& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY

Hongbin Liu,

Hong Kong University of Science and
Technology, Hong Kong SAR, China

REVIEWED BY

Hisashi Endo,

Kyoto University, Japan
Zhenzhen Li,

Jiangsu Ocean Universiity, China

*CORRESPONDENCE

Gang Li
ligang@scsio.ac.cn

Chaolun Li
Icl@scsio.ac.cn

RECEIVED 23 May 2024
ACCEPTED 02 August 2024
PUBLISHED 14 August 2024

CITATION

Ma X, Qin Z, Johnson KB, Sweat LH, Dai S,

Li G and Li C (2024) Transcriptomic responses
to shifts in light and nitrogen in two
congeneric diatom species.

Front. Microbiol. 15:1437274.

doi: 10.3389/fmicb.2024.1437274

COPYRIGHT

© 2024 Ma, Qin, Johnson, Sweat, Dai, Li and
Li. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 14 August 2024
pol 10.3389/fmicb.2024.1437274

Transcriptomic responses to shifts
in light and nitrogen in two
congeneric diatom species

Xiao Ma'?, Zhen Qin?, Kevin B. Johnson?, L. Holly Sweat?,
Sheng Dai'?, Gang Li**** and Chaolun Li*#®*

!Key Laboratory of Tropical Marine Bio-Resources and Ecology, South China Sea Institute of
Oceanology, Chinese Academy of Sciences, Guangzhou, China, 2Guangdong Province Key
Laboratory of Applied Marine Biology, Guangzhou, China, *Department of Biological Sciences,
College of Science and Mathematics, Tarleton State University, Stephenville, TX, United States,
“Smithsonian Marine Station, Fort Pierce, FL, United States, °Daya Bay Marine Biology Research
Station, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Shenzhen, China,
SUniversity of Chinese Academy of Sciences, Beijing, China

Light and nitrogen availability are basic requirements for photosynthesis.
Changing in light intensity and nitrogen concentration may require adaptive
physiological and life process changes in phytoplankton cells. Our previous
study demonstrated that two Thalassiosira species exhibited, respectively,
distinctive physiological responses to light and nitrogen stresses. Transcriptomic
analyses were employed to investigate the mechanisms behind the different
physiological responses observed in two diatom species of the genus
Thalassiosira. The results indicate that the congeneric species are different in
their cellular responses to the same shifting light and nitrogen conditions. When
conditions changed to high light with low nitrate (HLLN), the large-celled T.
punctigera was photodamaged. Thus, the photosynthesis pathway and carbon
fixation related genes were significantly down-regulated. In contrast, the
small-celled T. pseudonana sacrificed cellular processes, especially amino acid
metabolisms, to overcome the photodamage. When changing to high light with
high nitrate (HLHN) conditions, the additional nitrogen appeared to compensate
for the photodamage in the large-celled T. punctigera, with the tricarboxylic
acid cycle (TCA cycle) and carbon fixation significantly boosted. Consequently,
the growth rate of T. punctigera increased, which suggest that the larger-celled
species is adapted for forming post-storm algal blooms. The impact of high light
stress on the small-celled T. pseudonana was not mitigated by elevated nitrate
levels, and photodamage persisted.
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Introduction

Diatoms, considered one of the most diverse and ecologically important phytoplankton
groups, contribute around 20% of global primary productivity (Malviya et al., 2016). The genus
Thalassiosira comprises the of the centric diatoms with more than 100 species, including many
with cosmopolitan distributions (Smith and Johnson, 1996; Malviya et al., 2016; Park et al.,
2016). The species in the genus were frequently reported as bloom-forming diatoms (Brodie
etal,, 2010; Okhapkin et al., 2016; Sidabutar et al., 2021; Kang et al., 2022; Ma et al., 2022). The
cell sizes of species in Thalassiosira range from less than 2 pm to over 200 um, and species’ cell
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volumes vary over more than nine orders of magnitude (von Dassow
et al., 2008; Litchman et al., 2009). Cell size and volume strongly
impact phytoplankton ecological functions, such as light absorption,
nutrient uptake, metabolic requirements and interactions with grazers
(von Dassow et al., 2008; Ma et al., 2021). Field observations have
shown that large-sized phytoplankton tend to form algal blooms after
tropical cyclones. For example, the algal bloom after Lekima Typhoon
were mainly composed of Pseudo-nitzschia spp., Noctiluca scintillans
and Coscinodiscus spp., which were much larger than the pre-typhoon
dominant diatom species Chaetoceros spp. (Jiang et al., 2022). Light
and nitrogen availability are essential drivers impacting phytoplankton
physiology, life processes, and community composition (Berges and
Falkowski, 1998; Solovchenko et al., 2008; Cointet et al., 2019).

In our previous study, the small-celled diatom species Thalassiosira
(~40pm®) and
(~300,000 pm?) were selected, and their physiological characteristics

pseudonana the large-celled T punctigera
were compared under different light and nitrogen conditions (Qin
et al,, 2021). Experimental treatments monitored diatom growth
under three environmental scenarios: (1) subsurface diatom
populations in the field with low light and low nitrogen conditions
(LLLN, 35umol photons m~ s™', ~10pMN in media); (2) diatom
populations brought near the surface intermittently and exposed to
high light intensity but low nitrogen conditions (HLLN, 250 pmol
photons m™?s™', ~10 uM N in media); and (3) diatom populations in
a strongly mixed surface water column, such as immediately following
tropical cyclone conditions with exposure to elevated light and
nitrogen conditions (HLHN, 250 pmol photons m™ s, ~800 pM N in
media) (Qin et al, 2021). The growth rates of the small-celled
T. pseudonana and large-celled T. punctigera under LLLN conditions
were 0.25+0.01 d™" and 0.33 £ 0.01 d7, respectively (Figure 1). When
they were transferred to HLLN conditions, the growth rate of the
small-celled T. pseudonana was not affected, but that of the large-
celled T. punctigera significantly decreased (p <0.001) (Figure 1). On
the other hand, when they were transferred to HLHN conditions, the
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FIGURE 1

Cell specific growth rates (p) of the small-celled Thalassiosira
pseudonana and the large-celled T. punctigera under low light low
nitrogen (LLLN), high light low nitrogen (HLLN) and high light high
nitrogen (HLHN) culture conditions. Statistical analysis was
conducted with two-way ANOVA test with post-hoc Dunnett's
multiple comparisons. * indicates p < 0.05, **** indicate p <0.0001.
This figure was modified from our previous study: Qin et al. (2021).
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growth rate of the large-celled T. punctigera significantly increased
(p<0.05), while that of the small-celled T. pseudonana remained
unchanged (Figure 1). The two congeneric diatom species exhibited
disparate physiological responses to light and nitrogen conditions. The
small-celled T. pseudonana adjusted to the HLLN conditions rapidly,
suggesting that it could maintain stable growth if brought to the
surface. On the other hand, the large-celled T. punctigera appear to
prefer HLHN conditions and may be more likely to form algal blooms
after tropical cyclones. To answer the question why the two diatom
species that belong to the same genus displayed such different
physiological responses to the environmental changes, transcriptomic
analyses were conducted on diatoms living under the previously
described light and nitrate conditions to better understand the
respective  unique these

physiochemical — responses  of

congeneric species.

Materials and methods
Culture protocol

Both T pseudonana (CCMP 1335) and T. punctigera
(CCAP 1085/19), were semi-continuously cultured in 0.2 pm-filtered
and sterilized natural seawater (fsw) at 18°C in 175mL Thermo
Scientific™ Nunc™ EasYFlask™ Cell Culture Flasks with integral
0.2pm PTFE membrane cap. The seawater was collected from the
open ocean of the South China Sea where total nitrogen content was
less than 1.0 pM. To get enough algal cells for RNA extraction, the
cultures were batch cultured to the highest biomass density possible
before the culture enters the stationary phase, and then semi-
continuously cultured and maintained at these high densities. A semi-
continuous mode of cultivation implies that half of the culture was
discarded at periodic time intervals (i.e., every cell replication
generation in this study) while half new medium was added. Thus, the
algal density was maintained at a stationary high level continuously.
Indeed, the cell densities of T. pseudonana and T. punctigera were
maintained at (6.00 +3.15) x 10° and 1,385 + 659 cells mL" for at least
6 cell replication generations, respectively. The procedures were
conducted in a horizontal laminar flow clean bench. In contrast to a
constant supply of nutrients under natural conditions, the nutrients in
the media is quickly depleted in laboratory cultures, especially under
these high algal density conditions (Li and Campbell, 2017). In this
study, the Guillard’s algal culture medium was used with nitrate
concentrations set to 88.2 uM (f/20) for LN and 882 puM (f/2) for HN
treatments. Our previous study has demonstrated that the final nitrate
concentration in the media at the end of one cultivation cycle was
approximately equal to the added nitrate concentration subtract algal
cellular N content (Li and Campbell, 2017). The cellular N content of
T. pseudonana and T. punctigera were 1.82+0.29 and
808.23+180.96pgN cell' under similar culture conditions,
respectively (Li and Campbell, 2017). Subtracting the cellular N
content, the nitrate concentrations in the culture media were
approximately 10 pM in LN treatments and 800 pM in HN treatments.
Thus, the LN treatments were nitrogen limited, while HN treatments
were nitrogen excessive in the culture media when the algal samples
were collected (Qin et al., 2021). During cultivation, all flasks were
randomly distributed in a plant growth chamber (Zhichu, Shanghai,
China) and manually shaken 2 to 3 times per day. The light in the
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chamber was provided by a panel of fluorescent tubes, which were
automatically turned on at 7:00a.m. and turned off at 7:00 p.m. to
maintain a 12:12h light:dark cycle. The light intensity was measured
with a micro-spherical quantum sensor (ULM-500, Walz, Effeltrich,
Germany) in a flask filled with seawater. Three replicates (1n=3) were
cultured for each treatment.

Light and nitrogen shift experiment and
sample collection

For the light shift experiment, the T. pseudonana and T. punctigera
were pre-cultured at LLLN condition (LL: 35 pmol photons m~ s},
close to the bottom of the euphotic zone) for 6 cell replication
generations. Our previous study demonstrated that the diatom
cultures achieved a steady state in terms of maximum photochemical
quantum yield (Fy/Fy) of photosystem II (PSII) after 6 generations
(Qin et al., 2021). Cultures acclimated to LLLN were then shifted to
HLLN or HLHN condition (HL: 250 pmol photons m™* s, close to
the 10% of the upper euphotic zone). Cell concentrations of the LLLN
inoculations were (6.00+3.15)x 10° and 1,385+ 659 cells mL~" for
T. pseudonana and T. punctigera, respectively. They were transferred
to HLLN or HLHN and cultivated semi-continuously for at least
another 6 generations, and three flasks were continuously maintained
under LLLN as control. At the end of cultivation, 30mL of algae
cultures were removed from each treatment at 9:00AM and
centrifuged at 5,000¢ for 10 min at 18°C. The precipitated cells were
then flash-frozen in liquid nitrogen and stored at —80°C for later
transcriptomic analysis.

Transcriptomic sequencing and data
analysis

Total RNA was extracted and purified using Direct-zol RNA
Miniprep Kits (ZYMO Research R2050) following the manufacturer’s
instructions. The mRNA was isolated by Genewiz Company
(Guangzhou, China) using NEBNext Poly(A) mRNA Magnetic
Isolation Module (New England Biolabs, Ipswich, MA, United States),
then underwent library preparation with a NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® following the manufacturer’s
recommendations. The library was sequenced on an Illumina
Hiseq platform.

Transcriptomic analyses were conducted using the SqueezeMeta
v1.1.0 pipeline (Tamames and Puente-Sanchez, 2019), which has
been used in similar transcriptomic analyses (Xia et al., 2020; Masla¢
etal., 2022). To conduct unbiased comparison between T. pseudonana
and T. punctigera, the bioinformatic analysis pipeline for the both
diatom species was the same with no reference genome.
Transcriptomic sequences were filtered using Trimmomatic. Short
contigs (<250 bps) were removed using Prinseq, then the contigs were
merged using Minimus2. The open reading frames (ORFs) were
predicted and similarity searches were conducted using Diamond
against GenBank, eggNOG, KEGG and CAZyDB databases with
default settings. The HMM homology searches were done by
HMMERS3 for the Pfam database. The abundance of each ORF was
calculated as transcripts per million (TPM)=rgxrlx 106 / cIxT,
where rg indicates the reads mapped to gene g, rl is read length, cl is
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the coding sequence length, and T is the sum of rgxrl / cl for all
genes. The differential expressed genes (DEGs) among treatments
were identified using the DESeq2 v1.32.0 package with |log,(fold
change)| >1 and p-value <0.05. The KEGG pathway enrichment
analyses were conducted using r package pathfindR with a Q-value
<0.05 (Q-value is the minimum false discovery rate at which the
pathway is deemed significantly enriched) (Ulgen et al., 2019).
Separate enrichment analyses of pathways were conducted for up-
and down-regulated genes (Hong et al., 2014). The sequences
obtained in this study have been deposited in the NCBI Sequence
Read Archive (SRA) under BioProject ID: PRINA1061770.

Results
Transcriptomic sequencing statistics

The numbers of paired-end raw reads sequenced within each of
the samples ranged from 22.67 to 35.53 million, resulting in 38,950
52,459 ORFs (Supplementary Table S1). In total, 6,093 and 5,329 genes
were identified from the transcriptomes, and they were assigned to
133 and 138 KEGG pathways (level three) for T. pseudonana and
T. punctigera, respectively.

DEGs and enriched KEGG pathways

For T. pseudonana, 504 genes and 604 genes exhibited differential
expressions in HLLN and HLHN relative to LLLN, respectively. Most
genes were down-regulated under both comparisons (Figure 2A and
Supplementary Tables S2, S5). KEGG pathway enrichment analyses
showed that, when T. pseudonana culture conditions change from
LLLN to HLLN, 12 pathways were significantly down-regulated and
only ribosome biogenesis in the eukaryotes pathway was up-regulated
(Figure 3A). NOGI gene in the ribosome biogenesis pathway is
reported to be involved in the DNA mismatch repair system
(Figure 4A and Supplementary Table S6). Four of the twelve depleted
pathways are part of the amino acid metabolism: lysine degradation,
phenylalanine metabolism, tryptophan metabolism, and valine,
leucine and isoleucine degradation (Figure 3A). The remaining
depleted pathways were related to carbohydrate metabolism
(propanoate metabolism, pyruvate metabolism and glycolysis/
gluconeogenesis), fatty acid metabolism/degradation, and other
metabolism pathways (Figure 3A). While changing to HLHN
conditions, the phagosome and endocytosis pathways were
significantly down-regulated and only the valine, leucine and
isoleucine degradation pathways were up-regulated for T. pseudonana
when compared to LLLN conditions (Figure 3B). The PSI reaction
center subunit IIT encoding gene (psaF) and adenosine triphosphate
(ATP) synthase subunits encoding genes (atpC, atpE, atpH) were also
significantly down regulated (Figure 4B). Tricarboxylic acid (TCA)
cycle-related genes, including citrate synthase (gitA), ATP citrate lyase
(ACLY), pyruvate:ferredoxin oxidoreductase (por), isocitrate
dehydrogenase (icd), aconitase (acnA) and succinate dehydrogenase
complex subunit D (sdhD) were significantly down-regulated
(Figure 4B). Nitrogen metabolism-related genes, such as nitrate/nitrite
transporter (NRT), nitrate reductase (NR) and nitrite reductase (nirB),
were significantly down-regulated (Figure 4B).
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Regarding the larger-celled T. punctigera, 555 genes and 966
genes exhibited differential expressions under HLLN and HLHN
relative to LLLN conditions, and over 78 and 90% of the genes were
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(Figure 2B and Supplementary Tables S4, S7). The enrichment

analyses showed that general metabolic pathways were enriched in
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both directions (Figure 3C), while the photosynthesis, glyoxylate
and dicarboxylate metabolism pathways were down-regulated and
only protein processing in the endoplasmic reticulum pathway was
up-regulated under HLLN conditions (Figure 3C). In the
photosynthesis pathway, one apoprotein encoding gene psaB and
five chloroplast ATP synthase subunits encoding genes (atpA, atpB,
atpC, atpD, atpF) were significantly down-regulated (Figure 4C
and Supplementary Table S8). Also, the subunits of ribulose
bisphosphate carboxylase encoding genes rbcS and rbcL that are
involved in the glyoxylate and dicarboxylate metabolism pathways
4C and
Supplementary Table S8). Regarding protein processing in the

were also significantly down-regulated (Figure
endoplasmic reticulum pathway, five heat shock proteins (HSPs)
encoding genes (DNAJBI11, DNAJA1, DNAJBI2, HSP20 and
HSP90B) were significantly up-regulated (Figure 4C and
Supplementary Table S8). When comparing HLHN to LLLN
conditions, five pathways were significantly up-regulated, including
butanoate, carbon, general (shown as metabolic pathways) and two
carbohydrate metabolism pathways (i.e., the pathways for
biosynthesis of secondary metabolites and the TCA cycle)
(Figure 3D). In the carbon metabolism pathway, MCEE, rpiB,
ppdK, MUT, GOT2, ACSS, ALDO and maeB were annotated as key
genes in carbon fixation (Figure 4D and Supplementary Table S9).
The glyoxylate and dicarboxylate metabolism pathways were
significantly down-regulated under HLHN conditions (Figure 3D).

Discussion

Light and nitrogen availability are recognized as prime drivers
affecting diatom growth and stoichiometry (Cointet et al., 2019).
In our study, T. pseudonana and T. punctigera employed contrasting
strategies to cope with light and nitrogen stresses, even though the
two species are classified in the same genus. When changing from
LLLN to HLLN, diatoms were switched to high light maintaining
low nitrogen stress. The growth rate of the small-celled
T. pseudonana remained unchanged with the switch, while that of
the large-celled T. punctigera decreased significantly (Figure 1).
Studies have demonstrated that high light exposure can cause
photodamage, limiting diatom growth (Wu et al.,, 2011; Dong et al.,
2016), and this appears to have been the case for T. punctigera. The
transcriptome profile reveals that photosynthesis pathways were
significantly down-regulated for T. punctigera (Figure 3C). To
be specific, the expression of the psaB gene and the chloroplast
ATP synthase subunits encoding genes (atpA, atpB, atpC, atpD,
atpF) decreased in expression (Figure 4C). The psaB gene encoding
apoprotein is one of the reaction center subunits of photosystem
I (PS I), which binds the primary electron donor of PSI (P700), as
well as the chlorophyll (A0), phylloquinone (A1) and iron-sulphur
(FX) electron acceptors (Golbeck, 1987). The genes encoding the
ATP synthase proteins use the electrochemical proton gradient
generated by photosynthesis for their ATP production (Hahn et al.,
2018). Consequently, the electron transfer and ATP generation
efficiency were suppressed in the photosystem. Corresponding to
down-regulation of the photosynthesis pathway, rbcS and rbcL
genes, involved in glyoxylate and dicarboxylate metabolism, were
also down-regulated (Figure 4C). These two genes encode the
subunits of ribulose bisphosphate carboxylase, which are closely
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related to carbon fixation in the photosystem (Sen et al., 2011;
Yamada et al., 2019). Thus, the down regulation of the psaB, atpA,
atpB, atpC, atpD, atpF, rbcS and rbcL genes collectively decreases
electron transfer efficiency, ATP generation, carbon fixation rates,
and, ultimately, the growth of T. punctigera. Up-regulation was
observed in the Hsp40/Dna] protein encoding genes (DNAJBI1I,
DNAJAI, DNAJBI12) and the HSP20 and HSP90B genes (Figure 4C).
HSPs are widely distributed in cells and take part in a variety of
processes to keep cell integrity, maintain protein homeostasis, and
respond to stresses (Hu et al.,, 2022). Studies have shown that
Hsp40/Dna] proteins are involved in the optimization of
photosynthetic reactions, stabilization of the photosystem II (PSII)
complex under high light stress, and reduction of reactive oxygen
species (ROS) accumulation in plants (Kong et al., 2014; Liu et al.,
2023). Therefore, up-regulation of Hsp40/Dna] proteins would
suggest that T. punctigera was attempting to protect itself from high
light exposure. We conclude that T. punctigera was photodamaged
in this treatment, evidenced by the decreased growth rate and
modified transcriptomic pathways.

Small T. pseudonana, in contrast, remained at the same growth
rate when changing from LLLN to HLLN (Figure 1). The
transcriptome profile reveals that 12 pathways were significantly
down-regulated (Figure 3A), while only the ribosome biogenesis-
in-eukaryotes pathway was significantly up-regulated (Figure 3B).
Ribosome biogenesis is fundamental to most cellular processes,
mainly involving the synthesis of rRNAs and ribosomal proteins,
which are required for proliferation and cell division (Kumar,
2021). However, the significant up-regulation of ribosome
biogenesis is not reflected in an unchanging growth rate.
We speculate that the up-regulation of ribosome biogenesis is a
response to photodamage under HLLN conditions. With a high
surface area-to-volume ratio, small-celled T. pseudonana have a
higher light absorption rate per unit of chlorophyll, rendering cells
more vulnerable to high light exposure (Finkel et al., 2010). Studies
have shown that ribosome biogenesis and DNA repair processes
are tightly connected (Ogawa and Baserga, 2017). For example, the
NOGI gene was significantly up-regulated in small-celled
T. pseudonana under HLLN conditions (Figure 4A). It encodes a
multi-functional protein and was reported to be involved in the
DNA mismatch repair system (Xue et al., 2023). Moreover, a recent
study revealed that the assembly of extra ribosomes will increase
the translation capacity and improve turnover of plastid-encoded
photosystems subunits, which is critical for algal acclimation to
high light conditions (Djouani-Tahri et al., 2022). Thus,
up-regulation of ribosome biogenesis could help small-celled
T. pseudonana cope with high light stress. Ribosome biogenesis is
an energy-consuming biosynthetic process, and about 60% of a
cell’s energy is spent on ribosome production and maintenance
(Kumar, 2021). It is reasonable that other pathways are down-
regulated to conserve energy and matter, especially in small diatom
cells with low nutrient storage capacity (Finkel et al., 2010).
Notably, four of the down-regulated pathways were for amino acid
production (Figure 3A). It is possible that small-celled
T. pseudonana were experiencing nitrogen deficiency stress. Amino
acids are a fundamental necessity for all life. For example, the
aromatic amino acids, phenylalanine and tryptophan, serve as
building blocks for many compounds essential to plant structure,
reproduction, defense and communication (1zin and Galili, 2010).
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Lysine not only functions as a building block of proteins, but is also
an important signal, interacting with other metabolic fluxes (Galili,
2002). When nitrogen availability is low, photosynthetic organisms
experience a shortage of the ammonium used for amino acid
biosynthesis (Lea and Miflin, 2018). Thus, slowing down the
degradation or transformation of amino acids should protect
diatoms from photosynthesis dysfunction (Chen et al., 2022).
We conclude that T. pseudonana sacrificed cellular processes,
especially amino acid metabolism, to reallocate resources to
combat photodamage under HLLN conditions.

Changing from LLLN to HLHN conditions, diatoms
experienced increased light and nitrogen resources. This mimics
conditions following the passage of a tropical cyclone, where the
water column is well-mixed and diatoms are brought to the lit
surface layer. Physiological experiments confirm that the large-
celled T. punctigera prefer these high light and high nitrogen
conditions (Figure 1). Corresponding to the increased growth rate
under HLHN conditions, the TCA cycle of the large-celled
T. punctigera was significantly up-regulated (Figure 3D). The TCA
cycle is the fundamental pathway for the oxidation of
carbohydrates, proteins and fatty acids to generate ATP, which
provides energy for cellular development, growth and reproduction
(Zhang and Fernie, 2018). In photosynthetic eukaryotes, the TCA
cycle is also the major player in carbon fixation (Bar-Even et al.,
2010). Indeed, the up-regulated genes MCEE, rpiB, ppdK, MUT,
GOT2, ACSS, ALDO, and maeB involved in carbon metabolism
were annotated as key genes in carbon fixation (Figure 4D and
Supplementary Table S3), which provides the carbon resources
required by the anabolic metabolism (Bar-Even et al., 2010). In
addition, the TCA cycle is deeply nested within many other
essential cellular processes and has numerous auxiliary functions
including photosynthesis optimization, carbohydrate metabolism,
carbon-nitrogen interactions, signaling, and others (Zhang and
Fernie, 2023). Carbon metabolism, butanoate metabolism and
general metabolism pathways were significantly up-regulated in
T. punctigera (Figure 3D). Therefore, the transcriptome profile
revealed that adding nitrate enabled T. punctigera to compensate
for damage from high light exposure. The importance of nitrogen
for microalgal photosynthetic production is well-established in the
general sense (Turpin et al., 1988; Evans and Clarke, 2019). In our
results, we found that the ferredoxin-nitrite reductase encoding
gene (nirA) was down-regulated under HLHN relative to LLLN
conditions, which suggests that T. punctigera was finding ample
nitrogen, causing nitrate assimilation to slow down (Burger et al.,
1991). Results indicate that adding nitrate under high light
conditions promotes growth and potential algal bloom formation
in T. punctigera.

Contrary to the fast-growing T. punctigera, the growth rate of
the small-celled T. pseudonana slightly increased under HLHN
conditions but was not significantly different from the LLLN
treatment (Figure 1). KEGG pathway enrichment analysis showed
that both the phagosome and endocytosis pathways were
significantly down-regulated (Figure 3B). The phagosome and
endocytosis pathways are cellular processes in which substances
are directly brought into the cell (Miaczynska and Stenmark,
2008). Although, the two pathways have multiple cellular functions
including cellular growth, development, signaling, and nutrient
delivery, both the phagosome and endocytosis mechanisms are
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reported as central to the establishment and maintenance of cell
homeostasis in plants and algae (Craddock and Yang, 2012; Levin
et al., 2016). Significant down-regulation of the phagosome and
endocytosis pathways may indicate that T. pseudonana was not
heavily stressed in the HLHN conditions. While, the constant
growth rate in HLHN relative to LLLN conditions could
be explained by the great number of down-regulated genes. In the
HLHN treatment, 875 of 966 DEGs were down-regulated relative
to LLLN conditions, indicating that a lot of cellular processes are
slowing down. Even though most down-regulated genes were not
significantly enriched on specific pathways, genes that participate
in photosynthesis and the TCA cycle were significantly down-
regulated (Figure 4B). For example, the PSI reaction center subunit
IIT encoding gene (psaF) and the ATP synthase subunits encoding
genes (atpC, atpE, atpH) were significantly down-regulated
(Figure 4B), suggesting that electron transfer and ATP synthase
efficiency in the photosynthetic system have diminished
(Wostemeyer and Oelmiiller, 2003; Hahn et al, 2018). As
mentioned before, small cells are more vulnerable to high light
exposure (Finkel et al., 2010), so that T. pseudonana was under
high light stress in HLHN treatment. The genes encoding citrate
synthase (gltA), ATP citrate lyase (ACLY), pyruvate:ferredoxin
oxidoreductase (por), isocitrate dehydrogenase (icd), aconitase
(acnA) and succinate dehydrogenase complex subunit D (sdhD)
were all significantly down-regulated, and these genes are essential
participants in the TCA cycle (Park et al., 1994; Baysal et al., 20005
Hartong et al., 2008; Tkeda et al., 2010; Chypre et al., 2012; Michta
etal, 2014). The depressed expression of the genes, essential to the
photosynthetic system and the TCA cycle, would suppress diatom
growth and reproduction. Also, the genes encoding nitrate/nitrite
transporter (NRT), nitrate reductase (NR) and nitrite reductase
(nirB) were significantly down-regulated in the HLHN treatment
(Figure 4B), indicating that T. pseudonana had sufficient nitrogen,
resulting in a slowdown in nitrate/nitrite import and assimilation
(Wang and Gunsalus, 2000; Wang et al., 2009; Coyne, 2010). In
contrast to T. punctigera, high light exposure was the sole critical
factor for T. pseudonana and the supplement of nitrate did not
compensate for the light stress damage. We conclude that the
small-celled T. pseudonana is vulnerable to light stress and less
likely to form an algal bloom under HLHN conditions.

Conclusion

The two diatom species displayed quite different cellular
responses in coping with changes to their light and nitrogen levels
(Figure 5). When the diatoms were transferred to HLLN
conditions, the large-celled T. punctigera was photodamaged,
indicated by down-regulation of photosynthesis pathway and
carbon fixation-related genes. The small-celled T. pseudonana, on
the other hand, downregulated many cellular processes to conquer
photodamage and keep growth rates similar when switched from
LLLN to HLLN conditions. When changing to HLHN conditions,
the supplement of nitrogen allowed the large-celled T. punctigera
to compensate for the photodamage inflicted by more light by
boosting the TCA cycle and carbon fixation. Consequently, the
growth rate of the large-celled T. punctigera increased under
HLHN conditions, which indicated that they could form blooms
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after tropical storm. However, the impact of high light stress on
the small-celled T. pseudonana was too great for nitrate
supplementation to compensate for the photodamage.
We conclude that the small-celled T. pseudonana is more
vulnerable to high light stress, while the large-celled T. punctigera

is more likely to form algal blooms after storms.
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