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ABSTRACT

Heat shock transcription factor (HSF) are essential regulators of heat shock protein (HSP) gene expression in
plants and algae, contributing to their resilience against biotic and abiotic stresses. However, the localization,
structure, phylogenetic relationship, and characteristics of PtHSF genes in microalgae, especially in diatom Phaeo-
dactylum tricornutum, remain largely unexplored. This study presents a comprehensive analysis of the PtHSF
gene family in P. tricornutum. A genome-wide analysis identified 68 PtHSF genes, which were classified into
two distinct subfamilies: traditional and untraditional. Motif and structure analyses revealed evidence of multiple
duplication events within the PtHSF gene family. Expression profiling revealed diurnal patterns, with 34 genes
being downregulated during the light period and upregulated during the dark period, while 19 genes exhibited
the opposite pattern. These findings suggest that PtHSF genes may have specialized functions during the diurnal
cycle and play a crucial role in maintaining cellular homeostasis in response to various stresses. Notably, PtHSF16,
30, and 43 genes exhibited higher expression levels, suggesting their potential importance. This study provides a
valuable foundation for future investigations into the specific functions of HSFs under different stress conditions
and their regulatory mechanisms in P. tricornutum and other microalgae.
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HMM Hidden Markov Model
TMD Transmembrane Domains
MEME Multiple Em for Motif Elicitation
NJ Neighbor-Joining
LTR Long Terminal Repeat
IGL Intron Gain or Loss
HSE Heat Shock Element
ABRE ABA response element

1 Introduction

Transcription factors (TFs) bind with DNA-regulatory sequences enhance or silence the transcriptional
level of genes [1]. TFs typically bind to the promoter region of target genes, influencing gene transcription
and protein expression, and ultimately change the phenotype of organisms. A typical TF contains four
unconnected domains, i.e., the DNA-binding domain (DBD), nuclear localization signal, oligomerization
site, and transcription-activation domain [2]. Heat shock transcription factors (PtHSFs) are crucial
regulators of cellular homeostasis in Phaeodactylum tricornutum, particularly under different abiotic and
biotic stresses [3–5]. HSFs can form trimers in response to stress, activating the expression of molecular
chaperones and stress-related proteins [6]. Based on evolutionary relationships, the HSF family was
usually divided into two subfamilies, i.e., traditional and untraditional [7]. The traditional subfamily is
smaller than untraditional subfamily. Additionally, HSFs within the traditional subfamily exhibit a closer
evolutionary relationship among different species, including plants, fungi, and animals [7].

HSF TFs play critical roles in plant stress responses. In Arabidopsis thaliana, HsfA2 is known to protect
organelles from oxidative damage and cell death [8]. Additionally, HSF TFs are involved in responses to heat
shock, high light, anoxia, salt/osmotic stress, and oxidative stress [8–10]. HsfA3 is a key component of
drought stress signaling. Its expression can be induced by drought and heat shock through the action of
the dehydration-responsive element binding protein 2A (DREB2A) TF in plants, such as in A. thaliana
[11]. Differentially, AtHSFA9 is expected to affect the expression of heat shock protein (HSP) during
seed development through the regulation of transcription factor abscisic acid-insensitive 3 (ABI3) [12].
Additionally, HSFs can repress the expression of the heat shock gene by controlling the defensin gene
[11]. Recent studies have focused on the the function, structure, and characteristics of HSF TFs in
microalgae. For example, PtHSF genes were upregulated during the early stage of phosphate deficiency
[13] and simultaneously regulated the expression of 69 genes, including those encoding periplasmic
L-amino acid oxidase (PLAAOx) and coccolith scale associated protein (CSAP) encoding genes [14].
HSFs are the key genes for heat stress tolerance in the red alga Neopyropia yezoensis [15]. Recent
research has also explored the functions of several PtHSFs in Diatom, especially in P. tricornutum. For
example, PtHSF3 has been implicated in fucoxanthin synthesis by modulating the expression of the
fucoxanthin synthesis genes [16]. Additionally, PtHSF (Phatr3_J49594) is important for the adaptation of
P. tricornutum to laboratory culture temperatures [17]. However, a comprehensive analysis of the HSF
gene family in microalgae at the genomic level has been lacking. The evolutionary relationships, gene
structures, and chromosomal localization of HSFs in microalgae remain largely unknown. Light is an
important element for the growth of diatom, affecting cellular metabolisms and homeostasis, such as
lipid, protein, and carbohydrate metabolisms [18,19]. However, the overall responses of HSF TFs to the
diurnal cycle in microalgae and their role in maintaining cellular homeostasis have not been extensively
investigated.

In this study, P. tricornutum (Pt), a marine photosynthetic model diatom with the whole genome
sequenced was used as an example to characterize PtHSF TFs [20]. Phylogenetic analysis, gene structure,
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chromosomal localization, and duplication events were thoroughly investigated. Additionally, the study
compared the relative expression of PtHSF genes during the light and dark periods in P. tricornutum to
understand the overall responses and characteristics of PtHSF TFs. Phylogenetic analysis, gene structure,
chromosomal localization, and duplication events were thoroughly investigated. Additionally, the study
compared the relative expression of PtHSF genes during the light and dark periods in P. tricornutum to
understand the overall responses and characteristics of PtHSF TFs. Key PtHSFs were identified and
characterized at the genome-wide level. The findings from this study will serve as a valuable foundation
for future research on the functions of PtHSFs under various stress conditions and their role in cellular
homeostasis.

2 Materials and Methods

2.1 The Identification and Fundamental Bioinformatic Analysis of PtHSF Genes
To identify PtHSF proteins within the P. tricornutum genome, we first obtained mRNA, DNA, and

protein sequences from the Ensembl database (http://plants.ensembl.org/index.html) (accessed on
02 September 2024). Subsequently, the PtHSF domain Hidden Markov Model (HMM) (PF004477) was
downloaded from the Pfam database (http://pfam.xfam.org/) (accessed on 02 September 2024). This
HMM model, with a e-value < 1.0, was employed to screen the genomic data for potential PtHSF
proteins. Pfam database (http://pfam.xfam.org/) (accessed on 02 September 2024) [21]. To ensure the
accuracy of our predictions, the putative PtHSF proteins identified through the HMM search were further
validated using following independent platforms, i.e., SMART (http://smart.embl.de/) (accessed on
02 September 2024) and Pfam (http://pfam.xfam.org/) (accessed on 02 September 2024) and NCBI CDD
(https://www.ncbi.nlm.nih.gov/cdd/) (accessed on 02 September 2024) [21]. Only sequences confirmed to
contain the PtHSF domain by both SMART, Pfam and NCBI CDD database were classified as bona fide
members of the PtHSF family. This rigorous approach minimized the possibility of false positives and
ensured the reliability of our PtHSF protein identification. And NCBI CDD (https://www.ncbi.nlm.nih.
gov/cdd/). (accessed on 02 September 2024).

At the same time, signal peptide 3.0 (http://www.cbs.dtu.dk/services/SignalP-3.0/) (accessed on
02 September 2024) [22] and its improved signal peptide 5.0 (http://www.cbs.dtu.dk/services/SignalP/)
(accessed on 02 September 2024) were used to identify the signal peptide of PtHSF proteins. While
transmembrane domains (TMDs) of PtHSFs were analyzed by TOPCON (http://topcons.cbr.su.se/)
(accessed on 02 September 2024), SOSUI (https://harrier.nagahama-i-bio.ac.jp/sosui/mobile/) (accessed
on 02 September 2024), ΔG (https://dgpred.cbr.su.se/index.php?p=fullscan) (accessed on 02 September
2024) and TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/) (accessed on 02 September 2024)
websites. The N-glycosylation modification of PtHSFs were further explored by NetNGlyc (http://www.
cbs.dtu.dk/services/NetNGlyc/) (accessed on 02 September 2024) [21].

2.2 The Analysis of Phylogenetic Tree, Architecture of Conserved Motifs and Gene Structure
The full-length protein sequence of PtHSFs and their corresponding PtHSF domain sequences were

aligned using ClustalW software with default parameters, e-value < 1e−5 and maximun target sequences
were 5. The aligned sequences were used to construct a phylogenetic tree using software MEGA 7.0. The
Neighbor-Joining method was chosen for tree construction, and 1000 bootstrap replicates were performed
to assess the reliability of the branching patterns observed within the tree [23]. The resulting phylogenetic
tree was further optimized using Evolview software to ensure its accuracy.

The Online program MEME (Multiple Em for Motif Elicitation) (http://meme-suite.org/) (accessed on
02 September 2024) was used to analyze the architecture of the conserved motifs within PtHSF with
following parameters: any number of repetitions, an optimum motif length between 10 and 200 amino
acids, a maximum analysis time of 18,000 s, a maximum input size of 6,000,000 sequences, and a search
for 10 motifs with a minimum length of 6 amino acids and a maximum length of 50 amino acids.
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The more detailed parameters were described in our previous study [21]. Additionally, the online
program Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/) (accessed on 02 September 2024)
was utilized to predict the intron and exon structures of PtHSFs gene. Subsequently, the identified
conserved motifs, predicted gene structures, and the constructed phylogenetic tree were assembled and
visualized using TBtools software to create a comprehensive overview of the PtHSF family in P.
tricornutum. The location of PtHSF genes on chromosomes was further analyzed. The maps of PtHSFs
on chromosomes were depicted by MapChart software. MCScanX was used to clarify the duplication
events of PtHSF genes [24].

2.3 The Analysis of PtHSF Genes Expression
P. tricornutum cells were cultured in axenic f/2 medium under a light/dark cycle of 12 h each, with a light

intensity of 80 μmol photons m−2 s−1, at 20°C for 6 days to reach the logarithmic growth phase. Cells were
harvested at 0, 4, 8, 12, 16, 20, and 24 h of the light/dark cycle for transcriptome analysis. Detailed data from
this analysis can be downloaded from the NCBI Sequence Read Archive under accession number
GSE210141. To identify PtHSF genes with changes in expression throughout the diurnal cycle, RNA-seq
data was analyzed. Genes with a fold change ≥1.5 and a False Discovery Rate (FDR) < 0.01 were
classified as differentially expressed. The reported FPKM values represent the average of three biological
replicates [25]. A heatmap depicting the expression of PtHSFs across the diurnal cycle was generated
using the online tool Heatmapper (http://www.heatmapper.ca/) (accessed on 02 September 2024) [26].

3 Results

A total of 68 PtHSF genes from the P. tricornutum genome were identified by HMM search and were
named PtHSF1 to PtHSF68, as shown in Table 1. Detailed information regarding the Gene ID,
transmembrane domain, signal peptide, and modification of proteins is provided in supplementary
material Table S1. Our results of protein modification analysis indicate that most PtHSFs are likely
modified by pho sphorylation, N-glycosylation and/or ubiquitination; however, none of PtHSF proteins
were predicted to contain signal peptide and transmembrane domain.

Table 1: The gene ID of 68 putative PtHSF proteins

Gene ID Name Gene ID Name Gene ID Name

Phatr3_draftJ1650 PtHSF1 Phatr3_J49596 PtHSF24 Phatr3_J44582 PtHSF47

Phatr3_EG02327 PtHSF2 Phatr3_J49567 PtHSF25 Phatr3_J44570 PtHSF48

Phatr3_J47181 PtHSF3 Phatr3_J49557 PtHSF26 Phatr3_J44684 PtHSF49

Phatr3_J47360 PtHSF4 Phatr3_EG01933 PtHSF27 Phatr3_J44586 PtHSF50

Phatr3_J47952 PtHSF5 Phatr3_J49566 PtHSF28 Phatr3_J44750 PtHSF51

Phatr3_J38294 PtHSF6 Phatr3_EG00322 PtHSF29 Phatr3_J44917 PtHSF52

Phatr3_EG00672 PtHSF7 Phatr3_J49594 PtHSF30 Phatr3_J34415 PtHSF53

Phatr3_EG01965 PtHSF8 Phatr3_J55070 PtHSF31 Phatr3_J34724 PtHSF54

Phatr3_J48361 PtHSF9 Phatr3_J55108 PtHSF32 Phatr3_J45206 PtHSF55

Phatr3_J48394 PtHSF10 Phatr3_EG00212 PtHSF33 Phatr3_J45112 PtHSF56

Phatr3_J48667 PtHSF11 Phatr3_J40994 PtHSF34 Phatr3_J45666 PtHSF57

Phatr3_J48558 PtHSF12 Phatr3_J50136 PtHSF35 Phatr3_J35419 PtHSF58

Phatr3_J48702 PtHSF13 Phatr3_J43413 PtHSF36 Phatr3_J45560 PtHSF59
(Continued)
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The phylogenetic tree depicted in Fig. 1 illustrates the evolutionary relationships among the 68 identified
PtHSF proteins in P. tricornutum. These proteins were classified into four distinct groups based on their
clustering on the tree. Group 1 includes PtHSF5 and PtHSF22, Group 2 includes PtHSF59, PtHSF60, and
PtHSF66, Group 3 includes PtHSF13, PtHSF14, PtHSF29, and PtHSF38, Group 4 comprises all the
remaining PtHSFs. The shapes in front of the PtHSF labels indicate the species: stars represent A.
thaliana HSFs, while triangles represent P. tricornutum HSFs. The color backgrounds of the PtHSF labels
correspond to their respective group: blue for Group 1, green for Group 2, pink for Group 3, and purple
for Group 4. Seven PtHSFs in P. tricornutum were clustered within the traditional subfamily, which also
includes HSFs from A. thaliana. The remaining 61 PtHSFs were classified into the untraditional
subfamily based on their phylogenetic distance from A. thaliana HSFs.

A Neighbor-Joining (NJ) phylogenetic tree was constructed by using MEGA 7.0 software (Fig. 1). It
was shown that all 68 putative PtHSF proteins were divided into 4 groups according to their phylogenetic
relationship. PtHSFs on the same branch of phylogenetic tree were classified into one group. Thus,
2 PtHSFs (PtHSF5 and PtHSF22) belonged to Group 1. 3 PtHSFs (PtHSF59, PtHSF60 and PtHSF66)
belonged to Group 2. 4 PtHSFs (PtHSF13, PtHSF14, PtHSF29 and PtHSF38) belonged to Group 3. All
the rest PtHSFs belonged to Group 4. Among all 68 putative PtHSF proteins, 7 PtHSFs (PtHSF18,
PtHSF41-42, PtHSF44-45, PtHSF54 and PtHSF56) in P. tricornutum belonged to the traditional PtHSFs
subfamily, while the remaining 61 PtHSFs were grouped into the untraditional PtHSFs subfamily
according to the distance from AtHSFs in the phylogenetic tree.

The phylogenetic tree of 68 PtHSF proteins was shown in part A while the conserved motifs of PtHSF
proteins were shown in part B. The numbers 1–10 in different color boxes mean 10 different motifs.
Additionally, the intron-exon structure of PtHSF genes were displayed in Part C. Black line, green box
and yellow box were introns, UTR sequence and exons, respectively.

The phylogenetic tree of 68 PtHSF members was constructed and shown in Fig. 2A. The conserved
architecture of motifs was indicated in Fig. 2B. It was found that most of PtHSF proteins contained motif
2 and 3. Besides, some PtHSF proteins harbored specific motifs, such as the motif 8 from PtHSF42, the
motif 10 from PtHSF18, and the motifs 6, 8 and 10 from PtHSF41, 44–45, 54 and 56. Anyway,
the PtHSF proteins in the same clade of the phylogenetic tree were highly similar in motif architecture.
The gene structures of PtHSFs were shown in Fig. 2C. All PtHSFs genes contained 1 to 4 exons. Most of
them encoded one, two or three exons, while PtHSF32 and PtHSF18 encoded four exons.

Table 1 (continued)

Gene ID Name Gene ID Name Gene ID Name

Phatr3_J48572 PtHSF14 Phatr3_J43364 PtHSF37 Phatr3_J45559 PtHSF60

Phatr3_J31764 PtHSF15 Phatr3_J43363 PtHSF38 Phatr3_J45391 PtHSF61

Phatr3_J42514 PtHSF16 Phatr3_J50481 PtHSF39 Phatr3_J45393 PtHSF62

Phatr3_J43051 PtHSF17 Phatr3_J50622 PtHSF40 Phatr3_J45392 PtHSF63

Phatr3_J42824 PtHSF18 Phatr3_J44029 PtHSF41 Phatr3_J45389 PtHSF64

Phatr3_J39786 PtHSF19 Phatr3_J33622 PtHSF42 Phatr3_J45816 PtHSF65

Phatr3_J39785 PtHSF20 Phatr3_J44099 PtHSF43 Phatr3_J45926 PtHSF66

Phatr3_J39794 PtHSF21 Phatr3_J44200 PtHSF44 Phatr3_EG02471 PtHSF67

Phatr3_J49170 PtHSF22 Phatr3_J33380 PtHSF45 Phatr3_EG02624 PtHSF68

Phatr3_J49620 PtHSF23 Phatr3_J44088 PtHSF46
Note: Abbreviation: HSF, heat shock transcription factor.
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It depicts the chromosomal distribution of the 68 PtHSF genes in P. tricornutum. The numbers above the
chromosomes indicate the chromosome number, while the numbers on the left side of each chromosome
represent the base pair (bp) location of the corresponding PtHSF gene on that chromosome.

The analysis reveals that the 68 PtHSF genes are unevenly distributed across the 21 chromosomes of
P. tricornutum, with some chromosomes containing a higher density of PtHSF genes than others. Among
68 PtHSFs, 67 PtHSF genes were disproportionally distributed to 21 chromosomes (out of a total of 33),
while PtHSF1 was not associated with any chromosome (Fig. 3). Only one PtHSF gene was found on
chromosomes 13, 16, 24, 25 and 30. Two PtHSF genes were located to chromosomes 8, 12, 15, 27 and
32. Three PtHSF genes were observed on chromosomes 2, 5, 6 and 17. Four PtHSF genes were found on
chromosomes 4, 18 and 21. In addition, some chromosomes contained more than 4 PtHSF genes. For
example, 5 PtHSF genes were found on chromosomes 1. Moreover, 255 tandem-duplicated gene pairs
were discovered in the P. tricornutum genome in total (Table S2). Among these 9 pairs were identified
as PtHSF gene pairs, including PtHSF68 and PtHSF40, PtHSF41 and PtHSF45, PtHSF56 and PtHSF54,
PtHSF20 and PtHSF19, PtHSF38 and PtHSF37, PtHSF63 and PtHSF62, PtHSF60 and PtHSF59,
PtHSF28 and PtHSF25, PtHSF24 and PtHSF31. Finally, 140 segmental-duplicated gene pairs were
identified in the whole genome according to the bioinformatic analysis (Table S3), but none of these were
PtHSF genes.

The expression of PtHSF1 was not detected. However, a heatmap of the remaining 67 PtHSFs was
generated by heatmapper software (Fig. 4). The expression level of all 67 PtHSF genes in P. tricornutum
were compared (Table S4). It was shown that 35 PtHSF genes (PtHSF4, 8, 11, 15, 17, 19, 27, 28, 29, 33,

Figure 1: Evolutionary relationship of PtHSF proteins

2588 Phyton, 2024, vol.93, no.10



34, 36, 39, 40, 41, 42, 43, 46, 47, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, and 68) were down-
regulated during the light period and up-regulated during the dark period. In contrast, 19 PtHSF genes
(PtHSF2, 6, 7, 10, 12, 13, 16, 21, 22, 24, 25, 30, 31, 32, 37, 38, 44, 49, and 67) were up-regulated in the
light and down-regulated in the dark period. The remaining 13 PtHSF genes did not show any specific
fluctuation under the same conditions.

WT represents the wild type of P. tricornutum. The number following WT indicates the time (in hours).
WT4 and WT8 occurred during the light period, while WT16 and WT20 occurred during the dark period.
Among all 68 PtHSF genes, the expression levels of PtHSF16, 30, and 43 were significantly higher than
those of the other PtHSF genes at specific time points.

The range of variation in PtHSF expression is shown in Fig. 5. Except for PtHSF16, 30, and 43, all other
PtHSF genes were expressed at low levels. The expression levels of PtHSF16, 30, and 43 changed drastically
and differently during the diurnal cycle. PtHSF16 and 30 were upregulated during the light period and
subsequently downregulated during the dark period. Notably, the highest expression of PtHSF16 was
observed at the 12th h, while PtHSF30 peaked at the 8th hour of the light period. In contrast,
PtHSF43 was gradually downregulated during the light period and upregulated during the dark period.

Figure 2: Phylogenetic, motif and gene structure analysis of PtHSFs
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Figure 3: The distribution of PtHSF genes on chromosomes
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4 Discussion

PtHSFs are abundant in the genome of diatom P. tricornutum [7]. In this study, 68 PtHSFs were
identified from P. tricornutum. Compared to the reported HSF genes in plants, such as 25 HSF genes in
Oryza sativa L. [27] and 21 HSF members in Arabidopsis thaliana [4], the number of PtHSFs in P.
tricornutum was significantly higher. Similar to MYB genes in higher plants and diatom [21], it is

Figure 4: The differentially expression of PtHSF genes during one diurnal cycle. WT represents the wild
type of P. tricornutum. The number following WT indicates the time (in hours) throughout the day: a 12-
h light period (0–12 h) and a 12-h dark period (13–24 h). The expression patterns of all 68 PtHSFs were
classified into three distinct groups: rising during the day and descending at night (Group 1), descending
during the day and rising at night (Group 2), and no specific fluctuation (Group 3)
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speculated that numerous duplication events occurred in PtHSF genes during the evolution to adapt to the
marine environment. As a result, PtHSFs expanded into a larger gene family. Compared to the previously
reported 70 PtHSF TFs [7], 68 PtHSF genes were identified from the genome of P. tricornutum in this
study, with 10 members not matching those in the previous research (Table S5). This discrepancy may be
due to differences in bioinformatic analysis methods. In the previous research, 7 members PtHSF1.1a,
PtHSF1.1b, PtHSF1.1c, PtHSF1.1d, PtHSF1.2a, PtHSF1.2b, PtHSF1.2c) were classified into the
traditional HSF subfamily, while the remaining 63 members belonged to the non-traditional HSF
subfamily [7]. In this study, 7 PtHSFs (PtHSF18, PtHSF41-42, PtHSF44-45, PtHSF54, and PtHSF56)
were found to be more closely related to traditional AtHSFs, indicating that these 7 PtHSFs belong to the
traditional PtHSF subfamily. PtHSF18 (also named PtHSF3) has been shown to play a role in
fucoxanthin synthesis [16], suggesting that traditional PtHSFs might be involved in fucoxanthin
metabolism. However, PtHSF30, from the non-traditional group, plays an important role in the adaptation
of algae to laboratory culture [17], leading to the reasonable speculation that PtHSFs in the non-
traditional group might be related to growth regulation. These studies suggest that PtHSFs in different
subfamilies may have diverse functions. It is noteworthy that PtHSF1, which contains the PtHSF domain,
was not found on traditional chromosomes and did not exhibit detectable transcription levels. It is
speculated that PtHSF1 may not be located on genomic chromosomes but rather on plastid or
mitochondrial chromosomes, or possibly both.

All PtHSFs containing different PtHSF domains were grouped into 4 categories in the phylogenetic tree.
Although their evolutionary relationship remains unknown, some speculations have been proposed. For
example, has been suggested that Long Terminal Repeat (LTR)-retrotransposon-mediated recombination
may have played a crucial role in the amplification of PtHSFs in P. tricoruntum [7]. It is therefore
proposed that repeated transposition events led to the evolution and expansion of PtHSFs, ultimately
resulting in four distinct phylogenetic groups.

Figure 5: The expression level of PtHSF genes in diurnal cycle
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Gene structure analysis identified 10 conserved motifs within PtHSFs. Since motifs 1, 2, 3, and 4 were
discovered within the PtHSF domain, it is speculated that these four motifs were necessary for the PtHSF
function. More details are provided in Table S6. Motifs 6, 9, and 10 were only found in the traditional
subfamily, indicating that these motifs are more conserved. They were the sign of a traditional subfamily
to separate from others. Additionally, it was found that 48 (71.6%) PtHSF genes possess 1–3 introns,
while the remaining 19 (28.4%) lack introns. Intron gain or loss (IGL) has been primarily analyzed in
eukaryotes due to the absence of intron in prokaryotic genes [28]. However, the mechanism of IGL in
PtHSFs remains unknown.

The differentially expressed patterns of 68 PtHSF TFs indicated that different PtHSF genes may have
different functions under the diurnal cycle. The 68 PtHSFs with different expression patterns were
divided into three groups: rise by day and descend by night (Group 1), descend by day and rise by night
(Group 2), and no specific fluctuation (Group 3). It is proposed that Group 1 might be related to synthesis
metabolism, while Group 2 might be involved in degradation metabolism in response to different stresses
and maintaining cellular homeostasis. The PtHSF16, 30, and 43 genes exhibited high expression levels
and different expression patterns, suggesting that they may have diverse regulatory mechanisms during
the light and dark periods.

In P. tricornutum, carbohydrates, such as laminarin and lipid, were accumulated in the light for energy
storage and are consumed in the dark for growth, development, and reproduction. The up-regulated and then
down-regulated PtHSF16 and PtHSF30 genes might play an essential role in the accumulation of these
carbohydrates during the light period. The down-regulated and subsequently up-regulated PtHSF43 might
be crucial for carbohydrate degradation during the dark period. However, the exact mechanism of PtHSFs
on the regulation of cellular homeostasis and stress response remains unknown and requires further
experiments to verify. For example, it would be valuable to verify the function and regulatory networks
of PtHSFs through the isolation and analysis of the PtHSF overexpression and knock-out mutants via
CRISPR/CAS9 technology [29] and high-throughput experiments.

Interestingly, PtHSF32 was identified as having a unique AP2 region in this study. Several studies have
shown that AP2 is important in hormones and stress stimuli at specific growth stages [30–32]. Research
showed that the important cis-elements on the promoter and/or the multiple responsive elements might be
the key regulator of the AP2 expression [33]. AtHSFA1 plays a vital role in the stress response of plants
by binding with the Heat Shock Element (HSE) and ABA Response Element (ABRE) [34,35]. Since
PtHSF32 is highly homologous with AtHSFA1, it is speculated that PtHSF32 might have a similar
function to AtHSFA1 in participating in stress response. Additionally, it was found that PtHSF18, 41, and
56 contained a coiled-coil region. This unique structure has extreme thermostability [36]. Thus, it is
suggested that PtHSF18, 41, and 56 may act as a messenger to regulate stress reactions in diatoms, such
as protecting the cell against heat stress. Given the same fluctuation characteristics of PtHSFs expression
pattern and the metabolisms, PtHSF TFs might play an essential role in regulating the cellular
homeostasis of P. tricornutum under the diurnal cycle and different stresses. The diversity of PtHSF TF
gene expressions suggested that different PtHSF TF might have diverse functions. Thus, clarifying the
functions of PtHSF TFs would be of great significance for cellular homeostasis in microalgae, such as in
P. tricornutum.
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