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ARTICLE INFO ABSTRACT

Heat shock proteins (Hsp) are class of conserved and ubiquitous stress proteins present in all living organisms
from primitive to higher level. Various studies have demonstrated multiple cellular functions of Hsp in living
organisms as an important biomarker in response to abiotic and biotic stressors including temperature, salinity,
pH, hypoxia, environmental pollutants, and pathogens. However, full understanding on the mechanism and
pathway involved in the induction of Hsp still remains challenging, especially in aquatic invertebrates. In this
study, the entire Hsp family and subfamily members in the marine rotifers Brachionus spp., one of the cosmo-
politan ecotoxicological model organisms, have been genome-widely identified. In Brachionus spp. Hsp family
was comprised of Hsp10, small hsp (sHsp), Hsp40, Hsp60, Hsp70/105, and Hsp90, with highest number of genes
found within Hsp40 DnaJ homolog subfamily C members. Also, the differences in the orientation of the con-
served motifs within Hsp family may have induced differences in transcriptional gene modulation in response to
thermal stress in Brachionus koreanus. Overall, Hsp family-specific domains were highly conserved in all three
Brachionus spp., relative to Homo sapiens and across other animal taxa and these findings will be helpful for
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future ecotoxicological studies focusing on Hsps.

1. Introduction

Heat shock proteins (Hsps), also referred to as heat stress proteins
and/or molecular chaperones, are a family of highly conserved proteins
across primitive prokaryotes to higher level eukaryotes (Srivastava,
2002). The very first discovery of Hsp was from observation of puffs in
polytene chromosomes in the salivary glands of Drosophila larvae under
high temperature (Ritossa, 1962), which was later validated by the
synthesis of new set of proteins called Hsps or stress proteins (Tissiers
et al., 1974). In general, these family of proteins are cosmopolitan in all
living organisms and are produced in response to thermal stress as well
as various stressful conditions including toxins, oxidative conditions,
hypoxia, nutritional deprivation, and infection (Santoro, 2000;
Srivastava, 2002; Senf, 2013; Mahmood et al., 2014; Wang et al., 2017;
Johnston et al., 2018), thus making Hsp as an extremely important
“moonlighting” protein family. To date, Hsp families are categorized
based on their molecular weights: Hsp10, small Hsp (sHsp), Hsp40,
Hsp60, Hsp70/105, and Hsp90 (Feder and Hofmann, 1999). Despite
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growing evidences and accumulating results on Hsps in response to
various environmental pollutants and stressors (Table 1), limited in-
formation is available on genome-wide identification of the entire Hsp
families in aquatic organisms.

Due to increasing use of commercially manufactured products and
heavy industrialization, living organisms are constantly being chal-
lenged by various stressors (e.g., metals, xenobiotics, radiation), which
ultimately lead to deleterious effects on cellular infrastructure as well as
homeostasis imbalance (Gupta et al., 2010). Fortunately for organisms,
such disturbance in homeostasis and cellular damages are significantly
reduced by establishment of adaptive cellular stress response pathways,
however, only if the stress is below the threshold which differs in
species-specifically. Among the various stress response pathways
available, the heat shock response is considered crucial stress-response
pathways (Westerheide and Morimoto, 2005). Also, various types of
chemicals such as pesticides, metals, polycyclic aromatic hydrocarbons,
and industrial discharges are known to induce heat shock response.
Aside from xenobiotic stressors, also biotic (e.g. predation) and abiotic
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Table 1
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Summary of modulations in heat shock proteins (Hsps) of some species with Hsps described in terms of protein levels and gene expression from previous studies.

Hsp family =~ Organism Stressor

Responses Reference

Hspl0 Chironomus riparius Toxic material (Azadirachtin) Significant increase of mRNA at 0.05, 1 mg/L at 3h (~2 folds each), at Lencioni et al.,
(Harlequin fly) 0.2, 0.3, 0.4, 0.5, 1 mg/L, for 3, 24h entire concentration for 24 h (~4 folds each) compared to the control. 2016
Chironomus riparius Toxic material (Butyl benzyl phthalate) Significant decrease of mRNA at whole body in every concentration Herrero et al.,
(Harlequin fly) 0.001, 0.01, 0.1, 1 pg/L for 48h (~0.5 folds decrease) in fourth instar larvae 2015
Brachionus koreanus Toxic material (Triclocarban) Significant increase of mRNA in 200 pg/L (5 folds), significant decrease ~ Han et al., 2016
(Monogonont rotifer) 25, 50, 100, 200 ug/L for 24 h of mRNA in 25, 50 ug/L (~0.5 folds)
Tigriopus japonicus Toxic material (Cd, As, Zn) Significant decrease of mRNA at whole body (Cd at 50 pg/L, As, Zn at  Kim et al., 2014
(Harpacticoid copepod) 5, 10, 50, 100 pg/L for 96 h 100 pg/L) (0.5 folds each)
Paracyclopina nana UV-B irradiation (306 nm) Significant increase of mRNA at whole body in 6 h (2 folds) Won et al., 2015
(Cycloid copepod) 50 uW/cm? for 1,3,6,12, and 24 h
Hsp20 Tigriopus japonicus Heat and Cold shock (15, 35°C), 25°C Significant increase of mRNA at whole body in 30, 60 90 min (low Han et al.,, 2018
(Intertidal copepod) Control temperature, 3 folds), and 30, 60, 90, 120 min (high temperature, 5
30, 60, 90, 120 min folds)
Tigriopus kingsejongensis ~ Cold shock (4 °C), 14 °C Control Significant increase of mRNA at whole body in 30 min at low
(Antarctic copepod) 30, 60, 90, 120 min temperature (~2 folds)
Brachionus sp. 0.1 mM Hydrogen peroxide for 3, 6, 12, and ~ Significant increase of mRNA at 12h, 24h Rhee et al., 2011
(Monogonont rotifer) 24h (2 folds, 3 folds each)
Heat and cold shock (15, 37 °C) Significant increase of mRNA at 60, 90 min (3 folds, 4 folds each) at
25 °C Control for 10, 20, 30, 60, and 90 min  high temperature, significant increase of mRNA at 20, 30, 60, 90 min
(2, 2, 3, 4 folds each)
Crassostrea gigas Toxic material (Tributyltin, Diuron, Significant increase of mRNA in gill by TBT (0.1, 1 ug/L), Diuron (1 ug/ Park et al., 2016
(Pacific oyster) Irgarol), 0.01, 0.1, 1 ug/L for 96 h L), and Irgarol (0.01, 1 ug/L) exposure
Hsp40 Litopenaeus vannamei Heat shock (37 °C), 28 °C Control, for 6 h Significant increase of mRNA in hepatopancreas (5 folds), muscle (8 Chen et al., 2018
(Pacific white shrimp) folds), and gill (4 folds)
Low pH (pH 6.8), pH 8.2 Control for 6 h Significant increase of mRNA in hepatopancreas (2 folds) and gill (3
folds)
Crassostrea gigas Toxic material (Tributyltin, Diuron, Irgarol) Down-regulation of Hsp40 by TBT (0.1 and 1 ug/L) Park et al., 2016
(Pacific oyster) 0.01, 0.1, 1 ug/L for 96 h
Pinctada fucata martensii ~ Heat and cold shock (17, 32°C) Significant increase of mRNA in gill (more than 2 folds, maximum 15  Wang et al.,
(Pear] oyster) 22°C Control for 6 h, 1 day, and 3 days folds in 1 day at high temperature) 2019
Chironomus riparius Toxic material (Butyl benzyl phthalate) Significant decrease of mRNA at whole body in every concentration Herrero et al.,
(Harlequin fly) 0.01 ug/L ~ 100 mg/L for 24 h (0.5-0.8 folds decrease) in fourth instar larvae 2015
Tigriopus japonicus Toxic material (As, Cu, Ag, Zn) Significant decrease of mRNA at whole body in 100 ug/L (every Kim et al., 2014
(Intertidal copepod) 5, 10, 50, 100 pg/L for 96 h material, ~0.5 folds)
Tigriopus japonicus Heat and Cold shock (15, 35 °C), 25°C Significant increase of mRNA at whole body in 60, 90, 120 min at high ~ Han et al., 2018
(Intertidal copepod) Control for 30, 60, 90, and 120 min temperature (~5 folds)
Hsp60 Crassostrea gigas Toxic material (Tributyltin, Diuron, Significant increase of mRNA in gill by TBT (1 pg/L), Diuron (1 pg/L), Park et al., 2016
(Pacific oyster) Irgarol), 0.01, 0.1, 1 ug/L for 96 h and Irgarol (1 pg/L) exposure (3 folds each)
Macrophthalmus Toxic material Significant increase of mRNA in gill in 1 pg/L for 1, 4days (8, 3 folds ~ Park et al.,
Jjaponicus (Di-2-ethylhexyl phthalate, DEHP) each), in 10 pg/L for 1 day (4 folds) 2020b
(Mud crab) 1, 10, 30 ug/L for 1, 4, and 7 days Significant decrease of mRNA in gill in 10, 30 pug/L for 7 days (0.5, 0.25
folds each)
Hsp70 Litopenaeus vannamei Heat shock (37 °C), 28 °C Control for 6 h Significant increase of mRNA in hepatopancreas (7 folds), muscle (8 Chen et al., 2018
(Pacific white shrimp) folds), and gill (9 folds)
Low and High pH (pH 6.8, 8.9) Significant increase of mRNA in hepatopancreas (3 folds), muscle (3
pH 8.2 Control for 6h folds), and gill (2 folds) at low pH
Significant increase of mRNA in gill (3 folds) at high pH
Tigriopus japonicus Toxic material (Ag, Cd, Cu, As, Zn) Significant increase of mRNA at whole body (Ag at 50, 100 ug/L, Cd at Kim et al., 2014
(Intertidal copepod) 5, 10, 50, 100 pg/L for 96 h 100 pg/L, As at 10, 50, 100 pg/L, Cu, Zn at every concentration) (5 folds
each)
Chironomus riparius Toxic material (Butyl benzyl phthalate) Significant increase of mRNA at whole body in every concentration Herrero et al.,
(Harlequin fly) 1 - 100 mg/L for 24h (1.5-4.5 folds) in fourth instar larvae 2015
Toxic material (Azadirachtin) Significant increase of mRNA at 1 mg/L at whole body for 3h (~2 Lencioni et al.,
0.2, 0.3, 0.4, 0.5, 1 mg/L for 3 and 24 h folds), at 0.3, 0.4, 0.5, 1 mg/L for 24 h (~4 folds each, 16 folds for 2016
1mg/L)
Hsp90 Sparus aurata Food-deprivation (12h), reduced-oxygen Induction of HSP90 protein at whole body Cara et al., 2005
(Gilthead sea bream) (3.5mg/L O,, 1h), 5.3mg/L O, Control (200-250% for food-deprivation, reduced-oxygen, heat shock each) in
Heat shock (25 °C, 1 h), 20 °C Control 22 days larvae
Crassostrea gigas Toxic material (Tributyltin, Diuron, Significant increase of mRNA in gill by TBT (0.1, 1 ug/L), Diuron (0.1, Park et al., 2016
(Pacific oyster) Irgarol), 0.01, 0.1, 1 ug/L for 96 h 1ug/L), and Irgarol (1 ug/L) (3 folds each)
Tigriopus japonicus Toxic material (Cu, Zn) Significant increase of mRNA at whole body (Cu at every concentration, Kim et al., 2014
(Intertidal copepod) 5, 10, 50, 100 pg/L for 96 h Zn at 100 pg/L) (5 folds each)
Tigriopus kingsejongensis ~ Heat and Cold shock (24, 4 °C), 14°C Significant increase of mRNA at whole body in 90, 120 min at high Han et al., 2018
(Copepod) Control for 30, 60, 90, and 120 min temperature (~5 folds)
Significant decrease of mRNA at whole body in 90, 120 min at low
temperature (~0.5 folds)
(e.g. temperature) stress affect Hsp expression in zooplankton however, mostly up-regulated or overexpressed under stressful condi-

(Pijanowska and Kloc, 2004; Mikulski et al., 2009; Mikulski et al.,
2011). Indeed, vast amount of studies in aquatic organisms have shown
overexpression of Hsps in response to various stressors (Table 1). As
anticipated, most of Hsp families (Hsp10, sHsp, Hsp40, Hsp60, Hsp70,
and Hsp90) were differently modulated across various organisms,

tions. While various types of environmental xenobiotics have shown
strong inducibility of Hsp synthesis in most reported cases, ubiquitous
environmental pollutants and a potent procarcinogen and mutagen can
possibly inhibit Hsp synthesis through the production of anti-Hsps (Wu
and Tanguay, 2006), ultimately resulting in impaired cellular function
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and defense. Thus, Hsps, involved in cellular protein homeostasis and
repair (De Jong et al., 2008), are considered as a useful and potential
biomarker tool for ecotoxicological studies and early detection of eco-
logical risks in aquatic biota (Triebskorn et al., 2002; Yoshimi et al.,
2002).

Among many aquatic model organisms, rotifers belonging to
Lophophorata are one of the cosmopolitan species that are found in
both fresh and marine environments (Segers, 2008; Mills et al., 2017).
In fact, rotifers constitute an important part of zooplankton commu-
nities and have recently been widely applied in the field of ecology,
evolution biology, and ecotoxicology (Harvell, 1990; Dahms et al.,
2011; Gilbert, 2017). The monogonont rotifers are considered as sui-
table model organisms due to their morphological and ecophysiological
characteristics including small body size (100 to 250 pm), ease of cul-
ture and maintenance, rapid developmental time to adult (~ 24 h), and
high sensitivity in response to various toxic substances. Among the
monogonont rotifers, Brachionus spp. (class Monogononta) play an
important role in aquatic ecosystems and recently genome databases
have been constructed for Brachionus plicatilis (http://rotifer.
skku.edu:8080/Bp) (Han et al., 2019), Brachionus koreanus (http://
rotifer.skku.edu:8080/Bk) (Park et al., 2020a), and Brachionus ro-
tundiformis (http://rotifer.skku.edu:8080/Br) (Kang et al., 2020).

This study is the first study to report on the genome-wide identifi-
cation of the entire Hsp families in aquatic invertebrate rotifer
Brachionus spp. (B. koreanus, B. plicatilis, and B. rotundiformis). This
study provides full characterization of the entire Hsps including
genomic structure, conserved domains and motifs, and thermal-stress
induced differential gene expression in the monogonont B. koreanus.
Furthermore, the information provided on the rotifer Hsps will be
helpful for a better understanding of mechanisms for the regulation of
Hsps in various aquatic invertebrates under different stress conditions.

2. Materials and methods
2.1. Species and culture conditions

The monogonont rotifer B. koreanus was collected at Uljin
(36°58743.01” N, 129°24’28.40” E) in South Korea, while the two other
rotifers B. plicatilis and B. rotundiformis were originally provided by
Prof. Atsushi Hagiwara (Nagasaki University, Nagasaki, Japan) and
their specific mitochondrial DNA gene cytochrome oxidase 1 (CO1I) has
been analyzed for further verification of species identification (Hwang
et al., 2013; Hwang et al., 2014; Mills et al., 2017). These three dif-
ferent strains of rotifers were reared and maintained in filtered artificial
seawater with 15 practical salinity units (psu) (TetraMarine Salt Pro,
Tetra, Cincinnati, OH, USA) under a light:dark, 12:12 h photoperiod at
25 °C. The rotifers were daily fed with the green microalga Tetraselmis
suecica (approximately 6 x 10% cells/mL). Rotifers have been main-
tained at the aquarium facility at the Department of Biological Sciences,
Sungkyunkwan University (Suwon, South Korea).

2.2. Identification of heat shock protein families in three marine rotifers
Brachionus spp.

Previously constructed genome databases of the three rotifer species
(Han et al., 2019; Park et al., 2020b; Kang et al., 2020) have been
employed for the computational analysis of Hsps in Brachionus spp. To
obtain the entire available Hsps, in-silico screening of Hsps from various
organisms including Homo sapiens was initially performed with acces-
sible data obtained from NCBI (https://www.ncbi.nlm.nih.gov) and
Ensembl (https://ensembl.org) as query sequences to search against
whole genome and RNA-seq results of Brachionus spp. The screened Hsp
candidates were subjected to BLAST analysis in the GenBank non-re-
dundant (NR; including all GenBank, EMBL, DDBJ, and PDB) amino
acid sequence database (http://blast.ncbi.nlm.nih.gov/). All acquired
contigs were mapped to the genome for obtaining the complete
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sequence using Geneious (v.10.0.7; Biomatters Ltd., Auckland, New
Zealand) (Kearse et al., 2012). Annotation and nomenclature of all Hsp
genes were completed based on amino acid sequence similarities and
phylogenetic analysis under the guidance of the recommendations from
the HUGO Gene Nomenclature Committee, with an exception of small
Hsp family, which has been annotated based on their molecular weights
(kDa).

2.3. Phylogenetic analysis of the entire heat shock protein families

To better understand the presence and significance of the types of
Hsp families identified from the three Brachionus spp. at the evolu-
tionary scale, the protein sequences of the entire Hsps from Brachionus
spp. were used to construct phylogenetic tree and compared with Hsps
from other organisms; organisms used for identification and phyloge-
netic analysis are available in Supplementary file. The final phyloge-
netic tree was obtained and finalized after family-specific phylogenetic
tree analysis using sequences retrieved from various organisms in NCBI
database [sHSPs: honey bee Apis mellifera, mosquito Anopheles gambiae,
silk moth Bombyx mori, fruit fly Drosophila melanogaster, shrimp Penaeus
vannamei, brine shrimp Artemia franciscana, copepods Eurytemora af-
finis, Tigriopus japonicus, Caligus rogercresseyii, molluscs Crassostrea vir-
ginica, Mytilus galloprovincialis, Mizuhopecten yessoensis, Haliotis discus
hannai, and human Homo sapiens] [Hsp40/DnaJ homolog subfamily A:
arthropods Agrilus planipennis, Anoplophora glabripennis, Aphis gossypii,
Bactrocera dorsalis, Drosophila spp., Scaptodrosophila lebanonensis, mol-
luscs Hyalella azteca, Octopus vulgaris, Pecten maximus, African clawed
frog Xenopus laevis, and human H. sapiens]. [Hsp40/DnaJ homolog
subfamily B: arthropods Acyrthosiphon pisum, Aedes aegypti, Apis dorsata,
Apis mellifera, Bactrocera dorsalis, Bobus impatients, Bombyx mori, Caligus
clemensi, Daphnia magna, Diaphorina citri, Drosophila spp., Eumeta japo-
nica, E. affinis, Ixodes scapularis, Lepeophtherirus salmonis, Leptinotarsa
decemplneata, Limulus polyphemus, Panaeus vannamei, Varroa destructor,
molluscs Aplysia californica, Crassostrea gigas, Crassostrea virginica,
Mizuhopecten yessoensis, Octopus vulgaris, Pomacea canaliculata, and
human Homo sapiens]. [Hsp40/DnaJ homolog subfamily C: Drosophila
grimshawi, 1. scapularis, P. vannamei, C. virginica, M. yessoensis, O. vul-
garis, Pecten maximus, P. canaliculata, and H. sapiens]. [Hsp60/T-com-
plex protein subunit: Bombyx mori, C. gigas, Crassostrea glacialis, Culex
quinquefasciatus, Tigiriopus japoncius, I. scapularis, Schistosoma japo-
nicum, Danio rerio, Oryctolagus cuniculus, and H. sapiens]. [Hsp70: A.
planipennis, A. franciscana, Cherax spp., D. magna, Eriocheir sinensis, E.
affinis, Macrobrachium nipponense, Leptinotarsa decemlineata, H. azteca,
Onthophagus taurus, Penaeus spp., Sus scrofa, Rattus norvegicus, C. gigas,
M. yessoensis, O. vulgaris, A. californica, Haliotis fulgens, Biomphalaria
glabrata, and H. sapiens]. [Hsp90: B. mori, A. franciscana, Chiromantes
haematocheir, D. magna, E. sinensis, Eurytemora pacifica, Paracyclopina
nana, P. vannamei, Portunus trituberculatus, Probambarus clarkia,
Pseudodiaptomus annadalei, Tigriopus japonicus, Drosophila busckii,
Operophtera brumata, Azumapecten farreri, Callistoctopus minor,
Crassostrea ariakensis, C. gigas, M. yessoensis, M. galloprovincialis, O.
vulgaris, Pinctada imbricate, P. canaliculata, Ruditapes philippinarum, and
H. sapiens].

The translated amino acids of Hsps from the three Brachionus spp.
were first subjected to multiple sequence alignments using MAFFT and
ClustalW algorithm for different Hsp families (e.g., HsplO, sHsps,
Hsp40/DnaJ homolog subfamilies, Hsp60/chaperonin 60, Hsp70/105,
and Hsp90s). The aligned sequences were analyzed by maximum like-
lihood method with the parameter setting LG + G + I + F to generate
the best fit phylogenetic tree using MEGA software ver.7.0 (Center for
evolutionary Medicine and Informatics, Temple, AZ, USA) (Kumar
et al., 2016). Each Hsp-family specific phylogenetic analysis was pri-
marily performed using neighbor-joining method then finalized with
maximum likelihood with bootstrapping value of 1000.
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2.4. Bioinformatics analysis of heat shock protein family (Hsp) domains,
conserved motifs, subcellular localization, and three-dimensional structure
analysis of Hsps in Brachionus spp.

To identify whether the identified Hsps contain the putative con-
served domains corresponding to each Hsp family (i.e., Hsp10, sHsp,
Hsp40/DnaJ, Hsp60/TCP, Hsp70/105, and Hsp90s), structural domains
were predicted with the SMART, PfamA, Phobius, and SuperFamily
applications within the Geneious program (Geneious ver.10.2.3). To
enhance the accuracy and reliability of the domains found, NCBI con-
served domain database was used to validate the preliminary search
results. Canonical motif consensus sequences reported from previous
studies (Jungprung et al., 2019) have been used to analyze the presence
of consensus motif in the identified Hsps from Brachionus spp. In ad-
dition, species-specific distribution of the conserved motif searches
were performed using Motif-based sequence analysis tools (MEME)
(Bailey et al., 2009) under discriminative mode to search against Hsps
from H. sapiens, with parameter setting as follows: maximum length of
the conserved motif, 8; minimum length, 3; number of motifs, 6.

To predict the subcellular localization of the entire Hsps, Hsps of B.
koreanus was analyzed by WoLF PSORT (http://www.genscript.com/
wolf-psort.html).

To show three-dimensional structure of Hsps in B. koreanus, struc-
tural analysis was performed using the identified Hsps and submitted to
Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id =
index) to obtain the best fit 3D-structures.

2.5. RNA-seq analysis of transcriptomic changes in Brachionus koreanus
under thermal stress

To investigate whether the identified Hsps in B. koreanus were re-
sponsive to thermal stresses, RNA-seq analysis was performed under 15
and 20 °C for 24 h, compared to the control 25°C. The protocols for
these experiments are provided in Supplementary information.

3. Results

3.1. Phylogenetic and in-silico synteny analysis of the entire heat shock
protein families in Brachionus spp.

Based on previously reported genome databases of the three rotifers
B. plicatilis (Han et al., 2019), B. koreanus (Park et al., 2020a), and B.
rotundiformis (Kang et al., 2020), in-silico analyses of Hsps in the three
Brachionus spp. have revealed a total of 206 Hsp genes (68, 69, and 69
Hsps distributed among B. koreanus, B. plicatilis, and B. rotundiformis,
respectively) (Fig. 1 and Suppl. Fig. 1a-h). Specifically, 1 (Hsp10), 10
(sHsps), 32 (Hsp40s), 9 (Hsp60s), 13 (Hsp70/105s), and 4 (Hsp90s)
genes were found in B. koreanus, while higher number of sHsp (10 VS.
13) were found in B. plicatilis and B. rotundiformis, respectively. In ad-
dition, less number of Hsp40, specifically DnaJ homolog subfamily B,
were identified in B. plicatilis compared to B. koreanus and B. rotundi-
formis (Table 2). Overall, one-to-one orthologous relationship has been
shown in Hspl0, Hsp40 (DnaJ homolog subfamily C), Hsp60, and
Hsp90 families in Brachionus spp. Within each Hsp family, few Hsp
families (Hsp40/DnaJ, Hsp60s, and Hsp70s) were further divided into
smaller subgroups with largest group of homolog members present
within Hsp40/DnaJ homolog family in the Brachionus spp. As shown in
the phylogenetic tree, DnaJ A, B, and C groups have been diversified
into different forms, DnaJA1-3, DnaJB2/3/6/7/8, 4, 9, 11, 12/14, and
13, DnaJC with the largest number of C members (a total of 17) present
(DnaJC1-5, 7-13, 16, 17, 21, 22, and 27). In addition, Hsp60 and its
evolutionary homolog T-complex protein subunits were further classi-
fied into alpha, beta, delta, epsilon, eta, gamma, theta, and zeta in
Brachionus spp.

Synteny analysis of the entire Hsps was conducted by confirming the
relative localization of the Hsps in the Brachionus spp. genome (Fig. 2).
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In detail, a total of 67 Hsps of B. koreanus and 69 Hsps of B. plicatilis and
B. rotundiformis were mapped onto 32, 45, and 21 scaffolds in B. kor-
eanus, B. plicatilis, and B. rotundiformis, respectively. (Fig. 2A, B, and C).
Synteny analysis revealed unique features in the location of Hsps in
species-specifically manner. In B. koreanus, DnaJA2 likes, DnaJB2/3/6/
7/8 likes were highly duplicated within the same scaffolds (SC2 and
SC19), while in Hsps in B. plicatilis were highly dispersed throughout
scaffolds, and Hsps in B. rotundiformis were highly clustered, with
highly duplicated DnaJB2/3/6/7/8 like genes within relatively short
span. In addition, synteny analysis showed similar localization of spe-
cific Hsps (sHsp, DnaJC10, 13, and Hsp70 [HYOU1]) within the same
scaffolds (Bk SC5 and Bp SC9) and Hsp68 kDa and Hsp70 14-likes were
localized in close proximity to DnaJC2 and DnaJC27, respectively, in
the three Brachionus spp. (Bk SC48, Bp SC95, and Br SC) (Bk SC30, Bp
SC67, and Br SC31). Moreover, Hsp10 and Hsp60 in all three Brachionus
spp., showed close localization in either head to head or tail to tail
orientation.

3.2. Computational genomic structural analysis of heat shock proteins in
Brachionus spp.

Genomic structure of the genome-widely identified Hsps in
Brachionus spp. showed high conservation of the genomic structures
including the number of exons, overall lengths, and the direction of the
genes (Table 2) within each subfamily. In general the overall length of
the entire Hsp families ranged from the shortest Hsp10 (306 bp) to the
longest Hsp40 family DnaJ homolog subfamily C13 (approximately 6 k
to 7k bp). In particular Hsp10, Hsp60, and Hsp70s found in the three
Brachionus spp. shared identical number of exons and overall lengths,
with few exceptions in Hsp70 family members. Comparative analyses of
open reading frames and coding sequence lengths resulted in family-
specific variation in intron lengths. For example, sHsps, which in gen-
eral, only have single or two introns, comprised of short introns in three
Brachionus spp., while Hsp families such as Hsp40/DnaJC members
have quite long intron lengths. In this study, intronless Hsps in the three
Brachionus spp., were Hsp10, Hsp40/DnaJA1, DnaJB2/3/6/7/8-like 1
and 2, DnaJB9, DnaJC27, Hsp70-BIP, HSC70 (like 1, 2, and 3), and
Hsp90 alphal and 2. Also, the direction of gene has also been analyzed
and showed no distinctive pattern among Hsps, in either species and
Hsp family specific manner.

3.3. In-silico domain and multiple sequence alignment analysis of heat
shock protein families in Brachionus spp.

To demonstrate conserved domains of Hsp across various organisms
including in aquatic invertebrates, domain analyses using CDD and
InterproScan were employed. In a total, the entire Hsps in the three
Brachionus spp. were largely divided into 6 families: Hsp10/chaper-
oninl0, sHsp/a-crystallin domain, Hsp40/DnaJ, Hsp60/chaperonin 60,
Hsp70/105, and Hsp90. Each Hsp family contained distinct domains
(Suppl. Fig. 2) similar to that of H. sapiens. Hsp20 or a-crystallin do-
main (ACD) containing protein family of Brachionus spp., clearly fea-
tured tripartite architecture possessing ACD consisting of approxi-
mately 80 aa in lengths, flanked by N- and C-terminal extensions
(Suppl. Fig. 2a). Unlike other canonical domains of a-crystallin or small
Hsps, rotifer sHsps showed the presence of multiple ACD domains.

In the rotifer Brachionus spp., three Hsp40 subfamilies DnaJ A, B,
and C have been identified through in-silico analysis. The first type DnaJ
homolog subfamily A contains typical DnaJ N-terminal domain (Suppl.
Fig. 2b), with its signature motif histidine, proline, and aspartate
(HPD). In addition to the canonical domain regions, DnaJ A also shows
the presence of both glycine/phenylalanine-rich regions and cysteine-
rich zinc finger motif (CXXCXGXG) (Suppl. Figs. 2b-1 and 3b). One key
features of DnaJ was high composition of amino acids with hydro-
phobic side chains (e.g., A, D, L, V, Y). The second type DnaJ homolog
subfamily B showed presence of typical DnaJ N-terminal and peptide
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Fig. 1. Phylogenetic tree analysis of the entire heat shock protein (Hsp) families obtained from in silico analysis of genome databases of Brachionus koreanus,
Brachionus plicatilis, and Brachionus rotundiformis using maximum likelihood model (LG + G + I + F). Each Hsp family is indicated by the colors shown in the color
legend box below.
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Table 2
Genomic structure analysis of the entire heat shock proteins in Brachionus spp.
Family Brachionus koreanus Brachionus plicatilis Brachionus rotundiformis
Gene Exon Str CDS (bp) ORF (bp) Gene Exon Str CDS (bp) ORF (bp) Gene Exon Str CDS (bp) ORF (bp)
Hspl0 Hsp10 1 R 306 306 Hspl0O 1 F 306 306 Hspl0 1 R 306 306
Hsp20/small Hsp sHSP27.6 kDa 1 F 738 738 sHSP 1 R 432 432 sHSP 2 R 678 730
16.3kDa 25.9kDa
sHSP 28,0.3kDa 2 F 735 784 sHSP 1 F 648 648 sHSP 1 F 732 732
24.6 kDa 27.4kDa
SHSP 29.1 kDa 1 F 759 759 sHSP 1 F 732 732 sHSP 1 F 759 759
25.4kDa 29.1kDa
sHSP 31.8kDa 1 F 825 825 sHSP 2 R 684 735 sHSP 1 F 810 810
26.32kDa 30.8kDa
sHSP 31.9kDa 1 F 825 816 sHSP 2 F 804 857 sHSP 31kDa 1 F 804 807
31.08kDa
sHSP 34.1 kDa 1 R 912 861 sHSP 2 F 804 854 sHSP 2 F 837 855
31.09 kDa 31.1kDa
SHSP 34.9kDa 2 R 961 963 sHSP 1 R 813 813 sHSP 2 R 816 885
31.4kDa 31.2kDa
sHSP 38.6 kDa 1 R 990 990 sHSP 1 R 825 825 sHSP 1 R 807 816
31.7kDa 31.9kDa
sHSP 53.4kDa 2 F 1419 1468 sHSP 1 F 816 816 sHSP 2 R 834 881
31.9kDa 32.6kDa
sSHSP 58 kDa 2 F 1566 1626 sHSP 2 R 834 887 sHSP 1 R 882 882
32.5kDa 34.5kDa
SHSP 1 F 894 894 sHSP 2 R 915 967
34.8kDa 35.2kDa
SHSP 1 R 990 990 sHSP 1 F 990 990
38.8kDa 38.6kDa
SHSP 2 F 1446 1521 sHSP 2 R 1521 1634
53.9kDa 57.5kDa
SHSP 2 R 1509 1646
55.7kDa
Hsp40/DnalJ Al 1 R 1200 1200 A1 1 R 1200 1200 A1 1 R 1200 1200
A2-like 1 5 R 1224 1425 A2-like 1 5 F 1224 1424 A2-like 1 5 R 1071 1286
A2-like 1-2 3 R 1224 1699
A2-like 3 2 F 1317 1369 A2-like 3 2 R 1308 1561 A2-like 3 2 R 1317 1369
A3 3 R 1425 1677 A3 3 R 1425 1685 A3 3 R 1425 1676
B2/3/6/7/8 like-1 1 F 696 696 B2/3/6/7/8 1 F 702 702 B2/3/6/7/8 1 F 639 639
like-1 like-1
B2/3/6/7/8 like-2 1 R 657 657 B2/3/6/7/8 1 R 663 663 B2/3/6/7/8 1 R 678 678
like-2 like-2
B2/3/6/7/8 like-3 2 F 822 892 B2/3/6/7/8 2 R 771 2006 B2/3/6/7/8 2 F 825 881
like-3 like-3
B4-like 2 R 1023 1074 B4-like 2 R 1023 1134 B4-like 2 F 1020 1077
B9 1 R 534 534 B9 1 R 540 540
BY-like 4 F 597 764 BY-like 4 F 597 749 BY-like 4 F 570 732
B11-like 4 F 1071 1238 B11-like 4 R 1080 1240 B11-like 4 F 1080 1266
B12/14-like 4 F 1104 2235 B12/14-like 4 R 1098 4130 B12/14-like 4 F 1092 1600
B13-like 4 F 978 1998 B13-like 3 R 1014 1111 B13-like 3 R 1014 1126
CI 5 R 1260 2708 C1 5 R 1257 5790 CI 5 F 1332 2726
Cc2 2 R 1869 4812 C2 2 R 1845 3678 C2 2 R 1842 3061
Cc3 6 R 1911 3827 C3 4 R 1479 3371 C3 4 R 1473 1656
Cc4 6 R 729 1778 C4 6 R 729 1024 C4 6 F 732 998
C5 4 F 645 1002 C5 3 F 609 1030 C5 3 R 609 969
c7 6 F 1485 1849 C7 6 R 1497 1846 C7 6 F 1500 1787
Cc8 3 R 948 1582 C8 2 R 1053 1138 C8 3 F 1017 2686
c9 2 R 1029 1078 C9 2 F 1047 1111 C9 2 R 1050 1100
Cc10 12 R 2523 4198 C10 12 F 2535 4017 C10 15 F 4722 7684
Cl1 9 R 1740 2177 Cl11 9 F 1740 4901 C11 9 F 1740 2174
Cci12 Unable to map Cc12 4 F 456 4587 Ci12 4 R 459 1728
C13 6 F 6876 8454 (13 4 R 6630 8575 C13 7 R 7008 7746
C16 7 F 2535 2845 Cl16 8 F 2475 2839 Ci6 7 R 2454 2922
C17 1 R 906 906 C17 1 R 909 909 C17 1 R 894 894
Cc21 8 R 1515 3144 cC21 7 R 1515 2392 C21 8 F 1527 1905
c22 3 F 1143 1249 C22 3 R 1068 1164 C22 3 F 1068 1167
c27 1 R 795 795 C27 1 R 795 795 C27 1 F 795 795
Hsp60/Chaperonin HSP60 2 F 1746 1800 HSP60 2 R 1746 1807 HSP60 2 F 1737 1794
TCP-1 alpha 4 F 1647 1812 TCP-1 alpha 4 R 1647 1865 TCP-1 alpha 4 F 1647 1820
TCP-1 beta 2 R 1596 1653 TCP-1 beta 2 R 1596 1675 TCP-1 beta 2 R 1596 1651
TCP-1 delta 2 R 1620 1680 TCP-1 delta 2 F 1644 1702 TCP-1 delta 1 F 1641 1641
TCP-1 epsilon 2 F 1635 1713 TCP-1 epsilon 2 F 1635 1839 TCP-1 epsilon 2 F 1635 1759
TCP-1 eta 2 R 1506 1562 TCP-1 eta 2 R 1506 1577 TCP-1 eta 2 F 1506 1552
TCP-1 gamma 3 R 1674 1844 TCP-1 gamma 3 F 1674 1891 TCP-1 gamma 3 R 1674 1805
TCP-1 theta 8 F 1635 2037 TCP-1 theta 8 R 1635 2050 TCP-1 theta 8 F 1635 2003
TCP-1 zeta 2 R 1596 1652 TCP-1 zeta 2 F 1596 1648 TCP-1 zeta 2 R 1596 1651

(continued on next page)
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Table 2 (continued)
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Family Brachionus koreanus Brachionus plicatilis Brachionus rotundiformis
Gene Exon Str CDS (bp) ORF (bp) Gene Exon Str CDS (bp) ORF (bp) Gene Exon Str CDS (bp) ORF (bp)
Hsp70 ER BIP1a-like 1 F 1971 1971 ER BIPla-like 1 F 1971 1971 ER BIPla-like 1 R 1971 1971
ER BIP1b-like 1 R 1977 1977 ER BIP1b-like R 1971 1977 ER BIP1b-like 1 R 1977 1977
ER BIP1b-like2 1 F 1977 1977
Grp75 2 F 1980 2035 Grp75 2 F 2001 2069 Grp75 2 F 1980 2032
HSC70 like 1 1 F 1947 1947 HSC70 like 1 1 R 1959 1959 HSC70 like 1 1 F 1947 1947
HSC70 like 2 1 R 1911 1911 HSC70 like 1 F 1920 1920 HSC70 like 1 F 1947 1947
2-1 1-2
HSC70 like 1 F 1677 1677 HSC70 like2 1 R 1920 1920
2-2
HSC70 like 3 1 F 1860 1860 HSC70 like3 1 R 1860 1860 HSC70 like3 1 F 1860 1860
HSC70 like 4 4 R 2262 3564 HSC70 like4 3 F 1902 2021 HSC70like 4 3 R 1902 2015
HSC70 like 5 2 R 2160 5275
HSP70 4 L-like 6 F 2856 4486 HSP70 4L- 4 R 2502 5246 HSP70 4L- 5 F 2418 3261
like like
HSP 68 kDa-like 5 F 2727 5760 HSP 68kDa- 5 F 2778 8313 HSP70 5 F 2739 3327
like 68 kDa-like
HSP70 14-like 7 F 1482 1992 HSP70 14-like 7 F 1434 1863 HSP70 14-like 7 F 1488 1805
HYOU1 16 F 2853 3656 HYOUI 16 R 2820 3638 HYOUI 15 R 2721 3508
Hsp90 HSP90alpha 1 1 R 2163 2163 HSP90alpha1 1 F 2172 2172 HSP90alpha 1 1 F 2163 2160
HSP90alpha 2 1 R 2163 2163 HSP90alpha 2 1 R 2169 2169 HSP90alpha 2 1 F 2163 2169
HSP90B1 Grp94 3 F 2412 2595 HSP90B1 3 R 2427 4686 HSP90BI 3 R 2412 2564
Grp94 Grp94
TRAP1 5 F 2031 2276 TRAP1 5 F 2061 2269 TRAPI 5 R 2031 2270

binding domain, G/F-rich regions with HPD motif, however few
members showed absence of G/F-rich regions (DnaJB12/14-like).
However, lack of cysteine-rich zing finger motif was observed in DnaJ
type B of Brachionus spp., compared to DnaJ A family (Suppl. Figs. 2b-2
and 3c). The last type identified in the Brachionus spp., showed no
presence of conserved motif except for DnaJ domain with HPD motif.
One of the interesting features of DnaJ type C was the presence of
tetratricopeptide domain, which was present only in DnaJ type C
member 3 and 7 of Brachionus spp. (Suppl. Figs. 2b-3 and 3d).

Hsp60 and its homologs T-complex protein 1 subunit in Brachionus
spp. showed much more complex domain structures compared to other
smaller Hsp families (Suppl. Figs. 2c and 3e) with close association with
Hsp10. Overall structures of Hsp60 family (i.e., Hsp60 and T-complex
protein 1 subunit members) contained three large domains: equatorial
ATP-binding, an intermediate hinge domain, and an apical domain. One
of the key signature motif of Hsp60 mitochondrial was identified
(AAVEEGIVPGGG) which was conserved across the three Brachionus
Spp.

Hsp70/105 family in Brachionus spp. consisted of four domains;
ATPase domain, middle domain with protease sensitive sites, peptide
binding domain, and G/P rich C-terminal containing EEVD motif which
is known to assist in co-chaperone binding (Suppl. Figs. 2d and 3f). Due
to different homologs present within Hsp70 family, homolog-specific
signature motifs were identified. Heat shock cognate 70 (Hsc70-likes)
showed three signature motif I (IDLGTTF/YS), motif II (LIFDLGGGTF-
DVSIL), and motif III (I[VIVLVGGST RIPKVQK). Immunoglobulin heavy
chain binding protein (BIP), a HSC70-3 homolog, had one unique signal
peptide for secretion into ER at N-terminus MKILVLLSLLAVAFA, ER
retention tetrapeptide KDEL at C-terminus, and multiple conserved
signature motifs IDLGTTYS, VYDLGGGTFDI(V)SIL. Also, ATP/GTP
binding motif AEAYLEKK was only observed specifically in BIP1alpha.
HSC70-5 or glucose-regulated protein 75 (Grp75) also contained mul-
tiple signature motifs in the three Brachionus spp., IDLGTTNS, VYDL-
GGGTFDI(V)SIL, and ILLVGGVTRMPKVQ. Hypoxia up-regulated pro-
tein 1 (HYOU1) contained signal peptide for secretion to ER
IILVGGNTRMPAVQA, which is slightly different from that of BIP motif.

Hsp90 family, similar to Hsp70/105 family, is comprised of multiple
homologous families, resulting in different domain structures (Suppl.
Figs. 2e and 3g). Hsp90 family, in general, consisted of three domains
ATPase domain/Dna topoisomerase Il/histidine kinase region,

ribosomal protein domain, and C-terminal. Furthermore, differences in
the signature motifs were identified. Grp94 showed KKIL (KKXX) ER
retention motif, rather than the canonical KDEL. Hsp90 alpha and beta
contained C-terminal MEEVD, while TRAP1 lacked both MEEVD, KDEL
motifs. Thus, based on the multiple sequence alignment, the only
MEEVD motif containing Hsp90 homologs are indeed the cytosolic
Hsp90, alpha and beta isoforms of Hsp90s in Brachionus spp., while the
Grp94 with KDEL-like motif for ER retention are ER homolog, and lastly
the TRAP1 lacking all of the signature motifs found in other Hsp90s, is
indeed the mitochondrial homolog of Hsp90 family.

3.4. Recognition of conserved sequences in heat shock proteins (Hsp40,
Hsp60, Hsp70, and Hsp90s) across the three Brachionus spp.

To observe Hsp family-specific sequence conservation, motif ana-
lysis of Hsps in the three Brachionus spp. was conducted using MEME
suite, relative to those of Hsps from H. sapiens (Suppl. Fig. 4). Overall,
each Hsp family showed high conservation of sequences despite dif-
ferences in sub-members but also few exceptional cases were observed
in each Hsp family. For example, both DnaJAl and DnaJA3 showed no
presence of T/RK/QNM/LA/V/DY/L/F P/FL/MKV/M motif compared
to DnaJA2 members. In addition, within Hsp70 family, only a single
motif region was identified in Hsp70 4L and HYOU1, compared to
other Hsp70 subfamilies. Among Hsp90 families, TRAP1 only shared
three specific consensus motif sequences among other members of
Hsp90 subfamilies. More importantly, however, differences in the order
of conserved motif sequences were shown in Hsp families. As shown in
DnaJ subfamiliy A members, the conserved motifs found were different
from the order of motif locations (Suppl. Fig. 4b). Also, the conserved
consensus motifs found within Hsp60 families showed the highest
variations in the order of motif locations compared to highly conserved
Hsp families such as Hsp70s and Hsp90s.

3.5. Analysis of subcellular localization and 3-D structural prediction of
heat shock proteins of Brachionus koreanus

Subcellular localization of the genome-widely identified Hsps in B.
koreanus has been predicted using WoLF PSORT protein localization
predictor (Suppl. Table 1). Based on the prediction algorithm, differ-
ences in the subcellular localization of each Hsp family have been
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Fig. 2. Localization of gene analysis of the entire heat shock proteins identified in A) Brachionus koreanus B) Brachionus plicatilis, and C) Brachionus rotundiformis.
Genes are represented by specific colored arrows, indicating the direction of the reads in each scaffold. Each gene locus is presented in proportion to the length of the

scaffold. Clustered regions are represented are indicated by a set of vertical bars.

demonstrated in family specific manner. Chaperonin 10 (Hsp10) and
majority of sHsps were localized in mitochondria or nucleus, whereas
Hsp40 subfamilies were localized in a distinctive manner, where ma-
jority of DnaJA and DnaJB were localized in cytoplasm and nucleus but

few exceptional cases have been observed among different Hsp families.
Based on the computational analysis, DnaJA3 is highly localized in
mitochondria and DnaJB9-like, DnaJC1, DnaJC5, and DnaJC10 are
highly localized in extracellular matrix, whereas DnaJC4 and 7 are
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Fig. 3. RNA-seq analysis of the entire heat shock proteins in thermal-stress exposed Brachionus koreanus. B. koreanus was exposed to 15°C and 20 °C for 24 h,
compared to the control (25 °C). The relative expression levels are represented by heat map (red: up-regulation, blue: down-regulation, white: control) relative to the

control.

highly localized in ER and Golgi apparatus, respectively. Hsp60 is
highly localized in mitochondria, while its homologs were highly lo-
calized in cytoplasm/mitochondria. Hsp70/105 and Hsp90s showed
different localization.

To exemplify the genome-widely identified Hsps through in-silico
analysis, secondary structural analyses of Hsps of B. koreanus have been
performed through computational 3-dimensional modeling (Suppl.
Fig. 5). The secondary structure of the majority Hsps encoded by B.
koreanus was mainly comprised of alpha helix, which accounted for 10
to 72%, whereas beta strand accounted for 0 to 52%. Information is
provided in Suppl. Table 2.

3.6. RNA-seq analysis of heat shock proteins of Brachionus koreanus under
thermal stress

To validate the inducibility of Hsps identified in-silico, B. koreanus
was exposed to different temperature conditions (20 and 15 °C) com-
pared to the control (25°C) at 24h (Fig. 3). Most of the Hsps were
differently modulated, while significant modulations in transcription
levels were observed in response to different temperatures. Under
minor temperature reduction (20 °C vs. 25 °C), DnaJB2/3/6/7/8/like 3a
and Hsp60, TCP1 beta, delta, epsilon, eta, and zeta, and HSC70 like2, 4-2,
and Grp94 were significantly up-regulated (P < 0.05), while only
DnaJC2 and TCP1 beta, delta, and eta were significantly up-regulated
(P < 0.05) under dramatic temperature reduction (15°C vs. 25 °C).
Differentially expressed genes (DEGs) analyses have shown that most
Hsp60s were up-regulated to moderately low temperature (20 °C), while
under low temperature (15 °C), dnaJC2 and Hsp60 member of TCP1
beta, delta, and eta were significantly up-regulated compared to the
control.

4. Discussion

Brachionus spp., as a cosmolitan aquatic invertebrate, are dis-
tributed ubiquitously and have been widely used in aquaculture in-
dustry (Dhont et al., 2013) and ecotoxicology model species due to their
rapid population growth and sensitivity and responsiveness to various
environmental pollutants (Dahms et al., 2011). Due to their ubiquitous
occupancy in the aquatic environment and species-specific feeding
behavior as filter feeders (Arndt, 1993), they are likely to be heavily
exposed to various environmental pollutants. Furthermore, due to
constant increase in environmental pollution, unexpected changes in
microbial ecosystem and virioplankton community are inevitable,
which could cause deleterious effects on higher trophic organisms.
Thus, it is important to revisit and reinvestigate one of the widely
distributed yet, highly conserved stress proteins. In this study, we
characterized a total of 209 Hsp genes were identified in three Bra-
chionus spp., specifically 70, 70, and 69 Hsps were distributed in B.
koreanus, B. plicatilis, and B. rotundiformis, respectively.

HsplO is a mitochondrial-resident protein, which functions in pro-
tein assembly and disassembly and folding by co-chaperoning with
mitochondrial Hsp60 (Jia et al., 2011). Besides its protein-structurally
related functions, solitary function of Hsp10 also includes protection of
cells against stresses caused by infection and inflammation (Cappello,
2003; Johnson et al., 2005), which has been strongly suggested by its
interchangeable cellular locations either in cytosol or extracellular
space. Moreover, such unrestricted localization of Hsp10 has been de-
monstrated by its expression in cytosol, cell surface, peripheral blood,
which is closely associated with various immunomodulatory activities
and cellular regulation (Cappello et al., 2005; Shamaei-Tousi et al.,
2007). Though no functional studies are shown in this study based on
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genomic structure analysis of Hspl0 and mitochondrial Hsp60 genes,
their localization within the same scaffold (i.e., Bk SC15, Bp SC1, and Br
SC8) could possibly suggest the significance of co-chaperoning function
of Hspl0 with Hsp60 in parallel with human Hsp10 and Hsp60 (Jia
et al., 2011), however, the only head to head structures were shown in
B. koreanus, while head to head on opposite directions were shown in B.
plicatilis and B. rotundiformis. Since there is no presence of N-terminal
signal peptide for secretion in Hsp10 sequences, its release into extra-
cellular space is likely to be performed by non-canonical ER-Golgi-in-
dependent pathway, and further investigations on this translocations
are required to fully understand the mechanisms how Hsp10s are highly
found both in mitochondria and extracellular space.

4.1. Hsp20/small heat shock proteins

sHsp family with molecular mass from 10 to 30 kD (also known as
Hsp20 family), are relatively small mass stress-proteins, named ac-
cording to their molecular masses. Due to lack of structural specificity
of this particular Hsp family, sHsps are highly recognized by the pre-
sence of a-crystallin domain which is approximately 80 to 100 amino
acids in length (Dejong et al., 1998; Denlinger et al., 2001; Kappé et al.,
2010). The significance of this domain is the formation of a dimeric
building block which assembles into oligomers through interactions in
the sequence-variable N-terminal domain and the C-terminal end
(Laganowsky et al., 2010; Braun et al., 2011; Jehle et al., 2011) and
subsequent packing of these dimers is what defines the overall structure
of sHsp oligomers (Hochberg and Benesch, 2015), resulting in a large
diversity in both size and symmetry. Thus, in agreement, presence of
ACDs in sHsps of Brachionus spp. may have resulted in a large disparity
even among sHsp family with molecular size ranging from 16 to 58 kDa,
which is relatively larger compared to other sHsps of other organisms.
Despite a low degree of conservation compared to other Hsp families,
sHsps play important roles in both stress-responses such as tempera-
tures, UV irradiation, metals, and toxicants (Reineke, 2005; Waters
et al., 2008) as well as in canonical biological processes including cell
growth, apoptosis, differentiation, diapause, and lifespan in small in-
vertebrates (Arrigo, 1998; Morrow et al., 2004; Gkouvitsas et al., 2008).
Also, this particular Hsp family has shown its crucial functional role in
protein aggregation and unfolding, demonstrated by various patholo-
gical conditions related to abnormal protein structures, including prion
disease, cystic fibrosis, cataracts, or neurodegenerative disease
(Johnston et al., 1998; Derham and Harding, 1999; Koyama and
Goldman, 1999; Radford and Dobson, 1999). However, limited studies
have provided full identification of the entire sHsp and some functional
roles in aquatic invertebrates. For example, in Ascidian Ciona savignyi,
three sHsps have been identified and showed gene modulation in re-
sponse to different temperatures and salinity (Huang et al., 2018). Also,
Hsp27 has been characterized in the midge Chironomus riparius and
different stressors including temperatures and environmental pollutants
(tributyltin, nonylphenol, triclosan, bisphenol, and cadmium) induced
increase in mRNA expression (Martinez-Paz et al., 2014). However, as
sHsp family is comprised of multi-genes, genome-wide identification of
sHsp family would be helpful for future environmental ecotoxicology.

In general, however, sHsps feature tripartite architecture composed
of conserved ACD flanked by N-terminal region and C-terminal exten-
sions (Haslbeck and Vierling, 2015). In contrast to the canonical ar-
chitecture of sHsps, Brachionus spp. showed non-canonical structure
having more than one ACD domain. In fact, some sHsps in Brachionus
spp. contained p23-like domain, in addition to ACD domain with highly
conserved specific amino acid sequences including valine, isoleucine,
and leucine, which were highly homologous to that of humans. The
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conservation of these hydrophobic side chains is likely to contribute to
the hydrophobicity that affects the potential of sHsps to successfully
bind aggregation-prone denaturing proteins (Posner et al., 2012) in an
ATP independent manner and subsequent refolding by ATP-dependent
chaperones such as Hsp60, 70, and 90s (Van Montfort et al., 2001). Yet,
despite the presence of highly conserved ACD domain, due to low se-
quence similarities in the N-terminal and C-terminal extensions across
different species (Basha et al., 2012), sHsps in Brachionus spp. indeed
show high sequence variation and evolutionary divergence. Moreover,
it has been shown that there is a considerable differences in tissue lo-
calization and modulations in sHsps expression (Vos et al., 2008;
Mymrikov et al., 2011), suggesting that it is worthy to identify and
further investigate highly varied sHsp in aquatic invertebrates for early
detection in response to environmental pollutants.

Assembly of oligomers of sHsp or ACD through dimeric formation,
which is altered by different factors, such as C-terminal motif (Poulain
et al., 2010), is important for a dynamic subunit exchange for their role
in chaperone function (Delbecq et al., 2015). Also, unusual member of
sHsps having two ACDs, have also been found in a parasitic flatworm
Taenia saginata (Stamler et al., 2005), which is an evolutionarily close
species to rotifers. Thus, multiple ACD and/or p23-like domains (an-
other monomeric ACD) present in Brachionus spp., can form higher-
order structures and may possibly perform chaperoning function more
efficiently.

4.2. Hsp40/DnaJ homolog subfamily members

Among Hsp families, Hsp40 family is structurally and functionally
diverse group of members, consisting of three types (type L, II, and III)
based on the degree of conservation of domains with those of
Escherichia coli (Cheetham and Caplan, 1998; Pradeep et al., 2009). In
particular, each sub-group contains a unique domain structure known
as J-domain, consisting of 70-amino acids (Georgopoulos et al., 1980;
Zylicz et al., 1985) residues with specifically highly conserved tripep-
tide motif comprised of histidine, proline, and aspartic acid (HPD)
(Verma et al., 2017), responsible for binding of the ATPase domain of
Hsp70 (Greene et al., 1998). In the three Brachionus spp., all DnaJ
homologs (i.e., DnaJ homolog subfamily A, B, and C), showed highly
conserved domain structures to that of H. sapiens and their genomic
structures such as number of exons and the overall ORF lengths were
homologous in subfamily specific manner. The highly conserved do-
main is crucial for the binding of Hsp40 to Hsp70 (Kelley, 1998), and
the formation of the complex is very important for regulating ATP
hydrolysis, involved in various housekeeping and stress-related func-
tions (Fan et al., 2003). In detail, the classification of J-proteins is based
on the presence of specific conserved regions. Type A, also known as
DnaJA subfamily, consists of four distinct domains; N-terminal J-do-
main, glycine/phenylalanine (G/F)-rich region, four repeats of the
CxxCxGxG-type zinc-finger domain, and a C-terminal domain. In the
three Brachionus spp., not all DnaJA members contained G/F regions,
which are associated with the specificity and modulation of the con-
formation of substrates for Hsp70 binding (Fan et al., 2003; Lopez et al.,
2003). The next type B J-proteins consisted of domains similar to those
of Type A, but lacked the zinc-finger domain in Brachionus spp. The last
type C J-proteins are known to be the most diverse group as they are
characterized only by J-domains that are located in non-specific
manner (Qiu et al., 2006; Luo et al., 2019). Furthermore, some studies
have suggested that C-type DNAJ proteins may not function as mole-
cular chaperones due to their incapability to bind to non-native poly-
peptides (Qiu et al., 2006) and possibly linked to the lack of conserved
domain compared to the other subfamilies. Also, among the DnaJ C
subfamily members of the three Brachionus spp., only member 3 and 7
possessed tetratricopeptide (TPR-repeat protein domains consisting of
~34 residues), with tandem repeats of hydrophobic residues including
alanine, methionine, tyrosine, and valine. TPR motif was originally
identified in yeasts (Hirano et al., 1990), with minimally conserved
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regions, yet known to occur in a various types of proteins in both
prokaryotes and eukaryotes (Cerveny et al., 2013) that participate in
cellular functions. However, interesting to note here, is that not many
proteins which contain TPR motifs interact with Hsps (Ballinger et al.,
1999), and the significance of the presence of this particular motif could
be linked to the potential of Hsp40s to interact with Hsp70s as a co-
chaperone for ATPase activity. However, further studies are required to
verify such mechanism.

Taken together, three DnaJ subfamilies (A, B, and C) identified in
the three Brachionus spp., all showed highly conserved HPD motif in N-
terminal, with high similarity to that of H. sapiens. As aforementioned,
the type A dnaJ subfamily is most likely to mediate chaperone function
by recognizing subsets of client conformers, facilitate binding to Hsp70,
and provide molecular flexibility to assist in the transfer of the substrate
from Hsp40 to Hsp70, attributing the presence of G/F-rich region
(Ahmad et al., 2011; Stein et al., 2014) and a zinc-binding domain
which has two functionally dissimilar zinc-binding sites potentially
involved in substrate interaction (Linke et al., 2003; Tiwari et al.,
2013), yet, further studies are required to understand post-translational
modifications to validate whether these presence of multiple genes
participate in the formation of protein-protein interaction.

4.3. Hspl0 co-chaperone with Hsp60/T-complex protein 1 subunits

In this study, a single Hspl0 and Hsp60 of mitochondria was
identified in each Brachionus spp., and 8 different classes of T-complex
protein 1 subunits were identified in each species, namely TCP1 alpha,
beta, delta, epsilon, eta, gamma, theta, and zeta. Hsp 60 family of eu-
karyotes, the homolog of GroEL in E. coli (Hendrix, 1979), also referred
to as chaperone60, was originally proposed to describe a class of pro-
tein that are ubiquitously found in organelles of living organisms with
highly conserved sequence similarities (Hemmingsen et al., 1988;
Gupta, 1995). To date, there are two known types of chaperonins,
namely chaperonin 10 and 60, classified by their molecular mass re-
presented in kDa which form a folding cage to produce a protein-editing
machinery (GroES/GroEL complex) (Hayer-Hartl et al., 2015) that fa-
cilitate proper folding and assembly of mitochondrial-imported proteins
(Hansen et al., 2003; Magen et al., 2008), yet, the regulatory me-
chanism of the system still remains in ambiguity in aquatic in-
vertebrates. Despite their high degree of sequence similarities and
function in intracellular folding and assembly of various polypeptides
(Ellis and van der Vies, 1991) across various organisms and organelles,
no close homologs of Hsp60 have been found in eukaryotic cell cytosol.
However, another family of proteins known as T-complex polypeptide 1
has been proposed, which are distantly related to Hsp60s but share high
sequence similarity and carry similar functions to that of Hsp60s
(Gupta, 1990). In addition, most of Hsp60s have been preferentially
found in mitochondria and the cytoplasm (Ziigel and Kaufmann, 1999)
and thus, considered cytosolic chaperone family (Trent et al., 1991;
Ellis, 1992; Horwich and Willison, 1993). As site-specifically expressed,
mitochondrial Hsp60 identified in Brachionus spp. were highly homo-
logous to that of H. sapiens, as demonstrated by high sequence
homology in the conserved domains. Besides the function in protein
assembly and folding, Hsp60s have also gained their importance as
major antigens due to high sequence similarities to that of microbial
pathogens, inducing strong humoral and cellular immune responses
against various infections (Ziigel and Kaufmann, 1999). For example,
the responsiveness of Hsp molecules to antibodies have been suggested
by the involvement of GroE complex in the synthesis of bacterial cell
wall (McLennan and Masters, 1998), which is suggestive of the con-
servation of this particular Hsp family members across all living or-
ganisms including prokaryotes and eukaryotes. In addition, canonical
structural features of Hsp60s were observed including GGM amino acid
sequences at the C-terminal end, however functional significance of the
presence of GGM repeat still remains unknown (Sanchez et al., 1999).

Growing evidences on Hsp60s have demonstrated that these groups
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of protein families play extremely important role in cellular home-
ostasis, which could possibly linked to relatively high expression levels
in the normal cell (Gupta and Knowlton, 2002). Moreover, studies on
stress responses of Hsp60s in response to various abiotic and biotic
factors including trace metals, organic pollutants, temperature shifts,
hypoxia/anoxia, and UV-radiation have been reported, indicating their
importance in understanding molecular responses and evolutionary
adaptation to environmental stressors (Sanders, 1990; Schlesinger,
1990; Sanders et al., 1991; Nepple and Bachofen, 1997; Gupta and
Knowlton, 2002), ultimately establishing as important biomarkers for
various stressors (Sanders, 1990; Bradely, 1993). For example, mod-
ulation of Hsp60 expression levels has been demonstrated by the sea
anemone Anemonia viridis in response to temperature changes following
a seasonal variation (Choresh et al., 2001), suggesting higher Hsp60
expression in response to increasing temperature is linked to higher
protein damage. Indeed, Hsp60 has showed its potential as one of the
major Hsp to environmental stressors (Tsan and Gao, 2004; Li et al.,
2011), as demonstrated by modulations in temperature-dependent
modulations in ATPase activity, which is essential for folding of dena-
tured protein and stress responses (Gupta et al., 2008). Interestingly, in
this study, RNA-seq analysis of temperature shift-exposed B. koreanus
showed modulations of the entire Hsps, with significant up-regulation
of Hsp60 family members. Indeed, differentially expressed gene ana-
lysis validated that mitochondrial Hsp60, TCP1 beta, delta, epsilon, eta,
and zeta were significantly up-regulated in response to temperature
shift (20°C), while TCPI1 beta, delta, and eta were significantly up-
regulated in response to dramatic temperature shift (15 °C), compared
to the control (25 °C) at 24h exposure. Differences in transcriptional
regulation of Hsp genes, particularly in Hsp60 family members could be
linked to deviations in the orientation/order of locations of the con-
served motifs within Hsp60s, which ultimately affect gene regulation
(Westholme et al., 2008) However, limited studies have addressed the
full genome-wide identification of Hsp60s in aquatic organisms and the
information gained from this study will be helpful for future studies on
evolutionary molecular ecotoxicology.

4.4. Hsp70

Organisms' ability to survive and thrive under environmental var-
iation highly relies on adaptation and homeostatic maintenance.
Another group of heat shock protein family is Hsp70, comprising the
most conserved Hsps among Hsp families across different species (Hunt
and Morimoto, 1985; Mayer and Bukau, 2005). Similar to other Hsp or
chaperones, Hsp70s are also considered housekeeping protein family
attributing to their assistance in a wide range of cellular functions, with
majority functioning in protein folding and control of the regulatory
proteins (Toft, 1999; Hartl and Hayer-Hartl, 2002; Ryan and Pfanner,
2002; Young et al., 2003). Specifically, three different activities are
involved in the function of Hsp70s in folding of non-native proteins:
prevention of aggregation, promotion of folding, and solubilization and
refolding of aggregated proteins (Mayer and Bukau, 2005). In addition
to folding function, Hsp70s assist in subcellular transport of proteins
and vesicles (Pratt and Toft, 2003), shift between formation/dissocia-
tion (Young et al., 2003), protein degradation (Chiang et al., 1989;
Bercovich et al., 1997). Furthermore, as this class of protein family is
highly conserved across animal taxa, Hsp70s have been extensively
implicated in a various field of studies including pathology, neurode-
generation, and immunology. In particular, extensive studies have been
reported in humans as higher number of genes (13 Hsp70s) is present
with differences in expression level, subcellular location, and amino
acid constitution (Radons, 2016). Despite high number of Hsp70 genes
in human, Hsp70 family, in general, is divided into four groups, namely
Hsp70 (Liu and Cao, 2018), heat shock cognate 70 (Hsc70) (Wu et al.,
2008), glucose-regulated protein 78 (Grp78)/immunoglobulin heavy-
chain binding protein (BIP)/Hsc3 (Li et al., 2018), and glucose-regu-
lated protein 75 (Grp75) (Daugaard et al., 2007), and each subfamily is
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expressed by different environmental stressors including heat, cold,
salinity, pH, and metal. Among these four subfamilies, Grp75 has been
known not to be induced in response to stressors, however, has been
predominantly expressed in the mitochondria (Daugaard et al., 2007).
In this study, in-silico analysis of the entire genome resulted in Grp78/
BIP, Grp75, Hsc70, Hsp70, and hypoxia up-regulated protein 1
(HYOU1), with highest duplicates identified within Hsc70s. In addition,
HYOU1 was comprised of the highest number of exons, 16 from B.
koreanus and B. plicatilis, and 15 from B. rotundiformis. Previous studies
have shown highly conserved structure of Hsp70 subfamilies. For ex-
ample, Hsc70 has three signature motifs including IDLGTTYS, LIFDL-
GGGTFDVSIL, and IVLVGGSTRIPKVQK (Jungprung et al., 2019).
Computational analysis of Hsp70 subfamilies have indeed demon-
strated the presence of conserved motifs that are found in other in-
vertebrates, suggesting possible functional role of Hsp70s in Brachionus
spp., however, the conserved motifs within the rotifers showed minor
differences in the amino acid features (i.e., hydrophobic, charged, po-
larity). Thus, to understand the significance of differences in AA re-
sidues and deviations within family members, functional studies are
required to better understand the consequences of changes in residues.

4.5. Hsp90

The members of Hsp90 families are highly conserved and universal
which are, similar to other chaperones, promotes the folding of syn-
thesized or incorrectly folded proteins to avert aggregation (Hoter
et al., 2018). Despite their ubiquitous presence, they are cellular-spe-
cifically expressed, where Hsp90 alpha and beta are located in the cy-
toplasm, Grp94 is localized in the ER, and tumor necrosis factor re-
ceptor-associated protein 1 (TRAP1) in the mitochondria (Hoter et al.,
2018). As this particular Hsp family is highly conserved across various
animal taxa with an exception of archaea (Chen et al., 2006), these four
members of Hsp90 were also present in the rotifer Brachionus spp. with
highly conserved number of exons among the three Brachionus spp.,
however, the direction of the strand were different in a species-specific
manner. As suggested by numerous studies, key features that define
Hsp90 protein family are (NKEIFLRELISN[S/A]SDALDKIR, LGTIA[K/R]
SGT, IGQFGVGFYSA [Y/F]LVA[E/D], IKLYVRRVFI, and GVVDS[E/D]
DLPLNI[I/V]SRE) along with the consensus sequence (MEEVD) at the C-
terminus (Zhao et al., 2011). Indeed, these conserved motifs were all
present in the three Brachionus spp., Hsp90 family members however,
some of the known key features of member-specific motifs were dif-
ferent compared to model species. For example, Grp94s of the Bra-
chionus spp., lacked KDEL signal motif required for ER retention signal,
but instead, has shown substitution of AA from KDEL to KKIL, the ca-
nonical dilysine (KK) motif, which has been suggested to confer ER
localization in other organisms including plants (Gao et al., 2014). Also,
another Hsp90 member, TRAP1 which is supposedly the mitochondrial
resident of Hsp90 which is signified by lack of MEEVD and the charger
linker domain found within the cytosolic homolog (Masgras et al.,
2017), TRAP1 identified in Brachionus spp. showed absence of these
signature motifs which indeed confirms its identity as mitochondrial
Hsp90 member. Interestingly, however, TRAP1 of Brachionus spp.
showed presence of KDEL motif in the NTD, which should only be found
in ER or Golgi-related Hsps, and thus these genes required further
qualification of the full sequences.

4.6. Global comparative analysis

As being one of the cosmopolitan species across diverse aquatic and
limnoterrestial habitats (Wallace and Smith, 2009), rotifers could be an
excellent model species to understand how they tolerate against con-
stantly occurring natural perturbations, and further anticipate the
aquatic food web status (Smith et al., 2012). In addition, as rotifers in
the natural environment experience thermal fluctuations, particularly
in shallow and temporary water bodies (Denekamp et al., 2009; Dupuis
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and Hann, 2009), it is worthy to investigate the presence of the entire
Hsp family genome-widely. In this study, the majority of Hsp families
identified among the three rotifers were highly similar to one another,
with an exception of small Hsps. The highest number of sHsps have been
identified in B. plicatilis, which indeed has the largest genome size
(106.9 Mb) (Han et al., 2019) compared to B. koreanus (85.7 Mb) and B.
rotundiformis (58 Mb) (Kang et al., 2020). Moreover, unlike B. koreanus,
B. plicatilis and B. rotundiformis both sustain the survival of their po-
pulation through diapause and resting eggs (Gilbert, 2007) under un-
favorable ambient conditions, and studies have shown that sHsps are
likely to function in defensive role against stressful conditions (MacRae,
2010) during diapauses and resting eggs. Moreover, previous studies
have shown that B. plicatilis, in general has shown, decreased suscept-
ibility to environmental stressor or xenobiotic-induced oxidative stress
compared to B. koreanus and B. rotundiformis, in terms of life cycle
parameters including life span, reproduction under higher toxic con-
centrations no-observed effective concentration, implying that higher
number of sHsps is possibly linked to increased tolerance against oxi-
dative stress (Mayer et al., 2012). In addition, synteny analyses have
shown relatively clustered organization of Hsps in B. rotundiformis
compared to B. koreanus and B. plicatilis.

Taken together, this study provides the very first genome-widely
identified Hsp families in one of the widely used ecotoxicological model
aquatic invertebrates Brachionus spp. In-silico analysis have shown
highly conserved domains within each Hsp family members, yet minor
differences have been demonstrated. This study will provide a new set
of dataset of aquatic invertebrate Hsps for a better understanding of the
significance of amino acid residue differences and consequent func-
tional role changes in species-specific manner.

Declaration of competing interest

The authors declare no conflict of interest.
Acknowledgement

This research was supported by a grant (PE20010) from the Korea
Polar Research Institute and also supported by a grant (No.
2020R1A2C1102480) of National Research Foundation of Korea funded
to Jun Chul Park.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbd.2020.100749.

References

Ahmad, A., Bhattacharya, A., McDonald, R., Cordes, M., Ellington, B., Bertelsen, E.B.,
Zuiderweg, E.R.P., 2011. Heat shock protein 70 kDa chaperone/DnaJ cochaperone
complex employs an unusual dynamic interface. Proc. Natl. Acad. Sci. U. S. A. 108,
18966-18971.

Arndt, H., 1993. Rotifers as predators on components of the microbial web (bacteria,
heterotrophic flagellates, ciliates)-a review. Hydrobiologia 255/256, 231-246.

Arrigo, A.P., 1998. Small stress proteins: chaperones that act as regulators of intracellular
redox state and programmed cell death. Biol. Chem. 379, 19-26.

Bailey, T.L., Boden, M., Buske, F.A., Frith, M., Grant, C.E., Clementi, L., Ren, J., Li, W.W.,
Noble, W.S., 2009. MEME suite: tools for motif discovery and searching. Nucleic
Acids Res. 37, W202-W208.

Ballinger, C.A., Connell, P., Wu, Y., Hu, Z., Thompson, L.J., Yin, L.-Y., Patterson, C., 1999.
Identification of CHIP, a novel tetratricopeptide repeat-containing protein that in-
teracts with heat shock proteins and negatively regulates chaperone functions. Mol.
Cell. Biol. 19, 4535-4545.

Basha, E., O'Neill, H., Vierling, E., 2012. Small heat shock proteins and a-crystallins:
dynamic proteins with flexible functions. Trends Biochem. Sci. 37, 106-117.

Bercovich, B., Stancovski, I., Mayer, A., Blumenfeld, N., Laszlo, A., Schwartz, A.L.,
Ciechanover, A., 1997. Ubiquitin-dependent degradation of certain protein substrates
in vitro requires the molecular chaperone Hsc70. J. Biol. Chem. 272, 9002-9010.

Bradely, B.P., 1993. Are the stress proteins indicators of exposure or effect? Mar. Environ.
Res. 35, 85-88.

Braun, N., Zacharias, M., Peschek, J., Kastenmiiller, A., Zou, J., Hanzlik, M., Haslbeck, M.,

13

Comparative Biochemistry and Physiology - Part D 36 (2020) 100749

Rappsilber, J., Buchner, J., Weinkauf, S., 2011. Multiple molecular architectures of
the eye lens chaperone aB-crystallin elucidated by a triple hybrid approach. Proc.
Natl. Acad. Sci. U. S. A. 108, 20491-20496.

Cappello, F., 2003. HSP60 and HSP10 as diagnostic and prognostic tools in the man-
agement of exocervical carcinoma. Gynecol. Oncol. 96, 661.

Cappello, F., David, S., Rappa, F., Bucchieri, F., Marasa, L., Bartolotta, T.E., Farina, F.,
Zummo, G., 2005. The expression of HSP60 and HSP10 in large bowel carcinomas
with lymph node metastase. BMC Cancer 5, 139.

Cara, J.B., Aluru, N., Moyano, F.J., Vijayan, M.M., 2005. Food-deprivation induces HSP70
and HSP90 protein expression in larval gilthead sea bream and rainbow trout. Comp.
Biochem. Physiol. B 142, 426-431.

Cerveny, L., Straskova, A., Dankova, V., Hartlova, A., Ceckova, M., Staud, F., Stulik, J.,
2013. Tetratricopeptide repeat motifs in the world of bacterial pathogens: role in
virulence mechanisms. Infect. Immun. 81, 629-635.

Cheetham, M.E., Caplan, A.J., 1998. Structure, function and evolution of DnaJ: con-
servation and adaptation of chaperone function. Cell Stress Chaperon 3, 28-36.

Chen, B., Zhong, D., Monteiro, A., 2006. Comparative genomics and evolution of the
HSPI0 family of genes across all kingdoms of organisms. BMC Genomics 7, 156.

Chen, T., Lin, T., Li, H., Lu, T., Li, J., Huang, W., Sun, H., Jiang, X., Zhang, J., Yan, A., Hu,
C., Luo, P., Ren, C., 2018. Heat shock protein 40 (HSP40) in Pacific white shrimp
(Litopenaeus vannamei): molecular cloning, tissue distribution and ontogeny, response
to temperature, acidity/alkalinity and salinity stresses, and potential role in ovarian
development. Front. Physiol. 9, 1784.

Chiang, H.L., Terlecky, S.R., Plant, C.P., Dice, J.F., 1989. A role for a 70-kilodalton heat
shock protein in lysosomal degradation of intracellular proteins. Science 246,
382-385.

Choresh, O., Ron, E., Loya, Y., 2001. The 60-kDa heat shock protein (HSP60) of the sea
anemone Anemonia viridis: a potential early warning system for environmental
changes. Mar. Biotechnol. 3, 501-508.

Dahms, H.-U., Hagiwara, A, Lee, J.-S., 2011. Ecotoxicology, ecophysiology, and me-
chanistic studies with rotifers. Aquat. Toxicol. 101, 1-12.

Daugaard, M., Rohde, M., Jaattela, M., 2007. The heat shock protein 70 family: highly
homologous proteins with overlapping and distinct functions. FEBS Lett. 581,
3702-3710.

De Jong, L., Moreau, X., Thiéry, A., 2008. Expression of heat shock proteins as biomarker
tool in aquatic invertebrates: Actual knowledge and ongoing developments for the
early detection of environmental changes and ecological risks. In: Morel, E., Vincent,
C. (Eds.), Heat-Shock Proteins: New Research. 20. Nova Publishers, New York, pp.
375-392.

Dejong, W.W., Caspers, G.J., Leunissen, J.A.M., 1998. Genealogy of the a-crystallin-small
heat shock protein superfamily. Int. J. Biol. Macromol. 22, 151-162.

Delbecq, S.P., Rosenbaum, J.C., Klevit, R.E., 2015. A mechanism of subunit recruitment in
human small heat shock protein oligomers. Biochemistry 54, 4276-4284.

Denekamp, N.Y., Thorne, M.A.S., Clark, M.S., Kube, M., Reinhardt, R., Lubzens, E., 2009.
Discovering genes associated with dormancy in the monogonont rotifer Brachionus
plicatilis. BMC Genomics 10, 108.

Denlinger, D.L., Rinehart, J.P., Yocum, G.D., 2001. Stress proteins: a role in insect dia-
pause? In: Denlinger, D.L., Giebultowicz, J., Saunders, D.S. (Eds.), Insect Timing:
Circadian Rhythmicity to Seasonality. Elsevier, Amsterdam, pp. 155-171.

Derham, B.K., Harding, J.J., 1999. a-crystallin as a molecular chaperone. Prog. Retin. Eye
Res. 18, 463-509.

Dhont, J., Dierckens, K., Stottrup, J., Van Stappen, G., Wille, M., Sorgeloos, P., 2013.
Rotifers, Artemia and copepods as live feeds for fish larvae in aquaculture. In: Allan,
G., Burnell, G. (Eds.), Adv. Aquacult. Hatch. Technol. Woodhead Publ. Ser,
Cambridge, pp. 157-202.

Dupuis, A.P., Hann, B.J., 2009. Warm spring and summer water temperatures in small
eutrophic lakes of the Canadian prairies: potential implications for phytoplankton
and zooplankton. J. Plankton Res. 31, 489-502.

Ellis, J., 1992. Cytosolic chaperonin confirmed. Nature 358, 191.

Ellis, R.J., van der Vies, S.M., 1991. Molecular chaperones. Annu. Rev. Biochem. 60,
321-347.

Fan, C.Y., Lee, S., Cyr, D.M., 2003. Mechanisms for regulation of Hsp70 function by
Hsp40. Cell Stress Chaperones 8, 309-316.

Feder, M.E., Hofmann, G.E., 1999. Heat-shock proteins, molecular chaperones, and the
stress response: evolutionary and ecological physiology. Annu. Rev. Physiol. 61,
243-282.

Gao, C., Cai, Y., Wang, Y., Kang, B.-H., Aniento, F., Robison, D.G., Jiang, L., 2014.
Retention mechanisms for ER and Golgi membrane proteins. 19, 508-515.

Georgopoulos, C.P., Lundquist-Heil, A., Yochem, J., Feiss, M., 1980. Identification of the
E. coli dnaJ gene product. Mol. Gen. Genet. 178, 583-588.

Gilbert, J.J., 2007. Timing of diapauses in monogonont rotifers: mechanisms and stra-
tegies. In: Alekseev, V.R., De Stasio, B., Gilbert, J.J. (Eds.), Diapauses in Aquatic
Invertebrates: Theory and Human Use. Monographiae Biologicae. 84. Pub. Springer,
Dordrecht, The Netherlands, pp. 11-27.

Gilbert, J.J., 2017. Non-genetic polymorphisms in rotifers: environmental and en-
dogenous controls, development, and features for predictable or unpredictable en-
vironments. Biol. Rev. 92, 964-992.

Gkouvitsas, T., Kontogiannatos, D., Kouri, A., 2008. Differential expression of two small
Hsps during diapause in the corn stalk borer Sesamia nonagriodes. J. Insect Physiol.
54, 1503-1510.

Greene, M.K., Maskos, K., Landry, S.J., 1998. Role of the J-domain in the cooperation of
Hsp40 with Hsp70. Proc. Natl. Acad. Sci. U. S. A. 95, 6108-6113.

Gupta, R.S., 1990. Sequence and structural homology between a mouse T-complex pro-
tein TCP-1 and the 'chaperonin' family of bacterial (GroEL, 60-65 kDa heat shock
antigen) and eukaryotic proteins. Biochem. Int. 20, 833-841.

Gupta, R.S., 1995. Evolution of the chaperonin families (Hsp60, Hsp10 and Tcp-1) of


https://doi.org/10.1016/j.cbd.2020.100749
https://doi.org/10.1016/j.cbd.2020.100749
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0005
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0005
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0005
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0005
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0015
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0015
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0020
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0020
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0035
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0035
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0040
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0040
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0040
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2005
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2005
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0045
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0045
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0045
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0045
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0050
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0050
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0055
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0055
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0055
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0060
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0060
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0060
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0065
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0065
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0065
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0070
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0070
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0075
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0075
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0080
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0080
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0080
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0080
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0080
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0085
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0085
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0085
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0090
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0090
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0090
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0100
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0100
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0105
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0105
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0105
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0110
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0110
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0110
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0110
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0110
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0115
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0115
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0120
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0120
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0125
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0125
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0125
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0130
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0130
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0130
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0135
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0135
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0140
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0140
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0140
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0140
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0145
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0145
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0145
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0150
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0155
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0155
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0160
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0160
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0165
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0165
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0165
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0170
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0170
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0175
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0175
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0180
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0180
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0180
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0180
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0185
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0185
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0185
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0190
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0190
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0190
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0195
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0195
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0200
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0200
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0200
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0205

J.C. Park, et al.

proteins and the origin of eukaryotic cells. Mol. Microbiol. 15, 1-11.

Gupta, R.S., Knowlton, A.A., 2002. Cytosolic heat shock protein 60, hypoxia, and apop-
tosis. Circulation 106, 2727-2733.

Gupta, R.S., Ramachandra, N.B., Bowes, T., Singh, B., 2008. Unusual cellular disposition
of the mitochondrial molecular chaperones Hsp60, Hsp70, and Hsp10. In: Novartis
Foundation Symposium. John Wiley, New York.

Gupta, S.C., Sharma, A., Mishra, M., Mishra, R.K., Chowdhuri, D.K., 2010. Heat shock
proteins in toxicology: how close and how far? Life Sci. 86, 377-384.

Han, J., Won, E.-J., Hwang, U.-K., Kim, L.-C., Yim, J.-H., Lee, J.-S., 2016. Triclosan (TCS)
and Triclocarban (TCC) cause lifespan reduction and reproductive impairment
through oxidative stress-mediated expression of the defensome in the monogonont
rotifer (Brachionus koreanus). Comp. Biochem. Physiol. C 185/186, 131-137.

Han, J., Lee, M., Park, J.C., Kim, S., Lee, J.-S., 2018. Effects of temperature shifts on life
parameters and expression of fatty acid synthesis and heat shock protein genes in
temperate and Antarctic copepods Tigriopus japonicus and Tigriopus kingsejongensis.
Polar Biol. 41, 2459-2466.

Han, J., Park, J.C., Choi, B.-S., Kim, M.-S., Kim, H.-S., Hagiwara, A., Park, H.-G., Lee, B.-
Y., Lee, J.-S., 2019. The genome of the marine monogonont rotifer Brachionus pli-
catilis: genome-wide expression profiles of 28 cytochrome P450 genes in response to
chlorpyrifos and 2-ethyl-phenanthrene. Aquat. Toxicol. 214, 105230.

Hansen, J.J., Bross, P., Westergaard, M., Mielsen, M.N., Eiberg, H., Borglum, A.D.,
Mogensen, J., Kristiansen, K., Bolund, L., Gregersen, N., 2003. Genomic structure of
the human mitochondrial chaperonin genes: HSP60and HSP10 are localized head to
head on chromosome 2 separated by a bidirectional promoter. Hum. Genet. 112,
71-77.

Hartl, F.U., Hayer-Hartl, M., 2002. Molecular chaperones in the cytosol: from nascent
chain to folded protein. Science 295, 1852-1858.

Harvell, C.D., 1990. The ecology and evolution of inducible defenses. Q. Rev. Biol. 65,
323-340.

Haslbeck, M., Vierling, E., 2015. A first line of stress defense: small heat shock proteins
and their function in protein homeostasis. J. Mol. Biol. 427, 1537-1548.

Hayer-Hartl, M., Bracher, A., Hartl, F.U., 2015. The GroEL-GroES chaperonin machine: a
nano-cage for protein folding. Trends Biochem. Sci. 10, 1016.

Hemmingsen, S.M., Woolford, C., van der Vies, S.M., Tilly, K., Dennis, D.T.,
Georgopoulos, C.P., Hendrix, R.W., Ellis, R.J., 1988. Nature 333, 330-334.

Hendrix, R.W., 1979. Purification and properties of GroE, a host protein involved in
bacteriophage assembly. J. Mol. Biol. 129, 375-393.

Herrero, O., Planell6, R., Morcillo, G., 2015. The plasticizer benzyl butyl phthalate (BBP)
alters the ecdysone hormone pathway, the cellular response to stress, the energy
metabolism, and several detoxication mechanisms in Chironomus riparius larvae.
Chemosphere 128, 266-277.

Hirano, T., Kinoshita, N., Morikawa, K., Yanagida, M., 1990. Snap helix with knob and
hole: essential repeats in S. pombe nuclear protein nuc2*. Cell 60, 319-328.

Hochberg, G.K.A., Benesch, J.L.P., 2015. Dynamics-function relationships of the small
heat-shock proteins. In: Tanguay, R.M., Hightower, L.E. (Eds.), The Big Book on Small
Heat Shock Proteins. Springer Int. Publ, pp. 87-100.

Horwich, A.K., Willison, K.R., 1993. Protein folding in the cell: functions of two families
of molecular chaperone, hsp60 and TF55-TCP1. Phil. Trans. Roy. Soc. B 339,
313-326.

Hoter, A., El-Sabban, M.E., Naim, H.Y., 2018. The Hsp90 family: structure, regulation,
function, and implications in health and disease. Int. J. Mol. Sci. 19, 2560.

Huang, X., Li, S., Gao, Y., Zhan, A., 2018. Genome-wide identification, characterization
and expression analyses of heat shock protein-related genes in a highly invasive
Ascidian Ciona savignyi. Front. Physiol. 9, 1043.

Hunt, C., Morimoto, R.I., 1985. Conserved features of eukaryotic hsp70 genes revealed by
comparison with the nucleotide sequence of human hsp70. Proc. Natl. Acad. Sci. U. S.
A. 82, 6455-6459.

Hwang, D.-S., Dahms, H.-U., Park, H.G., Lee, J.-S., 2013. A new intertidal Brachionus and
intrageneric phylogenetic relationships among Brachionus as revealed by allometry
and COI-ITS1 gene analysis. Zool. Stud. 52, 13.

Hwang, D.-S., Suga, K., Sakakura, Y., Park, H.G., Hagiwara, A., Rhee, J.-S., Lee, J.-S.,
2014. Complete mitochondrial genome of the monogonont rotifer Brachionus kor-
eanus (Rotifera, Brachionidae). Mito. DNA 25, 29-30.

Jehle, S., Vollmar, B.S., Bardiaux, B., Dove, K.K., Rajagopal, P., Gonen, T., Oschkinat, H.,
Klevit, R.E., 2011. N-terminal domain of aB-crystallin provides a conformational
switch for multimerization and structural heterogeneity. Proc. Natl. Acad. Sci. U. S.
A. 108, 6409-6414.

Jia, H., Halilous, A.L, Hu, L., Cai, W., Liu, J., Huang, B., 2011. Heat shock protein 10
(Hsp10) in immune-related diseases: one coin, two sides. Int J Biochem Mol Biol 2,
47-57.

Johnson, B.J., Le, T.T., Tobbin, C.A., Banovic, T., Howard, C.B., Flores, F.M., Vanags, D.,
Naylor, D.J., Hill, G.R., Suhrbier, A., 2005. Heat shock protein 10 inhibits lipopoly-
saccharide-induced inflammatory mediator production. J. Biol. Chem. 280,
4037-4047.

Johnston, J.A., Ward, C.L., Kopito, R.R., 1998. Aggresomes: a cellular response to mis-
folded proteins. J. Cell Biol. 143, 1883-1898.

Johnston, C.L., Marzano, N.R., Van Oijen, A.M., Ecroyd, H., 2018. Using single-molecule
approaches to understand the molecular mechanisms of heat shock protein chaperon
function. J. Mol. Biol. 430, 4525-4546.

Jungprung, W., Norouzitallab, P., De Vos, S., Tassanakajon, A., Nguyen Viet, D., Van
Stappen, G., Bossier, P., 2019. Sequence and expression analysis of HSP70 family
genes in Artemia franciscana. Sci. Rep. 9, 8391.

Kang, H.-M., Kim, M.-S., Choi, B.-S., Kim, D.-H., Kim, H.-J., Hwang, U.-K., Hagiwara, A.,
Lee, J.-S., 2020. The genome of the monogonont marine rotifer Brachionus rotundi-
formis and insight into species-specific detoxification components in Brachionus spp.
Comp. Biochem. Physiol. D 36, 100714.

14

Comparative Biochemistry and Physiology - Part D 36 (2020) 100749

Kappé, G., Boelens, W., Jong, W., 2010. Why proteins without an a-crystallin domain
should not be included in the human small heat shock protein family HSPB. Cell
Stress Chaperon 15, 457-461.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S.,
Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes, P., Drummond,
A., 2012. Geneious basic: an integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics 28, 1647-1649.

Kelley, W.L., 1998. The J-domain family and the recruitment of chaperone power. Trends
Biochem. Sci. 23, 222-227.

Kim, B.-M., Rhee, J.-S., Jeong, C.-B., Seo, J.S., Park, G.S., Lee, Y.-M., Lee, J.-S., 2014.
Heavy metals induce oxidative stress and trigger oxidative stress-mediated heat shock
proteins (Hsps) modulation in the copepod, Tigriopus japonicus. Comp. Biochem.
Physiol. C 166, 65-74.

Koyama, Y., Goldman, J.E., 1999. Formation of GFAP cytoplasmic inclusions in astrocytes
and their disaggregation by aB-crystallin. Am. J. Pathol. 154, 1563-1572.

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.

Laganowsky, A., Benesch, J.L.P., Landau, M., Ding, L., Sawaya, M.R., Cascio, D., Huang,
Q., Robinson, C.V., Horwitz, J., Eisenberg, D., 2010. Crystal structures of truncated
alpha and aB crystallins reveal structural mechanisms of polydispersity important for
eye lens function. Protein Sci. 19, 1031-1043.

Lencioni, V., Grazioli, V., Rossaro, B., Bernabo, P., 2016. Transcriptional profiling in-
duced by pesticides employed in organic agriculture in a wild population of
Chironomus riparius under laboratory conditions. Sci. Tot. Environ. 557/558,
183-191.

Li, Y., Yan Feng, R.S., Chen, H.H., Zou, L., Wang, E., Zhang, M., Warren, H.S., Sosnovik,
D.E., Chao, W., 2011. Myocardial ischemia activates an injurious innate immune
signaling via cardiac heat shock protein 60 and toll-like receptor 4. J. Biol. Chem.
286, 31308-31319.

Li, Y., Zhang, T., Zhang, X., Wang, G., Wang, Y., Zhang, Z., 2018. Heat shock cognate 70
gene in Haliotis diversicolor: responses to pathogen infection and environmental
stresses and its transcriptional regulation analysis. Cell Stress Chaperon 23, 335-346.

Linke, K., Wolfram, T., Bussermer, J., Jakob, U., 2003. The roles of the two zinc binding
sites in DnalJ. J. Biol. Chem. 278, 44457-44466.

Liu, T., Cao, S., 2018. Heat shock protein 70 and cancer. In: Asea, A.A.A., Kaur, P. (Eds.),
HSP70 in Human Diseases and Disorders. Springer Int. Publ, pp. 93-111.

Lopez, N., Aron, R, Craig, E.A., 2003. Specificity of class II Hsp40 Sis1 in maintenance of
yeast prion [RNQ™]. Mol. Biol. Cell 13, 1172-1181.

Luo, Y., Fang, B., Wang, W., Yang, Y., Rao, L., Zhang, C., 2019. Genome-wide analysis of
the rice J-protein family: identification, genomic organization, and expression pro-
files under multiple stresses. 3 Biotech 9, 358.

MacRae, T.H., 2010. Gene expression, metabolic regulation and stress tolerance during
diapause. Cell. Mol. Life Sci. 67, 2405-2424.

Magen, D., Georpopoulos, C., Bross, P., Ang, D., Segev, Y., Goldsher, D., Nemirovski, A.,
Shahar, E., Ravid, S., Luder, A., Heno, B., Gershoni-Baruch, R., Skorecki, K., Mandel,
H., 2008. Mitochondrial Hsp60 chaperonpathy causes an autosomal-recessive neu-
rodegenerative disorder linked to brain hypomyelination and leukodystropathy. Am.
J. Hum. Genet. 83, 30-42.

Mahmood, K., Jadoon, S., Mahmood, Q., Irshad, M., Hussain, J., 2014. Synergistic effects
of toxic elements on heat shock proteins. Biomed. Res. 2014, 564136.

Martinez-Paz, P., Morales, M., Martin, R., Martinez-Guitarte, J.L., Morcillo, G., 2014.
Characterization of the small heat shock protein Hsp27 gene in Chironomus riparius
(Diptera) and its expression profile in response to temperature changes and xeno-
biotic exposures. Cell Stress Chaperones 19, 529-540.

Masgras, 1., Sancheez-Martin, C., Colombo, G., Rasola, A., 2017. The chaperone TRAP1 as
a modulator of the mitochondrial adaptations in cancer cells. Front. Oncol. 7, 1-10.

Mayer, M.P., Bukau, B., 2005. Hsp70 chaperones: cellular functions and molecular me-
chanism. Cell. Mol. Life Sci. 62, 670-684.

Mayer, F.L., Wilson, D., Jacobsen, I.D., Miramon, P., Slesiona, S., Bohovych, .M., Brown,
A.J.P., Hube, B., 2012. Small but crucial: the novel small heat shock protein Hsp21
mediates stress adaptation and virulence in Candida albicans. PLoS One 7, e38584.

McLennan, N., Masters, M., 1998. GroE is vital for cell-wall synthesis. Nature 392, 139.

Mikulski, A., Grzesiuk, M., Kloc, M., Pijanowska, J., 2009. Heat shock proteins in Daphnia
detected using commercial antibodies: description and responsiveness to thermal
stress. Chemoecology 19, 69-72.

Mikulski, A., Bernatowicz, P., Grzesiuk, M., Kloc, M., Pijanowska, J., 2011. Differential
levels of stress proteins (HSPs) in male and female Daphnia magna in response to
thermal stress: a consequence of sex-related behavioral differences? J. Chem. Ecol.
37, 670-676.

Mills, S., Alcantara-Rodriguez, J., Ciros-Pérez, J., Gémez, A., Hagiwara, A., Galindo, K.H.,
Jersabek, C.D., Malekzadeh-Viayeh, R., Leasi, F., Lee, J.-S., Mark Welch, D.B.,
Papakostas, S., Riss, S., Segers, H., Serra, M., Shiel, R., Smolak, R., Snell, T.W.,
Stelzer, C.-P., Tang, C.Q., Wallace, R.L., Fontaneto, D., Walsh, E., 2017. Fifteen
species in one: deciphering the Brachionus plicatilis species complex (Rotifera,
Monogononta) through DNA taxonomy. Hydrobiologia 796, 39-58.

Morrow, G., Battistini, S., Zhang, P., Tanguay, R.M., 2004. Decreases lifespan in the ab-
sence of expression of the mitochondrial small heat shock protein Hsp22 in
Drosophila. J. Biol. Chem. 279, 43382-43385.

Mymrikov, E.V., Seit-Nebi, A.S., Gusev, N.B., 2011. Large potentials of small heat shock
proteins. Physiol. Rev. 91, 1123-1159.

Nepple, B.B., Bachofen, R., 1997. Induction of stress proteins in the phototrophic bac-
terium Rhodobacter sphaeroides. FEMS Microbiol. Lett. 153, 173-180.

Park, M.S., Kim, Y.D., Kim, B.-M., Kim, Y.-J., Kim, J.K., Rhee, J.-S., 2016. Effects of an-
tifouling biocides on molecular and biochemical defense system in the gill of the
Pacific oyster Crassostrea gigas. PLoS One 11, e0168978.

Park, J.C., Choi, B.-S., Kim, M.-S., Shi, H., Zhou, B., Park, H.G., Lee, J.-S., 2020a. The


http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0205
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0210
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0210
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0215
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0215
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0215
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0220
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0220
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0225
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0225
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0225
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0225
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0230
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0230
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0230
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0230
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0235
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0235
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0235
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0235
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0240
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0240
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0240
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0240
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0240
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0245
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0245
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0250
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0250
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0255
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0255
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0260
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0260
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0265
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0265
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0270
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0270
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2010
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2010
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2010
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2010
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0275
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0275
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0280
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0280
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0280
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0285
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0285
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0285
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0290
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0290
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2015
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2015
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2015
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0295
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0295
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0295
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0300
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0300
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0300
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0305
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0305
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0305
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0310
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0310
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0310
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0310
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0315
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0315
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0315
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0325
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0325
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0325
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0325
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0330
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0330
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0335
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0335
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0335
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0340
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0340
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0340
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0345
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0345
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0345
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0345
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0350
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0350
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0350
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0355
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0355
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0355
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0355
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0360
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0360
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0370
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0370
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0370
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0370
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0375
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0375
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0380
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0380
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0385
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0385
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0385
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0385
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2020
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2020
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2020
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2020
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0390
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0390
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0390
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0390
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0395
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0395
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0395
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0400
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0400
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0405
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0405
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0410
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0410
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0415
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0415
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0415
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0420
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0420
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0425
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0425
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0425
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0425
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0425
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0430
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0430
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2025
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0435
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0435
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0440
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0440
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0445
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0445
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0445
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0450
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0455
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0455
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0455
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0460
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0460
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0460
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0460
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0465
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0465
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0465
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0465
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0465
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0465
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0470
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0470
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0470
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0475
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0475
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0480
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0480
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0485
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0485
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0485
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0490

J.C. Park, et al.

genome of the marine rotifer Brachionus koreanus sheds light on the antioxidative
defense system in response to 2-ethyl-phenanthrene and piperonyl butoxide. Aquat.
Toxicol. 221, 105443.

Park, K., Kim, W.-S., Kwak, I.-S., 2020b. Effects of di-(2-ethylhexyl) phthalate on tran-
scriptional expression of cellularpProtection-related HSP60 and HSP67B2 genes in
the mud crab Macrophthalmus japonicus. Appl. Sci. 10, 2766.

Pijanowska, J., Kloc, M., 2004. Daphnia response to predation threat involves heat-shock
proteins and the actin and tubulin cytoskeleton. Genesis 38, 81-86.

Posner, M., Kiss, A.J., Skiba, J., Drossman, A., Dolinska, M.B., Hejtmancik, J.F., Sergeev,
Y.V., 2012. Functional validation of hydrophobic adaptation to physiological tem-
perature in the small heat shock protein aA-crystallin. PLoS One 7, e34438.

Poulain, P., Gelly, J.-C., Flatters, D., 2010. Detection and architecture of small heat shock
protein monomers. PLoS One 5, €9990.

Pradeep, K., Summers, D.W., Ren, H.-Y., Cyr, D.M., Dokholyan, N.V., 2009. Identification
of consensus motif in substrate bound by a type I Hsp40. Proc. Natl. Acad. Sci. U. S. A.
106, 11073-11078.

Pratt, W.B., Toft, D.O., 2003. Regulation of signaling protein function and trafficking by
the hsp90/hsp70based chaperone machinery. Exp. Biol. Med. 228, 111-133.

Qiu, X.-B., Shao, Y.-M., Miao, S., Wang, L., 2006. The diversity of the DnaJ/Hsp40 family,
the crucial partners for Hsp70 chaperones. Cell. Mol. Life Sci. 63, 2560-2570.

Radford, S.E., Dobson, C.M., 1999. From computer simulations to human disease:
emerging themes in protein folding. Cell 97, 291-298.

Radons, J., 2016. The human HSP70 family of chaperones: where do we stand? Cell Stress
Chaperon. 21, 379-404.

Reineke, A., 2005. Identification and expression of a small heat shock protein in two lines
of the endoparasitic wasp Venturia canescens. Comp. Biochem. Physiol. A 141, 60-69.

Rhee, J.-S., Kim, R.-O., Choi, H.-G., Lee, J., Lee, Y.-M., Lee, J.-S., 2011. Molecular and
biochemical modulation of heat shock protein 20 (Hsp20) gene by temperature stress
and hydrogen peroxide (H,0,) in the monogonont rotifer, Brachionus sp. Comp.
Biochem. Physiol. C 154, 19-27.

Ritossa, F., 1962. A new puffing pattern induced by heat shock and DNP in Drosophila.
Experientia 18, 571-573.

Ryan, M.T., Pfanner, N., 2002. Hsp70 proteins in protein translocation. Adv. Protein
Chem. 59, 223-242.

Sanchez, G.I., Carucci, D.J., Sacci, J.J., Resau, J.H., Rogers, W.O., Kumar, N., Hoffman,
S.L., 1999. Plasmodium yoelli: cloning and characterization of the gene encoding for
the mitochondrial heat shock protein 60. Exp. Parasitol. 93, 181-190.

Sanders, B.M., 1990. Stress-proteins: Potential as multitiered biomarkers. In: Shugart, L.,
McCarthy, J. (Eds.), Environmental biomarkers. Environ. Protection Agency,
Washington, D.C, pp. 165-191.

Sanders, B.M., Martin, L.S., Nelson, W.G., Phelps, D.K., Welch, W., 1991. Relationships
between accumulation of a 60 kDa stress protein and scope for growth in Mytilus
edulis exposed to a range of copper concentrations. Mar. Environ. Res. 31, 81-97.

Santoro, M.G., 2000. Heat shock factors and the control of the stress response. Biochem.
Pharmacol. 59, 55-63.

Schlesinger, M.J., 1990. Heat-shock proteins: a mini review. J. Biol. Chem. 265,
12111-12114.

Segers, H., 2008. Global diversity of rotifers (Rotifera) in freshwater. Hydrobiologia 595,
49-59.

Senf, S.M., 2013. Skeletal muscle heat shock protein 70: diverse functions and therapeutic
potential for wasting disorders. Front. Physiol. 4, 330.

Shamaei-Tousi, A., D'Aiuto, F., Nibali, L., Steptoe, A., Coates, A.R., Parkar, M., Donos, N.,
Henderson, B., 2007. Differential regulation of circulating levels of molecular cha-
perones in patients undergoing treatment for periodontal disease. PLoS One 2, e1198.

Smith, H.A., Burns, A.R., Shearer, T.L., Snell, T.W., 2012. Three heat shock proteins are
essential for rotifer thermotolerance. J. Exp. Mar. Biol. Ecol. 413, 1-6.

Srivastava, P., 2002. Roles of heat-shock proteins in innate and adaptive immunity. Nat.
Rev. Immunol. 2, 185-194.

Stamler, R., Kappé, G., Boelens, W., Slingsby, C., 2005. Wrapping the a-crystallin domain
fold in a chaperone assembly. J. Mol. Biol. 353, 68-79.

Stein, K.C., Bengoechea, R., Harms, M.B., Weihl, C.C., True, H.L., 2014. Myopathy-
causing mutations in an HSP40 chaperone disrupt processing of specific client con-
formers. J. Biol. Chem. 289, 21120-21130.

Tissiers, A., Mitchell, H.K., Tracy, U.M., 1974. Protein synthesis in salivary glands of

15

Comparative Biochemistry and Physiology - Part D 36 (2020) 100749

Drosophila melanogaster: relation to chromosome puffs. J. Mol. Biol. 84, 389-392.

Tiwari, S., Kumar, V., Jayaraj, G.G., Maiti, S., Mapa, K., 2013. Unique structural mod-
ulation of a non-native substrate by cochaperone DnaJ. Biochemistry 52, 1011-1018.

Toft, D.O., 1999. Control of hormone receptor function by molecular chaperones and
folding catalysts. In: Bukau, B. (Ed.), Molecular Chaperones and Folding Catalysts.
Regulation, Cellular Function and Mechansim. Harwood Academic Publishers,
Amsterdam, pp. 313-327.

Trent, J.D., Nimmesgern, E., Wall, J.S., Hartl, F.-U., Horwich, A.L., 1991. A molecular
chaperone from a thermophilic archaebacterium is related to the eukaryotic protein t-
complex polypeptide-1. Nature 354, 490-493.

Triebskorn, R., Adam, S., Casper, H., Honnen, W., Pawert, M., Scramm, M., Schwaiger, J.,
Kohler, H.R., 2002. Biomarkers as diagnostic tools for evaluating effects of unknown
past water quality conditions on stream organisms. Ecotoxicology 11, 451-465.

Tsan, M.-F., Gao, B., 2004. Heat shock protein and innate immunity. Cell Mol. Immunol.
1, 274-279.

Van Montfort, R., Slingsby, C., Vierling, E., 2001. Structure and function of the small heat
shock protein/a-crystallin family of molecular chaperones. Adv. Protein Chem. 59,
105-156.

Verma, A.K., Diwan, D., Raut, S., Dobriyal, N., Brown, R.E., Gowda, V., Hines, J.K., Sahi,
C., 2017. Evolutionary conservation and emerging functional diversity of the cyto-
solic Hsp70: J protein chaperone network of Arabidopsis thaliana. G3 7, 1941-1954.

Vos, M.J., Hagerman, J., Carra, S., Kampinga, H.H., 2008. Structural and functional di-
versities between members of the human HSPB, HSPH, HSPA, and DNAJ chaperone
families. Biochemistry 47, 7001-7011.

Wallace, R.L., Smith, H.A., 2009. Rotifera. In: Likens, G.E. (Ed.), Encyclopedia of Inland
Waters. Elsevier, Oxford, pp. 689-703.

Wang, H.J., Shi, Z.K., Shen, Q.D., Xu, C.D., Wang, B., Meng, Z.J., Wang, S.-.G., Tang, B.,
Wang, S., 2017. Molecular cloning and induced expression of six small heat shock
proteins mediating cold-hardiness in Harmonia axyridis (Coleoptera: Coccinellidae).
Front. Physiol. 8, 60.

Wang, Q., Wei, W., Liu, Y., Zheng, Z., Du, X., Jiao, Y., 2019. Hsp40 gene family in pearl
oyster Pinctada fucata martensii: Genome-wide identification and function analysis.
Fish Shellfish Immunol. 93, 904-910.

Waters, E.R., Aevermann, B.D., Sanders-Reed, Z., 2008. Comparative analysis of the small
heat shock proteins in three angiosperm genomes identifies new subfamilies and
reveals diverse evolutionary patterns. Cell Stress Chaperon 13, 127-142.

Westerheide, S.D., Morimoto, R.I., 2005. Heat shock response modulators as therapeutic
tools for diseases of protein conformation. J. Biol. Chem. 280, 33097-33100.

Westholme, J.O., Xu, F., Ronne, H., Komorowski, J., 2008. Genome-scale study of the
importance of binding site context for transcription factor binding and gene regula-
tion. BMC Bioinform 9, 484.

Won, E.-J., Han, J., Lee, Y., Kumar, K.S., Shin, K.-H., Lee, S.-J., Park, H.G., Lee, J.-S.,
2015. In vivo effects of UV radiation on multiple endpoints and expression profiles of
DNA repair and heat shock protein (Hsp) genes in the cycloid copepod Paracyclopina
nana. Aquat. Toxicol. 165, 1-8.

Wu, T., Tanguay, R.B., 2006. Antibodies against heat shock proteins in environmental
stresses and diseases: friend or foe? Cell Stress Chaperones 11, 1-12.

Wu, R., Sun, Y., Lei, L.M., Xie, S.T., 2008. Molecular identification and expression of heat
shock cognate 70 (HSC70) in the pacific white shrimp Litopenaeus vannamei. Cell.
Mol. Biol. 42, 234-242.

Yoshimi, T., Minowa, K., Karouna-Renier, N.K., Watanabe, C., Sugaya, Y., Miura, T.,
2002. Activation of a stress-induced gene by insecticides in the midge, Chironomus
yoshimatsui. J. Biochem. Mol. Toxicol. 16, 10-17.

Young, J.C., Barral, J.M., Ulrich Hartl, F., 2003. More than folding: localized functions of
cytosolic chaperones. Trends Biochem. Sci. 28, 541-547.

Zhao, H., Yang, H., Zhao, H., Chen, M., Wang, Y., 2011. The molecular characterization
and expression of heat shock protein 90 (Hsp90) and 26 (Hsp26) cDNA in sea cu-
cumber (Apostichopus japonicus). Cell Stress Chaperon 16, 481-493.

Ziigel, U., Kaufmann, S.H.E., 1999. Role of heat shock proteins in protection from and
pathogenesis of infectious diseases. Clin. Microbiol. Rev. 12, 19-39.

Zylicz, M., Yamamoto, T., Mckittrick, N., Sell, S., Georgopoulos, C., 1985. Purification and
properties of the dnaJ replication protein of Escherichia coli. J. Biol. Chem. 260,
7591-7598.


http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0490
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0490
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0490
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0495
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0495
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0495
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0500
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0500
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0505
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0505
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0505
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0510
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0510
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0515
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0515
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0515
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0520
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0520
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0525
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0525
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0530
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0530
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0535
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0535
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0540
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0540
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0545
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0545
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0545
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0545
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0555
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0555
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0560
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0560
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0565
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0565
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0565
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0570
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0570
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0570
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0575
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0575
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0575
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0580
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0580
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0585
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0585
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0590
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0590
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0595
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0595
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0600
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0600
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0600
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0605
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0605
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0610
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0610
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0615
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0615
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0620
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0620
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0620
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0625
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0625
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0630
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0630
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0635
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0635
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0635
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0635
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0640
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0640
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0640
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0645
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0645
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0645
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0650
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0650
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0655
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0655
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0655
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0660
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0660
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0660
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0665
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0665
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0665
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0670
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0670
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0680
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0680
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0680
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0680
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf2030
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0685
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0685
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0685
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0690
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0690
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0695
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0695
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0695
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0700
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0700
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0700
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0700
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0705
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0705
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0710
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0710
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0710
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0715
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0715
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0715
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0720
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0720
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0725
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0725
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0725
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0735
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0735
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0740
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0740
http://refhub.elsevier.com/S1744-117X(20)30096-4/rf0740

	Genome-wide identification and structural analysis of heat shock protein gene families in the marine rotifer Brachionus spp.: Potential application in molecular ecotoxicology
	1 Introduction
	2 Materials and methods
	2.1 Species and culture conditions
	2.2 Identification of heat shock protein families in three marine rotifers Brachionus spp.
	2.3 Phylogenetic analysis of the entire heat shock protein families
	2.4 Bioinformatics analysis of heat shock protein family (Hsp) domains, conserved motifs, subcellular localization, and three-dimensional structure analysis of Hsps in Brachionus spp.
	2.5 RNA-seq analysis of transcriptomic changes in Brachionus koreanus under thermal stress

	3 Results
	3.1 Phylogenetic and in-silico synteny analysis of the entire heat shock protein families in Brachionus spp.
	3.2 Computational genomic structural analysis of heat shock proteins in Brachionus spp.
	3.3 In-silico domain and multiple sequence alignment analysis of heat shock protein families in Brachionus spp.
	3.4 Recognition of conserved sequences in heat shock proteins (Hsp40, Hsp60, Hsp70, and Hsp90s) across the three Brachionus spp.
	3.5 Analysis of subcellular localization and 3-D structural prediction of heat shock proteins of Brachionus koreanus
	3.6 RNA-seq analysis of heat shock proteins of Brachionus koreanus under thermal stress

	4 Discussion
	4.1 Hsp20/small heat shock proteins
	4.2 Hsp40/DnaJ homolog subfamily members
	4.3 Hsp10 co-chaperone with Hsp60/T-complex protein 1 subunits
	4.4 Hsp70
	4.5 Hsp90
	4.6 Global comparative analysis

	Declaration of competing interest
	Acknowledgement
	mk:H1_25
	Appendix A Supplementary data
	References




