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Superoxide dismutases (SODs) play a pivotal role in improving abiotic stress tolerance in plant cells. A novel
manganese superoxide dismutase gene, denoted as TmMnSOD, was identified from Triticum monococcum. The
encoded protein displayed high sequence identity with MnSOD family members and was highly homologous to
TdMnSOD from durum wheat. Furthermore, the 3D structure analysis revealed that TmMnSOD displayed
homotetramer subunit organization, incorporating four Mn?* ions. Notably, TmMnSOD structure contains

predominantly alpha helices with three beta sheets. On the other hand, under stress conditions, TmMnSOD
transcript level was significantly up-regulated by salt, oxidative and heavy metal stresses. At the functional level,
TmMnSOD imparts tolerance of yeast and E. coli cells under diverse stresses. Promoter analysis of TmMnSOD
gene showed the presence of a great number of salt and pathogen-responsive cis-regulatory elements, high-
lighting the interest of this gene in breeding programs towards improved tolerance to salt stress in wheat.

1. Introduction

Superoxide dismutases play crucial role in protecting plant cells
from oxidative stress, which is generated during metabolic processes
and under various environmental conditions. SODs are considered as
the first barrier of cellular defense against reactive oxygen species
(ROS), catalyzing the dismutation of superoxide radical anions to hy-
drogen peroxide (H,0,) and oxygen (0O5) (Del Rio et al., 2003; Gill and
Tuteja, 2010; Mhamdi et al., 2010). Based on their metal cofactor in-
teracting with their active sites, plant SODs are divided into three
groups including iron SOD (FeSOD), copper-zinc SOD (Cu/ZnSOD) and
manganese SOD (MnSOD) (Zhang et al., 2016a,b; Zhou et al., 2017).
Each SOD group displays a diverse subcellular localization and struc-
tural features in plants (Alscher et al., 2002; Zhang et al., 2016a,b). Cu/
ZnSODs and FeSODs are predominately found in chloroplast and cy-
tosol, while MnSODs are mainly located in mitochondria (Gill and
Tuteja, 2010; Miller, 2012). Comparison of amino acid sequences from
these different SODs suggest that Mn and Fe SODs are considered as the
ancient types of SODs, which probably evolved from the same ancestral
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enzyme, whereas Cu/ZnSODs sequences are different from Mn and
FeSODs and probably have evolved separately in eukaryotes (Dehury
et al., 2012a,b).

In recent years, several SODs genes were identified from various
plant species such as Arabidopsis (Kliebenstein et al., 2010; Yadav et al.,
2018), Medicago truncatula (Song et al., 2018), Sorghum bicolor (Filiz
and Tombuloglu, 2015), cotton (Zhang et al., 2016a,b), rice (Nath et al.,
2014; Yadav et al., 2018) and wheat (Feki et al., 2016; Wang et al.,
2016; Tyagi et al., 2017). Genome wide analysis revealed that the
numbers of SOD genes in Arabidopsis, rice, Sorghum and bread wheat are
8 (4 Cu/ZnSODs, 2 FeSODs and 2 MnSODs), 8 (5 Cu/ZnSODs, 2 FeSODs
and 1 MnSOD), 8 (5 Cu/ZnSODs, 2 FeSODs and 1 MnSOD) and 23 (14
Cu/ZnSODs, 6 FeSODs and 3 MnSOD:s), respectively. The number of
these genes varied among plant species and Cu/ZnSODs were con-
sidered as the most predominant members compared to FeSODs and
MnSOD:s (Gill and Tuteja, 2010; Gill et al., 2015; Verma et al., 2019).

Transcript profiling of SOD family from several plant species re-
vealed that they play crucial role in scavenging ROS generated during
plant growth and in response to various abiotic stresses. Their
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Fig. 1. Phylogenetic analysis of TmMnSOD with other plant SODs proteins. (A)
The phylogenetic tree was constructed using the Neighbor-Joining method with
1000 bootstrap replicates, based on amino acid sequences from phytozome,
gramene and NCBI databases. Wheat, B. distachyon, rice, Soghum bicolor, and
Arabidopsis identifiers are illustrated in Supplementary Table S1. Tm Triticum
monococcum, Td Triticum turgidum subsp. durum, Ta Triticum aestivum, Tu Tri-
ticum urartu, Bd Brachypodium distachyon, Os Oryza sativa, Sb Soghum bicolor, At
Arabidopsis thaliana.

expression was regulated by salt, oxidative, drought, cold, heat and
heavy metal stresses (Khan et al., 2007; Gill et al., 2015; Yadav et al.,
2018). Expression analysis of different SOD genes from rice (OsCu/
ZnSOD4, OsFeSOD1 and OsMnSOD) and Arabidopsis (AtCu/ZnSOD2,
AtMnSOD1 and AtFeSODI) revealed that they are up-regulated by
various environmental conditions such as salt, drought, cold and heat
(Yadav et al., 2018). However, most SOD genes from M. truncatula were
shown to be down-regulated under salt and drought stresses (Song
et al., 2018). In cucumber, all CsSOD genes showed significant up-
regulated expression under heat treatment. Whereas, under salt stress
CsCSD2 was the only gene that showed increased expression level,
suggesting a potential role of CsCSD2 in response to salt stress (Zhou
et al., 2017). In barley, heat stress had no significant impact on HvCu/
ZnSOD expression however its expression was induced by drought, cold,
H,0, and MV treatments (Abu Romman and Shatnawi, 2010).

The bread wheat genome contained several SODs genes with diverse
expression patterns and functions in response to biotic and abiotic
stresses (Tyagi et al., 2017). The role of wheat SOD genes in abiotic
stress response has been well studied. It was reported that transgenic
tobacco plants overexpressing TaSOD1.1 and TaSOD1.2 have better
tolerance to salt stress (Zhang et al., 2008). Furthermore, recent study
showed that overexpression of a wheat Cu/ZnSOD2 (TaSOD2) im-
proved tolerance to salt and oxidative stresses in both transgenic wheat
and Arabidopsis plants (Wang et al., 2016). Three MnSOD genes were
reported to be present in bread wheat genome (Kumar et al., 2013;
Tyagi et al.,, 2017). Only one MnSOD gene has been isolated and
characterized from bread wheat (Kumar et al., 2013) and durum wheat
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(Feki et al., 2016). However, no SOD gene in the diploid wheat (T.
monococcum) has been reported so far.

In the current study, we report the functional characterization of a
novel TmMnSOD gene from T. monococcum. We analyzed and compared
its functional domains, genomic organization and sequence homology
with other MnSODs. In addition, we studied its expression pattern
under different stresses. Moreover, we assessed the function of
TmMnSOD in response of yeast and E. coli cells to various environ-
mental conditions.

2. Materials and methods
2.1. Plant material and growth conditions

Seeds of Triticum monococcum (cv. Turkey) Seeds of T. monococcum
(cv. Turkey) and T. turgidum (cv. Om Rabia3) were provided by the
ICARDA (Genetic resources Unit, Syria) and INRAT (Laboratoire de
Physiologie Végétale, Tunisia), respectively. Seeds were surface ster-
ilized as described by Tounsi et al., (2019) and grown in growth
chamber under 16 h light/8h dark cycles at 23 °C. Seven days after
germination, seedlings were transferred onto half-strength Hoagland
hydroponic solution (Davenport et al., 2005).

2.2. Molecular cloning of TmMnSOD from T. monococcum

The Full-Length TmMnSOD cDNA was isolated from T. monococcum
using two specific primers SOD-F (5-TAGGATCCATGGCGCTCCGCAC
GTTGGCCGCG-3’, BamHI site underlined) and SOD-R (5-AGGAATTC
CGCAAGCACTTTTTCATACTCTT- 3’, EcoRI site underlined), designed
based on TdMnSOD sequence (accession no. KP696754). The 3’-end of
TmMnSOD was verified using the primers SOD-F and oligo-dT and the 5’
region was isolated using the HE-TAIL-PCR method as described below.
PCR products were purified from agarose gel, cloned in pGEM-T easy
vector, and sequenced using ABI PRISM automated sequencer.

2.3. Expression analysis of TmMnSOD by real time PCR

For transcript analysis, Two-weeks-old plants were treated with
100 mM NacCl, 10 mM H,0,, 15% PEG (w/v), 100 uM ABA and 100 uM
CdCl,, for 24h and 72h. Total RNA was isolated from frozen tissue
(roots and leaves) using Trizol method (Invitrogen) and cDNA was
prepared using M-MLV reverse transcriptase (Invitrogen) in accordance
with the manufacturer's recommendations. Primers were designed with
Primer 3 software for TmMnSOD and actin genes using following gene-
specific primers for TmMnSOD, qTmMnSOD-F (5-GCCATTGATGAGG
ATTTTGG-3’) and qTmMnSOD-R (5-CCAAGCTAGCCACACCCATC-3")
and for actin, gACT-F (5- TGCATAGAGGGAAAGCACG-3) and qACT-R
(5-AACCCAAAAGCCAACAGAGA-3"). qPCR analysis was performed as
previously described by Tounsi et al. (2019). The relative expression
level was calculated based on the comparative CT method with the actin
gene as an internal expression standard using formula 2~ 44T (Livak
and Schmittgen, 2001).

2.4. In silico analysis

Sequence analysis, functional domain and gene structure were
performed as previously described by Tounsi et al., (2019). The con-
served motifs of MnSOD proteins from wheat, rice, Brachypodium dis-
tachyon, Sorghum bicolor and Arabidopsis thaliana were detected using
MEME (http://meme-suite.org/). A predicted subcellular localization of
TmMnSOD protein was determined using CELLO prediction tool
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Fig. 2. Phylogenetic analysis, functional domains
and conserved motifs of TmMnSOD and other
MnSOD from wheat, Brachypodium, rice and
Arabidopsis. (A) Phylogenetic tree of TmMnSOD and
their homologs from wheat, Brachypodium, rice and
Arabidopsis (Supplementary Table S1). (B) Func-
tional domains analysis of MnSODs proteins using
InterPro and Pfam tools. The iron/manganese su-
peroxide dismutase alpha-hairpin domain (IMA)
and iron/manganese superoxide dismutase C-term-
inal domain (IMC) are highly conserved in all
MnSODs proteins. (C) The conserved motifs of
MnSODs proteins were identified by MEME. Each
motif is represented with a specific color. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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(http://cello.life.nctu.edu.tw/). The automated protein structure
homology modeling server, Swiss Model (http://www.expasy.org/
swissmod/), was used to generate the three-dimensional structural
model of TmMnSOD using the crystal structure of manganese super-
oxide dismutase from Arabidopsis thaliana as template (PDB code 4C7U)
(Marques et al., 2014). The model was therefore evaluated and vali-
dated by Ramachandran plots using the online tool RAMPAGE (http://
mordred.bioc.cam.ac.uk/~rapper/rampage.php). The PyMOL v0.99
program (http://www.pymol.org) was used to visualize and analyze the
generated model structure and to construct graphical presentations and
illustrative figures. The search for cis-regulatory elements on the
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promoter region of TmMnSOD and TdMnSOD genes was performed
using PLACE (http://www.dna.affrc.go.jp/PLACE/signalscan.htmlUH)
and PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/htmlUH) databases (Higo et al., 1999; Lescot et al., 2002).
For statistical analysis, the one way ANOVA was performed using the
SPSS ver.13 statistical package. Significant means were indicated by
different alphabets.

2.5. Heterologous expression of TmMnSOD in yeast cells

The full-length cDNA of TmMnSOD was inserted in the pYES2 vector
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Fig. 3. Gene structure analysis of TmMnSOD and other MnSODs genes from wheat, Brachypodium, rice and Arabidopsis using GSDS tool.

using the BamHI/EcoRI restriction enzymes. The PEG lithium acetate
transformation method (Gietz et al., 1995) was carried out in order to
transfer the recombinant plasmid pYES2-TmMnSOD and the empty
vector into S.cerevisiae, W303.1A (MATa ade2 ura3 leu2 his3 trpl).
Stress tolerance assays were performed using the YNBUra™+ Galactose
2% solid medium in the presence or not of NaCl (0.5 M), H,O5 (4 uM),
mannitol (1.2 M) and LiCl (0.05 M). Heat stress assay was performed in
water bath at 48 °C for 6 h. Then tenfold serial dilutions were prepared
(107! to 1073) and spotted on (5ul) per drop onto these media and
incubated at 30 °C for 5 days. The percentage of viable cells was done as
previously described by Tounsi et al., (2019).

2.6. Overexpression, purification and stress response analysis of TmMnSOD
in Escherichia coli

The TmMnSOD ORF harboring BamHI and EcoRI sites was cloned
into the pET28a expression vector. The recombinant vector (pET28a-
TmMnSOD) was transformed into E. coli BL21 (DE3) cells for expression.
The transformed E. coli were grown at 37 °C in LB medium containing
50 pg/ml kanamycin until ODggo reached 0.6. The production of re-
combinant protein was induced by 1 mM isopropyl b-D-thiogalacto-
pyranoside (IPTG) for 4 h at 37 °C. Recombinant protein was purified by
affinity chromatography on nickel columns (His60 Ni Superflow Resin
Clontech). Purity of target protein was analyzed on 12% SDS-PAGE.
TmMnSOD activity was performed as described previously by Feki et al.
(2016), using increasing amount (25, 50 and 200 ug) of protein of
purified recombinant protein with 50 mM potassium phosphate buffer
(pH 7.8), 0.1 mM EDTA, 13 mM methionine, 2 uM riboflavin and 75 pM
NBT (Nitroblue tetrazolium). The reaction was measured spectro-
photometrically at 560 nm. Effects of heavy metals stresses on the
growth of E. coli cells transformed with recombinant vector (pET28a-
TmMnSOD) or empty vector were analyzed using spot assay under
different treatments with MnCl,, CdCl,, CuSO,4, AlCl; or ZnSO,. E. coli
cells were grown as mentioned above and diluted to 0.6 ODgg,. For spot
assay, 5 uL of each sample diluted to 103 and 10™%, 1075, 10~ °, were
spotted on LB plates containing 750 uM of MnCl,, CdCl,, CuSOy,, AlCl;
or ZnSO,4. All these plates were incubated at 37 °C for overnight and
photographed.

2.7. Isolation of TmMnSOD and TdMnSOD promoter regions

The promoter sequence of TmMnSOD and TdMnSOD were isolated
using the high-efficiency thermal asymmetric interlaced (HE-TAIL) PCR

method (Michiels et al., 2003). The genomic DNA of T. monococcum and
T. durum was extracted as previously described by Das et al. (1990).
Since the two genes TmMnSOD and TdMnSOD share more than 90% of
identity, four specific reverse primers G1 (5’-GCCGCCGTTGAACTTGA
TGGCGC-3"), G2 (5- CGTCGAGCTGCTCGAGCGCCTT-3"), G3 (5-GGG
AGGTCGGGGAGCGTGAACGT-3") and G4 (5’-CGGCCAACGTGCGGAGC
GCCAT-3’) were designed for both genes, in combination with four
random primers R1 (5-NGTCGASWGANAWGAA-3’), R2 (5-GTNCGA-
SWCANAWGTT-3"), R3 (5-WGTGNAGWANCANAGA -3’) and R4 (5-
NCAG CTWSCTNTSCTT-3"). Target bands were identified, ligated into
the pGEM-T Easy and sequenced.

3. Results
3.1. TmMnSOD isolation and sequence analysis

The coding region of TmMnSOD was isolated from T. monococcum
plant treated with medium concentration of NaCl during 2 days.
Sequence analysis revealed that the open reading frame (ORF) of
TmMnSOD (accession number, MK091461) is 699 bp encoding a protein
of 232 amino acids with a predicted molecular weight (MW) of 25 KDa
and a calculated isoelectric point (PI) of 7.89. The phylogenetic re-
lationships were analyzed between TmMnSOD and other plant SOD
proteins from wheat, rice, Brachypodium distachyon, Sorghum bicolor and
Arabidopsis thaliana. As illustrated in Fig. 1, the identified TmMnSOD
protein was clearly shown to be related to MnSOD subfamily, sharing
high sequence identity (> 80%) with T. turgidum TdMnSOD, T. aestivum
TaMnSOD, T. urartu TuMnSOD, B. distachyon BAMSD, O. sativa OsMSD,
S. bicolor SbSOD6 and A. thaliana AtMSD1. Protein sequence analysis
displayed that TmMnSOD was very close to its homolog TdMnSOD from
durum wheat and was slightly longer by seven amino acids
(Supplementary Fig. S1).

Furthermore, we identified the conserved domains of TmMnSOD
using the InterPro and Pfam tools. These domains are the iron/man-
ganese superoxide dismutase alpha-hairpin domain (Pfam: 00081) and
iron/manganese superoxide dismutase C-terminal domain (Pfam:
02777), which are highly conserved in plant MnSOD proteins (Fig. 2A
and B). To further compare the structural feature of TmMnSOD with
their homologs, conserved protein motifs were analyzed using MEME
program. As shown in Fig. 2C, a total of eight motifs were identified in
all MnSOD proteins. Among them, motif 1 and motif 2 are related to
iron/manganese SOD domains. Interestingly, the motif 2 contains the
conserved metal-binding domain (DVWEHAYY) of the Mn-SODs.
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(B)

Fig. 4. Sequence analysis and three-dimensional structure of TmMnSOD. (A) Protein sequence alignment of TmMnSOD with T. durum TdMnSOD, T. aestivum
TaMnSOD, T. urartu TuMnSOD, O. sativa OsMSD, B. distachyon BAMSD and A. thaliana AtMSD1 to identify the conserved amino acid implicated in Mn ion interaction.
The four conserved residues (His56, His104, Asp193 and His197) are indicated by red triangles. (B) TmMnSOD tetramer organization showing the presence of four
Mn?* ions. (C) Monomer of TmMnSOD showing the residues His56, His104, Asp193 and His197 implicated in Mn ion interaction. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Moreover, using CELLO prediction tool, the protein TmMnSOD is po-
tentially localized in the mitochondria (Supplementary Fig. S2).

In addition, the analysis of exon-intron organizations of TmMnSOD
with MnSOD from other plant species revealed the high conservation of
exon length and exon-intron numbers. As indicated in Fig. 3, all MnSOD
members contained 6 exons and 5 introns.

3.2. Prediction of 3D-structure of TmMnSOD

The putative 3D-structural model of TmMnSOD was predicted using
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the crystal structure of Arabidopsis thaliana as a template (Marques
et al., 2014) since both MnSOD proteins shared about 80% of identity
(Fig. 4A). The Ramachandran evaluation of the TmMnSOD model re-
vealed that 97.2% of residues were in the favored region and 2% of
residues in the allowed region with no residue in the outlier region.
Accordingly, the model was validated and retained. The examination of
the model showed that TmMnSOD forms a homotetramer containing
four Mn?" ions and each subunit is composed of a predominantly a-
helical N-terminal domain and a mixed o/} C-terminal domain (Fig. 4B
and C). As illustrated in Fig. 4C, the residues His56, His104, Asp193
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given relative to the average levels in control plants (kept in standard conditions), at the same time. Data are means

and His197 are implicated in Mn ion interaction and form the active
site of TmMnSOD.

3.3. Expression pattern of TmMnSOD under different stress conditions

The expression profile of TmMnSOD was analyzed in response to
various stress conditions. As indicated in Fig. 5, the expression level of
TmMnSOD was up-regulated by salt, oxidative and heavy metal stresses
in leaves. The transcript level of TmMnSOD was increased by a factor
close to 3 after 72 h of salt and heavy metal treatments and after 24 h
for oxidative stress treatment. In roots, the treatment with 100 uM ABA
induced a significant increase in the transcript level of TmMnSOD. The
expression level of TmMnSOD was increased by almost 3 and 2 times
after 24 and 72 h of ABA treatment, respectively. On the other hand, the
treatments with 15% PEG and 5 mM SA had little effect on TmMnSOD
expression in roots and leaves.

3.4. Heterologous expression of TmMnSOD in yeast cells

To examine the role of TmMnSOD under various stress conditions,
its overexpression in yeast cells was investigated. As illustrated in
Fig. 6A, yeast strains overexpressing TmMnSOD and the control strains
transformed with the empty vector (pYES2) displayed similar growth
under normal condition. In the presence of salt, oxidative, osmotic and
heat stresses, the growth rate of TmMnSOD-overexpressing yeast cells
was improved compared to yeast cells transformed with the empty
vector. The number of the recombinant cells was about 8, 1.5 and 2 fold
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+

SE of three biological replicates.

higher than control cells under H>O,, mannitol and heat stresses, re-
spectively. However, in the presence of LiCl in the medium, the number
of recombinant cells was similar to the control yeast cells (Fig. 6B).
These results suggested that TmMnSOD was functional in yeast and able
to enhance tolerance to various stresses.

3.5. TmMnSOD imparts heavy metal stress tolerance to E. coli cells

To investigate whether TmMnSOD is involved in response to heavy
metals, pET28a-TmMnSOD was produced in E. coli cells. As indicated in
Fig. 7A, the molecular weight (MW) of the purified protein was about
32 KDa. The estimated MW of TmMnSOD was 25.3 KDa, and the MW of
His6 was about 1KDa. SOD activity of TmMnSOD protein was de-
termined as described by Feki et al., (2016). We clearly showed that this
activity increased in the presence of increasing amount of the purified
protein (Fig. 7B). Then, the growth of E. coli cells overexpressing
pET28a-TmMnSOD or the empty vector was analyzed in medium con-
taining MnCl,, CdCl,, CuSOy4, AlCl; and ZnSO, (Fig. 7C). Under normal
conditions, the growth pattern of recombinant cells was similar to the
growth of control cells. By contrast, cells transformed with pET28a-
TmMnSOD exhibited better growth compared to cells transformed with
empty vector in the presence of different heavy metals treatments.
These results suggested that TmMnSOD could play a potential role in
heavy metal stress tolerance.



S. Tounsi, et al.

(A)
10" 102 103 107
pYES2

pYES2 + TmMnSOD
Control

o' 10- -2 -3 10 -1

pYES2

pYES2 + TmMnSOD

102

+0.5 M NaCl

102

Plant Physiology and Biochemistry 142 (2019) 384-394

10

103 1 102 10

+4 uM H,0,

10° 4 101 102 102

+1.2 M Mannitol +0.05 M LiCl Heat
(B)
100
Q b
< 80 A
» b
]
o
% 60 - O pYES2
S 3 W pYES2+ TmMnSOD
et
° a
g 40 1
S
c
@
2 50
& a
-
Control NaCl H,0, Mannitol LiCl Heat

Fig. 6. Functional characterization of TmMnSOD expressed in yeast in response to abiotic stress. (A) Yeast cells transformed with the empty vector (pYES2) and with
the recombinant vector (pYES2 + TmMnSOD) were grown for 5 days under normal growth conditions (YNB-Ura/Gal2%) or after the addition of 0.5M NaCl, 4 uM
H,05, 1.2M mannitol, 0.05M LiCl and under heat (48 °C). (B) Presentation of percentage of viable cells under control, salt, oxidative, osmotic, ionic and heat

conditions. Data presented are means of at least 3 independent experiments +

S.E. Bars carrying diverse letters are significantly different (p < 0.001) from each

other, according to Duncan test results, while bars carrying the same letters are not significantly different.

3.6. Isolation and in silico analysis of TmMnSOD and TdMnSOD promoters

To gain more knowledge about the regulatory mechanism of wheat
MnSOD gene expression, the promoter region of TmMnSOD and its
homologous TdMnSOD from durum wheat were isolated using the
thermal asymmetric interlaced PCR (TAIL-PCR) technique. Two pro-
moter sequences, designated as PrTmMnSOD (1700 pb) and PrTdMnSOD
(1971 bp), were identified and verified by sequencing (Fig. 8). The
promoter sequence of TmMnSOD and TdMnSOD were deposited in
GenBank with the accession number MK091462 and MK091463, re-
spectively. The 1700 bp DNA sequence upstream the translation in-
itiation codon of TmMnSOD and TdMnSOD was analyzed using Plant-
CARE and PLACE bioinformatic tools. Two major groups of putative cis-
regulatory elements involved in hormone signal and abiotic stress re-
sponsiveness, were identified in both promoter sequences. As illustrated
in Fig. 9, in silico analysis revealed that TmMnSOD promoter sequence
contains several types of stress-responsive regulatory elements such as
two ARE elements and five GTIGMSCAM4. Besides, four kinds of
hormone-responsive cis-acting elements were found in the PrTmMnSOD
sequence, which are ABRE involved in the abscisic acid responsiveness,
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P-box and GARE-motif related to gibberellin-responsive elements,
TGACT-motif involved in the MeJA-responsiveness and TGA-element
related to auxin-responsive element. This analysis also revealed the
presence of other cis-acting regulatory elements, viz. CCGTCC-box and
CGCGBOXAT related to meristem specific activation and calmodulin-
binding/CGCG box DNA-binding protein, respectively.

Compared with the promoter sequence of TdMnSOD from durum
wheat, PrTmMnSOD sequence contains the highest number of ACGTA-
TERD1 (early responsive elements in dehydration), LTR (involved in
low-temperature responsiveness) and CGCGBOXAT (calmodulin-
binding/CGCG box DNA-binding protein). However, PrTdMnSOD has a
great number of the salt and pathogen-responsive GT1GMSCAM4-motif
suggesting that the expression level of this gene could be strongly
modulated under salt stress condition (Fig. 9). Taken together, this
analysis indicated that the expression of TmMnSOD and TdMnSOD
genes are tightly regulated by environmental conditions, in particular
by abiotic stress and hormonal signaling, suggesting that despite the
high level of sequence identity, these two genes might play distinct
roles in plant.



S. Tounsi, et al.
(A)

KDa 1

——
'

S -
10°% 10+ 10° 10
LB
03 104 05

Cuso,

|-

97 -
66 -

(C)

pET 28a

pET 28a +TmMnSOD

pET 28a

pET 28a +TmMnSOD

<«— 32 KDa

10°  10* 10° 10°

Plant Physiology and Biochemistry 142 (2019) 384-394

(B)

SOD Activity (U)

200

25 100

Protein amount (ug)

MnCl,
04 10%

cdcl,

104 105  10®

AlC, Znso,

Fig. 7. Effect of Mn, Cd, Cu, Al and Zn stress on the growth of E. coli cells overexpressing TmMnSOD. (A) SDS-PAGE analysis of TmMnSOD overexpression in E. coli
cells before (lane 1) and after (lane 2) IPTG induction. The arrow indicates the purified His-tagged TmMnSOD protein (lane 3) and Marker (M). (B) Determination of
specific activity of TmMnSOD protein using increasing amount (25, 100 and 200 pg) of the purified protein. (C) Spot assays of BL21 + pET 28a-TmMnSOD and
BL21 + pET28a on LB plates containing MnCl,, CdCl,, CuSO,, AICl; and ZnSO,. Five microliters from 10> to 10~ ° dilutions were spotted onto LB basal plates
(control) or supplemented with 750 uM of MnCl,, CdCl,, CuSOy,, AlCl; or ZnSOj,.

4. Discussion

Abiotic stress including salinity, drought, temperature and heavy
metals displays a negative effect on plant growth and productivity of
crops in several regions of the world (Mhamdi et al., 2012; Caverzan
et al., 2016; He et al., 2018). In response to these adverse conditions,
plants have evolved a number of intricate mechanisms to protect their
cellular activities and maintain their growth. These mechanisms include
the regulation of ROS homeostasis, which is controlled by several en-
zymatic antioxidants including superoxide dismutase and catalase.
SODs are considered as the most efficient scavengers of ROS (Alscher
et al., 2002; He et al., 2018). These metallo-enzymes catalyze the dis-
mutation of superoxide anion radical (O, ), generated during plant
growth and under different stresses by converting it to hydrogen per-
oxide (H»0,) and oxygen. SOD family from different plant species has
been shown to play a crucial role in plant stress tolerance (Mittler,
2002; Faize et al., 2012; Gill et al., 2015; Feki et al., 2016; Wang et al.,
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2016; Guan et al., 2017; Sanyal et al., 2018). In wheat, three MnSOD
genes have been identified based on southern blot analysis (Kumar
et al., 2013). However, their specific role in plants is still largely un-
known. In the present study, a novel TmMnSOD gene from Triticum
monococcum was identified and functionally characterized. Despite this
protein is slightly longer than TdMnSOD, it is very close to MnSOD
family from different plants like wheat, rice, Brachypodium distachyon,
Sorghum bicolor and Arabidopsis thaliana (Fig. 1). Moreover, like other
MnSOD proteins, TmMnSOD contains two conserved domains, which
are the iron/manganese superoxide dismutase alpha-hairpin domain
and iron/manganese superoxide dismutase C-terminal domain (Feki
et al.,, 2016; Wang et al., 2016; Yadav et al., 2018) (Fig. 2). To gain
further insights into the protein feature of TmMnSOD, its 3-Dimensional
structure was generated using the crystal structure of Arabidopsis
thaliana as a template (Marques et al., 2014). In fact, TmMnSOD dis-
plays homotetramer subunit organization, incorporating four Mn2*
ions. The Mn ion interaction implicates four residues which are His56,
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His104, Aspl193 and His197, forming the active site of TmMnSOD
(Fig. 4A and B). Moreover, TmMnSOD contains mainly alpha helices
with three beta sheets (Fig. 4C), like TdAMnSOD from T. durum (Feki
et al., 2016). This organization is in accordance with the analysis of
Dehury et al. (2012a,b) showing the dominance of a-helices in the
MnSOD structures. These results suggested that TmMnSOD is a man-
ganese superoxide dismutase, sharing similar structural features with
MnSODs from other plant species.

Based on their metal co-factor, SODs are broadly divided into three
groups viz, copper-zinc SOD (Cu/ZnSOD), Iron SOD (FeSOD) and
manganese SOD (MnSOD). Cu/ZnSODs were considered as the most
abundant isozymes in plants and generally localized in the cytosol,
chloroplast and peroxisomes. On the other hand, FeSOD and MnSOD
were predominantly found in chloroplast and mitochondria, respec-
tively. In bread wheat, it was reported that TaSOD2 is localized in the
cytoplasm contrary to its ortholog AtCSD3, which is strongly accumu-
lated in the peroxisomes (Wang et al., 2016). Concerning TmMnSOD, it
is potentially localized in the mitochondria, like other MnSOD from
different plant species.

So far, it was reported in many studies that MnSOD proteins play a
crucial role in response to both biotic and abiotic stresses, and their
expression levels change in plant cells depending to the type of stress
(Filiz and Tombuloglu, 2015; Feki et al., 2017; Wang et al., 2016; Zhou
et al., 2017; Yadav et al., 2018). For example, the expression of the two
genes OsMSD1 and AtMSD1 was up-regulated in response to salt,
drought, cold and heat stresses (Yadav et al., 2018). By contrast, in
bread wheat, TaSOD was strongly expressed in response to high tem-
perature conditions (Kumar et al., 2013). It is interesting to notice that
the expression of TmMnSOD was enhanced not only by salt and osmotic
stresses like TdMnSOD (Feki et al., 2016), but also it was significantly
induced in leaves by heavy metal stress. Furthermore, the induction
was also obtained in roots exposed to ABA treatment.

To gain insight into the role of TmMnSOD in response to various
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abiotic stresses, it was overexpressed in yeast cells that were exposed to
different stresses. In concordance with TdAMnSOD from durum wheat
(Feki et al., 2016), TmMnSOD imparts tolerance to salt, H,O5, mannitol
and heat stresses except LiCl stress. Taken together, we suggested that
TmMnSOD is functional and plays a key role in response to these abiotic
stresses. In parallel, TmMnSOD is able also to improve tolerance of E.
coli cells exposed to different heavy metals, which are among the most
important factors leading to the generation of reactive oxygen species
(ROS) in plants. Several studies indicated the relevant role of anti-
oxidant system in heavy metal stress tolerance (Basu et al., 2001; Yusuf
et al., 2012; Singh et al., 2013, 2016; Tiwari and Lata, 2018). It was
reported that numerous non-enzymatic antioxidants including glu-
tathione and a-tocopherol enhance heavy metal stress tolerance (Singh
et al., 2016). Furthermore, the activities and the expression level of
several enzymatic antioxidants such as SOD, CAT and APX were found
to be modulated in response to heavy metal toxicity (Basu et al., 2001;
Singh et al., 2013; Bharwana et al., 2013; Bashri and Prasad, 2015).
Interestingly, TmMnSOD from T. monococcum ameliorates the growth of
E. coli cells exposed to Mn, Cd, Cu, Al and Zn treatments suggesting that
TmMnSOD might play a key role in response to heavy metal stress.
Thus, these results can pave the way to future analysis of the role of
TmMnSOD in transgenic plant under heavy metal conditions.

In wheat, SOD genes have been shown to play important roles in
plant adaptation to different stresses (Kumar et al., 2013; Wang et al.,
2016; Feki et al., 2016). However, the regulatory mechanism that
controls their specific functions is still largely unclear. So, the two
promoter sequences of TmMnSOD and TdMnSOD were isolated using
the thermal asymmetric interlaced PCR (TAIL-PCR) technique from T.
monococcum and T. durum, respectively (Fig. 8). These two 5’-flanking
regions of the two MnSOD genes were analyzed and compared in order
to identify the transcription factors and cis-acting regulatory elements
that regulate the expression of MnSOD genes in diploid wheat and
durum wheat. The analysis showed that the promoters of both genes
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contain putative cis-regulatory elements that are involved in the reg-
ulation of gene expression under abiotic stress and hormonal signaling
conditions (Fig. 9). Interestingly, various cis-acting elements are present
in these two promoter regions, which are involved essentially in biotic
and abiotic stresses. It is worth to notice that the numbers of these
elements in the two promoter regions are very close, except the element
involved in pathogen and salt induced genes. In fact, the promoter re-
gion of TmMnSOD harbored an important number of GTIGMSCAM4
motifs, which may explain the prominent induction of this gene under
salt stress condition (Figs. 5 and 9). Therefore, our results suggest that
TmMnSOD gene could be considered as attractive target for improve-
ment of salt tolerance of wheat.

5. Conclusion

In summary, a novel mitochondrial MnSOD was identified from T.
monococcum. We clearly showed that the expression level of TmMnSOD
was up-regulated in response to various stresses. Furthermore,
TmMnSOD was able to enhance yeast and E. coli cells growth under
abiotic stresses and heavy metal toxicity. The presence of several cis-
regulatory elements in the promoter region of both TmMnSOD and
TdMnSOD might evince that these two corresponding genes are pro-
mising candidates for improving abiotic stress tolerance in wheat.
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