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Abstract
Background As a unique sulfated polysaccharide, fucoidan is the major component of cell wall in brown
seaweeds. Its biochemical properties are determined by the positions and quantity of sulfate groups. The
sulfation process is catalyzed by sulfotransferases (STs), which transfer the sulfuryl groups to
carbohydrate backbones and are crucial for fucoidan biosynthesis. Nevertheless, the structures and
functions of STs in brown seaweeds are not completely understood.Results There are a total of 27 ST
genes identi�ed from our genome and transcriptome analysis of Saccharina japonica and they were
located in the 12 scaffolds and seven contigs. The S. japonica ST genes have many introns and
alternative splicing sites, and four tandem duplicated gene clusters were identi�ed among this genes
family. Generally, the ST genes could be classi�ed into �ve groups (Group I~V) based on phylogenetic
analysis, and the ST proteins, which were encoded by genes within the same group, contained similar
conserved motifs. In group I sequences, we found two highly conserved regions (region I: TxPKSGTxW;
region IV: RKGxxGDWKxxFT), and Lys 81 and Arg 287 are critical for catalysis and substrate binding.
Members of the S. japonica ST gene family show various expression patterns in different tissues and
developmental stages. Transcripttional pro�les indicate that more than half of ST genes transcriptional
levels in kelp basal blades are higher than in distal blades, and decrease with the kelp development
stages, while only ST 5 , 9 , 12 , 18 and 25 are increased. The co-down-regulated pathways are related to
oxidative phosphorylation, fatty acid biosynthesis and metabolic pathways, while the up-regulated
pathways are involved with ribosome, nitrogen and sulfur metabolism.Conclusion Various characteristics
of the STs allow the feasibilities of S. japonica to adapt to the costal environments, meet the needs of S.
japonica growth and support their giant blades. This also re�ects the complexity of fucoidan
biosynthesis in different marine environments, tissues, and developmental stages.

Background
Saccharina japonica is an important commercial brown seaweed in Asia. It is rich in crude �bers and
carbohydrates and is widely used as a raw material for the extraction of alginate and fucoidan. Moreover,
S. japonica contains many bioactive substances that are valuable for cosmetics, foods and health [1].
Among all bioactive metabolites, fucoidan is considered highly valuable in the �eld of medicine.

Fucoidan, a sulfated polysaccharide from non-mammalian sources, is one of the most widely studied
sulfated polysaccharides. It mainly exists in echinoderm and cell walls of brown algae [2]. Fucoidan was
�rst discovered by Kylin in brown algae Laminaria digitata in 1913 [3]. The main component of the
sulfated fucoidan was L-fucose-4-sulfate; galactose, mannose, xylose, glucose, arabinose, glucuronic
acid and metal ions exist in small amounts [4, 5]. It was believed that the content and structure of
fucoidans in algae vary in different algae species, tissues, age, inhabitance and seasons [6, 7]. For
example, the fucoidan content in brown algae growing in intertidal and subtidal zone was 20% and 1-2%,
respectively [8]. The complexity in fucoidan content and composition makes the structure-activity studies
di�cult.



Page 3/23

Fucoidan functions as anticoagulant and antithrombotic substances, and exert immunomodulation, anti-
in�ammation and anti-tumor functions [9-12]. It is also effective in relieving diabetic nephropathy and
denine-induced chronic kidney disease [13, 14]. The structural parameters of fucoidan, such as the type
of monosaccharide and fucose chain and the molecular weight of polysaccharide, all contribute to its
bioactivity, especially the number and position of sulfate groups on the macromolecular skeleton [15-17].
For instance, the 2, 3-disulfated sugar residue is a common structure for anticoagulant activity [18, 19],
whereas, the existence of 2-O-sulfation at the C-2 position reduces the anticoagulant activity of fucoidan
[20]. Thus, sulfation plays an important role in the function of fucoidan. It has been reported that
sulfotransferase (ST) can transfer the sulfuryl groups from the universal donor 3’-phosphoadenosine 5’-
phosphosulfate (PAPS) to carbohydrate backbones [21, 22]. It determines the position and quantity of
sulfate groups in fucoidan.

The fucoidan biosynthesis pathway was not clear until the release of genome sequences of brown algae
Ectocarpus siliculosus in 2010 [23]. Based on E. siliculosus genome sequencing and analogized with
glycosaminoglycan (GAG) biosynthesis, Michel et al. (2010) deduced that fucoidan may �rst be
polymerized into neutral polysaccharides by one or more fucosyltransferases, and then sulfated by
speci�c sulfotransferases [21]. He proposed two routes of GDP-fucose production: 1) fructose-6-
phosphate is catalyzed by mannose-6-phosphate isomerase (MPI), phosphomannomutase (PMM) and
mannose-1-phosphate guanylyltransferase (MPG) to synthesize GDP-mannose, followed by the
production of GDP-fucose, which is catalyzed by GDP-mannose 4, 6-dehydrogenase (GM46D) and the
bifunctional enzyme GDP-L-fucoidase synthase (GFS); 2) alternatively, L-fucose is used as the substrate
to synthesize GDP-fucose by fucose kinase (FK) and GDP-fucose pyrophosphorylase (GFPP). GDP-
fucose is subsequently used to generate fucoidan by fucosyltransferase (FUT) and sulfotransferase (ST).

Previously, many genes involved in fucoidan biosynthesis were studied in S. japonica, Cladosiphon
okamuranus and Nemacystus decipiens [24-26]. For example, Chi et al. (2017) worked on the MPI, MPG
and PMM in S. japonica [27], and Nishitsuji et al. (2019) reported that FK and GFPP fused in N. decipiens
genome [26]. Their researches enlighten our further genome-wide analysis on sulfotransferases (STs) in
brown algae. Considering few investigation of this key enzyme in S. japonica, it therefore needs to explore
the biosynthetic mechanism of sulfated fucoidan, especially sulfation modi�cation of fucan catalyzed by
ST.  

As described above, the structure and content of fucoidan varied with the kelp growth. Therefore, the
transcriptional levels of ST genes might be �uctuated at different development stages and tissues.
Considering ST gene family contains large amount of putative members, e.g. 21 in E. siliculosus and 9 in
C. okamuranus [23, 25], it is thus necessary to globally analyze the distinct features of these STs in brown
algae. Transcriptome sequencing is an effective tool to decipher the transcriptional levels of the total STs
and the entire metabolic network. This could re�ect how the speci�c STs function with the kelp growth at
the mRNA level.
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In this study, we screened 103 genes (including three MPIs, two PMMs, three GM46Ds, 22 FUT and 73 ST)
involved in fucoidan biosynthesis in S. japonica. Speci�cally, we characterized the ST genes by analyzing
their sequence features, scaffold locations, phylogenetic relationships, tissue and time speci�c
expression patterns and related enrichment pathways. This is the �rst study to investigate the
characteristics of ST family members in S. japonica. Our result provides valuable knowledge of the
biosynthesis of sulfated fucoidan in brown seaweeds, and have great potential for in vitro fucoidan
biosynthesis.

Results
Identi�cation of fucoidan biosynthetic genes

A total of 103 genes related to fucoidan synthesis were annotated based on the genome and
transcriptome databases of S. japonica (Table S1). Generally, the ORFs of 81 genes were complete, and
the rest of 22 genes were incomplete. The transcriptional levels of MPI3 (GENE_013986), PMM1
(GENE_007314), GM46D1 (GENE_026041) and ST12 (GENE_011842) were higher in each catalytic step,
and were believed to be essential for fucoidan synthesis during the kelp growth and development.

Identi�cation and characterization of the ST genes

S. japonica genome has 73 genes automatically annotated as ST genes, among which 27 were further
con�rmed as S. japonica ST genes. The S. japonica genome is 2.5, 3.58 and 3.83 times larger than that of
E. siliculosus, N. decipiens, and C. okamuranus, respectively; the number of annotated ST genes in S.
japonica is approximately 3.17, 7.31 and 8.1 times those in E. siliculosus, N. decipiens and C.
okamuranus, respectively (Table 1).

These 27 ST genes were named ST1 to ST27 (the average FPKM values from high to low). Name, gene ID,
scaffold location, ORF length, exon number, amino acid number, molecular weight, and pI of the 27 genes
and their corresponding proteins are summarized in Table 2. The ST proteins ranged from 117 (ST17) to
473 (ST27) amino acids in length and 13.48 kDa (ST17) to 51.37 kDa (ST27) in molecular weight. The
predicted pI values of ST proteins ranged from 4.77 (ST17) to 9.4 (ST5).

Amino acid sequence analysis showed that most proteins were non-secretory, and only �ve proteins (ST2,
ST3, ST13, ST19, and ST25) have transmembrane helices, and were predicted to have signal peptide or
signal anchor. In addition, �ve proteins without the transmembrane domain (ST1, ST4, ST6, ST7, and
ST14) contained signal peptides. Only ST2 and ST16, were predicted to target the chloroplast, whereas
ST3, ST7, ST10, ST17, ST19 and ST22, were predicted to be located in the mitochondria (Table S2).

Sequence analysis of the ST genes

The 27 S. japonica ST proteins could be classi�ed into 5 groups (I - V) (Fig. 1A). A total of 20 conserved
motifs were identi�ed (Fig. 1B and Table S3). Group I, II and V contained Sulfotransfer_1 domain
(PF00685), group IV contained Sulfotransfer-2 domain (PF03567), and group III contained Gal-O-sulfotr
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domain (PF06990), which was only present in algae [28]. The ST sequences in the same group contain
similar conserved motifs (Fig. 1A, B).

Gene structures analysis showed that most ST genes (26, %) had more than three introns. Only one gene
had less than three introns (ST17, 2 introns). The longest intron identi�ed in the ST genes was nearly 15
kb (Fig. 1C).

We analyzed the types and numbers of all alternative splicing sites in S. japonicaST genes in different
tissues and developmental stages. A total of 368 sites were identi�ed in all samples. The most abundant
alternative splicing site type was the ES type (127). Some types were centrally detected in several speci�c
genes, for example, p5_splice (ST1), p3_splice (ST3 and ST22), ALS (ST11 and ST22) and AFS (ST10 and
ST20). In addition, ST genes expressed in the basal blade contained more alternative splicing sites than
those expressed in the distal blade. Details of these sites are listed in Table S4.

The PCR products of the cDNA sequences of three selected STs appeared as a single band, except for
GENE_014314, as revealed by 1.5% agarose gel electrophoresis (Fig. S1). The results of these four
selected STs in plasmid sequencing data of recombinant vector and RNA-Seq analysis were consistent.
The coding sequences of the four STs are provided in Table S5.

Scaffold location and gene duplication of the STs

The 27 ST genes loci distributed randomly on 12 scaffolds and 7 contigs in S. japonica (Fig. 2). Only
scaffold 3, 4, 6, 14 and 23, contained two or more ST loci. The ST family only contained tandem
duplication which covered 33.3% of whole ST gene family. Duplicate ST gene pairs were found on
scaffold 6 (ST11 and ST15), 14 (ST9 and ST17) and 23 (ST25 and ST19). A group of three tandem
duplicates, ST1, ST4 and ST7, was identi�ed on scaffold 4, and no collinearity among ST family members
was observed.

Sequence alignment and phylogenetic analysis

As shown in Fig. 3, the secondary structure of S. japonica ST protein contained abundant alpha-helix (on
average 56.38%) , followed by beta-bridge (on average 27.44%). Although there were some differences in
amino acid sequences, the sequences in the same group displayed similar secondary structures. In group
I, we found two highly conserved motifs (regions I (TxPKSGTxW) and IV (RKGxxGDWKxxFT)) and two
conserved active sites (Lys59 and Arg276) (Fig. 4).

A phylogenetic tree was constructed based on the ST amino acid sequences: 27 S. japonica, 21 E.
siliculosus, six C. okamuranus and nine P. tricornutum (Fig. 5). Five ST clades in our phylogenetic tree
were determined based on the classi�cation result of 15 E. siliculosus ST sequences [21]. Fifty-four of the
63 ST proteins were grouped into four subfamilies and the E. siliculosus STs previously clustered into two
different clades (clade A and clade B) fell into one group, which contained 15 STs. In addition, seven, 13
and 19 STs clustered into clades C, D and E, respectively, and the remaining nine STs were unclassi�ed.
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Transcript pro�les of STs in different tissues and developmental stages

A heatmap of the transcript levels of the 27 ST genes represented by FPKM values in different tissues
and developmental stages was established by TBtools according to the RNA-Seq data (Fig. 6). In the
tested samples, ST1 had a relatively high expression level, ST27 was barely detected. Most STs expressed
more strongly in the basal than in the distal blade.

The trends of transcriptional levels of the 27 ST genes in S. japonica basal blade within all developmental
stages are shown in Table 3. The STs exhibited several major expressed patterns: pro�le0 (ST8, ST20,
ST21 and ST24), pro�le2 (ST6 and ST26), pro�le3 (ST1, ST10 and ST27), pro�le6 (ST15 and ST23),
pro�le25 (ST14), pro�le28 (ST25) and pro�le29 (ST5, ST12 and ST18). Pro�le 0 and 29 are the two
representative pro�les, the former contains genes with a down-regulated expression pattern from January
to June while the latter had an up-regulated trend. The most enriched pathways in pro�le 0 included
oxidative phosphorylation, photosynthesis - antenna proteins, photosynthesis, carbon �xation and
metabolic pathway. Genes involved in ribosome, nitrogen metabolism, sulfur metabolism and inositol
phosphate metabolism were enriched in pro�le 29 (Table S6).

We analyzed the transcriptional levels of the STs in distal blade, 1/3, 2/3 and basal blade of S. japonica
collected in April (Table 4). According to our data, the STs exhibited �ve major expression patterns:
pro�le0 (ST17, ST18 and ST25), pro�le1 (ST8), pro�le4 (ST12 and ST19), pro�le9 (ST2, ST11, ST14, ST22
and ST24) and pro�le17 (ST23).The transcriptional levels of most STs were decreased, as observed for
pro�les 0, 1, 4 and 9, and genes related to basal metabolism and photosynthesis were enriched in these
pro�les, (Table S7).

Discussion
The bioactivity of fucoidan in algae is affected by the number and position of sulfate groups, which vary
in different species, locations, seasons, etc. In brown algae, sulfotransferase (ST) catalyzes the sulfation
reaction in fucoidan synthesis. In this study, we selected 27 ST genes by screening the S. japonica
genome and transcriptome databases and analyzed their structure, scaffold locations, phylogeny,
duplication patterns and expression pro�les in different tissues and developmental stages. This study
provides valuable information of the ST gene family and facilitates future studied on their functional
divergence in brown algae.

A large number of introns and diverse alternative splicing events existed in the ST sequences. Alternative
splicing may have helped the kelp synthesize various ST enzymes with different functions, which has
been proposed by previous studies [29]. Another observation is that similar motif organization only
occurred in the same subgroup of S. japonica ST genes, and conserved motifs varied among different
subgroups. This result indicates a close evolutionary relationship of STs within each subgroup.

S. japonica contains more ST genes than other sequenced brown algae. The number of annotated ST
sequences in S. japonica genome is approximately 3- to 8-fold higher than that in E. siliculosus, N.
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decipiens, and C. okamuranus (Table 1). Tandem duplication events may be signi�cant in S. japonica ST
gene family expansion. Considering that S. japonica exhibited morphological larger blade and obvious
tissue differentiation, we presumed that the more abundant ST genes might enable the production of
different sulfated fucoidans in various environmental conditions and growth or developmental stages.

Two highly conserved regions I (TYPKSGTxW) and region IV (RKGxxGDWKxxFT) for ST proteins from a
broad spectrum of species were found [30]. Compared with early studies, the consensus sequences in
group I of S. japonica ST proteins were different (region I: TxVKSGTTW, 78-86; region IV:
LRKGGARRWRDVFT, 286-299).  Both region I and region IV are involved in the binding of the cosubstrate
PAPS, and Lys81 and Arg287 may be critical for catalysis and cosubstrate binding, respectively [30].
Despite the change of basic groups, the conservativeness of key sites indicated the similarity of the
catalytic mechanism between S. japonica group I ST proteins and ST from plants and bacteria. In the
other four groups, we did not �nd these highly conserved motifs. Their active sites need to be further
explored with methods of site-directed mutation etc.

While distal blades contain higher fucoidan content [8], most STs are more highly expressed in the basal
than in the distal blades. The basal blades of S. japonica have a strong ability to divide and produce more
new cells than other tissues [31]. Considering fucoidan is a component of cell wall [2], the higher
expression pattern of ST genes at basal blades may synthesize more fucoidan to meet the needs of new
cells at the basal blades. From January to June, seawater temperature in the northern hemisphere
gradually increases. High temperature leads to slower growth, development and metabolism of S.
japonica. Some STs (eg. ST8, 20, 21, 24), which enriched in the same pro�le as those related to oxidative
phosphorylation and metabolic pathways, therefore showed a down-regulated trend. In addition, in mid-
April, kelp enters the breeding season. Honya et al. (1999) found that S. japonica synthesized fucoidans
with a higher sulfated content during its reproduction period, which played an important role in the
formation and setting of spores [32, 33]. We speculated that those STs which showed an up-regulated
trend (eg. ST5, 12, 18, 25) can meet the reproductive needs of kelp. At the same time, protein degradation
in kelp accelerated [34]. Correspondingly, nitrogen and sulfur metabolism were strengthened, and genes
related to nitrogen and sulfur metabolism were also enriched in the pro�le of up-regulated ST gene
enrichment. The different transcriptions pro�les indicated STs various functions in synthesizing fucoidan
with different sulfate positions and sulfated degree, and this will be bene�cial to adaptation of S.
japonica during the growth and development.

Conclusions
A total of 27 ST genes were identi�ed through analyzing the genome and transcriptome data of S.
japonica. The large number of alternative splicing events, gene expansions, and the variable expression
patterns of the ST genes had contributed to the complexity of fucoidan biosynthesis in S. japonica. These
ST genes give rise to various fucoidan molecules that function in different tissues and developmental
stages. To our knowledge, this is the �rst in-depth analysis of the ST gene family in algae, which lays a
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foundation for future functional studies on these genes and informs the improvement of fucoidan
production through genetic engineering.

Methods
Algal sample collection

S. japonica sporophytes were collected from January to June in 2014 from cultivated rafts in Gaolv
Aquatic Company in Rongcheng, Shandong, China. Prof. Duan had undertook the formal identi�cation of
the plant material used in your study. Three robust individuals were harvested for each time point, rinsed
with �ltered seawater several times and cut into three tissue sites. Each sectioned tissue samples was
snap frozen in liquid nitrogen, and stored at -80 °C until total RNA isolation. Detailed information of the
kelp samples is summarized in Table 5.

RNA extraction and cDNA synthesis

Total RNA was isolated from the samples using a FastPure Plant Total RNA Isolation Kit (Vazyme,
China). The extracted RNA was quanti�ed using a Nanodrop 2000 Spectrophotometer (Thermo Scienti�c,
USA). RNA quality was assessed by 1% agarose gel electrophoresis. First-strand cDNA was synthesized
using HiScript II Q Select RT SuperMix (Vazyme, China) and stored at −20 °C for subsequent gene cloning
and quantitative real-time PCR (qRT-PCR) analyse. All manipulations were operated following the
manufacturers’ instructions.

Identi�cation of sulfotransferase family members in S. japonica genome

Based on our previously sequenced S. japonica genome (NCBI: MEHQ00000000) and recently released S.
japonica transcriptome data (NCBI: PRJNA512328), we identi�ed 73 genes automatically annotated as
sulfotransferase (ST) genes that catalyze the last step of fucoidan biosynthesis. These 73 genes were
submitted to SMART (http://smart.embl-heidelberg.de/) [35, 36] and Pfam (http://pfam.xfam.org/search)
[37] to con�rm the presence of the conserved sulfotransferase domain. The predicted genes without the
sulfotransferase domain and monthly average FPKM < 0.5 were excluded.

Sequence analysis and chromosomal localization

The open reading frames (ORFs) of high-con�dence ST genes were predicted using ORF �nder
(https://www.ncbi.nlm.nih.gov/or�nder/). The ExPASy ProtParam tool
(https://web.expasy.org/protparam/) was used to analyze the physical and chemical properties of the
deduced ST proteins, including the theoretical isoelectric point (pI), molecular weight (MW), and amino
acid AA composition. The SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/) was used to
predict signal peptides [38], and TMHMM (v2.0; http://www.cbs.dtu.dk/services/TMHMM/) was
employed for predicting the transmembrane helices in the proteins. Possible localization to the
chloroplast, mitochondrion and cytoplasm was predicted by HECTAR (http://webtools.sb-roscoff.fr/root?
tool_id=abims_hectar) [39] and Target-P (http://www.cbs.dtu.dk/services/TargetP/) [40].

http://smart.embl-heidelberg.de/
http://pfam.xfam.org/search
https://www.ncbi.nlm.nih.gov/orffinder/
https://web.expasy.org/protparam/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/TMHMM/
http://webtools.sb-roscoff.fr/root?tool_id=abims_hectar
http://www.cbs.dtu.dk/services/TargetP/
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Structure of the ST genes was analyzed by Gene Structure Display Server (GSDS v2.0;
http://gsds.cbi.pku.edu.cn/) [41]. The online software MEME (server v5.0.5, http://meme-suite.org/) was
used to identify conserved motifs in the ST proteins with the following parameters: any number of
repetitions, maximum of 20 motifs and an optimum motif width of 6 – 200 amino acid residues [42]. The
chromosomal positions of the ST genes were acquired by aligning the full-length ST nucleic acid
sequences to the S. japonica genome. We used MCScanX to search for duplicate genes in the ST family
[43]. TBtools was used to display the chromosomal positions of STs and their relative physical distances
[44].

Identi�cation of alternative splicing events

Tophat 2.1.1 was used to analyze alternative splicing events in the 27 ST genes [45]. Alternative splicing
sites supported by less than �ve reads were �ltered out, and the remaining were mapped to known
alternative splicing sites, allowing for 1 bp error. The known alternative splicing sites were identi�ed and
the unmapped new alternative splicing sites were classi�ed again. Refer to Fig. S2 for details.

PCR ampli�cation and sequencing of the ST genes

We randomly selected four genes (GENE_011842, GENE_026617, GENE_013439 and GENE_014314) for
PCR ampli�cation. Primers used to amplify the full-length cDNA sequences of these four genes are listed
in Table 6. PCR ampli�cation was performed using the synthesized cDNA as the template. The 20 μL
reaction mixture contained 10 μL 2 × Phanta Max Master Mix (Vazyme, China), 3 μL template, 1 μL of
each of the forward and reverse primer (10 μM) and 5 μL ddH2O. The reaction mixtures were brie�y
centrifuged and placed in a thermal cycler (Takara, Japan). The conditions used for PCR were as follows:
95 °C for 5 min, followed by �ve cycles of 95 °C for 15 s, 65 °C for 15 s, 72 °C for 90 s, 30 cycles of 95 °C
for 15 s, 60 °C for 15 s, 72 °C for 90 s, and a �nal extension at 72 °C for 10 min. The PCR products were
puri�ed using the gel-cutting recovery kit (Insight, China) and inserted into TOPO cloning vector using a 5
min TA/Blunt-Zero Cloning Kit (Vazyme, China). The 5 μL ligation mixture contained 1 μL 5×TA/Blunt-
Zero Cloning Mix and 4 μL puri�ed PCR products (40 ng/μL). The mixture was brie�y centrifuged and
incubated at 37 °C for 10 min.  

For transformation, 5 μL of each recombinant plasmids was mixed with 50 μL Trans1-T1 Phage
Resistant Chemically Competent Cell (TRANS, China). The mixture was left on ice for 30 min, heat-
shocked at 42°C for 30 s, and left on ice for another 2 min. The transformed cells were shaken in LB
medium at 37°C for 1 h, spread on LB plates containing 100 μg/mL ampicillin and incubated overnight at
37 °C. Colony PCR was carried out using M13 primers and plasmids were sanger sequenced (Sangon,
Shanghai, China).

Sequence alignment and phylogenetic analysis

All the 27 S. japonica ST proteins were aligned by Clustal W (https://www.genome.jp/tools-bin/clustalw)
with the default parameters [46]. To analyze the evolutionary relationships among the 27 STs in S.

http://gsds.cbi.pku.edu.cn/
http://meme-suite.org/
https://www.genome.jp/tools-bin/clustalw
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japonica, a neighbor-joining (NJ) phylogenetic tree was constructed based on their full-length amino acid
sequences with MEGA 7.0.26 using the p-distance method with 1000 bootstrap replications, Gamma 3,
partial deletion, and 50% site coverage as the cutoff value [47].

The amino acid sequences of STs derived from E. siliculosus, C. okamuranus, Phaeodactylum
tricornutum and S. japonica were subjected to phylogenetic analysis (Table S8). The maximum likelihood
(ML) phylogenetic tree was constructed by MEGA 7.0.26 using the full-length amino acid sequences of 63
ST proteins with 1000 bootstrap replications, the WAG+F+G model, Gamma 3, partial deletion, and 50%
site coverage as the cutoff value [47].

Transcript pro�ling of the ST genes in different tissues and developmental stages

Differentially expressed genes (DEGs) across samples were identi�ed by the edgeR package
(http://www.r-project.org/ ) [48]. Genes with a fold change ≥ 2 and a false discovery rate (FDR) < 0.05
were considered as signi�cant DEGs.

The transcriptional pro�les of the S. japonica ST genes in different tissues and developmental stages
were determined. Transcript data of the ST genes in each sample were obtained, normalized, and
clustered by the Short Time-series Expression Miner software (STEM) [49]. Signi�cant clustered pro�les
had p-value ≤0.05. The DEGs in all pro�le were subjected to Gene Ontology (GO) and KEGG pathway
enrichment analysis, and enriched GO terms or pathways with Q value ≤0.05 were considered to be
signi�cant. The heatmap of ST gene expression was drawn by TBtools [44].

Veri�cation of target genes by quantitative real-time PCR (qRT-PCR)

qRT-PCR was used to verify the transcript pro�les of the four target genes (GENE_011842, GENE_021484,
GENE_009777 and XLOC_011209) involved in fucoidan biosynthesis. Gene-speci�c primers used for qRT-
PCR were designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 6)

qRT-PCR was performed on a Takara Thermal Cycle DiceTM Real Time System (Takara, Japan). A 10 μL
qRT-PCR reaction contained 5 μL 2× ChamQ SYBR Color qPCR Master Mix (Vazyme, China), 0.5 μL
template, 0.5 μL of each of the forward and reverse primers (10 μM), and 3.5 μL ddH2O. Conditions used
for qRT-PCR were as follows: 95 °C for 30 s, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s;
and one cycle of 95 °C for 15 s, 60 °C for 60 s and 72 °C for 15 s. Three biological repeats and two
technical replicates were performed. The relative transcriptional levels of the genes were calculated by the
2-ΔΔCt method [50], and β-actin was used as the internal reference [51].

Abbreviations
ST: sulfotransferase; PAPS: 3’-phosphoadenosine 5’-phosphosulfate; MPI: mannose-6-phosphate
isomerase; PMM: phosphomannomutase; MPG: mannose-1-phosphate guanylyltransferase; GM46D:
GDP-mannose 4, 6-dehydrogenase; GFS: GDP-L-fucoidase synthase; FK: fucose kinase; GFPP: GDP-

http://www.r-project.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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fucose pyrophosphorylase; FUT: fucosyltransferase; RT-qPCR: Real-time quantitative polymerase chain
reaction; NCBI: National Center for Biotechnology Information; FPKM: Fragments per kilobase of
transcript per million mapped reads; ORFs: open reading frames; ML: maximum likelihood; NJ: neighbor-
joining; AA: amino acid; MW: molecular weight; UTR: untranslated Region; DEGs: Differentially expressed
genes.
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Tables
Due to technical limitations, the tables have been placed in the Supplementary Files section.

Figures

Figure 1

Phylogenetic relationship, conserved motifs and gene structure of the ST genes and their corresponding
proteins in S. japonica. A. Phylogenetic tree of the 27 S. japonica ST proteins. The neighbor-joining
phylogenetic tree was constructed using MEGA 7.0.26, with 1000 bootstrap replications, P-distance
method, Gamma 3, partial deletion and 50% site coverage as the cutoff. B. Conversed motifs identi�ed in
the 27 ST proteins. Twenty putative motifs were indicated by boxes of different color. Details on the
motifs are listed in Table S3. C. Structures of the ST genes. Exons, introns and UTRs are indicated by
green boxes, black lines and yellow boxes, respectively.
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Figure 2

Scaffold locations of the ST genes and identi�cation of duplicate genes. Tandem duplicated genes are
indicated by red rectangles.
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Figure 3

The multiple sequence alignment and secondary structures of 27 ST S. japonica amino acids (partial).
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Figure 4

Two highly conserved motifs and sites in group I. They were respectively marked with black lines and
triangles.
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Figure 5

Phylogenetic tree of the ST proteins from E. siliculosus, C. okamuranus, P. tricornutum and S. japonica. A
maximum likelihood phylogenetic tree was constructed based on full-length amino acid sequences of the
63 STs, with 1000 bootstrap replications, the WAG+F+G model, Gamma 3, partial deletion and 50% site
coverage as the cutoff. These 63 ST proteins were clustered into four subfamilies. Unclassi�ed proteins
were colored in green.
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Figure 6

Transcript pro�les of the S. japonica ST genes in different tissues and developmental stages. The
heatmap was constructed by TBtools.
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Figure 7

Expression pro�les of the four selected ST genes. Quantitative RT-PCR was used to determine the
transcript levels of four STs, GENE_011842, GENE_021484, GENE_009777 and XLOC_011209. Data are
represented by mean ± standard deviation of two replicates. The relative transcript levels of selected four
ST genes were calculated using the 2-ΔΔCt method with β-actin as the internal reference gene.
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