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Abstract Plants regularly experience multiple abiotic and
biotic pressures affecting their normal development. The
90-kDa heat shock protein (HSP90) plays a dynamic role in
countering abiotic and biotic stresses via a plethora of
functional mechanisms. The HSP90 has been investigated
in many plant species. However, there is little information
available about this gene family in the cultivated
Mediterranean olive tree, Olea europaea subsp. europaea
var. europaea. In the current study, we systemati-
cally performed genome-wide identification and charac-
terization of the HSP90 gene family in O. europaea var.
europaea (OeHSP90s). Twelve regular OeHSP90s were
identified, which were phylogenetically grouped into two
major clusters and four sub-clusters, showing five paralo-
gous gene pairs evolving under purifying selection. All of
the 12 proteins contained a Histidine kinase-like ATPase
(HATPase_c) domain, justifying the role played by HSP90
proteins in ATP binding and hydrolysis. The predicted 3D
structure of OeHSP90 proteins provided information to
understand their functions at the biochemical level. Con-
sistent with their phylogenetic relationships, OeHSP90
members were predicted to be localized in different cellular
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compartments, suggesting their involvement in various
subcellular processes. In consonance with their spatial
organization, olive HSP90 family members were found to
share similar motif arrangements and similar number of
exons. We found that OeHSP90 promoters contained var-
ious cis-acting elements associated with light responsive-
ness, hormone signaling pathways and reaction to various
stress conditions. In addition, expression sequence tags
(ESTs) analysis offered a view of OeHSP90 tissue- and
developmental stage specific pattern of expression. Pro-
teins interacting with OeHSP90s were predicted and their
potential roles were discussed. Overall, our results offer
premises for further investigation of the implication of
HSP90 genes in the physiological processes of the olive
and its adaptation to stresses.
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Abbreviations

3D Three dimensional

ABRE ACGT-containing abscisic acid response
element element

At Arabidopsis thaliana

CDD Conserved Domain Database

CDS Coding sequences

CNX1 Calnexin homolog 1

CS domain CHORD-containing proteins

DRE Dehydration responsive element

ER Endoplasmic reticulum

EST Expressed sequence tags

ExPASy Expert Protein Analysis System program
GO Gene Ontology

GMQE Global Model Quality Estimation
GRAVY Grand average of hydropathicity
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GSDS Gene Structure Display Server
HATPase ¢ Histidine kinase-like ATPase
HSF Heat shock transcription factors
HSP Heat shock proteins

Ka Non synonymous substitution rate
Ks Synonymous substitution rate
LTRs Long terminal repeats

MBS MYB binding site

ML Maximum likelihood

MW Molecular weight
Mya Million years ago
NLRs NOD-like receptors
NTD N-terminal domain

Oe Olea europaea

OeHSP90 Olea europaea HSP90

P-box Gibberellin-responsive element
pl Isoelectric point

SMTL SWISS-MODEL Template Library
SSD Small-scale duplications

WGD Whole-genome duplication
WUN-motif = Wound-responsive element
Introduction

The Mediterranean olive tree (Olea europaea subsp. eu-
ropaea) is one of the oldest tree crops in human history and
is recently of major agricultural importance in the
Mediterranean region. It is the source of olive oil, which
forms the basis of the Mediterranean diet, attracting special
attention because of its proven health benefits (Gavahiana
et al. 2019). Olive is a perennial, mainly clonally propa-
gated, diploid (2n = 2x = 46) tree (Mousavi et al. 2017).
The complete genome assembly of the cultivated
Mediterranean olive tree, O. europaea subsp. europaea cv.
Farga, has been recently released, giving a total length of
1.31 Gb, with 56,349 unique protein-coding genes (Cruz
et al. 2016).

Plants encounter several abiotic (drought, chilling, light
intensity, chemical pollutants, salinity, heavy metal stres-
ses, heat shock, etc.) and biotic stresses (attacks by
pathogens and pests), which have a serious impact on their
normal growth and development (Prasad et al. 2011;
Ramegowda and Senthil-Kumar 2015). During their evo-
lution, plants have acquired a wide range of stress response
factors playing central roles in biotic and abiotic stress
sensing and signalling (Swindell et al. 2007). Among the
main factors influencing the stress response in plants,
against harmful environmental stimuli are the highly con-
served proteins called heat shock proteins (HSPs)
(Queitsch et al. 2002; Sangster and Queitsch 2005). These
proteins act primarily through assisting in refolding of
unfolded/misfolded proteins, which accumulate in cells as
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a consequence of cell homeostasis perturbation following
stress (Park and Seo 2015). Heat shock proteins have been
categorized into five families, HSP100/ClpB, HSP90,
HSP70/DnakK, chaperonin (HSP60/GroEL), and small heat-
shock proteins (sHSP), based on their approximate
molecular weights (Scharf et al. 2012). Heat shock proteins
are widely distributed among fungi, animals and plants
(Zhang et al. 2017). They are mainly located in the cytosol
under normal physiological conditions, but are rapidly
conveyed to the nucleus under stress conditions (Xu et al.
2012). For example, there are seven HSP90s in Ara-
bidopsis, of which AtHSP90-1, AtHSP90-2, AtHSP90-3,
and AtHSP90—4 are located in the cytosol, and
AtHSP90-5, AtHSP90-6, and AtHSP90-7 are located in
the chloroplast, mitochondria and endoplasmic reticulum,
respectively (Krishna and Gloor 2001).

HSP90 (heat shock protein 90) is a highly conserved and
essential molecular chaperone with an approximate
molecular weight of 90-kDa, which helps other signaling
proteins to fold properly in eukaryotes, stabilizes client
proteins against stress, and aids in protein degradation
(Theodoraki and Caplan 2012; Hoter et al. 2018). HSP90
comprises mainly three highly conserved domains: the
C-terminal domain that binds to the substrate, the inter-
mediate domain, and the N-terminal domain of the ATP-
binding (NTD) (Pearl and Prodromou 2006). In plants, the
transcriptional patterns of HSP90 expression have been
extensively analyzed and observed as diverse in different
plant organs and tissues (Xu et al. 2013; Chen et al. 2018;
Song et al. 2019). It is, therefore, reasonable to assume that
different isoforms can play specific roles in cell growth and
development as well as in reacting to several types of
stresses. HSP90 frequently functions together with co-
chaperones that regulate the conformational cycle and/or
load the “client” protein onto HSP90 (Kadota and Shirasu
2012). HSP90 clients including, among others, kinases,
transcription factors, steroid hormone receptors and E3
ubiquitin ligases (Kadota and Shirasu 2012). Nucleotide-
binding domain and leucine-rich repeat-containing pro-
teins, which recognize pathogen effectors in plant specific
immunity, are also among HSP90 client proteins (Kadota
and Shirasu 2012).

HSP90 genes were identified and analyzed from several
dicotyledonous plant species. For example in Rosidae,
seven HSP90 genes were identified in A. thaliana (Krishna
and Gloor 2001), whereas in Asteridae, seven and twenty-
one HSP90 genes have been identified in tomato (Liu et al.
2014) and tobacco (Song et al. 2019), respectively. In spite
of the recent availability of the whole genome assembly of
the cultivated Mediterranean olive tree, genome-scale
identification and analysis of the O. europaea HSP90 gene
family has not yet been completed. As a stress-related gene
family, a deep and multifaceted understanding of HSP90s
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will be helpful to increase the possibilities of using them to
improve the stress resistance and adaptations in olive. In
the present study, we identified the complete set (12) of
HSP90 candidate proteins and their encoding genes from
the whole Mediterranean olive genome data. We submitted
the gene set to a comprehensive computational study
covering various structural (annotation of functional pro-
tein domains and conserved motifs, exon/intron gene
structures, physicochemical features and 3D structure),
evolutionary (phylogenetic relationships, gene duplications
and selection pressure) and functional (subcellular local-
ization, promoter regulatory elements and interaction net-
works) analyses. We have also performed digital
expression analysis using an expressed-sequence tags
(ESTs) database. From our results together, HSP90 genes
appear as a genome-wide enriched family in olive, with
various biophysical features and are suggested to play a
wide array of stress-related functions shaped by the sub-
cellular and organelle-specific context, contributing to the
environmental robustness of O. europaea. Our findings
already provide an improved understanding of HSP90
genes in olive, while building a strong foundation for future
analyses of candidate genes.

Materials and methods
Database search and sequence retrieval

InterProScan annotations for 79.910 O. europaea var. eu-
ropaea protein products (Cruz et al. 2016) were down-
loaded from GigaDB data repository (http://gigadb.org/
dataset/100201) as of Dec. 2017. This tabular data resource
(56.64 Mega Bytes) contained domain annotations for the
Mediterranean olive whole predicted protein set. Proteins
with HSP90 domain were filtered out with the Pfam ID
PF00183. The HSP90 amino acid sequences were analyzed
using the Pfam database version 32.0 (https://pfam.xfam.
org/), to verify domain size and sequence conservation in
comparison with the Pfam family PFO0183 HMM model
(version 19) of 518 amino acids (https://pfam.xfam.org/
family/PF00183#tabview=tab6). The protein sequences
lacking or presenting an abnormally short HSP90 domain
or a partial coding sequence (CDS) were manually exclu-
ded. Then, each of the final set of regular O. europaea
HSP90 proteins was systematically named OeHSP90n. In
addition to protein sequences, protein coding sequences
(CDS) were downloaded from GigaDB (http://gigadb.org/
dataset/100201). Besides, gene sequences of all OeHSP90
proteins were extracted from their corresponding scaffolds
according to gene coordinates available in GFF3 format
gene annotation file. These scaffolds (11038) are registered
in NCBI GenBank under accession codes LT560395.1 to

LT571432.1 (Cruz et al. 2016). These genes are derived
from the reference genome assembly and annotation of the
O. europaea millenial tree named “Santander” (cv. Farga)
located in Santander, Spain (Cruz et al. 2016) (NCBI
assembly OE6; https://www.ncbi.nlm.nih.gov/assembly/
GCA_900603015.1). For comparison purposes, protein
sequences of the seven A. thaliana HSP90 genes were
directly taken from Zhang et al. (2013).

Phylogenetic analysis and duplication dates

Multiple sequence alignment of the full-length protein
sequences was performed using ClustalW implemented in
MEGA 5.05 software (Tamura et al. 2011), with default
settings. A maximum likelihood (ML) phylogenetic tree
was constructed using MEGA 5.05 with the JTT amino
acid substitution model with 1000 bootstrap replicates. A
discrete Gamma distribution was used to model evolu-
tionary rate differences between sites (4 categories).

The nonsynonymous/synonymous ratio is an important
indicator of the mode and magnitude of natural selection
expected to act on nonsynonymous mutations in protein-
coding genes. In general, Ka/Ks = 1, > 1 and < 1 indicate
neutral, positive, and purifying selection, respectively. The
nucleotide coding sequences (CDSs), in duplicate gene
pairs, were aligned by Clustal W and the values of Ka, Ks
as well as Ka/Ks were computed by MEGA 5.05, using the
method described by Nei and Gojobori (1986). The Ks
value of each pair was then used to estimate the timing of
gene duplication (million years ago, Mya), by the follow-
ing formula: duplication time = Ks/2A, based on
1.8 x 10~ synonymous substitutions per year (1) for O.
europaea, as reported by Barghini et al. (2015).

Protein physico-chemical features and subcellular
localization

Chemical and physical characteristics of OeHSP90 amino
acid sequences [molecular weight (MW), number of amino
acids, grand average of hydropathicity (GRAVY), iso-
electric point (pI) and percentage of positively/negatively
charged residues] were analysed by the ProtParam tool of
the Expert Protein Analysis System program (ExPASy)
(http://web.expasy.org/protparam/) (Wilkins et al. 1999)
and by EMBOSS Pepstats (https://www.ebi.ac.uk/Tools/
seqstats/emboss_pepstats/). WoLF PSORT (https://wolfp
sort.hgc.jp/) was used to predict subcellular localization of
the proteins.

Three dimensional (3D) protein structure

The three dimensional (3D) structures of predicted proteins
were deduced using homology modelling. For this purpose,
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we used SWISS-MODEL (https://swissmodel.expasy.org/),
a fully automated protein structure homology-modelling
server, which can be accessed through the ExXPASy website.
Once the amino acid sequence of the target protein is sub-
mitted, the SWISS-MODEL Template Library (SMTL)
derived from Protein Data Bank (Berman et al. 2000) was
searched in parallel both with BLAST (Camacho et al. 2009)
and HHblits (Remmert et al. 2012) to identify templates and
to obtain target—template alignments. The coupled use of
these two approaches ensures good alignments at high and
low sequence identity levels. The best ranked template for
each gene was recruited by SWISS-MODEL server, based
on the predicted consistency of the resulting models, as
calculated by Global Model Quality Estimation (GMQE),
which is a model quality estimator combining properties of
the target—template alignment and the template search
method. The GMQE score is displayed as a number between
0 and 1, expressing the expected validity of a model, where
higher numbers imply higher reliability. These best tem-
plates were used to generate the 3D structures of the pre-
dicted proteins, based on the target-template alignment using
ProMod3 Version 1.3.0 embedded in SWISS-MODEL.
Finally, the function of OeHSP90 proteins at the cellular and
biochemical level was predicted from the 3D structures of
proteins using ProFunc server (https://www.ebi.ac.uk/thorn
ton-srv/databases/profunc/) (Laskowski et al. 2005).

Functional domains, conserved motifs and gene
structure

Sequences from O. europaea that were confirmed to con-
tain HSP90 domain were also checked for the presence of
additional domains using Pfam database version 32.0
(https://pfam.xfam.org/), and the NCBI’s Conserved
Domain Database (CDD) (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al. 2017).

MEME online version 5.0.5 (http://meme-suite.org/)
was used to predict motifs in the O. europaea HSP90
protein sequences. The optimized parameters of MEME
(number of repetitions: any; maximum number of motifs:
20; and optimum motif width: 30-70 residues) were used.
Then, the predicted motifs of OeHSP90s were annotated by
searching against InterProScan database (http://www.ebi.
ac.uk/Tools/pfa/iprscan/). In addition, the exon—intron
structures of the OeHSP90 genes were determined using
Gene Structure Display Server (GSDS 2.0; http://gsds.cbi.
pku.edu.cn/) by aligning cDNA to their corresponding
genomic DNA sequences.
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Cis-acting regulatory element prediction
in promoter regions and digital expression analysis
of OecHSP90 genes

To explore probable stress-related cis-elements in promoter
sequences of OeHSP90 genes, the upstream regions
(1.5 kb) of OeHSP90 genes were submitted to the Plant-
CARE database (http://bioinformatics.psb.ugent.be/webt
ools/plantcare/html/) (Rombauts et al. 1999; Lescot et al.
2002) for prediction. To gain insight into the expression
profiles of HSP90 genes in O. europaea in different tissues,
developmental stages and stress levels, the genomic
sequences of the OeHSP90s were searched against the EST
database provided at the NCBI web site (https://www.ncbi.
nlm.nih.gov/genbank/) by BLASTN with an e-value cut-off
of 1le—10. The final expression pattern was obtained by
removing EST hits shorter than 200 base pairs, lesser than
90% EST sequence coverage as well as lesser than 90%
identity with their similar OeHSP gene (Arya et al. 2014).
EST data were classified into the different expression
profiles according to the tissue or developmental stage
specified in the EST library biosample description.

Protein—Protein interaction networks

To investigate the relationship between OeHSP90s and
related proteins, the protein interaction networks were
constructed by STRING (https://string-db.org/) version
11.0 (Szklarczyk et al. 2019), using medium confidence
level (0.400), experiments and co-expression as active
interaction sources.

Results

Identification of the HSP90 gene family in O.
europaea and gene copy number analysis

To identify HSP90 family in the Mediterranean olive, O.
europaea subsp. europaea var. europaea, protein sequen-
ces were scanned with the Pfam ID PF00183, resulting in
27 prospective HSP90 proteins (Supplementary file S1).
Among this preliminary set, two sequences were charac-
terized by an incomplete coding sequence (CDS) while 13
others were found to possess an incomplete HSP90
domain. We, therefore, excluded these sequences, retaining
a final unique set of 12 regular O. europaea HSP90 pro-
teins (OeHSP90s) that had a conserved HSP90 domain and
an intact coding sequence.

Comparison of the number of HSP90 genes in the olive
with two other sequenced dicot and monocot genomes has
shown that olive possesses a number of genes which is
higher than A. thaliana, Solanum lypersicum and Oryza
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Table 1 The total number of HSP90 genes and their genomic proportions in different genomes
Olea europaea Solanum lycopersicum Arabidopsis thaliana (Thale  Oryza sativa
(Mediterranean olive) (Tomato) cress) (Rice)
Total HSP90 family proteins 12* 7¢ 7° of
Total protein-coding genes in 56,349° 34,7274 27,416 37,9608
genome
HSP90 genes (%) 212107 201107 2551074 237107
Genome size (Mb) 1 380° ~900¢ 1354 5008
Average number of HSP90 genes 0. 0087 0.0077 0.051 0.018

per Mb

*Current study

"Cruz et al. (2016)

‘Liu et al. (2014); Zai et al. (2015)

dPhytozome v. 12.1 (https://phytozome.jgi.doe.gov/pz/portal.html)
“Zhang et al. (2013)

Zhang et al. (2016)

€Ensembl Plants (plants.ensembl.org)

sativa (Table 1). Among four compared genomes, the
number of HSP90 genes was proportional to the total
protein coding genes, suggesting that the higher number of
HSP90 members in olive was a consequence of the
expansion of gene families during the genome evolution.
Accordingly, the density of HSP90 genes decreased from
0.051/Mb to 0.077/Mb from Arabidopsis to tomato, 0.051/
Mb to 0.0087/Mb from Arabidopsis to olive, and 0.051/Mb
to 0.018/Mb from Arabidopsis to rice, consistent with the
shrunken genome of A. thaliana.

Phylogenetic relationships and duplication events
of HSP90 genes

The full amino acid sequences of 12 and seven HSP90
genes of olive and Arabidopsis, respectively, were aligned
using the ClustalW program. An unrooted phylogenetic
tree of the HSP90 protein sequences from O. europaea and
A. thaliana was constructed using the maximum likelihood
(ML) method (Fig. 1). The resulting tree topology revealed
two (i.e. a minor and a major) clades designated as A and
B, which comprised five and 14 HSP90 proteins, respec-
tively. The minor cluster A was further divided in two sub
clusters Al and A2 with 2 and 3 proteins respectively. The
major cluster B could also be divided into two sub-clusters,
namely Bl and B2, with 11 and 3 HSP90 proteins,
respectively. Among these latter ones, the largest sub-
cluster, B1, could be further subdivided into at least four
groups, giving an idea on the genetic diversity and evolu-
tionary dynamics of subcluster B1.

To identify the selection mode exerted on duplicates of
HSP90 genes divergence, the ratios of non-synonymous

substitution (Ka) to synonymous substitution (Ks) for pairs
of close paralogs were estimated (Table 2). Five OeHSP90
closely-related paralogous gene pairs were identified
(Fig. 1) and their ratios of Ka/Ks ranged from 0.067 to
0.222, suggesting that these genes were under strong
purifying selection pressure (Ka/Ks < 1). Four gene pairs
were characterized by Ka/Ks < 0.01, and a unique gene
pair (i.e. OeHSP3/-6) was clearly under more relaxed
selection. The estimated time of duplication for paralogous
genes indicated that all paralogs were ancient (from ~ 80
to 136 million years ago, Mya), except OeHSP3/-6, which
is a recently duplicated gene pair (2.5 Mya).

Physicochemical features and 3D structure
of the olive HSP90 proteins

The lengths of predicted proteins for 12 OeHSP90 genes
were more variable (593-824 aa) than the seven
AtHSP90 proteins (699-823 aa) (Table 3; Supplementary
file S1), suggesting lower level of conservation of
OeHSP90s. The isoelectric point (pI) values of all
OeHSP90 proteins were within the acidic range. However,
the pl ranged from 4.86 to 5.48, with an average pl for all
proteins was 5.04, which is more variable compared to
AtHSP90s all ranging from 4.93 to 4.96 except AtHSP90-6
(5.26), once again suggesting higher level of conservation
of AtHSP90s compared to OeHSP90s. In all OeHSP90s,
the grand average of hydropathicity was less than zero,
indicating that OeHSP90 proteins were hydrophilic. The
percentage of aliphatic amino acids was almost threefold
higher than that of aromatic amino acids in OeHSP90
proteins. The negatively charged amino acids in OeHSP90s
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Fig. 1 Phylogenetic
relationships of HSP90 genes in
O. europaea (Red circle) and A. A

thaliana (Green triangle). P—Ps
refer to close paralogous gene

pairs in O. europaea. Bootstrap
support is indicated at each node
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Table 2 Duplicated HSP90 genes, selection pressure estimates, and
the dating of gene duplication in olive tree

Gene 1 Gene 2 Ks Ka Ka/Ks °Date (Mya)
OeHSP90-5  OeHSP90-11 0.291 0.027 0.093 80.833
OeHSP90-8  OeHSP90-4  0.490 0.039 0.080 136.111
OeHSP90-6  OeHSP90-3  0.009 0.002 0.222 2.5
OeHSP90-2  OeHSP90-1 0.362 0.011 0.030 100.556
OeHSP90-10 OeHSP90-12 0.330 0.022 0.067 91.667

“Ka and Ks were calculated using the program MEGA 5.05

"The divergence time was estimated according to formula: T = Ks/
2. The clock like rate (A) was 1.8 x 10~° substitutions per site per
year. Mya, million years ago

were more represented than the positively charged amino
acids in each OeHSP90 protein.

In silico 3D structures were determined using Swiss-
Model algorithm for 12 OeHSP90 proteins (Fig. 2), which
shared 45-72% identity to the corresponding proteins used
as template. This degree of structural similarity was
appropriate for the analysis of 3D protein structures, as a
minimum of 30% sequence identity is widely accepted as a
threshold for successful homology modeling (Xiang 2006).
Global Model Quality Estimation (GMQE) ranged from
0.63 to 0.77 and QMEAN Z-scores were comprised
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between — 0.83 and — 2.32 (i.e. within the [0—4] interval),
suggesting satisfactory geometry of the predicted 3D
structures (Table 4). These 3D structures obtained from
OeHSP90 proteins were archived in Protein Model Data-
base (Castrignano et al. 2006), which can be freely
accessed (https://bioinformatics.cineca.it/PMDB/) through
accession numbers shown in Table 4.

Functional domains associated with the HSP90

We predicted the major domains of these proteins in O.
europaea using Pfam 32.0. All of the 12 proteins contained
a Histidine kinase-like ATPase (HATPase_c) domain
(Pfam: PF02518; SMART: SMO00387) and an HSP90
family domain (Supplementary file 2; Fig. 3).

Subcellular localization, gene structure
and conserved motifs of the HSP90 gene family

Protein subcellular localization is crucial information to
elucidate protein functions. In silico analysis of the cellular
location of HSP90 proteins from O. europaea indicated
that seven out of 12 proteins were predicted to be localized
in cytosol, 2/12 in the endoplasmic reticulum, while the
others were localized in mitochondria (2/12) and chloro-
plast (1/12) (Supplementary file S1, Fig. 4). As shown in
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Table 3 Basic physicochemical features and information of putative 12 HSP90 family genes identified in Olea europaea

Protein ID Alternative  Protein ~ HSP90 Theoretical ~ Negativey Positively Aliphatic  Aromatic ~ Grand average
protein ID  length  domain isoelectic charged charged (%) (%) of
amino point (pI) residues residues hydropathicity
acid span (Asp + Glu) (Arg + Lys) (GRAVY)
(%) (%)
OE6A019954P1  OeHSP90-1 699  [184,696] 4.96 19.74 14.88 26.896 9.442 — 0.585
OE6A043783P2 OeHSP90-2 700  [184,695] 4.99 22.40 17.05 26.714 9.571 — 0.591
OE6A047856P1 OeHSP90-3 703 [189,701] 5.01 20.06 15.65 26.743 9.246 — 0.634
OE6A049986P2 OeHSP90-4 703 [189,701] 5.03 23.61 18.72 26.031 9.388 — 0.62
OE6A060752P4 OeHSP90-5 791  [276,786] 5.48 16.94 14.63 27.307 10.114 — 0.539
OE6A071045P1  OeHSP90-6 703 [189,701] 5.03 19.91 15.65 27.027 9.246 — 0.617
OE6A076054P7 OeHSP90-7 794 [263,777] 4.92 17.65 13.24 26.826 9.446 — 0553
OE6A078529P1 OeHSP90-8 593 [141,591] 4.98 20.40 15.68 27.319 8.769 — 0.568
OE6A104208P3  OeHSP90-9 705  [184,702] 4.93 22.87 17.07 26.809 9.362 — 0.612
OE6A113947P1  OeHSP90- 824  [259,802] 4.87 20.39 15.05 25.728 9.345 — 0.746
10
OE6A117167P1 OeHSP90- 791  [276,786] 5.42 15.93 13.91 26.802 9.861 —0.535
11
OE6A119484P2 OeHSP90- 824  [259,802] 4.86 25.11 18.50 25.85 9.709 — 0.735
12
Mean - 735,83 - 5.04 20.42 15.83 26.67 9.46

The detailed information and physicochemical features are available in Supplementary file S1

Fig. 4, the minor phylogenetic clade A consisted of
organellar, while the major clade B consisted of cytoplas-
mic HSP90 proteins. Within clade A, subclades A1 and A2
contained chloroplastic and mitochondrial proteins,
respectively; and within clade B, subclades B1 and B2
contained cytosolic and endoplasmic reticulum proteins,
respectively.

To further investigate the structural characters of the
HSP90 gene family in O. europaea, the exon—intron
structure was investigated using the online GSDS. Our
results revealed that in the same group, the gene members
had similar exon—intron structures and exon numbers
(Fig. 4). The average number of exons in subclade Al
(chloroplastic members) was exactly 19. Compared with
subclade Al, mitochondrial proteins (subclade A2) con-
tained one additional exon (20). In contrast, endoplasmic
reticulum proteins (subclade B2) contained clearly fewer
exons (15), while the average number of exons in cytosolic
proteins (subclade B1) was 3.55 and most members of this
group contained 3 exons. Interestingly, all paralogous gene
pairs identified above (Table 2), showed conserved exon/
intron structures, except OeHSP90-8/OeHSP-4 that dif-
fered in terms of numbers of exons (7 and 4, respectively)
and introns (6 and 3, respectively).

In order to determine the motif patterns of the HSP90
proteins in O. europaea, and to explore whether the
cytosolic, endoplasmic reticulum, mitochondrial and

chloroplastic groups shared motifs, the proteins were
examined using the program MEME. A total of 20 distinct
motifs were discovered using MEME (Table 5 and Fig. 5).
As shown in Fig. 4, motifs 1, 2, 3 and 7 were uniformly
distributed with a standard one occurrence in all proteins;
yet, in cytosolic proteins, motif 1 was present in 2-3 sites.
Motifs 4, 5, 6, and 9 were also widely present across the
OeHSP90 and AtHSP90 proteins (in 18 proteins out of 19).
Motifs 8, 10, 15, 18 and 19 did not show a specific dis-
tribution pattern in relation to the subcellular localization
and phylogenetic position. In contrast, members within the
same sub cluster and sharing the same subcellular location
were found to share a number of motifs suggesting possible
functional similarity among these HSP90 proteins (Fig. 4).
For example, motifs 13 and 16 are unique and uniformly
found in mitochondrial proteins (sub cluster A2), whereas
motif 11 is specific to organellar proteins (cluster A) except
AtHSP90-6. Finally, sub cluster B2 (endoplasmic reticu-
lum proteins) was characterized by the generalized pres-
ence of four motifs: 12, 14, 17 and 20. Overall, the similar
motif arrangements among HSP90 proteins within sub
clusters indicated that the protein architecture is conserved
within a specific sub family, suggesting that these similar
motif features may be related to their functional attributes
in genome. Yet, the functions of most of these conserved
motifs remain to be elucidated.
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 OeHsp90-9 OeHsp90-10

OeHsp20-11

OeHsp20-12

Fig. 2 Three-dimensional (3D) structures of OeHSP90 proteins. In all figures, spirals are helices, broad strips with arrows are B-sheets and thin

loops are coils

Stress-related cis-elements in the OeHSP90 gene
promoters

In order to further explore the regulation of OeHSP90 gene
expression in reaction to stress conditions, the cis-elements
in the promoter region (the 1.5 kb upstream sequences
from translation starting sites) of the OeHSP90 genes were
analyzed. As illustrated in Fig. 6, the promoters of all
OeHSP90 genes contained light responsiveness elements,
such as ATCT-motif, Box 4, G-Box, GATA-motif, GT1-
motif, LAMP-element, etc. In addition, one to two LTRs
existed in 4 OeHSP90s (OeHSP90-3, OeHSP90-6,
0eHSP90-10 and OeHSP90-11), and 1 DRE was found in
OeHSP90-1, which indicated that the expressions of these
HSP90s were associated with dehydration, low-tempera-
ture and salt stresses responsiveness. In total, 10 out of 12
OeHSP90s promoters contained anaerobic responsive ele-
ments (ARE), suggesting a potential role of OeHSP90 in

@ Springer

reponse to oxygen limitation. We also identified a large
number of other cis-acting elements related to a variety of
plant responses to abiotic and biotic stress; namely,
drought-inducibility element (MBS), defense and stress
responsiveness elements (TC-rich repeats), wounding
responsive element (WUN-motif), and elicitor-mediated
activation (AT-rich sequence) were all found in 25%,
33.3%, 41.6%, and 16.6% of OeHSP90 promoters,
respectively (Fig. 6). Some of the OeHSP90 promoters also
contained phytohormone-induced elements, such as
AuxRR-core or TGA-element (auxin responsive), TATC-
box, GARE-motif, or P-box element (gibberellin-respon-
sive), ABRE element (abscisic acid responsive), TCA-
element (salicylic acid responsive), and TGACG-motif or
CGTCA-motif element (MeJA-responsive), suggesting that
OeHSP90s are part of the vast phytohormone signaling
network leading to stress responsiveness. Our analysis
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Table 4 Homology modelling and model quality estimation of OeHSP90 proteins using SWISS-MODEL along with models PMDB accessions

Homology modeling Model quality PMDB Id
estimation
Protein Template Template description Target/Template Model oligo- GMQE"
(target) SMTL?® 1d identity (%) state
QMEAN AR

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 70.79 Monomer 0.77 — 1.00i» PM0082241
1 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 70.88 Monomer 0.76 — 1.25¢ PM0082244
2 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 72.47 Monomer 0.77 — 0.83» PM0082245
3 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 71.45 Monomer 0.76 — L19¢% PM0082246
4 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 45.20 Monomer 0.64 — 1.87¢% PM0082247
5 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 72.47 Monomer 0.77 — 0.89¢% PM0082248
6 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 46.67 Monomer 0.65 — 1.53% PM0082255
7 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 68.27 Monomer 0.77 — 1434 PM0082250
8 90 BETA

OeHSP90- 5fwl.1.A HEAT SHOCK PROTEIN HSP 71.20 Monomer 0.76 — 122 & PMO0082251
9 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 51.76 Monomer 0.64 — 2438 PM0082256
10 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 45.65 Monomer 0.65 — 2.005 PM0082253
11 90 BETA

OeHSP90-  5fwl.1.A HEAT SHOCK PROTEIN HSP 51.69 Monomer 0.63 — 2320 PM0082254
12 90 BETA

“SMTL: SWISS-MODEL template library

"GMQE: “Global Model Quality Estimation” is a quality prediction, combining properties from the target—template alignment and the template
search method. It is expressed as a score (GMQE score) comprised between 0 and 1, reflecting model accuracy, where higher numbers indicate
higher reliability

‘QMEAN: QMEAN (Benkert et al. 2011) provides both global (i.e. for the entire structure) and local (i.e. per residue) absolute consistency
estimates on the basis of one single model. QMEAN Z-scores around zero indicate a strong agreement between the model structure and
experimental structures of similar size. Scores of — 4.0 or below are a sign of models with low quality, which is also emphasized by the shift of
the “thumb-up” symbol to a “thumb-down” symbol next to the score

clearly showed that OeHSP90 genes, in olive, are inducible
under different stress conditions.

(OeHSP90-2) that matched ESTs expressed in the leaves,
fruits and seedlings.

Functional annotation of 3D structures
and interaction networks of OeHSP90 family

Expression evidence of OeHSP90 genes

The spatio-temporal expression of members of the HSP90

gene family in olive was investigated using publicly
available O. europaea expressed sequence tags (ESTs). Of
12 regular olive HSP90 genes, seven were supported by at
least one EST from O. europaea tissue-specific and
developmental stage-related libraries (Table 6). The max-
imum number of OeHSP90s was expressed in “leaves and
fruits” (6/7), while only two genes were supported by ESTs
expressed in “seedlings”, and a unique gene matched an
EST expressed in “immature fruit”. Evidence of expres-
sion in more than two tissues was inferred for a single gene

Gene Ontology (GO) terms suggested the involvement of
OeHSP90s in multiple biological processes including pro-
tein folding, as well as cellular, metabolic and macro-
molecule processes (Supplementary file S3). In order to
further investigate the relationship between OeHSP90s and
related proteins in the olive interactome, the protein
interaction networks were analyzed by STRING software
using directly the A. thaliana model. All the 12 HSP90
proteins matched their counterparts in A. thaliana with
identities ranging between 77 and 100% (Supplementary
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Fig. 5 Distribution of twenty distinct conserved motifs across HSP90 proteins from O. europaea (OeHSP90s) and A. thaliana (AtHSP90s)

file S4). As shown in Fig. 7, five proteins were predicted as
functional partners of OeHSP90s, indicating these proteins
may co-regulate some biological processes. In particular,
results indicate that Calnexin homolog 1 (CNX1), SGT1
homolog A and heat shock proteins (HSP70s) are pivotal
proteins that interact directly with all OeHSP90 proteins.
We have found that OeHSP90-1, OeHSP90-2 and
OeHSP90-9 interact directly with Heat Shock Transcrip-
tion Factor A2 (HSFA2). In addition to interaction with
functional partners, there are interactions between
OeHSP90 proteins (Fig. 7). Overall, our analysis showed
the involvement of HSP90 chaperones in complex bio-
logical signalling networks in olive.

Discussion

The HSP90 has been studied at genome-scale in various of
monocot and dicot species, such as Brachypodium dis-
tachyon (Zhang et al. 2017), Nicotiana tabacum (Song
et al. 2019), Populus (Zhang et al. 2013) and different
legumes (Agarwal et al. 2016). However, our study is the
first to identify and characterize HSP90 proteins from the
Mediterranean olive. This extensive survey of the HSP90
gene family has been facilitated by the recent completion
of O. europaea genome sequencing and its annotation
(Cruz et al. 2016), providing a wealth of information on the
functional genomics of this economically important tree.
Based on a wide range of computational methods, we
suggest that the olive genome is enriched in heat shock
genes, with 12 HSP90 genes, compared to seven HSP90
genes in each Arabidopsis (Zhang et al. 2013) and tomato
(Liu et al. 2014; Zai et al. 2015). Differences in gene
family sizes often correspond to differences in the func-
tional array of roles of the members of the gene families.
Therefore, we suggest that the comparatively high number
of olive HSP90 proteins are linked to their numerous roles
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in O. europaea. This is also supported by the wide diversity
of the olive HSP90 members, as denoted by their diverse
biophysical features detected in our study.

Gene duplication events are thought to take place fre-
quently in genome evolution and range in size from small-
scale (SSD) to whole-genome events (WGD) (Carretero-
Paulet and Fares 2012; Fares et al. 2013), all of them
contributing to the expansion of gene families in the gen-
ome. Paralogs are types of homologous genes that are
related by duplication and tend to diverge in function after
duplication (Gabaldén and Koonin 2013). There were five
pairs of duplicated HSP90 genes identified in O. europaea
in the present study, indicating that this gene family evo-
lution has been strongly marked by species-specific gene
duplication. The estimated time of duplication for the
paralogous OeHSP90 genes indicated that all paralogs
occurred before the oldest WGD that is at the base of the
family Oleaceae (~ 33-72 Mya), except for OeHSP3/-6,
which is a recently duplicated gene pair (2.5 Mya) after the
last WGD event specific to the O. europaea lineage, about
10 Mya (Julca et al. 2018), suggesting that the latter was a
small scale event. Phylogenetic analysis is typically used to
gain insight into the evolutionary relationships of species
and to infer orthologs and paralogs, between and within
species, respectively. Such evolutionary relationships may
be of great importance to understand and describe current
functional features of a set of studied genes. We discovered
that the members within the same phylogenetic sub-cluster
shared the same subcellular location, consistent with
HSP90 genes in other species as Populus trichocarpa
(Zhang et al. 2013), A. thaliana (Krishna and Gloor 2001)
and Brachypodium distachyon (Zhang et al. 2017). Such
conserved subcellular or organelle localization of HSP90s
in the same phylogenetic subgroup suggests that they
present roles in stress response or organelle-specific
development, providing clues for their specific cellular
functions. The largest number of OeHSP90 proteins were
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Fig. 6 Predicted stress-related cis-elements in OeHSP90 promoters. Promoter sequences (1500 pb upstream region) of 12 OeHSP90 genes were
analyzed online at PlantCARE web server

predicted to be localized in cytosol; this feature is shared  primary site of action for HSP90 proteins (Vabulas et al.

with Arabidopsis (Sarkar et al. 2009) and Brachypodium  2010).

distachyon (Zhang et al. 2017), and indicates that the The Histidine kinase-like ATPase (HATPase_c) domain

cytoplasm, where protein assembly occurs, may be the  (Pfam: PF02518; SMART: SM00387) is an evolutionary
conserved protein domain, which is found in several ATP-
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Table 6 Spatial and temporal expression profiles of O. europaea HSP90 genes, based on BLAST to publicly available Expressed Sequence Tags

(ESTs)
OeHSP90 gene Corresponding target in Olea europaea (taxid: 4146) ESTs Spatial and temporal
(Query) expression features
EST ID Definition Tissue Developmental
stage
OeHSP90-1 JK748014.1 se015_D7 One-month old Olive (Olea europaea) cv. Koroneiki seedlings Seedlings ~ One-month old
library Olea europaea cDNA, mRNA sequence
OeHSP90-2 JK748014.1 se015_D7 One-month old Olive (Olea europaea) cv. Koroneiki seedlings Seedlings ~ One-month old
library Olea europaea cDNA, mRNA sequence
G0245607.1 OEAA-070810_Plate7m15.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
0OeHSP90-3 G0244160.1 OEAA-070810_Plate3008.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
GO0244048.1 OEAA-070810_Plate3j16.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
FL684093.1 C_P23_H12_0414F_p7 Olea europaea cv. Leccino fruitlet Olea europaea Fruit Immature
cDNA, mRNA sequence
OeHSP90-6 G0244160.1 OEAA-070810_Plate3008.b1 cDNA library from Olive leaves and fruits Olea Leaves —
europaea cDNA, mRNA sequence and fruits
G0244048.1 OEAA-070810_Plate3j16.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
G0246288.1 OEAA-070810_Plate9j13.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
FL684093.1 C_P23_H12_0414F_p7 Olea europaea cv. Leccino fruitlet Olea europaea Fruit Immature
cDNA, mRNA sequence
OeHSP90-7 G0244489.1 OEAA-070810_Plate4m08.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
OeHSP90-10 G0245204.1 OEAA-070810_Plate6107.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits
OeHSP90-12 GO0245204.1 OEAA-070810_Plate6107.b1 cDNA library from Olive leaves and fruits Olea Leaves -
europaea cDNA, mRNA sequence and fruits

binding proteins including histidine kinase, DNA gyrase B,
topoisomerases (Bellon et al. 2004), molecular chaperones
HSP90 (Immormino et al. 2004), phytochrome-like
ATPases and DNA mismatch repair proteins. The HAT-
Pase_c domain has already been reported in HSP90 pro-
teins from algae (Chlamydomonas reinhardtii), mosses
(Physcomitrella patens), monocots (Brachypodium dis-
tachyon, Oryza sativa, Triticum aestivum, and Zea mays)
and dicots (Arabidopsis thaliana, Glycine max, Medicago
truncatula and Gossypium raimondii) (Zhang et al. 2017);
and its association with the HSP90 justifies the role played
by HSP90 proteins in ATP binding and hydrolysis, as
previously demonstrated (Panaretou et al. 1998). This
domain functions as an ATP/ADP binding site with
ATPase activity (Young et al. 2001).

The gene structure difference between HSP90 groups
may be associated with their functions in different bio-
logical processes in subcellular compartments. Of the
OeHSP90 genes containing introns, 10 were found to
contain only two introns, and their lengths were highly
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variable. The connection between the occurrence of introns
and the extent of gene expression is questionable (Parra
et al. 2011). In some studies, the lack of introns, or a short
intron length, has been observed to increase the level of
gene expression in plants (Ren et al. 2006; Jeffares et al.
2008). In our study, the variation of the number of introns
suggested that some intron loss, along with intron gain
events, may have occurred throughout the structural evo-
lution of OeHSP90 encoding genes.

Structural plasticity of OeHSP90 biomolecules could be
inferred from their physicochemical features. On the other
hand, produced 3D structures and their gene ontology
annotations supported a wide functional array, and may, in
the long term, give rise to docking studies aimed at fine-
tuning the molecular properties to promote binding inter-
actions (Baloji et al. 2019).

Cis-regulatory elements (CREs) are implicated in the
control of gene expression and provide an indication of the
physiological process in which members of a gene family
may be involved. Promoter regions of OeHSP90 genes
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Fig. 7 Functional interaction
network of 12 O. europaea var.
europaea HSP90 proteins,
based on their A. thaliana
orthologs. Nodes are connected
by lines that indicate
experimentally determined
interactions. Line thickness
indicates the strength of data
support. Framed proteins are
functional partners interacting
with OeHSP90s. Unconnected
OeHSP90s have no known
relationship. The original

figure was constructed in
STRING 11.0 (Szklarczyk et al.
2019) using medium confidence
level (0.400), and experiments
and co-expression as active
sources of interaction

OeHSP90-5
OeHSPYY: 9 Al

included a variety of CRESs indicating that OeHSP90 genes
are involved in O. europaea growth, development and
responses to abiotic and biotic stresses via the regulation of
hormone signaling pathways. In addition, we observed that
anaerobic-stress response elements (ARE), previously
studied in the promoters of maize (Walker et al. 1987),
were present extensively in OeHSP90 promoters. Likewise,
ARE have been observed to be the most widespread cis-
regulatory elements in Arabidopsis (Sadeghnezhad et al.
2014) and cotton (Wu et al. 2019) genomes. Anaerobic
stress usually corresponds to hypoxic or anoxic conditions
created around the roots usually as a consequence of
flooding (Dennis et al. 2000). Finally, we revealed the
occurrence of a putative AT region, involved in elicitor-
mediated activation, in heat-shock 90 promoters of O.
europaea. AT-rich elements have been outlined as being
actually involved in the expression control of GmHSP17.6-
L gene in reaction to nematode disease in soybean (Fuganti
et al. 2010). It will now be interesting to uncover whether
these AT rich regions (in particular the number of AT
repetitions) can influence the resistance and/or suscepti-
bility responses to plant-parasitic nematodes associated
with olive tree.

Although CRE sequences have been generally con-
served by mutation-eliminating selection, their activity is
likely to be erased during evolution due to variability in
number, order or position. Therefore, it is important to
study expression in order to infer spatial and temporal
profiles of olive HSP90 genes and their eventual respon-
siveness to any stimuli. It is known that individual

CR88
L OcHSP90-7

OeHSPY0-3
OeHSPY0-4
OeHSPY0-6
OeHSPY0-8

HSP90.1

OeHSPI0-1
OeHSPI0-2
OeHSPI0-9

HSP81-3

members of broad gene families are variable in sequence
and function exhibiting different patterns of expression
across different tissues. Gene tissue-specific expression
analysis may therefore offer valuable information on gene
functions and gene regulations (Wen et al. 2017). Typi-
cally, our results have shown that more than half of the
OeHSP90 genes were specifically expressed in one or more
tissues, suggesting that these genes play multiple roles in
the growth of olive and may be actively implicated in the
development of various tissues and organs. In particular,
HSP90 genes were supported by ESTs expressed in the
leaf, fruit and seedlings of the olive plant, similar to recent
reports in Arabidopsis, tomato and soybean (Xu et al. 2013;
Liu et al. 2014; Wang et al. 2016).

It is helpful to predict interactome networks in order to
get an integrative view of the cellular functions in which
olive HSP90s may be involved. Homologs of A. thaliana
CNX1, SGT1, HSP70s and HSFA?2 were predicted to be of
high importance as functional partners of OeHSP90s, as
they occupied central positions in the protein—protein
interaction network. A. thaliana Calnexin homolog 1
(CNX1) is a Calcium-binding protein that interacts with
newly synthesized glycoproteins in the endoplasmic retic-
ulum (ER). It may contribute to the folding, assembly and/
or retention within the ER of unassembled protein subunits,
thus playing a major role in the quality control machinery
of the ER (Bergeron et al. 1994; Liu et al. 2017). SGT1
homologs (A and B) are functionally redundant proteins
playing a role in resistance protein accumulation during
plant resistance against pathogens (Azevedo et al. 2006).
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Besides, SGT1 is probably required for SCF-mediated
ubiquitination, by coupling HSP90 to SCF complex for
ubiquitination of HSP9O0 client proteins (Zhang et al. 2010).
In A. thaliana, it has been observed that SGT1 associates
with the N-terminal ATPase domain of HSP90 and another
co-factor, RAR1 (Required for Mlal2 resistance) (Botér
et al. 2007; Zhang et al. 2008). SGT1 and RARI assist
HSP90 in stabilizing plant disease resistance (R) proteins
(Austin et al. 2002; Azevedo et al. 2006). The 70-kDa heat
shock proteins (HSP70s) could cooperate with other
chaperones and key regulators of many signal transduction
pathways, to assist in wide range of folding processes,
including refolding of misfolded stress-denatured proteins
(Mayer and Bukau 2005), assisting translocation of pre-
cursor proteins into organelles, and preventing protein
aggregation, thus controlling cell homeostasis, prolifera-
tion, differentiation and cell death. Finally, HSFA2 is one
of 21 HSF genes identified in A. thaliana (Scharf et al.
2012). It is strongly heat inducible and seems to be
involved in environmental stress response including
response to salt (Ogawa et al. 2007) and oxidative stress
(Nishizawa-Yokoi et al. 2010).

Conclusion

The present study provides an in silico integrative analysis
of the Mediterranean olive HSP90 gene family covering
physicochemical features, conserved domains and motifs,
protein 3D, gene and promoter structures, evolutionary
relationships, expression patterns and protein—protein
interaction networks. We provided evidence of the rela-
tionship between the phylogeny, structural and cellular
localization of this gene family. Olive HSP90 showed
different levels of expression among different tissues with
a rich array of regulation controls, all suggesting that their
functional diversity has been a backbone of the olive
physiological and adaptive processes. Our study sets
groundwork for further experimental gene expression and
gene manipulation studies of OeHSP90 gene candidates,
which will be relevant to improving stress-related and
developmental responses, in olive.
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