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Macrocystis pyrifera (giant kelp), a haplodiplontic brown macroalga that alternates
between a macroscopic diploid (sporophyte) and a microscopic haploid (gametophyte)
phase, provides an ideal system to investigate how ploidy background affects the
evolutionary history of a gene. In M. pyrifera, the same genome is subjected to different
selective pressures and environments as it alternates between haploid and diploid life
stages. We assembled M. pyrifera gene models using available expression data and
validated 8,292 genes models using the model alga Ectocarpus siliculosus. Differential
expression analysis identified gene models expressed in either or both the haploid and
diploid life stages while functional annotation identified processes enriched in each
stage. Genes expressed preferentially or exclusively in the gametophyte stage were
found to have higher nucleotide diversity (π = 2.3 × 10−3 and 2.8 × 10−3, respectively)
than those for sporophytes (π = 1.1 × 10−3 and 1 × 10−3, respectively). While
gametophyte-biased genes show faster sequence evolution, the sequence evolution
exhibits less signatures of adaptations when compared to sporophyte-biased genes.
Our findings contrast the standing masking hypothesis, which predicts higher standing
genetic variation at the sporophyte stage, and support the strength of expression
theory, which posits that genes expressed more strongly are expected to evolve slower.
We argue that the sporophyte stage undergoes more stringent selection compared
with the gametophyte stage, which carries a heavy genetic load associated with
broadcast spawning. Furthermore, using whole-genome sequencing, we confirm the
strong population structure in wild M. pyrifera populations previously established using
microsatellite markers, and estimate population genetic parameters, such as pairwise
genetic diversity and Tajima’s D, important for conservation and domestication of
M. pyrifera.
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INTRODUCTION

The early evolutionary theory of “masking” posits that ploidy
will affect the rates of selection on genes (Crow and Kimura,
1965). As most functionally important mutations are deleterious
but recessive, and the chance of having two deleterious alleles
in the same position is low, heterozygous diploids can “mask”
deleterious alleles with wild type alleles (Crow and Simmons,
1983). Masking increases the genetic diversity of the diploid
species, as deleterious alleles persist far longer than in haploid
species and carry the potential to be beneficial in varying
environmental conditions (Raper and Flexer, 1970). Haploids
are unmasked in comparison to diploids: with only a single
copy of each allele, haploids are more exposed to selection,
meaning that beneficial mutations reach fixation and deleterious
alleles are purged faster (Kondrashov and Crow, 1991; Otto
and Gerstein, 2008). In haplodiplontic organisms, in which
development and vegetative growth occur in both haploid and
diploid stages, genes expressed in different life stages should
undergo different evolutionary pressures (Bell, 1994; Jenkins and
Kirkpatrick, 1995). Masking theory predicts that diploid-specific
genes should contain more genetic variation than haploid genes,
as diploid-specific genes are not exposed to selection pressure in
the haploid stage and will accumulate mutations, while recessive
mutations will be quickly purged from haploid-specific genes
(Szövényi et al., 2013).

However, masking may not be the primary determinant in
gene evolutionary rates. A previous study examined stage-specific
selection in land plants and found that masking alone could not
explain the stage specific differences in gene evolutionary rates
(Szövényi et al., 2013). Two alternative theories for selection on
genes in different life stages are (1) gene breadth of expression
and (2) overall gene expression strength. Genes expressed across
multiple tissue types tend to evolve more slowly than tissue-
specific genes (Park and Choi, 2010). Gene expression levels
are also the predominant factor determining gene evolution in
yeast (Drummond et al., 2006). Extending the gene breadth
of expression theory to haplodiplontic organisms suggests that
genes that are expressed in both haploid and diploid life stages are
expected to evolve more slowly in comparison with genes limited
to either the diploid or haploid stage (Szövényi et al., 2013).
Extending the strength of expression theory to haplodiplontic
organisms suggests that genes in the life stage with higher
expression levels will evolve more slowly.

The multiple ploidy stages found in haplodiplonts provide
a system to test the influence of masking and strength/breadth
of expression on gene evolutionary rates in the haploid or
diploid life stages. Haplodiplonts can either be heteromorphic,
in which the haploid and diploid stages differ in morphology,
or isomorphic, in which the haploid and diploid stages show
no morphological difference between stages (Hughes and Otto,
1999). Some species of alga are heteromorphic haplodiplonts,
and have one life stage that is larger, favorable for growth
and vulnerable to predation, and another life stage that is
smaller and resistant to environmental stresses (Klinger, 1993).
In heteromorphic haplodiplonts, each life stage can have different
environmental conditions, niches, and stresses. Therefore, it is

possible to test the factors behind the different gene evolutionary
rates in each life stage (Hughes and Otto, 1999). In a diploid
dominant sporophyte, gene breadth of expression predicts that
genes expressed in both the haploid and diploid stages will
evolve more slowly than genes expressed strictly in the haploid
or diploid stage. Again, in a diploid dominant sporophyte,
gene strength of expression predicts that genes expressed in
the diploid life stage will have higher total expression and will
evolve more slowly than genes expressed in the haploid life
stage. This is incompatible with the masking theory prediction,
which posits the haploid stage will evolve more slowly, as
mutations will be quickly purged from the genome. Previous
studies in diploid dominant land plants revealed that gene
breadth of expression was the most important underlying factor
for gene evolutionary rates, and that haploid-specific genes
did not evolve faster than diploid-specific or ubiquitous genes
(Szövényi et al., 2013).

While gene evolutionary rate dynamics have been compared
between diploid and haploid life stages in angiosperms, other
haplodiplontic organisms with different evolutionary histories,
such as many macroalgae, may undergo different selective
pressures and interplay between masking, gene breadth of
expression, and gene expression strength (Yoon et al., 2004).
For example, in angiosperms the haploid stage only exists
while protected and supplied by diploid maternal tissues;
thus, purifying selection on haploid-specific genes might be
substantially reduced. By contrast, many species of brown
macroalgae (Ochrophyta) possess free-living haploid and diploid
stages that independently evolved multicellularity and occupy
a very different niche space than land plants, including a
more dynamic marine environment. Therefore, it is worth
investigating whether the gene expression breadth theory for
gene evolutionary rate is consistent in land plants and brown
macroalgae (Cock et al., 2010).

Giant kelp (Macrocystis pyrifera) has a haplodiplontic life
cycle, in which large, diploid adult sporophytes (Figure 1A)
produce microscopic haploid zoospores that settle on a
substrate and develop into haploid male or female gametophytes
(Figure 1B). Male gametophytes release sperm, which fuse with
female gametophyte eggs, producing the next generation of
diploid sporophytes (North, 1987; Figure 1C). The biphasic life
cycle of giant kelp provides a platform for investigating how
genes in the same organism can evolve differently depending
on the ploidy background they are being expressed, especially
since the haploid and diploid stages are multicellular and are
exposed to natural selection (Bell, 2008). Previous work on
differential expression in giant kelp concluded that gametophyte-
biased genes had a significantly higher non-synonymous to
synonymous substitution rate (Lipinska et al., 2019). We plan
on building on this previous study by conducting analyses with
population variation data, and thus can measure if the faster
sequence evolution in gametophyte-biased genes is adaptive
(Lipinska et al., 2019). To investigate the gene evolutionary
history between different life stages in giant kelp, we built a set of
gene models to generate a transcriptome reference and coupled
gene evolution with patterns of intraspecific standing variation.
We also distinguished genes differentially expressed between
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FIGURE 1 | (A) Adult giant kelp diploid sporophyte (Picture courtesy of Maurice Roper). (B) Microscopic giant kelp haploid gametophytes. (C) Giant kelp
reproductive cycle: during sexual reproduction, adult sporophytes (2N) produce zoospores (N) through meiosis, which after settling differentiate into sexed
gametophytes. Sexual reproduction of gametophytes happens when sperm from a male gametophyte encounters a female gametophyte egg. Fusion will result in an
early stage sporophyte completing the cycle. (C) Courtesy of Kelly DeWeese.

stages and used polymorphism data to assess genetic diversity,
sequence evolution rates, and measure adaptive evolution.

Intricacies of the giant kelp biology and ecology have been
extensively studied since the advent of SCUBA in the 1950s
(Schiel and Foster, 2015). More recent work has begun to
unravel the level of genetic variation present in wild populations.
Early work on this topic identified putative wild populations of
kelp between geographically separated populations in California
by comparing growth rates in low nitrogen environments
(Kopczak et al., 1991). Other studies used internal described
spacer regions of non-coding rDNA, as well as cytochrome
c oxidase 1, to resolve kelp phylogeny and collapse multiple
potential kelp species in both the Northern and Southern
hemispheres into M. pyrifera (Coyer et al., 2001; Zuccarello
and Macaya, 2010). These studies concluded that giant kelp
originated in the Northern hemisphere and spread southward
into the Southern hemisphere (Zuccarello and Macaya, 2010).

Microsatellite marker analysis along the coasts of North and
South America revealed a center of genetic diversity near
the Southern California Bight, with populations becoming
increasingly homogenous moving away from that location
(Johansson et al., 2015). As microsatellites have a higher mutation
rate when compared with coding genes, demographic patterns
may change when using whole-genome polymorphism data
(Li et al., 2002).

A deeper understanding of giant kelp population genetics
would greatly assist domestication efforts in the near future,
especially considering the lack of breeding macroalgae
research when compared to other food sectors (Buschmann
et al., 2017). The global seaweed aquaculture industry is
expanding, with a market share surpassing $13 billion dollars
in 2018 and applications ranging from food to cosmetics,
fertilizers, pharmaceuticals, and more (Chopin and Tacon, 2021;
Naylor et al., 2021).
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There are many species of seaweed of economic significance,
including but not limited to red macroalgae such as Eucheuma,
Gracilaria, Kappaphycus, and Porphyra (nori), as well as
the brown macroalgae Saccharina japonica (kombu), Undaria
pinnatifida (wakame), and Saccharina latissima (Grebe et al.,
2019; Hu et al., 2021).

However, as the seaweed aquaculture industry continues to
expand, new species of interest for aquaculture domestication
have been identified. The globally distributed giant kelp is an
incredibly fast-growing brown macroalgae that provides the
foundation for species-rich ecosystems (Graham et al., 2007).
Due to its fast growth rate and high polysaccharide content,
including mannitol and alginate, giant kelp is a great candidate as
feedstocks for biofuels (Camus et al., 2016). Giant kelp can also be
used as an animal feed supplement and has extractable bio-active
compounds that can be used in a wide variety of applications,
such as fertilizer supplement to cosmetics to antioxidant activity
(Arioli et al., 2015; Makkar et al., 2016; Tanna and Mishra,
2018; Hameury et al., 2019). Seaweed domestication has been
hampered by limited starting gene pools and clonal propagation
techniques. Therefore, increasing the level of genetic information
available for domestication is paramount for improving seed
stocks and limiting inbreeding depression (Loureiro et al., 2015).
Thus, exploring the population genetic parameters and genetic
relatedness between giant kelp populations in North America will
assist in domestication efforts.

RESULTS

Gene Models and Differential Expression
Analysis
To investigate gene evolution rates in giant kelp in the absence of
a publicly available reference genome, we first assembled contigs
for giant kelp based on published cDNA data (Salavarría et al.,
2018; Lipinska et al., 2019). We then collapsed the initial assembly
based on a minimum length and percent identity thresholds to
remove redundancies and isoforms and used filtering couple with
a reciprocal blast to the published and annotated Ectocarpus
siliculosus genome to validate our gene models (see section
“Materials and Methods”). The orders Laminariales (giant kelp)
and Ectocarpales (Ectocarpus siliculosus) diverged about 98
million years ago (Silberfeld et al., 2010). Reciprocal blasts
are a conservative method to reveal orthologs, as only gene
models that are top matches in both blast directions are kept
for analysis. Genes will be left out of this analysis if they
are not present in either species or strongly evolved between
M. pyrifera and E. siliculosus. M. pyrifera is diploid dominant,
with the macroscopic sporophyte stage having more cell types
than the microscopic gametophyte stage. E. siliculosus has
less differentiation between the gametophyte and sporophyte
stages, and is physically smaller than M. pyrifera (Lipinska
et al., 2019). Additionally, M. pyrifera contains 28,931 genes
(3,157 gametophyte-biased genes, 22,186 unbiased genes, 3,588
sporophyte-biased genes), while E. siliculosus contains 17,426
genes (4,105 gametophyte-biased genes, 11,224 unbiased genes,
2,097 sporophyte-biased genes) (Lipinska et al., 2019). We
expected to find more haploid and ubiquitously expressed genes

in this data set due differences between the two species in
morphologies and overall gene count, especially in regard to the
sporophyte stage. We also further filtered our gene model data
based on coverage and removed contaminants after blasting to
Uniprot (UniProt Consortium, 2021). Our final gene model data
set consisted of 8,292 gene models (Supplementary File 2).

We then assessed each level of pruning of the assembled
contigs and gene models for transcriptome completeness with
BUSCO, which reports the presence of single-copy orthologs
to evaluate genome completeness (Seppey et al., 2019). This
step limited redundant gene models in the analysis, while
simultaneously capturing as many genes identified by BUSCO
as possible and benchmarking them against the published
E. siliculosus genome (Supplementary Figure 1). We found
that the 8,292 gene model data set contained almost all of
the BUSCO single copy orthologs in the eukaryote_odb10
database that were also found in the E. siliculosus genome
(155 genes to 177 genes, respectively). We also confirmed
that there were no BUSCO gene duplicates in the 8,292 gene
models. Furthermore, we classified genes with biased and specific
expressions in each life stage using differential expression analysis
We found that 6,656 genes were “ubiquitously” expressed, i.e.,
not differentially expressed between sporophyte and gametophyte
with a log2 fold change with 0.05 false discovery rate. Most
of the remaining genes showed a higher expression toward the
haploid gametophyte life stage, with 734 genes exhibiting biased
expression and 227 genes being completely gametophyte-specific.
As for the diploid sporophyte stage, 574 genes were biased
while 101 were specific. We predicted the increased number of
ubiquitous, haploid-biased and haploid-specific genes, relative
to sporophyte biased and sporophyte-specific genes, based on
differences in the morphologies and gene counts between the
two species. We then compared the average expression of
genes that we classified as either gametophyte, ubiquitous, or
sporophyte; we found that sporophyte genes had a higher level of
expression compared with gametophyte genes. Ubiquitous gene
expression was intermediate compared to the sporophyte and
gametophyte average expression levels (Figure 2A). We then
checked how the level of ubiquitous gene expression differed
between the gametophyte and sporophyte stages, and observed
small differences between overall ubiquitous gene expression in
either the gametophyte or sporophyte stage (Figure 2B).

Standing Molecular Variation, Admixture,
and Inbreeding
To compare the degree of polymorphism in genes with biased,
specific, and ubiquitous expression, we performed whole genome
sequencing on 48 individual sporophytes sampled from three
Southern California populations of M. pyrifera (Figure 3A). We
identified single nucleotide polymorphisms (SNPs) after aligning
reads to our M. pyrifera gene model data set. Using 247,656
filtered and bi-allelic SNPs, we calculated nucleotide diversity (π)
across each gene model. On average, nucleotide diversity had a
value of π = 1.74 × 10−3 between all the gene models in this
analysis. We also observed a higher π in gametophyte-biased
and gametophyte-specific genes, with gametophyte-specific genes
containing almost three times the diversity of sporophyte-specific
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FIGURE 2 | (A) Average transcripts per million (TPM) for each life stage among all RNA samples. (pairwise Wilcoxon test; ***p-value < 0.001). (B) TPM for each
RNA-seq sample separated into each life stage.

genes, 2.8 × 10−3 and 1.02 × 10−3, respectively (Table 1). We
then calculated Tajima’s D for each gene to as an indicator of
random (neutrally) or non-random (selection) gene evolution.
We found that Tajima’s D was negative for all gene groups,
showing an excess of low-frequency polymorphisms when
compared to the expected variation under the neutral theory
(Tajima, 1989). A negative Tajima’s D is indicative of a recent
population expansion after a bottleneck and is also consistent
with selection sweeps (Table 1).

Prior studies revealed population subdivision in Southern
California giant kelp populations based on microsatellite data,
including distinct subpopulations at our sampling sites from
Catalina Island, Santa Barbara, and Camp Pendleton (Johansson
et al., 2015). We found a substantial population structure
between our sampling populations after we performed a principal
component analysis on the polymorphism data, with PC1 (6.7%
variance explained) and PC2 (5.4% variance explained (Zheng
et al., 2012; Wickham and Grolemund, 2016; Figure 3B). We
further estimated population structure after calculating and
visualizing Nei’s genetic distance for each individual (Nei,

1973; Jombart, 2008; Figure 3C). Previous brown macroalgae
population genetics studies used molecular markers such as
microsatellites to assay genetic variation within a species and
found a majority of the genetic variation within populations
instead of between populations (Breton et al., 2018; Mooney
et al., 2018; Goecke et al., 2020). We compared the variation
between the Santa Barbara, Catalina Island, and Camp Pendleton
populations using bi-allelic SNPs across the gene models. We
found that a majority of bi-allelic SNPs were population-specific
(24.6% of SNPs are unique to Catalina Island, 19.2% of SNPs
are unique to Camp Pendleton, 16.4% of SNPS are unique to
Santa Barbara, and 19.5% of the SNPs are shared by all three
populations) (Figure 3D). We calculated the fixation indexes, HT
for all of the populations together (HT = 0.122), and Hs for each
subpopulation (Hs_Santa_Barbara = 0.103, Hs_CampPendleton = 0.106,
and Hs_Catalina = 0.110) (Supplementary File 3). There was
slightly more genetic variation between populations than within
populations, with the Catalina population slightly more diverse
than the coastal populations. These findings matched the strong
population structure we had previously noted.
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FIGURE 3 | Analysis of population structure between the three analyzed populations: (A) Sampling locations of wild kelp populations in Southern California.
(B) Principal component analysis showing strong signs of population structure. (C) Nei’s genetic distance between 48 individuals mapped onto the gene models
again showing clear population structure (AQ prefix is the Santa Barbara Population, CB prefix is the Camp Pendleton population). (D) Venn diagram of single
nucleotide polymorphism (SNPs) presented in each population showing that most SNPs are population specific.

dN/dS and McDonald-Kreitman Tests
Our findings of higher nucleotide diversity in gametophyte
expressed genes contradicts our initial hypothesis that masking
would lead to lower genetic diversity in gametophyte expressed
genes (as deleterious mutations in haploid expressed genes
should be purged quickly from the genome). Next, we

TABLE 1 | Polymorphism measurements for each category of expression given in
nucleotide diversity (π) and Tajima’s D.

Nucleotide diversity (π) Tajima’s D

Sporophyte specific 0.00101a
−0.865

Sporophyte biased 0.00116a
−0.976

Ubiquitous 0.00173b
−1.06

Gametophyte biased 0.00252c
−1.03

Gametophyte specific 0.0028c
−0.868

Superscript letters designate groups defined by pairwise Wilcoxon test with Holm
correction. Different superscript letters between groups signifies a p-value < 0.005
between said groups.

investigated if the excess polymorphisms in the gametophyte
stage were neutral or adaptive and compared them with
ubiquitous and sporophyte-specific genes. To investigate the
rate of sequence evolution between giant kelp life stages, we
first looked at the non-synonymous to synonymous substitution
rate of coding regions, using E. siliculosus as an outgroup.
Ubiquitous genes exhibited a slower evolutionary rate in coding
regions (lower dN/dS) (Figure 4A), which was expected due
to the conserved nature of the genes tested. Using a pairwise
Wilcox test, corrected with the Holm procedure, we found
significant differences between the dN/dS of ubiquitous genes and
gametophyte-specific and gametophyte-biased genes (p < 2e-16),
as well as between gametophyte-specific and gametophyte-biased
genes (p = 1.3e-06). We also found significant differences between
the dN/dS of ubiquitous genes and sporophyte-biased genes
(p = 0.03), and no significant differences between ubiquitous
genes and sporophyte specific genes (p = 0.94). Finally, we found
significant differences between gametophyte and sporophyte
genes, both biased and specific (Supplementary Table 1). We did
not see any significant differences between sporophyte-specific
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FIGURE 4 | Measurements of sequence evolution and positive selection:
(A) Rate of sequence evolution measured by dN/dS between Macrocystis
pyrifera and Ectocarpus siliculosus coding regions for each category of gene
expression. (B) Proportion of substitutions that were the result of positive
selection measured as alpha in a McDonald–Kreitman test. Negative alpha
values can be the result of slightly deleterious mutations segregating. (C) Ratio
of 1st and 2nd FST to 3rd FST indicating purifying selection on
sporophyte-specific genes. GB, gametophyte-biased; GS, gametophyte
specific; SB, sporophyte-based; SS, sporophyte specific. (pairwise Wilcoxon
test; ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05).

and sporophyte-biased genes. Overall, for genes with stage
specific expression, the haploid gametophyte sequences had a
higher sequence evolution rate, while diploid sporophyte-specific
genes showed rates more similar to ubiquitously expressed genes
(Supplementary Table 2).

After calculating the sequence evolution rate in M. pyrifera
gene models across different life stages, we used the McDonald-
Kreitman test (MKT) to investigate if the substitutions and
segregating variants were nearly neutral or adaptive. To
implement MKT, we used M. pyrifera population polymorphism

data and substitution data between M. pyrifera and E. siliculosus
to estimate alpha, the proportion of substitutions, driven
by positive selection for each gene model (McDonald and
Kreitman, 1991). A higher alpha value signifies more adaptive
evolution. When compared with ubiquitously expressed genes,
sporophyte-specific genes and sporophyte-biased genes had
significantly higher alpha (p = 0.014 and p = 7.2e-5, respectively).
Gametophyte-specific genes, despite a higher rate of sequence
evolution (higher dN/dS), showed the lowest alpha values
(Figure 4B). Alpha values for ubiquitous genes was significantly
different from gametophyte-biased genes (p = 0.014), but
not from gametophyte-specific genes (p = 0.78). The low
alpha values for gametophyte genes suggest that a large
proportion of mutations affecting the gametophyte stage
have experienced nearly neutral evolution compared to the
sporophyte stage.

The negative Tajima’s D values across the different life
stages of M. pyrifera points to either population expansion
or strong selection due to the higher number of rare alleles
in the population against the neutral theory expectation.
To help determine the genetic patterns responsible for the
negative Tajima’s D values, we calculated the fixation index
(FST) for the first two nucleotides (non-degenerate) of each
codon separately from the third (degenerate) from coding
sequences of our gene models. Our expectation was that
genes experiencing purifying selection would have a lower
FST for the first two nucleotides of a codon compared
with the third nucleotide. We calculated the ratio of FST
of degenerate to non-degenerate nucleotides. We found that
while gametophyte and ubiquitous genes tend to have a
similar ratio of degenerate to non-degenerate nucleotides,
sporophyte-specific genes tend to have a comparatively lower
ratio (Figure 4C). The higher ratio of degenerate to non-
degenerate nucleotides for standing variation points to less
adaptive evolution among divergent giant kelp populations in
gametophyte genes.

Screen for Biological Process
Enrichment
To identity trends in gene ontology between the different life
stages in M. pyrifera, we annotated the gene model data set
and tested for enrichment of GO slims for biased and specific
genes when compared to the whole set of genes (Supplementary
Master Table). We then visualized the five most enriched terms
of each category (Figure 5).

Almost 70% of GO terms associated with cell adhesion
were found to be gametophyte-biased. The enrichment for cell
adhesion genes in the gametophyte stage of giant kelp hints at
the complex and essential process of anchoring to substrates
in the ocean. There was also an enrichment of terms related
to external encapsulating structures, with gametophyte biased
genes containing more than 30% of the GO terms. The study
of this subset of genes can provide insights into the strategies
used by microscopic gametophytes to survive in a harsh oceanic
environment. For sporophyte genes, we found transport to
be enriched, in both biased and specific categories, and cell
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FIGURE 5 | Screen for biological process enrichment: first five most enriched
processes for both biased and specific genes (GOseq p < 0.05 with Wallenius
correction for multiple testing). Size of the circle correspond to the ratio of
terms associated with a GO slim in that category of gene expression relative
to all terms in that Slim.

differentiation terms to be enriched in the sporophyte biased
category. Both of these comprise a set of genes potentially used
to achieve giant kelp’s sporophyte large size and complexity
compared with its gametophyte stage.

DISCUSSION

Our study combined whole-genome sequencing of three giant
kelp populations with previously established brown macroalgal
genetic resources to understand selection on different life
stages of giant kelp (Salavarría et al., 2018; Lipinska et al.,
2019). Our findings concur with previous studies of life stage-
specific selection in giant kelp in which haploid expressed
genes had faster sequence evolution when compared with
ubiquitously expressed genes or sporophyte specific genes
(Lipinska et al., 2019). We established that the higher levels of
variation in the gametophyte stage were under weaker selection
constrains as compared to sporophyte stage. Our findings
directly refute the masking hypothesis expectation that the
higher sequence evolution (dN/dS) in the haploid gametophyte
stage would lead to less nucleotide diversity in the haploid
stage. Our findings suggest that gene strength of expression
in M. pyrifera was a major factor for sequence evolution,
as genes expressed in the sporophyte stage had higher levels
of average expression and showed more adaptive evolution
than genes expressed ubiquitously or in the gametophyte
stage. Other haplodiplontic organisms have shown a similar
pattern of gene evolutionary rates across different life stages
(Szövényi et al., 2013).

The surplus of rare alleles found in M. pyrifera may signify
population expansion or selection sweeps. The decreased genetic
diversity and higher proportion of mutations under adaptive
selection (alpha values) of sporophyte and ubiquitous genes

suggest recent selection sweeps, while the increased genetic
diversity and lower alpha values in the gametophyte stage
suggest relaxed selection. While some of these observations
might appear discordant, a closer examination of the life
history of giant kelp provides some possible explanations.
Patterns of high levels of genetic diversity and genetic load
are common in marine broadcast spawners characterized by
high juvenile mortality (Alberto et al., 2010; Johansson et al.,
2015; Plough, 2016). Giant kelp is a fecund macroalgae that
releases billions of haploid spores into the water column
before they settle onto the ocean floor (Dayton, 1985; Reed
et al., 1996). However, the successful recruitment of giant
kelp depends on spore settlement density (settled spores must
be less than 1 mm apart for successful fertilization) and
abiotic factors, such as light, substrate, nutrients, and water
motion (Dayton, 1985; Reed, 1990). Additionally, giant kelp
spores have a relatively short dispersal distance that increases
with water speed, and is dependent on location within a
kelp bed; spores on the edges of kelp beds are dispersed
much further and have a lower recruitment rate than spores
found in the interior of kelp beds (Graham, 2003). Gaylord
et al. (2004) estimated 50% of spores dispersed within 100
meters with little current (2 cm s−1) while 50% of spores
dispersed more than 1 km with fast currents (10–50 cm
s−1). The maximum lifespan for gametophytes in the ocean
is predicted to be 1–7 months, while the average lifespan for
a sporophyte is 4 years (North, 1978; Carney, 2011; Carney
et al., 2013). Previous work identified environmental stochasticity
as the main driver for extinctions and recolonizations in
Southern California (Reed et al., 2006; Castorani et al.,
2015). Definitive answers on how selection and demographic
forces shape macroalgal genetic variation await experimental
data on mutation rates and effective population sizes for
kelp populations.

While genes across all life stages had negative Tajima’s
D values in M. pyrifera, we reason that genetic diversity
and adaptive mutation differences between life stages occur
because natural selection is operating differently and separately
on the gametophyte stage and the sporophyte stage. r/k
selection is an ecological theory that puts attention to either
optimizing reproduction rate or exploitation of carrying capacity
(MacArthur and Wilson, 1967; Pianka, 1970). In general,
K selection occurs when a stable ecosystem leads to more
investment in the quality over quantity of progeny, while r
selection occurs in an unstable ecosystem with investments
in quantity of progeny over quality (Cassill, 2019). r refers
to the maximum population growth rate [r-max] and favors
productivity, and is characterized by random elimination,
while K refers to the carrying capacity and favors efficiency)
(Pianka, 1970). We would like to examine the lifespan,
genetic diversity, and adaptive mutation rates between the
distinct free-floating haploid gametophyte and anchored diploid
sporophyte life stages in giant kelp through the framework
of r/k selection. In giant kelp, the gametophyte stage favors
high fecundity and rapid development (“r-selection”), while
the sporophyte stage has slower development, lower fecundity,
and more investment into competitive ability (“K-selection”).
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Gametophytes show other signatures of “r-selection,” such
as rapid development, small body size, short lifespan, high
mortality, and single reproduction. Sporophytes show signatures
of “K-selection,” such as slower development, larger body size,
multiple reproductions, longer lifespan, and lower mortality.
However, r/K selection theory simplifies the reproduction
dynamics taking place within a giant kelp forest, as alternative
strategies, such as selfing and parthogenesis, may affect
the genetic diversity and adaptive mutation rates for the
gametophyte and sporophyte life stage (Camus et al., 2021).
Further complications arise due to varying levels of oogonia
present in female gametophytes, which can be fertilized by
more than one male gametophyte (but can produce a single
sporophyte) (Buschmann et al., 2020). Therefore, additional
studies addressing the rates of the various reproductive strategies
and potential plastic response to environmental conditions in
a giant kelp forests are needed to further explore the r/K
theory in giant kelp.

After performing Tajima’s D and MKT tests for each life stage
and population, we found both purifying and positive selection
acting on sporophyte-specific genes. We also found that minor
alleles at gametophyte stage were nearly neutral and not adaptive.
We reason that giant kelp is undergoing greater selection pressure
during its sporophyte stage, where it spends a much greater
fraction of its lifetime. We hypothesize that spores, released in
large numbers, might potentially have a sizable number of new
mutations, but once the spores have settled and reproduced,
the resulting sporophytes undergo heavy selection. Genes that
are expressed ubiquitously show intermediate values for π and
MKT, as well as for average total expression, which suggests that
these ubiquitously expressed genes are being exposed to both
the relaxed selection of the gametophyte stage and the increased
selection of the sporophyte stage.

CONCLUSION

This study has set the stage for future work with giant kelp
that will greatly benefit both conservation and domestication
efforts by establishing important population genetic parameters
such pairwise genetic diversity, Tajima’s D, and dN/dS using
gene models. We confirmed that genetic variation of giant
kelp in Southern California is characterized by strong regional
population structure. Our current analysis is conservative as it
focuses on orthologs between two brown macroalgal species.
Our gene models of giant kelp are biased in terms of quantity
per life stage as E. siliculosus is a simpler, isomorphic brown
macroalgae compared with the larger, more complex diploid
dominant giant kelp. These analyses can be improved in the
future when using a reference genome for giant kelp, instead
of a set of highly conserved gene models. These analyses would
be further improved by increasing the individual sample size
and number of populations included for both RNA-seq and
whole genome sequencing projects. These analyses can also be
extended to other organisms with biphasic life cycles, or those
with multiple life stages that experience differing amounts of
selection on each life stage.

MATERIALS AND METHODS

Material Preparation and Sequencing
We collected kelp blades from 50 distinct individuals from
three distinct locations in Southern California (17 from Catalina
Island, 16 from Santa Barbara, and 17 from Camp Pendleton)
in the summer of 2018 (Supplementary Table 3). To limit
epiphyte contamination in DNA extraction, we treated the blades
axenically as described by the Singh method (Singh et al., 2011)
before drying the tissue in silica beads. Due to high levels of
contamination by polysaccharides and polyphenols, we had to
perform a combination of DNA extraction methods. We first
placed 10 mg of dried tissue in a Qiagen Powerbead Tubes with
metal 2.38 mm beads and homogenized them using a Qiagen
TissueLyser for 60 s at 30 Hz. From the powdered tissue, we
extracted DNA using the Macherey-Nagel Nucleospin Plant II
kit along with the CTAB lysis buffer. Slight modifications were
made to the protocol based on other successful DNA sequencing
projects involving brown macroalgae (Guzinski et al., 2018). We
further cleaned the extracted DNA using the Qiagen DNeasy
Power Clean Pro Cleanup Kit.

To ensure the quality of the extracted and cleaned DNA, we
checked for contaminants using the 260/230 nm and 260/280 nm
wavelength ratios from a Nano-drop spectrophotometer. We
then checked the concentration of the samples using a Qubit
fluorometer. To check for fragment size and contamination, we
ran the DNA on a 1% agarose gel, looking specifically for samples
with a distinct band and no smearing. We then confirmed that the
DNA could be amplified successfully with PCR, using primers for
the giant kelp genes IF2A and 18S to ensure that there was no
PCR inhibition (Konotchick et al., 2013).

Once we had DNA of sufficient quality, we prepared libraries
using the KAPA HyperPlus Kit and standard protocols, except
we increased the fragmentase reaction time to 1 h. Libraries were
then size selected for an insert size ∼300 bp using Kapa Pure
Beads. We again quantified our libraries with Qubit and checked
fragment size with a bioanalyzer. Once the libraries passed initial
quality tests, they were sent to Novagene in Davis, California and
sequenced on an Illumina Hiseq 2500 platform with 150 paired
end reads. To remove adapter sequences and trim low-quality
trails of the raw sequencing data, we used Trimgalore (Krueger,
2015). We removed individuals with poor sequencing coverage,
leaving 48 individuals in the final data set.

Assembly and Annotation, and
Assessment of Gene Models
We assembled transcripts with TRINITY using publicly available
RNA sequences from both sporophyte and gametophyte samples
(Grabherr et al., 2011; Salavarría et al., 2018; Lipinska et al.,
2019). We merged six gametophyte and two sporophyte samples
during assembly to generate a transcriptome for giant kelp.
We removed adapters and trimmed sequences with Phred
score lower than 25 and length less than 50 nucleotides with
Trimgalore (Krueger, 2015). We then checked the sequences
with FastQC (Andrews, 2010). We removed contaminants using
Deconseq (Schmieder and Edwards, 2011) and collapsed the
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final transcriptome using CAP3 (Huang and Madan, 1999).
We removed redundancies by clustering transcripts over 500
nucleotides long that blasted with 99% similarity, and selected
the longest transcript in each cluster to keep for analysis using a
custom python script (Camacho et al., 2009; Supplementary File
4). We performed a best reciprocal BLAST against the genome
of E. siliculosus, considered to be the model brown macroalgae,
to select high confidence gene models as suggested in previous
studies, resulting in 9,934 gene models (Tatusov et al., 1997; Bork
et al., 1998; Moreno-Hagelsieb and Latimer, 2008; Cock et al.,
2010; Supplementary File 5). To further remove contaminants
from our gene models, we used Diamond to blast our gene
models against the Uniprot database and used BlobTools to
visualize our results (Buchfink et al., 2015; Challis et al., 2020;
UniProt Consortium, 2021; Supplementary Figure 2). We kept
gene models in our analysis if they classified to as Phaeophycea
or non-hit, and filtered the resulting gene models based on
GC content keeping only the ones between 0.35 and 0.65.
Furthermore, we aligned our population reads to the resulting
gene models and removed instances where average coverage
would be lower than 2 and higher than 30. After all filtering and
quality checking applied, we kept 8,292 gene models to be used in
our analysis (Supplementary Figure 3).

We then annotated these gene models using Trinotate using
standard settings (Bryant et al., 2017). We used GOSlimViewer
to summarize our data by binning the gene ontology results from
Trinotate into a generic GO Slim set then used GOseq to test
for gene ontology enrichment of both biased and specific gene
categories using ubiquitous genes as base (McCarthy et al., 2006;
Young et al., 2010). We considered enriched terms with p-values
smaller than 0.05, then we calculated the proportion of terms
associated with that gene category.

We analyzed the initial transcriptome contig assembly, the
collapsed contigs, and the reciprocally blasted gene models, and
the reference E. siliculosus genome for genome completeness
using BUSCO v4.06 and the eukaryote_odb10 database with
default parameters (Seppey et al., 2019). The transcriptome
assemblies and gene models were analyzed using the –
transcriptome option, while the E. siliculosus genome was
analyzed using the—genome option.

Identification of Differentially Expressed
Genes
We used RSEM to estimate the expression levels of each gene
model. RSEM implements Bowtie2 to align RNA-seq data, and
so we aligned the same publicly available RNA data used for gene
model assembly to our 8,292 gene models (Langmead, 2010; Li
and Dewey, 2011; BR93 Supplementary File 6). After alignment,
RSEM generates a transcript abundance quantifier table. We then
imported the transcript counts table directly into DEseq2 in
order to calculate differential expression based on life stage (Love
et al., 2014). We set the log2 fold change threshold as one and
false discovery rate at 0.05 for DEseq2. In order to quantify our
differential expression, we normalized counts using transcripts
per million (TPM), which allows for direct comparison of reads
mapped to a gene model between samples. Gene models were
considered specific to a particular life stage when they had a

twofold change or higher difference in expression and specific
when the average TPM was below the fifth percentile on the
opposite life stage.

Single Nucleotide Polymorphism Calling,
Pi, and Population Specific Single
Nucleotide Polymorphisms
We aligned Illumina WGS sequences from 48 individuals from
three wild populations to the collapsed, reciprocal blasted
gene model data set using Hisat2 version 2.1.0 using standard
parameters (Kim et al., 2019). Two individuals were removed
from the analysis due to low coverage. Using samtools v1.9
(Li et al., 2009), we converted the alignment to a binary file,
sorted and removed PCR duplicates. Using GATK4 best practices
pipeline pipeline (Van der Auwera et al., 2013), we called
variants such as single nucleotide polymorphisms (SNPs) and
insertion/deletions, producing a variant call file (VCF). We then
combined the individual VCFs and hard filtered the file to
keep bi-allelic SNPs with singletons removed using VCFtools
v0.1.16 with the following parameters: SNPs sequenced in 95%
of individuals, and sites had to have a minimum mean read
depth of 5 reads and a maximum read depth of 30 reads
(Danecek et al., 2011).

We then used VCFtools to calculate the pairwise genetic
diversity for each gene model using the—window-pi function.
We set the window for the pairwise genetic diversity calculation
to be the length of the gene model to ensure that the diversity for
each gene model was calculated separately.

In order to identify population specific SNPs, we split the
filtered VCF file by population and filtered it as described above.
We also set the minor allele frequency threshold to 1 to ensure
that all sites kept represented an actual SNP specific to that
population, and increased the minor allele frequency to 0.05,
to remove singletons from this analysis. We then extracted the
SNP IDs from each population specific VCF file, and plotted
the resulting Venn diagram using the R package VennDiagram
(Chen and Boutros, 2011).

We calculated Hs for each population and Ht for all
populations using the R packages adgenet and vcfR. The filtered
VCF file was loaded into R using vcfR (Knaus and Grünwald,
2017). The vcf file was then converted into a genlight object,
and the population information for each sample was added
to the genlight object using adegenet (Jombart, 2008). We
then calculated the Nei’s genetic distance using the command
genetic_diff (method = “nei”) in vcfR for each SNP in the
VCF file, and tabulated values for each subpopulation and the
total population.

Fixation Index, dN/dS,
McDonald-Kreitman, and Tajima’s D
Calculations
To look for genetic structure and measure population
differentiation we calculated the fixation index using VCFtools.
We differentiated between identified SNPs in coding regions and
separated them into two VCF files—one containing SNPs for
both first and second bases of codons and another containing
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only the third—using a custom script. This information was used
to calculate the ratio between degenerate to non-degenerate SNPs
(Supplementary File 7). Negative FST values were treated as zero.

To quantify the ratio of substitution rates at non-synonymous
and synonymous sites, we aligned the protein sequences from
our genes models to their best Ectocarpus siliculosus blast pair
using Clustal (Madeira et al., 2019). We used Pal2nal to generate
corresponding codon alignments between those and dN/dS was
calculated using codeml from PAML (Suyama et al., 2006; Yang,
2007). We filtered out SNPs when the dN or dS value was above
two. We used VCFtools to calculate Tajima’s D separately for each
entire gene model.

With Ectocarpus siliculosus as the outgroup, we implemented
the MKT test and calculated derived allele frequency and
divergence using our polymorphism data. Those measurements
were done per each gene model, then processed through the
iMKT R package (Murga-Moreno et al., 2019) to produce the
respective alpha values for each gene—alpha being the proportion
of substitution derived by positive selection.
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