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Mechanisms underlining Kelp (Saccharina =
japonica) adaptation to relative high seawater
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Abstract

Saccharina japonica has been cultivated in China for almost a century. From Dalian to Fujian, the lowest and the
highest seawater temperatures in the period of cultivation increased by 14°C and 8°C, respectively. Its adaptation
to elevated seawater temperature is an example of securing the natural habitats of a species. To decipher the
mechanisms underlining S. japonica adaptation to relative high seawater temperature, we assembled ~516.3 Mb
female gametophyte genome and ~540.3 Mb of the male, respectively. The gametophytes isolated from
southern China kelp cultivars acclimated to the relative high seawater temperature by transforming amino acids,
glycosylating protein, maintaining osmotic pressure, intensifying the innate immune system, and exhausting
energy and reduction power through the PEP-pyruvate-oxaloacetate node and the iodine cycle. They adapted to
the relative high seawater temperature by transforming amino acids, changing sugar metabolism and intensifying
innate immune system. The sex of S. japonica was determined by HMG-sex, and around this male gametophyte
determiner the stress tolerant genes become linked to or associated with.
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Introduction
The most intensively cultivated kelp species in China is
Saccharina japonica [1, 2]. S. japonica is native to the
cold-temperature coasts along northern Japan, north-
western Korea and far eastern Russia [3]. It was intro-
duced into China from Japan and cultivated in northern
China (Dalian, Shandong Peninsula) first and then in
southern China (Fujian) [4, 5]. The genetic improve-
ment and cultivation of S. japonica are based on our
understanding of its life history, and our finding that
both female and male gametophytes are isolatable and
artificially culturable (cloneable) (Fig. 1A). The seedlings
of S. japonica are raised indoor in precooled seawater
with either gametophytes or sporophytes as parents [6].
The wild S. japonica sporophytes have been frequently
documented on the cultivation facilities and the adja-
cent regions in northern China; however, their fronds are
small and their distribution range is narrow [7]. The cul-
tivated S. japonica has been used as human foods, animal
feeds and industrial raw materials, and contributed also
to the oceanic carbon sequestration [8, 9]. S. japonica
immigrated > 3,400 km in distance and about 17 degree
in latitude from Hokkaido (Japan) to Dalian, then Shan-
dong Peninsula and Fujian coasts. From Dalian to Fujian,
the summer seawater temperature increases from ~3°C
in Jan., <1°C in Feb. and ~17°C in Jun [10]. to ~21°C in
Nov., 15°C in Mar. and 25°C in Jun. (Saojun Pang, per-
sonal communication). The lowest temperature increased
by 14°C while the highest temperature increased by 8C.
S. japonica has adapted to relative high seawater tem-
perature. Brown algae may shift their habitats northward,
and lose their diversity [11]. Unfortunately, the physical
and genetic bases underlining the adaptation of kelp to
relative high seawater temperature remain unclear.
Genetically, the sex is a separating and mixing pro-
cess of genomes, which encompasses diverse systems
and mechanisms [12]. Except for the sex chromosomes
and master sex determination gene, intrinsic and extrin-
sic environments may also play roles in sex determina-
tion. The model brown alga Ectocarpus determines its
gender with the sex determination region on U (female)
and V (male) chromosomes, respectively [13, 14], and
the HMG-sex has been identified as the male-determiner
of Ectocarpus gametophytes [15]. When U and V chro-
mosomes reunite in diploid sporophytes, they are exten-
sively regulated and no longer determines the sex [16].
The response of organisms to environmental change
can depend on the biological gender while the sex-basis
induced by the environmental change may cause the
habitat shifting and the loss of biodiversity [17]. The
density of vertebrates with temperature-dependent sex
determination may collapse under the extreme thermal
fluctuations [18]. High temperature may lead to the over-
production of one sex and, in turn, biases the sex ratio
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of populations [19]. In comparison, the location, the gene
components and the structure of Saccharina japonica sex
determination regions have not been characterized. In
addition, kelp breeders have been dedicating to develop
high temperature tolerant varieties; such varieties may
extend growing time and increase yield and harvesting
and post-harvesting periods. However, the studies on the
differential responses to relative high seawater tempera-
ture between kelp gametophyte genders are scarce.

With the gametophytes isolated from the kelp cultivars
of northern and southern cultivation regions of China,
the acclimation and adaption mechanisms of kelp to rela-
tive high seawater temperature were addressed in this
study.

Materials and methods

Isolation and biomass amplification of Kelp gametophytes
The gametophytes were isolated from mature kelp sporo-
phytes with the method we described early [6, 10]. The
gametophyte clones were maintained at Kelp Species and
Elite Variety Center, Shandong Oriental Ocean Sci-tech,
Yantai, Shandong, China. The biomass of gametophyte
clones was amplified with the method we described early
[10]. The gender of the gametophyte clones was verified
with sex-specific microsatellite alleles and sex-unique
morphological characteristics as we did early [20, 21].

Contig assembling

Gametophyte clones, female and male each, ~100 mg in
wet weight, were collected separately through brief cen-
trifugation, ground into fine powders in liquid nitrogen,
and transferred into a pre-chilled centrifugation tube.
Genomic DNA was isolated with CTAB method.

The whole genomes of S. japonica male and female
gametophytes were sequenced separately with the SMRT
sequencing technology. The high-quality reads were
assembled into contigs using falcon (v0.2.0), and the
errors in the primarily assembled contigs were identified
and corrected with the arrow tool. The genomic DNA
was used also to construct the short fragment library
which was then sequenced on Illumina platform, and
used to correct the errors in contigs. The short fragment
libraries were also constructed and used to re-sequence
the gametophyte populations, identify the sex determi-
nation region of kelp gametophytes and decipher the
genetic basis associating with the tolerance to relative
high seawater temperature.

Upgrading contigs into scaffolds

The biomass of the gametophyte clones, both male and
female, was harvested separately and used to construct
Hi-C library which was then sequenced on Illumina
platform. The read pairs generated were mapped to the
contigs. According to the mating and concomitance
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Fig. 1 The life cycle of Saccharina japonica (A) and graphical display of Saccharina japonica gametophyte genome assemblies (B - D). The gametophytes
can be vegetatively cultured (cloned), and preserved as the genetic resources. The gametophyte clones can be hybridized with the first filial generation
used as either the hybrid kelp or the basic population of selection breeding. a, the gametophytes germinated from zoospores; b, young sporophytes; ¢
and d, artificially cultivated gametophytes (clones); and e, sporophytes under cultivation. B, the interaction map of the scaffolds revealed with the high-
throughput chromosome conformation capture (HiC) technique. Thirty-two scaffolds showing the strongest interactions (the color bar indicates the in-
teraction strength, the deeper the stronger) are selected as the skeleton ones which are synonymous with chromosomes throughout the context. C, the
phylogenetic tree of S. japonica gametophyte genomes and those of the representative species in Stramenopiles (Heterokonts)-Alveolates-Rhizaria (SAR)
group. The Bayes tree is constructed using 397 single copy genes shared among the representative species of SAR group. The genomes of S. japonica
gametophytes are more similar with those of Nannochloropsis than with other representatives of SAR group. Aureococcus serves as the outgroup. The
red dots at each node are the bootstrap value (100%) while the plus and minus numbers at each node are the gene families experienced expansion and
contraction, respectively. The numbers in the right-hand column are the expansion and contraction gene families each species. Except the sex determina-
tion region of U and V sex chromosomes, the genomes of female and male gametophytes are almost identical. The seeable differential in the numbers of
expansion/contraction gene families between female and male gametophyte genomes should result from the difference in the completeness and non-
overlap area of the assembilies. D, the characteristics of S. japonica chromosomes. The tracks from outer to inside are chromosome length in megabase
(a), density of genes annotated along forward strand in 500 kb non-overlapping windows (b), density of genes annotated along reverse strand in 500 kb
non-overlapping windows (c), number of genes (d), the distribution of LTR (e), DNA transposons (f), LINE (g) and SINE (h), and the syntenic gene pairs
identified between female (right semicircle) and male (left semicircle) gametophyte genomes (i)
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(chromatin interaction) information, the contigs were
preliminarily clustered, ordered and oriented, yielding
skeleton, contaminated and unanchored scaffolds. The
skeleton scaffolds were used as the genome assembly.

Gene prediction and annotation

The protein encoding genes were identified with three
methods, ab initio modeling, homology-based predict-
ing and transcriptome-aided predicting. To carry out
transcriptome-aided prediction, total RNA was extracted
with TransZol Plant Kit (Invitrogen). The mRNA was
separated from the total using poly-T coated magnetic
beads, fragmented, and used as the templates of the first-
strand cDNA synthesis. The second-strand cDNA was
synthesized subsequently. The double-stranded cDNA
was sequenced. The clean RNA-seq reads of S. japonica
gametophytes and sporophytes at different developmen-
tal stages were assembled into transcripts. The predicted
genes were functionally annotated according to their
best hits to the deposited in databases. The complete-
ness of the assembly was evaluated using BUSCO against
OrthoDB. Diverse repeats were identified according to
sequence similarity. The genes encoding tRNAs were
identified using rice tRNAs as queries. To identify rRNA
genes, the orthologs of the closest species were down-
loaded and aligned with the assembly. The snoRNAs,
MiRNAs, and snRNAs were identified against Rfam data-
base. The repeats were either identified with RepeatMas-
ker (open-4.0.9) and RepeatProteinMasker (open-4.0.9)
based on RepBase database or predicted using LTR_
FINDER (v1.0.5) and Repeat Modular (open-1.0.11) from
scratch. The TRF was also used for the repeat annotation
with TRF (v4.09). The identified repeats were integrated
with the redundant ones eliminated.

Genome comparison and gene phylogenetic analysis

The amino acid sequences of the annotated genes of the
genomes selected for genome comparison were clustered
into orthogroups with Orthofinder, from them the gene
trees of all orthogroups, the rooted species tree, and all
gene duplication events were inferred. The rooted gene
trees were generated with Orthofinder to infer the ortho-
logs by phylogenetic information with corrected tree
topology. For the phylogenetic analysis, the sequences
were aligned with ClustalO. The phylogenetic tree was
constructed using MrBayes.

Resequencing and GWAS

From the genetic resource library maintained at Kelp
Species and Elite Variety Center, Shandong Oriental
Ocean Sci-tech, Yantai, Shandong, China, 94 gameto-
phyte clones, half male half female, were selected and
amplified in biomass. These clones were isolated from the
kelp sporophytes from different habitats and in different
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years, which should represent the north kelp cultiva-
tion sea area, Shandong and Liaoning Provinces, China.
The gender of these gametophyte clones was re-verified
with sex-specific microsatellite alleles and sex-unique
morphological characteristics as we did early [20, 21].
To decipher the genetic basis underlining the warm sea-
water tolerance of kelp gametophytes, 36 gametophyte
clones were established from the south cultivation sea
area, Fujian Province, China, half female and half male,
and maintained at Kelp Species and Elite Variety Center,
Shandong Oriental Ocean Sci-tech, Yantai, Shandong,
China. The biomass of these clones was amplified with
the methods we described early [6, 10].

These gametophyte clones were resequenced with the
methods described in contig assembling section. The
clean reads were mapped to the female genome assem-
bly obtained in this study with BWA. The duplicate
reads were removed using SAMtools and Picard version
1.106. The high-quality paired reads were filtered with
the threshold of Phred score>30 and the raw SNPs were
called with the threshold of base quality Phred score >20
with GATK. SNPs implemented in GATK were joined
with HaplotypeCaller.

The raw SNPs were filtered with GATK following the
standards including quality by depth<2.0, Phred-scaled
p value (FS)>60.0, root mean square of the mapping
quality <40.0, variants with mapping quality rank-sum
test approximation<-12.5 and a read position rank-
sum test approximation<-8.0. The SNPs were further
filtered with VCFtools with the threshold of genotype
quality > 30, the minimum mean depth of coverage>10,
the maximum mean depth of coverage <50 and no miss-
ing data. Plink was used to convert the SNP data from
VCEF format into PED/RAW and MAP/BIM. Multispe-
cies coalescent based analyses were performed against
a dataset of 3,075 haploblocks of a minimum 25 kb in
length containing minimum 50 biallelic sites with a
minor allele frequency of 0.2 or higher. These haplob-
locks were detected using Plink with—blocks option by
setting block-max-kb and blocks-min-maf to 1,500 and
0.2, respectively. Linkage disequilibrium estimates within
and between haploblocks were visually inspected using
LDBlockShow.

The associations between a SNP and gender was found
by x* testing the independence of the SNP in female
(case) and male (control) populations consisting of the
gametophyte clones from the north cultivation sea area
of China. The SAIGE method was used to identify SNPs
associating with the high seawater tolerance of gameto-
phytes by treating 100 gametophytes representing the
north cultivation sea area of China (case) and 30 game-
tophytes representing the south cultivation sea area of
China (control), respectively.
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RNA-seq

To document the physiological mechanism underlin-
ing the high sea water tolerance of kelp gametophytes,
we selected 2 types of genotypes representing the north
and south cultivation sea areas, respectively, 12 game-
tophytes each, half female and half male, which were
treated at normal temperature (18 ‘C) and relative high
temperature (23 ‘C) separately for 12 h, 12 gametophytes
each temperature, 6 from south and 6 from north, half
female and half male. In total, 24 transcriptomes were
sequenced.

The transcriptomic analysis was carried out with the
method described in gene prediction and annotation sec-
tion. The clean reads were mapped to the female game-
tophyte genome assembly with HISAT2. The differently
expressed genes (DEGs) were calculated with DESeq at
the threshold of|log2FoldChange| = 1 and FDR<0.05.
The result of Gene Ontology (GO) enrichment was ana-
lyzed using goseq and visualized using REViGO. KEGG
enrichment was analyzed using R and BH correction with
q-value <0.05.

Table 1 The characteristics of Kelp (Saccharina japonica) female
and male gametophyte genome assemblies

Female Male
No. of contigs 1,217 819
No. of N5, contigs 155 119
Length of N, contigs (bp) 977,358 1,337,703
Maximum contig length (bp) 5,667,585 8,305,191
Total contig length (Mb) 515.7 594.2
No. of chromosomes 32 32
Maximum chromosome length (bp) 33,688,922 31,428,625
Total chromosome length (Mb) 516.3 540.3
No. of genes 15,010 15,849
Average length of genes (bp) 15,952 8,374
Average length of CDS (bp) 1,550 1,557
Average no. of exons 76 43
Average length of exon (bp) 205 203
Average length of intron (bp) 1,923 1,139
Supported by transcripts (%) 725 720
BUSCO score (%) 86.1 835
Total length of repeats (bp) 362,951,269 382,613,256
Percentage of repeats 70.3 618
Length of DNA transposon (bp) 48,993,216 57,433,098
LINE (bp) 73,873,712 76,921,424
SINE (bp) 1,266,119 1,492,227
LTR (bp) 248,067,874 264,212,052
Total length of tRNA gene (bp) 32,301 34,169
No. of tRNA gene 431 450
Total length of rRNA (bp) 5,793 8,109
No. of rRNA gene (bp) 5 9
Total length of snRNA (bp) 7,713 7,537

No. of snRNA gene 51 51
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Results

Characteristics of S. japonica gametophyte genome
assemblies

The genomes of a S. japonica female gametophyte and a
male gametophyte were sequenced on the PacBio plat-
form. The reads were assembled into contigs, and sub-
sequently into chromosomes with the aid of positional
information revealed with HiC method. Thirty-two
skeleton scaffolds showing the strongest interactions as
the color bar indicated (the deeper the stronger) were
selected as the chromosomes of kelp gametophytes, both
female and male (Fig. 1B). The total length of female
chromosomes was ~516.3 Mb while that of male game-
tophyte was ~540.3 Mb. The length of female contig Ny,
reached 977,358 bp with the maximum of 5,667,585 bp
while that of male contig Ny, reached 1,337,703 bp with
the maximum of 8,305,191 bp. The female and male
assemblies contained 15,010 and 15,849 protein-encod-
ing genes, of them 72.5% and 72.0% corresponded to the
transcripts. A total of 70.29% female genome and 61.67%
of male genome were occupied by repeat-sequences. The
BUSCO evaluation showed that the female and male
genomes encompassed 86.1% and 83.5% of the annotated
protein homologs, respectively (Table 1). S. japonica
belongs to the heterokonta of SAR group. The Bayes tree
constructed using 397 single copy genes shared among
the representative species of SAR group showed that S.
japonica gametophyte genomes are more similar with
those of Nannochloropsis than with other representatives
of SAR group (Fig. 1C). Other characteristics of S. japon-
ica chromosomes including the density of genes, number
of genes, the distribution of repeat elements among oth-
ers and the synteny of annotated genes between female
and male gametophyte genomes were also documented
and visualized (Fig. 1D).

Brown algae are a eukaryotic lineage that shares the
innate immune system with animals, fungi, plants and
green and red algae [22, 23]. The innate immune is also
linked to the iodine metabolism [24]. The extrinsic
pathogens may initiate the formation of elicitor oligogu-
luronate (GG) which may also be yielded by intrinsic
alginate lyase [22, 25]. Among plants, the gene reten-
tion after polyploidization and the gene expansion in
mono- and diploid genomes strengthen their stress toler-
ance [26, 27]. It is common that plants and brown algae
respond to stress by generating reactive chemical spe-
cies [22, 28]. We identified the genes encoding alginate
lyase, phospholipase, respiratory burst oxidase homolog
(RBOH), aquaporin, vanadium-dependent bromoperoxi-
dase among others involved in kelp innate immunity, and
found that their genes are highly repeated (expanded)
with the copy number varied between 2 and 26 in the
female gametophyte genome.
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(See figure on previous page.)

Fig. 2 Genetic and transcriptomic analyses of northern and southern gametophytes of S. japonica. A, the function-known genes identified through
whole genome association analysis, which contain SNP(s) within them. B, the differentially expressed genes (DEGs) between southern and northern
gametophytes (male vs. female. a, up-regulated; b, down-regulated); and when the southern gametophytes growing at 18°C are shifted to 23°C (male
vs. female. ¢, up-regulated; d, down-regulated). Of the shared DEGs of southern gametophytes when shifted from 18°C to 23°C, some are shared by
southern gametophytes (e, up-regulated; f, down-regulated). C, The DEGs between southern and northern gametophytes identified when they are
cultivated at 18°C and the intensified and weakened metabolism routes involving these DEGs. The philosophy is followed when we trace the metabolic
fluxes, e.g., a metabolism route connecting two metabolites within and among KEGG pathways is believed to be intensified (red arrowed line) if all DEGs
are up-regulated, weakened (blue arrowed line) if all DEGs are down-regulated, otherwise uncertain (black arrowed line). D, the DEGs and the metabo-
lism routes when southern gametophytes are shifted from 18°C to 23°C. E (male) and F (female), the DEGS and the metabolism routes when northern

gametophytes are shifted from 18°C to 23°C

Acclimation of southern gametophytes to relative high
seawater temperature

We identified the differentially expressed genes (DEGs)
according to the abundance of gene transcripts, and
assigned these DEGs to the KEGG pathways. DEGs
standing alone and the KEGG pathways were combined
to trace the metabolism route between two metabolites
of concern. A metabolism route is believed to be intensi-
fied if all DEGs along it are upregulated, and weakened
if all DEGs are downregulated; otherwise, the route is
not analyzed further. In addition, all samples in a group
must show the same trend of regulation regardless of
occurrence.

Following this principle, we found that the whole
innate immune process was intensified when the south-
ern gametophytes maintained at 18°C were cultivated
at 23°C (Fig. 2ABa, b). The transcript abundance of the
intrinsic alginate lyase gene increased, which degraded
the alginate into GG dimer and then activated the phos-
pholipase, yielding PUFA and strengthening the influx of
calcium ion. The PUFA was then oxidized into hydroper-
oxide (ROOH) which can be reduced into alkanol (ROH)
by glutathione (GSH). Simultaneously, the calcium ion
activated the kinases and then RBOH, yielding apoplast
hydrogen peroxide (H,0,). Hydrogen peroxide went into
the cell via aquaporin, where it was reduced into water.
It was interesting to notice that GSH remained almost
constant when ROOH increased. To reimburse GSH
demand, ascorbate was synthesized from carbohydrate,
which eliminated H,0, and transformed ferric ion (Fe®")
into ferrous ion (Fe?*). The ascorbate performance can be
coupled with iodine cycle strengthening, exhausting the
energy when kelp met high seawater temperature. Gluta-
thione and ascorbate detoxify the reactive oxygen species
(ROS), protecting cells from abiotic damages [29, 30].

At high seawater temperature, S. japonica strengthened
its synthesis of glucose-6P, attenuated its synthesis of
UDP-sulfoquinovose (UDP-SQ), and intensified its syn-
thesis of trehalose from glucose-6P and uridine diphos-
phate glucose (UDPG), which aided to maintain its
cellular osmotic pressure [31]. S. japonica regulated the
expression of its diverse transporter and enzyme genes,
transforming its sulfur groups and amino acids [32, 33].
Different organisms share twelve precursor metabolites,

of them phosphoenolpyruvate (PEP), pyruvate and oxa-
loacetate comprise a node, the heart of metabolism [34,
35]. The transformed amino acids flew into the heart of
metabolism; however, no outlet was found. Running this
node consumes energy and reduction power. Ticking
over this node assisted the alga to tolerate relative high
seawater temperature. Plants defend against stresses and
suppress growth simultaneously [36]. The southern kelp
sporophytes cannot survive the summer seawater tem-
perature, and cannot grow into fronds with normal size
even they were cultivated in northern cultivation areas.
This may explain why the wild kelp in small size and nar-
row distribution were often documented in northern kelp
cultivation region.

Adaptation of southern gametophytes to relative high
seawater temperature

The differential gene expression may be due to either
fluctuation of gene transcription (acclimation) or geneti-
cally controlled variation (adaptation) [37, 38]. The DEGs
between southern and northern gametophytes when they
are cultivated at 18°C and the metabolism routes defined
by these DEGs indicated that S. japonica intensified its
syntheses of Nglycan and sulphoquinovosyl diacylglyc-
erol (SQDG) (Fig. 2CBc, d). SQDG and monogalactosyl-
diacylglycerol (MGDG) function in membrane structure
maintenance, photosynthesis and adaptation to environ-
mental stresses [39, 40], and asparagine-linked-glycans
(Nglycans) modifies proteins and mediates cellular rec-
ognition and host-pathogen interactions [41, 42]. The
southern gametophytes adapted relative high seawater
temperature by expressing these DEGs and through the
pathways these DESs defined.

Genetic changes supporting the adaptation of southern
gametophytes to relative high seawater temperature
Genome-wide association analysis (GWAS) identified
6,920 genic SNPs significantly different between game-
tophyte populations from southern and northern cul-
tivars, respectively, which defined 80 annotated genes
expressed differentially between southern and northern
gametophytes at 18°C, and among southern gameto-
phytes when they were cultivated at 18°C first and then at
23°C. It was found that these genes encoded the enzymes
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Fig. 3 Identification of sex chromosomes and establishment of the boundaries of sex determination region (SDR) within them. A, collinearity between
male and female genomes. The red block shows the collinearity between male and female chromosome 1, which is enlarged to highlight the perfect
collinearity of the first half and the non-existent collinearity of the second half of chromosome 1. B, collinearity of homologous genes located in male
and female chromosome 1. The lines and dots in A and B represent the homologous genes, and the red lines and red dots in A and B refer to the genes
not completely colinear while the gray lines and dots refer to the genes completely colinear. C, Manhattan plot of significantly different SNPs along 32
chromosomes of S. japonica, which are identified thorough GWAS. Accordingly, chromosome 1 is identified as the sex chromosome, and the second half
of chromosome 1 is identified as the SDR. The chromosome 1 of female gametophytes is U chromosome while that of the male is V. chromosome. The
red line indicates the possibility of 5x 10—8 while the blue one indicates the possibility of 107°. D, principal component analysis (PCA) of the SNPs in the
first half (0-18 Mb) of chromosome 1. E, PCA of the SNPs in SDR. F, gene distribution of SDR in U and V chromosomes. The color arrows represent genes
predicted, which shrink into vertical bars when the genes are small. G, the statistics of rearranged genes in U and V sex chromosomes and autosomes. H,
gene expression of male- or female-biased genes in SDR and other regions

functioning mainly in amino acid transformation and
innate immune process (Fig. 2D), which roughly corre-
sponded to the metabolism processes defined by DEGs
between southern and northern gametophytes when they
were cultivated at 18°C (Fig. 2C). Such correspondence
indicated that these genes were genetically changed, and
these metabolism routes were adaptive. Salt and thali
tolerances of crops are more complex than anti-freezing
[43—-45]. The heat or high temperature tolerance is also a
complex trait. Temperature determines the species distri-
bution on earth even [46, 47]. The evolution of kelp tol-
erance to relative high seawater temperature is slow and
gradual.

Differential adaptation of southern gametophytes to
relative high seawater temperature between genders

A brief temperature increase profoundly influences
spermatogenesis, but not oogenesis; such increase acti-
vates transposons, and provide a time window for them
to mobilize and modify genomic DNA without affecting
reproduction [48]. Spermatogenesis is more sensitive to
small temperature increase; such increase multiplies the
double-strand DNA breaks (DSBs), and concurrently
reduces male fertility [49]. Brown algae have imitated
animals in evolution in determining their male gender
[15]. The transcriptomic analysis showed that northern
male gametophytes upregulated their PEP-pyruvate-oxa-
loacetate node, exhausting more energy and reduction
power by ticking over this node (Fig. 2E and FBe, f). The
male gametophytes are more tolerant to relative high sea-
water temperature than the female.

Identification of sex chromosome and establishment of
SDR boundaries

Genome-wide association studies (GWAS) identifies
genetic marker across genomes or the genes associate
with or determine a trait [50]. The sex determination
region (SDR) within the U and V chromosomes of S.
japonica was identified as a region from 16,179,947 to
33,672,368 bp of chromosome 1 (Fig. 3A), within which,
1,532 SNPs were found to be significantly different in
frequency between male and female gametophytes. The
gametophytes can be partitioned into two populations

through PCA of SNPs in this region (Fig. 3B)but not
those out of this regions (Fig. 3C). The evidences sec-
onding this identification included also the higher rate of
gene rearrangement in sex chromosomes than in auto-
somes, and in V chromosome than in U chromosome
(Fig. 3D), and the higher number of sex-biased gene
transcripts in sex chromosomes than in autosomes, and
in V chromosome than in U chromosome (Fig. 3E). The
SDR of V chromosome contained 186 genes while that
U chromosome contained 134 genes (Fig. 3F). Most of
the genes arranged linearly; however, some did not, and
some located out of the SDR even (Fig. 3G, H).

Sex determination and SDR evolution of S. japonica

Morphologically identical autosomes may evolve into
heteromorphic sex chromosomes which terminate
recombination of sex-linked genes and sex-beneficial
alleles, and vertically transfer these genes and alleles as
a unit [12]. A sex-determination gene with unknown ori-
gin initiates the evolution of sex chromosomes [51, 52].
In the organisms with haploid-phase sex determination
systems, the sex is determined genetically by U and V sex
chromosomes with sex-determining region (SDR) each
[53, 54]. The Ectocarpus U and V chromosomes have dis-
tinct SDRs, similar in size, structure and gene number
(about 20), but different in gene types and gene expres-
sion pattern [14]. As was expected [55], the HMG-sex
located on the SDR of V chromosome has been identified
as the master male-determiner in Ectocarpus [15].

In the SDR of V chromosome of S. japonica male game-
tophyte, the homolog of Ectocarpus HMG-sex was identi-
fied, indicating that the origin of kelp sex determination
was similar with that of Ectocarpus. However, GWAS
showed that the genes have been differentially aggregat-
ing in the SDR of V or U chromosomes. Some genes were
found to locate out of the SDR of V and U chromosomes
(Fig. 3H) and in autosomes even (Fig. 3A). This finding
implied that the kelp SDR is evolving.

Among the sex-associated genes, the Ulpl (ubiqui-
tin-like protein specific protease, Ulp) was found to
locate at autosome 14. Sumoylation modifies proteins
with the small ubiquitin-like modifier protein (SUMO).
The proteases in Ulpl family control SUMO function
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Fig. 4 Retrospective and Prospective function analysis of S. japonica SDR. A, the heatmap of the differentially expressed genes located in the SDR. The
genes with identifier and demarcated with red lines both sides are those expressed at all tested conditions. B, Bayesian phylogenetic trees of HMG-
containing protein homologs among brown algae. C, the structure of HMG-sex encoded proteins and HMG domain-containing proteins identified in
Ectocarpus and the female and male gametophytes of S. japonica. D, the deduced sex determination mechanism of S. japonica gametophytes, which may
need the cooperation of HMG-sex homolog and an extra protein, the HMG domain-containing protein 3, and the higher innate immune activity of the
male gametophyte than the female one due to the existence of a zinc figure domain containing protein and calcium ion buffer, calreticulin

by hydrolyzing SUMO and deconjugating SUMO in
response to nutrient starvation, hypoxia, osmotic stress,
DNA damage, heat shock among others [56]. The genes
associated with sex in autosomes included also the ascor-
bate peroxidase gene (APX) (chromosome 10) which
encoded a key antioxidant H,O, scavenging enzyme [57,
58]. The gene Sja012038 in chromosome 25 was found to
have intrinsically disordered regions (IDRs). IDR medi-
ates the interaction among proteins in cellular processes
from signal transduction to liquid-liquid phase transi-
tion, modulates protein function in response to cellular
stimuli, and function as entropic springs, flexible link-
ers or spacers among others [59]. IDR-driven functions
included also moonlighting and facilitating the formation
of protein—protein interaction hubs, acting as scaffolds
proteinaceous machinery, facilitating alternative splicing
and posttranslational modifications among others [60].
From autosomes to sex chromosomes and finally within
SDR, it seemed that many genes involved in diverse
traits, especially stress response, are merging.

About 186 genes were found in the SDR of V chro-
mosome and 134 gene in the SDR of U chromosome
(Fig. 3F), which are more than those in the SDR of Ecto-
carpus. Except for gene content, the gene type between S.
japonica and Ectocarpus is also extremely different. Only
a few homologous gene were found between them, which
included HMG-sex, the master determiner of male game-
tophytes [15].

In total, 62 genes expressed differentially between
northern male and northern female gametophytes, 10 up-
regulated and 52 down-regulated (Fig. 4A). When north-
ern and southern gametophytes were shifted from18°C to
23°C, 107 differentially expressed genes (DEGs) showed
a similar trend of either upregulation or downregulation,
of them, 36 locate in the SDR. Such proportion (36/107,
33.6%) implied that the high temperature associating
genes have become the sex-linked. Among 36 sex-linked
genes, 8 were functionally annotated. In the SDR of S.
japonica, only 7 genes were found to have homologs in
the SDR of Ectocarpus [14]. The traits (phenotypes) con-
trolled by the genes in SDR are different substantially
between S. japonica and Ectocarpus except for the sex
(gender) itself. A set of proteins containing either HMG-
box domain or HMG domain were annotated, of them,
only HMG-sex homolog was found to have HMG-box
domain, which locates in the V chromosome of S. japon-
ica male gametophyte while others have HMG domain

(Fig. 4B). In addition, two HMG domain-containing
protein 3 (MGDP3) genes, HMGDP3A and HMGDP3B,
were found to be specific for S. japonica. Two HGMB3A
located in an autosome and the SDR of U chromosome,
respectively, while one HMGDP3B located in the SDR of
V chromosome. The former expressed highly in female
gametophyte while the latter expressed highly in male
gametophyte. The function of HMGDP3A and HMG-
DP3B is not clear; however, the latter fused a domain,
glycine-rich cell wall structural protein 1-like (aa483-
aal014), which highly expressed in female gametophyte,
and may associate with the morphological difference
between male and female gametophytes [61]. Glycine-
rich proteins have been found to work in the stress tol-
erance of plant [62, 63] and pollen development and
fertility performance [64] (Fig. 4C).

The genes in the SDR S. japonica V chromosome
included also the zinc finger ccch domain-containing
protein and calreticulin (CALR) genes, which was up-
and down-regulated in male gametophyte, respectively.
Diverse zinc-finger domains make zinc finger proteins
able to interact with DNA, RNA and other proteins,
regulate many cellular processes including plant abi-
otic stress tolerance [65, 66]. Cellular repertoire of zinc
homeostatic molecules includes zinc-binding proteins,
transporters and zinc ion sensors [67]. Except for as the
regulators, zinc figure proteins may play a role in stabi-
lizing cellular zinc ion content. Up-regulating the expres-
sion of zinc finger ccch domain-containing protein gene
should reduce the cellular zinc ion concentration, causing
the relative increase of cellular calcium ion content [68].
Simultaneously down-regulating the expression of CALR
should further increase the calcium ion content [69]. The
increase of calcium ion will initiate the kinases to acti-
vate RBOH, yielding more H,0O, with the help of SOD.
Up-regulated SOD and VBPO genes intensify the innate
immune system and iodine cycle, an energy exhausting
process we have proposed (Fig. 4D).

Discussion

Sex determination mechanism of S. japonica

S. japonica and Ectocarpus determine the gender of their
gametophytes in a similar way. They share the master
sex determiner, HMG-sex and a few homologous genes.
The sex determination is evolving, and not yet evolved.
A few genes located on the autosomes rather than U and
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V chromosomes, and a few genes located outside SDR.
Except for sex trait itself, these two brown algae are obvi-
ously different in morphology and inhabitation envi-
ronment, which may have caused the differences in the
number and type of the sex associated, sex-linked and
SDR-hold genes. In fact, the number of genes in S. japon-
ica SDR was more than that in Ectocarpus SDR (>100 vs.
~20). The physiological processes these genes involved
are not completely clear. In this study, we found that the
sex associated genes of S. japonica on autosomes are
stress tolerance related, and at least two genes in its SDR
function in the innate immune system, thus heat stress
tolerance related. Except for sex trait itself, the genes
merged into SDR and becoming sex associated are stress
tolerance related. The sex determination may evolve in
three phases, initiation with the master determination
gene, gradual integration of stress tolerance genes into
SDR, and establishment of complete sex chromosome.

Even the sex trait itself can be reversed by both extrin-
sic and intrinsic fuses, for example, temperature and hor-
mones. It has been documented that the brown algal sex
is reversable [70]. For brown algae, the sex determination
may be simply described as that a gene or a few genes
determine the differential development of gametes and
gametophytes, which then become linked or associated
with the stress responding/ tolerating genes, favoriting
the survival and evolution of an algal species.

Genetically, the SDR in V chromosome of S. japonica
male gametophyte has integrated the stress tolerance
genes. Physiologically, the male gametophytes showed
stronger PEP-pyruvate-oxaloacetate node exhausting
power than the female gametophytes. The brown algal
gametophytes share their gender determination mecha-
nisms with animals [15]. Temperature influences the male
fertility of animals [48, 71] and plants [72], and organ-
ism’s survival [73]. The male gametophytes are stronger
than female in heat tolerance; however, the female game-
tophytes should determine the ecological niche and dis-
tribution of S. japonica.

The sex-linked or sex-associated genes primar-
ily involve in sex determination and sex cell produc-
tion; however, accumulating evidences suggest that
these genes also control the traits not sex-limited or
directly involved in reproduction. Diverse non-repro-
ductive traits are affected by sex-limited chromosomes
in humans, which include, for example, a group of non-
sexual traits affected by Y chromosome [74], differential
stress responses related to genes on the sex chromo-
somes [75], different diseases involving oxidative and
proteolytic stresses [76], and biased immunities [77]. The
copepod Tigriopus californicus does not have sex chro-
mosomes. However, its tolerances to a range of acute
stressors like high temperature, high salinity, low salinity,
copper and bisphenol A are sexually dimorphic [78, 79].
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The old fruit fly females are more stress tolerant than the
males [80]. In tropical liverwort, Marchantia infexa, two
dehydration associating genes are found to be sex-linked
[81]. Among dioecious plants, various vegetative growth
and stress tolerance differentials have been identified to
be sex-related, which include water stress, elevated tem-
peratures, cold temperatures, chilling, altitudinal gradi-
ent among others [82]. Among the genes located in the
sex determination regions (SDRs) of the U and V chro-
mosomes and those associated with sex but not located
in the SDRs of kelp gametophytes, we identified the
genes which may function in responding the relative high
seawater temperature, extended their function to iodine
cycling and thermo-exhaustion, and finally ligated them
with high temperature resistance. We proposed also that
the tolerance relating genes become either linked to or
associated with the master sex controlling gene(s) as the
mechanism underlining the sex evolution among kelp
gametophytes. To some extent, this is a new understand-
ing about the sex determination and sex evolution among
brown algae including S. japonica.

The conflict between growth performance and stress
defense

Resistance/ tolerance to diverse stresses accompany
always the attenuation of vegetative growth of plants [83].
Such spell can be broken by hormones (plant peptides)
[84]. The sporophyte of kelp is harvested for different
purposes ahead of sporangium development. The cul-
tivated kelp may not have to solve the conflict between
defense and growth. However, for the cultivated kelp to
revert to wild, a balance between the growth of both spo-
rophyte and gametophyte and survival (defense) must be
realized. This restriction may have determined the small
sporophyte size of the wild kelp sporophytes frequently
documented in northern cultivation area.

We have found that southern kelp cultivars have
adapted northern sea areas (18°C), and acclimated south-
ern sea area (23°C) by adjusting many metabolism routes.
However, no adaptation and acclimation routes were
found to associate with the growth performance of game-
tophytes, implying that the kelp has not yet overcome the
conflict between growth and defense. The global change
has caused diversity loss of macroalgae [11]. Thermal
refuges may reinforce macroalgae survive the climate
change [85]. Artificial domestication/ cultivation of kelp
may serve as an additional method of conserving the
macroalgal diversity and saving some macroalgal species
even.

Comparative studies may aid to understanding the
mechanism of heat tolerance

As the brown algae, some species survive and grow well
in the seawater with high temperature. For example,
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pelagic Sargassum is abundant in the Sargasso Sea, and
has been found to form a great Atlantic Sargassum belt
(GASB) often [86]. The climate change may have aided to
the extraordinary proliferation of Sargassum in the tropi-
cal Atlantic [87]. The draft genome assemblies of two
Sargassum species have become available currently [88,
89]. The comparison between Sargassum and Saccharina
genomes may provide clues deepening our understand-
ing the high seawater temperature tolerance mechanism
of kelp.

The genome of Saccharina japonica was sequenced
once with sporophytic DNA and assembled from both
short and long reads generated on the second and third
generation sequencing platforms [90]. The sporophyte of
S. japonica is diploidy; thus, the genome assembly is chi-
meric, not haplotypic, making the comparison between
the sex determination region in structure and gene com-
ponent impossible. Our assemblies are sex-separated,
which should aid to detailing the comparison between
male and female genders. In fact, we have compared the
structure and gene component of the SDRs located on
U and V chromosomes. We believe that our assemblies
should be more referable in diverse genetic studies. In
combination with the GWAS location of SDRs, we have
also bounded the SRDs of kelp gametophytes genetically
for the first time.

Comparison among brown algal genomes has revealed
that emergence of the brown algae is associated with the
gain of new genes, protein domain rearrangement, hori-
zontal gene transfer and the novel signaling molecules
and key metabolic pathways, and the brown algal genome
diversification parallels the phenotypic divergence [91].
Besides these common characteristics, jointly comparing
the genomic and transcriptomic differences may aid to
unveiling those subtle but critical differentials implying
the genetic mechanisms of important traits.

The complex heat defense trait may determine the
ecological distribution of a species

The response of organisms to climate change may bias
the sex ratio at the individual, population and community
levels [17, 92]. The mechanisms to thermal, saline-alkali,
cold, low nutritional tolerances of organisms are diverse,
and the tolerance traits are complex. Among diverse
stresses, the thermal one may have played a crucial role
in determining the global distribution of species. Even
the rice with equatorial habitats may shift its habitats
to higher latitudes and mountains with higher altitudes
[93]. As the leading abiotic factor, temperature may have
influenced the genome diversity of rice and its dispersal
trajectory in Asia [94]. For S. japonica, seawater tempera-
ture should modulate its distribution.
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The putative controlling genes of the tolerance to relative
high seawater temperature

We have carried out both GWAS and transcriptomic
analysis to identify the genes which may control the high-
water temperature adaptation trait. We have found a set
of intersecting genes with GWAS and transcriptomic
analysis, respectively, which include but not limit to
vanadium-dependent bromoperoxidase, superoxide dis-
mutase among others.

The SNPs located at either the downstream or
upstream of the genes identified with GWAS, and some-
time the SNPs located in the genes (genic). The genes
differentially expressed were identified according to the
abundance of their transcripts. It is hard to explain the
differential expression of genes with the SNPs around
them. We are waiting for the methodological advance-
ments like the genome edition, antisense RNA, genetic
transformation among others which are applicable for S.
japonica, and convenient and highly efficient in opera-
tion. Once the methods like CRISPR and genetic trans-
formation (critical to gene knock out, over expression,
gene knock down among others) are implemented for
kelp, and become maneuverable, we will verify the func-
tion of the genes responding to relative high temperature
stress. In fact, these novel methods are brewing [95-101],
and we believe that they will come into being soon.
Simultaneously, we appreciate also our fellows and col-
leagues to verify the functions of these genes.

Conclusions

We have isolated sets of kelp gametophytes represent-
ing the kelp varieties cultivated in northern cultivation
region (Liaoning and Shandong) and southern cultiva-
tion region (Fujian). To provide a high-quality reference
genome, we sequenced the gametophyte genome, both
female and male, and obtained the chromosomal level
assemblies. From Dalian to Fujian, the lowest and the
highest seawater temperatures in the period of cultivation
increased by 14'Cand 8°C, respectively, which provided
the appropriate materials for deciphering the adapta-
tion and acclimation of kelp to relative high seawater
temperature. We found that the gametophytes of south-
ern China kelp cultivation area adapted the high seawa-
ter temperature by transforming amino acids, changing
sugar metabolism and intensifying innate immune sys-
tem, and acclimating to the southern China seawater
temperature by transforming amino acids, changing
sugar metabolism to the glycosylation of protein and
osmotic pressure maintenance, intensifying the innate
immune system, and exhausting energy and reduction
power through the PEP-pyruvate-oxaloacetate node and
the iodine cycle. The sex of S. japonica was determined
by HMG-sex as Ectocarpus does. During the evolution of
sex trait, the stress responding/ tolerating genes become
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linked to or associated with this master sex determiner.
The male gametophyte was stronger than the female in
responding the relative high seawater temperature. We
should recognize that elevated high temperature toler-
ance of kelp may enable it to grow cross summer season
and make it become an invading species finally. This is an
issue we should focus on and carefully examine in future.
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