~ International Journal of
Molecular Sciences

Article

Molecular Evolution and Functional Divergence of
Stress-Responsive Cu/Zn Superoxide Dismutases in Plants

Guozhi Zhou ">*, Chaochao Liu 3, Yuan Cheng 2, Meiying Ruan 2, Qingjing Ye %, Rongqing Wang 2,

Zhuping Yao 2 and Hongjian Wan

check for
updates

Citation: Zhou, G.; Liu, C.; Cheng, Y,;
Ruan, M.; Ye, Q.; Wang, R.; Yao, Z.;
Wan, H. Molecular Evolution and
Functional Divergence of
Stress-Responsive Cu/Zn Superoxide
Dismutases in Plants. Int. ]. Mol. Sci.
2022, 23,7082. https://doi.org/
10.3390/ijms23137082

Academic Editor: Karl-Josef Dietz

Received: 28 May 2022
Accepted: 23 June 2022
Published: 25 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,4,%

State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-Products,
Zhejiang Academy of Agricultural Sciences, Hangzhou 310021, China; zhougz@zaas.ac.cn
Institute of Vegetables, Zhejiang Academy of Agricultural Sciences, Hangzhou 310021, China;
chengyuan@zaas.ac.cn (Y.C.); ruanmy@zaas.ac.cn (M.R.); yegj@zaas.ac.cn (Q.Y.); wangrq@zaas.ac.cn (R.W.);
yaozp@zaas.ac.cn (Z.Y.)
School of Biotechnology, Jiangsu University of Science and Technology, Zhenjiang 212021, China;
qdliuchaohi@163.com
China-Australia Research Centre for Crop Improvement, Zhejiang Academy of Agricultural Sciences,
Hangzhou 310021, China
*  Correspondence: hjwan@mail.zaas.ac.cn or wanhongjian@sina.com; Tel.: +86-571-8640-7677;

Fax: +86-571-8640-0997
t  These authors contributed equally to this work.

Abstract: Superoxide dismutases (SODs), a family of antioxidant enzymes, are the first line of defense
against oxidative damage and are ubiquitous in every cell of all plant types. The Cu/Zn SOD, one of
three types of SODs present in plant species, is involved in many of the biological functions of plants
in response to abiotic and biotic stresses. Here, we carried out a comprehensive analysis of the Cu/Zn
SOD gene family in different plant species, ranging from lower plants to higher plants, and further
investigated their organization, sequence features, and expression patterns in response to biotic
and abiotic stresses. Our results show that plant Cu/Zn SODs can be divided into two subfamilies
(group I and group II). Group II appeared to be conserved only as single- or low-copy genes in all
lineages, whereas group I genes underwent at least two duplication events, resulting in multiple
gene copies and forming three different subgroups (group Ia, group Ib, and group Ic). We also found
that, among these genes, two important events—the loss of introns and the loss of and variation in
signal peptides—occurred over the long course of their evolution, indicating that they were involved
in shifts in subcellular localization from the chloroplast to cytosol or peroxisome and underwent
functional divergence. In addition, expression patterns of Cu/Zn SOD genes from Arabidopsis thaliana
and Solanum lycopersicum were tested in different tissues/organs and developmental stages and under
different abiotic stresses. The results indicate that the Cu/Zn SOD gene family possesses potential
functional divergence and may play vital roles in ROS scavenging in response to various stresses in
plants. This study will help establish a foundation for further understanding these genes’ function
during stress responses.

Keywords: reactive oxygen species; abiotic; expression profiles; subcellular localization; phylogenetic
relationship

1. Introduction

Reactive oxygen species (ROS) play an important role in plant growth, development,
and, especially, responses to biotic and abiotic environmental stimuli. The major members
of the ROS family are free radicals (O%*~, OH®) and non-radicals (H,O, and 10,). These free
radicals can cause extensive damage to protein, DNA, and lipids and, thereby, affect normal
cellular functioning [1,2]. However, in the long process of evolution, plants have developed
multiple defense mechanisms to alleviate the damage caused by these free radicals and
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maintain redox homeostasis. Among them, two kinds of antioxidant machinery have been
identified; one involves enzymatic components comprising superoxide dismutase (SOD),
ascorbate peroxidase (APX), guaiacol peroxidase (GPX), glutathione-S-transferase (GST),
and catalase (CAT); and the other involves non-enzymatic low-molecular-weight com-
pounds, such as ascorbic acid (AA), reduced glutathione (GSH), x-tocopherol, carotenoids,
phenolics, flavonoids, and proline [3-5].

Superoxide dismutase (SOD) is a vital component of the oxidative stress tolerance
system in plants, microorganisms, and animals [6,7]. The SODs, a family of the metal-
loenzymes omnipresent in all aerobic organisms, act towards the degradation of O%~ free
radicals to O, and H,O,. Under environmental stresses, SOD forms the first line of defense
against ROS-induced damage. SOD can catalyze the removal of O~2 by dismutating it into
O, and HyO,. This removes the possibility of OH formation through the Haber—Weiss reac-
tion [8]. At present, based on the metal ion they bind and subcellular distribution, SODs are
mainly categorized into iron SODs (Fe-SODs, localized in chloroplasts), manganese SODs
(Mn-SODs, localized in mitochondria,), and copper/zinc SODs (Cu/Zn SODs, localized
in cytosol, peroxisomes, and chloroplasts) [9]. Fe-SOD has been localized in chloroplasts,
while Mn-50D is found in mitochondria. The Cu/Zn SODs are produced in three different
cell organelles, including chloroplast, peroxisomes, and cytoplasm [9]. Cu/Zn SODs are
widely present in prokaryotic and eukaryotic organisms and were first cloned from Photo-
bacterium leiognathi [10,11]. Cu/Zn SOD, present in eukaryotic cells, has been found to be
sensitive to cyanide and is located in the form of a dimer; however, Fe-SOD and Mn-SOD
are not sensitive to cyanide [12].

It has been reported that, under various environmental stresses, SOD activity can
increase in various plant species, including drought and metal toxicity [13]. For example,
SOD activity increases were detected in three different cultivars of Phaseolus vulgaris and
Oryza sativa in response to drought stress [14-16]. Increased SOD activity was found under
drought stress in the leaves of white clover; viz., Trifolium repens L. [17]. SOD activity was
also found to be heightened under salt stress in many plants, such as chickpea [18] and
tomato [19]. Presently, the increases in SOD concentration have been used to improve
oxidative stress tolerance in various plant species [20]. Therefore, it has also been reported
that SOD production by different plant species can be used as a tool for screening the
stress-toleration capacities of plant and microbe species [21].

In addition, some researchers have also reported that Cu/Zn SOD genes are expressed
in plant growth and development and in response to different abiotic stresses, including
heat, cold, drought, and salinity. For instance, two Cu/Zn SOD genes isolated from tomato
leaves were found to be distributed on different chromosomes [22,23]. Subsequently, the
expression of these two Cu/Zn SOD genes in tomato organs during leaf growth and
fruit ripening were reported [24]. Wu et al. reported that multiple abiotic stresses were
conferred in transgenic Arabidopsis by the overexpression of a Cu/Zn SOD from Puccinellia
tenuiflora (Put Cu/Zn SOD) [25]. Recently, researchers have found that enhancements in
antioxidative defense capacity are usually used to improve stress tolerance in plants. For
example, overexpression of the Cu/Zn SOD gene from Arachis hypogaea, Kandelia candel,
and wheat could increase the resistance to salt stress, resulting in a higher antioxidative
defense capacity [26-28]. The overexpression of SaCu/ZnSOD in Sedum alfredii could confer
tolerance to oxidative stress in Arabidopsis by increasing antioxidative defense capacities [29].
Further, Perl et al. [30] found that the overexpression of Cu/Zn SODs in potato resulted
in increased tolerance to oxidative stress in transgenic plants. In addition, several recent
studies have indicated that SOD plays an important role in hormone and insecticide stresses.
For example, Bernal et al. [31] detected that the expression level of cytosolic Cu/Zn SODs
had increased after 1 day of auxin treatment in tomato.

In recent years, with the availability of complete genome sequences from different
plant species, a number of members of the SOD gene family have been systematically
identified in some plant species at the genome level, such as A. thaliana [32], tomato [33],
Cucumis sativus [34], Gossypium hirsutum, G. arboreum, and G. raimondii [35-37]. However,
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little has been reported about the characterization, expression patterns, and phylogeny of
the Cu/Zn SOD gene family. From lower to higher plant species, abiotic stresses affect
plant growth and development. Plants’ abilities to resist abiotic stresses are evolving.
In the present study, in order to explore evolutionary relationships of Cu/Zn SODs in
plant species, we characterized and identified Cu/Zn SOD genes in different plant species
ranging from lower to higher plants. The results showed a high conservation of Cu/Zn
SOD genes in different plant species. Two groups of Cu/Zn SODs were found with
different evolutionary modes; i.e., group I underwent two duplication events, while group
II appeared to be conserved only as a single gene. Furthermore, loss of introns and loss of
and variation in signal peptides occurred in group I, which demonstrated structural feature
variation, indicating that shifts in subcellular localization from the chloroplast to the cytosol
or peroxisome occurred for group I during evolution. Additionally, expression levels of
Cu/Zn SODs from A. thaliana and S. lycopersicum in response to cold, salt, drought, and heat
were increased, indicating that these genes play vital roles under abiotic stress conditions.

2. Results
2.1. Plant Cu/Zn SODs: A Relatively Small Gene Family with Several Members

We used the BLASTP method and a hidden Markov model (HMM) algorithm to
search for the Cu/Zn SOD genes in a comprehensive dataset containing different plant
species ranging from lower to higher plants [38]. In total, 87 sequences were retrieved
from 21 different plant species (Supplementary Table S1). Among them, Cu/Zn SOD
genes were found to be present in major lineages of green plants, including Charophyte
(e.g., C. braunii), Bryophyte (Marchantia polymorpha, Physcomitrella patens), Pteridophyta
(Selaginella moellendorffii), and angiosperms (e.g., A. thaliana, Oryza sativa) (Figure 1a,b).
The copy number of Cu/Zn SOD genes varied considerably between the different plants,
ranging from two in the green alga C. braunii to four in A. thaliana (eudicot), with the highest
number of seven in Aquilegia coerulea (eudicot). No Cu/Zn SOD proteins were detected
in the draft genomes of the Chlorophyte Volvox carteri. Further investigation revealed
that the copy number variation in different plants was mainly due to the difference in the
phylogenetically defined group I (Figure 1b); in the other group (II), only one or two copies
were found (e.g., the copy numbers were nearly constant).
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Figure 1. Retrieval and identification of Cu/Zn SOD genes in different plant species ranging from
green algae to higher plants. (a) Phylogeny of different plant species from green algae to higher plant
species. (b) The distribution of Cu/Zn SOD genes in representative species.
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2.2. Division of Cu/Zn SOD Proteins into Two Groups Based on Domain Architecture and
Conserved Residues

All the Cu/Zn SOD proteins were divided into two groups (group I and group II)
based on whether they contained the “heavy metal-associated domain” or not. Group I was
further categorized into subgroups based on the possession of other conserved domains
or motifs. For group I, one subgroup (la) had an N-terminal signal peptide, which was
indicative of secretion from or localization to organelles; another subgroup (Ib) lacked
this domain and appeared to be localized to the cytosol; the third group (Ic) possessed a
relatively long N-terminal sequence. All three of these subgroups possessed two conserved
Cu/Zn SOD signatures (S1 and S2). The members of group II contained, as well an N-
terminal signal peptide, a heavy metal-associated domain and two conserved metal-binding
motifs (designated M1 and M2) (Figure 2a).
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Figure 2. The domain architecture and sequence conservation of plant Cu/Zn SOD proteins.
(a) Schematic representation of domain architecture of each type of Cu/Zn SOD protein. (b) Multiple
sequence alignment of the deduced amino acid sequences of Cu/Zn SOD proteins. The conservation
domain of Cu/Zn SOD without a heavy metal-associated domain is underlined. Two conserved
Cu/Zn SOD signatures (GFH[VLIJH[EA][YL]JGDTT and GNAG[GA]R[VL]JACG) are indicated by
red boxes. The metal-binding sites for Cu?* and Zn?* are marked with regular and inverted triangles,
respectively. The signal peptide is marked by a green box. (c) Multiple sequence alignment of
the deduced amino acid sequences of Cu/Zn SOD with the heavy metal-associated domain. The
conserved domains (“heavy metal-associated domain” and “Cu/Zn SOD”) were underlined (red and
black, respectively). The conserved metal-binding motifs (MXCXXC and CXC) are marked by red
boxes. The signal peptide is marked by a green box.
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The S1 signature is characterized by a G-F-H-[VLI]-H-[EA]-[YL]-G-D-T-T motif and
the S2 signature by a G-N-A-G-[GA]-R-[VL]-A-C g motif. The arrangement of these two
signatures was conserved in group I Cu/Zn SOD proteins (Figure 2b). In addition, several
amino acids that were conserved across all Cu/Zn SOD proteins and multiple diagnostic
residues restricted to each subgroup were also observed. Among them, the two and three
metal-binding sites for Cu?* and Zn?* were conserved in the tested plant species and are
marked with regular and inverted triangles, respectively. These conserved residues are
potentially important for the structural conformation of these proteins, whereas differences
may affect substrate preferences. For group II, an N-terminal signal peptide, indicative of
localization to chloroplasts, and a heavy metal-associated domain were conserved. Two
conserved metal-binding motifs (M-X-C-X-X-C and C-X-C) were found to be conserved,
where X is a variable amino acid residue.

2.3. Phylogenetic Analyses Support the Two Groups of Cu/Zn SOD Proteins and Reveal
Lineage-Specific Expansions

To explore the phylogenetic relationships of plant Cu/Zn SOD genes, a phylogenetic
tree with full-length sequences from different species was produced using the NJ method.
Based on our phylogenetic analyses and subcellular localization prediction results (Figure 3),
all the plant Cu/Zn SOD genes can be divided into two major clades, designated group I
and group II. Therefore, the two groups of Cu/Zn SOD genes identified above were
supported by phylogenetic analyses (Figure 3).

Group I could be further subdivided into three orthology groups, named group Ia,
group Ib, and group Ic, respectively. Among these groups, group la contained genes from
different plants ranging from green algae (e.g., C. braunii) to higher plants (e.g., A. thaliana
and S. lycopersicum), group Ib was composed of genes from plants ranging from mosses to
higher plants, and group Ic only consisted of homologs from dicots (Figure 3). Subcellular
localization predictions suggested that all the members from group la and group Ib reside
in the chloroplast and cytosol, respectively, while homologs from group Ic were predicted
to be localized in either the cytosol or the peroxisome (Figure 3). Although the relationship
between group la, group Ib, and group Ic could not be determined due to the lack of
strong bootstrap support, our results indicate an early origin for genes from group I in the
most recent common ancestor (MRCA) of plants and that at least two duplication events
occurred during the plants” evolution.

Furthermore, according to our phylogenetic analyses, group Il was a monophyletic
group. Subcellular localization predictions suggested that most of its members reside in the
chloroplast. A detailed examination found that group II contained genes from several major
lineages of green plants, including algae, mosses, and seed plants (Figure 3), suggesting
that they originated in the ancestors of green plants.

In addition, Figure 3 displays phylogenetic relationships of Cu/Zn SOD proteins from
group Ib where there are examples of lineage-specific gene expansions, as was the case
for the ferns (A. filiculoides, S. cucullate, and S. moellendorffii) and monocot (O. sativa,
S. bicolor, Z. mays, and B. distachyon) (Figure 3). In addition, species-specific expansions
were also observed in group la (A. comosus) and group Ib (E. grandis, M. esculenta,
D. carota, and A. comosus) (Figure 3). Usually, these can result in the expansion of one
functional class of Cu/Zn SOD proteins.

In this study, we were able to comprehensively investigate the evolutionary landscape
of Cu/Zn SOD proteins by comparing genome-wide samplings of Cu/Zn SOD genes
from different plant species ranging from lower to higher plants. Phylogenetic analyses
showed that the Cu/Zn SODs from the tested plant species were apparently separated into
two groups (group I and group II) with strong bootstrap support (Figure 3), indicating
an independent evolution of the Cu/Zn SOD genes in plant species. Notably, all Cu/Zn
SOD genes without a heavy metal-associated domain formed a clade (group I), which was
further subdivided into three subgroups (la, Ib, and Ic), while all Cu/Zn SOD genes with a
heavy metal-associated domain formed a single gene clade (group II) with strong bootstrap
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support and were monophyletic in different plant species (Figure 3). This suggests that the
two groups of Cu/Zn SOD genes may have originated from different common ancestors
and evolved independently. We thus demonstrated the independent evolution of Cu/Zn
SOD genes in different plant species that may have had different origins.
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Figure 3. Phylogenetic analysis of the Cu/Zn SOD proteins. Representative phylogenetic tree based
on the NJ method. Statistical support is indicated at the nodes. Only statistical support values >50%
are shown. Accession numbers of the proteins used in this tree can be found in Suplementary File S1.



Int. ]. Mol. Sci. 2022, 23, 7082

7 of 17

Neofunctionalization (co-option of new paralogues into novel functions) is a common
outcome of gene duplication events [39] and may underlie adaptations to specific ecological
niches [40-43]. Additionally, it is possible that subfunctionalization is a key driving force
for the retention of multiple family members [44]. At present, a multitude of functions
have been ascribed to Cu/Zn SOD proteins; therefore, gene duplication and retention may
represent the partitioning of these functions between numbers of genes.

2.4. Structural Feature of Cu/Zn SOD Proteins: Loss of Intron and Signal Peptide

To analyze the mechanisms of the structural features of Cu/Zn SOD genes, the
exon/intron structures of Cu/Zn SOD genes were compared across all the tested plant
lineages. The exon/intron structures were investigated using the online tool “Gene Struc-
ture Display Server” with both encoding sequences (CDS) and genomic sequences [38].
Figure 4a shows a detailed illustration of the relative lengths of introns and conservation of
the corresponding exon sequences within each of the subgroups in the plants. Notably, al-
though the members of the Cu/Zn SOD gene family exhibited differences in intron number
and intron length, the intron positions and intron phases were conserved (Figure 4a). As for
the numbers of introns, the Cu/Zn SOD genes in group la contained seven introns while
those in groups Ib and Ic contained six introns (Figure 4a). All the introns presented protein
motifs for the Cu/Zn SOD genes. Two intron phases (phase 1 and phase 0) were present in
all the Cu/Zn SOD genes, while intron phase 2 was not found (Figure 4a). Interestingly,
the Cu/Zn SOD genes in the oldest subfamily, group Ia, contained the greatest numbers
of introns, while those in the youngest subfamily, groups Ib and Ic, contained the fewest
introns (Figure 4a). These findings, together with the phylogenetic trees, indicate that an
intron loss event occurred during the structural evolution of the Cu/Zn SOD gene family
from green algae to angiosperms. In group II, a total of five different introns were found
within all the genes from the group across the different lineage species (Figure 4a). The
results show that, unlike the evolutionary patterns of group I, the exon/intron structures of
Cu/Zn SOD genes from group II were high conserved.
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Figure 4. Structure and sequence features of conserved Cu/Zn SOD genes. (a) Gene structure and
protein motif. The structure of an Arabidopsis thaliana gene (indicated on the left) is shown as an
example for each subgroup (in parenthesis on the left). Protein motifs are shown as colored boxes,
whereas introns of different phases are shown as colored vertical lines. (b) Detailed analyses of gene
structure of Cu/Zn SOD genes. The numbers indicate different exons. The introns are drawn to scale.
The arrows represent stepwise duplication of Cu/Zn SOD genes from group I during plant evolution.
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We also found that the length of the first exon varied between groups Ia, Ib, and Ic
(Figure 4b). Further analysis showed that the 5'-terminal of the first exon in Cu/Zn SOD
genes from groups Ib and Ic was reduced compared to those from group Ia, leading to a
loss of signal peptides and indicating that shifts in subcellular localization had occurred
during the process of plant evolution.

2.5. Protein—Protein Interaction Networks of Potential Cn/Zn SODs

Next, we further analyzed the potential protein—protein interactions of Cu/Zn SODs
from A. thaliana and tomato using the online web tool (https://string-db.org/, accessed
on 14 December 2021). The results showed that three Cu/Zn SOD proteins (AtCSD1,
AtCSD2, and AtCSD3) from A. thaliana are associated with known SOD proteins (Fe-SOD,
Mn-SOD) in the interaction network. Moreover, a strong interaction between CSDs and
the copper chaperone for superoxide dismutase (CCS) was observed. It is well-known
that CCS is responsible for the transfer of Cu®* into the cytoplasm, which increases the
concentration of Cu®* in the cytoplasm, thereby promoting the expression of CSD1 [45].
Additionally, we also found a high level of interaction between CSDs and other antioxidant
enzymes, such as catalase (CAT). The findings imply that, in plant antioxidant enzyme
systems, these two types of enzymes might respond to various biotic and abiotic stresses
in a synergetic manner (Figure 5a). Interestingly, a similar phenomenon also occurred in
tomato (Figure 5b).

Figure 5. Potential protein—protein interaction network of plant Cu/ZnSODs. (a) Arabidopsis
thaliana. (b) Solanum lycopersicum. The higher the interaction coefficient, the thicker the line
between proteins is, and vice versa.

2.6. Expression of Cu/Zn SOD Genes during Plant Development

Next, differences in gene expression in plant organs were analyzed using online tools
(http:/ /bar.utoronto.ca/, accessed on 14 December 2021). Under normal conditions, all the
Cu/Zn SOD genes from A. thaliana and S. lycopersicum were constitutively expressed in
different tissues (Figure 6a,b). In A. thaliana, three Cu/Zn SOD genes from groups Ia, Ib,
and II, respectively, were found to be expressed in all organs tested and were preferentially
expressed in leaves; however, the Cu/Zn SOD gene from group Ic had tissue-specific or
preferential expression patterns in seeds (fruit). In tomato, similar expression patterns of
Cu/Zn SOD genes from different groups were observed. For example, the preferential
expression of the Cu/Zn SOD genes from group I and group II was observed for leaves, but
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the Cu/Zn SOD genes from group Ic were preferentially expressed in fruit. We found that
the Cu/Zn SOD genes from the same subgroups had similar expression patterns, which
suggests potential functional conservation during the long evolution process.
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Figure 6. Expressions of Cu/Zn SOD genes during the growth and development of Arabidopsis
thaliana (a) and Solanum lycopersicum (b). The gene is indicated in each graph. Detailed expression
levels in various tissues and organs are indicated in a database online (http://bar.utoronto.ca/efp/
cgi-bin/efpWeb.cgi, accessed on 14 December 2021).

2.7. Expression of Plant Cu/Zn SOD Genes Suggests Possible Roles in Abiotic Stresses

Based on RNA-seq data for Arabidopsis thaliana, we analyzed the stress respon-
siveness and expression patterns of Cu/Zn SOD genes under four types of abiotic stress
(cold, heat, salt, and drought). The two Cu/Zn SOD genes (groups la and Ib) were up-
regulated under low temperature, and the remaining two genes (groups Ic and II) were
down-regulated. For the salt treatment, the Cu/Zn SOD genes from groups la and Ic
showed down- and up-regulation, respectively, while Cu/Zn SOD genes from groups Ib
and II were not induced. For the drought treatment, expressions of the Cu/Zn SOD genes
from groups la and Ic were almost consistent, while the remaining two Cu/Zn SOD genes
from groups Ib and II were markedly induced. Interestingly, all the Cu/Zn SOD genes
showed up-regulation under the heat treatment condition. These results suggest that plant
Cu/Zn SOD genes have a potential role in abiotic stresses (Figure 7).
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Figure 7. The expression pattern of Cu/Zn SOD genes in Arabidopsis thaliana under different types
of stresses, including cold, heat, salt, and drought. Statistically significant differences are indicated
p < 0.05 by star (*) (Student’s t-test).

3. Discussion
3.1. High Conservation of Cu/Zn SOD Gene Family in Plant Species

It was well known that, as the first line of defense in the antioxidant system, SODs play
vital roles in protecting plant cells from oxidative damage by catalyzing the dismutation of
superoxide free radicals [46]. Thus, the identification and analysis of all the members of the
SOD gene family is important to provide a basis for the enhancement of stress resistance in
plants. The availability of multiple plant genomes has made it possible to identify all SOD
genes at the whole-genome level. Previously, the plant SOD gene family was identified
in several model plant species, such as banana [47], wheat [48], A. thaliana [32], and
tomato [33], but little was reported from the range of lower to higher plant species. Here,
using the bioinformatic method, a genome-wide survey of the Cu/Zn SOD gene family in
different plant species ranging from lower to higher plants at the whole-genome level was
performed. The results will enrich our understanding of the plant SOD gene family and
provide a foundation for understanding their evolutionary patterns. Additionally, only a
few members of the Cu/Zn SOD gene family were identified in barley, banana, A. thaliana,
and tomato [32,33,49]. In our study, roughly two to seven members were found in different
plant species. These results suggest that the Cu/Zn SOD genes could be encoded by a
relatively small gene family with several members, from lower plants (e.g., C. braunii) to
higher plants (e.g., A. thaliana and S. lycopersicum). However, multiple members (17) of
the Cu/Zn gene family, also reported in wheat with whole-genome duplication, indicate
that whole-genome duplication, a common phenomenon in plant genomes, drove the
amplification of the Cu/Zn SOD gene family, and this could have led to an increase in the
number of genes, which is of key significance for plant evolution.

3.2. Contrasting Evolutionary Histories between Group I and Group 11

In this study, we found that Cu/Zn SOD genes from these two groups had strikingly
different evolutionary patterns. Group I genes expanded during the histories of the different
plants tested (Figure 3). Following gene duplication, members of three different subgroups
(group Ia, group Ib, and group Ic) likely experienced functional divergence, as supported
by expression analyses. Unlike group I genes, Cu/Zn SOD genes from group II are single-
or low-copy genes. The stably maintained single- or low-copy numbers for these genes



Int. J. Mol. Sci. 2022, 23,7082

11 of 17

suggest functional conservation during plant evolution. Furthermore, we found that the
members from group II had similar gene structures and sequence features (Figure 4).
Therefore, our findings further support the idea that these genes with ancient origins still
retain rather conserved functions.

3.3. Loss of Introns and Signal Peptides: The Possible Functional Divergence

Generally, gene structures contain different numbers of exons and introns [50], and
the number of introns is closely related to the complexity of the eukaryote’s genome,
with most eukaryotes having two or more introns [51]. In this study, we found that the
intron numbers of Cu/Zn SOD genes were quite different, varying between five and seven
for group I and group IL This finding was in accordance with the previous view that
there are no similar SOD gene structures in different species [46]. Previous researchers
reported that exon/intron gain/loss can be attributed to structural divergences, which
bring about orthologous/paralogous genes evolving different numbers of introns [52].
In our research, based on the phylogenetic relationship, we inferred that at least two
lineage-specific expansions had occurred in group I during the course of evolution, and
group Ib and group Ic were produced by group la duplication. Among the three orthology
subgroups, an intron loss event was found between group la and group Ib. However, the
gene structures were the same between groups Ib and Ic. In addition, as an N-terminal
signal peptide indicative of localization to the chloroplast was present in group la, while
group Ib lacked this domain and appeared to be localized to the cytosol, an event involving
the loss of a signal peptide seems to have occurred in the course of evolution. However,
group Ic possessed a relatively long N-terminal sequence, which is indicative of localization
at the cytosol or peroxisome; therefore, as well as the event involving the loss of the signal
peptide, the sequence-variation-encoded signal peptide could have appeared over the
long course of evolution, transferring the subcellular localization from the chloroplast to
the peroxisome during plant evolution. All these results suggest the possible functional
divergence of all the Cu/Zn SOD genes.

3.4. Proposed Evolutionary History of the Cu/Zn Gene Family in Plants

Our phylogenetic study revealed that two Cu/Zn SOD members of C. braunii (Charo-
phyte) are found in groups I and II, indicating that Cu/Zn SOD genes from these groups
originated independently (Figures 3 and 8a). As a result, the minimum number of Cu/Zn
SOD genes in the last common ancestor of groups I and Il is one (Figure 8b). Only one
member of the Cu/Zn SOD gene family from group II was detected in each of the plant
species studied, indicating that the genes have been better conserved over time. In group I,
however, numerous members of the Cu/Zn SOD gene family were discovered. Further
investigation revealed that the four members of the P. patens Cu/Zn gene family constitute
two pairs of highly identical genes in subgroups Ia and Ib, implying that a previous two-
member gene family was duplicated. As a result, we deduced that the Cu/Zn SOD genes
from group I experienced their first significant expansion (in terms of both number and
diversity) after land colonization. Losses of the second intron and signal peptide for group
Ib were found after the gene growth in group I, indicating a shift in subcellular localiza-
tion from chloroplast to cytosol. There was also evidence of species-specific duplication
(Figure 8b). The second expansion of group I occurred in seed plants, resulting in group I,
which had a single member with Cu/Zn SODs from the plant species studied. The loss of
the second intron in Cu/Zn SOD genes for group Ic was also discovered; however, changes
in the signal peptide sequence were observed, implying subcellular shifts from chloroplast
to peroxisome (Figure 8b).
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Figure 8. Evolutionary history and duplication timing of the Cu/Zn SOD gene family in plant species
as proposed. (a) Tree summarizing our current understanding of the phylogenetic relationships
based on our analyses. Two groups (group I and group II) were identified. (b) Evolutionary scenario
explaining how a single-tandem duplication and subsequent large-scale duplications expanded the
Ia, Ib, Ic, and II lineages.

3.5. The Cu/Zn SOD Genes Play Vital Roles in Response to Abiotic Stress

Accumulation of ROS caused by abiotic stresses, such as cold and drought, could
pose threats to plant yield and quality. SODs, the first line of defense against oxidative
damage, are involved in ROS scavenging in response to various abiotic stresses in different
plants [53]. In this study, the expression levels of most SOD genes revealed dynamic trends
at certain times from 0 h to 24 h under abiotic stresses (cold, heat, salt, and drought).
Evidence for this explanation in S. lycopersicum [33], G. hirusutm [36], Brassica juncea, and
B. rapa [54] is accumulating. Additionally, it has been reported that enhanced expression
of squash SOD genes is involved in ROS detoxification in response to these stresses [55].
In the present study, we observed different expression patterns for Cu/Zn SOD genes in
response to these abiotic stresses, indicating potential functional divergence.

4. Materials and Methods
4.1. Retrieval Databases for Cu/Zn SOD Gene Family in Representative Plant Species

In this paper, different plant databases were used to identify potential Cu/Zn SOD
genes. These databases are provided in Table 1.

Table 1. The databases for the different plant species used in this study.

Plant Species Databases
. https:/ /phytozome-next.jgi.doe.gov/info/Atrichopoda_v1_0,
! Amborella trichopoda accessed on 14 December 2021
https:/ /phytozome-next.jgi.doe.gov/info/ Acomosus_v3, accessed
2 Ananas comosis on 14 December 2021
o https:/ /phytozome-next.jgi.doe.gov/info/Acoerulea_v3_1,
3 Aquilegia coerulea accessed on 14 December 2021
4 Azolla filiculoides https:/ /www.fernbase.org/, accessed on 14 December 2021
. . https:/ /phytozome-next.jgi.doe.gov/info/Bdistachyon_v3_2,
> Brachypodium distachyon accessed on 14 December 2021
6 Capsicum annuum http:/ /www.hnivr.org/, accessed on 14 December 2021
7 Chara braunii https:/ /bioinformatics.psb.ugent.be/orcae/overview/Chbra,

accessed on 14 December 2021
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Table 1. Cont.

Plant Species Databases
8 Cucimis satious https:// phytozome—nez;.j glizl.cg)s;;g:fb/ el;l;(()) é 1Csa’rivus_vl_O, accessed
9 Dauicus carota https:// phytozome-ne();rtl.j i;i(]:l)(;ec g;;b 2 ;nzfg 2/1]Dce1rot517\/270, accessed
10 Eucalyptus grandis https:// phytozome—neztr.lj %14 dg;gzcr);rg el?fz% é I{Zgrandis_VZ_O, accessed
n Mocapolmopta P[P ko o
12 Manihot esculenta https:// phytoz;crzss-;e;t(.)jfil.i(gizjn/ bl:lfc; 6 lg/iesculentaval,
13 Medicago truncatula https:// phytozon;i—cr;::.cjl gci)ﬁ(l)z. %oe\; (/2 11;1{)(; ﬁ l;/gé‘lllncatula_Mtél_Ovl,
14 Oryza sativa https:// phytozome—next.jlii.g(;ifliz; 2 inzf(()) 2/ 1Osativa_v7_0, accessed on
15 Phaseolus oulgaris https:// phytozor;lcec- zseszg %)ir.ldloz Szze/ £§ r/ ;’(;leilgarisUH 11 .vl1_1,
16 Physcomitrium patens https:// phytozome—nez;cl.j 1gic]13(;i eg;)l\]; /e 1rn2fg 2/1Ppa’cens_v3_3, accessed
v g /posome v docgmy i Beommunis Y01
18 Salvinia cucullata https:/ /www.fernbase.org/, accessed on 14 December 2021
19 Selaginella moellendorffi https:// phytozorzce(;r:sesztd.j goir.ldlof.]%:: e/ rir?bf;)r/ZS(r)gcl)ellendorffii_v1_0,
20 Solansum lycopersicum https:// phytozomz—cri;(;g il(():lr(l)i fgz é Lﬁ% 2 flzyoc;fersicuijAGéLO,
1 Sorghum bicolor https:// phytozor:cec—;esztaj %ﬁdﬁfggzz Ii?bfgr/ ZS(l;ZiiolorRTXALBO_VZ_l,
» Volvox carteri https:// phytozome—ne;tl.ji.%(;ec.egr(r)l\kf) é irnzfg 2/1\/carteri_v2_1, accessed
23 Zoa mays https:/ /phytozome-next.jgi.doe.gov/info/ZmaysPH207_v1_1,

accessed on 14 December 2021

4.2. Identification of Plant Cu/Zn SOD Gene Family Using Bioinformatic Methods

A systematic search for Cu/Zn SOD proteins was conducted using the BLASTP algo-
rithm with a threshold e-value of 1 x 10°. Cu/Zn SOD protein sequences from A. thaliana
(AT1G08830.1/AtCSD1, AT2G28190.1/AtCSD2, AT5G18100.1/ AtCSD3, AT1G12520/ AtCSS)
were used as queries. Further, the local HMMER 3.1 web server (available online:
http://www.hmmer.org/, accessed on 14 December 2021) was used to search for the
Cu/Zn SOD genes with default parameters. Then, the HMM file of the Sod_Cu (PF00080.21)
with Cu/Zn SOD genes was downloaded from the Pfam protein domain database.

4.3. Analysis of Gene Structure and Potential Protein Interaction of Cu/Zn SOD Proteins

Intron/exon configurations of Cu/Zn SOD genes were determined with Gene Struc-
ture Display Server 6 for both coding sequences and genomic sequences [56]. Gene structure
analysis and intron positions were retrieved from genomic GFF files and converted into the
relative coordinates of the open reading frame (ORF). Phase 0 is for an intron between two
codons, phase 1 is between the first and second nucleotides of a codon, and phase 2 is for
other cases. The interactions among Cu/Zn SOD proteins were determined using STRING
(http:/ /string-db.org/, accessed on 14 December 2021) with a confidence score >0.9.
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4.4. Phylogenetic Tree Construction for Cu/Zn SODs

To investigate the phylogenetic relationships of Cu/Zn SOD genes, all Cu/Zn SOD
protein sequences from 23 representative plant species were used to construct phyloge-
netic trees ranging from lower to higher plant species. Multiple sequence alignments of
these Cu/Zn SOD amino acid sequences were performed with ClustalX [57] using de-
fault parameters. A phylogenetic tree was constructed using the software MEGAS5.1 with
the neighbor-joining method [58]. In the phylogenetic tree, the degree of support for a
particular grouping pattern was evaluated using a bootstrap value (1000 replicates), and
other parameters were all set to default [59]. The tree was viewed using the iTOL web tool
(https:/ /itol.embl.de/, accessed on 14 December 2021).

4.5. Prediction of Subcellular Localization and Conserved Motifs of Cu/Zn SOD Proteins

The subcellular localization of Cu/Zn SOD proteins was predicted using the WoLF
PSORT server (https:/ /wolfpsort.hgc.jp/, accessed on 14 December 2021). The conserved
motifs for the Cu/Zn SOD protein sequences were identified using the MEME website
(https:/ /meme-suite.org/meme/db/motifs, accessed on 14 December 2021).

4.6. Expression Patterns of Cu/Zn SOD Genes Based on Affymetrix Microarray Data

For tissue-specific expression analysis, transcription data for the genome-wide gene
expression of A. thaliana and tomato were downloaded from http://bar.utoronto.ca/,
accessed on 14 December 2021. A total of 47 different tissues or development periods were
selected (http:/ /bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi, accessed on 14 December 2021).
For abiotic stress treatments, seeds of wild-type A. thaliana (col-0) were sown on rafts in
Magenta boxes containing MS-Agar-media. After 2 days in the cold room, the boxes were
transferred to the long-day chamber. Long-day conditions were 16/8 h light/dark and
50% humidity. At day 16, stress treatments started with a 3 h light period; samples were
taken at 0.5, 1, 3, 6, 12, and 24 h after treatment. Four types of abiotic stresses were included
(cold—continuous 4 °C on crushed ice in a cold chamber, 150 Mm NaCl salt; drought—rafts
were exposed to the air stream for 15 min with loss of approximately 10% fresh weight;
heat—3 h at 38 °C followed by recovery at 25 °C). Biologically different samples were
studied in triplicate. Three replications were examined to determine expression levels. A
paired t-test was calculated with significance set at p < 0.05.

5. Conclusions

In this study, we found that the Cu/Zn SOD gene family in lower to higher plant
species could be divided into two well-conserved subgroups (group I and group II), which
originated from different ancestors of green plants. In contrast to group II, lineage-specific
expansion contributed to the size of the group I gene family, and three subgroups (group la,
group Ib, and group Ic) formed in the plants. The gene structure analysis indicated that
successive single-intron loss, signal peptide loss, and sequence variation in the signal pep-
tide played vital roles in the evolution of Cu/Zn SOD genes. Additionally, the expression
analysis for the Cu/Zn SOD genes suggested a functional divergence of these genes in
response to abiotic stresses (cold, heat, salt, and drought). These results may provide
valuable information for future studies on the evolution and function of this gene family.
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