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Abstract

The red alga Asparagopsis taxiformis has potential for methane mitigation in ruminant animals due to its high concentra-
tion of halogenated methane analogs. However, large scale production of A. taxiformis is constrained by intensive cultiva-
tion requirements. Additionally, the broad geographic distribution and several genetically distinct lineages of this seaweed
require that cultivation strategies be tailored to a particular region. To address these limitations, we conducted two sequential
experiments to investigate the thermal optima of a Lineage 2 strain of A. taxiformis. In the first experiment, cultures from
Santa Catalina Island (Channel Islands, CA, USA) and La Jolla (San Diego, CA, USA) were exposed to temperatures from
13-30 °C to compare physiological responses (growth rates, maximum quantum yield of photosystem II (PSII), and bro-
moform production) across geographic locations. No significant differences between locations were observed, leading us
to conduct a second experiment to test whether pre-acclimation to environmental variability improved thermal tolerance,
comparing indoors versus outdoor cultivated cultures across an expanded temperature range of 8-33 °C. The outdoor strain of
A. taxiformis was able to survive across a wide thermal range, with the highest growth rates, PSII photosynthetic yields, and
bromoform concentrations observed at 23 °C. Previous exposure to environmental variability showed potential for acclimata-
tion to elevated temperatures, with biomass increasing by 11% per day, accompanied by bromoform concentrations reaching
roughly 3% of total dry weight (30 mg g~!). These findings provide critical insight into optimizing culture conditions and
advancing the commercialization of A. taxiformis as a methane mitigation strategy in ruminants.
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Introduction

Methane (CH,) is one of the most potent greenhouse gases
(GHG) and is a significant contributor to global warming.
While CH, accounts for a smaller fraction of total anthropo-
genic GHG emissions compared to carbon dioxide (CO,), its
global warming potential (GWP) is approximately 27 times
greater than that of CO, over a 100-year time period (Forster
et al. 2021). Additionally, CH, has a relatively short atmos-
pheric lifespan of twelve years compared to the century-scale
persistence of CO, (Forster et al. 2021). This combination
of high radiative efficiency and short atmospheric residence
time indicates that CH, emission reductions could be an
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immediate and measurable climate mitigation strategy (Mar
et al. 2022). A substantial portion of anthropogenic CH,
emissions originates from the agricultural sector, particularly
from ruminant livestock which accounts for approximately
32% of global anthropogenic CH, emissions (Ravishankara
et al. 2021). In fact, the agricultural sector contributes more
to GHG emissions than the global transportation indus-
try (cars, trucks, trains, planes and ships) (Steinfeld et al.
2006 ). This is primarily due to the ruminants’ digestive
process, enteric fermentation, in which plant carbohydrates
(C¢H,,0¢) are anaerobically fermented by a microbial com-
munity in the rumen. During this process hydrogen (H,),
CO,, and volatile fatty acids (VFAs) are produced via the
following reaction: C¢H;,0—> CO, +H, + VFAs (Mor-
gavi et al. 2010). VFAs are readily absorbed into the blood-
stream and serve as the primary energy source for ruminants.
H, and CO, are produced as byproducts and can accumulate
inside the rumen. If concentrations exceed a critical thresh-
old, they can inhibit key microbial enzymes essential for
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fermentation, particularly those involved in electron trans-
fer reactions (Moss et al. 2000; Morgavi et al. 2010). To
mitigate this, a microbial interspecies H, transfer occurs as
a regulatory mechanism to maintain low partial pressure of
H, within the rumen environment (Moss et al. 2000; Mor-
gavi et al. 2010). The primary H,-consumption pathway is
hydrogenotrophic methanogenesis in which methanogens
(methanogenic archaea) utilize H, to reduce CO, into CH,
and water (H,0) (Greening et al. 2019). This results in the
release of CH, into the atmosphere via ruminant eructation
(e.g., burps), creating one of the largest anthropogenic CH,
sources globally.

Asparagopsis taxiformis is a red alga of the order Bonne-
maisoniales (Guiry and Guiry 2025). Phylogenetic analyses
of the cox2-3 marker have identified six genetically distinct
lineages distributed across tropical and subtropical regions
around the world (Andreakis et al. 2007, 2016; Sherwood
2008; Dijouz et al. 2014). Our study focuses on lineage 2,
a subtropical lineage primarily known to have the broad-
est geographic distribution, found throughout the North
Atlantic, Indo-Pacific, Mediterranean Sea, and South Africa
(Kurihara et al. 2016). Ruminant dietary supplementation
with A. taxiformis has been shown to reduce enteric methane
emissions by up to 99% in vitro using rumen microbiota
populations (Kinley et al. 2016). Further, Roque et al. (2021)
found that adding A. raxiformis to the diet of live steers
had up to an 80% reduction in CH, production while also
reducing dry matter intake and increasing feed conversion
efficiency. Comparative studies by Machado et al. (2014)
screened the CH, reduction potential of over 25 species of
macroalgae and identified that A. faxiformis was the most
effective methane-reducing taxon far surpassing other red,
brown, and green freshwater and marine algae.

The methane-mitigating potential of A. taxiformis is
attributed to its production of secondary metabolites, includ-
ing halogenated compounds (Machado et al. 2016). These
compounds are commonly found in marine macroalgae and
are hypothesized to serve as chemical defenses against her-
bivory and microbial colonization due to their toxicity (Paul
et al. 2006). Within A. taxiformis these secondary metabo-
lites are stored in specialized inclusions commonly referred
to as “gland cells” that exist inside the pericentral cells
which help the alga avoid autotoxicity. The gland cells are
structurally connected to the walls of the pericentral cells,
facilitating the controlled release of metabolites into the sur-
rounding environment (Paul et al. 20006).

Among these compounds, bromoform (CHBr;) is the
most abundant and is hypothesized to be one of the primary
compounds responsible for methane inhibition in ruminants.
Bromoform concentrations in A. faxiformis can exceed 5% of
the total algal dry weight, which is significantly higher than
in other marine algae (Thapa et al. 2020). Once ingested,
bromoform is released into the rumen where it inhibits the
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Wolfe Cycle: the enzymatic pathway during methanogen-
esis where methanogens convert CO, and H, into CH, in
the following reaction: 4H, + CO, — CH, +2H,0 (Belanche
et al. 2025). Bromoform disrupts this pathway by acting as
a competitive inhibitor of methyl-coenzyme M reductase
(MCR), the key enzyme catalyzing the final step of meth-
ane formation (Morgavi et al. 2010). By disrupting MCR
activity, bromoform prevents the reduction of CO, to CH,,
thereby lowering enteric methane production.

While other methane mitigation strategies in livestock
exist, such as supplementation of lipids, essential oils, and
probiotics, each face notable limitations including toxicity
and cost-effectiveness (Bac¢éninaité et al. 2022; Kréliczewska
et al. 2023). Other strategies, such as selective breeding of
livestock and manure management, also show potential but
present challenges related to the effectiveness across varying
farm systems (Peterson et al. 2013; Worku 2024). A. taxi-
formis presents a promising and sustainable alternative, but
large-scale application of the algae also faces challenges that
require further investigation. Therefore, there is an urgent
need to develop cultivation strategies that not only optimize
growth rates and the production of the bioactive compound
bromoform but also enhance the overall feasibility of A. raxi-
formis production. A. taxiformis has a triphasic heteromorphic
life cycle (Rojas et al. 1982), with the majority of land-based
cultivation focused on the tetrasporphyte stage. To maintain
high-quality cultures, intensive cultivation techniques and
sterilization protocols are required to ensure optimal growth
and prevent microbial contamination (Satton 2024; Rule et al.
2025). Beyond maximizing biomass production, optimizing
bromoform concentration is a key priority. Higher bromoform
concentrations in seaweed tissue would reduce the amount of
biomass required for methane mitigation applications. The
biosynthesis and accumulation of bromoform, like other sec-
ondary metabolites, are influenced by abiotic factors such as
light, nutrient availability, and temperature (Mata et al. 2011;
Tan 2023; Hargrave et al. 2024; Resetarits et al 2024; Torres
et al. 2024). Identifying the optimal conditions at which both
growth and bromoform production are enhanced is critical for
improving cultivation efficiency.

Temperature is among the most important factors that
influence enzymatic activity, metabolic rates and ultimately
growth and photophysiological performance in algae (Hurd
et al. 2014). High temperatures can cause enzyme denatura-
tion, impair photosynthesis and metabolite synthesis, while
low temperatures can slow enzymatic activity, reducing
overall metabolic output. Thermal optima can vary between
species, strains, and life stages, shaped by both algal physi-
ology and acclimation or adaptation to local conditions
(Hurd et al. 2014). Populations from habitats with frequent
temperature fluctuations may develop broader thermal tol-
erance than those from more stable environments (Hurd
et al. 2014). The lineage 2 of A. taxiformis spans a wide
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geographical range (Kurihara et al. 2016) and has shown
potential of thermal plasticity (Zanolla et al. 2014), suggest-
ing an ability to withstand a wide temperature distribution.
Understanding how temperature affects growth, photophysi-
ology and bromoform production in A. taxiformis is essen-
tial for the land-based cultivation strategies of tetrasporo-
pohytes, which currently represent the primary focus of the
commercial industry. Additionally, identifying the thermal
breadth of each lineage can help to inform site selection for
potential offshore aquaculture operations. This study inves-
tigates the effects of temperature on A. taxiformis growth,
photophysiology and bromoform production and examines
whether these responses vary based on geographic origin
and cultivation conditions.

Materials and methods

Two sets of experiments were conducted to assess 1) the
variability and optimal thermal performance from A. raxi-
formis collected from two different locations in southern
California and, 2) how preacclimation to highly variable
temperatures affected the ability of one isolate to withstand
thermal extremes.

Algal cultures

Experiment 1 used wild harvested A. taxiformis tetraspo-
rophytes collected from La Jolla (i.e. “LJ”; 32.8663’N,
117.2546°W) and Santa Catalina Island, California, USA
(i.e. “SCI”; 33.444173’N, 118.48869°W) in 2021. Both
cultures are Lineage 2, as determined previously (Hargrave
et al. 2024). These locations were selected due to their dis-
tinct oceanographic conditions within the Southern Califor-
nia Bight (SCB) of the California Current System (CCS).
La Jolla is influenced by coastal upwelling, resulting in
cooler, variable waters while Santa Catalina Island, located
centrally in the SCB, experiences reduced upwelling result-
ing in warmer, stable conditions. These differences are also
reflected in higher pH values at Santa Catalina Island com-
pared to La Jolla (Gelpi 2023). The contrasting environmen-
tal conditions at these sites provided a basis for examining
potential differences in thermal responses.

Upon collection the biomass from both sites underwent a
multistage process of isolating and purifying the algal cul-
tures. This process involved several rounds of initiating veg-
etative propagation via tip cutting and the removal of fouled
biomass (Rule et al. 2025). Cultures were then upscaled into
progressively larger vessels and were subsequently cultured
under standardized laboratory conditions at Scripps Institu-
tion of Oceanography (SIO) in La Jolla, California, USA

at~22 °C and a light intensity of 50 umol photons m=2 s~!

under a 12:12-h light: dark cycle, and nutrient supplementa-
tion with Proline F/2 Algae Food at 75 uL L.

Lineage 2 tetrasporophytes used in Experiment 2 were
initially wild harvested from La Jolla, California, USA in
2021 where half of the biomass went through the same
protocol outlined above and the other half was grown in a
flow-through aquarium system. The latter was transferred to
an outdoor aquaculture system at SIO and was exposed to
seasonal and diel natural fluctuations in light, temperature,
and nutrient availability. Outdoor water temperatures were
continuously monitored using HOBO data loggers (Onset).
Seawater was supplied from the SIO Pier via a filtered and
UV-sterilized flow-through system and nutrient concentra-
tions fluctuated naturally. The outdoor cultivated seaweed
was provided with a 2 day period to acclimatize to the indoor
common garden conditions before the experiment, ensur-
ing that differences in thermal performance were measured
under standardized light and nutrient levels. Experiment 2
compared the thermal performance of seaweeds that were
acclimated to indoor (low variability) versus outdoor (high
variability) conditions.

Experimental conditions

In experiment 1 we exposed A. taxiformis cultures collected
from two locations in southern California (LJ and SCI) to
six temperature treatments (13, 15, 21, 24, 27, and 30 °C).
The 15 °C and 21 °C treatments were used to represent the
range of natural seasonal fluctuations experienced at both
collection sites (Shore Stations Program 2023). In 2023, sea-
water temperatures at 5 m depth averaged 19.6+1.3 °C in
summer, 17.4+0.7 °C in fall, and 15.6 + 0.6 °C in winter at
SCI (Villanueva 2024). LJ had slightly cooler temperatures
at 18.7+1.4 °C in the summer, 16.9 +0.2 °C in the fall, and
14.2+0.5 °C in the winter (Shore Stations Program 2023).
The 24 °C and 27 °C treatments evaluated physiological
responses under conditions in which temperature was ele-
vated above what was observed in the field during summer
months. 13 °C and 30 °C assessed stress-induced limitations
on physiological performance and bromoform production at
thermal extremes.

A wider range of temperature treatments were selected
for Experiment 2 to represent both natural seasonal fluctua-
tions and extreme conditions beyond typical field tempera-
tures. During Experiment 2, the cultures were exposed to six
temperature treatments (8, 13, 18, 23, 28, and 33 °C). The
13 °C, 18 °C, 23 °C, and 28 °C treatments reflect tempera-
tures commonly observed in the outdoor aquaculture system
at SIO, where tank temperatures ranged from an average
of 15.3+2.48 °C in winter to an average of 22.8 +3.9 °C
in summer. The 8 °C and 33 °C treatments were included
as extreme conditions to evaluate thermal tolerance limits
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and assess potential differences in physiological plasticity
between indoor and outdoor populations.

Experimental design

Both experiments included six independent water baths, each
maintained at a specific temperature. Each bath contained six
1-L flasks, with three replicates per source population (n=3
samples per location per temperature). In Experiment 1, three
flasks were inoculated with biomass from the LJ culture and
three from the SCI culture. In Experiment 2, three flasks con-
tained biomass from the indoor LJ culture (I-LJ), and three
from the outdoor LJ culture (O-LJ). Flasks were randomly
placed within each bath to minimize positional effects, and
continuous aeration of the flasks ensured oxygenation and
uniform movement of cultures. Biweekly water changes with
F/2 media-enriched sterilized autoclaved seawater ensured
cultures would not become nutrient limited. Light intensity
was standardized at 50 umol photons m~2 s ™! across all flasks
on a 12:12-h light: dark cycle. Each treatment was achieved
using a series of water baths with varying temperature con-
trol systems (flow-through seawater lines, aquarium heaters,
and chillers). Experiment 1 was run for four weeks, while
Experiment 2 ran for three weeks as increased contamination
was observed in the 33 °C treatment biomass during week
4. HOBO data loggers were placed in each water bath and
continuously recorded temperature every five minutes.

Response metrics
Relative growth rates

Relative growth rates (RGR) were calculated based on the
daily change in fresh weight biomass. At the start of the
experiment, each flask was inoculated with a standardized
density of 1 g L™! of fresh weight algae. Every two weeks
the biomass in each flask was reset to 1 g to eliminate varia-
bility in growth due to changing densities. To remove excess
water from the algae, the algae samples were placed in fine
mesh bags which were inserted into falcon tubes and centri-
fuged at 5000 rpm for 3 min, ensuring consistent measure-
ments. RGR was calculated using Eq. 1.

Wf(g) — Wi(g)> w1
Wi(g) 1(days)

RGR(Aday™") = < X100 (1)

[Bromoform ug uL™!] x Extraction Volume (uL)

where W is the final fresh weight, W, is the initial fresh
weight, and ¢ is the time interval in days. The RGR value is
expressed as a percent change in wet weight (gram) per day
(% A day™!).

Maximum quantum yield of Photosystem Il

As a proxy for photosynthesis and overall physiological status
we measured the maximum quantum yield of Photosystem II
(PSI). A Diving Pulse-Amplitude Modulation (PAM) fluorom-
eter (Walz) was used to measure F,/F,, prior to the start (T)) and
end of the experiment (T, for Experiment 1; T; for Experiment
2). 100 mg of biomass from each flask was dark-adapted for
15 min to allow all reaction centers to return to their open state.
Measurements were conducted in the dark to ensure minimal
ambient light interference. F, readings were maintained between
150-300 before initiating a saturation pulse by changing the gain
value or the measuring pulse intensity. The saturation pulse
intensity was set to 8 with a duration of 0.8 s.

Bromoform concentration and production

To quantify the concentration of bromoform in A. taxiformis
tissue, a modified protocol based on Thapa et al. (2020) and
Dishon et al. (2023) was used. 100 mg of fresh weight bio-
mass were collected at Ty and the end of experimentation
(T, Experiment 1; T; Experiment 2). Samples were stored
at —80 °C until lyophilized to remove all water content. The
samples were incubated in methanol for 36 h in the dark
at room temperature. Following incubation, the supernatant
was stored in the dark at 4 °C until analysis. A gas chroma-
tograph-mass spectrometer (GC-MS) was used to quantify
bromoform concentrations in the extracts (Agilent 7820 A,
Agilent 5977B). The GC oven program was as follows: ini-
tial temperature of 40 °C held for 3 min, ramped to 200 °C
at 10 °C min~', each temperature held for 1 min. The split
ratio was 50:1 with a split flow rate of 60 mL min~'. The MS
source temperature was set to 230 °C, and the quadrupole
temperature was maintained at 150 °C. The MS operated
in selected ion monitoring (SIM) mode, with a scan speed
of 1.562 us~'. The quantifier ion was 172.8 m/z, while the
qualifier ions were 170.8, 174.8, 251.8, and 253.8 m/z.
Chromatograms were extracted and analyzed using Quali-
tative Analysis software. Peaks corresponding to bromoform
were identified at a retention time of 6.8 min. Bromoform
concentrations were determined using a standard curve gen-
erated from the bromoform standards and calculated in terms
of percent of algal dry weight (% dry weight) using Eq. 2:

Bromoform Concentration (Weight) = (

) x 100 @

1000 x Mass (mg)
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where bromoform is the concentration value determined via
GC-MS analysis, extraction volume is the amount of metha-
nol used to extract bromoform from the biomass, and mass is
the amount of biomass utilized during the extraction process.

Bromoform content was then standardized by growth
rates, allowing it to be expressed as bromoform production
and calculated via Eq. 3:

Bromoform Production (mg L™! day™') = [Bromoform (mg g~")]

3

x RGR (g L™'day™") )
where bromoform is the concentration value determined via
GC-MS analysis and RGR is the growth rate of the algae

(gL' day™).

Statistical analysis

To analyze the effects of temperature, and geographic origin
or cultivation background on growth, photosynthetic yield
and bromoform concentration/production of A. taxiformis
over time, two- and three-way factorial ANOVA tests were
used. Temperature, origin/cultivation background, and time
were treated as fixed effects while individual flasks were
treated as a random effect. This approach accounted for the
repeated measures structure of the data, as some measure-
ments were taken across multiple time points throughout
both experiments. Residuals were assessed for normality
using the Shapiro-Wilks test and for homogeneity of vari-
ance we used Levene’s test. The assumptions were further

confirmed visually using Q-Q plots and histograms. Post
hoc pairwise comparisons of estimated marginal means
(emmeans) were performed to determine which treatments
differed significantly for each main effect and interaction.
Statistical significance was set at p <0.05. All analyses were
performed using R Studio.

Results
Experiment 1

Relative growth rates varied significantly across temperature
treatments (Fig. 1 a and b; ANOVA: F(5’24) =51.43,p<0.01),
with post hoc comparisons indicating significant differences
between multiple temperature groups (0.75-7.66%). The
highest growth rates were observed at 21 °C (7.56 +£0.44%
A day™!) and 24 °C (7.66+0.41% A day~!). Growth was
significantly reduced in all other treatments with the larg-
est reduction occurring at 13 °C (0.75+0.21% A day™),
followed by the 15 °C treatment (2.92+0.31% A day™!).
Growth rates at 27 °C (5.32+0.30% A day~!) and 30 °C
(5.64+0.68% A day~!) were at intermediate levels but were
significantly lower than those observed at 21 °C and 24 °C.

There were no significant effects of location on growth
rate (ANOVA: F(; ,4,=1.73, p=0.20) but there was a sig-
nificant effect of time (ANOVA: F(; ,,=5.02, p=0.03).
Overall, the algae from both locations had higher growth
rates during week 2 (5.37+0.45% A day~!) than during
week 4 (4.59+0.50% A day~!). There were no significant

a b
LJ SCI
15 - [o] Week 2 154
o] Week 4
% 10 oo 104 d d
© P )
8 . ’J_‘ !_LI . e
5 A |
S 5+ i 5+ b g
o
I} $
n: i i :
O_ﬁ]% Al =

T T T

13 15 21 24 27 30 13 15 21 24 27 30

Temperature (°C)

Fig.1 Relative growth rates of two southern California strains
of Asparagopsis taxiformis cultivated under a range of tempera-
ture treatments. a Percent change in daily growth (mean = standard
error) in cultures from two locations: Santa Catalina Island (SCI;
left panel) and La Jolla (LJ; right panel) at Week 2 (grey bars) and
Week 4 (white bars) of the experimental period (n=3, biological rep-
licates). b Boxplot highlighting the results of statistical analysis, with
location and time point combined. Letters above the boxes indicate

statistical groups (p <0.05) (n=6, biological replicates). Boxes rep-
resent the interquartile range (IQR), with horizontal lines inside the
boxes indicating the median, the bottom and tops lines of each box
representing the 25th and 75th percentile respectively, and whiskers
highlighting maximum and minimum. Dashed lines indicate 0, show-
ing the threshold in which the cultures grew (positive growth rates) or
experienced mortality (negative growth rates).
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interactions detected. The significance of the temperature
and time main effects but not the interactions imply that
the effect of temperature on growth was consistent across
time points.

Bromoform concentrations, as expressed by percent
dry weight, varied significantly across temperature treat-
ments (Fig. 2a; ANOVA: F(5,—24) =15.56, p<0.01).
There was no significant effect of location (ANOVA:
F(124=2.51, p=0.13) and no significant interaction
effects. Overall Bromoform concentrations were lowest at
13 °C (0.32+0.02%DW) and 15 °C (0.74 £0.17%DW).
In general concentrations were higher in the warmer treat-
ments: 21 (2.37+0.3%DW), 24 (3.5+0.25%DW), 27
(2.43+0.42%DW), and 30 °C (2.47 +0.5%DW) with over
an order of magnitude reduction in bromoform concentration
between 24 °C and 13 °C.

Bromoform production, as standardized to growth rates
showed similar results (Fig. 2b) with a significant main effect
of temperature (ANOVA: F s ,4=14.44, p<0.01) and no
effect of location (ANOVA: F{; ,4,=0.95, p=0. 34). Produc-
tion was highest in the 21 °C (0.87+0.18 mg L' day~") and
24°C (1.3+0.08 mg L™! day™) treatments, which were sig-
nificantly higher than the 27 °C (0.67 +0.14 mg L~! day™)
and 30 °C (0.75+0.18 mg L~' day™'). The lowest values
were observed in the 13 °C (0.03+0.00 mg L™! day~!) and
15 °C (0.155 +0.05 mg L~! day™") treatments.

Bromoform Concentration (% Dry Weight)

There was a significant effect of temperature on the
maximum quantum yield of PSII (ANOVA: F 5 5, =13.57,
p <0.01) with the highest values correlating with the treat-
ments where the highest growth rates were recorded (Fig. 3
a and b). Post hoc comparisons revealed that F,/F,, was low-
est at 13 °C (0.12+0.02) and 27 °C (0.15+0.05). While
notably higher values were observed at 21 °C (0.36+0.03)
and 24 °C (0.43+0.04). F,/F, values at 15 °C (0.24+0.03)
and 30 °C (0.21 +0.04) were intermediate, with no signifi-
cant differences from the highest or the lowest groups. There
was no significant effect of location (ANOVA: F; ,4=3.29,
p=0.08) or the interaction between temperature and location
indicating that temperature effects were consistent across
locations (Fig. 3a).

Experiment 2

There was a significant three-way interaction between
temperature, culture background, and time (ANOVA:
F(5,4=3.69, p=0.01) on relative growth rate, indicating
that temperature effects varied depending on both cultivation
background and time (Fig. 4b). However, in general both
cultures showed optimal growth rates at 23 °C (9.69 +0.78%
A day™') and 28 °C (8.88+0.78% A day™!) regardless of
time (Fig. 4a). Further, there was some evidence to suggest

Bromoform Production (mg L day‘1)
N
1

cd
d c
=
1 -
ab

5 a ==

| | I | 1 |

13 15 21 24 27 30

Temperature (°C)

Fig.2 Bromoform concentrations in Asparagopsis taxiformis under
various temperature treatments (n=3, biological replicates). a Bro-
moform concentrations (% dry weight of algal biomass). Data
was pooled between locations; letters indicate significance groups
(p<0.05). b Bromoform production (mg L™! day™!), as standardized
by growth rates, letters indicate significance groups (p <0.05) (n=6,
biological replicates). Boxes reflect the IQR with horizontal lines
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inside the boxes indicating the median, the bottom and tops lines of
each box representing the 25th and 75th percentile respectively, and
whiskers highlighting maximum and minimum values. Dashed lines
indicate 0, showing the threshold in which the cultures produced bro-
moform (positive concentrations) or released bromoform (negative
concentrations).
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Fig.3 Maximum quantum yield of PSII (F/F,) of Asparagopsis
taxiformis cultures sourced from Santa Catalina Island, CA (SCI) and
La Jolla, CA (LJ). a F /F,, (mean+standard error) for each culture
location. Grey bars represent SCI cultures and white bars represent LJ
cultures. b Boxplot representing the mean F/F,, values of the culture
locations combined. Letters represent statistical significance groups

using estimated marginal means (emmeans) test (p <0.05) (n=6, bio-
logical replicates). Boxes reflect the IQR with horizontal lines inside
the boxes indicating the median, the bottom and tops lines of each
box represent the 25th and 75th percentile respectively, and whiskers
highlight maximum and minimum values.

- b
-LJ o-LJ
[o] Week 1 — Week1 -- Week3 = |-LJ - O-LJ
15 = lo] Week 3 154
—~ s o .
A - &
g 10 | - 104
® 1
= o
S °
c o o
O 54 5
o\‘:' )
o &
2 I
© 0 --Og - o 0=k
-5 = 54
1 T T T T T

1 1 1 T 1T T T T T T 1
8 13 18 23 28 33 8 13 18 23 28 33

18 23 28 33

Temperature (°C)

Fig.4 Relative growth rates of La Jolla, CA strain of Asparagop-
sis taxiformis from different cultivation backgrounds exposed to
multiple temperature treatments. a Percent change in daily growth
(mean +standard error) in cultures from cultivation backgrounds:
Indoor- La Jolla (I-LJ; left panel) and Outdoor- La Jolla (O- LIJ;
right panel) at Week 1 (grey bars) and Week 3 (white bars) of the
experimental period (n=3, biological replicates). b Interaction plot
highlighting the different RGR responses to temperature treatments

between cultivation backgrounds over time. Black solid line repre-
sents the O-LJ culture during Week 1 and the black dashed line rep-
resents the O-LJ culture during Week 3. Grey solid line indicates the
I-LJ culture during Week 1 and the grey dashed line indicates I-LJ
during Week 3. Dashed lines indicate 0, showing the threshold in
which the cultures grew (positive growth rates) or experienced mor-
tality (negative growth rates).
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that the outdoor acclimated cultures tolerated the 33 °C
treatments better than the indoor acclimated cultures.

At 8 °C, growth was negative in both O-LJ and I-LJ cul-
tures, with pronounced declines in O-LJ cultures over time
(—=1.48+0.10% A day~'at Week 1 to —3.04+0.54% A day~!
at Week 3) and in I-LJ cultures (—0.03 +0.05% A day~!
at Week 1 to —1.70+0.18% A day™' at Week 3). During
Week 1, growth peaked at 23 °C (9.42+1.39% A day™)
and 28 °C (9.84+0.70% A day™!) in I-LJ cultures, while
O-LJ cultures showed peak growth at 23 °C (8.93+1.12% A
day~!). Beyond 23 °C during Week 1, O-LJ cultures exhib-
ited a steep decline, with growth dropping by 5.91+0.55%
A day~! at 28 °C and 4.35+0.55% A day~! at 33 °C. I-LJ
cultures maintained elevated growth at 28 °C but showed a
significant decline at 33 °C (3.58 +£0.60% A day™').

By Week 3, the growth pattern shifted, with I-LJ cul-
tures showing the highest growth at 23 °C (9.15+2.00% A
day™!), and a decline at 28 °C t0 8.16 +2.08% % A day~'. In
contrast, O-LJ cultures exhibited increased growth at 23 °C
(11.3+2.13% A day™), 28 °C (11.3+0.40% A day™'), and
33 °C (6.84+0.52% A day™') in comparison to Week 1
measurements.

Bromoform concentration was strongly influenced by
temperature (ANOVA: F(5 54, =22.11, p<0.001) but was not
affected by cultivation background (ANOVA: F{, 5, =1.89,
p=0.18) and there were no significant interactions (Fig. 5a).
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The highest bromoform concentration was recorded at 23 °C
(2.33+0.30%DW), which was significantly higher than all
other treatments. At 28 °C (1.23 +£0.23%DW), bromoform
concentrations remained elevated but were not significantly
different from 18 °C (0.66 +0.17%DW), suggesting a
decline from the peak concentration observed at 23 °C. The
lowest bromoform concentrations were observed under 8 °C
(0.10+0.029%DW), 13 °C (0.40+0.13%DW), and 33 °C
(0.34 £ 0.14%DW) treatments, which did not significantly
differ from each other. Bromoform concentrations increased
slightly at 18 °C, but this treatment was not significantly dif-
ferent from the 8 °C, 13 °C, or 33 °C treatments.

Bromoform production showed a similar temperature
dependent pattern to bromoform concentrations (Fig. 5b),
where temperature had a significant impact on production
(ANOVA: F 5 54)=18.20, p<0.01). There was no significant
effect of cultivation background (ANOVA: F; 5,,=0.01,
p=0.93) or interaction effects. Bromoform production was
significantly higher in the 23 °C treatment (1.14+0.20 mg
L ~! day ~!) than all other treatments. Although growth rates
in outdoor cultures increased over time in the 23 °C, 28 °C,
and 33 °C treatments, this trend did not result in significant
differences in bromoform production between cultivation
backgrounds.

Temperature significantly affected photosynthetic yield
(ANOVA: F 5,4,=81.10, p<0.01) in A. taxiformis (Fig. 6a) and
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Fig.5 Bromoform concentrations in Asparagopsis taxiformis across
various temperature treatments (n=06, biological replicates). a Bro-
moform concentrations (% dry weight of algal biomass). Data was
pooled between locations; letters indicate significance (p<0.05).
b Bromoform production (mg L~! day™), as standardized by growth
rates, letters indicate significance groups (p <0.05). Boxes reflect the
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IQR with horizontal lines inside the boxes indicating the median,
the bottom and tops lines of each box representing the 25th and 75th
percentile respectively, and whiskers highlighting maximum and
minimum values. Dashed lines indicate 0, showing the threshold in
which the cultures produced bromoform (positive concentrations) or
released bromoform (negative concentrations).
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Fig.6 Maximum quantum yield of PSII (F/F,) of Asparagopsis
taxiformis cultures sourced from La Jolla, CA (LJ) with different
cultivation backgrounds (O-LJ: Outdoor cultivation, I-LJ: Indoor
cultivation). a F,/F, (meanz+standard error) for each cultivation
background. Grey bars represent I-LJ cultures and white bars repre-

the response slightly differed between the indoor and outdoor
acclimated cultures (ANOVA: F{; 54,=3.55, p=0.02). Specifi-
cally, the outdoor acclimated cultures had higher F,/F,, values
in the 28 °C and 30 °C treatments than the indoor acclimated
cultures. However, both cultures followed similar trends with the
highest values recorded at 23 and 28 °C and the lowest at 8°C.
The lowest F,/F,, values were observed at 8 °C, with no
significant difference between I-LJ (0.09 +£0.04) and O-LJ
(0.08 +0.02) cultures. F/F, values increased slightly at 13 °C
(I-LJ: 0.25+0.04, O-LJ: 0.16 +0.03) but only the I-LJ cul-
tures were significantly higher than those recorded in the 8 °C
treatment. The I-LJ cultures had the highest F /F, at 23 °C
(0.56+0.01), maintaining high values at 28 °C (0.52 +0.05)
before decreasing further at 33 °C (0.38 +£0.02). In contrast,
the O-LJ culture peaked at 28 °C (0.58 +0.03), marking the
highest recorded F,/F,, across all treatments. O-LJ cultures
maintained high Fv/F at 23 °C (0.55+0.04) and 33 °C
(0.53+0.03), highlighting a more stable response across the
warmer temperature treatments compared to I-LJ cultures.

Discussion

The overarching goals of this study were to identify opti-
mal temperatures in which growth, photophysiological
performance, and bromoform production of the red alga
Asparagopsis taxiformis are maximized. Further we sought

sent O-LJ cultures. b Interaction plot highlighting the different F/F,,
responses to temperature treatments between cultivation backgrounds.
Black dashed line represents the O-LJ culture, and the grey solid line
indicates the I-LJ culture. Dashed lines indicate 0.

to evaluate whether geographic origin (e.g., strain) may
influence thermal performance and whether preacclima-
tion to thermal variability may alter responses to tempera-
ture especially in extreme conditions. In general, we found
that temperature strongly influenced the performance of A.
taxiformis in terms of physiological health and bromoform
production. Geographic origin did not impact temperature
response but pre-acclimation to environmental variability
proved to increase performance of the seaweed under ele-
vated temperature treatments.

Experiment 1

Temperature had a significant effect on all response varia-
bles measured for A. taxiformis (growth, maximum quantum
yield of PSII, bromoform concentrations, and bromoform
production), suggesting that temperature plays a major role
in regulating overall health and physiological performance.
The highest growth rates, photosynthetic yields, and bromo-
form production were observed at 21 °C and 24 °C, indicat-
ing that these temperatures provide optimal thermal condi-
tions for A. taxiformis. This result is consistent with both the
typical seawater temperatures within the geographical distri-
bution of Lineage 2 (Shore Stations Program 2023) and the
temperature conditions in which these cultures were grown
in our indoor laboratory (20-23 °C). Growth and photo-
synthetic yields peak in this temperature range, suggesting
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optimal energy conversion in PSII. Growth rates reached a
maximum of 7.66% day~!, aligning with previously reported
rates of 7-13% day~! in tropical and subtropical Australian
samples (Luhring and DeL.ong 2017; Mata et al. 2017).

Bromoform concentrations reached 2.37% DW in the
21 °C treatment and 3.50% in the 24 °C treatment, falling
within the know range of 1-5% (Resetarits et al. 2024).
These findings are consistent with previous research dem-
onstrating that A. taxiformis exhibits optimal growth and
metabolic activity within this temperature range (Mata et al.
2017). Studies have shown that temperatures within this
range enhance photosynthetic yield and enzymatic activity,
thereby promoting increased bromide uptake and bromoform
synthesis (Padilla-Gamifio and Carpenter 2007; Resetarits
et al. 2024). Values recorded at the 27 °C and 30 °C treat-
ments were statistically similar to 21 °C and 24 °C, ranging
between 2.43% and 2.47% DW, respectively.

When considering cultivation of this species with the goal
of maximizing the amount of bromoform produced, we must
consider both growth rates and bromoform concentration. A
given strain may have high growth rates but low bromoform
concentrations and vice versa. Ideally strains that are able
to grow quickly and produce large amounts of bromoform
are the strains that would be selected for commercial scal-
ing. In our data, when considering how much bromoform
was produced (by standardizing concentrations with growth
rates), a different pattern emerged. Specifically, the amount
of bromoform produced was significantly higher at 21 °C
and 24 °C compared to the 27 °C and 30 °C treatments. This
indicates that although concentrations remained elevated,
overall production efficiency declined at higher tempera-
tures due to reduced growth rates. This suggests a trade-off
between concentration and production; at warmer tempera-
tures A. taxiformis may accumulate bromoform in tissue at
similar levels, but slower growth reduces the total amount
produced over time. When considering thermal conditions
for cultivation it is vital to find the environment where both
yield and secondary metabolite production are maximized.

Growth and photosynthetic efficiency were lowest at the
13 °C and 15 °C treatments, suggesting that these temper-
atures are approaching the threshold for cold stress in A.
taxiformis in California. Additionally, bromoform concen-
trations and production were significantly reduced, likely
due to temperature-dependent membrane fluidity. Cellular
membranes become more rigid under lower temperatures
(Los and Murata 2004), which can disrupt ion transport.
As bromide accumulation is essential for the production of
bromoform in A. taxiformis, a reduction in the cell’s abil-
ity to uptake bromide ions from the water column would
hypothetically lower bromoform production (Beissner et al.
1981). Although the response variables were significantly
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reduced at these temperatures, positive values were still
observed. This indicates that A. taxiformis remains viable
and metabolically active even at a reduced capacity in cooler
waters. When considering commercial cultivation, if year-
round temperature control is not feasible, a seasonal growth
strategy may be more effective for maximizing growth and
bromoform production.

At 27 °C and 30 °C, growth and photosynthetic yield
declined, suggesting the onset of heat stress. While growth
in these treatments remained relatively high compared to
cold treatments, the decrease in F,/F,, suggests that pro-
longed exposure to elevated temperatures may result in stress
and ultimately photodamage. PSII is particularly heat-sensi-
tive (Eggert 2012), meaning that under heat stress, damage
to the photosystem protein complexes occurs rapidly. Bro-
moform concentrations and production began to decline at
these temperatures but remained relatively high. This trend
may be attributed to increased membrane fluidity and partial
disintegration of the lipid bilayer (Los and Murata 2004),
which could facilitate bromide ion uptake, thereby sustain-
ing bromoform production despite stress conditions.

In our study we did not find evidence that collection loca-
tion influences thermal tolerance or overall performance of
A. taxiformis. However, our collection locations were only
approximately 160 km apart from one another with only
minor variation in seasonal temperature observed between
the two collection sites. Further, all specimens used in our
study were lineage 2. It is possible that populations origi-
nating from more geographically distinct locations with
stronger seasonal fluctuations and across different lineages
may exhibit greater physiological divergence, particularly
in thermal tolerance and metabolic plasticity. Recent stud-
ies suggest that species with wide geographic distribu-
tions do not represent a homogeneous physiological unit,
as local adaptations and phenotypic plasticity contribute to
intraspecific differences in thermal niches (Valladares et al.
2014; King et al. 2017). In macroalgae, these differences are
shaped by environmental variability, where populations from
thermally stable environments tend to have narrower ther-
mal niches, while those from more fluctuating environments
develop broader acclimation capacities (Valladares et al.
2014; King et al. 2017). Little effort has focused on char-
acterizing the performance of A. faxiforms across its broad
geographic distribution or between the different lineages.

Experiment 2

The thermal history of an organism strongly influences
its ability to acclimatize to temperatures (Luhring and
DeLong 2017). We observed evidence of this for A. rax-
iformis in Experiment 2 where we explicitly tested the
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thermal response of statically grown lab cultures compared
to cultures previously grown in highly variable outdoor
conditions. In this experiment, temperature significantly
influenced all measured physiological parameters, includ-
ing growth, photosynthetic yield (F,/F ), bromoform con-
centrations, and bromoform production. These results rein-
force the role of temperature as a primary environmental
driver regulating the metabolism and physiological perfor-
mance of A. taxiformis in cultivation systems. The highest
growth rates and photosynthetic yield were observed at
23 °C and 28 °C, suggesting that these temperatures pro-
vide optimal conditions for maximizing metabolic activ-
ity. Growth rates reached 11.3% day~! at 23 °C, aligning
well with previous studies (Clark et al. 2013). Bromo-
form concentrations reached up to 3.5% DW in the 23 °C
treatment, which is towards the higher end of the known
range of concentrations of A. raxiformis (Paul et al. 2006).
This suggests that the enzymatic activity responsible for
the production of halogenated compounds is potentially
temperature-dependent, with peak performance occurring
under moderate thermal conditions (Padilla-Gamifio and
Carpenter 2007; Resetarits et al. 2024).

Growth was lowest at 8 °C, with both I-SIO and O-SIO
cultures experiencing mortality, indicating that tempera-
tures below 8 °C are unsuitable for sustained cultivation.
The decline in photosynthetic yield (F,/F,,) at 8 °C further
suggests that cold stress impairs PSII function, reducing
the algae’s ability to capture and convert light energy. This
aligns with previous studies showing that low temperatures
restrict enzyme activity, slow metabolic processes, and
limit energy production in marine macroalgae (Tan 2023).
At 33 °C, growth and photosynthetic yield showed con-
trasting trends between I-SIO and O-SIO cultures. While
I-SIO cultures experienced a marked decline in growth and
F/F,, over time, O-SIO cultures maintained relatively high
F/F, values. This suggests that acclimation to variable
environmental conditions may enhance thermal resilience.
However, bromoform production declined at 33 °C in both
cultivation backgrounds, indicating that high temperatures
disrupt enzymatic stability, limiting metabolic efficiency
despite ability to acclimate (Tan 2023). These findings
suggest that while A. raxiformis exhibits some degree of
thermal plasticity, temperatures above 30 °C may impose
physiological constraints that ultimately reduce secondary
metabolite production.

While no significant differences in bromoform
production were detected between cultivation back-
grounds, it remains unclear whether long-term expo-
sure to environmental fluctuations could drive adap-
tive physiological responses over multiple generations.
Further research is needed to determine whether con-
tinuous outdoor cultivation under varying seasonal

conditions could enhance thermal tolerance in A. taxi-
formis cultures.

Industrial applications

The findings of this study provide valuable insights for
optimizing A. taxiformis cultivation strategies, particu-
larly for large-scale production in southern California. We
found that 23 °C was the optimal temperature for maximiz-
ing growth, photosynthetic yield, and bromoform produc-
tion. While A. taxiformis survived across a wide tempera-
ture range of 13-33 °C, performance was the highest at
23 °C. Interestingly, all metrics of physiological perfor-
mance were positively correlated with bromoform produc-
tion suggesting that factors that optimize growth also sup-
port higher production of bromoform which is extremely
important for large scale cultivation of this seaweed.

In general, our results suggest that southern Califor-
nia A. taxiformis is more sensitive to cold temperatures
than warm temperatures. This is not surprising given the
temperatures that exist in offshore coastal habitats in the
region, which typically only reach an average low of 14 °C
(Shore Stations Program 2023). At higher temperatures
physiological responses indicate a possible upregulation
of metabolic activity before the onset of thermal stress.
This may suggest that a short-term exposure to elevated
temperatures could stimulate metabolic pathways, poten-
tially enhancing bromoform production prior to any sig-
nificant protein denaturation or photodamage. However,
prolonged exposure to elevated temperatures will likely
lead to reduced physiological performance. Interestingly
we did find some evidence to suggest that exposure to
natural environmental fluctuations may enhance resilience
to thermal variation, reducing the need for strict tempera-
ture control in large-scale cultivation. Nonetheless, ther-
mal performance should be determined for any population
of A. taxiformis prior to the development of commercial
production to avoid losses in productivity or crop failure.
These insights are vital for cost-effective cultivation strat-
egies that improve crop yield and therefore advance the
use of A. taxiformis as a methane reduction strategy in
ruminant livestock.
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