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The glutathione peroxidases (GPXs) are enzymes which are part of the cell antioxidant system inhibiting the
ROS-induced damages of membranes and proteins. In cacao (Theobroma cacao L.) genome, five GPX genes
were identified. Cysteine insertion codons (UGU) were found in TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and trypto-
phan insertion codon (UGG) in TcGPX8. Multiple alignments revealed conserved domains between TcGPXs and
other plants and human GPXs. Homologymodeling was performed using the Populus trichocarpaGPX5 structure
as template, and the molecular modeling showed that TcGPXs have affinity with selenometionine in their active
site. In silico analysis of the TcGPXs promoter region revealed the presence of conserved cis-elements related to
biotic stresses and hormone responsiveness. The expression analysis of TcGPXs in cacao plantlet meristems in-
fected byM. perniciosa showed that TcGPXs aremost expressed in susceptible variety than in resistant one,mainly
in disease stages in which oxidative stress and programmed cell death occurred. This data, associated with phy-
logenetic and location analysis suggested that TcGPXsmay play a role in protecting cells from oxidative stress as a
try of disease progression reduction. To our knowledge, this is the first study of the overall GPX family from
T. cacao.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Theobroma cacao L. (cacao) is a plant endemic to the rainforests of
South America [1] and is grown mainly for the production of cocoa li-
quor, cocoa butter, and cocoa powder for the chocolate industry [2].
However, cocoa production has been severely damaged by diseases
caused by fungi and oomycete [1,3]. In Brazil, the witches' broom dis-
ease caused drastic economic and social changes in the affected areas
[4,5]. This disease is caused by theMoniliophthora perniciosa basidiomy-
cete that presents two distinct development phases: a biotrophic phase
characterized by a monokaryotic and intercellular mycelium, and a
necrotrophic phase characterized by a dikaryotic and intracellular my-
celium [6,7]. In the transition from biotrophic to necrotrophic fungal
phase, the plant showed significant accumulation of calcium oxalate
crystals and H2O2, as well as events of programmed cell death (PCD)
[6,8]. The accumulation of calcium oxalate causes the production of re-
active oxygen species (ROS) and therefore the PCD. In cacao plants sus-
ceptible to M. perniciosa, the PCD occurs initially as a defense
mechanism and then is deflected by the fungus for its own benefit,
6, 45662-900 Ilhéus, BA, Brazil.
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allowing sporulation and further propagation [6]. The transition from
the biotrophic to the necrotrophic phase is facilitated by the presence
of several compounds, genes, and proteins that induce PCD [8,9]. In
cacao-M. perniciosa interaction cDNA library and/or in the cacao ge-
nome, several genes potentially related to PCD (possibly involved in
its enhancement or inhibition), such as the glutathione peroxidase
(GPX; EC 1.11.1.9) were found [10,11].

GPXs were first discovered in mammals and are enzymes that are
part of the cell antioxidant system, inhibiting the ROS-induced damage
of cell membrane and proteins [12]. GPXs reduce H2O2 to water and
lipid hydroperoxides to their corresponding alcohols using reduced glu-
tathione (GSH) as substrate [13]. All mammalian GPXs contain a
selenocysteine (SeCys also referred to as the 21st protein amino acid)
residue instead of a Cys residue [13–15]. The SeCys is encoded by an
opal (TGA) stop codon, which is recognized by a special transfer RNA
(tRNA); the incorporation of SeCys occurs when the mRNA contains a
distinct hairpin mRNA sequence downstream of the UGA codon called
SeCys insertion sequence (SECIS) [15,16]. It is admitted that yeast and
plants do not incorporate SeCys and, therefore, do not have any
selenoproteins [15]. However, some few studies revealed that plant
kingdom may also contain selenoproteins: is has been shown that in
Chlamydomonas reinhardtii, the GPX cDNA contained an internal TGA
codon in frame to the ATG [17–19], in Aloe vera, native protein
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purification associated to atomic absorption revealed a molecular com-
plex of four GPX subunits, each one containing one atom of selenium in
its structure [20], and that in cranberry, the mitochondrial genome
contained two copies of selenocysteine insertion sequence element
(SECIS) and tRNA-SeCys [21]. It has been shown that the incorporation
of SeCys rather than Cys in the active site of the GPX confers better
redox activity to these enzymes [16]. In animals, and even more in
plants, only little information about the GPX activity regulation is avail-
able. In animals, it has been suggested a GPX regulation at mRNA, pro-
tein and/or activity level by selenium supply, SECIS-associating factors,
but also by some selenium-independent regulator; this regulation
may also vary according to the GPX sequence [22]. Some studies also
pointed out the role of selenium as cofactor of GPX activity [23,24]. Fi-
nally, it has also been shown the physical interaction between the
human GPX1 and selenium-binding protein 1 (SBP1) – which is not a
selenoprotein but is able to bind selenium covalently – associated to
an inverse regulation of the two corresponding genes [25–27]. The
mechanism by which SBP1 and GPX1 regulate each other remains un-
clear, but a competition for selenium available in the cell has been sug-
gested as a possible mechanism of inverse regulation [28]. Altogether,
these data suggested a possible physical interaction between GPX and
selenium as possible element of activity regulation. In plants, selenium
is absorbed from the soil in the form of selenate (SeO42−) or selenite
(SeO32−) that are both toxic, and are used to synthesize SeCys and
selenomethionine (SeMet) which are further converted to volatile di-
methyl(di)selenide (DM(D)Se) [16]. Therefore, SeMet is one of the
most abundant and metabolically important forms of selenium in
plant, that could be also associated to plant selenium detoxification
mechanism [16].

GPX gene expression has been related with cell protection in various
stress conditions such as pathogenic attack, salt treatment, and
mechanical stimulation [29]. Interestingly, in humans, the GPX1 gene
was associated to several diseases, including cancer due to disease
risk-associated alleles [25,28,30]. Several studies have also reported
that HsGPX1 proteins were involved in cell cycle regulation, inhibiting
apoptosis that allows tumor progression [25,31,32]. For these reasons,
the putative inhibitory potential of PCD associatedwith the ability to re-
duce H2O2 and lipid hydroperoxides makes GPXs important for under-
standing the cacao-M. perniciosa pathosystem. Here, we identified and
analyzed in silico and in vitro five GPX sequences from T. cacao. TcGPX
proteins did not contain SeCys in their primary sequence but interact
with SeMet. Expression analysis of TcGPX genes during the cacao-
M. perniciosa interaction showed a higher expression in susceptible
cacao plants than in the resistant ones, mainly in disease stages in
which oxidative stress and PCD occurred. This data, associated with
phylogenetic and location analysis suggested that TcGPXs may play a
role in protecting cells from oxidative stress, and in inhibiting PCD as a
try of disease progression reduction. Moreover, the TcGPX expression
may be regulated by several hormone pathways known to be involved
in the witches' broom disease development, as indicated by the TcGPX
promoter analysis. To our knowledge, this is the first study of the overall
GPX family from T. cacao.

2. Methods

2.1. In silico analysis of TcGPXs

A GPX cDNA was identified in a library of T. cacao meristem (geno-
type TSH1188) infected by M. perniciosa [10]. A search in the
CocoaGenDB database [11] through local alignment with BLASTn and
BLASTp [33] using the GPX cDNA [10] allowed the identification of five
homologous sequences named TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and
TcGPX8 according to the nomenclature and numeration of the cocoa ge-
nome (Supplementary material 1). The complete sequences of the
genes and corresponding proteinswere obtained from the CocoaGenDB
database. The proteins were analyzed using InterProScan [34] and their
classification validated by the presence of the GPX domain codes. The
MCScanX tool [35] was used to identify possible duplications of the
TcGPX genes in the cacao genome. The prediction of theoretical isoelec-
tric point (pI) and molecular weight (MW) was obtained using the
ExpasyMolecular Biology Server (www.expasy.org). The conserved do-
main and family protein were analyzed using the Pfam program [36].
Post-translational events were predicted using the NetPhos 2.0 Server
to identify putative sites of phosphorylation (Ser/Thr/Tyr) [37] and
NetNGlyc 1.0 Server [38] to identify putative sites of N-glycosylation.
Predictions of subcellular localization were conducted with the pro-
grams TargetP [39] and PSORT [40]. Signal peptide presence was ana-
lyzed using the SignalP 4.0 Server [41]. Homologous sequences to
TcGPXs were searched using BLAST [33] on the National Center for Bio-
technology Information (NCBI) and plants and mammals sequences
showing the highest homology levels (> 79%) were selected. Multiple
sequence alignment of these sequences was performed with the
ClustalW2 software [42], and an unrooted phylogenetic tree was built
using the neighbour joining method with the ClustalW2, with 1000
bootstraps [42] and MEGA 6 [43] programs. The search for regulatory
sequences of the TcGPXs gene was performed in the CocoaGenDB data-
base [11]. A region of 1500 bp upstream the UTR was identified and se-
lected for cis-element analysis. The presence of the cis-regulatory
elements in the promoter regions of the TcGPX genes was analyzed
using the plantCARE (sphinx.rug.ac.be:8080/PlantCARE/cgi/index.
html) software [44].

2.2. Molecular modeling and docking analysis

The prediction of the three-dimensional (3-D)models of the TcGPXs
proteinswas obtained using the Swiss-Model server and theAutomated
Protein Homology-modeling, which relies on the high similarity of
target-template [45]. The crystal structure of poplar (Populus
trichocarpa) glutathione peroxidase (PtGPX5; Protein Data Bank code:
2p5q) was used as the template to build the 3-D models of TcGPXs, be-
cause of its high identity with TcGPXs (>79%), high coverage of protein
sequences and high resolution (2.0 Å). The stereochemical quality of the
models was evaluated using the Procheck [46] and Anolea programs
[47]. The 3-D model visualization was obtained using the PyMol (The
PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.)
and Discovery Studio 4.0. The docking analysis between TcGPXs and
SeMet was performed using the AutoDockTools 1.5.6 [48]. SeMet 2D
structure was found in PubChem databases (http://pubchem.ncbi.nlm.
nih.gov). The 2D structure of this compound was copied into Similies
and saved in PDB format using the Marvin program. The ligand and re-
ceiver structures were saved in pqbqt format to be used in docking cal-
culations. AutoDock Vina was used to perform Docking Scoring for the
complex formed by the receptor - ligand [49]. The reports of each calcu-
lation were analyzed for the energy (Kcal / Mol) values of affinity for
each binder conformation in its respective complex. The Discovery Stu-
dio program was used to verify the ideal complex.

2.3. Plant material

Plant material was obtained as previously described [50]. Seeds of
T. cacao genotypes Catongo (susceptible to M. perniciosa) and
TSH1188 (resistant to M. perniciosa) were germinated and grown at
CEPLAC/CEPEC (Ilhéus, Bahia, Brazil) greenhouses. Twenty to thirty
days after germination, the apical meristems of the plantlets were inoc-
ulated by the droplet method [51] with a basidiospore suspension of
M. perniciosa (inoculum from isolate 4145 maintained in the
CEPLAC/CEPEC phytopathological M. perniciosa collection under num-
ber 921 of the WFCC; http://www.wfcc.info/index.php/collections/
display). After inoculation, the plantlets were kept for 24 h at 25 ±
2 °C and 100% humidity. Rate of disease fixation based on presence/ab-
sence of symptoms [52] in each genotype, was evaluated 60 days after
inoculation (dai); disease rate was 45% and 80% for TSH1188 and
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Catongo, respectively. Moreover, the presence of M. perniciosa in the
plant material was checked by semi-quantitative RT-PCR using specific
M. perniciosa actin primers [53]; both genotypes presented fungus inci-
dence (data not shown) coherent with previous data obtained in the
same conditions of plant culture and inoculation [7]. During the overall
experiment, plant development and presence/absence of symptoms
were carefully checked and compared to previous disease pattern
established by our research group [7]. Apical meristemswere harvested
at 24, 48 and 72 h after inoculation (hai), and 8, 15, 30, 45, 60 and 90 dai.
Non-inoculated plants (controls) were kept and harvested under the
same conditions at 24 and 72 hai, and 30 and 90 dai. Samples were col-
lected at the same time of day (i.e. time of the inoculation) to avoid pos-
sible fluctuation due to circadian rhythm. For each genotype and at each
harvesting time (for inoculated and non-inoculated plants), 20 samples
were collected (1 sample = 1 apical meristem of 1 cacao plantlet). The
20 samples collected from one genotype at one harvesting time were
pooled; thus 9 inoculated and 5 non inoculated (control) samples
were immediately frozen in liquid nitrogen and stored at −80 °C until
use. Pooling samples before RNA extraction has the advantage of
reducing the variation caused by biological replication and sample
handling [54].
2.4. Reverse transcription quantitative PCR analysis

Samples were ground on liquid nitrogen until obtaining a fine pow-
der. Total RNA was extracted from powdered samples using the
RNAqueous Kit® (Ambion) according to the manufacturer's instruc-
tions, with modifications as previously described [50]. The RNA quality
and quantity were checked using the Nanodrop 2000 spectrophotome-
ter (Thermo Scientific). The synthesis of the first cDNA strand was car-
ried out using Revertaid Fisrt Strand cDNA Synthesis Kit according to
the manufacturer's instructions (Thermo Scientific). For the qPCR anal-
ysis, two cacao endogenous reference genes were used: the malate de-
hydrogenase (MDH) and β-actin (ACT), previously identified as T. cacao
housekeeping genes [55] and tested in our experimental conditions
(same plant material, same equipment) [50]. Specific primers and am-
plified regions containing different size, melting temperature, GC con-
tent and GC/AT ratio were defined to avoid cross-reaction between
genes from cacao GPX family (Supplementary material 2). The expres-
sion analysis of TcPHGPX and TcGPX2was performed using standard set-
tings of the ABI PRISM 7500 and Sequence Detection System (SDS)
software, version 1.6.3 (Applied Biosystems).

The qPCR reaction consisted of 10 ng/μl of cDNA, 1 μMof each primer
from reference or targets genes (Supplementarymaterial 2) and 11 μl of
Power SYBR Green Master Mix (Applied Biosystems) in a total volume
of 22 μl. Cycling conditions were: 50 °C for 2 min then 95 °C for
10 min, followed by 40 cycles at 95 °C for 15 s, 60 °C for 1 min and
72 °C for 30 s. To verify that each primer pair produced only a single
PCR product, a dissociation analysis was carried out from 60 °C to
95 °C and analyzed with the Dissociation Curve 1.0 program (Applied
Biosystems). The expression analysis of TcGPXs in meristems of cacao
plantlets inoculated or not with M. perniciosa, was obtained by RT-
qPCR using 3 experimental replicates. The relative expression was ob-
tained using the comparative Ct method (2-ΔΔCt) that considered:
i) MDH and ACT as endogenous reference genes (average of expression
values from both genes); and ii) non-inoculated (control) plants (aver-
age of expression values of each TcGPX gene in 5 control samples har-
vested as described above) as calibrator - for this reason the relative
expression value of the control (= non-inoculated plants) is always
1.0. Statistical analysis was made using the SASM-Agri software [56]
which tested the experiments as a completely randomized design. t-
test and F-test (ANOVA) were applied with a critical value of 0.01. The
Scott-Knott (P ≤ 0.01) test was employed for mean separation when F-
values were significant.
3. Results

3.1. In silico analysis of GPX family of T. cacao

In silico analysis on CocoaGenDB revealed the presence of five se-
quences encoding one TcPHGPx and four TcGPXs (TcGPX2, TcGPX4,
TcGPX6 and TcGPX8) (Fig. 1). TcGPX geneswere located on four different
chromosomes (chromosome 1/TcGPX4, chromosome 3/TcGPX6 and
TcGPX8, chromosome 9/TcPHGPX and chromosome 5/TcGPX2; Fig. 1A).
No duplication events were found for any of the TcGPXs (data not
shown). TcGPX genes were 2222 to 4805 bp in length (TcGPX6 and
TcGPX4, respectively; Fig. 1A), all contained 6 exons and 5 introns
(Fig. 1A), and had ORF from 516 to 789 bp (TcGPX4 and TcGPX2, respec-
tively; Table 1). TcGPXs encoded proteins from 171 to 262 amino acids
(TcGPX4 and TcGPX2, respectively; Table 1), with molecular weight
comprised between 19,175.9 and 29,708.3 Da (TcGPX4 and TcGPX2, re-
spectively; Table 1), and putative pI from 5.27 to 9.14 (TcGPX8 and
TcGPX4, respectively; Table 1). All TcGPXs showed putative phosphory-
lation (from 7 for TcGPX4 to 22 for TcGPX6) and glycosylation (from 1
for TcPHGPX and TcGPX8 to 3 for TcGPX4 and TcGPX6) sites (Table 1).
The TcPGXs were predicted to be located in chloroplast (TcPHGPX and
TcGPX6), to be secreted (TcGPX2), or did not present any defined sub-
cellular localization (unknown for TcGPX4 and TcGPX8; Table 1). The
TcGPXsmature RNA showed the initiation codes (AUG) and cysteine in-
sertion codons (UGU) in TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and the tryp-
tophan insertion codon (UGG) in TcGPX8 (Fig. 1B). All TcGPXs showed at
least one conserved GSH domain (Fig. 1C). TcGPX family showed a cys-
teine instead of selenocysteine on the active site of TcPHGX, TcGPX2,
TcGPX4 and TcGPX6 and a tryptophan on the active site of TcGPH8 in-
stead of a selenocysteine (Fig. 1C). The alignment of TcGPXs sequence
using the BLASTP tool revealed high identity with GPXs from other or-
ganisms (plant and mammals) and allowed the identification of the
conserved region containing a conserved cysteine residue in plants
and SeCys is mammals (Supplementary material 3). The full-length
amino acid sequences of plants and mammalian of GPXs available in
the databases were used to build an unrooted phylogenetic tree (Sup-
plementary material 4). Plant and mammalian GPXs were separated
and formed two distinct branches in the tree (Fig. 2). The five TcGPXs
have close phylogenetic relationship with members of the same classi-
fication in other plant species (Fig. 2). In silico analysis of the TcGPXs
promoter region revealed the presence of several conserved cis-
elements characteristic of different plant species (Table 2). Elements
recognized by the family of WRKY transcription factors (W box) were
identified in all TcGPX promoters, and defense and stress responsiveness
elements (TC-rich repeats) were identified in TcPHGPX, TcGPX2, TcGPX6
and TcGPX8 (Table 2). Elements related to response to abiotic stress or
external stimuli anaerobic induction (ARE), light responsiveness
(BOX4), drought-inducibility (MBS), Low-temperature responsiveness
(LTR) were also found (Table 2). Finally, several cis-elements related
to hormone signaling were found such as abscisic acid responsiveness
(ABRE), gibberellin-responsive element (GARE-motif), MeJA-
responsiveness (TGACG-motif), salicylic acid responsiveness, (TCA-ele-
ment) and auxin-responsive element (TGA-element) (Table 2).

3.2. Homology modeling of GPXs and docking analysis

The alignment of the PtGPX5 (3-D template) amino acid sequence
showed 63.92%, 69.03%, 59.17%, 75.15% and 84.02% with TcPHGPXs,
TcGPX2, TcGPX4, TcGPX6, TcGPX8, respectively (Fig. 3A). The structural
modeling of TcPHGPX, TcGPX4 and TcGPX6 showed 8 α-helices and 6
β-strands (Fig. 3B, D and E) while TcGPX2 showed 6 α-helices and, 6
β-strands (Fig. 3C) and TcGPX8 7 α-helices and 6 β-strands (Fig. 3F).
The Ramachandran plots showed that 100% of the amino acids of the
TcGPXs models were located in the most favored regions (Supplemen-
tary material 5). The catalytic site of TcPHGPX, TcGPX2, TcGPX4, and
TcGPx6 contained the conserved cysteine (Cys114, Cys75, Cys44, and



Fig. 1. Schematic illustration of the genes, mature RNA and proteins of the GPX family from Theobroma cacao. A.DNA sequences of GPX family. Untranslated regions, exons and introns are
indicated by turquoise, green and salmon squares, respectively. B. Mature RNAs from the TcGPX genes. Untranslated regions and exons are indicated by turquoise and green squares,
respectively. Purple lines represent the initiation codons (AUG), red lines indicate the cysteine insertion codons (UGU) in PHGPX, GPX2, GPX4, GPX6 and the tryptophan insertion codon
(UGG) in GPX8, and black lines indicate the stop codons (UGA). C. TcGPX protein structure. Black squares represent the conserved GSH domain and yellow lines indicate the presence
of cysteine on the active site of TcPHGX, TcGPX2, TcGPX4 and TcGPX6, and of tryptophan on the active site of TcGPX8, instead of selenocysteine.

3701A.M. Martins Alves et al. / International Journal of Biological Macromolecules 164 (2020) 3698–3708
Cys111, respectively) residue (Fig. 3A, B, C, D and E). TcGPX8 contained
two conserved tryptophan (W44, W151) residue (Fig. 3A and F). The
docking between TcPHGPXs and SeMet showed conventional hydrogen
bond interactions between Lys113, Cys114, Thr163 and, carbon hydrogen
bond between Pro151 (Fig. 4A). The interaction between TcGPX4 and
SeMet showed conventional hydrogen bond between Gln75, Ser129,
Asn108, Arg136 and, unfavorable donor-donor between Arg130 (Fig. 4B).
The interaction between TcGPX6 and SeMet showed conventional hy-
drogen bond between Asp196, Arg216, Thr221 and, unfavorable donor-
donor between Ala218 (Fig. 4C). The interaction between TcGPx8 and
SeMet showed Pi-sulfur interaction between Phe58, conventional hy-
drogen bond between Tyr45, Trp44 and Glu97 and carbon hydrogen be-
tween Trp151 (Fig. 4D). No interaction was observed between TcGPX2
and SeMet (data not shown).

3.3. Differential expression of TcGPXs in resistant and susceptible cacao ge-
notypes infected by M. perniciosa

The expression of the TcPHGPX, TcGPX2, TcGPX4, TcGPX6, and TcGPX8
genes was analyzed together for each cacao genotype, i.e. TSH1188 (re-
sistant to witches' broom disease) and Catongo (susceptible), infected
or not (control) with M. perniciosa (Fig. 5A). For both genotypes and
for all the harvesting points, the PCR amplification occurred at the
same and unique melting temperature for each gene showing that
only the corresponding gene was amplified (Supplementary material
6). Whenwe analyzed the gene expression the according to the disease
stage (time after inoculation), we verified that, in the resistant variety,
the TcPHGPX gene did not differ significantly at 24 and 48 hai, with a
small repression compared to the non-inoculated control (Fig. 5B). At
72 hai, the TcPHGPX gene becomes significantly more expressed than
the control (Fig. 5B). At 8 and 15 dai, the expression of the TcPHGPX
gene did not differ significantly, however, they were significantly
more expressed than the control (Fig. 5B). At 30 dai, TcPHGPX was sig-
nificantly less expressed than the control, and at 45 and 90 dai did not
differ from the control (Fig. 5B). At 60 dai, the TcPHGPX gene was
overexpressed in the resistant variety (Fig. 5B). In the resistant variety,
the TcGPX2 gene did not differ significantly from the control after 24, 48
and 72 hai, as well as after 15, 45, and 60 dai after inoculation (Fig. 5B).
At 8 dai, the TcGPX2 gene was repressed compared to the control
(Fig. 5B). At 30 dai, the TcGPX2 gene was also less expressed than the
control (Fig. 5B). At 90 dai, the TcGPX2 gene was significantly more
expressed than in the non-inoculated control (Fig. 5B). The TcGPX4
gene was only significantly more expressed than the control at 60 and
90 dai (Fig. 5B). The TcGPX6 gene was significantly more expressed at



Table 1
Gene and protein characteristics of GPX family from T. cacao. nd: non determined.

Name Predict gene data Predict protein data

Identificationa Sequence
starta

Sequence
enda

ORF
size
(bp)

Size
(aa)

Molecular
weight (Da)

pI Subcellular
localization

Phosphorylation sites Glycosylation
sites

TcPHGPX Tc09_p001340 728,482 730,367 720 239 26,477.2 9.08 Chloroplast S33 S36 S40 S43 S44 S58 S70 S96 S98 S122 S153 T20 T78 T81 N120

TcGPX2 Tc05_p000210 101,857 104,202 789 262 29,708.3 9.11 Secretory S31 S42 S57 S59 S62 S152 T47 T185 T246 Y44 Y92 Y147 N165 N227

TcGPX4 Tc01_p028750 24,070,592 24,074,869 516 171 19,175.9 9.14 nd S11 S28 S121 T16 T83 Y52 Y116 N50 N122 N134

TcGPX6 Tc03_p027320 23,147,873 23,149,733 780 235 25,973.7 8.93 Chloroplast
S25 S29 S31 S32 S43 S52 S57 S63 S74 S75 S78 S95 S188 S189
S197 S225 T83 T221 Y118 Y128 Y166 Y183

N12 N117 N201

TcGPX8 Tc03_p027330 23,150,262 23,153,108 573 190 21,600.4 5.27 nd S5 S11 S28 S50 S159 S173 S176 T16 T54 Y13 Y69 Y79 Y134 N68

a Gene identification and position as indicated in CocoaGenDB database.
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30, 45, and 60 dai, with a peak expression of 60 dai, followed by a 90 dai
repression (Fig. 5B). The TcGPX8 gene was significantly more expressed
than the control at 45, 60, and 90 dai. In the previous periods they were
less expressed than the non-inoculated control (Fig. 5B). In the suscep-
tible variety the TcPHGPX gene was overexpressed at 24 and 48 hai
(Fig. 5C). At 72 hai and at 8 and 15 dai, the TcPHGPX gene was differen-
tially less expressed than the non-inoculated control (Fig. 5C). At 30 and
45 dai, the TcPHGPX gene did not differ significantly from the non-
inoculated control (Fig. 5C). The TcGPX2 gene was repressed within 24
hai after being overexpressed at 48 and 72 hai (Fig. 5C). At 30 dai the
TcGPX2 gene was less expressed than the control (Fig. 5C). At 24 hai,
8, 15, and 60 dai the TcGPX4 gene did not differ from the control
(Fig. 5C). At 48 and 72 hai and 90 dai TcGPX4 was less expressed than
the control (Fig. 5C). At 30 and 45 dai the TcGPX4 gene was
overexpressed (Fig. 5C). The TcGPX6 gene was overexpressed at 24 hai
and 30, 45 and 90 dai. At 48 and 72 hai and 8 and 15 dai the expression
of the TcGPX6 gene did not differ significantly from the non-inoculated
control. At 60 dai the TcGPX6 gene was significantly less expressed
than the control (Fig. 5C). The TcGPX8 gene was overexpressed at 24
hai and 30 and 45 dai (Fig. 5C). It was significantly less expressed than
the control at 48 and 72 hai (Fig. 5C). At 60 and 90 dai the TcGPX8
gene was significantly more expressed than the control (Fig. 5C).
Fig. 2. Phylogenetic relationships among the nucleotide sequences of TcGPXs and other plants a
using the neighbour-joining method of clustalW with 1000 bootstraps. The amino acid sequen
When comparing the expression of the TcGPX family genes, we ob-
served that in the resistant variety, 24 hai there was significant differ-
ence between the TcPHGPX and TcGPX8 genes (Fig. 5B). At 48 hai there
was no significant difference between the genes of the TcGPX family
(Fig. 5B). At 72 hai TcPHGPX and TcGPX6 were significantly more
expressed (Fig. 5B). TcGPx4 and TcGPx8 did not differ significantly
after 72 hai (Fig. 5B). At 8 dai TcPHGPXwas significantlymore expressed
and TcGPX2was less expressed (Fig. 5B). At 15 dai there was no differ-
ence between the genes of the TcGPX family (Fig. 5B). At 30 dai
TcGPX6 was significantly more expressed, whereas TcPHGPX and
TcGPx2 were less expressed (Fig. 5B). At 43 dai TcGPX6 and TcGPX8
were significantly more expressed, respectively (Fig. 5B). After 60 dai
TcGPx6 was significantly more expressed, whereas TcGPX2 was less
expressed (Fig. 5B). At 90 dai the TcGPX2, TcGPX4 and TcGPX8 genes
were significantly more expressed than the TcPHGPX and TcGPX6
genes (Fig. 5B).

In the susceptible variety, after 24 hai the TcPHGPX gene was
overexpressed and TcGPX2 was less expressed than the control
(Fig. 5C). At 48 hai TcPHGPX and TcGPX2 were significantly more
expressed, whereas TcGPX4, TcGPX6 and TcGPX8 were less expressed
than the control (Fig. 5C). At 8 dai TcGPX2 and TcGPX4 did not differ
from the control, whereas TcPHGPX, TcGPX6 and TcGPX8 were less
ndmammalian GPXs. Only complete sequenceswere considered. The treewas constructed
ces were obtained from GenBank.



Table 2
Cis-elements present in the promoter region of T. cacao GPX genes.

Gene Name of cis-elements Organism Function

TcPHGPX

ABRE Arabidopsis thaliana Abscisic acid responsiveness
ARE Zea mays Anaerobic induction
AT-rich Pisum sativum Maximal elicitor-mediated activation
Box 4 Petroselinum crispum Light responsiveness
MBS Arabidopsis thaliana Drought-inducibility
TC-rich repeats Nicotiana tabacum Defense and stress responsiveness
W box Arabidopsis thaliana WRKY transcription factors

TcGPX2

ABRE Arabidopsis thaliana Abscisic acid responsiveness
GARE-motif Brassica oleracea Gibberellin-responsive element
MBS Arabidopsis thaliana Drought-inducibility
TC-rich repeats Nicotiana tabacum Defense and stress responsiveness
W box Arabidopsis thaliana WRKY transcription factors
Box 4 Petroselinum crispum Light responsiveness
TGACG-motif Hordeum vulgare MeJA-responsiveness

TcGPX4

ABRE Arabidopsis thaliana Abscisic acid responsiveness
ARE Zea mays Anaerobic induction
Box 4 Petroselinum crispum Light responsiveness
GARE-motif Brassica oleracea Gibberellin-responsive element
MBS Arabidopsis thaliana Drought-inducibility
P-box Oryza sativa Gibberellin-responsive element
TCA-element Nicotiana tabacum Salicylic acid responsiveness
TGA-element Brassica oleracea Auxin-responsive element
W box Arabidopsis thaliana WRKY transcription factors

TcGPX6

ABRE Arabidopsis thaliana Abscisic acid responsiveness
ARE Zea mays Anaerobic induction
Box 4 Petroselinum crispum Light responsiveness
LTR Hordeum vulgare Low-temperature responsiveness
TC-rich repeats Nicotiana tabacum Defense and stress responsiveness
TGA-element Brassica oleracea Auxin-responsive element
TGACG-motif Hordeum vulgare MeJA-responsiveness
W box Arabidopsis thaliana WRKY transcription factors

TcGPX8

ABRE Arabidopsis thaliana Abscisic acid responsiveness
ARE Zea mays Anaerobic induction
Box 4 Petroselinum crispum Light responsiveness
AT-rich Pisum sativum Maximal elicitor-mediated activation
MBS Arabidopsis thaliana Drought-inducibility
O2-site Zea mays Zein metabolism regulation
TATC-box Oryza sativa Gibberellin-responsiveness
TC-rich repeats Nicotiana tabacum Defense and stress responsiveness
TCA-element Brassica oleracea Salicylic acid responsiveness
TGA-element Brassica oleracea Auxin-responsive element
W box Arabidopsis thaliana WRKY transcription factors
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expressed than the control (Fig. 5C). After 30 dai the TcGPX4 and TcGPX8
geneswere overexpressed and TcGPX2was less expressed than the con-
trol (Fig. 5C). At 45 dai TcGPX4, TcGPX6 and TcGPX8 were significantly
more expressed than TcPHGPX and TcGPX2 (Fig. 5C). After 60 dai the
TcPHGPX, TcGPX2, and TcGPX6 genes were less expressed than the con-
trol. The TcGPX4 and TcGPX8 genes did not differ from the control
(Fig. 5C). At 90 dai the TcGPX6 gene was significantly more expressed
and the TcGPX4 gene was less expressed than the non-inoculated con-
trol (Fig. 5C).

4. Discussion

4.1. TcGPX protein family did not contain SeCys but interacted in silico
with SeMet

Here, we characterized five GPXs (TcPHGPX, TcGPX2, TcGPX4,
TcGPX6 and TcGPX8) sequences from T. cacao (Fig. 1). All the TcGPX
protein, except TcGPX8, contained a conserved GSHPX domain with
conserved Cys residues (Fig. 1C), which are important for the protein
function [13]. Even if it has been related in few studies the possible ex-
istence of selenoproteins in plants [17,20,21], our results corroborate
the difference already observed in most of the cases between GPXs
from plants and animals: the active site of plant GPXs contains a Cys
while the one of animal GPXs contains SeCys [57]. In the case of
TcGPX8, the Cys residuewas substituted by a tryptophan residuewithin
the GSHPX domain. Although tryptophan is an amino acid with antiox-
idant activity [58] and could act as a hydrogen donor [59], it differs
greatly from the chemical structure of cysteine. It could be suggested
that TcGPX8 may be a non-functional GPX due to some sequence trun-
cation or mutation. On the other hand, here, we showed that TcGPXs
(except TcGPX2) are able to bind in silico the SeMet chemical element
(Fig. 4). Some plant GPXs may have increased activity or be
selenodependent even without the presence of the UGA codon for in-
corporation of SeCys [22,28]. The possibility of GPXs having increased
activity when interacting with selenium compounds is due to the fact
that selenium serves as a GPX cofactor [23,24]. Thus, as suggested
here by molecular docking assays, the TcGPXs may present PCD inhibi-
tion and antioxidant activities if they were associated with selenium
compounds (Fig. 4).

4.2. TcGPXs are ubiquitous protein potentially involved in cell death
inhibition

All the TcGPX proteins contained multiple predicted phosphoryla-
tion and glycosylation sites (Table 1), which are ubiquitous mechanism
for the temporal and spatial regulation of proteins involved in almost
every cellular process [60]. The TcGPXs family showed an ubiquitous
subcellular localization (Table 1) including chloroplast location
(TcHGPX and TcGPX6) where these proteins may use GSH or
thioredoxin as a reducing agent to reduce H2O2, organic hydroperoxide,



Fig. 3.Tridimensional structure of TcPHGPX, TcGPX2, TcGPX4, TcGPX6, and TcGPX8obtainedby homologymodelingwith PtGPx5 from Populus trichocarpa (2P5R.pdb).A.Alignment of the
TcGPXwith PtGPx5. Conserved substitutions, identical amino acids, semi-conserved substitutions and catalytic triad are indicated in grey, dark blue, light blue and purple, respectively. B.
Secondary structure of TcPHGPX. C. Secondary structure of TcGPX2. D. Secondary structure of TcGPX4. E. Secondary structure of TcGPX6. F. Secondary structure of TcGPX8. B\\F. The
catalytic triad of each TcGPX is represented by a solvent surface.
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and lipid hydroperoxides [61]. Furthermore, in Arabidopsis it has been
shown that chloroplastic GPXs play a role in cross talk between photo-
oxidative stress and immune responses [61,62]. The phylogenetic anal-
ysis of TcGPXs with different GPX from plants and animals showed that
they were very conserved inclusive for each sub-group of GPX, i.e.
PHGPXs vs GPXs (Fig. 2). The sequence and structure conservation of
TcGPXs also suggests a conservation of function as indicated by other au-
thors [13]. In mammal signal transduction pathways, it has been sug-
gested that PHGPx functions as an anti-apoptotic agent in mitochondrial
death signaling [63]. The antioxidant GPX enzymes eliminate ROS and re-
duce H2O2 [64,65] and in human, are known to be inhibitors of apoptosis
[66]. Functional studies of Lycopersicon esculentum PHGPX (LePHGPx)



Fig. 4. Docking between TcGPXs and selenomethionine (SeMet). A. Interaction between TcPHGPX (blue) and SeMet. B. Interaction between TcGPX4 (orange) and SeMet. C. Interaction
between TcGPX6 (pink) and SeMet. D. Interaction between TcGPX8 (salmon) and SeMet.

3705A.M. Martins Alves et al. / International Journal of Biological Macromolecules 164 (2020) 3698–3708
showed that this gene acted as a cytoprotector in yeast, preventing Bax,
hydrogen peroxide, and heat stress induced cell death, but also protected
tobacco leaves from salt and heat stress and suppressed the apoptotic like
Fig. 5. Relative expression of TcPHGPX, TcGPX2, TcGPX4, TcGPX6, and TcGPX8 in cacao meristem
fungus phase during the infection time course in Catongo genotypes. The harvesting times of i
TSH1188. C. Relative expression observed in Catongo. (*) indicates harvesting times of non-
corresponds to the average of the expression values of each TcGPX in 5 non-inoculated sam
statistical difference between samples by the Scott-Knott test p(p ≤ 0.01). t-test was applied w
genes on different harvesting times for each genotype while lower case letters correspond to s
after inoculation.
features when expressed transiently in this plant [67]. In addition, stable
expression of LePHGPx in tobacco afforded protection against the
necrotrophic fungus Botrytis cinerea [67].
s inoculated or not (control) withM. perniciosa. A. Representation of plant symptoms and
noculated plants are indicated on the top of the figure. B. Relative expression observed in
inoculated (control) plants. The control, used as calibrator (for this reason is always 1),
ples in each genotype (see also Methods section). Different letters indicate significant
ith a critical value of 0.01: upper case letters correspond to statistics between each of the
tatistics among the genes for each harvesting time. hai: hours after inoculation; dai: days
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4.3. TcGPXs may be involved in PCD reduction during T. cacao –
M. perniciosa interaction

The expression analysis of TcGPX genes by RT-qPCR in cacao plant
meristems infected byM. perniciosa showed that these genes are signif-
icantly more expressed in the susceptible variety than in the resistant
one (Fig. 5B and C). Moreover, considering the susceptible variety,
TcGPX are most expressed during asymptomatic and green broom
stages (Fig. 5). During dry broom phase TcGPx6 is significantly more
expressed than the other genes in the susceptible variety (Fig. 5C).
TcGPx2 is significantly more expressed in swelling phase in susceptible
variety (Fig. 5A e C). In previous works, it has been showed that calcium
oxalate crystal amount and H2O2 levels in the two cacao varieties pres-
ent distinct temporal and genotype dependent patterns [8]. Susceptible
variety accumulatedmore CaOx crystals than the resistant one [8,9], the
dissolution of these crystals occurred in the asymptomatic and in the
final stages of the disease in the resistant and the susceptible variety, re-
spectively [8,9]. Considering the role of the GPXs in the antioxidant sys-
tem inhibiting the ROS-induced damages, it could be suggested that in
the susceptible cacao genotype infected with M. perniciosa, TcGPXs
may play a role in protecting cells from oxidative stress and trying re-
ducing the progression of the disease by inhibiting PCD. Moreover, the
increase of TcPHGPX expression in susceptible variety in the initial
stage of witches' broom disease may be related to protection against
pathogens observed in other pathosystems [67].

The TcGPX expression regulation was led by promoter regions,
which contained several cis-elements related to biotic (WRKY transcrip-
tion factors) and abiotic stress (low-temperature responsiveness) be-
sides to hormone signaling such abscisic acid, gibberellin,
methyljasmonate-responsiveness, salicylic acid and, auxin-responsive
element (Table 2). Most of these hormones are involved in witches'
broom disease development [10,68–70]. Several genes related to plant
hormone signaling were altered in cacao plants in response to
M. perniciosa infection, such ethylene-responsive element, ABA-
responsive protein, auxin-responsive protein, jasmonic acid 2, and
brassinosteroid signaling positive regulator [10]. Gibberellin-
responsive, ethylene biosynthesis as well as auxin-responsive genes
were also previously identified as up-regulated in green broom [70]. Is
has been suggested that the up-regulation of auxin-responsive genes
in infected cacao plants is a consequence of the biosynthesis of this hor-
mone byM. perniciosa [68–70]. In various plant pathogens, the produc-
tion of auxin has been correlated to the reduction of the plant defenses
mediated by salicylic acid, and consequently to the pathogenicity and to
the biotrophic stage development [68,70].

5. Conclusion

Here we showed the first in silico and in vitro analysis of the GPX
family from cacao. Five TcGPXs sequences were analyzed at nucleotide
and protein levels, and showed that the TcGPX proteins did not contain
SeCys in their primary sequence but interacts in silicowith SeMet as el-
ement participating of the TcGPX activity. This characteristic, associated
to phylogenetic and location analyses, suggested the participation of
TcGPX in cell death inhibition. Finally, the TcGPX genes were more
expressed in susceptible cacao plants infected by M. perniciosa than in
the resistant ones, mainly in the early disease and in the green broom
stages, suggesting that TcGPXs may play a role in protecting cells from
oxidative stress, in inhibiting PCD as a try of disease progression reduc-
tion. This expression may be regulated by several hormone pathways
known to be involved in the witches' broom disease development.
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