Journal of Applied Phycology (2023) 35:2323-2335
https://doi.org/10.1007/510811-023-03029-5

RESEARCH q

Check for
updates

Early hatchery protocols for tetrasporogenesis
of the antimethanogenic seaweed Asparagopsis armata

Alisa A. Mihaila’ - Rebecca J. Lawton' . Christopher R. K. Glasson'% - Marie Magnusson'

Received: 6 October 2022 / Revised: 6 June 2023 / Accepted: 15 June 2023 / Published online: 5 July 2023
© The Author(s) 2023

Abstract

The red alga Asparagopsis armata is an emerging aquaculture-target species due to its application as an antimethanogenic
feed ingredient in ruminants, yet information on A. armata reproduction and cultivation is currently lacking. We therefore
quantified the effects of temperature, irradiance, nutrients, and photoperiod, and addition of plant growth regulators (PGRs;
indole-3-acetic acid, abscisic acid, 1-aminocyclopropane-1-carboxylic acid) on tetrasporogenesis in domesticated A. armata
that had been maintained under controlled conditions (18 °C, 12 h light: 12 h dark photoperiod) for 18 months prior to experi-
mentation. Tetrasporogenesis was only induced at 5 and 15 umol photons m~2 s~! under an 8 h light:16 h dark photoperiod
with 3.5 mg nitrogen L~! and tetraspore release was 28-fold greater at 18 °C compared to 15 °C after 28 days of exposure.
After 29 days, tetraspore release and germination rate both declined. All PGR treatments prevented tetrasporogenesis. This
study is the first to provide the detail and framework necessary to enable A. armata hatchery development. We conclude
that tetrasporogenesis was most likely induced in response to a significant reduction in photoperiod rather than as a result of
replicating seasonal environmental conditions, and that temperature played a key role in determining reproductive output.
With overall higher tetraspore release and a consistent germination rate of > 90%, we recommend exposing tetrasporophyte

biomass to 18 °C, 15 umol photons m~2 s~ and 3.5 mg nitrogen L~! under an 8 h L:16 h D photoperiod for up to 29 days to
obtain a reliable supply of tetraspores for seeding onto ropes for transfer to the hatchery phase.
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Introduction

The red seaweeds Asparagopsis armata and Asparagopsis
taxiformis are potent inhibitors of enteric methane due to
their production and storage of the bioactive secondary
metabolite bromoform (Kinley et al. 2016, 2020; Li et al.
2016; Machado et al. 2016, 2018; Roque et al. 2021). As a
result, there is high interest to commercially cultivate these
seaweeds at scale to supply the beef and dairy industries
with biomass for inclusion in anti-methanogenic feeds
(Duarte et al. 2017). However, before wide-scale adoption of
Asparagopsis becomes possible, further research is required
to develop techniques for large-scale commercialisation,
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product application technologies, and management strategies
to ensure the long-term safety and efficacy of Asparagopsis
in animal production systems (Vijn et al. 2020; Pandey et al.
2021; Glasson et al. 2022).

The commercialisation of Asparagopsis requires a
continuous supply of high quality biomass that will need to
be provided through efficient and sustainable aquaculture
(Vijn et al. 2020). As such, there are three approaches that
can be used to farm Asparagopsis, namely: a) land-based
aquaculture of the tetrasporophyte in tanks (Mata et al.
2010), b) mariculture of wild-harvest gametophyte by
seeding ropes for grow-out (Kraan and Barrington 2005;
Wright et al. 2022), and c) closed life-cycle cultivation of
gametophytes from tetraspores for mariculture on ropes
(Fig. 1). Closed-life cycle cultivation is a desirable method
as it enables the year-round production of gametophytes
via the induced reproduction of tetrasporophytes, although
the complex life cycle of Asparagopsis (Fig. 1) makes it
challenging to close all the stages of the life cycle under
aquaculture. This approach will also enable future strain
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Fig.1 Schematic diagram of the life cycle of Asparagopsis armata
has a triphasic life cycle, alternating between a terete gametophyte
(n), a microscopic carposporophyte (2n), and filamentous tetrasporo-
phyte (2n) phase. Gametophytes are dioecious, with males producing
spermatangia and females producing carpogonia. After fertilisation,
the carposporophytes develop on the female thallus. Carposporo-

selection and selective breeding for the production of high
quality Asparagopsis containing a high content of bromoform
(the primary bioactive component in Asparagopsis (Machado
et al. 2016; Glasson et al. 2022), thereby reducing the dosage
of Asparagopsis required to achieve an optimal mitigation
effect (Li et al. 2016; Charrier et al. 2017; Roque et al. 2019,
2021; Kinley et al. 2020).

Successful seaweed aquaculture requires a high degree
of control over the external factors regulating seaweed
reproduction, such as irradiance, temperature, photoperiod,
pH, and nutrient concentration (Garcia-Jiménez and Robaina
2015; Charrier et al. 2017; Liu et al. 2017). Identifying the
optimum conditions to induce tetrasporogenesis (i.e., the
mass formation of tetrasporangia) and the release, settlement,
and germination of subsequent tetraspores into juvenile
gametophytes are pivotal steps in establishing closed-life
cycle aquaculture of Asparagopsis as these will enable
the development of commercial hatcheries for generating
sufficient and sustainable biomass supply to meet future
demands (Pang and Liining 2004; Charrier et al. 2017).
Temperature, photoperiod, and nutrient concentration are
critical factors for inducing tetrasporogenesis in Asparagopsis,
and tetrasporogenesis has only been induced under short
photoperiods (Oza 1977; Bonin and Hawkes 1987; Guiry
and Dawes 1992). For example, when cultured at 17 °C, the
critical photoperiod for inducing tetrasporogenesis in Irish
and Australian strains of A. armata tetrasporophytes ranged
between 8 h L:16 h D (Light:Dark) — 9 h L:15 h D (Guiry
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phytes produce carposporangia, which release carpospores that ger-
minate into tetrasporophytes. Tetrasporophytes (also referred to as
individual ‘pom poms’) develop tetrasporangia, which release tetra-
spores that germinate into gametophytes (Bonin & Hawkes 1987).
Original pencil drawings, assembly and edits in Adobe Photoshop
and Illustrator by Maro Guy. Drawings are not to scale

and Dawes 1992). Similarly, tetrasporogenesis occurred
when cultured at 15 °C under low nutrient concentrations
(i.e. nitrate/phosphate deficient) and at photoperiods ranging
between 6 h L:18 h D — 8 h L:16 h D in French strains of
A. armata (Oza 1977). However, no method with sufficient
detail surrounding the timing and practical setup for inducing
tetrasporogenesis or optimising the release, settlement and
germination of tetraspores has been published.

There is accumulating evidence that the application of
plant growth regulators (PGRs) can provide benefits for
aquaculture by accelerating and/or enhancing seaweed
reproduction (Sacramento et al. 2007; Stirk and Van Staden
2014; Pilar et al. 2016; Garcia-Jimenez and Robaina 2017;
Liu et al. 2017). For example, the exogenous application
of methyl jasmonate (100 pM) to Grateloupia imbricata
reduced the cystocarp maturation period to 48 h compared
to the typical > 3-week period and increased the number of
cystocarps 7.5-fold compared to controls (Pilar et al. 2016).
Multiple studies have also detected increases in the produc-
tion of indole-3-acetic acid (IAA), abscisic acid (ABA),
and 1-aminocyclopropane-1-carboxylic acid (ACC) in fer-
tile thalli compared to infertile thalli in several species of
seaweed (Nimura and Mizuta 2002; Kai et al. 2006; Garcia-
Jiménez and Robaina 2012, 2015; Uji et al. 2020), indicat-
ing that these PGRs may play a role in regulating seaweed
reproduction. There is significant potential for PGRs to
improve the efficiency of A. armata grown in hatcheries by
reducing the induction period for tetrasporogenesis, which
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would drastically improve the production of tetraspores over
the same time scale, resulting in reduced overall costs of
hatchery production (Watson and Dring 2011; Taelman et al.
2015).

The aim of this study was therefore to identify the optimal
cultivation conditions for inducing and controlling tetrasporo-
genesis in the anti-methanogenic red seaweed A. armata in
New Zealand. This will provide a baseline method for obtain-
ing a reliable supply of A. armata tetraspores to facilitate the
development of sustainable A. armata aquaculture. The spe-
cific objectives of this study were to: (1) determine the effect
of temperature, irradiance, nutrient concentration, and photo-
period on the induction of tetrasporogenesis under controlled
laboratory conditions; (2) quantify the number of tetraspores
released and germination rate of released tetraspores under
successful inducing conditions; (3) determine the effect of
selected PGRs on tetrasporogenesis with the target of accel-
erating tetrasporogenesis; and (4) regulate the induction of
tetrasporogenesis (i.e., “switching” reproduction off and on)
under controlled laboratory conditions.

Materials and methods
Sample collection and tetrasporophyte production

Cystocarpic Asparagopsis armata (approximately 20 indi-
viduals) were haphazardly collected from natural popula-
tions (Ministry for Primary Industries Special Permit num-
ber 742) at 2 — 3 m depth by snorkelling in Matheson Bay,
Leigh, New Zealand (36.31°S, 174.80°E) in August 2020.
Samples were transported in buckets filled with seawater

Fig.2 a Experimental design (a)
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collected at the site to the laboratory. The collected speci-
mens were transferred to nutrient enriched (3.5 mg nitrogen
(N) L~! and 0.3 mg phosphorus (P) L™! (F/8), Varicon Aqua,
Cell-Hi F2P) filtered seawater upon arrival to the laboratory
and maintained in a temperature and light controlled room
(18 °C,~15 pmol photons m~2s~!, 12 h L:12 h D; spring/
autumn conditions at Matheson Bay). Within a week, car-
pospores were released that had germinated into tetraspo-
rophytes. Tetrasporophytes were scraped from the bottom
of the bucket where they had settled and transferred into a
new 2 L white plastic bucket filled with autoclaved-filtered
seawater (AFSW) with nutrients added at F/8. Germanium
dioxide (GeO,) was added at a concentration of 2.5 mL L!
to inhibit diatom growth. Tetrasporophytes were scaled up
and maintained over an 18-month period under the same
conditions described above with weekly water changes and
were well acclimated to pre-experimental culture conditions.
This biomass was used in the 4 succeeding experiments:

(a) Induction of tetrasporogenesis

(b) Enhancing tetrasporogenesis

(c) Use of plant growth regulators

(d) Controlling repeated cycles of tetrasporogenesis

Experimental overview

The present study was divided into four experiments:

In the first experiment ((a) induction of tetrasporo-
genesis, Fig. 2a), A. armata tetrasporophyte filaments
were exposed to different combinations of temperature,
irradiance, and nutrient concentration to determine the
effect of these environmental drivers on the induction of
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tetrasporogenesis under controlled laboratory conditions.
Several treatment combinations resulted in the induction of
tetrasporogenesis during this experiment but only at 15 °C
(i.e., no treatments that included 11 or 13 °C resulted in
tetrasporogenesis); therefore, in the second experiment
((b) enhancing tetrasporogenesis, Fig. 2b), the conditions
were further refined by including photoperiod and adding a
higher temperature treatment. Here, the number of released
and settled tetraspores (hereafter referred to as released tet-
raspores) and the germination rate of released tetraspores
were quantified under each set of conditions to identify an
optimal set of conditions for inducing tetrasporogenesis.
In the third experiment ((c) use of plant growth regula-
tors), tetrasporophyte filaments exposed to the optimal set
of conditions for inducing tetrasporogenesis were treated
with selected PGRs at a range of concentrations to assess
their effect on the induction of tetrasporogenesis with a tar-
get of shortening the required hatchery period. In the fourth
experiment ((d) controlling repeated cycles of tetrasporo-
genesis), filaments were switched between the optimal set
of conditions for inducing tetrasporogenesis and a set of
conditions targeted at ceasing tetrasporogenesis to assess
whether tetrasporogenesis can be ceased and restarted in
the same biomass or if biomass is ‘spent’ following mass-
production of tetraspores. Water changes were carried out
weekly during all experiments.

a) Induction of tetrasporogenesis Twenty individual tet-
rasporophytes from the stock cultures were cut into 3 —
4 mm length filaments using dissecting scissors to obtain
a homogenous mass of cuttings. Subsamples of approx-
imately 40 — 50 filaments (~ 10 mg fresh weight (FW))
per replicate were transferred into individual Petri dishes
(90 x 20 mm, LabServ, LBS60016) filled with 50 mL of
AFSW with nutrients (Varicon Aqua, Cell-Hi F2P) added at
concentrations of F/8 (3.5 mg NL™' and 0.3 mg P L") and
F/20 (1.4 mg N L™" and 0.1 mg P L™!). Dishes were placed
in environmental control cabinets (Panasonic; MLR-352)
setat 11, 13, and 15 °C and light setting 1 (LS1) with a
photoperiod of 8 h L:16 h D based on previously published
papers (Oza 1977; Guiry and Dawes 1992). All dishes were
placed at the back of the light source where light measure-
ments (LI-COR; LI-1500) confirmed an average irradiance
of 15 pmol photons m~2 s~!. The 5 pmol photons m~2 7!
treatment was achieved by covering dishes with a white
plastic tray. This resulted in 12 treatment combinations in
a fully factorial design (n=3 for each treatment, Fig. 2a).
Treatments were maintained under experimental conditions
for 42 days. All treatments were visually inspected weekly
for the presence of tetrasporangia by examining 30 fila-
ments from each dish under a stereomicroscope (Olympus
SZX2-ILLTQ), and the presence/absence of tetrasporangia
for each treatment was recorded.

@ Springer

b) Enhancing tetrasporogenesis Tetrasporangia were only
formed at 15 °C with F/8 treatments exposed to both 5 and
15 pmol photons m~2 s~! during the first experiment. There-
fore, we used these conditions as the baseline for the second
experiment, which was a factorial experiment investigating
the effect of temperature (15 and 18 °C), irradiance (5 and
15 pmol photons m~2 s~!), and photoperiod (§ HL: 16 HD
and 12 H L: 12 H D) with F/8 resulting in eight treatment
combinations (n =35 for each treatment, Fig. 2b). A homog-
enous mass of tetrasporophyte filaments was prepared and
subsamples were transferred into Petri dishes as described
in (a). Nutrients were added at F/8. Dishes were placed in
environmental control cabinets (Bio-strategy; MLR-352) set
at temperatures of 15 and 18 °C and LS1 with photoperi-
ods of 12 h L:12 h D and 8 h L:16 h D. Irradiances of 5
and 15 pmol photons m~ s~! were achieved as described in
(a). The experiment was carried out in two parts, described
below.

For part one of the experiment (day 0 — 27), all treat-
ments were maintained under experimental conditions for
27 days (based on temperature, light and nutrient conditions
that led to the successful induction of tetrasporogenesis after
21 days during the first experiment (a)) to determine which
treatment combination produced the highest number of
released tetraspores over the shortest period of time and with
the highest germination rate of released tetraspores. After
7 days, treatments were visually inspected daily for the pres-
ence/absence of tetrasporangia by examining 30 filaments
from each dish under a stereomicroscope and the presence/
absence of tetrasporangia for each treatment was recorded.
For treatments in which tetrasporogenesis was successfully
induced, the number of tetraspores released and germination
rate of released tetraspores were quantified daily by counting
the total number of newly released (ungerminated) and ger-
minated tetraspores settled at the bottom of each dish using
a stereomicroscope, as the first division of the germinating
tetraspore is evident after 24 h (Fig. 3). The biomass was
kept in the same dish throughout this part of the experiment.

For part two of the experiment (day 28 — 52), only the
most successful treatment combination (i.e. that in which
filaments produced the highest number of released tetra-
spores over the shortest period of time and with the best
germination rate of released tetraspores) after 27 days was
continued to determine the peak time period for tetraspore
release and the cut-off point for tetrasporogenesis under
these conditions. Due to the high total number of tetra-
spores released per day (> 500 day~! per dish) during part
one of the experiment, the method for quantifying tetra-
spore release and germination rate was adjusted as fol-
lows: each day, the entire contents (biomass and water) of
each dish were transferred into a new dish and tetraspore
release was quantified by counting the number of released
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Fig.3 a First division of a
germinating tetraspore (<24 h (a) (b)

50 um

of release). Arrow indicates
the first division. (b) Released
tetraspore (right) and second
division of a germinating tetra-
spore (left) (<48 h of release).
Arrows indicate the first and
second division. Scale is the
same for both images

tetraspores at the bottom of each original dish. New nutri-
ent medium was added back into the dishes which were
transferred back to their respective culture cabinets. Ger-
mination rate was then quantified by counting the number
of germinated tetraspores in each original dish three days
post-release. Treatments were maintained under experi-
mental conditions for a total of 52 days.

(c) Use of plant growth regulators A homogenous mass
of tetrasporophyte filaments was prepared and subsam-
ples were transferred into Petri dishes as described in(a).
Three PGRs—(a) indole-3-acetic acid (IAA), (b) abscisic
acid (ABA), and (c) l-aminocyclopropane-1-carboxylic
acid (ACC)—were applied at three concentrations: 0.1 pM,
1.0 pM, and 10 pM (n =3 for each treatment), and a con-
trol with no PGRs added was also included (n=3). PGR
stock solutions were prepared using reverse osmosis (RO)
treated water at concentrations of 17.5 mg (100 mL)~!,
10.1 mg (100 mL)™!, and 26.43 mg mL~! for IAA, ABA,
and ACC, respectively. IAA and ABA were dissolved in
ethanol (EtOH) and dimethyl sulfoxide (DMSO), respec-
tively, as carriers due to their low solubility in water. Solvent
controls were previously tested with no effect detected and
were therefore not included in the run. PGR stock solutions
were added to each dish according to the three treatment
concentrations and topped up to 50 mL with AFSW and
nutrients added at F/8. Dishes were placed in an environ-
mental control cabinet (Panasonic; MLLR-352) set at 18 °C,
15 pmol photons m~2 s~! (LS1), and an 8 h L:16 h D pho-
toperiod. All treatments were visually inspected every sec-
ond day for the presence of tetrasporangia by examining 30
filaments from each dish under a stereomicroscope and the
presence/absence of tetrasporangia for each treatment was
recorded. Water changes were carried out with PGRs added
as described above. As the aim of this experiment was to
determine whether tetrasporogenesis can be accelerated to
shorten the required hatchery period, the experiment was
run for a total of 14 days based on the successful induction
of tetrasporogenesis after 14 days under these conditions
during the second experiment (b).

(d) Controlling repeated cycles of tetrasporogenesis A pilot
experiment using excess reproductive tissue grown under
the optimal conditions for inducing tetrasporogenesis (i.e.
18 °C, 15 pmol photons m2s !, 8hL:16 h D, F/8) in the
second experiment (b)was conducted to identify conditions
to cease tetrasporogenesis. On day 30 and 42 of the second
experiment, approximately 3 — 4 filaments from each repli-
cate Petri dish were combined and transferred into separate
Petri dishes (90 X 20 mm) filled to 50 mL with AFSW and
incubated under conditions selected to inhibit tetrasporo-
genesis (n=1, Fig. 4a). The filaments transferred on day
30 were grown at 18 °C, 15 pmol photons m—2s~!, 12 h L:
12 h D, and with nutrients added at F/8, whereas the fila-
ments transferred on day 42 were exposed to 20 °C, 5 pmol
photons m~2s~!,15h L:9 H D, and with nutrients added at
F/4 (7.0 mg N L™1). All treatments were visually inspected
every 2 — 3 days for the presence of tetrasporangia by exam-
ining all filaments from each dish under a stereomicroscope
and the presence/absence of tetrasporangia for each treat-
ment was recorded. Both treatments were maintained under
experimental conditions for 16 days, or until tetrasporogen-
esis had ceased. Since tetrasporangia only ceased in 20 °C,
5 pmol photons m~2s~!, 15 h L:9 H D, F/4 treatments (non-
inducing conditions), these conditions were tested with new
stock culture biomass as described below to confirm their
effects on tetrasporogenesis.

A homogenous mass of tetrasporophyte filaments was
prepared and subsamples were transferred into Petri dishes
as described in (a). Nutrients were added at F/8 and dishes
were placed in an environmental control cabinet set at 18 °C,
15 pmol photons m~> s~! (LS1), and a photoperiod of 8 h
L:16 h D (inducing conditions, n =35, Fig. 4b). Dishes were
visually inspected to confirm the presence of tetrasporangia
after 14 days as described in (c). Treatments were main-
tained under inducing conditions for a further 16 days,
and then visually inspected to confirm tetrasporogenesis
was still occurring. Cabinet settings were then changed to
20 °C and 5 pmol photons m~2 s~!, and a photoperiod of
15h L:9 h D, and the nutrient concentration was increased
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Fig.4 Experimental flow for (a) pilot trial and (b) the fourth experi-
ment where tetrasporophytes were exposed to different sets of condi-
tions targeted at either inducing (condition /; 18 °C, 15 pmol photons
m2s',8hL:16 h D, F/8 (3.5 mgN L‘l), ceasing (condition II;
20 °C, 5 pumol photons m~2 s~!, 15 h L:9 H D, F/4 (7.0 mg N L)
and condition /I1; 18 °C, 15 pmol photons m2s, 12hL: 12h D,
F/8), or re-starting (condition /) tetrasporogenesis. Days indicate the
time under each set of conditions. Box colour indicates whether bio-
mass was reproductive (grey) or non-reproductive (white) during each
stage of the experiment

to F/4 (non-inducing conditions). Treatments were visually
inspected every second day for the presence/absence of tet-
rasporangia as described previously and were maintained
under these experimental conditions for 14 days, or until
tetrasporogenesis had ceased. Once tetrasporangia were
no longer present inside filaments, cabinet settings were

@ Springer

changed back to inducing conditions and treatments were
visually inspected weekly for the presence of tetrasporangia.
Treatments were maintained under inducing conditions for
21 days, or until tetrasporangia were formed, at which point
the experiment ended.

Statistical analyses

Three-factor analysis of variance (ANOVA) was used to
compare the effect of temperature, light, and photoperiod
(fixed factors) on the number of tetraspores released per
day. As tetrasporogenesis is a prolonged process, analyses
on tetraspore release were carried out using data that had
been averaged across day 14 — 20 (week 3) and day 21 — 27
(week 4) for each treatment; data for these time periods were
analysed separately to identify the best treatment combina-
tion at each time period, rather than to detect significant
differences over time. Data were log(x + 1) transformed to
improve homogeneity of variances if Levene’s test for homo-
geneity of variances was significant. When ANOVA detected
significant differences between means (a=0.01), Tukeys
HSD post-hoc tests were used to compare the means of the
treatment groups. Eta-squared (%) n*= SStuctor” SSiora1 % 1005
with $S;,.,,, being the sum of squares of a particular factor
and SS,,,,; being the total sum of squares, was calculated to
determine the proportion of the total variation in the num-
ber of tetraspores released that was associated with each
factor (temperature, light, and photoperiod) (Richardson
2011). Formal statistical analyses were not carried out for
germination rate because including all replicates shows a
decline in germination rate on days where some replicates
had no released tetraspores. Consequently, only including
replicates where tetraspores were released would result in
an unbalanced design with low statistical power due to a
low number of replicates. All statistical analyses were con-
ducted using RStudio (version 3.6.1). All data are reported
as mean + standard error (SE); n=3 for experiment (a) and
(c), n=>5 for experiment (b) and (d).

Results
Induction of tetrasporogenesis

Tetrasporangia were formed only in 15 °C and F/8 treat-
ments exposed to either 5 (2/3 replicates) or 15 umol pho-
tons m~2 s~! (3/3 replicates) and were first visible from day
21 of the experiment (Table 1). Tetrasporangia continued
to form on day 28 and 35, and by day 28, both treatments
had released tetraspores that had successfully settled and
germinated into juvenile gametophytes (Table 1). No tet-
rasporangia were formed on day 42. No tetrasporangia were
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Table 1 Presence/absence Treatment Day

() of tetrasporangia over a

42-day period ((a) induction 7 14 21 28 35 42

of tetrasporogenesis) (n=23).
Treatment names correspond to
the given temperature (T, °C),
light (L, umol photons m~2 s71),
and nutrient conditions for each
treatment

11 TISLF/8 -
11 TSLF/A -
11 T15LF/20 -
11 TS5LF/20 -
13T 15LF/8 -
13T5LF/8 -
13T 15 L F/20 -
13T5LF/20 -
IS5T15LF/8 -
I5STSLF/R -
15T 15 LF/20 -
15TS5LF/20 -

Table 2 Results of analysis of variance (ANOVA) testing the effect
of temperature (T), light (L), and photoperiod (L:D) on tetraspore
release (day’l) (n=5) 14 — 20 days and 21 — 27 days after initial
exposure to different treatments ((b) enhancing tetrasporogenesis).

F-statistics (F), the significance level (p) with significant effects in
bold, and the eta-squared value (rf, % of variance) as a measure of
effect size are reported

Source df Day 14—20 Day 21—27
F p n2 F p n2
T 1 12.82 <0.001 9.1 29.65 <0.001 11.7
L 1 19.29 <0.001 13.7 34.25 <0.001 13.5
L:D 1 19.29 <0.001 13.7 34.25 <0.001 13.5
TxL 1 12.82 <0.001 9.1 29.65 <0.001 11.7
TxL:D 1 12.82 <0.001 9.1 29.65 <0.001 11.7
LxL:D 1 19.29 <0.001 13.7 34.25 <0.001 13.5
TxLxL:D 1 12.82 <0.001 9.1 29.65 <0.001 11.7
Residuals 32
formed in 11 °C and 13 °C or F/20 treatments exposed to
either irradiance at any point during the experiment.
. . 700 7 m1sTsL8:16 B15T5112:12
Enhancmg tetrasporogenesis B15T1518:16 B15T15112:12
T 600 - O18T5L8:16 B18T5112:12
] 018T15L8:16 @ Control

Tetrasporangia were formed only in 18 and 15 °C treatments % 500 -
exposed to 15 pmol photons m™>s~' andan 8 h L:16 h D 8 400 |
photoperiod and first began to form on day 14 and 17 of the g 55
experiment, respectively. The number of tetraspores released g

—1 . . . § 200 A
per day (tetraspores day™ ") differed significantly arpong 3
temperature treatments, but the effects were not consistent 100 -
among photoperiod or light treatments (Table 2). Tetraspore " . rh . i

release was ninefold and 28-fold greater for 18 °C treat-
ments compared to 15 °C treatments during day 14 — 20
and day 21 — 27 of the experiment, respectively (P =0.007,
Fig. 5). Tetraspore release was higher during day 21 — 27
of the experiment for both temperature treatments, with an
average of 541+ 136 (18 °C) and 20+ 7 (15 °C) tetraspores
day~! during day 21 — 27 compared to an average of 56 + 34

Day 14 - 20 Day 21-27

Fig.5 Mean (+S.E) tetraspore release (day™') 14 — 20 days and 21
— 27 days after initial exposure to different treatments ((b) enhancing
tetrasporogenesis) (n=>5). Treatment names correspond to the given
temperature (T, °C), light (L, umol photons m~2 s™'), and photoper-
iod (L:D, h) conditions for each treatment. Pre-experimental culture
conditions (18 T; 15 L; 12L: 12D) were used as a control
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(18 °C) and 6+ 5 (15 °C) tetraspores day~' during day 14
— 20, and there were generally large variations in tetraspore
release occurring between replicates of the same treatment
(Fig. 5). Approximately 14% of the variation in tetraspore
release was due to the interaction between light and photo-
period (LxL:D), as well as light and photoperiod as indi-
vidual factors, whereas approximately 10% of the variation
was due the remaining interactions (TxL, TxL:D, TxLxL:D)
and temperature as an individual factor (Table 2). The ger-
mination rate of released tetraspores during day 20 — 14
and day 21 — 27 ranged between 94 + 6 — 97 + 3% for both
treatments (Fig. 6). No tetrasporangia were formed in treat-
ments exposed to 5 umol photons m™2 s~ ' ora 12h L:12 h
D photoperiod.

Tetrasporophyte filaments exposed to 18 °C, 15 pmol
photons m~2s~!, and an 8 h L:16 h D photoperiod produced
the highest number of released tetraspores during day 14
—20 and day 21 — 27 while maintaining a germination rate
of >90%; therefore, these filaments were kept under the
same treatment conditions for a further 25 days to continue
assessing tetraspore release and germination rate. There
were two peaks in tetraspore release under these condi-
tions throughout the whole experimental period (Fig. 7a).
The peaks occurred from day 27 — 29 (peak one) and day
49 — 50 (peak two) and were similar in size, with averages
of 859 + 173 and 757 + 128 tetraspores day~' respectively,
with large variations in tetraspore release occurring between
replicates of the same treatment (Fig. 7a). In contrast, the
germination rate of released tetraspores was notably higher
during peak one with an average of 92 +4% across peak one,
compared to an average of 44 + 8% across peak two, and was
overall more consistent between samples of the same treat-
ment (Fig. 7b). Tetrasporangia continued to form at the end
of the experiment (day 52).

W15T15L8:16
018T15L8:16

90 A
80 -
70 A
60 -
50 A
40 A
30 A
20 A
10 A

Germination rate (%)

Day 14-20 Day 21-27

Fig. 6 Mean (+S.E) germination rate (%) of released tetraspores (i.e.,
tetraspores germinated within 24 h of release) 14 — 20 days and 21 —
27 days after initial exposure to different treatments ((b) enhancing
tetrasporogenesis) (n=5). Treatment names correspond to the given
temperature (T, °C), light (L, umol photons m~2 s™1), and photoper-
iod (L:D, h) conditions for each treatment

@ Springer
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Tetrasporangia were not observed in the seaweeds treated
with PGRs after 14 days. As observed previously in the
enhancing tetrasporogenesis experiment, tetrasporangia
were formed in the 18 °C, 15 umol photons m—s~!, and 8 h
L:16 h D (control conditions with no PGRs added) treatment
(3/3 replicates) after 14 days.

Controlling repeated cycles of tetrasporogenesis

In pilot trials (n=1), tetrasporangia were present in fila-
ments exposed to inducing conditions (18 °C, 15 umol pho-
tonsm~2s~!, 12h L:12h D, and F/8) 14 days from the start
of tetraspore formation. This was previously demonstrated
to be peak tetraspore release before a decline was detected.
Once transferred to non-inducing conditions (20 °C, 5 pmol
photons m™ s™!, 15 h L:9 H D, and F/4), tetrasporogenesis
ceased after eight days.

In the replicated experiment (n=35), tetrasporangia were
present in filaments exposed to inducing conditions after
14 days and 14 days from the start of tetraspore forma-
tion. After 12 days of exposure to non-inducing conditions,
tetrasporangia were no longer present in filaments. After
14 days of exposure back to inducing conditions, tetraspo-
rangia were present again in filaments. These results were
consistent in all five replicates.

Discussion

In this study we successfully induced tetrasporogenesis and
the release and germination of tetraspores in domesticated
A. armata tetrasporophytes that had been acclimated at
18 °C,~ 15 pmol photons m~2 s!, and 12 h L:12 h D for
18 months prior to experimentation. Reproductive processes
in seaweeds are typically controlled by one or more envi-
ronmental factors (Liu et al. 2017; de Bettignies et al. 2018)
which can be manipulated to induce and optimise reproduc-
tion under controlled laboratory conditions for aquaculture
purposes (Charrier et al. 2017). Previous studies assessing
the effects of environmental factors on tetrasporogenesis in
A. armata (Oza 1977; Liining and Dieck 1989; Guiry and
Dawes 1992) were carried out from an ecological standpoint,
rather than with the purpose of informing and developing
farming techniques, and thus lack the detail necessary for
applying these methods at the scale required for commercial
aquaculture. This study presents a quantitative analysis of
the effects of temperature, irradiance, nutrient concentra-
tion, and photoperiod on the induction of tetrasporogenesis
in A. armata tetrasporophytes and provides a foundational
method for obtaining a high and reliable supply of tetra-
spores that can be upscaled to facilitate commercial hatchery
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Fig.7 Mean (+S.E) (a) 1200 - (a)
tetraspore release (day~! per
dish) and (b) germination rate —~ 1000 -
(%) of released tetraspores (i.e. >
tetraspores germinated within 3 l
24 h of release from 18 °C, ; 800 - |
15 umol photons m~2s.”!, and § 5 [
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development. There were clear interactive effects of light
and photoperiod on tetrasporogenesis, and manipulating
temperature was key to optimising this process. Based on
our findings, the proposed method for optimising the pro-
duction of tetraspores and their germination into juvenile
gametophytes to maximise the number of tetraspores for
seeding onto ropes for mass-scale seaweed cultivation is to
expose tetrasporophytes to 18 °C, 15 umol photons m=2 s~
and F/8 (3.5 mg N L™!) under an 8 h L:16 h D photoperiod
for up to 29 days.

Our findings demonstrate that a specific combination
of temperature, irradiance, photoperiod, and nutrients is
required to induce tetrasporogenesis in A. armata. A photo-
period of 8 h L:16 h D was critical for inducing tetrasporo-
genesis in our New Zealand strain of A. armata, but only at
temperatures of 15 and 18 °C and a nutrient concentration
of F/8 (3.5 mg N L™"). This was similar to previous studies
where tetrasporogenesis was only induced under short pho-
toperiods in combination with relatively narrow temperature
bands that differed between strains (Oza 1977; Liining and
Dieck 1989; Guiry and Dawes 1992) (Table 3). The optimal

Day

conditions that induced tetrasporogenesis in our New Zea-
land strain, as well as several previously assessed strains
(Oza 1977; Guiry and Dawes 1992), are similar to the natu-
ral spring/autumn temperature and winter photoperiod at the
collection locations for these strains (Tables 3 and 4). These
temperature and photoperiod conditions do not occur simul-
taneously during any season for the majority of assessed
strains (Table 3). Furthermore, the inducing photoperiod
identified in this study (8 h L:16 h D) does not naturally
occur at the collection location of our strain (Table 4), sug-
gesting that tetrasporogenesis was induced by stress induc-
tion through a significant reduction in photoperiod, rather
than by replicating natural reproductive environmental con-
ditions. Moreover, photoperiod was the only factor changed
between the conditions that resulted in optimal tetraspore
release in the second experiment (enhancing tetrasporogen-
esis) and the maintenance conditions of the stock cultures
(18 °C,~ 15 umol photons m~2 5™, 12 h L:12 h D) used to
conduct the experiment. This conclusion is also supported
by the fact that tetrasporogenesis is first induced in natural
populations in March (austral autumn) when the ambient
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Table 3 Results of previous studies testing the effects of temperature
and photoperiod on the induction of tetrasporogenesis in A. armata
tetrasporophytes from different locations. Only successful conditions

(i.e., those which resulted in the induction of tetrasporogenesis) are
reported. Bracketed letters indicate the season at each location that
correspond to the tested temperature and photoperiod conditions

Author(s) Lineage/Haplotype®  Strain location

Temperature co® Photoperiod (L:D)° Notes

(Oza 1977) LIA Brittany, France

(Guiry and Dawes 1992)  L1A Galway, Ireland

L1A Sicily, Italy

Unknown Victoria, Australia

(Bonin and Hawkes 1987) L1B Leigh, New Zealand

Present study L1B Leigh, New Zealand

15 (AU/SP) 8:16, 6:18 (WI) Tetrasporogenesis induced
under nutrient depletion
(14mgNL™h

Tetrasporogenesis induced
under nutrient lev-

els>0.21 mg NO* L~}

No effect of nutrient con-
centration

17 (SU) 8:16 (WI)

17,19, 21 (AU/SP) 8:16, 9:15 (WI)

13,15,17 (AU/SP)  8:16 (WI) Low reproduction (<30%
of individuals) across all

treatments

Culture conditions not
described, but tetrasporo-
genesis reported under
‘spring conditions’

15, 18 (AU - SP) 8:16 (WI) Tetrasporogenesis induced
under increased nutrient
levels (3.5 mg NL™!),

low reproduction at 15 °C

“Based on the mitochondrial cox2-3 spacer marker (Dijoux et al. 2014; Preuss et al. 2022)

®Mean sea surface temperature 2020 (Sea Temperature Info 2022)

“Mean photoperiod 2020 (Sunrise and sunset 2020; World Data Info 2022)

SU summer, AU autumn, WI winter, SP spring.

conditions are markedly different from those which induced
tetrasporogenesis in this study (Tables 3 and 4) (Bonin and
Hawkes 1987), although such high temperatures were not
tested in the current study.

Table 4 Environmental conditions at Leigh, Auckland, New Zealand

Season Month Temperature (°C)? Photo-
period
(L:D)®
Summer December 19.1 (18.2 -20.3) 14:10
Summer January 20.1 (18.7-22.4) 14:10
Summer February 21.9 (21.5-22.8) 13:11
Autumn March 20.9 (20.0 - 22.0) 12:12
Autumn April 19.4 (18.5-20.3) 11:13
Autumn May 17.6 (16.9 — 18.7) 10:14
Winter June 16.5 (15.8 - 17.0) 9:15
Winter July 15.3 (14.8-15.8) 10:14
Winter August 14.5 (14.1 - 14.9) 10:14
Spring September 14.6 (14.4-15.0) 11:13
Spring October 16.0 (14.6 — 17.8) 13:11
Spring November 18.0 (17.5-18.5) 14:10

*Mean and range sea surface temperature 2020 (Sea Temperature Info
2022)

"Mean photoperiod 2020 (Sunrise and sunset 2020)

@ Springer

Tetrasporogenesis was optimal at 18 °C, with both tetra-
spore release and germination rate significantly higher than
at 15 °C, whereas temperatures below 15 °C (11 and 13 °C)
did not result in tetrasporogenesis, similar to previous stud-
ies (Oza 1977; Liining and Dieck 1989; Guiry and Dawes
1992). While tetrasporogenesis occurred at 5 umol photons
m~2 57! during the first experiment (induction of tetrasporo-
genesis), there was higher variability between replicates than
at 15 umol photons m~2 s~! and tetrasporogenesis did not
occur at all at 5 umol photons m~2 s~! during the second
experiment. Preliminary experiments with higher temper-
ature and light conditions resulted in more bleached and
fouled filaments. An irradiance of 15 pmol photons m=2 s~
is therefore recommended as the minimum amount of light
required for reliable induction. Nutrient depletion (~ 1.4 mg
N L7!) prevented tetrasporogenesis under all conditions
tested during the first experiment, which contrasts with a
previous study reporting the induction of tetrasporogenesis
under these same conditions for French strains of A. armata
(Oza 1977) (Table 3). Conversely, nutrient concentration
had no effect on the induction of tetrasporogenesis in Ital-
ian strains (Guiry and Dawes 1992) (Table 3). Variation in
the effects of environmental factors on tetrasporogenesis
are expected across geographically isolated strains of sea-
weed due to the reproductive synchrony of seaweeds with
their surrounding environment (Ims 1990; Rule et al. 2013).
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Moreover, such variation may also occur across geographi-
cally separated populations of the same strain, or between
co-existing strains as a result of underlying genetic differ-
ences (Mata et al. 2017; Jansen et al. 2022). The samples
used in the present study were most likely of the L1B line-
age, which is part of one of the two lineages (L1B and L2B
within two cryptic clades L1 and L2) of A. armata found
within New Zealand (Preuss et al. 2022). L1B is widespread
throughout New Zealand, whereas L2B is currently found
only in the south of the North Island to Stewart Island, where
it has been found to co-exist with L1B in several locations
(Preuss et al. 2022). Future work could look to expose A.
armata tetrasporophytes from co-occurring L1B and L2B
strains, as well as different populations of the L1B strain,
to the optimal conditions identified in this study to further
understanding of the effects of genetic versus environmental
factors on the induction of tetrasporogenesis in A. armata.

The method reported in the present study significantly
reduced the time required for induction compared to pre-
vious studies where tetrasporangia were induced after
5 — 8 weeks of exposure to experimental conditions (Oza
1977; Guiry and Dawes 1992). This is of critical impor-
tance for the viability of seeding at scale, as nursery and
hatchery periods typically contribute a substantial propor-
tion of ongoing operational costs (Watson and Dring 2011;
Werner and Dring 2011; Taelman et al. 2015). There is also
further potential for cost reduction through accelerated and
enhanced reproduction with the use of PGRs. For example,
sorus formation of the kelp Saccharina japonica was accel-
erated by two weeks with the application of ABA (10 uM)
(Nimura and Mizuta 2002), while carpospore release in the
red seaweed Pyropia yezoensis was significantly enhanced
with the application of the ethylene precursor ACC (50 uM)
(Uiji et al. 2020). Contrary to these studies, there was no
positive effect of PGRs on tetrasporogenesis in this study.
One possible explanation for this was that one or more of
these PGRs caused a shift in metabolism from reproduction
to growth, as evinced by the suppression of sorus formation
alongside increased growth in S. japonica with the addition
of IAA (10 uM) (Kai et al. 2006). However, growth was not
quantified here to enable further discussion in this regard.
Little is known about the effects of PGRs specifically on
tetrasporogenesis, with research concentrated on the effect
of ethylene in Pterocladiella capillacea where exposure to
ethylene (30 min) increased the number of tetrasporangial
branches by nearly 200-fold compared to controls (Garcia-
Jiménez and Robaina 2012). Omics studies such as internal
analyses of seaweed PGR contents from maintenance condi-
tions through to a full reproductive cycle would facilitate the
prospective application of PGRs for improving the efficiency
of hatchery production.

Most cultivated seaweeds, including kelps and nori (Porphyra
and Pyropia), undergo instant mass spore release where a

high number of spores is immediately available for seeding at
the onset of spore release (Redmond et al. 2013). Conversely,
tetrasporogenesis in A. armata is a continuous process with
variable sporulation in which there are evident peaks in
tetraspore release. The method for seeding tetraspores will need
to account for this. The methods reported here are suitable for
obtaining a continuous high supply of tetraspores at the scale
required for commercial hatchery development. Based on this
study where~10 mg FW of tetrasporophyte biomass was used
per dish, an estimated > 10 million tetraspores per 100 g FW of
tetrasporophyte biomass could be obtained for seeding over a
15-day period from day 14 at the onset of tetrasporogenesis to
day 29 at the end of the first peak. However, this method would
result in juvenile gametophytes at slightly different stages of
development, which may pose challenges if there are marked
differences in the requirements of early stage hatchery conditions.
Another option could be to carry out seeding only at day 27 —29
during the first peak, resulting in an estimated 7.6 — 8.6 million
tetraspores per 100 g FW of tetrasporophyte biomass. The second
peak in tetraspore release (day 49 — 50) was lower in both the
number and germination rate of released tetraspores, and there
was higher variability between replicates compared to the first
peak. For these reasons, it is not recommended for seeding to be
carried out during the second peak.

For the first time, we showed that tetrasporogenesis can
be ceased on demand by exposing tetrasporophytes to an
extended photoperiod of 15 h L:9 h D, alongside a decrease
in irradiance (5 umol photons m~2 s~!) and increase in tem-
perature (20 °C) and nutrient concentration (7.0 mg N Lh,
and then induced again by placing the same tetrasporophytes
back under inducing conditions. This would prove useful
in situations where tetrasporophyte biomass is limited. The
ability to maintain and re-use previously-induced broodstock
would also increase management options and be beneficial
for research purposes (Jeliani et al. 2018). Additionally, as
the second peak in tetrasporogenesis is less reproductive,
broodstock may need to recover after being induced for
seeding to reduce the risk of contamination that arises from
increased time under seeding conditions (Mooney-McAuley
et al. 2016). Whether repeatedly inducing tetrasporogenesis
in the same biomass affects reproductive output and/or ger-
mination rate would need to be addressed in future work to
assess whether this is a viable approach. Nevertheless, this
work serves as a baseline for the process of undertaking
repeated cycles of induced tetrasporogenesis to obtain A.
armata tetraspores for seeding.

Conclusion
This study is the first to fundamentally optimise

tetrasporogenesis and provide the detail and framework
necessary for enabling A. armata hatchery development. We
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provide a baseline method for inducing tetrasporogenesis in
A. armata and demonstrate that this process can be controlled
through the manipulation of specific environmental
parameters. Tetrasporogenesis was induced after 14 days
when tetrasporophytes were exposed to an 8§ h L:16 h D
photoperiod with an irradiance of 15 umol photons m~2 s
and nutrients added at a concentration of 3.5 mg N L~!
(F/8). Increasing the temperature from 15 to 18 °C resulted
in a mass increase in tetraspore release which peaked after a
total of 27 — 29 days of exposure to inducing conditions. In
contrast, exposing tetrasporophytes to 11 and 13 °C under
an 8 h L:16 h D photoperiod with lower light intensities and
nutrient concentrations did not result in the induction of
tetrasporogenesis. We conclude that tetrasporogenesis was
most likely induced through stress in the form of a significant
reduction in photoperiod rather than as a result of replicating
seasonal reproductive environmental conditions, and that
temperature plays a key role in determining the reproductive
output of A. armata tetrasporophytes. These findings will
enable further research to optimise the methods for seeding
released tetraspores onto ropes, as well as optimising early
hatchery and nursery conditions to maximise the development
of gametophytes for in-sea outplanting.
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