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Abstract: Dinoflagellates are unicellular eukaryotic microalgae, occupying pivotal niches in aquatic
ecosystems with great ecological, biological, and economic significance. Small heat shock proteins
(sHsps) are the most omnipresent, but the least conserved, family of molecular chaperones found in
all domains of life. Although their common name (small Hsp) implies to exclusively stress their heat
shock-responsive function, many sHsps in fact engage in a variety of physiological processes, from
cell growth and proliferation to embryogenesis, development, differentiation, apoptosis, and even
to human disease prevention. Recent years have greatly expanded our understanding of sHsps in
higher plants; however, comprehensive study aiming to delineate the composition and expression
pattern of dinoflagellate sHsp gene family has not yet been performed. In this study, we constructed
dinoflagellate-specific environmental cDNA library from marine sediment and sequenced using the
third-generation sequencing technique. Screening of sHsp genes from the library returned 13 entries
with complete coding regions, which were considered to be transcriptionally activated in the natural
community of dinoflagellate resting cysts. All the 13 dinoflagellate sHsps consisted of a solely charac-
teristic a-crystallin domain, covering 88-123 amino acid residues with the typical A-X-X-X-N-G-V-L
motif, flanked by variable N- and C-terminal extensions. Multiple alignment revealed considerable
amino acid divergence (~26.7% average similarity) among them. An unexpected close relationship
was revealed between dinoflagellate and green algal sHsps in the phylogenetic tree, seemingly re-
flecting a close evolutionary relationship of these sHsps themselves. We confirmed that sHsp mRNAs
are expressed during dormancy of the resting cyst assemblages of dinoflagellates that were buried
in marine sediment, which raised the possibility that the sHsp expression is part of the machinery
of maintaining the dormancy or/and the adaptation to ambient conditions of dinoflagellate resting
cysts. Our results, although preliminary, gained an important glance on the universal presence of
sHsps in dinoflagellates and their active expressions in the assemblage of resting cysts that were
buried in the marine sediment. The essentiality of sHsps functioning in resting cysts necessitate more
intensive and extensive investigations on all possible functions of Hsps in dinoflagellates, a group of
protists with vital ecological and biological importance.

Keywords: dinoflagellate; dormancy; environmental cDNA library; harmful algal blooms; marine
sediment; resting cysts; resting stage persistence; small heat shock protein (sHsp)

1. Introduction

Dinoflagellates are an ancient and diverse group of eukaryotic plankton, occupying
crucial niches in aquatic ecosystems. As the second largest group of eukaryotic photoau-
totrophs, they are pivotal contributors to primary productivity and food webs of coastal
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marine ecosystems and engage in the global carbon fixation, element cycles, and oxygen
production [1]. A number of photosynthetic species in this lineage have been extensively
studied due to their mutualism relationship with other living organisms, such as reef-
building corals and invertebrates [2]. Many other members in this group receive great
attention for being the most common causative agents of harmful algal blooms (HABs),
which account for up to roughly 40% of the species forming HABs worldwide [3]. This
algal group also includes the highest number of toxin-producing species among marine
phytoplankton, which directly poison animals or indirectly affect human health through
consumption of seafood [4]. The dinoflagellate HAB events threaten coastal ecosystems,
fisheries, and human health through releasing toxins and causing local oxygen depletion.
Many species of phytoplankton include a relatively long-term resting stage in their life
history, which are proven to be fundamental to their ecology and evolution [5,6]. The
resting stage of dinoflagellates is well-known as resting cysts, which can endure harsh envi-
ronmental conditions after being settled in the marine sediment and survive an elongated
period of time in dormancy (decades to as long as a century, in the sediment; [7]). They are
proposed to play greatly vital roles in the ecology of dinoflagellates, particular for those
HABs-causative species, as they have been well documented to be linked with genetic
recombination, initiation and termination of blooms, resistance to adverse environments,
protection from viruses, grazers, or parasite attacks, geographic expansion of populations,
and historical records and paleoecological indicators for environmental changes [8-10].

Organisms across kingdoms in nature are constantly subjected to acutely and chroni-
cally environmental stress, which might cause deleterious effects on proteome infrastruc-
ture and cellular homeostasis. The response to stresses at molecular level is found in all
kingdoms of life, which always induces activation of gene sets involved in cell survival
and/or cell death, especially the sudden changes in genotypic expression leading to in-
crease in the synthesis of protein groups called “heat-shock proteins (Hsps)” [11-14]. Hsp
members are widespread molecular chaperones that play a fundamental role in assisting
the correct folding of nascent proteins and preventing aggregation of stress-accumulated
misfolded proteins, thus contributing to modulate the cellular proteostasis (protein quality
control and protein homeostasis) [13,14]. Almost all kinds of stressing agents could trigger
gene expression and/or protein synthesis of Hsps [11,12]. Although their name implies
exclusively to stress relevant function, many Hsps constitutively express under normal
conditions and engage in a broad range of physiological processes [11].

The Hsps are classified on the basis of sequence homology and approximate subunit
molecular weight into Hsp100, Hsp90, Hsp70, Hsp60, and small Hsp (sHsp) family [12].
The sHsps are a large and ancient family of proteins, which have been found in all domains
of life, Achaea, Eukarya, and Bacteria, and even in viruses [14-17]. Their monomers are
characterized by low molecular weights of 12-43 kDa and a highly conserved a-crystallin
domain (ACD) (Pfam PF00011), which represents their identification label [14-16,18,19].
The ACDs are flanked by N- and C-terminal extensions variable in both sequence and
length between orthologues that might be pertaining to functional specificity and/or pref-
erential chaperone activity [13]. Proteins in sHsp family generally present in the form
of monomers or dimers, or assemble into large multimeric complexes varying in size of
approximately 200-800 kDa and including up to 24—40 subunits [13,14,18]. The oligomer-
ization and dissociation of sHsps are regulated by post-translational modification, which
in turn influence their binding affinity to specific clients and, therefore, modulate their
functions [19]. In contrast to chaperones with ATPase activity (such as Hsp70s, Hsp90s, and
Hsp100s) classified as chaperone “foldases”, sHsps without ATPase activity are classified
as “holdases” chaperone, since they can recognize a large variety of misfolded and/or
unfolded substrates and bind them to avoid irreversible aggregation [18,19]. Therefore,
sHsp members act as the first line of the cellular proteostasis maintenance, and the sHsp-
bound substrates are further processed by downstream ATP-dependent chaperones for
renaturation and reactivation [18]. The sHsp family is the most omnipresent, but the
least conserved, family of molecular chaperones, which covers particularly heterogeneous
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members [15,20,21]. The abundance and heterogeneity imply that sHsps may play multiple
and unique physiological roles [20]. For stress resistance, sHsps protect cells against a
broad range of hostile environmental insults, such as temperature shock, dehydration,
oxidative stress, UV exposure, osmotic shock, pathogen challenge [13,14,19,22]. Apart from
primary chaperone function, publications on sHsps have recorded that they are implicated
in diversely essential processes, involving cell growth and proliferation, embryogenesis,
differentiation, apoptosis, actin and intermediate filament dynamics, insect development,
cytoskeletal organization, membrane fluidity, and human disease prevention [13,19,22].

In contrast to the extensive characterization of other Hsp members, sHSP chaperones
generally have received little attention [17]. In dinoflagellates, the growing world of
Hsps are advanced primarily upon investigations on individuals of Hsp70 and Hsp90,
information concerning sHsp members is quite rare and lags significantly behind [22].
Differential expressions were found for Hsp20-annotated genes in Symbiodinium species
exposure to thermal stress from transcriptomic-based resources [23,24]. One identified
Hsp20 protein from dinoflagellate Karenia mikimotoi was merely detected in nitrate sufficient
cells and proposed to be involved in growth and cell proliferation [25]. Based on full-length
cDNA isolation, our recent work on an Hsp20 gene from the HAB-forming dinoflagellate
Scrippsiella trochoidea observed totally different transcriptional profiles between thermal
and cold fluctuations, implying its function as in most cases leading to protection from
cellular heat-induced aggregation [22]. Developmental regulation of sHsps are widely
reported in terrestrial plants during pollination, embryogenesis, seed germination, and
fruit ripening, although their precise roles and underlying mechanism are still far from
being fully elucidated [12-15,26]. In our previous transcriptomic work on S. trochoidea, we
intriguingly detected resting cysts significantly down-regulated expressions in three genes
encoding Hsp70s [27]. Markedly prominent transcription of an Hsp40 gene was observed
in newly formed resting cysts of this species, relative to those in vegetative cells and mature
cysts [22]. Similar data showing in dinoflagellate Akashiwo sanguinea, mRNA abundance of
an Hsp70 peaked in newly formed resting cysts and then declined to lower levels in more
mature cysts [28]. Another two Hsp genes, Hsp60 and Hsp10, also displayed a significant
increase from vegetative cells to newly formed and long-stored cysts [29]. All the results
above together imply a probable involvement of Hsp members in the life stage alternation
of dinoflagellates [22].

In this study, using the unique dinoflagellate mRNA-specific spliced leader (DinoSL; [30])
as a selective primer, we constructed DinoSL-selected environmental cDNA (e-cDNA)
library from marine sediment and sequenced using the third-generation sequencing tech-
nique. We then identified sHsp genes from the DinoSL-based full-length e-cDNA library
and thus all the retrieved sHsp sequences are considered to be from natural community
of dinoflagellate resting cysts. Evaluation of sHsp members’ expression in field highlight
the putative role they might play in dormancy maintenance of dinoflagellate in natural
scenarios. Our results enhance the current knowledge about the sHsps properties in di-
noflagellates and form concrete basis for further functional validation in this ecological
important lineage.

2. Materials and Methods
2.1. Sediment Collection and Resting Cysts Separation

Sediment sample was taken from Jiaozhou Bay, Qingdao, Shandong Province, China
(36.159° N, 120.229° E) on 24 May 2016. The upper 10 cm of sediment was collected by
using a grab sampler, transferred to sterile plastic bags, and kept in an ice-contained cooler
to maintain darkness and low temperature. After being transported to the laboratory,
sediment sample was immediately used for resting cysts separation. More than 200 g
(wet weight) surface sediment (at layer of 3-6 cm depth) was used following the standard
protocols described in Bolch et al. (1997) [31] by using sodium polytungstate (SPT). The
harvested resting cysts were washed with fresh sterile filtered seawater several times,
concentrated by centrifugation, and immediately used for subsequent RNA extraction.
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2.2. RNA Extraction, cDNA Synthesis, and cDNA Amplification

Total RNA was extracted from all the harvested resting cysts of each replicate sediment
sample using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), and digested with
Qiagen’s RNase-Free DNase Set, according to the manufacturer’s instructions. RNA quality
and quantities were measured by NanoDrop™ 1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The single-strand cDNAs were synthesized from ~1 pg total
RNA and made with SMARTer PCR cDNA Synthesis Kit (Clontech, Mountain View, CA,
USA) by using the anchor primer (5'-GCTGTCAACGATACGCTACGTAACGGCATGACA
GTGTTTTTTTTTTTTTTTTITT-3'). Resultant cDNAs were then purified with Zymo DNA
Clean and Concentrator Kit (Zymo Research, Orange, CA, USA) and used as templates
in the PCR amplifications. To minimize PCR bias, PrimeSTAR GXL DNA High Fidelity
Polymerase (Takara, Tokyo, Japan) was used. PCR was performed with the specific primers
DinoSL (5-TCCGTAGCCATTTTGGCTCAAG-3') and Racer3 (5'-TGTCAACGATACGCTA
CGTAACG-3') to amplify the dinoflagellate-specific cDNAs [32,33] under the program:
94 °C for 3 min, followed by 95 °C 15 s, 68 °C 3 min 30 s for 5 cycles; 95 °C 15, 62 °C 30 s,
72 °C 3 min for 15 cycles, and a final extension at 72 °C for 10 min [34].

2.3. PacBio Iso-Seq Sequencing and Data Processing

Sequencing library was constructed generally according to the Isoform Sequencing
(Iso-Seq) protocol and the BluePippin Size Selection System protocol as described by Pacific
Biosciences (PN 100-092-800-03). Size fractionation and selection were performed using
the BluePippin with the following bins: 0.5-1.8 kb and >1.8 kb. The DinoSL-based e-
cDNA library underwent single-molecule real-time (SMRT) sequencing using 6 SMRT
cells on PacBio Sequel platform. Sequencing was performed by BGI Genomics Co., Ltd.
(Shenzhen, China).

The raw SMRT sequencing reads were subjected to SMRT Analysis Server v2.3.0
supported by PacBio to filter out low-quality polymerase reads (read-length < 50 bp and
read-score < 0.75). The CCSs (circular consensus sequences) were filtered from the subreads
with the full pass threshold set to >0 and the predicted unique accuracy set to >0.75.
Based on examining for cDNA primers and poly (A) signal, CCS reads were classified
into full-length non-chimeric (FLNC), non-full-length (nFL), chimeras, and short reads.
Short reads less than 500 bp were discarded. The CCSs with all three elements (5'-cDNA
primer, a 3'-cDNA primer, and a poly (A) tail) and not containing any additional copies
of the adapter sequence within the DNA fragment were selected and classified as FLNC
(full-length non-chimeric) sequences. Then 5'- and 3/-cDNA primers and poly (A) tail were
removed from FLNCs according to the PacBio recommended procedure. The obtained
FLNC reads were subsequently clustered by Iterative Clustering for Error Correction (ICE)
algorithm to generate the cluster consensus transcripts. Then, nFL reads were used to
polish the above cluster consensus transcripts to yield the full-length polished high quality
consensus sequences (accuracy > 99%). The final full-length cDNA sequences were yielded
by removing the redundant sequences with software CD-HIT using a threshold of 0.98
identities [35].

2.4. Identification and Sequence Analysis of sHsp Genes from the Dinoflagellate-Specific
cDNA Library

The sequence homology and predicted functions of the generated SMRT genes were
annotated using BLAST2GO under the translated nucleotide BLAST (BLASTX) algorithm.
Then, the transcript pool was searched by keyword alpha crystallin protein, small heat
shock protein, sHsp, and heat shock protein to collect potential sHsp candidates. The
retrieved entries were further confirmed by conducting BLASTX searches against public
databases, including the NCBI non-redundant protein database (Nr) database, NCBI
non-redundant nucleotide database (Nt) database, SwissProt database, InterPro database,
with a 107® E-value cutoff. The potential protein encoding segments in the identified
nucleotide sequences were searched via Open Reading Frame Finder [36]. Simple Modular
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Architecture Research Tool (SMART) tool was used to predict the conserved domains in the
identified protein sequences [37]. The conserved domain (ACDs) were further confirmed
by Pfam [38] and aligned using MAFFT v.7 with default settings [39]. Predicted molecular
weight and isoelectric point were calculated by ProtParam tool [40].

2.5. Phylogenetic Analysis

The 13 newly generated sequences from the DinoSL-based full-length e-cDNA library,
together with the other 47 sHsp homologues from archaea, bacteria, fungi, higher plants,
animals, and algae (Supplementary Table S1) downloaded from GenBank database, were
aligned by using the MAFFT v.7 with the G-INS-i algorithm [39]. The alignment was further
refined manually with BioEdit 7.0.9.1 [41]. Bayesian inference (BI) analysis was performed
with MrBayes 3.2.6 [42]. Posterior probability was estimated using four chains running
1,000,000 generations and trees were sampled every 100 generations. The first 25% of
sampled trees were discarded as burn-in prior to generating a 50% majority-rule consensus
tree. The posterior probabilities for all branches were calculated using a majority-rule
consensus approach. Phylogenetic trees were visualized using FigTree v1.4.4.

3. Results
3.1. Screening of Nuclear Dinoflagellate sHsp Sequences from Dinoflagellate-Specific
e-cDNA Library

The characteristic feature of the sHsp members is the presence of ACD, which is
widely used as the criterion for assigning a sequence to the sHsp family [14-16,18,43]. The
preliminary keywords search (alpha crystallin protein, small heat shock protein, sHsp,
and heat shock protein) returned 22 entries containing at least one instance of ACD. Then,
the 22 hits were manually queried in public databases for more accurate identification.
After excluding sequences with very short coding region and/or without diagnostic sHsp
conserved amino acids [13,14,16,18], a total of 13 sHsp genes with complete ORF (open
reading frame) were identified from the dinoflagellate-specific full-length e-cDNA library.
Their ORFs spanned 459-840 bp in length coding for proteins of 152-279 amino acid
residues. The generated sHsp proteins were named on the basis of their molecular weight.
Large variation in predicted molecular weight and isoelectric point were shown among
these 13 members (Table 1). The new yielded sequences were deposited in GenBank with
the accession numbers MZ485793-MZ485805 (Table 1).

Table 1. Characterizations of identified sHsp sequences from dinoflagellate-specific e-cDNA library.

Protein Deduced Amino Molecular Isoelectric ACD Location Accession
Name Acid Residues (aa)  Weight (KDa) Point ! (Position) 2 Number
Hsp16.0 152 16.04 6.73 55-144 MZ485793
Hspl7.6 157 17.60 9.62 15-128 MZ485794
Hsp24.6 219 24.57 9.65 79-191 MZ485795
Hsp18.1 172 18.13 4.90 51-138 MZ485796
Hsp19.9 185 19.94 5.34 40-128 MZ485797
Hsp20.3 183 20.25 9.33 37-152 MZ485798
Hsp19.7 175 19.69 9.22 18-124 MZ485799
Hsp17.7 160 17.68 10.26 18-120 MZ485800
Hsp21.2 194 21.23 10.14 55-162 MZ485801
Hsp18.4 178 18.42 5.66 47-133 MZ485802
Hsp22.3 208 22.30 5.29 55-142 MZ485803
Hsp30.4 274 30.40 6.62 99-221 MZ485804
Hsp30.1 279 30.14 6.60 107-194 MZ485805

1 The isoelectric point of each sHsp was predicted via ProtParam tool [40] based on the deduced amino acid
sequence. 2 It shows the location of the conserved ACD in deduced amino acid sequence of each sHsp.
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3.2. Sequences Comparison of Dinoflagellates Nuclear sHsps

Sequences comparison and homologous analysis were conducted with the 13 sHsp
entries obtained in current study and one sHsp gene containing complete coding region from
dinoflagellate Scrippsiella trochoidea (GenBank accession: MN698834; [22]). All the 14 members
consisted of a solely characteristic ACD flanked by variable N- and C-terminal extensions.
The ACDs covered 88-123 amino acid residues with the typical A-X-X-X-N-G-V-L motif
(Figure 1). The N- and C-terminal extensions were highly variable both in length and
amino acid sequence. An average amino acid identities of about 26.7% was detected among
14 sHsp members from dinoflagellate species (Supplementary Table S2). Two entries coding
for Hsp18.1 (MZ485796) and Hsp16.0 (MZ485793) exhibited the highest similarity of 79.5%.
Merely 12.5% similarity was found between MZ485803 coding for Hsp22.3 and MZ485800
coding for a sHsp protein with predicted molecular mass of 17.7 kDa.

MN698834 DI |ERDDAQTLRESBPEL SS - -EDLSLEVENGTLKLSAKRSTEVPEGYTALRRER - « -« =« v o v v ccann 53
MZ485794 . . .EGRRSHEVALIRIISIELET - - ENVALKLNDDHTALTI - SGVRVPNAMQQQRLQHEL - - -VQRLGGAP-P 60
MZ485795 - - -EDVOSKE LARIRMPIEL RT - -ENISLQLGDDGSTFTI - RGVREPDEMQALQLROMLLSELSRLG - = - - - 59
MZ485798 - - -ESRSGTLEQRIAPELLT - -ENIFLKLGDDNSSLTV-SGLRLPTPAQAEQLRKELANELLRLG-AS-S 62
MZ485799 - - REDRDGITAVEIAIBPIE | ET - - KDLEI TFSEDLSTLSV-MGLRLPSASEAAQLQRYLETELGSLA-IR-P 63
MZ485800 - - - - - - DGVGVIIE|BPEL AA - - EDLKLELDEHGSLLRI - SGFRLPKSIESKALRQHILNKLGRPP-AG-P 59

Mz485801 - -KEEAACKT IVRASHUPELDV - - KDVKLQLSNDRRMLSV-QGLRVPSAEEAAEMQEKISTRTRATS -EE- - 62

mza85804 V - SEQADREM | LIYTMIPEL DV - - QELKLEL IEGESKLKV-RGLKVPTREEVQQMQKKVEVRLQALA - EQSP 65
mza85793 V- ETTGGH[gK LRIASBPEY S I AGAAGAMQDGQKAHPLSY 37
mzags796 V- ETTGGH[IK LRIASMPEY S I AGAAGSSQDGQKAHPLSY a7
mza85805 V - ESKEGH[gK LRIASBPEY T I0SSAGSEKPESNENPLSV a7
MZ485803 V-ESTNGNEKLRIAE|RP[EY S IHCGAESKKDGEDSNPLRV 37
Mz485802 - - - DHESR[E@R | TR TMPEY KL - GDGGAVLMGAAESPLSY 34
mzass7or V-DTTEEH[FL | RIJEMPEYHL - SSAGLDPHNAAASPLSY 36
YYVYYYY
MNB9BE34 - - -GALS - « = = ma e s am s meemmamnnnenn - 88
MZ485794 - - -SALATPEE-LFRAYATIGHGKFG- - - - 114
MZ485795 - - - SCLATQQQ-L I QAYASLGKGKFG- - - - 13
MZ485798 - - -GVLSSKRQ-LAEAYAVLGRGKFG- - - - 116
MZ4B5799 - - = - - = - m - EHYLEAGRGAFG- - - - 107
MZ485800 - - - - - = - - o - - EEYLKAGHGSFG- - - - 103
MZ485801 - - - - - - - - - - - - AMQLYLKLGQGRYG- - - - 108
MZz485804 RHLNRLGE | GDVAKHAYWELGQDSYG - - 123
MZ485793 - - -EVVG- - - - - - - RSLVVRGQKAEGQM I TSFQRSFQIPRVADADR I - a8
MZ485796 - - - EVVG - - - - - - RSLVVRGQKADGRM I TSFQRSFQPRVADADR I y - 88
MZ485805 - - -EVVG- « = - - - - RSLVVRGSKKEGRFESVFQRSFMMPRAADVOH I -- 88
MZ485803 - - -EVVG - - - - - - - RSLVVRGQKTDNHARSSFQRSFQIPQAADVDK | 88
MZ485802 - - - RAVG - - - = - - HRSLVVSGMQQSGP | | RSWQRTFSMPKGSDIONVARTYAscNEETY0 viRR 88
MZ485797 - - -RAVG - - - - - - HRTLVVSGMQQYGDMIRQWQRSFSMPTGSDLEHVQETY S sclANT{D V3R - 89

Figure 1. Alignment and comparison of the ACD domains of 14 dinoflagellate sHsps. GenBank
accession numbers of these sequences are noted on the left. Similar and identical amino acid residues
are gray and black shaded, respectively. The typical A-X-X-X-N-G-V-L motif inside the ACD region
are marked by triangles above alignment. Deletions are shown by dashes.

3.3. Phylogeny Analysis

The Bayesian Inference (BI) distance tree formulated from alignment of the full amino
acid sequences of complete coding regions of 60 sHsp sequences was evaluated by boot-
strap. Bacterial sequences were used as outgroups. Generally, entities from archaea and
higher plants grouped together to form sister clades with high node support (BI 0.98),
which were basal to other homologues (Figure 2). The entities from members of the alveo-
lates clustered together and also branched early. The 14 dinoflagellate sequences (13 newly
identified sequences and one sequence reported in our previous study) were spread into
sister branches with a medium node support of 0.77, which then formed a clade with the
green algal sequences (Figure 2). A close relationship was found between animal and
fungal sHsps with a Bl node support of 0.87, which paralleled with the clades including
those of algal species (Figure 2).
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Figure 2. Phylogenetic reconstruction inferred from sHsp amino acid sequences using the Bayesian-
Inference (BI) method. Numbers at the nodes represent Bl posterior probabilities. GenBank accession
number of each sequence is noted following the species name. The 13 newly yielded sequences are
present as gene name following GenBank accession number and highlighted in gray background.
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4. Discussion

Spliced leader (SL) trans-splicing is an mRNA processing mechanism, in which a
short and conserved non-coding RNA fragment (SL; generally 15-50 nt) is trans-spliced
to the splice acceptor site in the 5'-untranslated region of an independently transcribed
pre-mRNAs [44]. This phenomenon was initially described in trypanosomes, and later
was recorded in a phylogenetically disjointed lineage of eukaryotes [45,46]. While the
functions of SL trans-splicing are far from entirely understood, the underlying mechanism
is presumed to be similar among different groups and the currently known SL sequences
are verified to be highly lineage specific [30,44,45,47]. Dinoflagellate mRNAs experience
trans-splicing with a 22 nt SL sequence DinoSL, which is proofed to be conserved among
all dinoflagellate species examined to date and show no similarity to counterparts in other
organisms [30,45]. Due to being unique to dinoflagellate nuclear-encoded mRNAs and
ubiquitous in the dinoflagellate transcriptome, DinoSL could be used as specific hook to
separate dinoflagellate nucleus-encoded gene transcripts from those of other organisms, as
has been demonstrated for mixed microbial samples [34] and natural samples of aquatic
ecosystems [32,33]. Full-length cDNA sequences with complete coding regions, allow-
ing for more accurate gene identification and/or functional prediction, have shown to
be informative, particularly for non-model species or field-source resources in which a
majority portion of the yielded sequences fail to align well with the known sequences in
public databases [46,47]. In this study, we used DinoSL as the selective primer combined
with a common 3’-end sequence incorporated in a modified oligo (dT) applied in cDNA
synthesis to generate full-length e-cDNA library from marine sediment sample and se-
quenced using the third-generation sequencing technique. Thus, all the retrieved sHsp
genes from transcript pool of the e-cDNA library were considered to be dinoflagellate-
sourced and maintained expressing at transcriptional level during dormancy maintenance
of dinoflagellate in natural sediment.

Although found in all forms of life [14-17,43], sHsp is the least conserved family
of molecular chaperones [15,20,21]. Higher plant sHsps are encoded by nuclear multi-
gene families and are particularly diverse and numerous [12,13]. In sharp contrast to
prokaryotes usually containing only one or two sHsps [17,21], some plant species have
up to 40 individual sHsps [14]. Detailed studies have revealed that there are 19, 23, and
51 sHsp-encoding genes in genomes of Arabidopsis, rice, and soybean, respectively [12,14].
Higher diversification of plant sHsps seems to reflect unique acclimation to stressful con-
ditions that are specific to sessile plants [15,18,43]. However, whether different sHsps
have varying substrate specificities is still an open question. Works done in many or-
ganisms also demonstrate that the number and diversity of sHsps are not linked with
adaptation to extreme conditions [14,19,21]. Although recent years have greatly expanded
our understanding of plant sHsps diversity, comprehensive analysis attempting to de-
lineate the composition and expression pattern of dinoflagellate sHsp gene family has
not yet been performed. In this study, a series of 13 nuclear dinoflagellate sHsp genes
were screened from the full-length e-cDNA library. All of them shared a conserved ACD,
flanked by non-conserved N- and C-terminal extensions of variable length (Figure 1). The
ACD, the conserved hallmark of sHsp monomer, which is vital for chaperone activity
maintenance; in addition, the N-terminus contributes to denatured clients binding and
substrate interactions and the C-terminus participates in homo-oligomerization and heat
stress granule formation [15,18,19,21]. Multiple alignment revealed considerable amino
acid divergence among dinoflagellate sHsp members (Supplementary Table S2), which is in
accordance with previous documents of the lower similarity about 30% among algal sHsps
and the overall similarity below 50% at protein level among members in this heterogeneous
family [15,20,21,43].

Due to lack of high similarity, it is difficult to trace the evolutionary trajectory of
sHsp members [15,19,21]. Considering the divergent N- and C-terminal extensions also
contributing to preferential and/or functional specificity of sHsps [15,18,19], our phy-
logeny reconstruction was plotted on the basis of the full amino acid sequences of complete
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coding regions. The yielded tree clearly showed that sHsps from one phylum clustered
together as a separate branch, but the clustering among different phyla were not in well
accordance with their taxonomic relationships (Figure 2). Previous evidence favored
the notion that sHsps had already existed in the last common ancestor of prokaryotes
and eukaryotes, and thus diverged early in their respective evolutionary histories [13,15].
Therefore, sHsp members are extremely diverse among domains of life because they have
gone through independent evolutions in all lineages of life (e.g., bacteria, fungi, higher
plants, and metazoans) [13,17,21]. The plant sHsps have very unique evolutionary routes
compared to other eukaryotes, in which the gene families have arisen by duplication and
divergence [14]. Algae, akin to land plants, were confirmed to include many more sHsps
than other eukaryotes do [43]. However, it was interesting to note that none of the algal
sHsps were found in the lineage of higher plants in our tree. Therefore, it was apparent
that the phylogeny observed from our sHsps tree was not consistent with the phylogenetic
affinity of eukaryotic lineages reconstructed with other molecular markers or via traditional
taxonomic features, but might reflect evolutionary pathways of sHsps independent from
those determining the phylogenetic relationships of different lineages. Evolutionarily,
dinoflagellate nuclear genomes are highly dynamic. They have acquired targeted genes
via successive horizontal gene transfer from the peridinin plastid, the tertiary replacement
plastid and its host nucleus, cyanobacteria, red algae, green algae, haptophyte, and even
bacteria, giving rise to a highly chimeric nuclear genome [48,49]. In the phylogenetic tree,
an unexpected close relationship was found between our dinoflagellate sHsp sequences
and four sHsps from the Volvocales of green algae. It was also unexpected that all these
sHsp from dinoflagellates were not clustered like that of Alveolates, a group of protists
systematically (i.e., taxonomically) closer to dinoflagellates than green algae. These findings
seem to raise the interesting possibility that dinoflagellate sHsps might originate from
the endosymbionts of plastids and/or green algae. However, this hypothesis needs to
be verified by employing sHsp sequences from more algal species and/or green algal
organelle-localized sHsps (whose cellular locations are determined experimentally). There-
fore, at this moment, due to the scarce entries of sHsp members in limited algal groups
and the lack of clearly identified organelle-localized sHsps in algae, we are not allowed to
make any further speculation with certainty.

In addition to the molecular insights as described, it was equally interesting to note
the physiological implications of our evidences. Intensive works have established that
some sHsps are produced in response to a broad array of hostile environmental insults and
their production could reach up to 1% of the total proteins upon thermal stress [13,14,19,22].
Apart from primary chaperone activity, accumulated data continue to imply subtle reg-
ulatory and signaling functions of sHsps during development under normal physiolog-
ical status or non-stressful environmental scenarios [50-52]. In the plant kingdom, seed
dormancy is present throughout and has a profound impact on the structure and devel-
opment of plant communities. The mandatory dormancy of dinoflagellate resting cysts
(a period of temporary block of germination even exposure to favorable conditions; [53])
functionally resembles the dormancy of plant seeds [6,9,54]. It has been noticed for
over two decades that multiple sHsps mRNA are expressed in dry seeds and disap-
pear from the onset of germination [26,49,52]. Small Hsps were proposed to be correlated
with increased seed longevity and germination vigor [14,51]. A recent work on tobacco
(Nicotiana tabacum) revealed that a mitochondrial sHsp24.7 positively modulated seed ger-
mination via temperature-dependent cytochrome production and ROS generation [52]. The
sHsp-silenced rice line was detected to delay seed germination compared to the wild-type
plant, implying essential roles played by sHsp genes in seed physiology [26]. Many insects
undergo a developmental process of seasonal dormancy termed “diapause”, which offers
an adaptive advantage to survive adverse environments and allows life cycle synchroniza-
tion with suitable periods for growth, development, and reproduction [50]. Several studies
have shown that insects’ sHsps are associated with the diapause process and their implica-
tion during diapause might be quite different amongst different insect species [50,55-58].
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In protozoan parasites, the natural life cycle is complex, involving differentiation through
various stages of development and transition through hosts [59]. Although the transfor-
mation process (from one stage to another) is not entirely clear, stage-specific expressions
of sHsps have been determined in many species of Plasmodium berghei, Neospora caninum,
Toxoplasma gondii, Nippostrongylus brasiliensis, Leishmania donovani, Ostertagia ostertagi,
Fasciola hepatica, Brugia pahangi, B. malayi, Strongyloides ratti, Schistosoma mansoni [17,59-62],
suggesting their productions play roles in the transformation program and promote the
acclimation of parasites to new hostile environments [17,59]. The fact that sHsps are found
across all domains of life, including those lineages with greatly reduced genomes, implies
their particularly early origins and essential functions among organisms of evolutionarily
distant groups [43]. The 13 sHsp genes identified from dinoflagellate-specific e-cDNA
library in this study were obviously transcribed actively in the resting cyst assemblages
of dinoflagellates buried in marine sediment. Since encystment (i.e., formation of resting
cysts) of dinoflagellates is generally considered to be an adaptive or survival strategy to
adverse environments and the resting cysts buried in natural settings usually face harsh
conditions, such as darkness, anoxia, and lower temperature [8,9,54], these sHsps can be
reasonably hypothesized to be essentially functioning during the dormancy of resting
cysts, possibly in handling the harsh conditions and/or maintaining the homeostasis of
cysts. Therefore, this work raised the possibility that the sHsp expression is part of the
machinery of maintaining the dormancy or/and the adaptation to ambient conditions of
dinoflagellate resting cysts. Our results, although preliminary, gained an important glance
on the universe presence of sHsps in dinoflagellates and their active expressions in the
assemblage of resting cysts that were buried in the marine sediment. The essentiality of
sHsps functioning in resting cysts necessitate more intensive and extensive investigations
on all possible functions of Hsps in dinoflagellates, a group of protists with vital ecological
and biological importance.
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