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Abstract

The idea of delivering bromoform from Asparagopsis using edible oil has gained momentum recently due to the improved
processing time and that it is already a feed that many livestock producers use. The stability of bromoform in oil compared
to freeze-dried product is still not well understood. To fill this gap, a systematic study was carried out to determine the
effects of storage temperatures (40 °C, 25 °C, 4 °C and -20 °C), fluorescent light and exposure to open air, on the retention
of bromoform in freeze-dried Asparagopsis (FD-Asp) and Asparagopsis oil (Asp-Oil) over 24-week period. In the absence
of fluorescent light, Asp-Oil was a more effective way to preserve bromoform compared to FD-Asp due to either no change
or higher Asp-Oil bromoform content (storage temperature dependent) after 24-week storage. Under the same conditions,
FD-Asp bromoform content decreased by 74% at 40 °C, 53% at 25 °C, 6% at 4 °C, and no change of FD-Asp bromoform
content at -20 °C. The presence of fluorescent light negatively affected Asp-Oil bromoform content at both 25 °C and 40 °C
while the effect was insignificant on FD-Asp. The exposure of Asp-Oil to open air resulted in the decrease of bromoform
content to below quantification limit (0.18 mg g~!) on week 8 for 40 °C sample and on week 16 for 25 °C sample. This study
provides empirical evidence on the stabilising effect of oil in preserving bromoform extracted from Asparagopsis, confirm-
ing it is a more attractive medium to deliver bromoform compared to the freeze-dried powder form.
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Introduction

The ability of seaweeds to mitigate enteric methane com-
ing from ruminant livestock is heavily dependent on the
production and conservation of bioactive compounds that
are synthesized and stored within the algal cell walls (Paul
et al. 2006; Abbott et al. 2020). Different types of seaweeds
synthesize different types of bioactive compounds such as
carbohydrates (Holdt and Kraan 2011), lipids (Bikker et al.
2020), peptides (O’Brien et al. 2022), phlorotannins (Lopes
et al. 2012), and halogenated methane analogues (Carpenter
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and Liss. 2000). Asparagopsis has been identified as one of
the most potent methane mitigating seaweeds to date and
its effectiveness can be attributed to the production of halo-
genated methane analogues, with bromoform being the pre-
dominant compound (Machado et al. 2016). The production
of bromoform is largely dependent on the environmental
growing conditions, such as temperature and geographic
location (Zanolla et al. 2022) as well as sex and life cycle
stage (Verges et al. 2008). The conservation of bromoform
in seaweeds, however, relies on the application of processing
techniques such as collection, dewatering, storage, and trans-
portation conditions (Vucko et al. 2017; Abbott et al. 2020;
Vijn et al. 2020). Current processing recommendations for
Asparagopsis includes a saltwater rinse, spin dry, freeze at
-80 °C, then freeze dry and has been identified as the dewa-
tering technique that maximizes bromoform content (Vucko
et al. 2017). The freeze-dried Asparagopsis (FD-Asp) has
been the predominant technique to create the final Aspara-
gopsis product used in methane mitigation studies to date.
The effectiveness of freeze-dried Asparagopsis (FD-Asp)
for methane mitigation has been consistently demonstrated
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in vitro (Kinley et al. 2016, 2021; Roque et al. 2019a) and
in vivo using sheep (Li et al. 2018), dairy cows (Roque et al.
2019b), and beef steers (Kinley et al. 2020; Roque et al.
2021). A comprehensive review of these studies is available
from Glasson et al. (2022).

While FD-Asp has historically been the best method to
preserve bromoform (Vucko et al. 2017), alternative prod-
ucts that maximize bromoform content are being investi-
gated. Magnusson et al. (2020) has shown that when fresh
harvested Asparagopsis is immersed and homogenized into
edible oils (Asp-Oil), there is a transfer and stabilization of
bromoform. Furthermore, Asp-Oil has been shown to be as
effective as FD-Asp at methane mitigation in vitro (Kinley
et al. 2022). While continuous improvements toward Aspar-
agopsis derived bromoform conservation are being made, it
is also important to understand the retention of bromoform
within FD-Asp and Asp-Oil which will ultimately be used to
identify their respective shelf-life for on farm use. The reten-
tion of bromoform in FD-Asp has been suggested to dete-
riorate over time, with one study demonstrating as much as
84% bromoform loss over a 120-day period (Stefenoni et al.
2021). The same study also tested the effects of temperature
ranging between -20 and 23 °C and found little impact on
bromoform content. However, other studies have not seen
this result with consistent bromoform concentrations in FD-
Asp, and respective methane reductions in vivo, between 90
to 147 days (Kinley et al. 2020; Roque et al. 2021) which
indicates that there may be an additional parameter that has
not been explored such as exposure to air. As for Asp-Oil,
initial testing of 12-week (84 days) samples indicates that
the bromoform is not only stable but also but appears to
increase in bromoform content over time (Magnusson et al.
2020), however no indication as to whether fluorescent light
or exposure to air may also impact bromoform content.

There are a few shelf-life studies on seaweed from differ-
ent perspectives, such as on stability of bioactive compounds
phlorotannin from Brown seaweed Sargassum (Anwar et al.
2018), stability of pigments from brown seaweed Sargassum
(Indrawati et al. 2015), and the stability of fatty acid profile,
anti-inflammatory activity, antioxidant activity and sensory
property of the red seaweed dulse Palmaria palmata (Regal
et al. 2020; Stevant et al. 2020). There is very little informa-
tion on the shelf-life stability of halogenated metabolites
even though the antimethanogenic effect of red seaweed
Asparagopsis has been well studied. The empirical evidence
for the storage and release of halogenated metabolites from
the gland cells of Asparagopsis armata was provided by
Paul et al. (2006), however very limited information is avail-
able on an Asp-Oil product.

This study serves the purpose of filling a knowledge gap
and as a compliment to the development of both FD-Asp
and Asp-Oil for methane mitigation moving forward. The
hypothesis is that an increase in storage temperature and
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exposure to fluorescent light will decrease bromoform con-
tent of both FD-Asp and Asp-Oil over time. It is also hypoth-
esized that FD-Asp will lose bromoform at a faster rate than
Asp-Oil. The objectives of this study are to quantify the
changes in bromoform content of FD-Asp and Asp-Oil using
the following parameters: 1) over a 24-week period; 2) at
different storage temperatures (-20 °C to 40 °C); 3) exposure
to fluorescent light; and 4) exposure to open air.

Methodology
Preparation of experiment samples

Freeze-dried Asparagopsis (FD-Asp): The Asparagopsis
taxiformis was collected in September 2015, near Humpy
Island, Keppel Bay, Queensland (23°13'01"S, 150°54'01"E)
by Centre for Macroalgal Resources and Biotechnology
(MACRO) of James Cook University (JCU) in Townsville,
Queensland. The collected biomass was frozen and stored
at -20 °C then shipped to Forager Food Co. in Red Hills,
Tasmania, where it was freeze-dried and milled to 2—-3 mm
particle size.

Asparagopsis oil (Asp-Oil): The Asparagopsis taxi-

formis was collected in July 2021, from Middle Reef South-

west corner of Garden Island in Perth, Western Australia
(32°14.519'S, 115°40.757'E). The collected biomass was
spun to remove excess seawater and placed into a drum.
Canola oil was added into the drum (oil-to-seaweed ratio
of 1:1) and mixed well. The content was kept in cool room
and mixed daily. On day 10, the oil was separated from the
seaweed using a sieve into a new drum.

Both FD-Asp and Asp-Oil samples were shipped to
Townsville by express delivery service. The FD-Asp was
stored at -20 °C while the Asp-Oil was stored at 4 °C until
used.

Shelf-life study

FD-Asp samples (6 sets of 24 samples, 5 g each) were dou-
ble-bagged (clear zip-lock bags, polyethylene, 200 um thick-
ness, 7x9.5 cm), sealed and each set of bags was stored in
one of six scenarios covering the likely range of use condi-
tions: 40 °C in incubator oven and exposed evenly to fluores-
cent light, 40 °C in incubator oven without fluorescent light,
25 °C at room temperature and exposed to fluorescent light,
25 °C at room temperature without fluorescent light, 4 °C in
a fridge with no light and -20 °C in a freezer with no light.
The source of fluorescent light was Philips Tornado 12 W
Compact fluorescent lamp (CFL) T2, 685 Im, cool daylight
colour. Asp-Oil samples (6 sets of 24 samples, 18 mL each)
were prepared in sealed sample vials (clear glass vials, solid
caps with PTFE liner) and stored in the same conditions as
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described above. Asp-QOil in sample vials without lids were
also prepared and stored at 40 °C and 25 °C and exposed to
fluorescent light.

FD-Asp samples and Asp-Oil samples were analysed (in
triplicate) for the bromoform content on day 0. A total of 3
FD-Asp and 3 Asp-Oil samples from each storage condi-
tion described above were collected on week 1, week 2 and
week 4, and every 4 weeks thereafter for a total of 24 weeks
and the bromoform content was analysed to determine the
changes in bromoform content over time under different
storage conditions. The samples were sacrificed at the time-
points once analysed.

Bromoform content analysis method

FD-Asp was milled and sieved (500 pm), then weighed
(0.1 g) and extracted in methanol (5 mL) containing
5 ug mL~! naphthalene as an internal standard. Asp-Oil
was used as is (0.3 g) and extracted as described above. The
sample and solvent mix was sonicated (15 min, 20 °C) and
then continuously mixed using an incubator shaker (24 h,
150 rpm, 21 °C). The extract was then filtered using a 0.2 um
filter head prior to GC-MS analysis.

Gas Chromatography (GC) was performed using an Agi-
lent Technologies 7890A GC with Agilent DB-WAX column
(122-7032, 30 m/0.250 mm/0.25 pm, 7-inch cage). Helium
was used as the carrier gas. All injections (1 uL) were car-
ried out in the splitless mode with an inlet pressure of 8
psi. The injection port was maintained at 250 °C and the
GC-MS interface at 300 °C. The GC was first maintained
at 40 °C for 1 min, then ramped up to 250 °C (16 °C min™")
and maintained at this temperature for 2 min.

Mass spectrometry was performed on an Agilent Tech-
nologies 5975C Mass Selective Detector (MSD). Ions char-
acteristic of the internal standard naphthalene and bromo-
form were monitored in the selected ion monitoring (SIM)
mode (bromoform, 172—174 amu; naphthalene, 127-129
amu). Bromoform standard of known concentration (from
Sigma Aldrich, 40,212, certified reference material) was run
at regular intervals within sample set. The GC-MS data was
processed using Agilent MassHunter Qualitative Analysis
B.07.00. The peak area ratio of bromoform over the internal
standard was calculated and converted to bromoform con-
centration (mg mL~') by reference to a standard curve (6
points, 0.033-0.200 mg mL~"). The bromoform concentra-
tion was reported as per g sample analysed (mg g™ ).

Statistical analysis

Three samples for each time point for each storage tem-
perature in the presence and absence of fluorescent light
were analysed to obtain a mean =+ standard error value. The
effect of storage time at each temperature, with or without

the presence of fluorescence light was also analysed based
on bromoform content data by one way ANOVA with Tuk-
ey's Honest Significant Difference (HSD) test. Effects were
declared significant at p <0.05.

Results

At 40 °C, the bromoform content of FD-Asp decreased con-
tinuously over time, from 7.7 mg g~! to less than 2 mg g~!
after 24 weeks irrespective of the presence of fluorescent
light (74-79% reduction, p <0.001) (Fig. 1, Table 1). The
effect of fluorescent light was not significant throughout the
24 weeks of storage (0.533 <p<1). At the same storage
temperature and storage period, the bromoform content of
Asp-Oil decreased gradually over time in the presence of
fluorescent light (11% reduction, p=0.007) (Fig. 1, Table 1)
while the bromoform content of the Asp-Oil samples stored
in dark fluctuated significantly over time (»p <0.001). The
bromoform content decreased from 1.35 to 1.30 mg g~!
initially but increased after that to 1.41 mg g~! on week
16, and back to the initial bromoform level after that. The
bromoform content of Asp-Oil exposed to fluorescent light
was consistently lower than the samples stored in dark at
40 °C from week 16.

At 25 °C, the bromoform content of FD-Asp decreased
continuously over time at a lower rate compared to that of
40 °C, from 7.7 to 3.6 mg g~ after 24 weeks irrespective of
fluorescent light (53% reduction, p <0.001). The effect of
fluorescent light on FD-Asp was not significant throughout
the duration of this study (0.992 <p <1). The bromoform
content in Asp-Oil again decreased only gradually over time
after 24-week storage at the presence of fluorescent light
(17% reduction, p <0.001) while the bromoform content of
Asp-Oil stored in the dark fluctuated significantly over time
(»<0.001) similar to the 40 °C Asp-Oil samples. The bro-
moform content decreased initially from 1.35to 1.21 mg g~!
at week 8 but increased after that to 1.41 mg g~! at week 24.

There was no difference in bromoform content of Asp-Oil
exposed to fluorescent light in comparison to the Asp-Oil
stored in the dark up to week 12, and from week 16 onwards,
the bromoform content of samples exposed to fluorescent
light were consistently lower.

At a refrigeration temperature of 4 °C, a 5.5% reduction
in FD-Asp bromoform content was observed after 24 weeks
(7.7 vs 7.3 mg g7'; p=0.012). At -20 °C, there was no
change of bromoform content (p =0.057) after 24-week
storage. As for Asp-Oil, an increase in bromoform content
was observed over 24-week storage period (p <0.001). The
bromoform content of Asp-Qil stored at 4 °C and -20 °C
increased 7.1% and 8.8%, respectively.

When Asp-Oil was exposed to air at 40 °C, the bromo-
form content decreased significantly after 4 weeks, from
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Fig. 1 Bromoform content (mg
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1.35t0 0.39 mg g~! (71% reduction) (Fig. 2, Table 1). Asp-
Oil exposed to air at 25 °C decreased to the same bromoform
level (0.39 mg g~!) after 8 weeks.

The bromoform content of both samples then decreased
further to below the quantification limit of 0.18 mg g~!, on
week 8 for 40 °C samples and on week 16 for the 25 °C sam-
ples. Bromoform was not detected in the 40 °C samples from
week 16 onwards, that is, no bromoform peak was observed
in the chromatograms while a trace amount of bromoform
was still detected in the 25 °C sample at the end of the
24-week shelf-life study (limit of detection=0.06 mg g~ ).

@ Springer

8 12 16 20 24
Storage time, week

The bromoform content of FD-Asp in sealed bags at both
25 °C and 40 °C was not stable, with 16.8% and 27.8%
reduction, respectively, after 4-week storage, thus the effect
of exposure to air was not studied.

Discussion
This study demonstrates excellent shelf-life stability of

FD-Asp stored in a -20 °C freezer with no change of bro-
moform content after 24-week storage. It is less ideal to
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store FD-Asp at 4 °C refrigerator as a small decrease was
observed (5.5% reduction) after 24 weeks. The decrease in
bromoform maybe due to the breakdown of the algal cell
wall over time resulting in a release of bromoform into the
air space within the sealed bag. After 12-weeks of storage
at 4 °C, the decrease in bromoform for FD-asp was not sig-
nificant (3.5% reduction). This is consistent with the study
by Magnusson et al. (2020). The study reported 1.3+ 1.0%
reduction and 5+4.1% reduction in bromoform content
when freeze-dried samples were stored for 12 weeks at
-20 °C and 4 °C, respectively. The large standard error val-
ues reported suggests that the samples used in the study were
reasonably dispersed from the mean indicating the change is
most likely insignificant. At 25 °C, Magnusson et al. (2020)
reported 37.8 +6.1% reduction after 12-week storage, very
similar to the findings from this study of 40.2% reduction
within the same storage period. A storage temperature of
40 °C had a definitively negative effect on the retention of
bromoform over time as demonstrated in this study, which
showed increased release of bromoform from FD-Asp at the
higher temperature. Stefenoni et al. (2021) on the other hand,
concluded that storage temperature did not have an effect on
bromoform concentration in FD-Asp, this may simply be due
to the shorter storage period (4 months) and lower storage
temperature used in their study (23 °C maximum).

The study by Magnusson et al. (2020) reported an
increase of bromoform content in Asp-Oil after 12 weeks
of storage at 4 °C which is in agreement with the find-
ings of this study. However, the increment observed in this
study was only 8.4%, compared to the 26.7% reported by
Magnusson et al. (2020) at the same storage temperature.
The increase of bromoform over time is counter intuitive.
However, it may be due to the particulate algal biomass
(<100 pym) remaining in the oil after filtering Asp-Oil to
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remove biomass, that continues to release bromoform into
the oil during storage. Differences in processing of Asp-Oil
between the studies may further explain differences in the
level of bromoform increases reported. Magnusson et al.
(2020) combined the seaweed oil treated with and without
homogenisation and used it in the shelf-life stability study
while the seaweed and oil mix used in this study was not
homogenised implying potentially less particulate biomass
in the oil, thus less release of bromoform into the oil over
time. The increase in bromoform content of samples stored
at -20 °C in this study presumably due to the same reason.
The process of homogenising the seaweed-oil mixture had
an apparent positive effect on the filtered oil’s bromoform
content during long-term storage. The initial intention of
homogenisation in the Magnusson study was to investigate
the efficiency of bromoform infusion into the oil during the
steeping process (Magnusson et al. 2020). Higher bromo-
form content of oil was reported on day 1 of steeping for the
homogenised sample compared to the oil with intact sea-
weed. The bromoform content, however, did not increase
further after day 1 while the bromoform level of the oil with
intact seaweed increased gradually over 10 days and the final
bromoform content was no different to that of homogenised
seaweed in oil.

The negative effect of fluorescent light on bromoform
stability of FD-Asp was not observed in this study at 40 °C.
This may be due to the mild/moderate power of light bulb
used (12 W). More powerful light bulbs or longer exposure
period to fluorescent light is expected to have more apparent
negative effects on the retention of bromoform content of
samples stored at this temperature and at 25 °C. The result
from this study is in disagreement with the findings by Ste-
fenoni et al. (2021). They reported that fluorescent light had
effects on the bromoform content of FD-Asp samples stored
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at 23 °C, 4 °C, -20 °C with 17% lower bromoform concen-
tration on average compared to samples stored in the dark.
The power of the light bulb used in the study is not known
and percentage reduction for each temperature was not
reported. Therefore, further comparisons between the two
studies and further discussion on the effects of fluorescent
light at different temperatures is not possible.

The effect of fluorescent light was more apparent for
Asp-0Oil compared to FD-Asp. In the presence of fluorescent
light at both 25 °C and 40 °C, Asp-Oil bromoform content
decreased over time. However, in the dark environment, the
bromoform content decreased initially up to week 8 (from
1.35 to 1.21-1.30 mg g_l, p <0.05), then increased and
maintained at a level similar to the initial bromoform level
for the rest of the storage period. This observation is rather
encouraging as a confirmation of Asp-Oil stability at tem-
peratures as high as 40 °C for at least 24 weeks in an airtight
and dark environment. At 4 °C and -20 °C storage, which are
related to storage conditions of a fridge and freezer, respec-
tively, continuous exposure to fluorescent light is not usually
an issue as lights are only activated upon opening of doors,
therefore these conditions were not investigated for both FD-
Asp and Asp-Oil in this study.

All fluorescent lamps emit a certain level of UV (FDA
2017). Even though majority of the light emitted by the fluo-
rescent light bulb used in this experiment is localized within
the visible region of the light spectrum (approximately
400-700 nm wavelength), a small amount of UV, such as
UVA (315-400 nm) and UVB (280-315 nm) and infrared
(> 700 nm) radiation are also emitted. Photodissociation of
bromoform is imminent at the presence of UV (Huang et al.
2004). The breaking of C—Br bond, into other compounds
such as Br, CHBr,, CHBr, CBr, HBr and Br, was reported by
Zou et al. (2004). This is largely the reason why it is not an
option to dry Asparagopsis directly under the sun. Bromo-
form is characterised as a very short-lived substance (Orkin
et al. 2013). It has an atmospheric lifespan of approximately
24 days due to photodissociation as well as reactions with
OH in the troposphere (WMO 2010). The effect of UV is a
critical parameter, nonetheless, it is not mentioned as a con-
sideration in the shelf-life study section of the Guidance for
the preparation of dossier for zootechnical additives (EFSA
2012). The guidance recommends only temperature and
humidity settings appropriate for a shelf-life study.

As the bromoform content of Asp-Oil was shown to be
stable at different temperature studied, the effect of expo-
sure to open air was also studied. A significantly lower
bromoform content was observed in Asp-Oil exposed to
open air compared to Asp-Oil in airtight sample vials at
both 25 °C and 40 °C. More than 50% of the bromoform
was lost after 3 weeks at 40 °C or 5 weeks at 25 °C and the
rate of decrease started to slow down after week 8 at both
temperatures. This result demonstrates the importance of

storing Asp-Oil in air-tight containers, suggesting that
without an airtight lid/seal, bromoform in oil will escape
from the oil medium into the headspace and then into sur-
rounding air. Results from this study confirm that storage
temperature plays an important role in bromoform stabil-
ity, in that higher storage temperatures result in faster loss
of bromoform from the product into container head space
and eventual release into the immediate environment.

This study is the first to investigate a relatively long-
term storage of FD-Asp and Asp-Oil in various storage
conditions (different temperatures, presence of fluorescent
light, and exposure to open air). It clearly demonstrates
a differential shelf-life stability of bromoform content in
FD-Asp compared to Asp-Oil. Asp-Oil was a compara-
tively more attractive way to preserve bromoform com-
pared to FD-Asp. FD-Asp was only stable at -20 °C while
Asp-0il had higher/no change in bromoform content after
24-week storage at 40 °C, 25 °C, 4 °C and -20 °C in dark
conditions. Besides the advantages of shelf-life stability
of Asp-Oil, it is also economically competitive. The pro-
duction cost of FD-Asp is the main concern. It involves
blast-freezing of fresh seaweed, followed by freeze-drying,
both of which are very energy intensive processes. The
hygroscopic characteristic of freeze-dried powder is also
a drawback resulting in the increase in moisture content
and water activity over time if not stored properly, which
affects endogenous chemical reactions and microbial activ-
ity (Stevant et al. 2020). On the other hand, the preparation
of Asp-Oil is relatively straight forward, it involves steep-
ing of seaweed in oil for a specific period of time followed
by removal of seaweed biomass and aqueous fraction from
the oil which contains the active compound bromoform.
The ability of oil in preserving bromoform has provided
a practical alternative to lessen the processing burden of
FD material. Additionally, the use of a lipid source in feed
mixtures is already implemented as an approach for meth-
ane mitigation in ruminants making it a practical candi-
date to deliver bromoform (Beauchemin et al. 2007). The
effectiveness of bromoform in oil for methane mitigation
in vitro has been demonstrated recently by Kinley et al.
(2022). Animal trials using Asp-Oil are in progress. Con-
sidering the effective bromoform concentration for meth-
ane mitigation is extremely low, only a small amount of
Asp-0il or FD-Asp will need to be used in ruminant feed
mix. Along with the development of different bromoform
delivery mechanisms, bromoform analysis methods need
to be updated for quantification of very low levels of bro-
moform (microgram level) in feed. This will be crucial for
the checking bromoform content in the mixed feed over
time and testing homogeneity of the bioactive in feed
mixed with FD-Asp or Asp-Oil.
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