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Abstract

Protein degradation plays a fundamental role in maintaining protein homeostasis and
ensures proper cellular function by regulating protein quality and quantity. Heat shock
protein 100 (Hsp100), found in bacteria, plants, and fungi, is a unique chaperone family
responsible for rescuing misfolded proteins from aggregated states in an ATP-dependent
manner. To date, they are primarily known to mediate heat stress adaptation and enhance
cellular survival under extreme conditions in higher plants and algae. Resting cyst for-
mation in dinoflagellates is widely recognized as a response to adverse conditions, which
offers an adaptive advantage to endure harsh environmental extremes that are unsuitable
for vegetative cell growth and survival. In this study, based on a full-length cDNA se-
quence, we characterized an Hsp100 gene (SaHsp100) from the cosmopolitan bloom-forming
dinoflagellate Scrippsiella acuminata, aiming to examine its life stage-specific expression
patterns and preliminarily explore its potential functions. The qPCR results revealed that
Hsp100 transcript levels were significantly elevated in newly formed resting cysts com-
pared to vegetative cells and continued to increase during storage under simulated marine
sediment conditions (darkness, low temperature, and anoxia). Parallel reaction monitoring
(PRM)-based quantification further confirmed that Hsp100 protein levels were significantly
higher in resting cysts than in vegetative cells and increased after three months of storage.
These findings collectively highlighted the fundamental role of Hsp100 in the alteration
of the life cycle and dormancy maintenance of S. acuminata, likely by enhancing stress
adaptation and promoting cell survival through participation in proteostasis maintenance,
particularly under natural sediment-like conditions that trigger severe abiotic stress. Our
work deepens the current understanding of Hsp family members in dinoflagellates, paving
the way for future investigations into their ecological relevance within this ecologically
significant group.

Keywords: dinoflagellate; dormancy maintenance; harmful algal blooms; heat shock
protein 100 (Hsp100); parallel reaction monitoring (PRM); resting cyst
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1. Introduction

Dinoflagellates are a diverse and ubiquitous group of unicellular protists with major
ecological impacts, as they are important worldwide primary producers, essential coral
endosymbionts, and key contributors to harmful algal blooms (HABs) and biotoxins in the
ocean [1]. So far, approximately 200 species of dinoflagellates are known to cause HABs,
contributing to roughly 75% of global marine HAB events [2] and representing ~40% of
all documented HAB-causing algal species [3]. Dinoflagellate HABs negatively impact
various sectors including commercial and recreational fishing, aquaculture operations, and
coastal tourism activities, while also posing risks to both human populations and marine
ecosystems [4]. Mortality or physiological impairments, caused by toxin production, oxy-
gen depletion, or physical clogging, are associated with the massive biomass accumulation
during blooms [4,5]. The resting stage of dinoflagellates, also well-known as resting cysts,
plays a critical role in dinoflagellate ecology, especially for HAB-causing species. Multiple
evidence shows that resting cysts help dinoflagellates survive harsh conditions, promote
genetic recombination, drive bloom dynamics, and enable population dispersal [6]. More-
over, the researchers routinely analyze the abundance and distribution characteristics of
resting cysts in marine sediments to develop empirical models for predicting the potential
outbreak intensity and affected range of algal blooms [7,8]. Although resting cyst formation
plays a crucial ecological role in the life cycle of HAB-forming dinoflagellates, the genetic
mechanisms governing this process remain poorly characterized. Key aspects such as the
specific functional genes and molecular pathways involved are still not well understood [9].
Understanding these mechanisms is particularly challenging for resting cysts buried in
natural sediments, where they are exposed to cold, dark, and hypoxic/anoxic conditions.

Proteostasis maintenance is critical for the physiology and survival of organisms [10].
Heat shock proteins (Hsps) are ubiquitous molecular chaperones that assist the folding
of other proteins, either by facilitating proper folding or by stabilizing partially folded
intermediates. Based on sequence homology and approximate molecular weight, Hsps are
classified into the Hsp100, Hsp90, Hsp70, Hsp60, and small heat shock protein families [11].
While Hsp60/Hsp10 and Hsp70/Hsp40 help cells minimize protein aggregation by rec-
ognizing and refolding misfolded proteins into their biologically active conformations,
protein disaggregation is primarily mediated by the Hsp100 family [12,13]. Hsp100/Clp
(caseinolytic protease) proteins, belonging to the AAA+ (ATPases associated with diverse
cellular activities) superfamily, are ATP-dependent chaperones found in bacteria, fungi,
plants, and algae [11,13-15]. These proteins represent a unique chaperone family that
rescues misfolded proteins from aggregated states in an ATP-dependent manner, often
in cooperation with their cognate Hsp70 members [12,16]. Peptides released from these
aggregates can either be refolded into their native state or directed to proteolytic degrada-
tion [13,17]. In contrast to the extensive characterization of other Hsps, Hsp100 proteins,
originally identified in bacteria (ClpB) and yeast (Hsp104) in the late 1980s and early 1990s,
generally received less attention. The heat shock inducibility of the Hsp100 gene and its
protein product has been observed in nearly all plant species studied to date [13,17]. More-
over, accumulating evidence suggests that Hsp100 solubilizes and reactivates a broad range
of aggregated proteins, thereby conferring thermotolerance and promoting cell survival
under severe stress conditions [14-16].

While significant progress has been made in characterizing Hsp70 and Hsp90 families
in dinoflagellates [18,19], the Hsp100 family has been largely overlooked, with current
knowledge predominantly based on omics predictions. The Hsp100-annotated genes were
identified in the transcriptomic studies of Symbiodinium sp. [20], Scrippsiella acuminata
(formerly S. trochoidea) [21,22], and Alexandrium pacificum [23]. Differential expression of
one Hsp100/Clp protein was observed in Prorocentrum donghaiense across different cell
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cycle phases, suggesting its role in maintaining proper cell cycle progression [24]. Signifi-
cantly downregulated protein abundance of Hsp100/Clp was also reported in Alexandrium
catenella under organic phosphorus resupply conditions, implying its involvement in en-
hancing cellular stress tolerance [25]. Additionally, our previous studies suggested a
potential role of Hsp members in life stage transitions and the dormancy maintenance of
dinoflagellates (see below). A comparative transcriptomic study of S. acuminata revealed a
significant downregulation of three Hsp70-encoding genes in resting cysts [22]. A parallel
expression pattern was found in Akashiwo sanguinea, where Hsp70 transcripts reached maxi-
mum levels in newly formed cysts but decreased as cysts matured [18]. The Hsp40 gene
exhibited significantly elevated transcriptional activity in newly formed resting cysts of S.
acuminata relative to both vegetative cells and mature cysts [26]. Conversely, Hsp90 gene
expression displayed preferential upregulation during dormancy maintenance [19]. Addi-
tionally, Hsp60 and Hsp10 exhibited progressive upregulation from vegetative cells through
cyst formation to long-term storage [27]. All these findings collectively demonstrate func-
tional coordination among different Hsp members during dinoflagellate encystment and
cyst dormancy.

The calcareous dinoflagellate S. acuminata is a cosmopolitan species that frequently
forms blooms in global coastal waters. Due to its high propensity for resting cyst formation,
this species has been established as a model organism for investigating dinoflagellates’ life
history [9]. In this study, we characterized an Hsp100 gene (SaHsp100) from S. acuminata
through molecular cloning, transcriptional profiling and protein abundance analysis to
examine its life stage-specific expression patterns and potential functions. The obtained
results advance our understanding of Hsps in dinoflagellates, providing a foundation for
future investigations into their ecological significance in this ecologically important group.

2. Materials and Methods
2.1. Scrippsiella acuminata Culture Maintenance

The Scrippsiella acuminata strain IOCAS-5St-1, first isolated from the Yellow Sea of China,
was acquired from the Marine Biological Culture Collection Centre, which is affiliated with
the Institute of Oceanology, at the Chinese Academy of Sciences [22]. For routine culti-
vation, the strain was kept in silicate-free f/2 medium [28]. The medium was made with
natural seawater (salinity about 32) that had been pre-filtered with a 0.22 pum membrane
filter (Millipore, Billerica, MA, USA) and autoclaved at 121 °C for 30 min. Culture batches
were grown and maintained in an incubator with a temperature of 20+ 1°Canda12h
light:12 h dark cycle. Cool white fluorescent lights supplied a photon flux of ~100 umol

2 57! for illumination. Immediately before inoculation, 3% final concentra-

photons m™
tion of penicillin-streptomycin mixture (100x, Solarbio, Beijing, China) was added to the
medium. Stock cultures were maintained in exponential growth by biweekly transfer to

fresh f/2-Si medium.

2.2. Full-Length cDNA Cloning of SaHsp100

Approximately 10° exponentially growing vegetative cells were harvested by cen-
trifugation for total RNA extraction. RNA was isolated using the Deng et al. [19] protocol,
followed by DNase I treatment (QIAGEN, Hilden, Germany) to remove genomic DNA.
RNA quality was verified by using both agarose gel electrophoresis and spectrophotometric
analysis (NanoDropTM 1000, Thermo Fisher Scientific, Waltham, MA, USA). First-strand
cDNA was synthesized from 1 pg total RNA using M-MLV reverse transcriptase (Takara,
Tokyo, Japan) with random primers for subsequent PCR amplification. The cDNA fragment
was amplified following the protocol described in Deng et al. [26] with specific primers
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Fr-F and Fr-R (Table 1), which were designed based on an Hsp100-like sequence identified

in the transcriptomic data of S. acuminata (GenBank Accession No. SRP058465) [22].

Table 1. Primer details.

Primer Name

Nucleotide Sequences (5'—3')

Remarks

Fr-F
Fr-R
5R-outer
5R-inner
3R-outer
3R-inner
q100-F
q100-R
qUBC-F
qUBC-R
anchor primer

GGTGGAGATCCCTTTCACTC
CCTCGTCATAGCCGACATAG
CTTGCGGTACTCGTCGATGGTTGTG
TACACCTGGCTCGCCGATGAGCACC
GAGTTGCGGCAGGTGCAGGAGCAGA
CCAGTGGTCACGGAGGAGGATGTAG
TCCCTTTCACTCCTGCTGC
CCACCGTCTITCCTITACCAA
GTCTTGACCTACTACGTGGAGC
CGGGCGTTGTACTGATGG

Fragment amplification
Fragment amplification
5 RACE
5 RACE
3’ RACE
3’ RACE
qPCR for SaHsp100
qPCR for SaHsp100
qPCR for UBC
qPCR for UBC

GCTGTCAACGATACGCTACGTAACGGCATGACAGTGT cDNA synthesis

Gene-specific primers were designed based on the obtained cDNA fragment for 3’
and 5" RACE amplification (Table 1). The RACE template was synthesized from 1 pg total
RNA using an anchor primer (Table 1). For 5'-RACE, reactions were performed using the
dinoflagellate-specific forward primer DinoSL [29] and nested reverse primers (5R-outer
and 5R-inner, Table 1). For 3'-RACE, forward primers 3R-outer and 3R-inner (Table 1) were
used in combination with the reverse primer GeneRacer3 (Invitrogen, Karlsruhe, Germany).
Amplified DNA fragments were electrophoresed onto 1% agarose gel, with target bands
subsequently excised and purified using a commercial DNA extraction kit (TaKaRa, Tokyo,
Japan). These fragments were then cloned into the pMD-19T vector system (TaKaRa, Tokyo,
Japan) for sequencing analysis (TsingKe Biotech, Beijing, China).

2.3. Sequence Homology and Phylogenetic Analysis

The putative protein-coding region was identified using the Open Reading Frame
(OREF) finder [30]. Sequence homology and functional predictions were obtained through
NCBI BLAST (2.15.0) analysis (E-value cutoff: 1 x 10~°) [31]. Protein domain architecture
was predicted using SMART [32] and validated using Pfam [33]. Theoretical molecular
characteristics (molecular weight and isoelectric point) were determined using ProtParam
(available via ExPASy) analysis [34].

The newly identified SaHsp100 sequence and thirty reference Hsp100 homologs
(Supplementary Table S1) from the GenBank database were aligned using MAFFT v7.475
(G-INS-i algorithm) [35]. The alignment was manually refined in BioEdit v7.2.5 [36],
followed by Bayesian inference analysis conducted with MrBayes 3.2.6. [37]. We ran four
Markov chains (1 million generations, sampling every 100 generations), discarded the first
25% as burn-in, and built a 50% majority-rule consensus tree. Final tree visualization was
performed using FigTree v1.4.4.

2.4. Resting Cysts Preparation and Sample Treatment

Resting cysts were produced following the method by Yue et al. [38] by transferring
exponentially growing vegetative cells from 75 cm? culture flasks (Sorfa, Suzhou, China)
into N/P-limited f/2-Si medium (1000 x diluted). Cultures were maintained under stan-
dard conditions and monitored every 48 h using a microscope (IX73, Olympus, Tokyo,
Japan). After >30 days incubation, we harvested cysts when microscope examination
confirmed sufficient yield. The cysts were then washed repeatedly with sterile filtered
seawater until no motile cells (vegetative cells or planozygote) remained visable under



Diversity 2025, 17, 519

50f13

a light microscope. The resting cysts used in this study had typical calcareous spines
and contained red accumulation bodies. The harvested cysts were immediately used for
sample treatments.

We cultured vegetative cells (~2 x 10° cells mL ! initial density) in 500 mL Pyrex flasks
containing 300 mL of medium under standard conditions, with Day 0 marking inoculation.
On Day 5 (exponential phase, “V1”) and Day 10 (stationary phase, “V2”), we collected
samples. Newly formed resting cysts were harvested separately as “C0” (Table 2). Resting
cysts storage under conditions mimicking those in natural marine sediments (darkness,
low temperature, and anoxia) for different periods (Table 2) was carried out referring to
previous studies, as summarized below. Following the protocol of Li et al. [39], anoxic
conditions were established by flushing the cyst-containing tubes with nitrogen gas, while
dissolved oxygen levels were continuously monitored using an oxygen meter (Microx 4,
PreSens, Regensburg, Germany). To visually confirm anoxia, the culture medium was
supplemented with Na-resazurin (0.1% w/v) as a redox indicator, where color change indi-
cates oxygen depletion [40]. We maintained the samples at a low temperature (4 £ 1 °C)
using a refrigerator (without light). To ensure complete darkness, cyst-containing tubes
were wrapped in aluminum foil before being stored for different periods (Table 2). We
collected samples for gPCR analysis at designated time points (~5 x 10* cells/cysts per
sample; n = 3 replicates). After brief contrifugation in 1.5 mL tubes, we flash-froze cysts in
liquid nitrogen and then stored them at —80 °C until RNA extraction. Four samples, V1,
V2, C0, and C3 were subjected to the PRM analysis. All cells in each sample (~10° cells;
3 biological replicates) were pelleted in centrifuge tubes and immediately stored at —80 °C
until protein extraction. The RNA and protein were isolated from the same set of
biological samples.

Table 2. Experimental design in this study.

Sample ID  Temperature Oxygen  Light Storage Period Remarks
Vi 21°C Yes Yes  Notapplicable Vegetative cells at exponential growth stage
V2 21°C Yes Yes  Notapplicable  Vegetative cells at stationary growth stage
Co 21°C Yes Yes  Not applicable Newly formed resting cysts
C1 4°C No No 1 month
2 4°C No No 2 months Rgsting cysts storgd undgr cond'itions

typically observed in marine sediments

C3 4°C No No 3 months

2.5. Transcriptional Profiles of SaHsp100 with gPCR Detection

A pair of gene-specific primers (q100-F and q100-R; Table 1) was designed using
Primer Premier 5 to amplify a 121-bp fragment of SaHsp100. We extracted total RNA using
an RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany), treated samples with an RNase-
Free DNase Set (QIAGEN, Hilden, Germany) and measured RNA quality/quantity using
a NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
First-strand cDNA was reverse transcribed from approximately 100 ng of total RNA using
random primers. The qPCR amplifications were performed using TB Green Premix Ex
Taq™ II (TaKaRa, Tokyo, Japan) on the Eppendorf Mastercycler® ep realplex S (Eppendorf,
Hamburg, Germany). Following reference gene validation studies [22], we selected the
ubiquitin conjugating enzyme (UBC) (Table 1) as the internal control. Reverse transcription
proceeded at 37 °C (15 min) with a final enzyme inactivation step at 85 °C (5 s). Each
sample was analyzed in three biological replicates, each of which was accompanied by
three technical replicates to ensure the reliability of the experimental results. Non-template
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reactions (NTC) were run as controls. The details of the primers and the qPCR results are
displayed in the Supplementary Materials (Supplementary Table S2, Figures S2-54). We
calculated relative expression levels for six target genes using the 2=t method [41],
normalizing to UBC internal control values and expressing results as unitless ratios. All
data were expressed as mean £ SD. Statistical analyses were performed using one-way
ANOVA followed by Tukey’s post hoc test (SPSS 24.0, Windows version), with statistical
significance set at p < 0.05.

2.6. PRM-Based Quantification of Hsp100 Protein Levels in S. acuminata
2.6.1. Protein Extraction

The samples were frozen, pulverized in liquid nitrogen and homogenized in lysis
buffer (7 M Urea, 2 M Thiourea, 4% CHAPS, 40 mM Tris-HCI, pH 8.5) containing protease
inhibitors (1 mM PMSEF and 2 mM EDTA). Following a 5 min incubation period, 10 mM
DTT was added to reduce disulfide bonds, followed by sonication (200 W, 15 min) and
centrifugation (30,000 x g, 15 min, 4 °C) to clarify the lysate. Proteins were precipitated
overnight at —20 °C with acetone containing 10% (v/v) TCA, washed three times with
chilled acetone, and air-dried. The pellet was then dissolved in a modified lysis buffer
(7 M urea, 2 M thiourea, 4% NP40, 20 mM Tris-HCI, pH 8.0-8.5). The resulting suspension
underwent sonication (200 W, 15 min) followed by centrifugation (30,000 g, 15 min, 4 °C)
to obtain the final protein extract. The supernatant was reduced with DTT (10 mM, 56 °C,
1 h) and alkylated with iodoacetamide (55 mM, dark, 1 h) before being reprecipitated with
acetone. After the final centrifugation, the protein pellet was resuspended in 0.5 M TEAB,
sonicated, and centrifuged to obtain a clear protein extract, which was quantified using the
Bradford assay and stored at —80 °C for downstream applications.

2.6.2. Protein Digestion

A total of 100 pg of protein from each sample was subjected to tryptic digestion using
Trypsin Gold (Promega, Madison, WI, USA) with a protein-to-protease ratio of 30:1 (w/w).
The enzymatic digestion was performed at 37 °C for 16 h to ensure complete protein cleav-
age. After digestion, the generated peptides were concentrated by vacuum centrifugation
and subsequently reconstituted in 0.5 M TEAB buffer for further downstream processing.

2.6.3. Liquid Chromatography (LC)-PRM-Mass Spectrometry (MS)

The PRM technique offers high sensitivity and accuracy for targeted peptide quantifi-
cation through selective ion monitoring [42]. In this study, peptides of an Hsp100-annotated
protein identified in Scrippsiella acuminata proteomics data (our unpublished data) were vali-
dated using a peptide uniqueness checker [43]. Then the peptide LVAEVQEAK was selected
as the target peptide for the following experiments due to its specificity to the Hsp100-
annotated protein. We also screened the full-length transcriptome of S. acuminata ([44];
NCBI accession number: PRINA1127753) to confirm that no other Hsp100 isoforms ex-
press the same peptide. The target peptide was input into Skyline [45] and was used to
determine the PRM parameters (/z, charges, polarity, collision energy, retention time) for
targeted peptide analysis. Following tryptic digestion, samples were spiked with 50 fmol
B-galactosidase as an internal standard. PRM was performed on a QTRAP 6500 LC-MS/MS
system (SCIEX, Framingham, MA, USA) interfaced with an LC-20AD nanoHPLC system
(Shimadzu, Kyoto, Japan). The binary mobile phase consisted of (A) 0.1% aqueous formic
acid and (B) 0.1% formic acid in 98% acetonitrile. Peptide separation was achieved on a C18
column (0.075 x 150 mm column, 3.6 um particle size) at a flow rate of 300 nL/min, with
elution performed via a gradient program of 5-30% solvent B for 38 min, 30-80% solvent
B for 4 min, and maintenance at 80% for 8 min. The QTRAP 6500 mass spectrometer was
operated with a spray voltage of 2400 V and a dwell time of 10 ms was used. To enhance
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specificity, multiple PRM transitions were monitored with unit resolution applied to both
the Q1 and Q3 quadrupoles.

2.6.4. Data Analysis

Mass spectrometry data analysis was performed using Skyline software (22.2) [44] to
process the raw files generated by QTRAP 6500 (SCIEX, Framingham, MA, USA). Peptide
identification and chromatographic alignment were conducted using an iRT (indexed
retention time) strategy [46] against a spectral library. Each peptide’s transitions were all
utilized for quantification purposes, except in cases where matrix interference was detected.
For label-free data normalization, B-galactosidase was spiked in as an internal reference [47].
Statistical analysis was performed using MSstats implementing a linear mixed-effects
modeling approach [48], with an adjusted p-value maintaining the false discovery rate
(FDR) below the 0.05 significant threshold. Proteins were deemed statistically significant if
they had a p-value less than 0.05 and a fold change exceeding 1.5.

3. Results
3.1. The Full-Length cDNA Sequence of SaHsp100

The full-length cDNA sequence of SaHsp100 (3576 bp) was assembled by overlapping
the 1720 bp 3’ RACE product, the 1087 bp 5 RACE product, and a 1673 bp fragment
amplified with primers Fr-F/Fr-R. The sequence comprises a 94 bp 5 UTR, a 2835 bp ORF,
and a 647 bp 3’ UTR containing a poly (A) tail. The ORF has a 58% G+C content and
encodes a 944-amino acid protein with a predicted molecular weight of 102.73 kDa and an

isoelectric point of 5.21 (Figure 1). The obtained sequence was deposited in GenBank with
the accession number PV587988.

1 MPARSLAAAGTVALVTLACRHMGDSFIVGGSSSSVGRVGGLRGWQQ
47 PPQGVDMPLLDTAPPSDDARGVRTAMAAGVGAPGFVSQGFLGSSLA
93 GSVTSAAPLGSTSRSAASSMSMMFERFNEKAIKAVMMAQEESRRLG
139 HNYVGTEMLLIGVIAESTGIAVKVLRKANVNLKDARKAIEEMIGRGKGV
188 VSVEIPFTPAAKRALSEAVDQSRKLKSKAIDASHILLALVKEDGGNAPK
237 LLEKLGVEPSKVAEEIMSEFNDKGEKELVAVAPKGQKADSSKSGMLE
284 EFGQDLTAVAEEGEMDPMVGRAEELERTIQILARRQKNNPVLIGEPGV
332 GKTAIAEGLAQRIADGDVPELLQGKRIVQLDLAGLLAGTKYRGEFEER
380 LKNVIKEVLDAKGKVVLMIDEIHTLVGAGGSGAMDAANILKPALSRGEL
429 QVIGATTIDEYRKYIEKDKALERRFQPVTVPEPTVDETIQILEGLARKYE
478 AHHKLRYTDEALVACVKFASQYIQDRYLPDKAIDLMDETGARVRLRQH
527 VQLPEAAREARKELRQVQEQKEEAVRNQNYEEAADLKVKEAEINAKIR
575 SLIKEAKAEEGTSAQAATSTTVAEDVSLEAKMSPDAAADETEPVVTEE
623 DVAHWATWTGVPVEKVSTDESARLVALEETLHDRXIGQEEAWAVSK
671 AVRI;ARﬁg'LKNPNRPIASFIFCGPXGXEKI%CKALSEAYFGKEDSMI
719 RLDMSEFMERHTVSKLIGSPPGYVGYDEESQLTE.)G":I:RPYSLVLFRE
767 VEKAHPEVFNI;MLQILEDGHLTDSKGRQVSFRNALE:EFLEEL..DEHVF
816 KSLTKPEVGEIAELEFRKTFKLCAEKGMTLSLTDRFKKKVVDEGFNPV
864 YGARPLRRAITRWLEDELAESCLVTPVQEDEYVIVDLDDSGDVVILRQ
912 QIAAEGSSKEQEGDDADGQVSIKEDRVSEPTVA-

Figure 1. The deduced amino acid sequences of SaHsp100 (GenBank Accession number: PV587988).
Sequences are numbered on the left. The conserved ATP-binding sites are denoted with triangles.
The amino acid residues constituting the hexamerization interface are highlighted with dots.
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3.2. Homology and Phylogenetic Analysis of SaHsp100

BLAST analysis identified a conserved ATP-binding site in the deduced SaHsp100
protein sequence with eight functionally essential residues, including Val658, Thr695,
Val697, Gly698, Lys699, Thr700, Glu701, and Asp765 (Figure 1). A total of nineteen amino
acid residues (Arg674, Ala677, Gly678, Lys679, Asp752, Arg755, Arg756, Asp773, Leu777,
Asp783, Arg802, Pro803, Glu804, Asn807, Arg808, Leu809, Asp810, Glu811, and Ile812)
likely constitute the hexamerization interface (Figure 1). Sequence homology analysis
revealed that SaHsp100 shared 60.9-68.8% amino acid sequence similarity with seven other
dinoflagellate Hsp100 counterparts (Supplementary Figure S1). Phylogenetic reconstruction
placed SaHsp100 into the dinoflagellate group, which formed a sister clade of green algal
Hsp100 with high node support (BI 1.00) (Figure 2).

1.00 Triticum aestivum AAC83689
1.00 Brachypodium distachyon XP_003568082
Sorghum bicolor XP_002441398 H|gher Plants
0.99 Dichanthelium oligosanthes OEL17971
0.99L— panjcum miliaceumn RLN29523
1.00 Mucor ambiguus GAN09672
Rhizopus microsporus XP_023464021

1.00 Schi h yces pombe 094641

1.00 Pneumocystis jirovecii XP_018229375 Fungi

1.00 Neol irregularis OLL26229
I— Terfezia boudieri RPB23198

1.00 giog P h kii YP_009496198
1.00) Trieres chinensis P49574
1.0l Cerataulina daemon YP_009093400 Diatoms
1.00 Ch os gracilis QXM16382

I— Acanthoceras zachariasii YP_009497778
Chlorella sorokiniana PRW61387
Trebouxia sp. KAA6426649
Gonium pectorale KXZ48535 Green algae
Chlamydomonas incerta KAG2427162
Monoraphidium neglectum XP_013906513
1.00 ¢ Effrenium voratum CAJ1448295
Effrenium voratum CAJ1399252
[ISymbiodinium pilosum CAE7241822

1.00

1.00

1.00

1.00

1.00

Symbiodinium necroapp CAE7235765

1001 Symbiodinium microadriaticum OLP88267 Dinoflagellates
Durusdinium trenchii CAK9023815

Polarella glacialis CAE8632920
Rothia sp. WP_303219484

1.oT|rGordonla sp. WP_ 415030413 vz Bacteria

1.00

Figure 2. Bayesian inference (BI) distance tree formulated from the alignment of the Hsp100 amino
acid sequences. The numbers at each node indicate the BI posterior probabilities. For the thirty
sequences retrieved from the GenBank database, each entry is labeled with its accession number
following the corresponding species name (further details are available in Supplementary Table S1).
The Hsp100 gene newly sequenced from Scrippsiella acuminata in this study is highlighted with a
gray background.

3.3. Differential Transcription Profiles of SaHsp100 at Different Stages of Growth and Life Cycle

The transcription levels of SaHsp100 were compared across vegetative cells (exponen-
tial and stationary phases), newly formed resting cysts, and resting cysts stored under
marine sediment-like conditions for varying durations. While no significant difference in
SaHsp100 transcription was detected between vegetative cells at different growth stages (V1
and V2) (ANOVA, p > 0.05; Figure 3), significantly higher expression levels were observed
in resting cysts compared to vegetative cells (ANOVA, p < 0.01; Figure 3). Newly formed
resting cysts exhibited higher SaHsp100 transcription levels than vegetative cells, with
levels showing a general increasing trend during storage under simulated marine sediment
conditions (Figure 3).
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Figure 3. The transcription levels of SaHsp100 in cells at different stages of growth and life cycle.
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The samples contain vegetative cells at the exponential and stationary growth stages, newly formed
resting cysts, and resting cysts stored under natural marine sediment-like conditions for varying
durations. Gene expression data are presented as normalized fold-change values relative to the
vegetative cell control (V1, Day 5), with vertical bars indicating mean + SD of triplicate measure-
ments. Significant differential expression (p < 0.05, ANOVA with post hoc testing) is denoted by
alphabetical superscripts.

3.4. Protein Levels of Hsp100 Determined Using the Method of PRM

The protein levels of Hsp100 were quantitatively analyzed by PRM across vegetative
cells at the exponential and stationary growth stages, newly formed resting cysts, and
resting cysts stored under natural marine sediment-like conditions for three months. All
experiments were conducted using the target peptide LVAEVQEAK (Figure 4A). No signif-
icant difference was observed in protein abundance between vegetative cells at different
growth stages (V1 and V2) (ANOVA, p > 0.05; Figure 4B). Hsp100 protein abundance was
significantly higher in newly formed resting cysts than in vegetative cells (ANOVA, p < 0.05;
Figure 4B) and showed a further significant increase after three months of storage under
simulated marine sediment conditions (darkness, low temperature, and anoxia) (ANOVA,
p < 0.05; Figure 4B).
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Figure 4. PRM-based determination of Hsp100 protein levels in S. acuminata at different stages
of growth and life cycle. All experiments were conducted using the target peptide LVAEVQEAK.
(A) Overlays of PRM signals of all the individual product ions. The m/z ratios for the mass spectrom-
etry spectra are shown in the legend. (B) Peak areas for the individual product ions corresponding to
the target peptide in different samples. All samples were prepared in biological triplicates (labeled as
-A, -B, and -C).

4. Discussion

The activation of Hsp synthesis is a universal adaptive mechanism in organisms
ranging from bacteria to plants and animals, which enable them to survive and adapt
to diverse environmental stresses. Extensive studies have documented that nearly all
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types of stressful cues can induce the expression of Hsp genes and/or the synthesis of
Hsp proteins [11,49]. Meanwhile, many Hsps are constitutively expressed under normal
conditions and participate in diverse physiological processes [49,50]. Unlike other Hsps
that have been extensively characterized, Hsp100 proteins were not identified until the
late 1980s and have generally received less research attention. To date, Hsp100 is primarily
recognized for its decisive roles in heat stress adaptation and promoting cell survival
under severe stress conditions in higher plants and algae [11,13,14,17]. In dinoflagellates,
current knowledge of Hsp100 remains limited to omics predictions without structural
or functional validation [20,22-25]. As of May 2025, the public GenBank database con-
tains only about forty entries associated with Hsp100/Clp genes and/or proteins from
a limited number of dinoflagellate species, predominantly those that have undergone
whole-genome sequencing. No verified complete coding sequence of the Hsp100/Clp gene
with its expression profiles under stress or developmental conditions has been character-
ized in dinoflagellates. Here, we characterized an Hsp100 gene from S. acuminata through
full-length cDNA sequence isolation, aiming to preliminarily investigate its potential asso-
ciation with different life cycle stages of this HAB-forming dinoflagellate. The conserved
sequence signatures and motifs of SaHsp100 suggest functional conservation similar to
that observed in other well-characterized organisms, although these functions have not yet
been explicitly demonstrated.

In this study, the relative transcript levels of SaHsp100 were quantified in vegetative
cells at the exponential stage, stationary stage, and in resting cysts that were newly formed
and maintained in dormancy for different periods. The experimental design, in which cysts
were stored at 4 = 1 °C under anoxic and dark conditions, was intended to simulate the
natural environment that cysts typically experience in marine sediments. Because Hsps are
rapidly upregulated in response to environmental insults [18,50], the absence of significant
differences in SaHsp100 transcription among vegetative cells at different growth stages im-
plied that vegetative cells were well adapted to variations in the physicochemical conditions
of the culture medium during prolonged incubation. The transcript levels were signifi-
cantly elevated in newly formed resting cysts relative to vegetative cells and continued to
rise during storage in simulated marine sediment conditions. PRM-based quantification
further confirmed that Hsp100 protein levels in resting cysts were significantly higher than
in vegetative cells and increased during three months of storage. Together, these results
suggest the potential involvement of Hsp100 chaperones in the life stage transitions and
dormancy maintenance of S. acuminata. Cellular proteins are highly prone to denaturation
under stressful conditions [10]. Because denatured proteins are toxic to cellular function,
organisms have evolved diverse mechanisms to address this issue. These mechanisms
operate constitutively and are further induced upon stress perception across species, rang-
ing from bacteria to higher plants and metazoans [13]. Hsp100 chaperones have been
documented to possess the unique ability to facilitate proper folding of nascent proteins
and stabilize or refold misfolded ones, thus preventing aberrant aggregation [11,14,15].
Given the current lack of well-established information regarding the signalling pathways
involved in encystment and dormancy, it remains unclear whether Hsp100 directly interacts
with encystment-specific factors or merely acts as a bystander in general stress buffering.
Resting cyst formation is widely recognized as a response to adverse conditions, which
offers an adaptive advantage to endure harsh environmental extremes (e.g., darkness, low
temperature, and anoxia) that are unsuitable for the growth and/or survival of vegetative
cells [6]. Therefore, the upregulation of Hsp100 at both transcriptional and translational
levels may play a crucial role in maintaining proteostasis by preventing protein aggregation
and resolving misfolded proteins during the resting stage of S. acuminata, particularly
under natural sediment-like conditions that trigger severe abiotic stress. Our findings
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collectively highlight the possible fundamental role of Hsp100 in the alteration of the life
cycle and dormancy maintenance of S. acuminata, likely by enhancing stress adaptation
and promoting cell survival through participation in proteostasis maintenance. To fully
elucidate the functional roles of Hsp100 in dinoflagellates, systematic studies examining
both gene expression and protein synthesis patterns across different species under varying
environmental stresses and growth stages are needed. Such investigations will provide
crucial insights into this distinctive chaperone system in these ecologically important
marine microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d17080519/s1, Table S1: Details for the Hsp100 sequences used
in the phylogenetic analysis. Table S2: Details of the qPCR primer set used for the SaHsp100 gene.
Figure S1: Alignment and comparison of Hsp100-deduced amino acid sequences from Scrippsiella
acuminata with other registered counterparts. Figure S52: The qPCR amplification curves of hsp100
generated with serial 2-fold dilutions of templates (E = 100.7%). Figure S3: The standard curve for
amplification efficiency determination. Figure S4: Melting curve analysis revealed a single peak with
a melting temperature (Tm) of 89 °C.
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