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Abstract

Many organisms are subjected to a daily cycle of light and darkness, which significantly
influences metabolic and physiological processes. In the present study, Neopyropia
vezoensis, one of the major cultivated seaweeds used in “nori,” was harvested in the
morning and evening during light/dark treatments to investigate daily changes in gene
expression using RNA-sequencing. A high abundance of transcripts in the morning
includes the genes associated with carbon—nitrogen assimilations, polyunsaturated fatty
acid, and starch synthesis. In contrast, the upregulation of a subset of the genes
associated with the pentose phosphate pathway, cell cycle, and DNA replication at
evening is necessary for the tight control of light-sensitive processes, such as DNA
replication. Additionally, a high abundance of transcripts at dusk encoding asparaginase
and glutamate dehydrogenase imply that regulation of asparagine catabolism and
tricarboxylic acid cycle possibly contributes to supply nitrogen and carbon, respectively,
for growth during the dark. In addition, genes encoding cryptochrome/photolyase
family and histone modification proteins were identified as potential key players for

regulating diurnal rhythmic genes.

Keywords: Neopyropia, red algae, diurnal rhythm, light/dark cycle, RNA-seq
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Introduction

Due to the earth’s rotation, many organisms encounter changing conditions in their daily
environment, such as light and dark. Consequently, the organisms have evolved
mechanisms to determine the time of the day and anticipate light/dark shifts in the
environment to schedule specific tasks during the day or night (Barinaga 1998). The
day/night cycle, also known as diurnal rhythm, is accomplished via systems: light and a
free-running internal circadian clock—approximately 24-hour time (Dunlap 1999).
Clock genes regulate the timing of various physiological responses, such as growth,
development, photosynthesis, and nutrient availability throughout the day by
coordinating the expression of numerous output genes (Schaffer et al. 2001; Harmer et
al. 2000). The circadian clock is also essential to determine the length of the day or
photoperiod for controlling many developmental processes—a well-known
phenomenon for regulating flowering time in plants (Imaizumi 2010; Johansson and
Staiger 2015).

Since the circadian clock coordinates many aspects of plant growth, metabolism and
physiology that contribute to plant performance, circadian clock is an attractive target
during breeding for crop improvement (Dodd et al. 2005; McClung 2021). In fact, early
farmers and latterly breeders have indirectly selected variation at circadian loci by
selecting the highest-yielding varieties in their local environment (Steed et al. 2021). In
addition, manipulating circadian oscillator genes could contribute to lead heterosis and
hybrid vigor, which refers to the superior performance of the first-generation progeny of
crosses compared to their inbred parents (Fujimoto et al. 2018).

Macroalgae display diurnal and circadian rhythms as a part of their physiological

processes. For example, all three major macroalgal groups exhibit diurnal and circadian
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rhythm in photosynthesis—green algae Bryopsis maxima (Okada et al. 1978) and Ulva
compressa (Kuwano et al. 2008); red algae Kappaphycus alvarezii (Granbom et al.
2001; Schubert et al. 2004) and Grateloupia turuturu (Goulard et al. 2004); and brown
algae Ectocarpus sp. (Schmid and Dring 1992) and Spatoglossum pacificum (Kageyama
et al. 1979). Likewise diurnal and circadian periodicity of mitosis, growth, and spore
discharge can be seen in macroalgal groups including the green algae Ulva
pseudocurvata (Titlyanov et al. 1996); red algae tropical Florideophyceae (Ngan and
Price 1983) and Porphyra umbilicalis (Liining et al. 1997); and brown algae Nereocystis
luetkeana and Laminaria sp. (Amsler and Neushul 1989, Liining 1994, and Makarov et
al. 1995). In terms of photoperiod regulation, in macroalgae’s, gametogenesis and
sporogenesis are triggered by changes in day length (Breeman 1993, Pang and Liining
2004, and Choi et al. 2005). Despite the growing body of information on the diurnal and
circadian rhythms in the physiological processes of macroalgae, the global expression
profiles of diurnal genes and critical molecular players underlying the rhythms remain
poorly characterized.

Neopyropia yezoensis (formerly Pyropia yezoensis) is a major cultivated macroalga
commonly used to wrap sushi and onigiri in the cuisine “nori.” Due to its economic
importance, several reports on diurnal rhythms in the biological process responsible for
growth, such as cell division, photosynthesis and nitrogen uptake have been
documented (Oohusa et al. 1997a, b; 1980). Moreover, the amount of total free amino
acids increased during light culture and peaked at the end of light period, and then
gradually decreased during night in N. yezoensis (Oohusa et al. 1997b). The amount and
the composition of free amino acids determine the protein quality of food and the taste;

for example, alanine has a sweet taste and glutamate elicits umami taste by stimulating
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the umami receptor (Mouritsen et al. 2019). In terms of reproduction, the formation of
conchosporangia in Neopyropia species that discharges spores as “nori” seeds are
strongly affected by photoperiod (Dring 1967), like the photoperiodic responses of
flowering plants. Thus, transcriptome analysis of diurnal rhythms provides the
foundation for understanding the molecular mechanisms underlying the growth,
reproduction, and metabolism that may be involved in productivity and quality of nori.
The present study identified the diurnal regulation of genes associated with
physiological processes, such as photosynthesis, nitrogen and amino acids metabolism,
and cell division. We further characterized the candidate genes responsible for
macroalgae’s diurnal and circadian rhythms, which will aid our understanding of their

molecular clock mechanism.

Materials and methods

Algal materials

The leafy gametophytes of N. yezoensis strain TU-1 were cultured in a medium of
sterile vitamin-free Provasoli enriched seawater (Provasoli, 1968) at 15°C under a
photoperiod regime of 10 h:14 h light/dark cycle using cool-white fluorescent lamps at
40 pmol photons m 25! as described in the previous study (Uji et al. 2020). The
vegetative gametophytes (ca. 20-mm blade length) were cultured in 500 mL media and
harvested at Zeitgeber Time (ZT) 1, 5,9, 13, 17, 21, and 25 with two biological repeats.
The harvested culture was immediately frozen in liquid nitrogen and stored at —80 °C

until RNA extraction.

RNA preparation and sequencing
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Total RNA from thalli was extracted in liquid nitrogen with a mortar and pestle using
the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The extracted RNA was purified using the TURBO DNA-free kit
(Invitrogen/Life Technologies, Carlsbad, CA) to obtain DNA-free RNA. The quantity
and integrity of RNA samples were assessed using Nanodrop 2000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). A total of four libraries of complementary DNA
(cDNA)—2 conditions: ZT1, ZT9 (%2 replicates each)—were constructed and

subsequently sequenced using [llumina Novaseq 6000 instrument at Veritas Genetics.

Assessment of differential gene expression

The RNA-seq analysis was performed using the Galaxy pipeline (Goecks et al. 2010).
The FastQC (Wingett and Andrews 2018) toolkit and Trimmomatic (Bolger et al. 2014)
were used to assess raw fastq data and to remove the adapter, respectively.
Trimmomatic use the following parameters: LEADING: 3, TRAILING: 3,
SLIDINGWINDOW: 4: 15, MINLEN: 50. The high-quality reads obtained were
mapped to N. yezoensis reference genome (Nakamura et al. 2013) using Bowtie2
(Langmead and Salzberg 2012). StringTie (Pertea et al. 2016) was used to create
assembly based on the mapping files and then calculated transcripts per kilobase million.
Differentially expressed genes (DEGs) between ZT1 and ZT9 (two replicates for each
condition) were identified using featureCounts (Liao et al. 2014) and DESeq2 (Love et
al. 2014) with a filtering P-value of <0.05 and [log> fold change| > 1. Afterwards, gene

ontology (GO) analysis of specific groups of DEGs was performed using Blast2GO
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software (Conesa et al. 2005) with the biological process, molecular function and

cellular component GO lists.

Quantitative PCR

Quantitative PCR (qPCR) analysis was performed as described by Uji et al. (2019) with
minor modification. First-strand ¢cDNA was synthesized from 0.5 pg of total RNA
(same RNA used for RNA-seq) using the PrimeScript II 1st strand cDNA Synthesis Kit
(TaKaRa Bio, Shiga, Japan). The cDNA was diluted 10-fold for gPCR analysis, and 1.0
ul of the diluted cDNA was used as a template in a 20 uL reaction volume using KOD
SYBR® ¢PCR Mix (TOYOBO, Osaka, Japan) following the manufacturer’s
instructions. Real-time PCR was then performed with a LightCycler® 480 System
(Roche Diagnostics, Basel, Switzerland) under the following conditions: 2 min at 98°C
followed by 40 cycles of 10 s at 98°C, 10 s at 55°C and 30 s at 68°C. The mRNA levels
were calculated using the 2-24¢" method and normalized to levels of 18S ribosomal
RNA (Ny18SrRNA) gene (Uji et al. 2016). The relative expression level was calculated
as a ratio of the mRNA level to the transcription level at ZT1. All the experiments were

performed in triplicate. Table S1 lists the primers that were used in this study.

Results and discussion

Identification of DEGs

To begin, we used RNA-seq to compare transcripts in thalli of N. yezoensis in the
morning and evening to identify genes with diurnal expression. We harvested thalli at 1

hour after the onset of light (ZT1, morning) and 1 hour before dark (ZT9, evening)
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under 10:14 light/dark cycles. In total, ~98.5 million reads were obtained from the deep
sequencing with 24.6 million reads per library for four samples (ZT1, ZT9 x2 replicates
each). The number of mapped reads generated from the four libraries were 27.5 (58.1%)
and 22.9 (53.8%) million reads, respectively (Table 1).

We identified 2,143 DEGs by comparing morning and evening transcripts,
indicating that 20.75% of transcripts in N. yezoensis display rhythmic expression
patterns under the light/dark cycle. Among 2,143 DEGs, we identified the gene
encoding sodium transporter (NyNhaD) (Fold change: 9.70) that was reported as a
diurnal regulated gene in a previous study (Uji et al. 2012). Additionally, qPCR analysis
was performed to validate RNA-seq data to reveal detailed expression patterns of genes
preferentially expressed in the morning and evening. Twelve DEGs (six each for
morning and evening-phased genes) were selected for qPCR analysis to validate
RNA-seq data (Table S2). As shown in Fig. 1, the tested genes exhibited a similar level
of expression profile in RNA-seq and qPCR analysis, showing that the expression
dataset obtained via RNA-seq was valid for the expression pattern of diurnal regulated
genes. In the present study, 1,027 and 1,116 genes were identified as preferentially
morning and evening-phased genes, respectively.

To elucidate the potential biological and molecular functions of these DEGs, we
performed GO analysis using the Blast2GO software (Fig. 2). Preferentially
morning-phased genes were categorized into the GO term ‘“carbohydrate metabolic
process”, “lipid metabolic process”, and “DNA-binding transcription factor activity”. Of
the 145 genes from N. yezoensis assigned to GO term “carbohydrate metabolic process”,
27 genes were morning genes (19% of the annotated the GO term). In GO terms “lipid

metabolic process” and “DNA-binding transcription factor activity”, morning genes
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accounted for 28% and 46% of total genes to annotated each GO term, respectively. In
contrast, preferentially evening-phased genes were characterized “cell cycle” (36%),
“DNA replication origin binding” (100%), “DNA replication initiation” (89%), and

“chromosome” (28%).

Photosynthesis

The DEGs analysis revealed that a high abundance of transcripts in the morning
includes the genes associated with photosynthesis (Table 2). As shown in Fig. 3A, the
Calvin—Benson—Bassham cycle (CBB)—the photosynthetic pathway responsible for
carbon assimilation—is operated by 11 enzymes that catalyze 13 biological reactions
(Sun et al. 2003). In RNA-seq analysis, we found 10 DEG encoding enzymes of the
CBB except for the Rubisco gene encoded by the plastid genomes (Table 2, Fig 3A). We
used qPCR to assess the expression level of genes encoding the large subunits of
Rubisco and other nuclear encoding genes of CBB enzymes because our RNA-seq data
did not include transcripts of plastid encoding genes. As shown in Fig. 3B, the
transcripts of Calvin cycle genes peaked in the morning, decreased at night, and then
gradually increased to dawn. The diurnal variation of photosynthetic capacity in N.
yvezoensis reported in the previous study (Oohusa 1980) is regulated partly at the
transcription level according to the present study’s diel rhythms of orchestrated
transcription of Calvin cycle genes.

Furthermore, we identified diurnal changes in the NySIG gene that encodes
nuclear-encoded sigma factor (SIG) homolog (Table 2). SIG regulates transcription of

plastid-encoded genes encoding photosynthesis proteins in higher plants by conferring
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promoter specificity to plastid-encoded plastid RNA polymerase (Kanamaru and Tanaka
2004; Chi et al. 2015). Thus, the study of NySIG is critical for understanding the
regulatory mechanisms underlying the expression profiles of chloroplast genes such as
NyrbcL in daily light-dark cycles.

Calvin cycle provides intermediates required for starch biosynthesis (Zeeman et al.
2010; Geigenberger 2011). In starch biosynthesis of land plants, the first committed step
involves the conversion of glucose 1-phosphate (Glc-1-P) and ATP to ADP-Glc and
inorganic pyrophosphate (PPi), catalyzed by ADP-Glc pyrophosphorylase (AGPase)
(Zeeman et al. 2010; Geigenberger 2011; Qu et al. 2018). ADP-Glc acts as the glucosyl
donor for different classes of starch synthases (SS), which lengthen the a-1,4-linked
glucan chains of the two insoluble starch polymers amylose and amylopectin. Then,
branch points are introduced by starch-branching enzymes (SBE). Red algae accumulate
starch granules, known as floridean starch, similar in structure to land plant starches
(Meeuse et al. 1960; Yu et al. 2002). Previous studies have suggested that the starch
synthesis in red algae proceeds via a UDP glucose-selective a-glucan synthase instead
of ADP glucose (Viola et al. 2001). Consistent with the hypothesis, RNA-seq showed
that transcripts of the genes encoding UDP-glucose pyrophosphorylase as well as SS
and SBE were highly expressed in thalli harvested in the morning (Table 2). The starch
synthesized via photosynthesis during the day is important to provide a steady supply of
carbon throughout the night.

In N. yezoensis, the abundance of transcripts of genes encoding Heat shock
protein 70 (Hsp70) and peptidyl-prolyl cis-trans isomerase (PPlase) that function as
protein folding chaperones was observed in the morning (Table 2). In addition to the

heat stress response, Hsp70 genes in higher plants exhibit a diurnal expression pattern

10
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under isothermal conditions (Li et al. 2000). Moreover, overexpression of Hsp70
improved photoprotection and enhanced restoration of photosystem II (PSII) function,
whereas underexpression of Hsp70 caused an increased light sensitivity of PSII in the
unicellular green alga Chlamydomonas reinhardtii (Schroda et al. 1999). PPlase
guarantees correct folding of the D1 protein and a successful assembly of the
oxygen-evolving complex, whereas the absence renders the PSII complexes extremely
susceptible to photoinhibition (Fu et al. 2007; Sirpio et al. 2008). Likewise, activation of
NyHsp70 and NyPPI under illumination may participate in the assembly and
maintenance of photosynthetic complexes in N. yezoensis.

Maintenance of the thylakoid membranes is also essential for the proper
functioning of the photosynthetic machinery because PSII is embedded in the thylakoid
membranes that are constituted by a lipid matrix (Kobayashi et al. 2017). Red algae
synthesize 18:2 n-6 and 18:3 n-3 from saturated fatty acid 18:0 by delta-9 and delta-12
fatty acid desaturases, respectively (Sun et al. 2015; Cao et al. 2017). Delta-15 fatty acid
desaturase catalyzes the introduction of a double bond into 18:2 n-6, while delta-6
desaturase converts 18:3 n-3 and 18:2 n-6 to 18:4 n-3 and 18:3 n-6, respectively. Delta-5
desaturase introduces double-bonds to the delta-5 position of the n-3 and n-6
polyunsaturated fatty acid chain and elongase is necessary for production of long-chain
polyunsaturated fatty acid (PUFA) such as eicosapentaenoic acid (EPA). RNA-seq data
revealed that transcripts of genes encoding enzymes associated with PUFA synthase
pathway, including fatty acid desaturase and elongase, were accumulated in thalli
harvested in the morning (Table 2). The upregulation of genes encoding enzymes
associated with PUFA synthesis in the morning suggests that the activation of the PUFA

synthase pathway is necessary for the structure and stability of the thylakoid membrane.

11
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Nitrogen metabolism

Carbon compounds provide the carbon skeletons for nitrogen assimilation to generate
the primary amino donors, glutamate (Glu) and glutamine (GIn), that play a role in the
biosynthesis of all nitrogenous compounds, including amino acids, proteins, nucleic
acids, and chlorophylls (Foyer et al. 2003; Nunes-Nesi et al. 2010). In photosynthetic
eukaryotes, nitrogen assimilation is carried out via two major biological processes:
inorganic nitrogen is converted to ammonia and then to organic nitrogen (Sanz-Luque et
al. 2015). Firstly, nitrate reductase (NR) catalyzes nitrate reduction to nitrite, which is
subsequently transported into the chloroplast, and then nitrite reductase (NiR) catalyzes
nitrite reduction to ammonium. Next, ammonium is incorporated and assimilated via
Gln synthetase (GS) and Glu synthase (GOGAT) cycle. GS carries out inorganic N
incorporation into amino acids by transferring ammonium to Glu to form Gln, and
GOGAT catalyzes the reductant-dependent conversion of Gln and 2-oxoglutarate (20G)
to two molecules of Glu. In addition to NR and GS, nitrate transporters (NRTs) at the
plasma membrane and the chloroplast envelope membrane are also key players in
controlling the efficiency of nitrogen assimilation (Fernandez and Galvan 2008). The
diurnal expression pattern of NyNRT is consistent with the previous report on the diel
variation of nitrate uptake in N. yezoensis (Oohusa et al. 1977b). As shown in Fig. 3 and
4, qPCR analysis revealed that the orchestration of the diurnal patterns of genes
encoding enzymes involved in the Calvin cycle and nitrogen assimilation, suggesting
that the interaction between C and N metabolism plays a vital role in the growth and

development of N. yezoensis.

12
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The tricarboxylic acid (TCA) cycle is the primary source of carbon skeletons
required for ammonia assimilation, and thus links carbon and nitrogen metabolisms
(Lancien et al. 2000; Szal and Podgorska 2012). A previous study showed that
glutamate dehydrogenase (GDH) can catabolize Glu to 20G in the TCA cycle, which
plays a significant role in the delivery of carbon skeletons under limited C conditions
during dark (Miyashita and Good 2008). As shown in Fig. 4A, the NyGDH transcription
exhibited an opposite expression pattern with genes encoding enzymes involved in
carbon and nitrogen assimilation, implying that the increase of NyGDH transcripts from
dusk to night is important for funnel the C skeletons of Glu into the TCA cycle for
energy production under C-limiting conditions during dark (Fig. 4B). In addition, the
ammonium released by the GDH reaction may be available for biosynthesis of
nitrogenous compounds such as amino acids in N. yezoensis cells.

Photosynthetic organisms have N- and/or C-sensory systems that monitor the
accumulation of molecules such as 20G, Gln, Glu and NO3™ (Coruzzi and Bush 2001;
Nunes-Nesi et al. 2010). In Arabidopsis thaliana, a previous study showed that
glutamate receptor-like 1.1 (AtGLR1.1) gene, which encodes the protein with high
sequence similarity to the deduced amino acid sequences of the animal ionotropic
glutamate receptors (iGLRs), functions as a C/N regulator, and/or sensor (Kang and
Turano 2003). Immunoblot, isoenzyme, and RT-PCR analyses indicate that AtGLRI1.1
regulates the accumulation of N-metabolic enzymes such as GS and NR (Kang and
Turano 2003). In contrast, qPCR analysis showed that the diurnal rhythms of transcripts
of NyGLR gene encoding a homolog of glutamate receptor exhibited an opposite diurnal
pattern with NyGS and NyNR, and a similar expression pattern with NyGDH (Fig. 4B).

The investigation of downstream signaling of NyGLR could lead to elucidate the

13



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

mechanisms on the balance between carbon and nitrogen metabolites.

Amino acids metabolism

In addition to nitrogen metabolism, transcripts of genes involved in amino acids
metabolism exhibited daily fluctuations. Among amino acids, asparagine is an efficient
molecule for the storage and transport of nitrogen because it exhibits an N: C ratio of
2:4 (in contrast to 2:5 for glutamine) (Sieciechowicz et al. 1998; Céanovas et al. 2007,
Lea et al. 2007). In the case of asparagine metabolism, asparaginase (ASPQG) catalyzes
the hydrolysis of asparagine to aspartic acid and ammonium, which is subsequently
reassimilated for other nitrogen compound biosynthesis (Grant and Bevan 1994; Lea et
al. 2007). Previous studies showed that the mitotic index of thalli in Neopyropia and
Porphyra species exhibited maxima and minima during the night and the day,
respectively (Oohusa 1980; Liining et al. 1997). These results imply that high
abundance of ASPG transcripts at dusk (Table 3) may contribute to supply nitrogen to
the zone of cell division during the dark through asparagine catabolism.

Several studies have shown the functions of proline as antioxidant (Matysik et al.
2002). For example, proline mediates the suppression of thylakoid lipid peroxidation
under illumination by decreasing free radical-induced photodamage (Alia et al. 1997).
In eukaryotes, Al-pyrroline-5-carboxylate synthetase (P5SCS) is a bi-functional enzyme
with y-glutamyl kinase (GK) and y-glutamyl phosphate reductase (GPR) activities and
catalyze the rate-limiting reaction in proline biosynthesis (Hu et al. 1992; Kishor et al.
1995). Previous reports showed that mRNA abundance of P5SCS was correlated with

proline accumulation in land plants. In contrast, the two separate enzymes (GK and

14
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GPR), which are homologous to both the moieties of P5CS, exist in prokaryotes
(Delauney and Verma 1993). The present study identified the gene encoding GK that
catalyzes the first step of synthesizing proline from glutamate as a preferentially
morning-phased gene (Table 2) implying that activation of proline synthesis is

necessary for protection of thylakoid lipid peroxidation during the day in N. yezoensis.

Cell cycle and cell division

The expression of genes associated with cell cycle and cell division was
upregulated in the evening (Table 3). In the eukaryotic cell cycle, distinct
cyclin-dependent kinases (CDKs)/cyclin complexes are activated during different cell
cycle stages and promote the completion of specific cellular events including DNA
replication, chromosomal segregation, and mitotic exit (Ohi and Gould 1999). During a
normal cell cycle, the progression of cells in the G2 phase to the M phase is triggered by
the activation of the cyclin B-dependent Cdc2 kinase (Harashima et al. 2013). The
expression level of NyCYCB encoding cyclin B peaked at 1 h before darkness (ZT9)
(Fig. 5) that is about the same time as initiation of mitosis in Porphyra thalli (Liining et
al. 1997), implying that NyCYCB triggers mitosis in N. yezoensis.

Furthermore, we found diurnal changes in the homologs genes encoding CDC20
and 3xHMG-box protein (Fig. 5) that play a pivotal role in normal chromosome
segregation in higher plants to ensure mitotic progression regulation and mitotic exit
(Antosch et al. 2015; Kapanidou et al. 2017). This result supports the hypothesis that the
upregulation of the CDC20 and 3xHMG-box protein during sexual reproduction in N.

yezoensis 1s necessary for the tight control of cell cycle progress and cell proliferation to
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ensure production of spermatia and spores (Yanagisawa et al. 2019). A high abundance
of transcripts at dusk also includes the genes associated with chromosome structural
organization events, such as structural maintenance of chromosomes family proteins
and DNA replication such as DNA polymerase, DNA ligase, topoisomerase, DNA
helicase, and DNA replication licensing factor (Table 3). The variations in daily
expression of genes associated with cell cycle and DNA replication regulate the diurnal
rhythm of cell proliferation in N. yezoensis, which protects DNA damage by excessive

oxidative stress.

Pentose phosphate pathway (PPP)

The PPP that consists of two routes plays an essential role in the synthesizing
nucleotides necessary for DNA replication and cell proliferation (Kowalik et al. 2017,
Polat et al. 2021). The oxidative route of PPP (ox-PPP) is a nonreversible metabolic
pathway where glucose-6-phosphate (G6P) is transformed into
6-phosphoglucono-d-lactone by glucose-6-phosphate dehydrogenase (G6PD) and,
subsequently, to ribulose-5-phosphate by 6-phosphogluconate dehydrogenase (6PGD)
with the concomitant production of nicotinamide adenine dinucleotide phosphate. The
ribulose-5-phosphate is then converted to ribose-5-phosphate and used for the
biosynthesis of nucleotides. Transketolase (TKT) reactions control the nonoxidative part
of the PPP. TKT catalyzes the reverse reactions of glyceraldehyde-3-phosphate and
fructose-6-phosphate from glycolysis to the nonoxidative PPP to generate additional
ribonucleotides. The previous studies showed that cancer cells that require

ribose-phosphate necessary for nucleic acid synthesis employ the nonoxidative PPP to

16
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generate ribonucleotides de novo to synthesize RNA and DNA (Boros et al. 1997; 1998).
Carbon-tracing experiments demonstrated that, in rapidly proliferating cancer cells,
approximately 80% of ribonucleotides are derived from the nonoxidative PPP regulated
by an isoform of TKT (Boros et al. 1997; 1998). In this study, the mRNA transcripts of
the genes encoding enzymes involved in ox-PPP, such as NyG6PD and Ny6PGD,
peaked at 1 h before darkness (ZT9) and the beginning of the dark period (ZT13),
respectively (Fig. 6). Furthermore, we found a similar expression pattern of the gene
encoding an isoform of TKT (NyTKT2) with Ny6PGD (Fig. 6). These findings suggest
that PPP activation during the evening has a significant role in cell proliferation that are
required the ribose-phosphate for nucleic acid synthesis. In addition, our previous
RNA-seq data (Uji et al. 2016) showed overexpression of NyG6PD, Ny6PGD, and
NyTKT?2 genes during sexual reproduction in N. yezoensis, implying that PPP plays an
important role in the proliferation of sexual cells as well as vegetative cells by providing
nucleic acids, because cell division in mature gametophytes accelerates to produce a
number of male gametes in particular.

TKL is a dual function enzyme acting in the CBB and nonoxidative PPP. The
Arabidopsis genome contains two isoforms of TKT. The expression pattern of one
homolog from Arabidopsis exhibited the similar expression patterns with genes
encoding CBB enzymes such as sedoheptulose-1,7-bisphosphatase (SBPase) and
phoshoribulokinase (PRK) that only function in the CBB, whereas other homolog is
oppositely regulated relative to these genes, suggesting that it has lost the role as a CBB
enzyme (Coate and Doyle 2011). In contrast, both isoforms are positively co-regulated
with a complete set of ox-PPP such as G6PD and 6PGD, suggesting that they function

as enzymes in PPP (Coate and Doyle 2011). As described above, we found two isoforms
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of TKT (NyTKT1 and NyTKT2) exhibit the diurnal expression patterns in N. yezoensis
(Fig. 3 and 6). NyTKTI1 that showed a similar expression pattern with CBB enzymes
(Fig. 3B) exhibited an opposite diurnal pattern with NyG6PD and Ny6PGD, suggesting
TKTs from N. yezoensis have completely separate roles in CBB and PPP unlike higher

plants.

Extracellular matrix (ECM)

The ECM proteins regulate various signal transduction events by binding to multiple
interacting partners, such as other ECM proteins and signal receptors (Kim et al. 2011).
In animal cells, integrins are essential cell adhesion receptors that trigger cell
proliferation and differentiation by binding to ECM ligands (Takada et al. 2007). N.
yvezoensis appears to be absent in the integrin system, but possesses integrin-related
ECM components, such as spondin domain-containing (NySPLs) and fasciclin
domain-containing proteins (NyFALs) (Uji et al. 2022). In this study, NySPL4 and
novel fasciclin domain-containing proteins (named NyFAL9) were identified as
preferentially evening- and morning-phased genes, respectively (Table 2, 3), suggesting
that ECM remodeling occurs in daily light-dark cycles. A recent report showed that the
expression of NySPL4 remarkably increased after 1 day of ACC treatment which can
induce gametogenesis in N. yezoensis (Uji et al. 2022). The finding implicates that high
abundance of NySPL4 transcripts at dusk may involve in cell proliferation during the

dark.

Epigenetic modification

The basic packing units of chromatin are nucleosomes, which are octameric complexes
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of two molecules each of histones H2A, H2B, H3 and H4, around which are wrapped
146 bp of DNA. Histones are subjected to an assortment of dynamic and reversible
post-translational modifications (e.g. methylation, acetylation, phosphorylation,
ubiquitination, etc.) that serve as “histone code” to determine transcriptional activity of
marked loci (Jenuwein and Allis 2001). Chromatin remodeling and histone modifying
complexes play a central role in most cellular functions and the development of
multicellular organisms (Pfluger and Wagner 2007). Among them, MSI1-like WD40
repeat (MSIL) proteins are conserved histone-binding proteins in eukaryotes and play a
role in hormone signaling, cell proliferation and differentiation by binding histone
deacetylases in higher plants and mammals (Hennig et al. 2005). MSIL proteins also
function together with Polycomb group histone methyltransferases in mammals, insects
and plants (Hennig et al. 2005). In the present study, RNA-seq showed that transcripts
of the genes encoding MSIL as well as SET-domain proteins were highly expressed in
thalli harvested in the evening (Table 3). SET-domain proteins methylate lysines in
histone tails and thereby are essential for the epigenetic maintenance of either repressed
or activated transcriptional states (Rea et al. 2000). The variations in daily expression of
genes associated with “histone code” suggest histone modifications regulate diurnal
transcript level changes, indicating intriguing link the epigenetic modulation and diurnal

rhythms in N. yezoensis.

Cryptochrome/Photolyase family (CPF)

The CPF constitutes a large group of UV-A/blue-light-activated proteins and is

functionally divided into two types of proteins: the Photolyases and Cryptochromes
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(Oliveri et al. 2014; Fortunato et al. 2015; Mei and Dvornyk 2015). Photolyases are
enzymes that utilize light energy to repair UV-induced DNA damages: the cyclobutane
pyrimidine dimer or the 6—4 pyrimidine—pyrimidone photoproducts (Sancar 2008).
Cryptochromes that are flavin-containing blue light photoreceptors related to
photolyases regulate the entrainment of circadian rhythms in both plants and animals
(Cashmore 2003; Chaves et al. 2011). For example, cryptochromes from higher plants
primarily mediate photoperiodic control of flowering time (Guo et al. 1998; El-Assal et
al. 2003). According to their sequence similarities, cryptochromes from a range of
organisms can be clustered, more or less, into three subfamilies: plant cryptochromes,
animal cryptochromes and cryptochrome-DASH proteins (CRY-DASH) (Lin and Todo
2005). However, the previous studies also suggest that CPFs from diatom and a
unicellular green alga have dual functions: DNA repair activity and regulating the
circadian clock (Coesel et al. 2009; Heijde et al. 2010). In contrast to higher plants and
microalgae, there is little information on the expression pattern and function of CPFs in
macroalgae. In N. yezoensis, we found five CPFs (NyCPF1-5) that exhibit the variations
in daily expression. NyCPF1, 2 have relatively high homology to cryptochrome-DASH
that could be transitions between photolyases and cryptochromes (Kiontke et al. 2020),
while other NyCPFs are distantly related to any subfamily of cryptochromes. As shown
in Fig. 7, the mRNA levels of NyCPFI gradually increased during the day, peaked at
midnight (ZT17), and then declined. The transcription level of NyCPF2 reached a
maximum at 1 hour before darkness (ZT9) and gradually decreased during the night,
which is a similar expression pattern with genes associated with cell cycle and cell
division such as NyCDC20 and NyCYCB. In contrast, NvCPF 3, 4, 5 transcripts peaked

at the beginning of the light period (ZT1), gradually decreased during the day, and
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reached nadir just before the start of the dark period (ZT9) (Fig. 7), which showed a
similar expression pattern with carbon—nitrogen metabolic genes. These results imply
that further characterization of the NyCPFs has the potential to unveil the regulatory
mechanisms underlying the circadian rhythms that regulate carbon—nitrogen

metabolisms and cell cycle in N. yezoensis.

Conclusions

The present study revealed diurnal rhythms in transcript abundance of genes associated
with photosynthesis, nitrogen and amino acid metabolisms, starch synthesis, PPP, cell
cycle, and DNA replication in N. yezoensis. In addition, genes encoding CPFs and
histone modification proteins were identified as potential key players for regulating
diurnal rhythmic genes. Further investigations of molecular mechanisms regulating
diurnal rhythm could offer opportunities to improve productivity and quality of nori
through breeding of attractive traits for enhancement of the performance such as

photosynthesis efficiency, nutrient availability and cell proliferation.
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Figure legends

Fig. 1 Comparison of gene expression data obtained by RNA-seq and quantitative
polymerase chain reaction (QPCR). qPCR analysis was performed on 12 selected genes
that showed a difference in expression levels between morning and evening in M.

yvezoensis (red boxes). The gene expression levels obtained from RNA-seq data are
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indicated by blue boxes (RNA-seq). RNA samples were prepared from thalli harvested
at Zeitgeber Time 1 (ZT1) and Zeitgeber Time 9 (ZT9). Results are presented as relative
expression compared with that in ZT1. Table S2 lists the genes that were used for the

validation.

Fig. 2 Gene Ontology (GO) classifications of expressed functionally annotated DEGs
between morning and evening in N. yezoensis. The genes corresponded to three main

categories, biological process, molecular function and cellular component.

Fig. 3 Diurnal expression pattern of genes associated with carbon assimilation in N.
yezoensis.

(A) Expression levels of genes encoding enzymes of Calvin—Benson—Bassham cycle
(CBB) determined by RNA-Seq. Fold changes in RNA-seq data are presented as
relative expression compared between ZT1 and ZT9. The enzymes of CBB are
indicated in orange ellipses. Asterisks indicate the enzymes are encoded by the plastid
genome Enzymes: RUBISCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; PGK,
phosphoglyceratekinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TPI,
triosephosphate  isomerase; FBA, fructose-1,6-bisphosphate  aldolase; FBP,
fructose-1,6-bisphosphatase; TK, transketolase; SBP, sedoheptulose-1,7-bisphosphatase;
RPE, ribulose-5-phosphate3-epimerase; RPI, ribose-5-phosphate isomerase; PRK,
phosphoribulokinase. =~ Metabolites: RuBP, ribulose-1,5-bisphosphate;  3-PGA,
3-phosphoglycerate; 1,3-PGA, 1,3-bisphosphoglycerate; G3P,
glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone  phosphate; F1,6P,

fructose-1,6-bisphosphate; FO6P, fructose-6-phosphate; X5P, xylulose-5-phosphate; E4P,
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erythrose-4-phosphate; S1,7P, sedoheptulose-1,7-bisphosphate; S7P,
sedoheptulose-7-phosphate; R5P, ribulose-5-phosphate; RuSP, ribulose-5-phosphate.

(B) Expression levels of genes encoding enzymes of CBB determined by qPCR.

RNA samples were prepared thalli harvested at ZT (Zeitgeber Time) 1, 5, 9, 13, 17, 21,
and 25. Results are presented as relative expression compared with that in ZT1. All data
are presented as mean = SD of three independent experiments. rbcL, large subunit of

ribulose-1,5-bisphosphate carboxylase/oxygenase.

Fig. 4 Diurnal expression pattern of genes associated with nitrogen metabolism in N.
yezoensis.

(A) Expression levels of genes encoding enzymes of nitrogen metabolism determined
by qPCR. Results are presented as relative expression compared with that in ZT1. All
data are presented as mean = SD of three independent experiments. GS, glutamine
synthetase; NRT, nitrate transporter; NR, nitrate reductase; GDH, glutamate

dehydrogenase; GLR, glutamate receptor-like.

(B) Predicted nitrogen metabolism during light and dark cycle in N. yezoensis.
Red and blue arrows indicate upregulated and downregulated expression, respectively.

GOGAT, glutamate synthase.

Fig. 5 Diurnal expression pattern of genes associated with cell cycle and cell division in
N. yezoensis. Results are presented as relative expression compared with that in ZT1.
All data are presented as mean + SD of three independent experiments. CYCB, cyclin

B; CDC20, Cell Division Cycle 20; HMG, high mobility group.
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Fig. 6 Diurnal expression pattern of genes associated with pentose phosphate pathway
in N. yezoensis. Results are presented as relative expression compared with that in ZT1.

Results are presented as relative expression compared with that in ZT1. All data are
presented as mean + SD of three independent experiments. G6PD, glucose-6-phosphate

dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; TKT2, transketolase 2.

Fig. 7 Diurnal expression pattern of Cryptochrome/Photolyase Family (CPF) genes in V.

yvezoensis. Results are presented as relative expression compared with that in ZT1. All

data are presented as mean + SD of three independent experiments.
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Table 1. Summary of transcriptome analysis in N. yezoensis under light/dark cycles

Sample name  Rawreads  Clean reads Q30 (%) Total mapped reads Total mapping rate (%)
ZT1-1 25,040,424 91.42 13,103,477 57.24
ZT1-2 24,224,410 91.17 14,347,974 59.24
ZT9-1 22,613,710 91.23 11,370,577 55.11
7T9-2 26,567,682 90.67 11,543,961 52.56




Table 2. The list of preferentially morning-phased genes in N. yezoensis

Contig ID Abbreviation  Functional categories Description Fold Change
ZT1vs ZT9
contig 15570 g3725 PGK carbohydrate biosynthesis phosphoglyceratekinase 5.95
contig 8807 22079 GAPDH  carbohydrate biosynthesis glyceraldehyde-3-phosphate 2.94
dehydrogenase
contig 18981 g4680 TPI carbohydrate biosynthesis triosephosphate isomerase 2.81
contig 11939 g2840 FBA carbohydrate biosynthesis fructose-1,6-bisphosphate aldolase 3.59
contig 12453 2976 FBP carbohydrate biosynthesis fructose-1,6-bisphosphatase 2.62
contig 16120 g3879 TKT1 carbohydrate biosynthesis transketolase 1 4.09
contig 7593 g1779 SBP carbohydrate biosynthesis sedoheptulose-1,7-bisphosphatase 2.79
contig 1528 232 RPE carbohydrate biosynthesis ribulose-5-phosphate3-epimerase 5.17
contig 16198 23910 RPI carbohydrate biosynthesis ribose-5-phosphate isomerase 2.52
contig 29611 g7274 PRK carbohydrate biosynthesis phosphoribulokinase 5.96
contig 25058 g6181 SIG plastid transcription sigma factor 3.67
contig 47994 g10351 HSP70 chaperone heat shock protein 70 2.02
contig 4809 g1042 PPI chaperone peptidyl-prolyl cis-trans isomerase 3.83
contig 27230 g6699 A12Des PUFA synthesis delta-12 desaturase 4.92
contig_19105_g4720 A15Des PUFA synthesis delta-15 desaturase 4.37
contig 4519 g973 A5Des PUFA synthesis delta-5 desaturase 3.70
contig 14865 g3573 A6Des PUFA synthesis delta-6 desaturase 3.37
contig_19105_g4720 FAE PUFA synthesis fatty acid elongation enzyme 4.37
contig 8777 g2070 A9Des PUFA synthesis delta-9 desaturase 6.57
contig 11637 g2772 GS1 nitrogen metabolism glutamine synthetase 2.93
contig 26825 g6597 GS2 nitrogen metabolism glutamine synthetase 3.03
contig 15784 g3774 NRT nitrogen metabolism nitrate transporter 4.11
contig_ 14599 g3505 NR nitrogen metabolism nitrate reductase 3.75
contig 1166_g159 NiR nitrogen metabolism nitrite reductase 2.03
contig 22184 g5484 SBE starch metabolism starch branching enzyme 4.14
contig 17661 g4327 SS starch metabolism starch synthase 2.32
contig 25732 g6344 UGP starch metabolism UDP-glucose pyrophosphorylase 5.15
contig 22678 g5600 GK proline metabolism glutamate 5-kinase 3.28
contig 33403 8066 FAL extracellular matrix fasciclin domain-containing protein 2.82
contig 2926 g600 CPF1 DNA repair/photoreceptor cryptochrome-DASH 1 2.30
contig 4925 gl1074 CPF2 DNA repair/photoreceptor cryptochrome-DASH 2 2.49




Table 3. The list of preferentially evening-phased genes in N. yezoensis

Contig ID Abbreviation  Functional categories Description Fold Change
ZT1vs ZT9
contig 7066 g1637 GDH nitrogen metabolism glutamate dehydrogenase 4.15
contig 21558 g5324 GLR nitrogen metabolism glutamate receptor-like 3.31
contig 6972 gl614 ASPG  asparagine metabolism asparaginase 5.51
contig_ 43693 g9783 CYCB cell cycle cyclin B 5.06
contig 41863 g9511  3xHMG-box cell division 3xHMG-box protein 3.28
contig 44008 29836 CDC20 cell division Cell division cycle protein 20 3.15
contig 30679 g7499 Pol e DNA synthesis/repair DNA polymerase epsilon subunit 8.03
contig 13751 g3311 POLK DNA synthesis/repair DNA polymerase kappa 7.52
contig 31832 g7759 LIG4 DNA synthesis/repair DNA ligase 4 7.72
. . . DNA replication complex GINS
contig 6499 gl1481 PSF1 DNA synthesis/repair protein PSF1 6.69
contig 16703 24073 TOPII DNA synthesis/repair DNA topoisomerase 11 3.14
contig 39232 ¢9109 RecQ DNA synthesis/repair Rec.:Q family ATP-dependent DNA 7.15
helicase
contig 30225 g7400 MCM2 DNA synthesis/repair DNA replication licensing factor 2.53
MCM2
. . structural maintenance of
contig 37946 g8902 SMC2  chromosome transmission . 7.21
chromosomes protein 2
contig 29724 ¢7290 SMC4  chromosome transmission structural mamtenagce of 2.59
chromosomes protein 4
contig 9037 g2150 6PGD  pentose phosphate pathway 6-phosphogluconate dehydrogenase 4.04
contig 28711 g7063 G6PD  pentose phosphate pathway glucose-6-phosphate 1-dehydrogenase 3.54
contig 30474 g7461 TKT2  pentose phosphate pathway transketolase 2 8.50
contig 33564 g8106 SPL4 extracellular matrix spondin domain-containing protein 4 2.27
contig 3877 g849 MSIL histone modification MSI1-like WD40 repeat 2.87
contig_ 46867 g10259 SET histone modification SET-domain proteins 1.83
contig 24787 g6120 CPF3  DNA repair/photoreceptor ~ Cryptochrome/Photolyase family 2.75
contig 11984 g2852 CPF4  DNA repair/photoreceptor ~ Cryptochrome/Photolyase family 8.57
contig 24862 g6141 CPF5  DNA repair/photoreceptor ~ Cryptochrome/Photolyase family 2.55




Table S1. The list of primers used for gene expression analysis in N. yezoensis

Primer name contig number Sequence

Nyl8SrRNA-F1 D79976" AGGGTTGATCCGCAGGGAAG
Ny18SrRNA-R1 GCTTGCGCCCACTCCATTAG
NyNR-F1 contig_14599 g3505 ACGGAGGAGGACTCTTGGAT
NyNR-R1 GGCCAGCTCACCAATGTAAT
NyNRT-F1 contig_15784_g3774 TTTTCTCGTCGTTTGTGCAG
NyNRT-RI ACCACAAAGCCCAGGTACAG
NyGSI1-F1 contig_11637_ 22772 CTGCCACACCAACTTCTCAA
NyGSI-R1 CCCCACGAGAACTTGTCAAT
NyGS2-F1 contig 26825 g6597 CCATCTACCCTGACCCCTTC
NyGS2-R1 GTCGAGATCAAGGAGCGTGT
NyGDH-F1 contig_7066_g1637 GCTTTGGTTGACAACGGAGT
NyGDH-R1 CTCCACCTTCTCAGCAGACC
NyGLR-F1 contig 21558 g5324 GCAGGAGCTGTTCTTTACGG
NyGLR-R1 TCAAACTGAGTGCCTTCACG
NyPGK-F1 contig_15570_g3725 CATCCTGCACCTTCCTCAGT
NyPGK-F1 AGACACAAATGCCATGGTGA
NyPRK-F1 contig 29611 g7274 GTCATTTGCCTGGACGACTT
NyPRK-R1 CCCGTCTCGTGGTTGTAGAT
NyCPF1-F1 contig_2926_g600 GACGTACGAGGAGCAGGAAG
NyCPFI-R1 AGACTCGCGGTAAGCAGTGT
NyCPF2-F1 contig_4925_g1074 TGGCTACCTTTCCAATCGAC
NyCPF2-R1 CAATGTACGCCCAGTTTTCC
NyCPF3-F1 contig_24862_g6141 CTCATCCCCCACTTTAAGCA
NyCPF3-R1 CAGCGTGTACTTGACGAGGA
NyCPF4-F1 contig_ 11984 g2852 GACATTGAGGTGAGCAACGA
NyCPF4-R1 GCATAAAGGACGCAAACTCC
NyCPF5-F1 contig 24787 g6120 CCCGATTTCCACTCGTACAT
NyCPF5-R1 GGAAACACCTCGTGGAGAAA
NyCYCB-F1 contig 43693 9783 AATGGAGCGGTACATTCTGC
NyCYCB-R1 CAGACTGAGTTCCGACAGCA
NyCDC20-F1 contig_44008_g9836 CCTGAGATGCTCGACGACTA
NyCDC20-R1 ACGACACGGACGTCACATAG
NyHMG-F1 contig 41863 g9511 GTCGGCCTACCTCATCTTTG
NyHMG-R1 TCCATTTCCTTTTCGTACCG
Ny6PGD-F1 contig_9037_g2150 AAGGGCAGTCTCGACTCGTA
Ny6PGD-R1 AAAGACGGCCTCAGAGATGA
NyG6PD-F1 contig 28711 g7063 CCGGCTACTTCGACAACATT
NyG6PD-R1 GGTACACCCTCGTCGTCTGT
NyTKTI-F1 contig_16120_g3879 TGCGTACAAGCAGAGTGTCC
NyTKT1-R1 TTGAACAGCTCCATGACTGC
NyTKT2-F1 contig_30474_g7461 ATCTGGCCATGTCAGAGGAC
NyTKT2-R1 AACCCAATCGTCGTCACAAT
NyrbeL-F1 3978792° GGTCCTGCAACTGGATTGAT
NyrbcL-R1 AGGAAATCAAGACCGCCTTT

. - b
*Accession number in GenBank, "Gene ID number



Table S2. The list of tested genes for validation of RNA-seq data

Contig ID Abbreviation Description

contig 11637_g2772 GS1 Glutamine synthetase
contig_7066_g1637 GDH Glutamate dehydrogenase
contig_15784_g3774 NRT Nitrate transporter
contig_14599 g3505 NR Nitrate reductase
contig_9037_g2150 6PGD 6-phosphogluconate dehydrogenase
contig_15570_g3725 PGK Phosphoglycerate kinase
contig 29611 _g7274 PRK Phosphoribulokinase
contig_44008_g9836 CDC20 Cell division cycle protein 20
contig 43693 _g9783 CYCB Cyclin B
contig_41863_g9511 HMG 3xHMG-box protein
contig_16120_g3879 TKT1 transketolase 1

contig_30474_g7461 TKT2 transketolase 2
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