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guiding a breeding program of thermally resilient strains
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Abstract: The cold-water sugar kelp, Saccharina latissima has a circumboreal distribution
and in the Northwest Atlantic is at its southern distributional limits in Long Island Sound.
An understanding of genetic diversity of natural kelp populations is critical for making
recommendations for breeding and cultivation efforts of the growing seaweed aquaculture sector
in the US. An important component of the ARPA-E's MARINER project is selectively breeding
Saccharina spp. in order to improve overall productivity for biofuels, feeds and food.

Historical records indicate the presence of regional kelp ecotypes based on physiological
tolerance, specifically temperature. We made collections of 15 wild Saccharina spp. populations via
SCUBA along the New England coast. Microscopic gametophytes were isolated and the parental
populations were used to make over 500 hybrid crosses that were planted at several farm locations
over several years. We then used genome-wide single nucleotide polymorphism data to explore
the genetic structure of the kelp throughout this region. An assessment of the sequence diversity
revealed distinct genetic variation between the Gulf of Maine and Southern New England (Fg; >
0.25), confirming that Cape Cod acts as a barrier to S. latissima gene flow. Furthermore, based on
the analysis of molecular variance (AMOVA), we found the largest variance (58%) within sites. We
also observed admixture among three ancestral populations and isolation by distance. Future steps
for this project include skim sequencing the haploid microscopic gametophytes to identify trait
heritability, phenotypic diversity observed for both morphological traits and tissue composition,
and genomic selection. Furthermore, in the future, we plan to place our sequence data into a larger

context to include samples from sites in the east Atlantic and Pacific Oceans.
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Introduction

For centuries, humans have harvested different
seaweeds for food, medicinal purposes, feed, and
more recently as raw materials for industrial
processes (Augyte et al, 2018; Grebe et al., 2019;
Kim, et al., 2019). Over the years, with human
population rise, seaweeds have become increasingly

important in global food security. Worldwide,
seaweed aquaculture is an important component
of total marine aquaculture production, and is
experiencing exponential growth in the last 50 years
(Kim et al., 2014; Augyte et al., 2017, Langdon et
al., 2019; FAO, 2020). Compared to Asian countries
including China, Korea, Japan, Indonesia and

the Philippines, seaweed aquaculture is a young
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industry in the United States of America (Kim et al,
2019). It is estimated that the U.S. Farmed seaweed
production in the year 2019 was 249,000 - 272,000
kg wet weight with 80% of this production coming
from Saccharina latissima or sugar kelp (Piconi et al.,
2020). It is estimated that edible seaweed production
will double in the next five years and will increase
by four times by 2035 (Piconi et al., 2020).

Various studies have addressed the gametophyte
growth, propagation, and thermal tolerance, as well
as ecosystem benefits of seaweed cultivation in the
open - ocean (Egan and Yarish, 1988; Kim et al.,
2014; Augyte et al, 2017, 2018; Wade et al., 2020),
however, a lot remains to be done to achieve a deep
understanding of kelp ecophysiology and application
to cultivation. To meet the growing demand for
increased seaweed aquaculture production, the
MARINER program funded by the U.S. Dept. of
Energy is focused on increasing production for
biofuels, animal feed and human food. As interest in
commercially viable species continues, it is therefore
critical to have baseline information regarding the
underlying genetics of the wild populations to guide
sustainable practices. Furthermore, an important
component of breeding superior cultivars is selecting
kelp strains that are high yielding, and disease and
thermally tolerant. The purpose of this study was
to assess the genetic structure of wild S. latissima
populations in Northwest Atlantic, from the southern
range of its distribution, throughout Southern New
England to the Gulf of Maine. The results of this
study will inform managers and conservation groups
on genetic hotspot areas of diversity, connectivity
and gene flow. Finally, this and future research can
guide breeding and cultivation efforts of wild S.
latissima by identifying phenotypic variation and
hybrid vigor.

Materials and Methods

Collections of 15 wild Saccharina spp. populations
via SCUBA along the coast of New England, in
the Northwest Atlantic were made. Commercially
important morphometric measurements were done
to characterize phenotypic variation specifically
on blade length, width, and thickness and stipe

length and thickness. Tests were run to correlate

environmental variables with morphology. Samples
were collected at peak reproduction and sorus
material was isolated and meiospores were released
to cultivate the microscopic stage of the life cycle,
specifically the male and female gametophytes.
These gametophytes were used to make over 500
hybrid crosses that were out planted at several
aquaculture farms over two years. Parental
sporophytic blade material was collected for DNA
extraction and were used for genotyping at the
Diversity Arrays Technology (DArT) facility in
Canberra, Australia. Reduced genomic representation
was generated using restriction enzymes and
Tlumina HiSeq2500 and then reads were processed
and single nucleotide polymorphisms (SNPs) were
called using proprietary DArT analytical pipelines
(Kilian et al., 2012). Genome-wide SNP data coupled
with AMOVA (Analysis of Molecular Variance),
FST, admixture, isolation by distance and PCoA
(Principal Component Analysis) were used to explore

the genetic structure of kelp throughout the region.

Results

Large morphological variation was observed
across all 15 locations. For example, adult kelp blade
lengths ranged from 84.5 cm - 227 cm; blade widths
from 3.4 mm - 41.4 mm; blade thickness ranged
from 0.8 - 2.28 mm; stipe diameter from 2.17 mm -
1443 mm; and stipe length from 4.8 cm - 122.7 cm.

The populations within the Gulf of Maine showed
significantly higher genetic diversity compared to
populations in the southern region, in the Southern
New England area. Results further indicate that
roughly half (56%) of the total variation exists within
locations (AMOVA, p-value<0.001). Isolation by
distance, indicated by positive correlation between
genetic and geographic distances, was observed
for both the Gulf of Maine (r=0.47, p-value=0.002)
and Long Island Sound (r=0.94, p-value=0.125). The
pair-wise genomic Fgr between the two regions
was >0.25 and was supported by the PCoA plots.
Despite the isolation by distance pattern in each
region, ancestry analyses indicate a complex history
of historical gene flow both within and between the

regions stemming from three ancestral populations.
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Discussion

Historical biogeographic reconstructions reveal
that complex kelp originated in the northeast
Pacific and diversified over time by colonizing
new habitats (Starko et al., 2019). The kelp in the
Northwest Atlantic were colonized post-glacially
via oceanographic flow through the Arctic (Nielsen
et al, 2016; Neiva et al., 2018). In the Atlantic, the
kelp migrated south as far as their summer thermal
maximum temperature tolerance allowed (Egan
and Yarish, 1988). Since the 1980’s, this region
has experienced significant sea surface warming
resulting in northward shifts of isotherms with
serious implications for canopy forming seaweeds
in both intertidal and subtidal habitats (Wilson et
al., 2019). In the Northwest Atlantic, our findings
support a major genetic break for S. latissima
formed by the biogeographic barrier at Cape Cod.
Populations north and south of this Cape share some
genetic ancestry but have also diverged over time.
Despite this deep regional population structure, the
genetic variation found within locations accounted
for the greatest proportion of the total, indicating
abundant local standing diversity available for
population adaptation or breeding. Future studies
will place this genomic data into a biogeographically
larger context. This fundamental genetic data is
useful not only for gaining a better understanding
of the population structure of S. latissima, but also
for guiding sustainable seaweed aquaculture. These
results can guide management and conservation
of kelp ecotypes, specifically by placing efforts to
conserve certain genetics and phenotypes.

This study is part of ongoing efforts to selectively
breed sugar kelp for large scale food and bioenergy
production with increasing focus on germplasm
banking to support future cultivation and restoration
research (Wade et al., 2020). Hatchery cultivation of
microscopic stages of S. latissima are on-going and
aim to improve the efficiency for selective breeding
cultivars that are thermally tolerant and high
yielding. Future studies of S. latissima, will help
identify ecotypes that are best adapted for farming
in the off-shore, low nutrient, environment.
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Seaweeds are a significant component of current
marine aquaculture production and will play
an increasing role in global food security as the
human population increases rapidly over the next
30 years. Seaweed farming is analogous to plant
based agriculture except that the crop is cultured
in a marine environment. It differs from agriculture
in that seaweeds do not require tillable land,
fertilization or freshwater, which are resources
that may ultimately constrain the expansion of
agriculture. Seaweeds are converted into a variety of
goods, such as food and nutritional supplements for
humans and livestock, fertilizer, unique biochemical
and biofuels. Wild and cultured seaweed also offer
multiple ecosystem services, such as bioremediation
for coastal pollution, localized control of ocean
acidification, mitigation of climate change and
habitat for other marine organisms. Incorporation
of seaweeds into marine aquaculture farms in the
United States (U.S.) is, however, not without its
challenges. Seaweed is an unconventional food which
necessitates establishing product acceptability,
creating a sustained market and then balancing
demand with a consistent supply for long term
economic profitability. Seaweed farms also need to
be developed in a manner that is compatible with
wild capture fisheries, marine mammal migrations
and other users of the marine environment. A
comprehensive understanding of the role that
cultured seaweeds play in the marine ecosystem
is necessary in order to determine not only the
economic value of the goods produced but also
the ecosystem services offered by marine farming
activities. This will result in a better understanding
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of how an ecosystem approach to aquaculture
incorporates the role and need for both the goods

and services these macroalgae will provide.
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For centuries, humans have harvested different
seaweeds for food, medicinal purposes, feed, and
more recently as raw materials for industrial
processes. Currently, wild harvested seaweed
account for less than 5% of the total worldwide
supply (FAO, 2018). The majority of seaweed
production is provided via aquaculture, with 99% of
the production taking place in Asia including China,
Korea, Japan, Indonesia, and the Philippines, worth
US $11.7 billion annually (FAO, 2018). Although
seaweed aquaculture is a fast expanding industry,
the global demand for seaweed-based products is
surpassing the supply. Such demands necessitate
either domesticating new species or further
expanding the productivity of the existing leading
seaweeds. According to the FAQO, only a few species
dominate seaweed farming, including two brown
kelps, Saccharina japonica and Undaria pinnatifida
(Buschmann et al., 2018). To meet the present
market requirements and to contribute in reducing
the over-exploitation of wild stocks, experimental
trials worldwide have assessed the performance
of newly farmed seaweeds as potential products,
particularly kelp species that have been traditionally
harvested from wild populations.
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Anthropogenic disturbances, including coastal
habitat modification and climate change are
threatening the stability of kelp beds, one of the
most diverse and productive marine ecosystems. To
test the effect of temperature and irradiance on the
microscopic gametophyte and juvenile sporophyte
stages of the rare kelp, Saccharina angustissima,
from Casco Bay, Maine, USA, we carried out two
sets of experiments using a temperature gradient
table. The first set of experiments combined
temperatures between 7-18°C with irradiance at
20, 40, and 80 umol photons m® s”. The second set
combined temperatures of 3-13°C with irradiance
of 10, 100, and 200 umol photons m* s, Over two
separate 4-week trials, in 2014 and again in 2015,
we monitored gametogenesis, the early growth
stages of the gametophytes, and early sporophyte
development of this kelp. Gametophytes grew best
at temperatures of 8-13°C at the lowest irradiance of
10-umol photons m™ s™. Light had a significant effect
on both male and female gametophyte growth only
at the higher temperatures. Temperatures of 8-15°C
and irradiance levels of 10-100 umol photons m?® s
were conditions for the highest sporophyte growth.
Sporophyte and male gametophyte growth was
reduced at both temperature extremes—the hottest
and coldest temperatures tested. S. angustissima
is a unique kelp species known only from a very
narrow geographic region along the coast of Maine,
USA. The coupling of global warming with high
light intensity effects might pose stress on the
early life-history stages of this kelp, although, as an
intertidal species, it could also be better adapted to
temperature and light extremes than its subtidal

counterpart, Saccharina latissima.



