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Abstract: Superoxide dismutases (SODs) are critical enzymes protecting cells against toxic superoxide radicals. To date, 3 types of
SODs have been identified: Cu-ZnSODs, Fe-MnSODs, and NiSODs. In this study, a genome-wide analysis was performed in Sorghum
bicolor to characterize SOD genes and proteins. Using several bioinformatics tools, we characterized a total of 8 SOD genes from the
Sorghum genome. Gene structure, chromosomal distribution, tissue specific expression, conserved domain, and phylogenetic analyses
of SOD genes were carried out. Additionally, 3-dimensional structures were determined and compared within each SbSOD protein.
Chromosomal distributions revealed that the highest number of SOD genes was on chromosomes 1 and 10, with 2 members on each.
Single segmental gene duplication was observed between the genes SbSOD2 and SbSOD5. Intron numbers of SbSOD genes ranged
from 5 to 7. Motif analyses showed that SbSODs included 2 and 3 common motifs in Cu-ZnSOD and Fe-MnSODs, respectively. In
addition, 3 functional domains were identified in SbSODs: 1) copper-zinc domain (Pfam: 00080) in Cu-ZnSOD; and 2) iron/manganese
superoxide dismutases alpha-hairpin domain (Pfam: 00081) and 3) iron/manganese superoxide dismutases, C-terminal domain (Pfam:
02777) in Fe-MnSODs. Gene Ontology term enrichment analysis showed that 8 SOD genes have similar molecular functions and
biological processes, and variable cellular components. Phylogenetic analysis revealed that Cu-ZnSODs (92%) and Fe-MnSODs (100%)
were separated by high bootstrap values. Additionally, predicted motif structures and critical binding sites of SbSODs were found to
be similar within each SOD group. The results of this study contribute to a better understanding of SOD genes and proteins in plants,

especially in Sorghum taxa.
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1. Introduction
Environmental stressors, including heavy metals,
herbicides, salinity, drought, and pathogens, are important
factors affecting plant metabolism and productivity
(Mittler and Blumwald, 2010). Reactive oxygen species
(ROS) such as super oxide (O,7), perhydroxyl radical
(HO,"), hydrogen peroxide (H,0,), hydroxyl radical (OH),
alkoxy radical (RO, peroxy radical (ROO), singlet oxygen
(0,), and organic hydroperoxide (ROOH) are some of the
common responses in both biotic and abiotic stress (Miller
et al., 2008; Bhattacharjee, 2012). ROS are produced in the
chloroplast, mitochondria, plasma membrane, apoplast,
endoplasmic reticulum, peroxisomes, and cell walls
(Sharma et al., 2012). Major ROS-scavenging enzymes
in plants are superoxide dismutase (SOD), ascorbate
peroxidase (APX), catalase (CAT), glutathione peroxidase
(GPX), and peroxiredoxin (PrxR) (Mittler et al., 2004).
The SODs (EC 1.15.1.1) catalyze the dismutation of
superoxide (O,7) into molecular oxygen (O,) and H,0,
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[20,” +2H* > O, + H,0,] (Qu et al., 2010). Three classes
of SODs have been identified based on protein folds
and catalytic metal ions: Cu-ZnSODs, Fe-MnSODs, and
NiSODs (Perry et al., 2010). Plants include Cu-ZnSODs
in cytoplasm, chloroplast, and peroxisomes. Chloroplastic
and cytosolic Cu-ZnSODs are differentiated in terms
of their numbers and positions of introns (Bueno et al.,
1995; Fink and Scandalios, 2002; Miller, 2012). FeSODs
are localized in chloroplasts and also have been found in
cytoplasm in cowpea (Moran et al.,, 2003; Miller, 2012).
MnSODs have been observed in mitochondria, which are
essential for the survival of aerobic life (Carlioz and Touati,
1986; Miller, 2012). MnSODs may play an important
role in protecting ROS in mitochondria, and hence it is
expected that plant genomes contain at least one copy of
MnSODs (Maller, 2001). NiSODs were first identified in
Streptomyces (Youn et al., 1996) and are not found in plants
(Wolfe-Simon et al., 2005). To date, 7 SOD genes were
identified in Arabidopsis, including 1 MnSOD (MSD1),
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3 FeSOD isoforms (FSDI, FSD2, and FSD3), and 3 Cu-
ZnSODs (CSDI1, CSD2, and CSD3). CSD2 and FeSOD
proteins were also observed in Arabidopsis chloroplast
(Kliebenstein et al., 1998).

Sorghum bicolor L. (hereafter Sorghum), sorghum, is
one of the important grain crops in the world. The genus
Sorghum contains 25 recognized species with various
chromosome numbers (2n = 10, 20, 30, or 40) (Lazarides
et al, 1991; Price et al, 2005). Sorghum has a small
genome size (~730 Mb) that makes it a good candidate
for functional genomics. Among the 34,496 sorghum
gene models, ~27,640 bona fide protein-coding genes
were found. Approximately 24% of the genes are grass-
specific and 7% are sorghum-specific (Paterson et al,
2010). In this study, we characterized a comprehensive and
nonredundant set of SOD genes at a genome-wide scale
in Sorghum by using bioinformatics tools. Furthermore,
predicted 3D modeling, subcellular localization, and
physiochemical properties of Sorghum SOD proteins were
evaluated.

2. Materials and methods

2.1. Characterization of SOD genes in Sorghum

We retrieved Arabidopsis (accession nos. AAC24834,
AEE28355, AEE28354, and AAO39917), maize (BAI50563
and BAI50561), and rice (EEC79969 and EEE60811)
SOD protein sequences from the National Center for
Biotechnology Information (NCBI) protein database
(http://www.ncbi.nlm.nih.gov/protein/) to be used as
query sequences. We then used the Basic Local Alignment
Search Tool for Proteins (BLASTP search) for the Sorghum
genome at the Joint Genome Institute (JGI) (http://
www.phytozome.net). For every BLAST search, BLAST
default settings were used, and BLAST hits were accepted
significant with E-value of <e™'°. The Pfam server (http://
pfam.sanger.ac.uk) (Sonnhammer et al., 1997) was used to
confirm the inclusion of the SOD domain in each predicted
SOD protein sequence. Physicochemical characteristics
of SOD proteins were calculated by using the ProtParam
tool (http://www.expasy.org/tools/protparam.html),
containing the number of amino acids, molecular weight,
and theoretical isoelectric point (pI).

2.2. Gene structure, duplication, and expression pattern
analysis of Sorghum SOD genes

Sorghum SOD (SbSOD) gene data, including accession
number, chromosomal location, and open reading frame
(ORF) length were collected from the JGI database
(http://www.phytozome.net). Exon and intron structures
of SbSOD genes were determined by using the Gene
Structure Display Server (GSDS) (http://gsds.cbi.pku.edu.
cn/) (Guo et al., 2007). Transcript levels of SbSOD genes
were analyzed in the NCBI EST database (http://www.
ncbi.nlm.nih.gov/dbEST/) by using the MEGABLAST
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tool. Parameters of searching were adopted as: maximum
identity > 95%, length > 200 bp, and E value < 107%. In
addition, we identified gene duplication based on the
following criteria: 1) the length of alignable sequence
cover > 80% of the longer gene; and 2) the similarity of the
aligned regions > 80% (Gu et al., 2002; Yang et al., 2008).

2.3. Conserved motif and phylogenetic analyses of
SbSOD proteins

The conserved motif analysis of SbSOD proteins was
performed using the Multiple Expectation Maximization
for Motif Elicitation (MEME) program (http://meme.
nbcr.net/meme/) (Bailey et al., 2009). Alignments of SOD
protein sequences were performed using the ClustalW
program (Higgins et al., 1996). Phylogenetic analysis
was conducted with MEGA version 5.1 (Tamura et al.,
2011) by a neighbor-joining (NJ) tree method, including
the following parameters: Poisson correction, pairwise
deletion, and bootstrap analysis with 1000 replicates (Filiz
etal., 2014).

2.4. Putative functional analysis of Sorghum SODs
Functional annotations of SbSOD proteins were analyzed
by using the Gene Ontology (GO) term analysis tool
(www.amigo.geneontology.org) (Ashburner et al., 2000).
Eight Sorghum SOD proteins were assessed based on their
molecular functions, biological processes, and cellular
localizations.

2.5. Predicted 3D structure of SbSODs

The predicted 3D structures of SbSODs were generated
by using the 3D LigandSite server (http://www.sbg.bio.
ic.ac.uk/3dligandsite/) (Wass et al., 2010). Structural
evaluation and stereochemical analyses were assessed by
using RAMPAGE Ramachandran plot analysis (http://
mordred.bioc.cam.ac.uk/~rapper/rampage.php) (Lovell et
al., 2003).

3. Results and discussion

3.1. Genome-wide characterization of SOD genes in
Sorghum

To characterize SOD genes, Arabidopsis, rice, and maize
SOD protein sequences were used as queries. We detected
8 SOD genes in Sorghum by using BLASTP searching in
the Phytozome v9.1 database (Table 1). The 8 SbSOD
protein sequences were then used for BLASTP analysis in
the NCBI database. It was observed that 3 SOD proteins
(SbSOD2, -3, and -5) did not match with any Sorghum
protein sequences, whereas 5 SOD proteins (SbSODI,
-4, -6, -7, and -8) matched with Sorghum hypothetical
proteins. The sequences were analyzed by using the Pfam
database for the presence of a SOD domain. Based on
the domain analysis, 5 protein sequences had a copper-
zinc domain (Pfam: 00080) and 3 SOD proteins had an
iron/manganese superoxide dismutases alpha-hairpin
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domain (Pfam: 00081) and an iron/manganese superoxide
dismutases, C-terminal domain (Pfam: 02777) (Table 1).
In Arabidopsis, 7 SOD genes were determined, including 3
Cu-ZnSODs, 3 Fe-MnSODs, and 1 MnSOD (Kliebenstein
et al., 1998). In this study, the number of Sorghum SODs
(totally 8) was found to be the same as that of Arabidopsis
SODs. Physicochemical analysis of SbSOD proteins
revealed that the length, molecular weight, and pI values
of SbSOD proteins varied between 151 and 392 amino
acids, 15.1 and 43.5 kDa, and 5.13 and 7.14, respectively
(Table 1). All Cu-ZnSODs were acidic in character,
whereas Fe-MnSODs indicated variable pI values: 1
member was slightly basic (SbSOD8) and 2 members
(SbSOD6 and SbSOD?7) were acidic in character. In rice,
pI values (isoelectric points) were found to be acidic for

Cu-ZnSOD and MnSOD proteins and basic for FeSOD
proteins (Dehury et al., 2012). These findings are similar
to our results. The prediction of subcellular localizations
of SbSOD proteins showed that 3 members of Cu-ZnSODs
(SOD1, SOD2, and SOD5) were localized in the cytoplasm,
and 2 members of Cu-ZnSODs (SOD3 and SOD4) were
localized in chloroplasts. Furthermore, 2 members (SOD6
and SODS8) and 1 (SbSOD7) member of Fe-MnSODs were
localized in mitochondria and chloroplasts, respectively
(Table 1).

3.2. Conserved motif analysis of SbSOD proteins

The MEME server was used for motif analysis and 5
types of motifs were identified as shown in the combined
block diagram (Figure 1). Furthermore, motif sequences
and their domain patterns are shown in Table 2. It was

Table 1. The details of Sorghum SOD genes and proteins, containing physiochemical, structural, and sequence properties.

Predicted  Subcellul: Subcellul:
ORF length  Intron Length MW redicte u c.e u ar ! c.e u ar
Gene name  Sequence ID Chr pI Pfam prediction by  prediction by
(bp) number  (aa) (kDa) X
domain CELLO PSORT
SbSOD1 Sobic.001G453800.1 1 492 6 163 16.7 6.82 CZ C C
SbSOD2 Sobic.002G407900.3 2 456 5 151 15.1 5.60 CZ C C
SbSOD3 Sobic.006G185700.1 6 939 5 312 32.2 5.65 CZ,HMA Ch Ch
SbSOD4 Sobic.007G166600.1 7 621 7 206 20.7 5.31 CZ Ch Ch
SbSOD5 Sobic.001G371900.1 1 459 6 152 15.1 5.65 CZ C C
SbSOD6 Sobic.009G093200.1 9 702 5 233 25.3 6.71 IMA,IMC M M
SbSOD7 Sobic.010G012900.1 10 1179 7 392 435 5.13 IMA,IMC Ch Ch
SbSOD8 Sobic.010G033000.1 10 786 7 261 29.9 7.14 IMA,IMC M M

Sb: Sorghum bicolor, CZ: copper/zinc superoxide dismutase (SODC), HMA: heavy-metal-associated domain; IMA: iron/manganese superoxide

dismutases alpha-hairpin domain, IMC: iron/manganese superoxide dismutases, C-terminal domain; C: cytoplasm, Ch: chloroplast, M: mitochondrion.
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Figure 1. The most conserved protein motifs in SbSODs (motif I, motif II, motif III, motif IV, and motif V, respectively)
Each motif is represented in boxes with different colors: motif 1, cyan; motif 2, blue; motif 3, red; motif 4, purple; and

motif 5, yellow.
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Table 2. Five different motifs commonly observed in SbSOD protein sequences with the best possible matched amino acid sequences

using MEME server.

Motif Width .
Protein sequences

Pfam domain

number  sequence
1 50 LKPGLHGFHIHAFGDTTNGCMSTGPHFNPHNKEHGAPEDENRHAGDLGNI Copper/zinc superoxide dismutase
50 QIPLSGPHSIIGRAVVVHADPDDLGKGGHELSKSTGNAGGRIACGIIGLQ Copper/zinc superoxide dismutase
28 PLLGIDVWEHAYYLDYKDDRPDYISNIW Iron/manganese superoxide
dismutases C-terminal domain
Iron/manganese superoxide
4 34 PYPLDALEPYISKETMRLHWGKHHQIYVDNYNKQ dismutases, alpha-hairpin
domaindomain
Iron/manganese superoxide
5 50 PPFFNAAQVWNHDFFWESMQPEGGGKPPERILQFIEKDFGSFENFREQFM dismutases, C-terminal and alpha-

hairpin

observed that motif I and motif IT were related to the
copper/zinc superoxide dismutase domain, whereas
motifs III, IV, and V were related to the iron/manganese
superoxide dismutase domain. Based on motif signatures,
Cu-ZnSODs and Fe-MnSODs were separated distinctively
so that Cu-ZnSODs (SbSOD1, -2, -4, and -5) contained
motif I and motif I (except for SbSOD3, which included
motif I and motif V), while Fe-MnSODs (SbSOD5, -6, and
-7) had motifs III, IV, and V. Interestingly, SbSOD7 had
motif II, while SbSOD3 had motif V; these motifs were not
related to the type of SODs. Most of the motif signatures,

however, were supported by the classifications of SbSODs
obtained from this study (Table 1). The unexpected motif
signatures in SbSOD3 (putative chloroplastic Cu-ZnSOD)
and SbSOD7 (putative chloroplastic FeSOD) could be
explained by the enzymatic activities in response to
different stress conditions of SOD types in chloroplasts.

3.3. Chromosomal locations, gene structures, and
duplications of SbSOD genes

Chromosomal distributions of 8 SbSOD genes were
determined. Accordingly, the genes were segregated
among the 10 chromosomes as follows: 2 genes, 1 gene,

Figure 2. Chromosomal localization of 8 SbSOD genes on 10 chromosomes of Sorghum. Red line shows segmental duplication between
SOD2 and SOD5. The chromosome numbers are indicated on top of chromosomes, and size of chromosome is represented using a

vertical scale.
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1 gene, 1 gene, 1 gene, and 2 genes on chrl, chr2, chr6,
chr7, chr9, and chr10, respectively (Figure 2). The highest
number of SOD genes was determined on chr2 and chr10
with 2 genes on each, while the others had 1 gene member.
Additionally, chromosomes 3, 4, 5, and 8 do not contain
any SOD genes.

Gene structure analysis revealed that ORF length
of SOD genes ranged from 459 to 1176 bp (Table 1).
Schematic structures of SOD genes were generated by the
GSDS server as shown in Figure 3. Intron numbers ranged
from 5 to 7 and the highest number of intron was found in
SbSOD4, -7, and -8 with 7 introns; in contrast, the lowest
intron number was found in SbSOD2, -3, and -6 with 5
introns (Table 1). Fink and Scandalios (2002) reported
that plant SODs have highly conserved intron patterns
and all cytosolic and chloroplastic SODs contain 7 introns
except for 1 member. In our analysis, only 2 SbSOD
genes (SbSOD4, chloroplastic Cu-ZnSOD and SbSOD?7,
chloroplastic FeSOD) contained 7 introns and the rest
varied. Thus, our findings did not corroborate the findings
of Fink and Scandalios (2002). Divergences of exon-intron
structures are shaped by 3 main mechanisms: exon/intron
gain/loss, exonization/pseudoexonization, and insertion/
deletion (Xu et al., 2011). The structural divergences

of SbSOD genes were affected by these mechanisms in
the SOD gene evolution of Sorghum. In addition, these
structural divergences may be related to enzyme function
that responds to various biotic and abiotic stress conditions
with expression pattern divergences.

Based on gene duplication analysis, one segmental
duplication event was identified between SbSOD2 and
SbSOD5 (Figure 2). Gene duplication could be a crucial
factor for diversification. Duplicated genes appear
by regional genomic events or genome-wide events
(polyploidization) (Lawton-Rauh, 2003). Functional
divergences in duplicated genes also contribute to
molecular innovation in higher organisms (Ganko et al.,
2007). It can be suggested that segmental duplications have
played an important role in the expansion of SOD genes in
Sorghum genome. This segmental duplication event may
provide support for finer regulation of SOD activities by
functional divergences in various stress conditions.

3.4. Digital expression analysis of SbSODs

Digital expression analyses of SbSOD genes were
performed by using the NCBI-EST database and mixed
EST data were not taken into account (Table 3). Tissue-
specific expressions of SbSOD genes were evaluated in 4
different organs: leaf, root, flower, and stem. Exceptionally,

Figure 3. Exon-intron structures of SOD genes in Sorghum. Exons and introns are depicted by filled green boxes and single lines,
respectively. Intron phases 0, 1, and 2 are indicated by numbers 0, 1, and 2. Untranslated regions are displayed by thick blue lines at both

5’ and 3’ ends of each gene.
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Table 3. Digital expression analysis of SbSOD genes.

Tissue and organ type (NCBI)
Gene Leaf

Root Flower Stem Mixed
SbSOD1I
SbSOD2 + + +
SbSOD3 + + +
SbSOD4 +
SbSOD5 + +
SbSOD6 + + +
SbSOD7 + +
SbSOD8 +

+: Expressed; blank: not expressed.

SbSOD1 expression was not observed in the tissues. It
can be proposed that the SbSODI gene has temporal and
spatial expression pattern. Interestingly, the SbSODS8 gene
was only expressed in stems, while the SbSOD4 gene was
only expressed in roots. Six of the 8 SOD genes were found
to be expressed in roots. Duplicated gene pairs (SbSOD2
and SbSOD5) shared the same expression patterns in
roots and flowers and this could indicate tissue-specific
expression patterns.

3.5. GO annotations of SODs

Biological processes, molecular function, and cellular
components of genes are characteristics of genes or gene
products and these characteristics let us understand
diverse molecular functions of proteins (Ashburner
et al,, 2000). GO annotations of SbSOD genes showed
that all Cu-ZnSODs were involved in “copper ion
binding” (G0:0005507), “superoxide dismutase activity”
(GO:0004784), and “zinc ion binding” (GO:0008270); in
contrast, Fe-MnSODs had only “superoxide dismutase
activity”  (GO:0004784). According to biological
processes, Cu-ZnSODs and MnSODs belonged to the
“removal of superoxide radicals” (GO:0019430) group,
and FeSODs were in the “oxidation-reduction process”
(G0O:0055114) group. The cellular components of SbSOD
proteins contained “cytosol” (G0O:0005829), “chloroplast”
(G0O:0009507), and “mitochondrion” (GO:0005759). The
cellular component data were not in agreement with the
subcellular prediction of some SODs (Table 1). These
results may be related to protein sequence similarity
caused by genomic events. Particularly, SbSOD3 contained
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distinctive molecular functions (superoxide dismutase
copper chaperone activity) and biological processes
(intracellular copper ion transport). These data revealed
that SbSOD proteins generally have similar molecular
functions and biological processes in GO classifications
with regard to cofactor types. Consequently, functions of
8 SbSOD genes were predicted by considering orthology
and/or homology of Arabidopsis and Oryza SOD genes.

3.6. Phylogenetic analysis of SODs

Phylogenetic analysis was performed on 41 SOD protein
sequences from 23 higher plant species, including 7 grass
species (Figure 4). Phylogenetic analysis revealed that 2
major groups were obtained with Cu-ZnSODs and Fe-
MnSODs. The Cu-ZnSODs cluster had 3 subgroups (A, B,
and C), whereas the Fe-MnSODs cluster had 2 subgroups
(D and E). Predicted Sorghum and other plant cytosolic
SODs (SbSODI, -2, and -5) were clustered in subgroup
A with 95% and 96% bootstrap values. Subgroup B and
C contained predicted chloroplastic SbSODs and other
chloroplastic SODs with 98%. All Cu-ZnSODs of Sorghum
(SbSODL1, -2, -4, and -5) were grouped with grass species
except for SbSOD3. Notably, SbSOD3 was separated from
the other Cu-ZnSODs and clustered in subgroup C with
G. max, at 100% bootstrap value. GO data did not support
the predicted subcellular localization of SbSOD3, which
was localized in cytosol (Table 4). This SbSOD3 protein
contained a copper-zinc domain (Pfam: 00080) and also
had a heavy-metal-associated domain (Pfam: 00403).
GO annotations revealed that SbSOD3 had superoxide
dismutase copper chaperone activity (Table 4). It can be
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Figure 4. The phylogenetic tree of SOD protein sequences from 23 higher plant species. The rooted phylogenetic tree was conducted
with MEGA5.1 by the NJ method. Bootstrap values from 1000 replicates are indicated at each branch. SOD proteins of Sorghum are

shown as yellow boxes.

suggested that the combined domain structure of SbSOD3
caused this cluster with the highest bootstrap value (100%) in
subgroup C. Plant Cu-ZnSODs contain highly homologous
groups, but cytosolic and chloroplastic Cu-ZnSODs show
some distinctive features (Miller, 2012). In eukaryotic and
prokaryotic SOD analyses, plant cytosolic and chloroplastic
SODs were separated in a joined phylogenetic tree (Fink and
Scandalios, 2002). Our findings that cytosolic (subgroup
A) and chloroplastic (subgroup B) SODs of Sorghum were
separated clearly support these results.

Plant FeSODs and MnSODs were separated by the
highest bootstrap value (100%), and MnSODs (subgroup
D) and FeSODs (subgroup E) were grouped in 98%
and 96% bootstrap values, respectively. Interestingly,
predicted subcellular localization data did not support
the phylogenetic data regarding SbSOD8. We expected to
find it in MnSODs, but SbSOD8 was located in FeSODs
in subgroup E. However, GO annotations supported the
chloroplastic activities of SbSOD8 (Table 4). SbSOD6
(accepted as MnSOD) and SbSOD7 (accepted as FeSOD)
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Table 4. Putative functions and cellular localizations of SOD proteins in Sorghum.

Gene name Sequence ID

GO: Molecular function

GO: Biological process

GO: Cellular

component
Copper ion binding, superoxide
SbSOD1 Sobic.001G453800.1  dismutase activity, Removal of superoxide radicals Cytosol
zinc ion binding
Copper ion binding, superoxide
SbSOD2 Sobic.002G407900.3  dismutase activity, Removal of superoxide radicals Cytosol
zinc ion binding
Cimmtas ety o biding. Intracellula copperion
SbSOD3 Sobic.006G185700.1 ) Vit 5 transport, removal of superoxide Cytosol
, superoxide dismutase copper .
. radicals
chaperone activity
Copper ion binding, superoxide
SbSOD4 Sobic.007G166600.1  dismutase activity, Removal of superoxide radicals Chloroplast
zinc ion binding
Copper ion binding, superoxide
SbSOD5 Sobic.001G371900.1  dismutase activity, Removal of superoxide radicals Cytosol
zinc ion binding
SbSOD6 Sobic.009G093200.1  Superoxide dismutase activity Removal of superoxide radicals Mitochondrion
SbSOD7 Sobic.010G012900.1  Superoxide dismutase activity Oxidation-reduction process Chloroplast
SbSODS8 Sobic.010G033000.1  Superoxide dismutase activity Oxidation-reduction process Chloroplast

were also in agreement with predicted subcellular
localization data. Fink and Scandalios (2002) reported
that FeSODs and MnSODs were separated in plants.
Plant MnSODs have 70% homology but are not so similar
to plant FeSODs, suggesting different ancestral gene
origination (Miller, 2012). These data support our results
that MnSOD and FeSODs of Sorghum were diverged with
100% bootstrap value.

3.7. Predicted 3D structures of SbSODs

Eukaryotic Cu-ZnSODs contain a highly conserved
quaternary structure with 2 identical subunits, including
a B-barrel consisting of 8 antiparallel p-strands in a Greek
key motif. The Cu and Zn sites are located outside the
B-barrel in the active site channel (Richardson, 1977; Perry
et al, 2010). In Sorghum Cu-ZnSODs it was observed
that the B-barrel structures and predicted binding sites
were positioned outside the P-barrel (Figures 5A-5E).
The conserved disulfide bonds (between Cys-Cys) were
observed in the active site channel of the Cu-ZnSODs
(Perry etal., 2010). The disulfide residues were determined
in Sorghum Cu-ZnSODs, including Cys65/Cys154, Cys55/
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Cys144, Cys100/Cys301, Cys109/Cys198, and Cys56/
Cys145 in SbSODI1, SbSOD2, SbSOD3, SbSOD4, and
SbSODS5, respectively. It can be stated that these cysteine
residues contribute to the stability of Cu-ZnSODs. In Fe-
MnSODs of rice, 3 antiparallel B-sheets dominated by
a-helices were identified (Dehury et al., 2012). Similar
B-sheets and a-helices were observed in soybean Fe-
MnSODs (Gopavajhula et al., 2013). The analysis of Fe-
MnSODs of Sorghum revealed that the dominant a-helices
and P-sheets structures were observed as rice and soybean
(Figures 5F-5H).

In model validation, the Ramachandran plot analysis
using the RAMPAGE server showed that 98.7%, 93.3%,
85.9%, 86.2%, 95.3%, 93.5%, 93.9%, and 94.6% were in the
favored region; 0.7%, 5.4%, 10.9%, 8.6%, 4.7%, 4.5%, 4.5%,
and 7.9% in the allowed region; and 0.7%, 1.3%, 3.2%,
5.3%, 0.0%, 2%, 1.5%, and 1.5% in the outlier region in
SbSOD1, SbSOD2, SbSOD3, SbSOD4, SbSOD5, SbSOD6,
SbSOD?7, and SbSODS, respectively (Figure 6), indicating
that the 3D models were fairly good in quality.
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Figure 5. Predicted 3D structures and binding sites of Sorghum SODs by using the 3D LigandSite server (A: SbSOD1, Cu-ZnSOD
cytosolic; B: SbSOD2, Cu-ZnSOD cytosolic; C: SbSOD3, Cu-ZnSOD cytosolic; D: SbSOD4, Cu/ZnSOD chloroplastic; E: SbSODS5,
Cu/ZnSOD cytosolic; F: SbSOD6, Fe-MnSOD mitochondrial; G: SbSOD7,  Fe-MnSOD chloroplastic; H: SbSOD8, Fe-MnSOD
chloroplastic).
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favored

favored

Figure 6. Ramachandran plots of Sorghum Cu-ZnSODs (A, B, C, D, and E) and Fe-MnSOD:s (F, G, and H).

In conclusion, we have analyzed the SOD gene family
in Sorghum, including genome-wide characterization,
chromosomal location, gene structure, digital expression
and phylogenetic analysis, and 3D modeling. Our findings
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