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Abstract

The future of large-scale kelp aquaculture is standing at a crossroad, with the diverging paths being characterized by two
fundamentally different cultivation methods that differ on how well gametophyte reproduction can be controlled. The cul-
tivation method that does not directly control gametophyte reproduction is more widely utilized at the moment, but interest
in better controlling gametophyte reproduction is growing steadily. Here, we validate a bioreactor system that overcomes a
number of implementation challenges for this controlled reproductive method, expanding the possibility of clonal gameto-
phyte cultivation outside of expensive laboratory settings. The main goals of this system include (i) the maintenance of clean
gametophyte clonal cultures in non-sterile environments over prolonged periods of time, (ii) the production of large numbers
of juvenile sporophytes, and (iii) effective transportation of gametophytes and sporophytes. The “SeaCoRe system’ consists
out of three parts that correspond to these three challenges: (1) clone-reactors, (2) a clone-inducer, and (3) a transporter. The
validation of the system showed that delayed Saccharina latissima and Alaria esculenta gametophytes can grow reliably for
75 days in the clone-reactors. Initial gametophyte densities of 0.4 mg DW and 0.6 mg DW gametophtyes mL~! were optimal
for S. latissima and A. esculenta, resulting in reproductive successes of 604 and 422 sporophytes mL~!, respectively. Lastly,
gametophyte transport was simulated, with high reproductive success still achieved within 19 days in~20 °C environments.
The SeaCoRe system helps unlock the full potential of large-scale kelp cultivation using multiannual delayed clonal.

Keywords Delayed gametophytes - Clonal cultures - Gametophytes - Reproduction - Gametophyte propagation - Kelp -
Kelp farming - Culture maintenance - Bioreactors

Introduction

Kelp aquaculture is on the cusp of becoming a large-scale
offshore industry on a global scale (Bak et al., 2020). The
main driving force behind this sudden increase in interest is
the promise of kelp as a sustainable source for food (van den
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Burg 2021), feed (Carrier et al. 2017), bio energy (Davies
et al. 1990), and as scalable carbon sink for the mitigation
of climate change (Chung et al. 2013). Standing on its path
toward industrially scaled offshore kelp cultivation lies a
choice on how kelp should be cultivated. To this day, there
is no clear consensus on which cultivation method is best
suited for large-scale kelp aquaculture. Kelp aquaculture
is still being practiced using two fundamentally different
cultivation methods (Kerrison et al. 2019; Goecke et al.
2020), which are categorized here as the controlled- and
uncontrolled reproductive methods (Ebbing et al. 2021).
The uncontrolled reproductive method (URM) is character-
ized by releasing substantial amounts of zoospores in large
tanks that are filled with twine rope. This method is consid-
ered to be the traditional method and is used in large parts
of the world (Shan et al. 2013). The released zoospores first
need to attach to the twine rope after which they develop
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into gametophytes. These newly formed gametophytes
then sexually reproduce and form young sporophytes, all
the while still being attached to these twine ropes (Su et al.
2017). URM is categorized as “uncontrolled” since farmers
cannot precisely steer the reproductive success (sporophytes
mL™"), or the relative reproductive success (sporophytes
mg~! gametophyte DW) of these kelp gametophytes. Farm-
ers can therefore not predictively quantify and control the
amount of sporophytes on their coils or farm ropes. The
second method is called the controlled reproductive method
(CRM), as it offers a more direct control on gametophyte
reproduction because of the in vitro environment where
gametophyte growth and reproduction take place (Zhang
et al. 2008). Gametophyte reproduction can be induced in
a controlled setting and the subsequent cultures with juve-
nile sporophytes can then be attached to twine strings using
techniques like paintbrush-seeding (Hwang et al 2006; Red-
mond et al., 2014; Umanzor et al. 2021), or direct seeding
(Kerrison et al. 2020; Forbord 2020). However, using CRM
as a primary cultivation method is still considered risky,
more labor-intensive than URM, and showing a higher
detachment from the seed strings when applied (Xu et al.
2009). These characteristics explain for a large part why
URM is still common practice in most parts of the world
(Goecke et al. 2020).

Interest in using CRM as primary cultivation method is
growing in the kelp industry because (i) gametophytes can
be kept in cultures for prolonged periods of time (Carney
2011; Barrento et al. 2016; Wade et al. 2020), (ii) gameto-
phytes can be cryopreserved (Visch et al. 2019), (iii) gameto-
phyte reproduction still has room to be optimized (Choi et al.
2005; Ratcliff et al. 2017), and (iv) the crossing of distantly
related unialgal male and female gametophyte clone cultures
may evoke intraspecific hybrid vigor for future F1 hybrid
cultivars (Shan et al. 2016; Zhao et al. 2016). Especially
breeding can benefit from using CRM since the breeding
possibilities that URM cultivation offers are limited, with
long-term degeneration in blade quality and productivity
observed in their cultivation practices (Shan et al. 2016).
This degeneration is caused by the inbreeding of limited
numbers of sorus-bearing individuals that are continuously
used in URM for multiple generations (Liu et al. 2014). The
resulting reduced genetic diversity and narrowed germplasm
bank decreases the variety’s adaptability to changing envi-
ronmental conditions. This reduced adaptability is made
only more relevant under climate change, endangering the
future performance of kelp with important economic traits
(Bi et al. 2011; Liu et al. 2012). However, breeding using
CRM can only be done by also fully understanding its limi-
tations and by mastering the growth and reproduction of
larger volumes of delayed gametophyte cultures (Zhang
et al. 2008). For now, this is still an understudied subject
that has proven difficult to master. This includes taking into
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account the different growth rates between the sexes (Des-
tombe et al. 2011) or age-related changes in fertility, espe-
cially since multiannual delayed gametophytes have shown
to survive and able to grow vegetatively for decades (Carney
and Edwards. 2006). These potential limitations need more
research and ultimately necessitate innovation in a biore-
actor system that is specifically designed to maintain and
propagate sex-specific multiannual delayed clonal cultures
to facilitate CRM based cultivation.

Several different bioreactors have been designed for kelp
aquaculture, covering both the production of sporophytes
(Sato et al. 2017) as well as gametophytes (Zhang et al.
2019). In the case of gametophytes, several different biore-
actor designs were developed that successfully propagated
gametophyte biomass (Rorrer et al. 1995; Gao et al. 2005;
Chen and Qi 2008). However, these available bioreactor
designs did not take into account the fact that gametophytes
can delay their reproduction (Carney and Edwards 2006)
grow vegetatively for prolonged periods of time (Wester-
meier et al. 2006), even up to years (Barrento et al. 2016;
Ebbing et al. 2021). Delayed gametophytes result into
aggregated clumps of gametophyte biomass, making it
impossible to evenly expose all gametophyte biomass to
comparable doses of light and nutrients, potentially com-
promising their growth and health. Zhang et al. (2019)
published a well-designed bioreactor in order to address
this issue, with an integrated four blade impeller that main-
tains and homogenizes gametophyte cultures from within
the same bioreactor. The logical next step is to expand the
singular bioreactor that only maintains gametophyte bio-
mass, into a system of bioreactors that is not only designed
to successfully maintain, and homogenize clonal cultures,
but also induce sexual reproduction, and ultimately even
addresses culture transportation. Looking into culture trans-
portation is necessary, as this often overlooked segment
in kelp aquaculture becomes increasingly important in an
ever more globalized effort to establish large scale kelp
aquaculture. Transporting cultures can have a wide vari-
ety of possibilities. From the transportation of sporophytes
between more centralized kelp propagation companies and
farmers, to the transportation of gametophyte cultures to
farmers that intend to propagate their own cultures. What is
most important in the transport bioreactor is that it is sturdy
enough to handle rough transports, and simple enough to
successfully use without any prior knowledge of kelp cul-
tivation. Ultimately, this system of bioreactors should form
a closed loop system that allows for clean gametophyte cul-
ture propagation and transportation, without the need of
expensive laboratories.

Here, we report on the design of such a continuous biore-
actor system, the “Seaweed Continuous bioReactor” system,
or SeaCoRe system (Fig. 1), and report on experiments that
validate the effectiveness of its three parts: the clone-reactor,
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Fig.1 A schematic diagram of the SeaCoRe system, including the
three positions in which the clone reactors can be used, a top view
of the grinder, the stackable clone-inducer (6 well plates high), the
transporter, and valve connector. Specifics on the diameter (d), height
(h), and volume (v) of every bioreactor is included under the name.
The numbered valves are used for (1) air outflow and medium addi-

the clone-inducer, and the transporter. The main novelty
of the SeaCoRe bioreactor system is that it is specifically
designed and tailored for the propagation of multiannual
delayed clonal gametophyte cultures. Overall, the SeaCoRe
system reached TRL-5, which is defined as the validation
of the system in its industrially relevant environment. The
validation is accompanied with the blueprints and dimen-
sions of the SeaCoRe system, quantitatively measuring the
kelp propagation process, from gametophyte clonal cultures
to juvenile sporophyte, as a basis to be used in CRM-based
kelp aquaculture.

Methods
Gametophyte culturing using the SeaCoRe system
Gametophyte culture and maintenance

Ripe sori of Saccharina latissima from Leknesund,
Norway (61.212994, 4.896644°FE) and Alaria esculenta
from Fuhreholmen, Norway (61.043292, 4.868790°E)
individuals were collected in the autumn and winter
months of 2016. The extraction of zoospores was done
in the Netherlands, using a standard extraction protocol
(protocol of Ebbing et al. 2020, 2021,similar to earlier
methods described by Redmond et al. 2014 and Charrier

v=0.76L

v=1.13L

tion, (2) medium extraction and homogenized culture outflow, (3)
unhomogenized culture outflow, and (4) air inflow. The valves can
furthermore be opened (green *), functionally opened (yellow *), or
closed (red). The stationary (a), refreshment (b), grinding (c) clone
reactors all use their valves differently, with the transporter using the
valves in a similar fashion as the stationary clone-reactor

et al. 2018). Over time, the zoospores developed into
wildtype gametophyte cultures, with “wildtype” being
characterized by a high genetic diversity and the jointly
presence of both sexes in the culture. Male and female
gametophytes were isolated from these wildtype cultures
to create clean clonal cultures where the sexes are sepa-
rated and the clonal lines genetically identical. The clonal
male and clonal female cultures used here consisted out
of a mix of 6 individually bulked up clonal cultures, to
increase the genetic diversity of the clonal cultures and
deliberately making them more similar to wildtype cul-
tures. We used gametophytes that delayed their sexual
reproduction by more than a year, thereby transgressing
seasonally induced reproduction, which are categorized
here as multiannual delayed (MAD) gametophytes. Both
MAD wildtype and clonal cultures derive from the same
extraction and were simultaneously used in this experi-
ment to assess potential differences in photosynthetic effi-
ciency and growth rates between the two types of MAD
cultures. The medium of all cultures were refreshed once
every ~ 60 days with new nutrient rich /2 medium (Guil-
lard and Ryther 1962), and grew vegetatively for approx.
2.5 years prior to the start of this experiment. The gameto-
phyte cultures were not reused between the three bioreac-
tor validation experiments. All experiments started with
pristine stock cultures, so that there was no chance that
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the results of one bioreactor validation could influence the
results of the next.

The SeaCoRe system

The SeaCoRe system consists of 4 bioreactors; two clone-
reactors, a clone-inducer, and a transporter, whose culture
content is interchangeable in a closed loop system using
Luer-lock valve connectors (Fig. 1). The clone-reactors
were specifically designed to maintain either male or female
MAD gametophyte clonal cultures because separately grow-
ing out the sexes is central to the novelty introduced with
this design. The clone-inducer was designed for the subse-
quent remerging of the two sexes, consisting out of stackable
interlockable petri-dishes or well plates. Under a gradient of
possible gametophyte densities (Fig. 3) in combination with
light and temperature conditions (11 °C; 30 umol photons
m~2 57! of white light) these cultures initiate gametogenesis
and produce young sporophytes. Finally, there is the trans-
porter, a bioreactor that is specifically designed for the trans-
portation of either gametophyte clonal cultures coming from
the clone-reactors, or embryonic sporophytes that come from
the clone-inducer. All these bioreactors fit in customized
incubators (Polar-CE202; Fig. 4) and make the system small
enough to easily fit in the back of a pick-up truck. Both incu-
bators were temperature controlled, using external tempera-
ture regulators (H tronic TS 1000) in combination with air
pumps (Aquaforte V-10) and LED panels (PAN-RGBCCT).
The LED panels (LS LED; RGB +CCT 30x 30 cm 18 W)
emitted multiple colors of light (e.g., white, red, green,
or blue light), whose spectral distributions (Fig. S1) were
analyzed using a modular multispectral radiometer (TriOs
Ramses ARC, Germany; Heuermann et al. 1999).

The clone-reactor

The clone-reactor is a vertical tube-shaped bioreactor that
includes three fluid valves, a grinder, and an airflow valve.
This bioreactor was specifically designed for the prolonged
vegetative growth of gametophyte clones without the need
for sterile work environments. Gametophyte (vegetative)
growth, medium refreshment, and gametophyte homog-
enization can all be done from within the clone-reactor.
Homogenization was achieved using a grinder that func-
tions in a similar way as a French coffee press does, where
a sieve/filter separates the coffee grounds from the liquid.
The grinder consists of 4 small sieves and a rubber band that
circumvents the edge (Fig. 1), making the grinding of game-
tophyte biomass possible. The sieves are included for easier
transfer of seawater past the grinder; otherwise, the grind-
ing becomes too hard and manually straining. The grinder
has a second purpose, separating the homogenized culture
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that is ready for the induction of gametophyte reproduction,
from the unhomogenized culture that can remain in the clone
reactor for further vegetative growth.

The grinder is an essential part in the design, since its position
changes the function of the clone-reactor (Fig. 1 and Fig. S2).
The stationary position is the position where gametophytes are
allowed to grow vegetatively by placing the grinder outside the
culture. The gametophyte culture remains in motion using a fil-
tered airlift system that is connected to valve-4. The refreshment
position is used for the refreshment of the cultures by placing
the grinder just under valve-2. This way, the medium can be
discharged using valve-2 and refilled with new medium using
valve-1 without the loss of gametophyte biomass. The grinding
position is used to homogenize gametophyte biomass by pushing
the grinder to the bottom of the reactor in a pumping motion, so
that gametophytes become fragmented by passing past the rub-
ber band of the grinder (Fig. S3). Grinded material can then be
discharged using valve 2 without the possibility of discharging
unhomogenized material that is kept back by the grinder.

The clone-inducer

The clone-inducer consists out of stackable petri dishes,
with a valve on each petri dish (Fig. 1). Male and female
gametophyte biomass, coming from the clone-reactors,
can be transferred to and merged in the clone-inducer. The
clone-inducer is modular in design and can be stacked with
as many plates as needed, by placing the large Petri dish-
like well plates on top of each other. The clone-inducer
described here consists of 6-well plates using well plates
with a radius of 22 cm, resulting in a cumulative volume of
7600 mL. This is important to know for future extrapola-
tions using data from the gametophyte reproduction experi-
ment (Fig. 3). In order to make sure that all sides of the
bioreactor receive similar quantities of light, a rotating disk
can be included in the incubator, rotating the clone-inducer
alongside the LED panel that is fitted outside of the incuba-
tor (Fig. 4). Temperatures for optimal reproductive success
in S. latissima gametophytes that delayed their reproduction
(Kinlan 2003) were previously reached using temperatures
between 10 and 12 °C, depending on the light intensity that
was used (Ebbing et al. 2021). In this case, we decided to
use 30 umol photons m~2 s~! of white light in combina-
tion with 11 °C, which resulted in near optimal reproduc-
tive success using S. latissima gametophytes (Liining et al.
1980).

Transporter

The transporter is similar to the clone-reactor, utiliz-
ing two fluid valves, one airflow valve, but without a
grinder, all encased in an exoskeleton (Fig. 1). This
bioreactor is designed for the transportation of either



Journal of Applied Phycology (2022) 34:517-527

521

embryonic sporophytes or gametophyte biomass. This
bioreactor has an exoskeleton for sturdiness, protecting
the cultures and the valves during transportation in a
cooled polystyrene box. The exoskeleton is designed to
tightly fit into the polystyrene box, and more importantly
prevents any direct contact of the culture with the cool-
ing elements inside the box, preventing unwanted excess
cooling (Fig. S4).

Validation of SeaCoRe system
Clone-reactor—gametophyte growth

The vegetative growth and photosynthetic efficiency of
both wildtype and clonal cultures were assessed eight times
within a timeframe of 75 days, in order to assess the suit-
ability of the clone-reactor design for the maintenance of
stock cultures. The cultures were grown vegetatively in the
clone-reactors at 11 °C, red light (5 umol photons m=2s™!),
using f/2 medium (Guillard and Ryther 1962). We used fluo-
rometry measurements (Fast Ocean/Act2 FRRF, Chelsae
Technologies Group Ltd) to estimate the Chl-a concentra-
tion [Chl-a], a proxy for phytoplankton biomass (Huot et al.
2007). These estimates were then calibrated against freeze
dried gametophyte biomasses of both S. latissima and A.
esculenta wildtype and clonal cultures (Fig. S5). The maxi-
mum PS II photosynthetic efficiency (F /F,,), a proxy of
cell viability in a dark-adapted state (Suggett et al. 2009),
was furthermore measured using the same FRRF, whose
maximum PSII photochemical efficiency typically decreases
under stressful conditions, such as nutrient starvation or
excessive light (Kolber et al. 1988; Suggest et el. 2009). We
compared F,/F, changes from the starting value, as a sign
of increased/decreased stress.

Clone-inducer—reproductive success

In order to see at which initial gametophyte density the
reproductive success (sporophytes mL~!) becomes optimal,
a gametophyte biomass dilution gradient was used (~0.01-
and~1.5 mg mL™!), using a 1:1 mixture of male:female game-
tophyte clones. The used gradient of gametophyte densities was
roughly based on the results from a previous study (Ebbing
et al. 2020; 2021). The induction of gametophyte reproduction
was done using 24-well plates (surface area= 1.9 cm?), whose
cylindrical design is identical to the clone-inducer and whose
results can be extrapolated to the broader well-shape of the
clone-inducer. The reproductive success was determined as the
number of successfully formed young sporophytes (>25 um)
per mL on day 21, not including oogonium formation, after
initiation of the experiment.

Transporter—transport simulation

Gametophyte culture transportation using the transporter
was simulated by monitoring 28 vials containing either S.
latissima or A. esculenta gametophyte cultures placed inside
the transporter under transport conditions (Fig. S4). The
transport conditions consisted of the placement of the bio-
reactor in a polystyrene box with additional cooling elements
placed inside. The transporter was then filled with water so
that the temperature between the 28 vials would follow the
temperature of a regular culture transport. The temperature
within a transporter was monitored during transport in the
standard polystyrene box (L:W:H—32:25:36 cm). The pho-
tosynthetic efficiency (F,/F,,) and reproductive success rate
(sporophytes mL~!) of the gametophytes was monitored on
a regular basis by taking out vials, in order to assess how
long these cultures could be transported in between locations
without compromising their reproductive success.

Statistical analysis

All statistical analysis was done using SPSS 20.0.0 statistical
package (SPSS Inc., USA). All data on the reproductive suc-
cess (sporophytes mL~") was normally distributed and analyzed
for homogeneity using the Levene’s test of variance. Factors
that determined the reproductive success include the initial
gametophyte density and transportation days of multiannual
delayed gametophyte cultures. In case of unequal variances,
a robust test of equality of means for unequal variances was
applied (Welch ¢ test). A Games-Howell nonparametric post-
hoc comparison was subsequently applied to test for significant
differences between the subgroups. If the data was found to be
homogeneous, a one-way ANOVA was applied followed by the
conservative Scheffe post-hoc test to determine which factor
level was responsible for the specific treatment differences. All
tests were run with a significance level of 0.05.

Results
Vegetative growth in the clone reactors

Our primary goal was to validate whether the clone reactors
could be used for vegetative growth of gametophytes and to
maintain stock cultures. The Chl-a concentrations increased
in both wildtype cultures (A. esculenta and S. latissima) in
a similar fashion, with overall biomass increasing 40% and
35%, respectively (Fig. 2). The highest biomass increase was
observed in the S. latissima female clonal culture with a bio-
mass increase of 105% in 75 days. Two cultures showed no
increase in their Chl-a concentrations and their growth of 0%
are depicted in red. The absence of any vegetative growth
corresponded with declining F/F,, values in both cultures.
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Fig.2 The Chl-a concentration
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Our secondary goal was to test the grinder and what the
influence of the grinder was on the F,/F,, of gametophyte
cultures in the clone reactors. The multipurpose grinder
worked as intended during culture refreshments as well as
the homogenization of gametophyte biomass (Fig. S2 and
Fig. S3). The grinding process also resulted in declining
F,/F,, values and lower Chl-a concentrations in most cul-
tures. We decided to not homogenize the cultures for a pro-
longed period of time while still following the F,/F, and
growth (grey background). Not using the grinder resulted in
larger standard deviations, and at the end of the first month
positive vegetative growth was visible again in all cultures
apart from the A. esculenta female clone culture. At the end
of the first month, culture grinding resumed, immediately
resulting in lower F,/F,, values in all cultures apart from the
S. latissima wildtype. At the end of the experiment, the cul-
tures were refreshed on a weekly basis and grinded 4 times

Days

using the grinder of the clone reactors under non-sterile
work conditions, during which no contamination was visible.

Gametophyte reproduction

Gametophytes initiated gametogenesis in all cultures
with reproductive success in both S. latissima (Welch
ANOVA F;¢,=13.3, p<0.05; Table S1) as well as A.
esculenta clonal cultures (Welch ANOVA F; 4.=4.69,
p <0.05; Table S2) being significantly affected by the
initial gametophyte density after 21 days (Fig. 3). In S.
latissima cultures, the optimal initial gametophyte den-
sity was observed at 0.46 mg gametophyte DW mL™~!
with 604 sporophytes mL~! (+93 SD), while A. escu-
lenta had no clear optimum with three similarly high
initial gametophyte densities (0.3, 0.6, and 1.2 mg game-
tophyte DW mL~!), with peak reproduction observed at

Fig.3 The influence of the S Jatissi A I
initial gametophyte density 800 - Jatissima -esculenta
(x-axis; mg DW mL™") on the a =~
. . 0T,
reproductive success of S. latis- 9E
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gametophytes (y-axis; sporo- g Fi |
phytes mL™"), with the repro- 'g £ +
ductive success (sporophytes B [ 400 |
mL‘l) depicted as mean +SD; 5 8_ +
n=3 & < [
200 - + |
’+
t‘ ' |

0 02 04 06 08 10 12 14 0
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an initial gametophyte density of 0.6 mg gametophyte
DW mL~! with 422 sporophytes mL~" (+ 148 SD).

Culture transport

The transport simulation looked at culture temperature
(°C; Fig. 4A), F /F,, (Fig. 4B), and reproductive success
(sporophytes mL~!; Fig. 4C), taking 31 days to complete
(Fig. S7). Transport was successful in the first 19 to
23 days with no observed decline in F, /F, and repro-
ductive success rates hovering between ~200 and 400
sporophytes mL~!. The three cooling elements, included
in the polystyrene boxes for short-term cooled trans-
port, reduced the temperatures in the first 2 to 3 days

of transportation (highlighted in blue), with the lowest
recorded temperatures being 5.5 °C (grey dashed line) and
4 °C (yellow pointed line) for respectively S. latissima
and A. esculenta. Once, on day 20, the outside tempera-
tures increased to more than 30 °C, thereby increasing the
inside temperature of the cultures to around 25 °C (high-
lighted in orange). After this peak in temperature, the
reproduction declined significantly after day 27 in both
A. esculenta (Welch ANOVA: F13’26=552.9, p <0.05;
Table S3) and S. latissima (ANOVA: F; 4, =9.089,
p <0.05; Table S4). Lastly, strong fluctuations in repro-
ductive success were observed in S. latissima cultures at
the start of the experiment, coinciding with strong fluc-
tuations in temperature of the same cultures.
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Discussion
SeaCoRe-system validation

The fundamental elements of the system, including the
vegetative growth, gametophyte reproduction, and culture
transport, were all successfully validated under relevant
environments, thereby reaching technology readiness
level—5 (Tzinis 2021). The validation of the system can
be subdivided into the functionality of the bioreactors and
the performance of the gametophytes. The clone reac-
tor performed as envisioned, with gametophyte cultures
successfully being kept for 75 days. The cultures were
refreshed on a weekly basis, and ground frequently, using
the three designed positions, under nonsterile environ-
ments (Fig. 1). The gametophytes also performed as envi-
sioned, by slowly growing vegetatively, with the highest
overall biomass increase observed in S. latissima female
gametophyte cultures (105%). The clonal inducer was
emulated successfully and gametophyte reproduction was
successful under all initial gametophyte densities. Opti-
mal initial gametophyte densities where reproduction was
highest were observed at 0.4 and 0.6 mg gametophyte DW
mL~! for . latissima and A. esculenta, respectively. The
inverse correlation between initial gametophyte density
and reproductive success is clearly visible in both spe-
cies and agrees with previous well documented observa-
tions (Reed 1990, 1991; Choi et al. 2005; Ebbing et al.
2020, 2021). The simulated culture transport made clear
that although these cultures cannot be transported indefi-
nitely in closed polystyrene boxes, for the first 19 days
of transportation it did not have any negative effect on
the reproductive success of S. latissima and A. esculenta
cultures (Fig. 4). This simulation searched for the limits
of gametophyte culture transport, becoming an experiment
that looked into the effects of high temperatures on game-
tophyte reproduction. This was especially informative
considering that the overall ambient transport conditions
of ~20 °C reached the upper limit of what these species
normally can handle (Lee and Brinkhuis 1988; Fredersdorf
et al. 2009). Regardless of the successful demonstration,
there were also aspects of the system that still need closer
examination. (1) The S. latissima male clonal culture and
A. esculenta female clonal culture reacted strongly to the
grinder, whose declining F/F,, directly coincided with
the usage of the grinder. The grinder clearly functions the
way it was meant to function, separating biomass when
refreshing, and homogenizing biomass when the game-
tophyte clumps grow too big (Fig. S2; Fig. S3). All other
cultures recuperated well after grinding, raising the ques-
tion whether the problem lies in the device or in the game-
tophyte cultures. Follow up experiments should both focus
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on the device and the health of gametophytes. On the one
hand, studies are needed on whether grinders can be fit
too tightly and thus become too damaging to gametophyte
cultures. On the other hand, emphasis should be placed on
the recuperation period after grinding of gametophyte cul-
tures, and whether resting periods without homogenization
are needed in order to optimize the vegetative outgrowth.
(2) The universal valve type used here (Luer lock) did
not work optimally because of the small size of the valve
and the bulky nature of gametophyte biomass. The uni-
versal interlockability of the valves make them ideal for
opensource systems (Nie and Takeuchi 2020); however,
if gametophyte biomass cannot easily pass the valve, dif-
ferent interconnectable valves will be needed in following
versions.

Key characteristics

The primary objective of the SeaCoRe project was to propa-
gate kelp gametophyte cultures without the need of sterile
work environments. An additional aim was using clonal cul-
tures, whose culture characteristics complement our primary
objective. Previous gametophyte bioreactor publications
looked at single bioreactors, therefore needing wildtype
cultures for the successful propagation of kelp sporophytes
(Rorrer et al. 1995; Gao et al. 2005; Chen and Qi 2008). Uti-
lizing sex-specific clonal cultures is an essential element in
our system, since clean starting cultures are an essential part
of this system which cannot be guaranteed by using wildtype
gametophyte cultures. Clonal cultures generally start out
cleaner from contaminations than their wildtype counterpart
because there are reduced risks of microalgal, fungal, and
bacterial infections. The main reason why they are cleaner is
that clonal cultures start out from isolated gametophytes (Li

Fig.5 A demonstration of a fully functioning SeaCoRe system
accompanied by transportable sized incubators
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et al. 1999), instead of mass extractions of zoospores. More-
over, separately growing out the two sexes also opens up
unique opportunities like (1) adjustable growing conditions
to compensate for the different growth rates between the
sexes (Destombe and Oppliger 2011), (2) adjustable male/
female ratios for optimal reproduction (Zhang et al. 2008),
(3) adjustable genetic diversity through clonal inclusion
or exclusion for breeding purposes (Martins et al. 2019),
and (4) it paves the way to further optimize the vegetative
growth of gametophytes (Zhang et al. 2019), without having
to worry for any accidental sexual reproduction. This system
is furthermore small enough to easy transport (Fig. 5), but
at the same time scalable enough to meet the demands of
an ever expanding kelp industry that has already more than
doubled between 2000 and 2016 (FAO 2018). Lastly, the
entire system, including all bioreactors and incubators, can
be built for less than €2000 (Table S2), making it acces-
sible for small-scale seaweed farmers that do not have the
resources for the normally expensive lab grade equipment
needed for kelp cultivation (Wakamatsu and Miyata 2015).

Future developments

Although the essential parts of the SeaCoRe system were
tested successfully, the system still has plenty of room for
further improvement. In the end, only actually testing it on
large-scale farms will tell us whether the increased complex-
ity of the SeaCoRe system can outperform the output of
the more traditional propagation techniques. Nonetheless,
studies show that there is still a lot of room for optimiza-
tion. For example, the vegetative growth rates of the stock
cultures, reached in the clone reactors, were intentionally
achieved under stock-culture conditions, constituting of
minimal light intensities of red light (5 umol photons m™
s71), conventional temperatures (11 °C), and regular nutri-
ent conditions (f/2 medium). Delving deeper in the different
light, temperature, and nutrient regimes, in search for opti-
mal growing conditions, are ripe for exploration. Evidence
that the vegetative growth rates of these clonal cultures can
be further optimized have already been shown by Rorrer
et al. (1995) and Chen and Qi (2008). Zhang et al. (2019)
even describes Saccharina japonica gametophyte biomass
growing up to 12.8 times the initial biomass in just 21 days,
using higher light intensities (30 umol photons m~2 s~ of
white light) and different nutrient conditions than described
here. Adjustable airflows can help increase the vegetative
growth of kelp gametophytes even more (Gao et al. 2005),
although there are also indications that bubble-free biore-
actors might be preferable due to the hydrodynamic stress
coming from air bubbles (Chen and Qi 2008). Not only
vegetative growth can be improved, gametophyte reproduc-
tion also has room to be further optimized (Ratcliff et al.
2017), with indications that different male:female ratios of

a culture can result in altered reproductive success (Zhang
et al. 2008). In order to further optimize, we also need a
better understanding of how regular stock culture conditions
alters the photosynthetic efficiency of healthy dark adapted
gametophytes (Fig. S6), so that our interpretation of what
a healthy culture is becomes more accurate. Quantifying
the state of a gametophyte culture needs a broad spectrum
of trackable parameters, with the F,/F,, covering only part
of it. Perhaps the biggest leap forward we can make is by
extending this idea of system compatibility that is exempli-
fied by this compatible system of bioreactors to the entire
kelp production process. For example, as of today, it might
not be economically sound for an individual kelp farmer to
seed for itself, therefore always needing to co-op with more
specialized organizations who maintain the gametophytes.
A full-scale hatchery or direct seeding machine, that is plug
and play compatible with the SeaCoRe system, is therefore
something that needs to be incorporated in the future, to
make sure a farmer can indeed function independently. The
controlled reproductive method, as cultivation method, can
be central to this process, since quantitatively being able to
assess when, where, and how much gametophyte biomass
is needed at your farm is key for the predictability and reli-
ability needed for kelp farms that have the ambition to farm
kelp on scales not seen before (Hooft and Slootweg 2021).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10811-021-02638-2.
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