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Abstract :

The 70 kDa heat shock proteins (HSP70) are considered the most conserved members of the HSP family.
These proteins are primordial to the cell, because of their implications in many cellular pathways (e.g.,
development, immunity) and also because they minimize the effects of multiple stresses (e.g.,
temperature, pollutants, salinity, radiations). In the cytosol, two ubiquitous HSP70s with either a
constitutive (HSC70) or an inducible (HSP70) expression pattern are found in all metazoan species,
encoded by 5 or 6 genes (Drosophila melanogaster or yeast and human respectively). The cytosolic
HSP70 protein family is considered a major actor in environmental adaptation, and widely used in ecology
as an important biomarker of environmental stress. Nevertheless, the diversity of cytosolic HSP70
remains unclear amongst the Athropoda phylum, especially within decapods.

Using 122 new and 311 available sequences, we carried out analyses of the overall cytosolic HSP70
diversity in arthropods (with a focus on decapods) and inferred molecular phylogenies. Overall structural
and phylogenetic analyses showed a surprisingly high diversity in cytosolic HSP70 and revealed the
existence of several unrecognised groups. All crustacean HSP70 sequences present signature motifs and
molecular weights characteristic of non-organellar HSP70, with multiple specific substitutions in the
protein sequence. The cytosolic HSP70 family in arthropods appears to be constituted of at least three
distinct groups (annotated as A, B and C), which comprise several subdivisions, including both constitutive
and inducible forms. Group A is constituted by several classes of Arthropods, while group B and C seem
to be specific to Malacostraca and Hexapoda/ Chelicerata, respectively. The HSP70 organization
appeared much more complex than previously suggested, and far beyond a simple differentiation
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according to their expression pattern (HSC70 versus HSP70). This study proposes a new classification
of cytosolic HSP70 and an evolutionary model of the distinct forms amongst the Arthropoda phylum. The
observed differences between HSP70 groups will probably have to be linked to distinct interactions with
co-chaperones or other co-factors.

Highlights

> A large dataset of cytosolic HSP70 genes fragments was sequenced from decapods. » Phylogenetic
analyses reveal multiple clusters with structural specificities. » Clusters of HSP70s found in this study
include both consitutive and inducible forms. » An evolutionary model of cytosolic HSP70 within the
Arthropoda phylum is proposed.
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Abbreviations

HSP70 heat shock protein 70 kDa

HSC70 cognate heat shock protein 70 kDa

Cyt-HSP70 cytosolic heat shock protein 70 kDa

ER-HSP70 endoplasmic reticulum heat shock protein 70 kDa

HSP90 heat shock protein 90 kDa
NCBI National Center of Biotechnology Information
NEF nucleotide exchange factor
gDNA genomic DNA

cDNA complementary DNA

PCR Polymerase Chain Reaction
ML Maximum Likelihood

MP Maximum Parsimony

NJ Neighbour-Joining

NBD Nucleotide-Binding Domain
SBD Substrate-Binding Domain

CTD C-Terminal Domain



1. Introduction

Heat Shock Proteins (HSPs) are known as major actors of the heat shock response (Ritossa,
1962; Tissiéres et al., 1974), and as proteins, generally involved in eukaryotic development
and stress response (Craig and Schlesinger, 1985; Lindquist, 1986). Many HSPs types have
been described and constitute a superfamily of proteins ranging from 15 to 110 kDa. Their
functions include mainly the correct folding of newly synthesized or translocated proteins,
denatured protein refolding, and aggregate solubilisation (Feder and Hofmann, 1999; Fink,
1999; Lindquist and Craig, 1988).

The 70 kDa Heat Shock Protein (HSP70) is considered one of the most ubiquitous and

conserved proteins ever described (Gupta and Singh, 1994). Within eukaryotes, the HSP70



family includes distinct members, located in various cellular compartments (Craig et al.,
1993; Karlin and Brocchieri, 1998). The cytosolic, endoplasmic reticulum (ER),
mitochondrial and plastid HSP70s share identical signature patterns, but can be discriminated
by distinct C-terminal motifs (Boorstein et al., 1994; Rensing and Maier, 1994). Even
prokaryotic and eukaryotic HSP70s appear to have evolved from a common ancestor, and
have at least 47 % amino acid sequence identity (Boorstein et al., 1994).

HSP70s are constituted of an N-terminal ATPase domain (Nucleotide Binding Domain, NBD,
44 kDa), a Substrate Binding Domain (SBD, 18 kDa) and a variable C-Terminal Domain
(CTD, 10 kDa) (Kiang and Tsokos, 1998). The interactions of the SBD with the substrate are
regulated by the NBD status: the HSP70 ATP hydrolysis activity converts the ATP-bound
state to the ADP-bound state. In an ATP-bound state, the SBD substrate affinity is low, with a
high association-dissociation rate. At the opposite, the ADP-bound or nucleotide-free state
induces high substrate affinity and a low association-dissociation rate (Arakawa et al., 2010;
Bukau and Horwich, 1998; Palleros et al., 1991; Swain et al., 2007). HSP70 chaperone
activity is regulated through ATPase cycle modulations, by interactions with co-chaperones
and Nucleotide Exchange Factors (NEFs) on specific sites, principally located in the NBD
and the CTD (Demand et al., 1998; Mayer, 2010). Furthermore, it was recently demonstrated
that a conserved fragment of 10-15 amino acids, named interdomain-linker (located between
the NBD and the SBD), also appears to be involved in ATPase activity stimulation, chaperone
complex stabilization and HSP70 oligomerization (Alderson et al., 2014; Aprile et al., 2013;
Swain et al., 2007; Vogel et al., 2006).

Besides being involved in basic cellular processes such as correct protein folding, HSP70s are
also implicated in cell proliferation and development, apoptosis, senescence and the immune
response (Feder and Hofmann, 1999; Kiang and Tsokos, 1998). These fundamental functions

led medical research to consider HSP70s as targets for cancer therapies (Meng et al., 2014;



Rodina et al., 2013; Schlecht et al., 2013; Sherman and Gabai, 2015) or for neurodegenerative
disease (Abisambra et al., 2011; Fontaine et al., 2015; Lim and Yue, 2015; Manna, 2014).
HSP70s are also considered as major ecological and physiological biomarkers for stress,
owing to their involvement in adaptation and survival of organisms to varying environmental
conditions (Bedulina et al., 2013; Colson-Proch et al., 2010; De Pomerai, 1996; Franzellitti
and Fabbri, 2005; Kelley et al., 2011). Within decapods, over-expression of cytosolic HSP70
genes was observed facing various stressors, such as heat and cold shocks (Fu et al., 2013;
Luan et al., 2010; Madeira et al., 2012; Qian et al., 2012; Yang et al., 2013), salinity and pH
variations (Fu et al., 2013; Qian et al., 2012; Spees et al., 2002), metal exposure (Luan et al.,
2010; Qian et al., 2012) and bacterial challenges (Cui et al., 2010; Xiu et al., 2014; Zhang et
al., 2013; Zhou et al., 2010). Nevertheless, different expression profiles of cytosolic HSP70
members led to suspect multiple functions for different members of the subfamily. The cyt-
HSP70 multigene family is well known in model organisms, including 6 homologues in
human and yeast (Daugaard et al., 2007; Werner-Washburne and Craig, 1989) and 5 genes in
Drosophila melanogaster (Bettencourt and Feder, 2001). Basal expression levels of each cyt-
HSP70 form vary in different types of tissues (Daugaard et al., 2007) and present distinct
sensitivities to heat stress leading to repression or induction of expression (Boorstein et al.,
1994; Werner-Washburne and Craig, 1989). In this way, a distinction was made between the
inducible HSP70, which in general presents very low basal levels and high stress-induction;
and the constitutive HSC70 (heat shock cognate protein), evenly transcribed under normal or
stress conditions (Ingolia and Craig, 1982; Krenek et al., 2013).

Within decapods, occasional HSC70 over-expression, however, was also described during
environmental stresses (Lo et al., 2004; Qian et al., 2012), but at much lower induction levels
(2-8 folds) than the inducible HSP70 (9-100 folds) (Luan et al., 2010). The complexity of

HSC70 and HSP70 discrimination is reinforced by variable tissue-specific modality of



expression, depending on the stress (Liu et al., 2004; Lo et al., 2004; Xiu et al., 2014; Yamuna
et al., 2000). Although physiological significance of these differences is not well understood,
synthesis of HSP/HSC70 may be linked to cellular damages and tissues vulnerability facing to
distinct stressors (e. g., temperature, contaminants). Diversity of cytosolic HSP70 was
observed within several decapods species (Cottin et al., 2010; Leignel et al., 2007; Liu et al.,
2004; Luan et al., 2010) and an especially high complexity was suspected in the brachyuran
infra-order (Cui et al., 2010; Leignel et al., 2007). The links between different HSP70
subfamily members, and most importantly, their inducible or constitutive features remain a
real point of discussion (Leignel et al., 2007; Liu et al., 2004; Mestre et al., 2015).

In this study, we characterize nucleotide sequences of cytosolic HSP70 from 23 brachyuran
(16 families), 5 anomuran and 7 astacidean species to investigate the HSP70 diversity and
phylogeny. Screening of the international databases allowed us to also perform several
phylogenetic and aggregative analyses within decapods, and extend our classification to the
whole arthropod phylum. Our analyses present a new hypothesis for the cytosolic-type HSP70
subfamily organization, based on aggregative methodology and multiple phylogenetical
analyses, and propose an evolutionary model amongst the Arthropoda phylum. Biological

relevance of the HSP/HSC70 classification is also discussed in view of our results.

2. Materials and Methods

2.1. HSP70 data collection and sequence analyses

2.1.1. International database searches:
Nucleotide collection, Whole-genome shotgun contigs (WGS), Expressed sequence tags

(EST) and Transcriptome Shotgun Assembly (TSA) available at NCBI were screened with the



BLASTn program. Due to the large quantity of matches and in order to increase the clearness
of the results, one to four representative species among hexapod and chelicerate orders were
retained for phylogenetic analyses within Arthropoda. Sequences used for expression analyses
from the literature were preferentially selected. Several preliminary phylogenetic analyses
were performed to remove redundant sequences from the same species and appearing grouped

together.

2.1.2. Biological materials:

In this study HSP70 genes or cDNAs were isolated from a large panel of organisms. The
crabs, Carcinus maenas, Necora puber, Pachygrapsus marmoratus and Xantho pilipes were
collected in Noirmoutier (GPS: 47.026073, -2.250086) and Saint-Gildas-de-Rhuys (GPS:
47.488567, -2.819185) whereas the anomurans (Galathea squamifera, Galathea strigosa,
Munida rugosa and Pisidia longicornis) originated from Saint-Enogat (GPS: 48.642000, -
2.074227). The crabs, Cancer antennarius and C. productus were found at Bolinas beach in
California (GPS: 37.907478, -122.681650). Several species were also bought in fish shops
(Astacidea: Astacus astacus, Enoplometopus debelius, Homarus americanus, Homarus
gammarus, Nephrops norvegicus, Procambarus aleni and Procambarus clarkii; Brachyura:
Cancer pagurus, Maia squinado, and Perisesarma bidens). Hydrothermal crabs Bythograea
thermydron, Cyanagraea praedator and Segonzacia mesatlantica, as well as Chaceon affinis,
were collected during the oceanographic campaigns BIOBAZ (36°N, 2013) and HOPE (9 and
13°N, 1999). Fresh samples were frozen in liquid nitrogen and stored at -80°C for genomic
DNA (gDNA) or RNA extractions. Samples stored in ethanol were only used for gDNA

isolation.

2.1.3. Nucleic acids extractions:



Tissues were ground using a sterile pestle and mortar in liquid nitrogen. DNA was isolated
from 0.1 to 2 g of tissue (whole animal, muscle or gill) using a standard phenol-chloroform
extraction procedure and stored at 4°C to avoid frosting-defrosting damage). Total RNA was
isolated from 10 to 50 mg of gill tissue with Tri-Reagent® solution (Ambion®) according to
the manufacturer’s instructions. 1 pg of each RNA sample was treated with the RQ1 RNase-
Free DNase kit (Promega®), according to the manufacture's recommendations, to remove a
potential gDNA contamination. A total of 0.5 uL of random primers (252.5 uM) and 1 puL of
oligo-dTgn (100 uM) were added to DNAse-treated total RNA and reverse transcription was
performed with the M-MLV Reverse Transcriptase kit (Promega®) according to the

manufacturer’s instructions. Resulting cDNA samples were stored at -20°C.

2.1.4. DNA amplifications, cloning and sequencing:

Specific primer pairs for each putative cyt-HSP70 subgroup (Table 1) were deduced from
multiple sequence alignments (Genedoc version 2.7, Nicholas et al., 1997). Genomic DNA
(gDNA) was PCR amplified using GoTag® G2 flexi DNA polymerase (Promega®). Reaction
mixtures contained dNTPs (0.2 mM), 1.25 uM of each primer, and 150 ng of DNA.
Amplifications were performed with the following regime: 5' 94°C; 35x (45", 94°C; 45", 55 to
66°C (according to primer sequences); 2'30", 72°C) and an additional extension step for 5' at
72°C. The PCR products were cloned into the pGEM®-T vector (Promega) and transformed
into competent Escherichia coli DH5a. Positive colonies were identified by a white/blue
screen. Extracted plasmids from two clones (Wizard® Plus SV Minipreps DNA Purification
System, Promega®) were systematically sequenced (Beckman Coulter Genomics, UK) using

SP6, T7 and custom primers.

2.1.5. Sequences analyses:



HSP70 sequences were translated in silico with the Expasy translate tool
(http://web.expasy.org/translate/). Multiple sequence alignment was performed using MAFFT
(Multiple Alignment using Fast Fourier Transform, Katoh and Standley, 2013) to investigate
the presence of the cytosolic HSP70-associated patterns reported in the literature (Rensing
and Maier, 1994). Alignment inconsistencies led to the suspicion of the existence of chimeric
sequences probably due to a specificity failure of some primers. Therefore, the "uchime_ref
command" from the USEARCH program (Edgar et al., 2011) was launched on our dataset.
Chimera detection was based on a reference dataset, which we constituted of well-represented
sequences, confirmed with two more clones from two different PCR amplification of long
sequences (1500 bp and more), according to their patterns and finding them reproducibly
within multiple species. Suspicious sequences were removed from our final dataset. Introns
were detected using alignments and in silico translations (http://web.expasy.org/translate/).
Secondary structures and 3D conformation of complete HSP70s were predicted using Phyre2
(Protein Homology/analogy Recognition Engine V 2.0; Kelley et al., 2015). Models were

visualized and analysed with UCSF Chimera (Pettersen et al., 2004).

Relevant sequences were named according to their nucleotide length, and introduced into our

database to investigate cytosolic-type HSP70 relationships. Expasy tools were used to

calculate molecular weights (http://web.expasy.org/compute_pi/).

2.2 .Relationship analyses of cytosolic HSP70 within the arthropods:

2.2.1. Phylogenetic analyses:
The longest representative HSP70 sequences from each Malacostraca taxon (Amphipoda,

Astacidea, Anomura, Brachyura, Caridea, Dendrobranchiata and Euphausiacea) were selected



through one-to-one alignments, and subsequently used for our phylogenetic analyses. 84
translated sequences ranging from 530 to 560 amino acids (on a total protein length of 640 to
670 amino-acids) were aligned with MAFFT using the default parameters and submitted to
the ProtTest 2.4 server (http://darwin.uvigo.es/software/prottest2_server.html; Abascal et al.,
2005) to define the best fit-model of protein evolution. Molecular evolutionary analyses were
conducted using four approaches (Bayesian inference, Maximum Likelihood, Maximum
Parsimony and Neighbour-Joining). Bayesian inferences were calculated using respectively
MrBayes 3.2 (Ronquist et al., 2012). Support for Maximum Likelihood trees was calculated
using the RAXML server (http://embnet.vital-it.ch/raxml-bb/; Stamatakis et al., 2008), with a
bootstraps analysis (100 bootstrap pseudoreplicates) ; only node values equal to 100 are
shown in the tree. Maximum Parsimony and Neighbour-Joining analyses were performed
using MEGA, version 6 (Tamura et al., 2013) ; nodal support was evaluated by nonparametric
bootstrap analysis with 1000 replicates (Figure 1).

A supplementary phylogenetic analysis was made to confirm the placement of cyt-HSP70
classification within Arthropoda (Supplementary Figure S1). Bayesian inference, Maximum
Likelihood, Maximum Parsimony and Neighbour-Joining were performed on 101
representative HSP70 amino acid sequences from each group, as previously defined amongst
Malacostraca (Figure 1), and presented by the aggregative analysis within Arthropoda (Figure

2).

2.2.2. Aggregative methodology:

Larger investigations on cytosolic HSP70 relationships, within the arthropods, required a
classification procedure that allows the analysis of a large heterogeneous dataset with variable
sequence lengths, located at different positions in the ORF. Therefore, we used the Automatic

Classification Program developed by Rouault et al. (2009) based on aggregative methodology.
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Analysis was performed using 428 cytosolic-HSP70 nucleotide sequences from Chelicerata,
Crustacea, and Hexapoda, (with 2 ER-HSP70 and 2 HSP90 out-group sequences) of variable
lengths ranging from 327 to 2007 nucleotides. Introns were removed from the sequences prior
to analysis. Resulting clusters included full-length HSP70s, as well as shorter fragments, as
there is only a marginal impact of sequence length in this type of approach (Figure 2). Groups

were defined according to the results obtained from the phylogenetic analyses.

3. Results and discussion

3.1.Sequence analysis:

3.1.1. HSP70 fragments isolated and characterized in this study:

122 HSP70s fragments ranging from 634 to 1977 bp were amplified from genomic and
complementary DNAs of 35 crustacean’s species (23 brachyurans, 7 astacideans and 5
anomurans). Amplicons were located at various positions inside the complete gene sequences,
highlighting mostly conserved blocks with few polymorphic loci of 4 to 10 bp and a GC-rich
3’ end of highly variable length. USEARCH analyses for chimera detection revealed several
chimerical PCR amplifications, probably caused by the high sequence similarities between
different HSP70 homologs. For this reason, 16 suspicious sequences have been removed from
the sequence dataset used in this study (data not shown). Accession numbers of the sequences
isolated in this study are listed in "Supplementary Table S1" with NCBI annotation details
(matrix used, intron presence, literature references), with group affiliations, protein lengths
and molecular weights of the complete sequences. In silico-translated complete sequences are
between 635 to 658 amino-acid long with molecular weights ranging from 69.6 to 72 kDa. All

sequences present the highly HSP70-specific patterns: signature I: G-I-D-L-G-T-T-[YF]-S,
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signature II: D-L-G-G-G-T-F-D, signature III: T-V-P-A-Y-F-N, signature IV: N-E-P-T-A-A,
signature V: R-A-R-F-E-E-[LM] and the C-terminal end sequence G-P-[TN]-[IV]-E-E-V-D

typical for the cytosolic HSP70s (Karlin and Brocchieri, 1998; Rensing and Maier, 1994).

3.1.2. Sequences extracted from the international databases:

310 cytosolic HSP70 sequences present in the Genbank™™ database, were used to extend our
dataset to 162 Arthropoda species: Hexapoda (58 species), Chelicerata (20 species), Crustacea
(83 species) and Myriapoda (1 species). Each extracted sequence was carefully screened for
the presence of the characteristic cytosolic HSP70 signatures. ER-HSP70 and HSP90
sequences were used as out-groups for the phylogenetic and aggregative analyses. All these

accession numbers and annotation details are also presented in "Supplementary Table S1".

3.2.Cytosolic-HSP70 relationship analyses:

3.2.1. Phylogenetic analyses and classification of cytosolic HSP70 within Malacostraca:
Results are summarized in the phylogenetic tree shown in Figure 1. Analyses revealed two
well-defined groups of cytosolic HSP70s (referred as A and B). This division within the
cytosolic HSP70s (cyt-HSP70) have been described before in the literature (Cascella et al.,
2015; Cui et al., 2010; Leignel et al., 2007; Luan et al., 2010; Ravaux et al., 2007). However,
beside these two groups, our results suggest an even more intricate structure of cyt-HSP70
subfamily. Within cyt-HSP70 cluster A, five subgroups can be observed (noted Al to AS),
whereas two distinct subdivisions were detected in cluster B (noted B1 and B2). A third
subdivision level was noticed in the brachyurans cytosolic HSP70s (Bla and B1b). Each
group is represented by at least three distinct infraorders, except for group A2 (specific for

astacideans). Amphipods sequences gathered in two groups named HSP70 A4 and AS,
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according to the distribution of sequences from Hyalella Azteca and Gammarus sp..
Maximum parsimony analyses did not support the HSP70 AS group, but similar topologies of
all phylogenetic trees suggest that these sequences are related to HSP70 A. Nevertheless,
phylogenetic analysis and variability of amino acid sequences lead to the suspicion of a more
complex evolutionary scenario for HSP70 in amphipods, which may consist of supplementary
subdivisions within the HSP70 A5 group, and could be resolved by increasing the datasets.
Thus, our results revealed a completely unexpected presence of four cyt-HSP70 subtypes
within the Astacidea and Brachyura, three in Caridea and Euphausiacea, and at least two in

Amphipoda and Dendrobranchiata.

3.2.2. Aggregative and phylogenetic analyses of cytosolic HSP70 within the Arthropoda:
In order to confirm these cyt-HSP70 affiliations and extend the analysis to the whole
arthropods phylum, aggregative methods were performed on our nucleotide dataset. Results
are presented in Figure 2 and the sequence-list in "Supplementary Table S1". The aggregative
method approach confirmed the phylogenetic analysis within Malacostraca, suggesting two
major cyt-HSP70 groups: A and B, each containing several subdivisions. The Malacostraca
cyt-HSP70 group A is well delimited, in contrast to group B that is split in 2 parts.
Branchiopoda HSP70s are separated in 2 groups (both annotated A / B), each including
sequences from Daphnia sp., whereas the 2 subdivisions of sequences from maxillopods
comprising distinct orders and could be explained by the distance between organisms.
Amongst the other Arthropoda subphyla, a third well-delimited group, annotated as group C,
gathers only HSP70 sequences from the chelicerates and hexapods. Other sequences from
these two subphyla are also present amongst the A and B form of crustacean sequences
(named HSP70 A/B). Complementary phylogenetic analyses (Supplementary Figure S1)

confirmed the aggregative results, with well-defined HSP70 form A and B for Malacostraca
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and a form C clustering sequences from chelicerates and hexapods. However, the A/B group
remains ambiguous with no clear relation with either of HSP70 A or HSP70 B, observed
within Malacostraca. These results suggest the hypothesis that HSP70 group A and B may
have appeared after emergence of Malacostraca, and could derive from the same common
HSP70 ancestor as the A/B group. The HSP70 group C is totally absent from Malacostraca

and seems to have been lost before their emergence.

3.3.Comparison and discrimination determinants of different cytosolic-HSP70 forms:

3.3.1. Intron characteristics:

The cyt-HSP70 sequence details are presented in "Supplementary Table S1". A single intron
can only be found in the HSP70 genes of form B1 in Decapoda, located around the nucleotide
174 to 180 from the ATG; whereas HSP70 form A and B2 seem to be intron-free. Amphipod
HSP70 genes appear also intron-free. The relative lack of genomic data in Caridea and
Euphausiacea did not allow any general conclusions. Genomic sequences from Branchiopoda
and different orders within the Chelicerata and Hexapoda phyla present multiple introns (until
7) at various locations. However, no clear correlation was found between these forms, with or
without intron, and HSP70 classification. In conclusion, intron presence in HSP70 genes
seems particular to the B1 group in Anomura, Astacidea and Brachyura, and absence of an

intron does not seem a valid criterion for HSP70 classification.

3.3.2. Protein sequence comparison:
Complete cyt-Hsp70 sequences from our data collection present ORF lengths ranging from

1869 to 2031 nucleotides, corresponding to translated sequences of 623 to 677 amino acids
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and calculated molecular weights of 68.2 to 73.6 kDa (theoretical molecular weight, average).
The rather variable length of the C-terminal region explains these differences. Comparison of
ORFs helps HSP70 classification, and suggests that short sequences from anomurans
(unsuitable for phylogenetical analyses) may belong to the cyt-HSP70 A1 and B1 group.
Distinctive features in each of the HSP70 forms are reported in supplementary data (Table
S2). Most discriminating patterns are located in the C-Terminal Domain (CTD), a few others
in the Nucleotide Binding Domain (NBD) and a single one in the Substrate Binding Domain
(SBD) that seems to be highly conserved between the different cyt-HSP70 groups (Figure 3).
Four major amino acid variations can be observed in the discriminating patterns:
presence/absence of amino acids (motifs 2 and 3), significant residue changes (aromatic to
small, or modification of steric hindrance) (motifs 1, 7, 10 and 11), different charge
repartitions (motifs 4, 5, 8 and 9), or presence/absence of tetrapeptide patterns GGAP, GGMP
or GGFP (motifs 12). The leucine-rich pattern in the interdomain-linker, annotated as motif 6,
presents an apparently slight residue change from leucine to valine, but could still be relevant
due to the typically extreme conservation of this fragment. Discrimination of cyt-HSP70 A
and B group sequences can be done in the region from amino acid 100 to 200, in the NBD and
SBD with motif 1, 2 and 7, respectively. Motif 1 and 7 contain an aromatic residue in the
HSP70 A group, whereas HSP70 B presents an asparagine (motif 1) or a leucine (motif 7) at
the same position. The motif 2 in the NBD has an insertion of 2 amino acids (including a
positively charge residue) in HSP70 B1, and 4 variable amino acids in the HSP70 B2 group.
The HSP70 group A and B can also be discriminated through the interdomain-linker and the
CTD: motifs 5, 9 and 10 present distinct charge repartitions in each HSP70 group, whereas
motif 8 presents a functional significant hyper-charged run (Karlin and Brocchieri, 1998) in
HSP70 A, and mostly small neutral residues in the HSP70 B group. One of the more

discriminating patterns found between HSP70 group A and B is the (GGXP), motif, which is
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repeated 2 to 6 times in HSP70 A1, A2 and A3, and totally lacking in a large majority of
sequences belonging to HSP70 B group. Comparison of sequences from HSP70 A/B and
HSP70 C group from Chelicerata and Hexapoda revealed other discriminating motifs. The
HSP70 C group presents an insertion of a serine (motif 2) and a change of the positively
charged lysine to a neutral leucine (motif 3) or a change of valine/leucine to methionine
(motif 11) in HSP70 A/B and HSP70 C respectively. According to motifs 1, 8 and 12,
sequences from the HSP70 A/B share common features with HSP70 A group, whereas HSP70
C features seem to be related to the HSP70 B group. These results suggest the hypothesis of a
convergent evolution of HSP70 sequences toward two specific structures, as previously
formulated in bacterial and yeast models (Karlin and Brocchieri, 1998; Krenek et al., 2013).
The NBD surface and the CTD are known as binding regions for a wide range of co-
chaperones which modulate HSP70 activity (Arakawa et al., 2010; Brehmer et al., 2001;
Demand et al., 1998). The NBD binds Nucleotide Exchange Factors (NEFs) that are involved
in the ATP hydrolysis activity (Arakawa et al., 2010; Mayer, 2010; Palleros et al., 1991),
whereas the CTD harbours binding sites for co-chaperones involved in HSP70-complex
stability and oligomerization (Aprile et al., 2013; Demand et al., 1998). In this way, the
(GGXP), motif, is suspected to be a binding-site for the Hip-cofactor (Demand et al., 1998;
Nollen et al., 2001; Prapapanich et al., 1998). The interdomain-linker ensures two distinct
roles: it binds the NBD to stimulate ATPase activity, and is involved in HSP70
oligomerization and co-chaperone binding, to stabilize the substrate in the chaperone complex
(Alderson et al., 2014; Aprile et al., 2013; Kumar et al., 2011; Swain et al., 2007; Vogel et al.,

2006).

3.3.3. Discussion of the correlation between phylogenetic position and the absence/presence

of induction capacity:
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The relationship between the different HSP70 subgroups that we define in this study was
examined in light of their constitutive (HSC70) or inducible (HSP70) expression reported in
the literature and summarised in Table 2 and Figure 1. The assignment of a
gene/cDNA/protein to either the HSC70 or HSP70 "group" appears to be often rather
subjective. Some authors support a relation between expression pattern and some structure
specificities (Liu et al., 2004; Luan et al., 2010; Qian et al., 2012; Ravaux et al., 2007), which
they claim can be used for an a priori annotation (Mestre et al., 2015), whereas others remain
sceptical about such a correlation (Bedulina et al., 2013; Cui et al., 2010; Leignel et al., 2007;
Rhee et al., 2009).

In Malacostraca, the HSC70-annotated sequences isolated from shrimps (Palaemonetes
varians and Rimicaris exoculata) and prawn (Fenneropenaeus chinensis), showed a
constitutive expression pattern and were all clustered into the HSP70 A1 group. The HSP70-
annotated sequences from the same species were falling into our HSP70 groups B1 (F.
chinensis) and B2 (P. varians, R. exoculata), and showed a high and significant induction
after heat shock (Cottin et al., 2010; Luan et al., 2010). However, HSP70 A1 also include
heat-inducible sequences from the shrimp Litopennaeus vannamei, the prawn Macrobrachium
nippponense, and the crab Scylla paramamosain, with 9.5 to 23.3-fold induction, compared to
their respective control group (Qian et al., 2012; Xiu et al., 2014; Yang et al., 2013). In the
same way, sequences gathered in HSP70 B1 and B2 isolated from crab, Chaceon affinis, and
the krill, Euphausia crystallorophias, do not present significant heat-inducible profiles
(Cascella et al., 2015; Mestre et al., 2015). Consequently, correlations between HSP70
sequence similarity and their expression features could lead to mistakes or annotation
inconsistencies. Several debatable suggestions have been found in the literature: 11 to 12-fold

induced genes are assigned to the constitutive form (HSC70) (Wu et al., 2008; Xiu et al.,
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2014), whereas genes showing no significant induction are assigned to the inducible forms
(HSP70) (Mestre et al., 2015) (Table 2A).

No obvious HSC70 or HSP70 features could be discerned in either HSP70 group A/B or C in
chelicerates or hexapods. For example, studies on the red mite Panonychus citri revealed that
two HSP70 forms that gathered both in the same A/B group, but present either a constitutive
or an inducible expression profile facing heat shock (Yang et al., 2012). In the HSP70 C
group, hexapods sequences also showed variable expression profiles after heat stress:
constitutive in Tribolium castaneum (Liu et al., 2014) and inducible in Plutella xylostella
(Zhang et al., 2015). Conversely, HSC70 and HSP70 sequences from the scale insect Ericerus
pela, gathered in the A/B and C groups respectively, and present very variable gene
expression profiles: with a high over-expression in females (55 to 145-fold) but only a slight
induction in males (Liu et al., 2014) (Table 2B).

According to the literature, the HSP70 gene response closely depends on the type of tissue
analysed (Liu et al., 2004; Wu et al., 2008; Xiu et al., 2014), the populations (Cottin et al.,
2015), or between male and female within the same species (Liu et al., 2014). Furthermore,
induction of HSP70s is tightly connected to the stress type, with distinct expression patterns
in response to heat-shock, bacterial challenges (Altincicek et al., 2008; Yang et al., 2013),
metal exposure (Luan et al., 2010; Qian et al., 2012), or osmotic stress (Fu et al., 2013; Yang
et al., 2013); and in function of exposure time and recovery period (Liu et al., 2014; Luan et

al., 2010; Qian et al., 2012).

4. Conclusions

This study presents 122 new HSP70 sequences from 35 decapods species. Comprehensive

analyses of all these arthropod HSP70s (based on 432 sequences) highlight a thus far
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unsuspected diversity of the cytosolic-HSP70 isoforms (A, B and C groups). We demonstrate
the existence of, at least, four paralogous cyt-HSP70s in astacideans, brachyurans, and
probably the anomurans. The cyt-HSP70 groups defined in this study do not seem to be
directly correlated to any ecological feature. The organism’s adaptation to stressful and
variable environment may be more related to the level plasticity in the expression response of
the gene (Papot et al., 2016).

According to our knowledge, HSP70 sequences in the B1 group are the only one to harbour a
single intron. The lack of genomic data for Caridea and Dendrobranchiata did not allow us to
draw conclusions about intron characteristics for the cyt-HSP70 types in these groups
(Supplementary Table S1). The cyt-HSP70 A, B and C groups can be discriminated through
eleven amino acid motifs, and the presence or absence of GGXP repeats (Supplementary
Table S2). These differences appear to involve distinct co-chaperone interactions (Brehmer et
al., 2001; Demand et al., 1998; Nollen et al., 2001), and may influence chaperone complex
stability (Aprile et al., 2013; Swain et al., 2007), rather than directly regulate inducible or
constitutive expression.

Indeed, the cyt-HSP70 classification proposed in our study is not at all consistent with the
constitutive or inducible features detected for these genes. Therefore a priori annotation only
based on protein structural features is clearly not possible, and should thus be avoided
(Chuang et al., 2007; Mestre et al., 2015; Qian et al., 2012; Wu et al., 2008; Xiu et al., 2014).
The differential expression of HSP70 genes is thus probably regulated through promoter
elements like transcription factor recognition sites (Heat Shock Element, CCAT box: (Bienz,
1986; Chuang et al., 2007; Zhao et al., 2013)), AT richness (Chen et al., 2011) or transposable
element insertion (Haney and Feder, 2009).

The existence of HSP70 A and B forms was clearly demonstrated in the Malacostraca class,

but whereas this distinction was not quite possible in the other arthropods (HSP70 A/B
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group). Thus, HSP70 forms belonging to A and B groups have probably resulted from several
duplication events of an ancestral gene, common to the HSP70 A/B group. The last
duplication seems to have occurred on the cyt-HSP70 B1 gene, during the Brachyura
emergence (Porter et al., 2005; Tsang et al., 2014), leading to Bla and B1b formation (Figure
1). None of HSP70 C forms was found within the Malacostraca and this led to the hypothesis
of a putative loss of this form before the formation of the Multicrustacea clade (Oakley et al.,
2013; Regier et al., 2010; Shen et al., 2013). The classification supported in this study
provides new insights in HSP70 organization in Arthropoda, and more particularly in
Malacostraca. Regarding to these results, further investigations could improve understandings

about molecular adaptation process, facing to environment stressors.
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Tables:

Table 1. Primers used for cytosolic-HSP70 molecular characterization.

Primers were designed by aligning the cytosolic-HSP70 available in the public databases,

based on variable or conserved sequence regions, specific to non-organellar HSP70.

Amplifications were obtained by combining different forward and reverse primers.

Primers names Direction Sequences (5’ -> 3’)

70Cg1 Forward GCGAGWCDAARACCTTCAAYC

70Cg2 Forward CAMGRCASSTGCAGTGGCATTG
70Chom Forward GAAACAGTAATTGGTATTGACCTGGG
70Cuniv Forward CTGYGAGAGVGCCAAGMGHAC
ATGcrab Forward ATGKCHAAGGGAGCWGCWGT

HSO Forward GTGTTGGWGTNTTCCAGCATGS

HS3 Forward TKGGWGGBGARGAYTTYGAC

70Cgl Reverse GTACTGYTCRGCCTCRTTSAC

70Cg3 Reverse CCTCAAGCCTGTTCTTGACTTC
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70CHuniv Reverse TTARTCGACYTCCTCGAYKGTG

HS2 Reverse CCCTCRAASARAGAGTCRATC

Table 2: Gene induction data of cytosolic hsp70 in response to heat shocks. Expression
profiles were obtained by quantitative PCR experiments and stress inductions are presented as
relative over-expression, compared to the control condition. Induction-fold values were
reported from the text when possible or graphically deduced (NS: statistically not significant
change). Heat shock temperature, time of exposure, time of recovery and tissue analysed,
have been reported for each experiment. GenBank accession numbers were associated with
sequence annotation (HSP70 or HSC70) and group classification. HSP70 forms considered as
heat inducible in the literature appear in red. Sequences from Malacostraca gathered in HSP70
A and B (Table 2A) and sequences from chelicerates and hexapods belong to HSP70 A/B and

C (Table 2B).

34



Species Reference Heat shock  Ticoue o ) HSP70 A sequences e II;ISP70 B sequences
(expo. / recov.) (a;c:z:::ﬁ)ﬁ;lm er Classification Induction (a;c:s:;(:;:)ﬁ;lm er Classification Induction
Palaemonetes varians Cottin et al. (2010) +18°C (1 h/2h) Abdomen FJ875279 (hsc70 form 2) HSP70 Al NS FJ875280 (hsp70 form 1) HSP70 B2 15-fold
Rimicaris exoculata Cottin et al. (2010) +20°C (1 h/2h) Abdomen FJ356149 (hsc70 form 3) HSP70 Al NS DQ534065 (hsp70 form 1) HSP70 B2 373-fold
! " FJ268954 (hsp70 form 2) HSP70 B2 132-fold
Macrobrachium nipponense  Xiu et al. (2014) +10°C (12h/48h)  Gill DQ660140 (hsc70-1) HSP70 Al 2.2-fold
! " KC460343 (hsc70-2) HSP70 Al 11.67-fold
" Hepatopancreas DQ660140 (hsc70-1) " down regulation
! " KC460343 (hsc70-2) " NS
Litopenaeus vannamei Wu et al. (2008) +10°C(6h/1h) Gill EF495128 (hsc70) HSP70 Al 11-fold
Qian et al. (2012) +10°C (1 h/ none) hepatopancreas AY 645906 (hsp70) HSP70 Al 9.5-fold
! " EF495128 (hsc70) " 3.7-fold
+10°C (6 h/ none) " AY 645906 (hsp70) " ~3.5-fold
! " EF495128 (hsc70) " ~3-fold
Fenneropenaeus chinensis Luan et al. (2010) +10°C (2 h / none) cephalothorax AY748350 (hsc70) HSP70 Al ~5-fold FJ167398 (hsp70) HSP70 B1 ~100-fold
+10°C (6h/6h) " " " ~5-fold ~4-fold
Scylla serrata Fu et al. (2013) +10°C (2 h/ none) Gill JQ780845 (hsp70) HSP70 Al ~2.5-fold
+15°C (2 h/ none) " ! " ~4.8-fold
Scylla paramamosain Yang et al. 2013 +11°C (6 h : none) haemocytes EU754021 (hsp70) HSP70 Al 23.3-fold
Chaceon affinis Mestre et al. (2015) +14°C(1h/2h) muscle KC907347 (hsp70 form 1) HSP70 A3 NS KC907348 (hsp70 form2) ~ HSP70 B1b NS
Euphausia crystallorophias  Cascella et al. (2015) + 6°C (3 h/ none) abdomen KMO067139 (hsp70 form A) HSP70 Al NS KMO067142 (hsp70 form E)  HSP70 B2 NS
! " KM067140 (hsp70 form B) HSP70 Al ~2.5-fold
! " KM067141 (hsp70 form C) HSP70 A3 ~2.5-fold
. Heat shock . HSP70 A / B sequences HSP70 C sequences
SPeCleS Reference TlSSlle Accession number . . . Accession number . . .
(expo. / recov.) (annotation) Classification Induction (annotation) Classification Induction
Panonychus citri Yang et al. (2012) + 16°C (1 h/ none) whole GQ495083 (hsp70-1) HSP70 A/B NS
GQ495084 (hsp70-2) " 28.4-fold
Ericerus pela (female) Liu et al. (2014) +8°C (1 h/ none) whole KC161301 (hsc70) HSP70 A/B NS KC161300 (hsp70) HSP70 C 145.31-fold
+14°C (1 h/ none) " " " ~3.5-fold " ! ~55-fold
Ericerus pela (male) Liu et al. (2014) +8°C (1 h/none) whole KC161301 (hsc70) HSP70 A/B NS KC161300 (hsp70) HSP70 C ~1.9-fold
+14°C (1 h/ none) " " " down regulation " " ~1.2-fold
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(A) Tribolium castaneum

Altincicek et al. (2008)

+11°C (20 min / 16 h) whole

XM_969349 (hsp68)

HSP70 C

~3-fold

(B)

36



Figure legends:

Figure 1. Phylogenetic relationships between the Malacostraca cytosolic-HSP70
proteins. Analyses were performed on 84 translated-sequences of 530 to 560 amino-acid
length, including the C-terminal region, with four statistical methods. Phylogenetic tree was
rooted using Endoplasmic Reticulum HSP70 (ER-HSP70) sequences. The Jones-Taylor-
Thornton model was defined as the best-fitting, for our dataset. Node support values for
Bayesian inference, Maximum Likelihood, Neighbour-Joining and Maximum Parsimony
analyses are indicated between brackets. The phylogenetic tree was based on Bayesian
inference, calculated with 3,000,000 generations until the standard deviation of split
frequencies was below 0.01. Results were consolidated by Neighbour-joining and Maximum
Parsimony analyses (1000 bootstrap replicates), only node values higher than 60 are
presented. Sequences from this study were bold and highlighted with the symbol e. Distinct
cyt-HSP70 forms were numbered and boxed according to the corresponding groups, A (blue)
and B (red). Heat stress induction-fold values are mapped, according to Table 2, into three
categories: NS (statistically not significant changes), * (inferior to 9-fold induction) and **

(superior to 9-fold induction).

Figure 2. Arthropod cytosolic-HSP70s classification using aggregative methodology.
Analysis was performed on 426 sequences (327 to 2010 nucleotides in length). Sequences of
each major subphylum are represented in different colours: Crustacea (blue), Chelicerata
(pink), Hexapoda (green) and Myriapoda (cyan). Resulting sequence order can be read as a
trigonometric circle, beginning in the middle of the right part of the rose (see also

supplementary Table S1). ER-HSP70 and HSP90 coding sequences were included in the

37



analysis, to confirm HSP family relationships. Groups were annotated according to the

phylogenetic analysis results. Ambiguous sequences of A and B groups are annotated A / B.

Figure 3. 3-Dimensional representation of cytosolic-HSP70 A-2, from Procambarus
clarkii (KU613184), with associated sequence. 3-D model was constructed with Phyre2 and
visualized with the UCSF chimera program. Colours are attributed for the different domains:
NBD (blue), Linker (yellow), SBD (green) and CTD (magenta). Discriminating patterns are

highlighted in red and indicated with stars.
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Figure 2
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List of abbreviations

HSP70: Heat shock protein 70 kDa

HSC70: Cognate heat shock protein 70 kDa
Cyt-HSP70: cytosolic heat shock protein 70 kDa
ER-HSP70: endoplasmic reticulum heat shock protein 70 kDa
HSP90: Heat shock protein 90 kDa

NCBI: National Center of Biotechnology Information
NEF: Nucleotide exchange factor

gDNA: genomic DNA

cDNA: complementary DNA

PCR: Polymerase Chain Reaction

ML: Maximum Likelihood

MP: Maximum Parsimony

NIJ: Neighbour-Joining

NBD: Nucleotide-Binding Domain

SBD: Substrate-Binding Domain

CTD: C-Terminal Domain
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