2022; Ungerfeld 2022; Ungerfeld et al. 2022; De Bhowmick and Hayes 2023;
Firkins and Mitchell 2023). In this respect, the toxicity of bromoform is cited as a
reason for researching the potential of northern hemisphere seaweeds (Abbott et al.
2020; Roskam et al. 2022) as alternatives to Asparagopsis.

This publication does not address many of the issues raised by these authors, such as
questions on the commercial viability of Asparagopsis farming (Wheeler et al. 2021) or
aspects relating to seaweeds and atmospheric health (see Glasson et al. 2022) which
are beyond the scope of this review. However, conflicting views, noted by De Bhowmick
and Hayes (2023), on health and residue impacts of Asparagopsis or bromoform when
used in amounts that mitigate methane production are addressed.

Vaskoska (2021) defines two important health related questions, relevant to this
review, that would arise from the commercial use of bromoform for ruminants: (1) is
bromoform likely to end up in the food chain? (2) could there be a carcinogenic risk
in humans through consumption of milk and meat if bromoform gets transferred
from the gastro-intestinal tract to the milk or meat? Concerns relating to bromoform
apply to consideration of Asparagopsis as a source of bromoform, oil-based formulations
containing Asparagopsis-derived bromoform or to scenarios where synthetic bromoform
delivered as a feed additive or in a slow-delivery intra-ruminal bolus.

In relation to the first question, bromoform is already present in the food chain from a
variety of different sources. The more pertinent question is whether bromoform when
delivered, in an appropriate manner, is absorbed, and if concentrations in the body
exceed the low levels that are likely to be present from a range of natural and anthropo-
genic sources (Glasson et al. 2022) and see Sections 2-4 of this paper. The second ques-
tion on toxicology suggests a lack of awareness by several authors (e.g. Abbott et al.
(2020); Roskam et al. (2022)) of the basic principles of toxicology, namely that all
things are poisonous, and dose dictates toxicity or safety, and that bioavailability,
which is the proportion of a substance which enters the circulation when introduced
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into the body and so is able to have an active effect, is a prerequisite for systemic effects
(Casarett and Doull 2013; Glasson et al. 2022; Timbrell and Barile 2023).

It is apparent from several recent publications (Abbott et al. 2020; Vaskoska 2021;
Wheeler et al. 2021; Roskam et al. 2022; Ungerfeld 2022; Ungerfeld et al. 2022; De Bhow-
mick and Hayes 2023) that there is a lack of clarity, as to the relevance of bromoform
toxicity in laboratory animal studies. In this respect (Glasson et al. 2022) provided a
science-based approach to elucidating the toxicology of bromoform. Because of this con-
fusion, and the continued highlighting of toxicology issues and conflicting views (De
Bhowmick and Hayes 2023), we delve further than before into fundamental principles
of toxicology linked to bromoform exposure pathways and risk; this includes a compre-
hensive assessment of the relevance of toxic effects, defined in laboratory animal studies,
and their relevance to livestock and human health (see Sections 5 and 6).

Given that the available data relate to the use of Asparagopsis as a source of bromo-
form, our assessments focus on formats where Asparagopsis or an oil-based derivative
are fed to livestock as part of the diet. The delivery format is important, as it can be
expected to impact the release within the reticulo-rumen (rumen) and hence the pharma-
cokinetics of bromoform (Glasson et al. 2022). For any particular format, the specific
issue is understanding the potential for absorption of bromoform into the systemic cir-
culation of the animal. The key emerging principle is that a delivery format that allows a
sustained low-level release of bromoform, whether of natural or synthetic origin, is likely
to be required to ensure that bromoform is effective and retained within the rumen
environment. Relevant principles and questions on residues, and considerations regard-
ing the food-chain and toxicology are addressed in later sections of this paper; these form
the basis for recommendations regarding the safe use of Asparagopsis and bromoform, at
the low levels required for methanogensis mitigation in ruminants.

In summary, this review covers advances in methane suppression, natural and anthro-
pogenic bromoform and potential dietary exposure scenarios, the risk to animals and
specifically their health when fed bromoform and the risk to consumers from the transfer
of bromoform from the ruminant diet to edible parts of the animal (carcass/muscle or
organs such as liver, kidney or milk products). Regulatory approaches and the consider-
ation of a MRL (Food Act 2014) for bromoform, regardless of its source, to address risk
assessment criteria for food residues, are also explored in Section 7.

Section 1: Asparagopsis and methane mitigation - to dose-dependent
suppression mediated by bromoform

Options for mitigation of methane emissions from livestock include selective breeding,
vaccines that target the methanogens, changes in animal management and feed additives
or other manipulations of the diet. Reductions in methane production in beef cattle have
been reported for short-chain nitro-compounds (Dijkstra et al. 2018), synthetic haloge-
nated compounds (Sawyer et al. 1974; Tombkins et al. 2009; Patra et al. 2017), and natu-
rally synthesised halogenated compounds in seaweed (Kinley et al. 2020). In the latter
case, interest has focused on red seaweeds with anti-methanogenic activity, particularly
Asparagopsis species. These have the capacity to synthesise and store halogenated
methane analogues, such as bromoform and dibromochloromethane, within specialised
gland cells as a natural defence mechanism (Paul et al. 2006). These bromo-compounds
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are structural analogues of methane and are effective in reducing methane production,
through competitive inhibition of methane biosynthesis (Liu et al. 2011). The evidence
is that bromoform constitutes the vast majority of bromo-compounds present in Aspar-
agopsis (Glasson et al. 2022).

We have summarised the results of all published studies and one unpublished study
where animals were fed Asparagopsis, methane emissions were measured and the bromo-
form intake can be calculated; five trials met the criteria, three with cattle and two with
sheep. The data and trial details are in Table 1.

As there were insufficient data to conduct a meta-analysis, we analysed the available
data in a number of ways to ascertain the most appropriate form of expression. The
mean effect of bromoform on methane reduction averaged —0.33 + 0.15 (standard devi-
ation) grams of methane per mg of bromoform consumed (n of 16 groups of animals).
When the data are expressed as a dose-response by regression (Figure 1), the equation
(with the intercept constrained to zero) is:

Methane reduction (g methane per kg DMI) = —0.25%xBromoform intake
(mg bromoform per kg DMI); n = 23; SE of the slope = +0.023; (1)

> = 0.84; Residual SD = +3.19

Thus, the regression coefficient of —0.25 grams of methane per mg of bromoform
intake is slightly lower than the mean reduction of —0.33.

Given that the basal diet impacts the level of methane, the regression relationship
between methane emissions (g methane per kg DMI) and bromoform intake is of inter-
est. The regression relationship was:

Methane (g per kg DMI) = —0.19%Bromoform intake

(2)
(mg bromoform per kg DMI) + 15.2; > = 0.39; Residual SD = +4.99

A comparison of the variances for the two regression relationships indicates that the
reduction in methane as a function of bromoform intake provides a better estimate of
the efficacy of bromoform as the 59% reduction in variance from 24.85 (4.99%) in
Equation (2) to 10.20 (3.19%) in Equation (1) was considered meaningful. In summary,
while there must be a limit to the absolute scale of the methane response in that the base-
line control value sets the upper limit on any response, a linear regression provides a
reasonable description of the relationship in the range of data sets assessed.

Given the differences in concentrations of bromoform in the product used, the
reduction in methane emissions is expressed on a dosage of bromoform basis (per mg
bromoform), to enable more direct comparisons to be made between the different
trials (as per Table 1).

e In a 90-day study, beef cattle showed a 98% reduction in methane when A. taxiformis
(6.6 mg bromoform/gram), was included at 0.33% of feed dry matter (DM) (Kinley
et al. 2020); the average reduction over three dose rates ranged from —0.50 to
—0.18 g of methane per mg of bromoform, with an apparent dose response to the
level of Asparagopsis in the diet, independent of the bromoform content.
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Figure 1. The relationship between the reduction in methane emissions and the bromoform intake for
five sets of data (the full data are in Table 1).

¢ In a short 14-day study, lactating dairy cows showed a 20-43% reduction in methane
when A. armata (1.3 mg bromoform/gram) was included at 0.92% or 1.84% of dry
matter (DM), (Roque et al. 2019); the response was equivalent to 0.50 g reduction
in methane per mg of bromoform; however, in this study, there were detrimental
effects on feed intake.

e In a 147-day study, beef cattle showed a 33-80% reduction in methane when
A. taxiformis (7.8 mg bromoform/gram), was included at 0.45% or 0.83% of feed
DM on three different diets (Roque et al. 2021); the response was equivalent to
0.15-0.25 g reduction in methane per mg of bromoform.

e In a recent 16-day study with sheep fed A. armata (6.6 mg bromoform per gram of
Asparagopsis dry matter fed once daily), Fennessy et al (in preparation) found an
average reduction in methane equivalent to 0.40 g per mg of bromoform; the sheep
were fed 13-43 mg bromoform per kg dry matter intake; there was no effect on
feed intake.

e In a 27-day study in lactating cows with A. armata steeped in edible oil (ASP-Oil) to
extract and stabilise bromoform, two formulations were tested — one with the
Asparagopsis biomass included and one with biomass removed (Alvarez-Hess et al.
2023). They found reductions in methane equivalent to 0.63 g methane per mg
bromoform.

Naturally occurring bromoform was deemed responsible for the beneficial effect on
methane production. Importantly, the site of action is described as within the gut
(rumen) and absorption of bromoform is neither needed nor desirable.

The results of these trials are consistent with the conclusion of Glasson et al. (2022)
namely that, use of the red seaweeds A. armata and A. taxifomis as dietary interventions
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for reducing enteric methane production shows strong promise. The Alvarez-Hess et al.
(2023) study takes this approach to a new level indicating that an oil-stabilised formu-
lation of seaweed bromoform has potential if used in ways that deliver small amounts
of bromoform safely.

Further analyses of these studies shows that an Asparagopsis inclusion rate of 0.2%-
0.5% of the diet for cattle consuming 15 kg dry matter (DM) per day is equivalent to
30-75 gm/day Asparagopsis which will in turn deliver 180-450 mg/day bromoform
per animal (based on a product containing 6 mg bromoform per gram). For cattle weigh-
ing 470 kg, the resultant dose of bromoform would equate to 0.4-1.0 mg/kg/day of bro-
moform, a relatively low dose when compared to doses evaluated in conventional animal
toxicity and metabolism studies. Similar low doses have been delivered in novel oil-based
formulations based on steeping Asparagopsis in oil and feeding the resultant product
(Alvarez-Hess et al. 2023). These contained bromoform at 3.5 mg/g (ml) delivering
approximately 480 mg/day bromoform to cows (average weight 578 kg), which equates
to 0.83 mg/kg/day bromoform. The format appeared to be as effective as dried Aspara-
gopsis at reducing methane emissions. In conclusion, analysis of the trials establishes a
dose-response relationship in terms of reductions in methane emissions and the dose
(mg) of bromoform ingested, which is relevant to any future methane emission mitiga-
tion strategies.

Section 2: Ensuring minimal residue risks to consumers in a pharmacokinetic
context

Confirmation that bromoform residues are not transferred to edible tissues and offal to
the detriment of food safety, or at concentrations above those background concentrations
that result from both natural and anthropogenic sources, is important. In the context of
any vehicle/format containing bromoform, and its application for methane suppression,
the absorption or lack of absorption of bromoform from the gut will be influenced by the
delivery format and the release characteristics. Key factors will include:

o characteristics of the vehicle and the quantum of bromoform released from the vehicle
per unit time,

o the pattern including duration and rate of release of the bromoform from the vehicle,
and

e the rate of microbial uptake or breakdown of bromoform in the reticulo-rumen.

In this respect, the evidence to date shows the risk to consumers from the transfer of
bromoform from Asparagopsis or oil-based formulations containing Asparagopsis or
naturally derived bromoform, when used appropriately, is negligible. Nevertheless,
given the importance of these consideration and related research findings, further
details are provided below.

As previously noted, studies in livestock fed Asparagopsis in feed at amounts < 1%
Asparagopsis (up to 40 mg bromoform/kg DM intake) show no or negligible residues
of bromoform in milk, meat, fat or offal. In the study by Roque et al. (2019), milk
samples from control animals were also taken and the level of bromoform was
0.11 pg/L, with no statistical difference between the control and either dosing group.
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In another study (Stefenoni et al. 2021), dairy cattle were fed 0.25% and 0.5% of the diet
as Asparagopsis (specific bromoform concentration was not stated) for 28 days. Milk
samples were taken from control and 0.5% dosing groups at the morning and afternoon
milkings on days 23 and 24 of the study. As with the Roque et al. (2019) study, bromo-
form was detected in the milk from control animals (16.5 pg/L, n = 4) and from animals
in the 0.5% dosing group reported (28.9 ug/L, n = 4), but the difference was not statisti-
cally significant (p > 0.05).

Further, research to date has shown that feeding Asparagopsis containing bromoform
at concentrations of up to 39 mg/kg diet DM to beef cattle for 147 days and up to 12 mg/
kg diet DM to lactating cows or oil-based delivery of comparable amounts of bromoform
for 27 days, did not result in measurable concentrations of bromoform in meat or milk
over and above those commonly found as background levels in milk or drinking water
(Roque et al. 2021; Alvarez-Hess et al. 2023). In the recent study by Alvarez-Hess et al.
2023 in lactating cows, a significant increase of bromoform in milk was reported
(from 0.3 pg/l in controls to between 2 and 3 pg/l in the cows fed the oil-based formu-
lations containing Asparagopsis-derived bromoform). However, these concentrations
are similar to those found as background concentrations in water, milk and other food
and beverages, and are far lower than the maximum acceptable values (MAV) for bromo-
form in drinking water for New Zealand of 100 ug/l.

This weight of evidence supports the conclusion that bromoform (at up to 1 mg/kg live
weight) in Asparagopsis has low or no bioavailability when relatively small amounts of
seaweed (0.2% to 0.5% of the daily diet) containing bromoform are fed in the diet of rumi-
nants; similar outcomes were observed when oil-based formulations with Asparagopsis-
derived bromoform at similar rates of bromoform were fed to cows. This indicates a
lack of toxicologically-significant absorption of bromoform. The lack of bioavailability in
ruminants at the minimum effective inclusion level is consistent with the bromoform
from these formulations exerting its effect in the rumen and on its microbiota, and not sys-
temically. Hence, reductions in methane emissions can occur without any of the systemic
adverse health effects associated with bromoform. This reduction in emissions can also
occur without the risk of the transfer of bromoform from the diet to the systemic circula-
tion and hence to edible parts of the animal or milk products, at concentrations above those
levels that naturally occur from other sources, such as drinking water. These conclusions
are consistent with the comparatively small amounts of bromoform needed to produce an
effect; in this respect, both dried Asparagopsis itself or an oil formulation have the capacity
to provide a slow-release source of bromoform which allows for uptake by ruminal
Archaea to induce an anti-methanogenic effect (Glasson et al. 2022) and, by
inference (Loh et al. 2020), degradation within the rumen of any surplus.

The transfer of seaweed-derived bromoform to milk, urine, faeces, and animal tissue
in cows has also been studied under unusual conditions (Muizelaar et al. 2021). The
feeding rate of Asparagopsis to cattle was high but the daily dose of bromoform would
have been comparable to other feeding trials (Table 1). The most striking features of
the study were that animal husbandry appeared compromised, and that the dosing
regimen with twice daily administration as a bolus in 2-4 litres of water, in fasted
animals, prior to the normal feed, was changed during the trial. Dosing semi-fasted
animals in this way could likely lead to unwanted absorption of bromoform, that
would not occur normally when seaweed is eaten voluntarily as part of the diet in an
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appropriate regimen or vehicles as outlined in other more relevant studies (Li et al. 2018;
Roque et al. 2019; Kinley et al. 2020; Roque et al. 2021; Stefenoni et al. 2021; Alvarez-Hess
et al. 2023). Given the unusual circumstances, the results of this study are difficult to
interpret, and it is not possible to assign any of the adverse effects reported to bromoform
as meaningful and thus the residue results are questionable. Residues were reported in
urine, which is surprising, and it is also difficult to understand how residues were
detected in urine and not in faeces. Notably in laboratory studies, when absorption is
induced following oral gavage of large doses of bromoform, only a small proportion of
the dose was excreted in urine (see below).

Section 3: Pharmacokinetics at high doses in non-ruminant animals and its
relevance

Section 2 focused on determining whether or not bromoform is absorbed following use
of dried Asparagopsis and oil-based formulations as feed supplements, which is comple-
mented by earlier metabolism research. In a different context, absorption, distribution,
metabolism, and excretion (ADME) assessments on bromoform have been undertaken
in laboratory animals at doses much higher than those required to inhibit methane pro-
duction in ruminants (0.4-1.0 mg/kg/day of bromoform). Despite the debatable rel-
evance of these laboratory studies because of the high doses used, they are
summarised below for completeness. In addition, such studies contribute to our under-
standing of the likely ADME of bromoform should the pattern of bromoform release in
the reticulo-rumen exceed the capacity of the microbes to take up the bromoform.

In rodent studies, at least 76% of a single dose (100 mg/kg) for rats and 62% of a single
dose (150 mg/kg) for mice was absorbed following administration by oral gavage (Mink
et al. 1986). When rats and mice were given these very high oral doses of bromoform,
bromoform was absorbed but also quickly excreted with a half-life of 0.8 h in rats and
8 h in mice (Mink et al. 1986). Bromoform and its metabolites are excreted primarily
through the lungs (Mink et al. 1986), with these authors showing that only 1-2% of a
single gavage dose was retained in soft tissues of rats 8 h after dosing, consistent with
the short half-life of bromoform. In another study, following an oral dose (2-16 mg bro-
moform/kg) to rats, the highest levels detected were in adipose tissue and blood (Parra
et al. 1986). Lower concentrations were found in the kidneys, brain, and liver. The con-
centrations in the liver were below the detection limit after 1 h, presumably because
metabolism of bromoform occurred rapidly.

Like many natural compounds or xenobiotics, bromoform is metabolised in the liver
by cytochrome P450 oxidases; carbon monoxide and carbon dioxide are the primary pro-
ducts (Ahmed et al. 1977; Stevens and Anders 1979, 1981; ATSDR 1990). In rats and mice
dosed with radiolabelled bromoform, elimination occurred primarily through the lungs
in expired air within 8 h of dosing (Mink et al. 1986). Rats excreted approximately 4% of
the total dose as CO, and 70% as unmetabolized compound, while mice eliminated 40%
as CO, and 6% as unmetabolized bromoform, indicating that mice metabolise bromo-
form more extensively than rats. The urine of rats and mice contained <5% of the radi-
olabel after 8 h and <10% after 36-48 h. Lucas (1928) reported that rabbits injected
rectally with a bromoform/ olive oil mixture excreted 0.3% to 1.2% of the administered
dose (as bromine) in the urine.
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Relevance

For xenobiotics or natural compounds to produce systemic pharmacological or toxico-
logical effects (i.e. affecting the whole body or an area distant from its entry point
rather than a specific (local) area), absorption into the blood from the gut and distri-
bution to target organs is a prerequisite. This did occur in the above cited rodent
studies but the evidence from the livestock studies is that there is minimal systemic
uptake of bromoform by animals ingesting bromoform in Asparagopsis. Hence the rel-
evance of the rodent studies to livestock is highly debatable, because of the high doses
used. Nevertheless, they do demonstrate that bromoform is not persistent in
mammals, and when low levels of bromoform are absorbed from exposure to drinking
water or other food sources, they will be readily metabolised and subsequent excretion
will be rapid. Similarly, if there is absorption of small amounts of bromoform, over
and above background levels, metabolism in the liver by P450 cytochrome oxidase and
subsequent excretion of bromine and elimination of CO, is likely to be very rapid,
though this requires further confirmation in ruminants.

In conclusion, given the lack of detectable bromoform above background levels in
livestock tissues or products and the rapid excretion of elevated bromoform, demon-
strated in laboratory studies, it can be concluded that there is a very low risk to consu-
mers. Importantly, background concentrations of bromoform in milk are similar to those
recorded in milk from cows fed Asparagopsis or the recently developed oil-based formu-
lation (Alvarez-Hess et al. 2023) and are well below WHO, NZ or USA standards for
drinking water.

Section 4: Bromoform and potential dietary exposure scenarios in context

Whilst the studies outlined above lead to conclusions that appropriate delivery of bromo-
form should not result in human exposure to bromoform, information on other possible
routes of dietary exposure are included in this section for completeness and to provide
context. Bromoform and related compounds such as dibromochloromethane, as well
as being biosynthesised naturally (e.g. present in seaweeds) may also form when chlorine
reacts with other substances in water, such as decomposing plant material. They can also
be readily synthesised in the laboratory and at commercial scale.

Both synthetic and natural bromoform have the same chemical structure (CHBr3).
Synthetic bromoform is commonly described as a brominated organic solvent, related
to chloroform. Historically, bromoform was used as a medicine in the early part of the
last century as a sedative for children with whooping cough. Bromoform toxicity in
humans and animals is a rare occurrence. Poisoning incidents have been associated
with accidental overdoses mainly in children who were treated with bromoform (Du
Plessis et al. 2020).

Both bromoform and dibromochloromethane are sometimes found in drinking water
that has been chlorinated, and exposure can occur from inadvertent ingestion of water in
swimming pools. The amount of bromoform and dibromochloromethane in drinking
water can change considerably from day to day, depending on the source, temperature,
amount of plant material in the water, amount of chlorine added, and a variety of other
factors. Consumption of chlorinated drinking water, fresh water or desalinated seawater
(Quivet et al. 2022) is the principal route of human exposure to bromoform. Water
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treatment with chlorine oxidises any bromide present to bromine, from which bromina-
tion reactions can occur with organic matter to form brominated by-products, including
bromoform (MoH 2016). This reaction also occurs with ozone treatment of water that
contains bromide and natural organic matter (MoH 2016). Bromoform has been detected
in many drinking-water systems, both in samples collected at treatment facilities or along
the distribution system and in samples collected from natural and untreated water
sources. Concentrations in treated drinking-water typically range from <1-10 ug/l
(IARC 1991). In this respect, bromoform was detected in 12% of 881 drinking water
samples through a New Zealand Ministry of Health survey programme (Nokes 1999;
cited in On et al. 2008).

The maximum acceptable values (MAV) for bromoform in drinking water standards
for New Zealand have been set at 100 pg/l, which aligns with the WHO recommended
guideline (MoH 2016; WHO 2022). In the US, the MAV is set at 80 pg/l. Trihalomethanes
found in drinking water include chloroform, bromodichloromethane, dibromochloro-
methane, and bromoform. In Europe, a total trihalomethane limit of 100 pg/l is
specified for drinking water (EC 2020). Bromoform concentrations in drinking water in
milk residue trials in ruminant livestock, described in an earlier section, have not been
reported so it is not known how much of an influence this had on the residues measured.

It is also noteworthy that, in addition to exposure of humans and livestock through
drinking water, low-level exposure to bromoform and dibromochloromethane will
have occurred in the past and in recent times, from animals and humans eating Aspar-
agopsis and from other exposure and dietary sources, including cleaning of food during
processing or cleaning of processing equipment.

Chlorinated water, including municipal drinking water (Ryan et al. 2012) may be used
in cleaning and rinsing of farm equipment and milking equipment. Bromoform and
chloroform are amongst the most frequently used disinfectant by-products, providing
a route for direct entry of bromoform into milk. An evaluation of chloroform (a
similar trihalomethane to bromoform) formation in milking equipment identified that
the use of chlorine-based disinfectants contributed to levels in milk (Ryan et al. 2012).
Reported chloroform concentrations of up to 10 pg/l are comparable to bromoform resi-
dues reported in milk of control animals by Roque et al. (2019) and Stefenoni et al.
(2021). Further, a study of wastewater effluent in the US associated with dairy facility
input determined concentrations of bromoform in wastewaters of up to 0.95 ug/l
(Hladik et al. 2016), which is 1% of the MAV.

In nature, these bromo-compounds occur naturally in a diverse range of microalgae
(Shibazki et al. 2016; Sturges et al. 1992) and seaweeds including Ascophyllum
nodosum, Fucus vesiculosis, Enteromorpha linza, Ulva lacia, Gigartina stellata (Gschwend
et al. 1985), Laminariales laminaria (Class et al. 1986), and Macrocystis pyrifera (giant
kelp) (Goodwin et al. 1997), as well the Asparagopsis species (Paul et al. 2006). In New
Zealand, there is a wide range of red, brown and green seaweeds, including species
known to produce bromoform such as A. armata, Macrocystis pyrifera and Ulva linza
(Nelson et al. 2019), as well as many where this potential has not been studied. Seaweeds
are also in use as feed and human dietary supplements, with a range of seaweed-based
feeds available in New Zealand, including Macrocystis pyrifera. Similarly, seaweed-
based fertilisers and tonics also see use in cropping and may be consumed in this
form if grazing animals are introduced to freshly fertilised paddocks. Other dietary
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sources of bromoform are possible and organobromines are reported to be formed in ter-
restrial plants, including brassica species (Gribble 1999, 2000).

In this context, the traditional use of Asparagopsis (Limu kohu) in the cuisine of
Hawaii, principally as a condiment, is relevant (Fortner 1978; Gribble 1999; Pukui and
Elbert 2003). Given the range of algae and seaweeds that synthesise organo-bromine
compounds (Blunt et al. 2006; Keng et al. 2013, 2020; Al-Adilah et al. 2022), and the pres-
ence of bromoform in different environments (Sturges et al. 1997), it is highly probably
that the low-level ingestion of bromoform is more widespread than previously supposed,
particularly in people who regularly consume seaweed in their diet, or seaweed-based
products and supplements. It is also probable that naturally occurring bromoform
may be present in herbivorous fish and enter the human food chain indirectly.

The Australia New Zealand Food Standards Code (Schedule 18) allows for chlorine
and other chlorinated disinfectants to be used as processing aids for packaged water
or water used as an ingredient in food, and this is a common practice globally. Low-
level anthropogenic bromoform dietary exposure in humans is likely when beverages,
ready to eat vegetables, meat or fish cleaning or storage processes involve use of chlori-
nated water to reduce aerobic microorganisms and increase product shelf life (Huang
and Batterman 2009; Coroneo et al. 2017). By-products of these processes include chloro-
form, dibromo chloromethane, chlorodibromomethane and bromoform, although there
are little published data on such sources of bromoform residues. In one study, these com-
pounds were detected in most fish sampled with maximum values for chloroform, bro-
modichloromethane and bromoform at 8.3, 0.4 and 2.4 ug/kg, respectively (Delvaux et al.
2017). This phenomenon is likely to extend to other sectors, as noted by On et al. (2008),
when reviewing compounds formed during chlorinated washing of chicken meat in New
Zealand. The authors noted that chloroform has been detected in chicken meat cleaned
with chlorinated products and that other by-products including bromoform could be
present.

Because of the various industrial applications of synthetic bromoform and the poten-
tial for human exposure from industrial or other applications, and in drinking water, its
toxicology has been extensively studied and exposure guidelines have been set to protect
human health. The drivers for these studies will have been the potential for significant
levels of exposure, as a result of anthropogenic bromoform sources. In this context,
Gribble (1999) concludes that bromoform and related compounds will likely have
occurred in and played a role in nature for millions of years.

Section 5: Toxicological principles and their implications

Whilst systemic exposure to significant quantities of bromoform derived from feeding
livestock with Asparagopsis dry matter or Asparagopsis-derived bromoform in oil,
appears to be negligible, key toxicological principles are reiterated below, as these
are lacking or overlooked in a number of recent reviews. The first three principles
below were noted by Glasson et al. (2022), but these principles have been extended
to a total of seven below. They are explicitly included to address some of the confl-
icting views on animal health and food quality raised by different authors and high-
lighted by De Bhowmick and Hayes (2023) as areas of confusion. They are relevant to
the early sections on residue risk and pharmacokinetics, and also the toxicology of
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bromoform in later sections of this paper (see Section 6). The seven principles are as
below.

o All things are poisonous; it is the dose that distinguishes between a therapy and a
poison (Paracelsus C15th); exposure of experimental animals to toxic agents in high
doses is valid to discover possible hazards in humans/animals (Casarett and Doull
2013; Timbrell and Barile 2023). Hence, stating that any compound elicits toxicity,
and is a cause for concern, without providing context is meaningless.

e Acute toxicity studies are used to define the doses that animals will tolerate in longer
term studies (Brown 1980), and chronic toxicity studies are used to identify potential
targets for toxicity and define lowest observed adverse effect levels (LOAELSs), no
observed adverse effect levels (NOAELs), Minimal Risk Levels and safety margins.
Hence, identifying a level of toxicity for any compound tested in this way is inevitable.

¢ Understanding mechanisms of toxicity and the absorption, distribution, metabolism,
and excretion (ADME) of compounds is important from a toxicological perspective
(Eason et al. 1990; Eason and O’Halloran 2002); pharmacokinetic studies shed light
on residue concerns and risk of transfer through the food chain (Eason et al. 2017),
as noted earlier.

o The vehicle for delivery of an active ingredient has the potential to impact its bioavail-
ability (Brown 1980; Rozman and Hanninen 1986) and therefore is an important part
of an assessment. This will be important when considering future formulations and
vehicles containing bromoform.

o Whether or not a toxic response occurs is dependent on the properties of a compound
and the exposure situation (Casarett and Doull 2013).

e The fraction of the dose that reaches the systemic circulation (i.e. systemic bioavail-
ability) is a key determinant of the toxic potential of a substance following oral admin-
istration (Rozman and Hanninen 1986).

e Adverse or toxic effects are not produced by a chemical agent unless the agent reaches
sites in the body at concentrations and for a period of time sufficient to produce a toxic
effect (Casarett and Doull 2013); i.e. absorption into the blood from the gut and dis-
tribution to target organs is a prerequisite.

The implications of these principles are considered below. As noted previously,
expected levels of dietary bromoform in ruminants will likely be 0.4-1.0 mg bromo-
form/kg liveweight, which is in the range of the reported studies in cattle (up to
0.86 mg bromoform/kg liveweight as per Table 1). This is a low dose when compared
to the doses used in toxicity studies (See Section 6). Even if 0.4-1.0 mg/kg of bromoform
was 100% bioavailable (fully absorbed systemically), extrapolation from laboratory
animal studies as described below, indicates adverse effects would not be expected to
occur at such dose levels.

In laboratory animal toxicology studies, maximising bioavailability is desired, and this
is often achieved by administration of high doses of the active ingredient (on a mg/kg
basis where mg refers to the test compound and kg to the bodyweight of the animal)
in solution to the test species by oral gavage (force feeding in a liquid bolus) (Casarett
and Doull 2013), rather than ingestion at low concentrations in feed. Regardless, these
animal toxicology studies are useful as they allow LOELs, NOELs, Minimal Risk Levels
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and safety margins to be defined for situations when bromoform is absorbed (See Section
6). Such laboratory studies in rodents also help focus health monitoring of livestock, so
that appropriate blood clinical chemistry screening is undertaken (see Stefenoni et al.
2021). Animal toxicity studies and historical clinical experience with bromoform
enable the toxic potential of bromoform to be predicted if misused. Importantly, when
considering the relevance of toxicity in laboratory animals dosed with bromoform
versus health effects in ruminant livestock, Kinley et al. (2020) noted that no residues
of bromoform were present systemically, indicating no significant absorption and no
adverse health effects when A. taxiformis, containing 6.6 mg bromoform/gram was
included at a rate of 0.2% in feed.

Similarly, when other studies have included Asparagopsis as a dry product or as an oil-
based formulation containing Asparagopsis-derived bromoform (Li et al. 2018; Roque
et al. 2019; Roque et al. 2021; Stefenoni et al. 2021; Alvarez-Hess et al. 2023), in appro-
priate proportions, most have failed to detect residues of bromoform above background
concentrations found in drinking water or milk and where reported, the health of live-
stock has not been compromised. For example, Roque et al. 2019 reported good health
was maintained when feeding trials extended from 14 days (Roque et al. 2019) to 147
days (Roque et al. 2021). Stefenoni et al. (2021) detected very low concentrations of bro-
moform in the milk of a control group of dairy cows that were not fed Asparagopsis and
found bromoform in the milk of cows fed a diet supplemented with Asparagopsis but the
concentrations were not different from the control group.

As novel systems for the delivery of the bromoform are developed whether as Aspar-
agopsis-based preparations (Magnusson et al. 2020; Alvarez-Hess et al. 2023), or as slow-
release formulations (Ungerfeld 2022), it will be important to ensure that they do not lead
to measurable bromoform absorption, or absorption of other halogenated compounds
such as dibromomethane, over and above background or acceptable levels. Balancing
safety and efficacy, new delivery formats must not reduce the effectiveness of bromoform
preparations in terms of reduction in methane emissions. Alternatively, continued exper-
imentation with different formats may lead to further improvements in safety and
efficacy and ensure no risk to animal well-being.

Section 6: Toxicology at high doses in non-ruminant animals

Background

Toxicological assessments of bromoform have been undertaken following poisoning
incidents in humans, and formal studies performed on rodents, using doses many
orders of magnitude higher than those required to inhibit methane production in
ruminants. As previously described, when Asparagopsis is included at low levels in
feed formulations, a corresponding low concentration of bromoform is released into
the rumen where it efficiently inhibits methanogenesis. This scenario differs from
animal toxicology studies where maximising bioavailability is achieved by the admin-
istration of large doses of the active ingredient in solution to the test species by oral
gavage (stomach tubes), rather than by ingestion at low concentrations in feed.
Regardless, these animal toxicology studies put the risk of toxicity from bromoform
into perspective when different ruminants are fed formulations with minimum
effective inclusion levels of bromoform per Asparagopsis. Whilst the principles of
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toxicology (outlined above) suggest the relevance of this information to livestock or
humans following consumption of Asparagopsis is questionable, this section of the
report is included for completeness.

Toxicity is expressed in terms of their LD (50) (Dose lethal to 50% of the test popu-
lation), LOAEL (Lowest observable adverse effects level), NOAEL (No observable adverse
effects level).

Acute toxicity

Animal studies, combined with limited observations in humans indicate that the princi-
pal adverse health effects associated with short-term oral exposure to high levels of bro-
moform are CNS depression, sedation, narcosis, and sleep, and liver and kidney injury
(ATSDR 1990; US Dept Health and Human Services 1993; Risher et al. 2005; US EPA
2017). The principal clinical signs in fatal cases were severe central nervous system
depression with death from respiratory failure. If death could be avoided, recovery was
generally complete within a few days. In the early 1900s, several deaths occurred when
bromoform was given as a sedative to children (von Oettingen 1955). Doses were not
quantified; however, it has been estimated that 250-500 mg/kg would be fatal for a
10-20 kg child (von Oettingen 1955). Acute toxicity tests have defined the LDs, for bro-
moform for female and male rats as 1,147 and 1,388 mg/kg, respectively (Chu et al. 1980)
and 1,400 and 1,550 mg/kg for male and female mice, respectively (Bowman et al. 1978),
indicative of low acute toxicity. To put these LDs5, values of > 1,000 mg/kg into perspec-
tive, they contrast to other natural compounds that have inspired therapies and pesticides
and are more toxic and have LDs, values of 50 mg/kg or less; this includes cholecalciferol
(Vitamin D3) with an LDs, value of 40 mg/kg in rats, which is used therapeutically and
also as a rodenticide (Eason 2018). More broadly, it is important to note that gut micro-
biota are known to have an influence on the bioavailability of many compounds (Loh et
al. 2020; Zhang et al. 2021) and whilst this is likely to be the case for bromoform in live-
stock, additional research would be useful to gain a better understanding of the role of gut
microbiota in the biotransformation of bromoform.

Chronic toxicity and target organs
There are numerous multidose toxicity studies that define target organ toxicity for bro-
moform. For example, when rats and mice were treated five times weekly for 13 weeks
with bromoform at doses up to 400 mg/kg/day, dose-related abnormalities in liver
cells were observed in males of both species (NTP, National Toxicology Program
1989). Condie et al. (1983) administered bromoform to mice orally over the range of
72-289 mg/kg/day for 14 days and induced an elevation in serum glutamate-pyruvate
transaminase (SGPT) indicative of liver damage and found related histopathology
changes in animals receiving the highest dose. Munson et al. (1982) administered bromo-
form to male and female mice by gavage at doses of 50, 125, or 250 mg/kg/day for 14 days
and also detected evidence of liver and kidney damage. Liver weight and the level of a
blood biomarker (serum glutamate oxaloacetate transaminase, SGOT) were increased,
and serum glucose and blood urea nitrogen (BUN) levels were decreased in the high-
dose animals.

Chu et al. (1982) reported that administration of 5, 50, 500, or 2,500 ppm bromoform
in drinking water for 90 days caused no adverse effects in male and female Sprague-



NEW ZEALAND JOURNAL OF AGRICULTURAL RESEARCH 17

Dawley rats at 5 or 50 ppm. Exposure to 500 or 2,500 ppm produced mild histological
changes in the liver and thyroid that were not evident 90 days after cessation of exposure.
The administration in drinking water would be a better surrogate of bromoform in feed
versus the oral bolus administration used in most animal studies of this type.

Importantly in cattle, Stefenoni et al. (2021) monitored health and included routine
clinical chemistry on blood plasma samples. In contrast to the rodent studies (Munson
et al. 1982; Condie et al. 1983), no changes were detected in blood biomarkers providing
additional reassurance that key target organs such as the liver or kidneys are unaffected
by feeding Asparagopsis containing bromoform.

Reproductive toxicity/Teratogenicity

Ruddick et al. (1983) administered 0, 50, 100, or 200 mg/kg/day of bromoform by gavage
to rats on days 6-15 of gestation. An increased incidence of minor skeletal abnormalities
(appearance of a 14th rib, intraparietal deviations, and delayed ossification of sternebrae),
was seen in developing foetuses at 100 and 200 mg/kg/day.

Genetic toxicity and carcinogenicity

Some epidemiological studies suggest that there may be an association between
exposure to trihalomethanes in drinking water and increased frequencies of cancers
of the stomach, colon, rectum, or pancreas and there are somewhat conflicting con-
clusions from studies exploring associations between trihalomethanes with bladder
cancer (Evlampidou et al. 2020; Helte et al. 2022). However, these studies do not
provide information as to whether the observed effects are due to bromoform or to
one or more of the numerous other by-products also present in chlorinated water,
compounded in some cases by the variability in the historical data collated on trihalo-
methane concentrations in drinking water (Evlampidou et al. 2020). Formally, evidence
for carcinogenicity of bromoform in humans is considered inadequate to make an
assessment (USEPA 1989).

The results from 42 short-term genetic tests are summarised in a short review (IARC
1991). As with other test systems, high doses will have been used in these studies. Whilst
most studies yielded negative outcomes the results were inconsistent, with some positive
effects. Unscheduled DNA synthesis was not induced in hepatocytes and binding to DNA
was not observed in the liver and kidney of rats treated in vivo. The overall evaluation by
the IARC concluded that there is limited evidence in experimental animals for carcino-
genicity associated with bromoform.

It is apparent that the supplier of chemical reagents, Sigma-Aldrich Merck has
addressed the inconsistencies in historical testing dating back to the 1970’s given new
information now presented in their 2024 Safety Data Sheet for bromoform (Sigma-
Aldrich 2024). They cite the results of six genetic toxicity tests from studies conducted
to current OECD guidelines likely to be as part of in-house processes which include toxi-
cology assessment of products listed in their catalogue. Unfortunately, these reports are
not published but the safety data sheet information is informative: five out of six of these
studies provided “negative” outcomes indicating a lack of genotoxicity.' In an early
response to concern regarding drinking water safety, bromoform had been assessed
and compared with other disinfection by-products for their mutagenic potency. The
order of the mutagenic potency was 3-chloro-4-(dichloromethyl)-5-hydroxy-2[5H]-
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furanone > bromoacetic acid > dibromoacetic acid > dichloroacetic acid > chloroacetic
acid; tribromoacetic acid, trichloroacetic acid, bromoform, and chloroform CF were
assessed as not mutagenic (Kargalioglu et al. 2002). These results align with the recently
summarised results in the Sigma-Aldrich Safety Data Sheet on bromoform (Sigma-
Aldrich 2024).

Carcinogenicity is assessed by lifetime studies in rodents. Rats and mice have been
orally administered bromoform for 5 days/week for 2 years, at doses of 0, 100, or
200 mg/kg/day (NTP 1989). No evidence was observed of carcinogenic activity in
mice. Neoplastic lesions (adenomatous polyps or adenocarcinomas) were observed in
the colon or rectum of 3/50 male rats treated with 200 mg/kg/day and in 1/50 or 8/50
female rats treated with 100 or 200 mg/kg/day, respectively. Based on the occurrence
of these neoplasms of the large intestine, the NTP (1989) concluded that there is some
evidence of carcinogenic activity for male rats and clear evidence of carcinogenic activity
for female rats. However, in a 24-month dietary study (Faust 1995), there was no evi-
dence of carcinogenic activity in male or female rats administered microencapsulated
bromoform at concentrations of 400, 1600, or 6500 ppm (20, 80, or 325 mg/kg). Impor-
tantly there are no reports of bladder abnormalities in these high dose animal studies
with bromoform administered as a sole agent.

Regardless of the presence or absence of toxic effects in these and other studies, the
amounts of bromoform being assessed are not relevant to amounts delivered by
dietary administration of bromoform per Asparagopsis or other low level release
systems to ruminant livestock.

Extrapolation from animal studies

This section illustrates how animal toxicology study data are used by WHO and other
bodies such as the US Agency for Toxic Substances and Disease Registry (ATSDR)
when undertaking toxicological profiles and providing advice on health effects. Minimal
Risk Levels are estimates of daily human exposure that are likely to be without adverse
health effects. Derivation of three types of Minimal Risk Levels is described below.

An acute-duration oral Minimal Risk Level of 0.7 mg/kg/day has been derived for bro-
moform. This Minimal Risk Level is based on a NOAEL of 72 mg/kg/day and a LOAEL
of 145 mg/kg/day for centrilobular pallor in mice receiving gavage doses of bromoform
for 14 days (Condie et al. 1983). The Minimal Risk Level was derived by dividing the
NOAEL by an uncertainty factor of 100 (10 for animal to human extrapolation and 10
for human variability).

An intermediate-duration oral Minimal Risk Level of 0.2 mg/kg/day has been derived
for bromoform. This is based on a NOAEL of 50 mg/kg for hepatocellular vacuolisation
in rats administered gavage doses of bromoform in corn oil 5 days/week for 13 weeks
(NTP 1989). The Minimal Risk Level was derived by dividing the duration adjusted
NOAEL of 18 mg/kg/day by an uncertainty factor of 100 (10 for animal to human extra-
polation and 10 for human variability).

A chronic-duration oral Minimal Risk Level of 0.02 mg/kg/day has been derived for
bromoform. This Minimal Risk Level is based on a LOAEL of 100 mg/kg for hepatocel-
lular vacuolisation in rats administered gavage doses of bromoform in corn oil 5 days/
week for 2 years (NTP 1989). The Minimal Risk Level was derived by dividing the dur-
ation adjusted LOAEL of 71 mg/kg/day by an uncertainty factor of 300 (3 for use of a
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minimal LOAEL, 10 for animal to human extrapolation, and 10 for human variability)
and a modifying factor of 10 to account for the identification of a lower LOAEL in a
13-week study (NTP 1989).

A number of these Minimal Risk Level values, albeit set for humans, are lower than the
doses that ruminant livestock will be exposed to, namely 0.4-1.0 mg/kg/day. Importantly
the human Minimal Risk Levels values are generated from studies where dosing regimens
are designed to deliver considerable absorption and distribution of bromoform through-
out the body, with the intent being assessment of target organ toxicity. This is in marked
contrast to the delivery of bromoform to ruminants where the reticulo-rumen is the
target and to address safety concerns, doses and delivery systems are designed to
ensure minimal or no absorption.

Relevance
It is suggested by some authors (Abbott et al. 2020; Roskam et al. 2022) that, as Aspar-
agopsis contains bromoform and that it is toxic, Asparagopsis should be avoided for
methane suppression (Abbott et al. 2020; Roskam et al. 2022); De Bhowmick and
Hayes (2023) note there are conflicting views. In response to these conflicting views, toxi-
cological principles underpinning safety assessment have been presented alongside a
comprehensive review of bromoform animal toxicology and pharmacokinetics.

The safety assessment in this review has focused on bromoform for a number of reasons:

(1) Bromoform is the most abundant of the bioactive organobromines in Asparagopsis
by an order of magnitude over the next most abundant compound, dibromochlor-
omethane (Glasson et al. 2022).

(2) There is potential for slow-release formulations, which will only contain bromoform,
building on the research described above with bromoform delivered in an oil.

(3) Delivery of small amounts of bromoform is being targeted to ensure that it does not
lead to measurable bromoform absorption. In this scenario bromoform metabolites
should not be a safety concern.

By contrast, exposure to high levels of bromoform is clearly hazardous for humans
and laboratory animals. It is important to note that adverse effects are to be expected
in animal studies of the type described above, given their design and purpose.
However, they do not preclude the proper use of natural or synthetic substances in
human or veterinary applications, even when absorption is needed for efficacy. This is
the case for natural compounds and synthetic substances when the mode and site of
action, pharmacokinetics and mechanism of toxicity are understood.

While bromoform intake limits are yet to be defined for cattle specifically, the US EPA
(2017) has suggested a reference dose for bromoform, an estimated level of daily oral
exposure without negative effects, to be 0.02 mg/kg/day for human consumption; simi-
larly, the WHO? has a Tolerable Daily Intake (TDI) of 17.9 ug/kg (0.018 mg/kg/day) of
body weight.

The International Agency for Research on Cancer has placed bromoform in Group 3,
which means not classifiable as carcinogenic to humans.” The World Health Organiz-
ation (WHO) has set up a guideline value of 100 pg/1 (0.1 mg/l), of bromoform as a dis-
infection by-product in drinking water, and a TDI of 17.9 pg/kg of body weight as above.
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The WHO guidelines for drinking water align with the Maximum Acceptable Values in
drinking water standards for New Zealand of 0.1 mg/l and in the US at 80 ug/1 (0.08 mg/
litre).

The guideline value in water of 100 ug/l compares favourably with the background
level of bromoform recorded in treated drinking water which typically can range from
< 1-10 pg/l, with higher values in some instances (IARC 1991), and also the background
recorded in the milk of cows not fed Asparagopsis of 16.5 ug/l reported by Stefenoni et al.
(2021) and the highest value seen in milk of 35 ug/l in the Muizelaar et al. (2021) study.
The Tolerable Daily Intake (TDI) for bromoform of 18 ug/kg body weight would require
an intake of 1.25 mg in a 70 kg person, equivalent to 35 litres of milk daily at the highest
value seen in milk of 35 pg/l.

Section 7: Other exposure and regulatory considerations

New Zealand Maximum Residue Levels (MRLs) are established under the Food Act 2014
Section 383(8)(a) that empowers the chief executive of New Zealand’s Ministry for
Primary Industries (MPI) to specify the maximum amounts of contaminants or residues
that may be present in food. Regulatory requirements for use of methane inhibitors are
being developed in New Zealand. Present New Zealand regulatory direction is that
inhibitors fed to animals are to be considered as veterinary medicines, which would
necessitate establishment of a Maximum Residue Level (MRL) value. When setting or
amending MRLs, the Director General must take into account the following.

o the need to protect public health.

o the desirability of avoiding unnecessary restrictions on trade.

« the desirability of maintaining consistency between New Zealand’s food standards and
those standards that apply internationally.

e New Zealand’s obligations under any relevant international treaty, agreement, con-
vention, or protocol.

Regulatory requirements for use of feed-applied inhibitors are under development in
New Zealand, as are considerations of a Maximum Residue Level (MRL) value. In this
respect, the key factor to consider is that it can be expected that a variable baseline/back-
ground level of bromoform in milk, and other food products likely exists. This is due to the
expected background levels of bromoform in the environment, including drinking water
and other natural and anthropogenic sources which may also enter the livestock pro-
duction system. Residues of bromoform may be detectable, albeit at low levels, in milk
and other tissues of the body. However, given this variable baseline which likely masks
any potential residues derived from Asparagopsis or from any other delivery format, it
could be argued that there is limited ability and value to be had in establishing a MRL
value, linked to the use of bromoform alone. Occurrence of bromoform in milk from
untreated dairy cattle in some studies indicates there are additional dietary sources. An
approach to exempt bromoform from a MRL could be feasible as the variable baseline
in milk indicates a limited ability to regulate good agricultural practice based on bromo-
form residues, when sources include drinking water, and other foods. The rationale behind
a MRL exemption, which includes human exposure at low levels from a variety of sources,
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Table 2. Estimated dietary exposure from bromoform for a 70 kg adult based on reported background
values in milk from untreated animals and with allowance for drinking water standards.

Intake Residue Exposure Percentage of
Dietary contributor (kg or L per day)® (mg/kg or mg/L) (mg/kg bw/day) WHO TDIP
Milk 15 0.017 0.00036 2.0
Water 2 0.100 0.00286 15.9
Total 17.9

?Intake values derived from WHO 2012, 2022.
PWHO TDI: 0.018 mg/kg bw/day (WHO 2022).

would also remain valid for assessing impacts on international trade. However, it is noted
that international Codex Alimentarius considerations may require a MRL.

An alternative approach would be to adopt an accepted (e.g. New Zealand) drinking
water Maximum Acceptable Value (MAV) of 100 pg/1 (0.1 mg/L) This aligns with the
WHO recommended guideline (MoH 2016; WHO 2022), as a MRL for all beverages
and food. This would, in effect, provide a MRL in beverages, including milk of 100 pg/
1 (0.1 mg/L) and in food stuffs 100 pg/kg (0.1 mg/kg). While the impacts on public
health from an exemption approach from a MRL are assessed as being low, an aligned
MAYV and MRL of 100 pg/l (0.1 mg/L) in all beverages, and in all foods of 100 pg/kg
(0.1 mg/kg) would provide additional reassurances. In particular, it would align with
the drinking water standard, and capture all dietary sources of bromoform, versus target-
ing just one potential source.

Aligned with this proposal, an estimate of dietary exposure has been undertaken to
assess whether the potential range of occurrence in milk and meat might present a
public health concern. The model diet used in veterinary medicine dietary exposure esti-
mates (by the Joint WHO/FAO Expert committee on Food Additives (JECFA)) has been
used to inform intakes (WHO 2012). A worst-case baseline exposure based on back-
ground presence of bromoform in drinking water up to the MAV (Table 2) has been
undertaken to understand the potential elevation that may result from use of bromoform
as a methane inhibitor. Values have been compared against the WHO Tolerable Daily
Intake of 0.018 mg/kg bodyweight/day, as this health-based guidance value is currently
referred to in the New Zealand drinking water standards.

The elevation in dietary exposure as a consequence of bromoform entering the food
supply, over the worst case for baseline exposure in milk and water is only 2% of the
WHO TDI, indicating a minimal risk to public health. Internationally, these factors
may be impacting new regulatory considerations. For example, the California Depart-
ment of Food and Agriculture (CDFA) Livestock Drug Program issued a ‘letter of no
objection’ for the Asparagopsis taxiformis sale as a digestive aid product (De Bhowmick
and Hayes 2023) acknowledging the levels of bromoform and iodine in this product are
in accordance with what is acceptable by the US Environmental Protection Agency (EPA
2022). Commercial sale and supply of Asparagopsis species to cattle producers began in
2022 via CH4Global (De Bhowmick and Hayes 2023) in the US.

Conclusions

Asparagopsis as a dietary intervention for enteric methane production shows consider-
able promise in reducing enteric methane production by livestock. Naturally occurring
bromoform in Asparagopsis is considered responsible for this effect and re-analysis of
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recent studies, with seaweed or an oil-based delivery vehicle as part of the diet, shows a
dose-response between the effect on methane emissions and bromoform ingested (in
mg/kg/day) in sheep and cattle.

For most compounds, to produce systemic pharmacological or toxicological effects,
absorption into the blood from the gut and distribution to target organs is a prerequisite.
Importantly, the evidence presented here shows that this is not the case for bromoform
released from Asparagopsis delivered to ruminants in feed or when delivered in oil at low
concentrations. The target site is within the rumen and absorption of bromoform is
neither required nor is it desirable. Bromoform, delivered in these ways, is not unique
in its ability to have its desired effect with no or very limited systemic absorption.
There are drugs which are not absorbed, such as cholestyramine (a hypolipidemic
agent), which act by sequestering bile acids in the gut (Malloy and Kane 2018).

There is no evidence of risk to animals and specifically to their health when Aspara-
gopsis in feed is part of a rational feeding regimen or when Asparagopsis or bromoform
(without Asparagopsis biomass) are delivered in oil. The risk to consumers from the
transfer of bromoform from Asparagopsis dry matter or oil- based formats in the rumi-
nant diet to edible parts of the animal (carcass/ muscle or organs such as liver, kidney or
milk products) is very low to negligible. The occurrence of bromoform in some samples
of control milk from untreated cattle indicates there are additional dietary or environ-
mental sources. There is a large range of natural and anthropogenic sources of exposure
to bromoform such as chlorinated disinfectants and drinking water, and any potential
additive effect derived from bromoform in an appropriate delivery vehicle appears to
be negligible.

In response to conflicting views in the literature regarding safety, animal health and
food quality, we have more fully explored the toxicology and metabolism of bromoform.
Health benefits or toxicity associated with ingestion of any material will depend largely
on how it is administered. The amounts of material taken into the body and the duration
of exposure will be critical to the presence or absence of toxic effects. Bromoform is no
exception and oral administration over long periods in monogastric animals has been
associated with a range of toxic effects. For adverse effects, such as liver damage, or car-
cinogenic effects to occur, absorption of significant amounts of bromoform into the
blood stream and distribution through the body, followed by sustained exposure is
necessary. These systemic toxic effects in laboratory animals, in both acute and long-
term toxicology studies, are relevant only to the assessment of adverse health risk in live-
stock if bromoform is absorbed, and concentrations in the body exceed the low levels that
are likely to be present from a range of natural and anthropogenic sources. This will apply
to bromoform whether it be naturally occurring (such as that present in seaweed or in
recently developed oil-based formulations) or synthetic (when delivered as part of the
diet) if the bromoform is retained in the reticulo-rumen. If bromoform is confined to
the foregut (reticulo-rumen) and degraded/captured in the foregut of ruminants and
no or minimal absorption occurs, then laboratory toxicology animal studies, and the
associated safety margins and toxicity classification defined by these studies should be
noted but are of limited relevance to the health of ruminant livestock and consumers.
Similar considerations would apply to bromoform delivered from a slow-release intra-
ruminal bolus where bromoform is released, over a period of weeks to months, at
rates similar to those achieved to date by appropriate delivery in seaweed or an oil-
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based vehicle as part of the diet. In terms of regulatory requirements for use of feed
applied inhibitors and considerations of a Maximum Residue Level (MRL) value for bro-
moform, we conclude that an appropriate approach would be to adopt the New Zealand
drinking water Maximum Acceptable Value (MAV) of 100 pg/1 (0.1 mg/L). This aligns
with the WHO recommended guideline (MoH 2016; WHO 2022), as a MRL for all bev-
erages and food. This would, in effect, provide a MRL in beverages, including milk of
100 pg/1 (0.1 mg/L) and in food stuffs of 100 pg/kg (0.1 mg/kg).

Looking to the future, several commercial and technical risk mitigation strategies are
suggested to build on the existing safety and efficacy database for Asparagopsis and bro-
moform when used for reducing methane emissions. Recommendations include con-
sideration of the implications of novel formats or storage vehicles; it would also be of
interest to have a better understanding of the fate of bromoform in the reticulo-
rumen. Further measurement of background sources of bromoform residues in drinking
water, and other beverages and foods, including vegetables, meat or fish where cleaning
or storage processes involve the use of chlorinated water, should ensure that concen-
trations, from this variety of sources, are within the MRL proposed above. In addition,
screening for the presence of naturally-occurring bromoform in other fish and
seaweed products would shed light on the variety of routes by which naturally occurring
or anthropogenic bromoform might enter the food chain. Comparison of these results
(when rates of 1.0 mg/kg/day or less of bromoform are delivered) versus any potential
additive effect derived from delivery of bromoform, which at this time appears to be neg-
ligible, would be pertinent. Further specific recommendations are below.

It is to be expected that novel systems for storage/preservation of the bioactive bromo-
form will be developed to improve stability and extend the shelf-life of delivery format.
These may involve alternatives to freeze drying of Asparagopsis such as oils, or slow-
release formulations of Asparagopsis or of synthetic bromoform (Magnusson et al.
2020; Ungerfeld 2022; Alvarez-Hess et al. 2023). In this context, suggestions that pro-
ducts should be tailored to maximise the bioactivity (bromoform content) (Wheeler
et al. 2021) should be pursued with caution, unless it can be shown that absorption of
bromoform from these novel formats does not exceed baseline levels that can be attrib-
uted to anthropogenic exposures to bromoform and negate the benefit of seaweed as a
natural and innocuous delivery system. Alternatively, experimentation with different
formats to further optimise versus maximise bromoform content and delivery vehicles,
may lead to further improvement in safety and efficacy and animal well-being.

It will be important to continue to monitor the concentrations of bromoform and
other halogenated compounds of interest, including metabolites and those present in
Asparagopsis or other vehicles for delivery of bromoform to the reticulo-rumen. Bromo-
form should be delivered at the appropriate amounts, to achieve the desired effects on
methane emissions, while minimising the amount and duration of Asparagopsis and/
or bromoform intake to achieve these targets. It will also be important to conduct
further analyses of blood, milk, meat, and other tissues to assess the evidence for any sys-
temic absorption of bromoform, or the presence of bromoform metabolites. This could
include monitoring future trials with more formal assessment of systemic bioavailability.
Formal bioavailability studies typically look at the fraction of the dose that is bioavailable
by comparison of the blood or plasma concentrations over time and calculate area under
the curve (AUC) following oral administration of the bromoform in solution versus a
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standard dietary route (in the desired vehicle). In this case, an AUC of zero for bromo-
form in plasma over time would be the desired outcome following provision of bromo-
form to a ruminant and this would contrast with a quantifiable AUC from administration
of bromoform in solution at the same dose, on a mg/kg basis (0.4-1.0 mg/kg) as above.
Complementary studies could confirm metabolism by rumen microbiota, and sub-
sequent excretion of either unchanged bromoform or metabolites.

There is a case to extend health monitoring in trials to include further routine clinical
chemistry on blood plasma/serum samples, alongside residue analyses, as well as post-
mortem pathology to assess key target organs such as the liver. Future residue monitor-
ing studies must include control groups and the drinking water and other feed should be
monitored for bromoform during the trials. Care should also be taken if urine is to be
sampled that it is not inadvertently contaminated with faeces as there would be a possi-
bility of false positive results in urine which would imply greater absorption of bromo-
form than is the case.

Asparagopsis is a potential source of iodine. The presence of iodine in milk is currently
captured in the Food Notice: Maximum Residue Levels for an Agricultural Compound
under an MRL exemption as a topical bactericide in food producing animals, which
encompasses teat sanitisers in dairy animals. Nevertheless, it will be important to minimise
the amount of additional iodide load in the ruminant diete (Lean et al. 2021). With this in
mind, it will be wise to ensure that dried Asparagopsis or and novel oil-based or formu-
lations as feed additives contain high enough concentrations of bromoform, such that
desired amounts of bromoform are ingested with a smaller amount of seaweed, and con-
sequently less total iodide in the diet. If oil-based or alternative slow-release bromoform
delivery systems partially replace the need for Asparagopsis, then concerns regarding
iodine will be avoided.

Notes

1. Test Type: Ames test: S. typhimurium Metabolic activation: with and without metabolic
activation Method: OECD Test Guideline 471 Result: positive.

Test Type: sister chromatid exchange assay test system: Chinese hamster ovary cells Meta-
bolic activation: Metabolic activation Method: OECD Test Guideline 479 Result: negative.
Test Type: In vitro mammalian cell gene mutation test system: mouse lymphoma cells Meta-
bolic activation: Metabolic activation Method: OECD Test Guideline 490 Result: negative.
Test Type: Chromosome aberration test in vitro test system: Chinese hamster ovary cells
Metabolic activation: with and without metabolic activation Method: OECD Test Guideline
473 Result: negative.

Test Type: unscheduled DNA synthesis assay Species: Rat Application Route: Oral Method:
OECD Test Guideline 486 Result: negative.

Test Type: In vivo micronucleus test Species: Mouse Application Route: Oral Method:
OECD Test Guideline 474 Result: negative.

2. Extract from WHO Guidelines for drinking-water quality. 2017, https://www.who.int/water_
sanitation_health/dwq/2edvollc.pdf. Bromoform is readily absorbed from the gastrointesti-
nal tract. In experimental animals, long-term exposure to high doses causes damage to the
liver and kidney. In one bioassay, bromoform induced a small increase in relatively rare
tumours of the large intestine in rats of both sexes but did not induce tumours in mice.
Data from a variety of assays on the genotoxicity of bromoform are equivocal. IARC has
classified bromoform in Group 3. A TDI was derived on the basis of a NOAEL of 25 mg/
kg of body weight per day for the absence of histopathological lesions in the liver in a well-
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conducted and well-documented 90-day study in rats. This NOAEL is supported by the
results of two long-term studies. The TDI is 17.9 pg/kg of body weight, correcting for exposure
on 5 days per week and using an uncertainty factor of 1000 (100 for intra — and interspecies
variation and 10 for possible carcinogenicity and the short duration of the study). With an
allocation of 20% of the TDI to drinking water, the guideline value is 100 pg/litre (rounded
figure). This aligns with NZ and US guidelines for drinking water.

3. https://inchem.org/documents/iarc/vol71/069-bromoform.html.
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