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Abstract

Superoxide dismutase (SOD) proteins are crucial antioxidant enzymes that play critical roles in plant growth, development,
and response to various abiotic stresses. The SOD gene family has been characterized in various plant species, but not in
Medicago truncatula yet. Here, a total of 7 MtSOD genes were first identified from the whole genome of M. truncatula,
including 1 MnSOD, 2 FeSODs, and 4 Cu/ZnSODs, which are unevenly distributed in five out of the eight chromosomes.
Phylogenetic analysis showed that SOD proteins from M. truncatula and other plant species could be classified into two
main categories (Cu/ZnSODs and Fe-MnSODs), which could be further divided into eight subgroups, and members within
the same subgroup tended to share the same subcellular localization. In addition, MtSOD genes together with AtSODs and
OsSODs within the same subgroup also displayed similar motif compositions and exon—intron structures. Most MtSOD
genes were ubiquitously expressed in various tissues, particularly in leaves, seeds and root nodules at different developmental
stages. Moreover, microarray analysis and high-throughput sequencing showed that most MtSOD genes were differentially
expressed under salt, drought, and cold treatments, indicating their pivotal roles in stress response of M. truncatula. These
findings provide useful information for the functional characterization of SOD family genes for growth, development, and
stress response of M. truncatula.
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Introduction

As one of the most vital antioxidant enzymes in plant
defense system, superoxide dismutase (SOD, EC 1.15.1.1)
controls the generation of reactive oxygen species (ROS) and
catalyzes the dismutation of superoxide anion radicals (O,")
to H,0, (Gill et al. 2015; Zhou et al. 2017). According to the
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types of prosthetic metals interacting with their active sites,
plant SODs can be categorized into Cu/ZnSOD, FeSOD, and
MnSOD (Feng et al. 2016a; Mittler et al. 2004; Yan et al.
2016; Zhou et al. 2017). In plants, Cu/ZnSOD is frequently
observed in cytoplasm, peroxisomes, chloroplasts, and/or
extracellular space. Besides, FeSODs are mostly located in
the cytoplasm and chloroplasts, while MnSOD is located in
the matrix of mitochondria (Corpas et al. 2006; Kliebenstein
et al. 1998; Pilon et al. 2011).

Overexpression of genes that encode different isoforms
of SOD can confer resistance to various abiotic stresses
in plants, including heat, cold, drought and salinity. For
instance, overexpression of a Cu/ZnSOD from Puccinellia
tenuiflora (PutCu/Zn-SOD) conferred tolerance to a num-
ber of abiotic stresses in transgenic Arabidopsis (Wu et al.
2016). In durum wheat, the transcription of an MnSOD gene
(TdMnSOD) was induced by different abiotic stresses, and
recombinant yeast cells and transgenic Arabidopsis plants of
TdMnSOD exhibited enhanced tolerance to multiple abiotic
stresses (Kaouthar et al. 2016). These findings indicate that
SODs may play essential roles in regulating stress tolerance
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of plants. In addition, the stress tolerance of plants is usually
improved by enhancing the antioxidative defense capacity
and decreasing the levels of ROS. For example, overexpress-
ing AhCuZnSOD gene from Arachis hypogaea (Negi et al.
2015), KcCSD gene from Kandelia candel (Jing et al. 2015),
and TaSOD?2 gene from wheat (Wang et al. 2016a) could
improve the tolerance to salt stress with a higher antioxi-
dative defense capacity. In Sedum alfredii, overexpression
of SaCu/ZnSOD in Arabidopsis could confer tolerance to
oxidative stress via increasing antioxidative defense capaci-
ties, such as SOD and peroxidase activities (Li et al. 2017).
These reports demonstrate the crucial roles of SODs in the
adaptation of plants to abiotic stresses possibly through the
elimination of ROS generated due to abiotic stresses.

In recent years, numerous SOD family members have
been systematically investigated in some plant species at the
genome level, including Arabidopsis thaliana (Kliebenstein
et al. 1998), Dimocarpus longan (Lin and Lai 2013), Popu-
lus trichocarpa (Molina-Rueda et al. 2013), Oryza sativa
(Nath et al. 2014), Sorghum bicolor (Filiz and Tombuloglu
2015), Musa acuminata (Feng et al. 2015), Solanum lycoper-
sicum (Feng et al. 2016a), Volvariella volvacea (Yan et al.
2016), Cucumis sativus (Zhou et al. 2017), Gossypium hir-
sutum, G. arboreum, and G. raimondii (Wang et al. 2016b,
2017; Zhang et al. 2016). However, there is no report about
the identification and characterization of SOD gene family in
M. truncatula. In the present study, 7 SOD genes, including
1 MSD gene, 2 FSD genes and 4 CSD genes, were identified
and characterized in M. truncatula. In addition, their basic
characteristics and expression profiles were systematically
investigated.

Materials and methods
Identification of M. truncatula SOD genes

The accession numbers and corresponding amino acid
sequences of SOD proteins from Arabidopsis and rice were
obtained from previous research (Kliebenstein et al. 1998;
Nath et al. 2014), and were used as queries to perform a
BLASTYp search against the NCBI database and M. trunca-
tula genome website (https://phytozome.jgi.doe.gov/Mtrun
catula). The redundant sequences were discarded based
on alignment to each other, and each resulting candidate
sequence was put into Pfam database (http://pfam.xfam.org/)
and the SMART protein domain annotation resource (http://
smart.embl-heidelberg.de/) for checking the existence of the
SOD domain.

The online ProtParam website (http://ca.expasy.org/tools
/protparam.html) was employed to compute the physico-
chemical characteristics of each MtSOD protein, such as
isoelectric point (pl), grand average of hydropathy index
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(GRAVY) and molecular weight (MW). The subcellular
location of each MtSOD protein was predicted with the help
of the online server of WoLF PSORT (https://www.gensc
ript.com/tools/wolf-psort).

Protein alignment and phylogenetic analysis

We downloaded the SOD protein sequences of Arabidop-
sis thaliana (8 members), Oryza sativa (8 members), and
Cucumis sativus (9 members) according to the previous
research (Kliebenstein et al. 1998; Nath et al. 2014; Zhou
et al. 2017). In addition, 9 S. lycopersicum, 8 S. bicolor, 6
Brachypodium distachyon, 10 G. raimondii, and 9 Setaria
italica SOD protein sequences were obtained from the Phy-
tozome website (https://phytozome.jgi.doe.gov/). The names
and accession numbers of all the SOD proteins are provided
in Table S1. The full-length protein sequences of these SOD
proteins were submitted to Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/) for alignment with the default
parameter settings, and the resulting alignments were visual-
ized and edited with the Genedoc software. The MEGA 5.0
software (http://www.megasoftware.net/) was employed to
build a phylogenetic tree based on the neighbor-joining (NJ)
method (Tamura et al. 2011), and the bootstrap parameter
was set to 1000.

Conserved domain and gene structure analysis

The conserved motifs among SOD proteins of M. truncatula,
Arabidopsis, and rice were detected with the online tool of
Multiple Expectation Maximization for motif Elicitation
(MEME, http://meme-suite.org) (Bailey et al. 2009), using
the following parameters: the maximum number of motifs
were 10; and the motif widths were restricted between 6 and
50. For gene structure analysis, the coding sequences (CDS)
and genomic DNA (gDNA) sequences of the SOD genes of
M. truncatula, Arabidopsis, and rice were downloaded from
the M. truncatula genome database (https://phytozome.jgi.
doe.gov/Mtruncatula), the TAIR website (http://www.arabi
dopsis.org/), and the rice genome resource (http://rice.plant
biology.msu.edu/), respectively. Then, these sequences were
submitted to GSDS (Gene structure Display Server, http://
gsds.cbi.pku.edu.cn) to determine the gene structures of
these SOD genes.

Chromosomal distribution and gene duplication

The physical locations of the MtSOD genes were obtained
from the M. truncatula genome database (https://phytozome.
jgi.doe.gov/Mtruncatula), and drafted to the chromosomes
of M. truncatula using the GenomePixelizer software (http://
www.atgc.org/GenomePixelizer) (Kozik et al. 2002). The
segmental gene duplication event was marked based on the
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previously described criteria: the sequence alignment length
covered more than 80% of the longer gene, and the identity
of the aligned regions was over 70% (Jia et al. 2017; Song
et al. 2017). The tandem duplicated genes were defined as
two or more homologous genes located on one single chro-
mosome with a distance of 100 kb without any intervening
gene (Kayum et al. 2017).

In silico expression patterns of MtSOD genes

To investigate the expression levels of the MtSOD genes in
different tissues and under salt stress, the raw microarray
data were retrieved in MtGEA (https://mtgea.noble.org/v3/).
The expression of each MtSOD gene was normalized and
calculated with the quantile algorithm using the Expression
Console software supplied by Affymetrix, and visualized as
previously described (Xuan et al. 2016; Zhou et al. 2018b).

Transcriptome sequencing (RNA-seq) was performed to
investigate the expression patterns of MtSOD genes under
various abiotic stresses. Four-week-old M. truncatula seed-
lings were transferred to various stress conditions includ-
ing salt, drought, and cold as described previously (Song
et al. 2017), and the seedlings were collected at different
time points (0, 2, 6, and 12 h) and then frozen in liquid
nitrogen for later total RNA extraction. The construction
and deep sequencing of cDNA libraries were conducted
using the Illumina HiSeq 3000 platform (Genergy Biotech-
nology, Shanghai, China). Data preprocessing and analyses
were performed based on the methods described in the previ-
ous study (Song et al. 2017). The transcriptions of MtSOD
genes were computed as FPKM and visualized as heatmap
with hierarchical clustering following previous descriptions
(Yang et al. 2017; Zhou et al. 2018a).

Results

Genome-wide identification of SOD family genes
in M. truncatula

To identify MtSOD family members from M. truncatula,
BLASTP was employed to search the M. truncatula genome
with the protein sequences of AtSODs and OsSODs as que-
ries. As a result, seven putative members were identified,
and their amino acid sequences were checked by searching
with SMART and Pfam tools for the existence of a SOD
domain, which is the typical characteristic of SOD gene
family proteins. The results showed that the M. truncatula
genome harbored 1 MnSOD, 2 FeSODs and 4 Cu/ZnSODs
(Table 1). All the 4 Cu/ZnSODs (MtCSD1-MtCSD4)
contained a conserved Sod_Cu domain (Pfam: PF00080),
which is the typical characteristic of Cu/ZnSOD proteins.
Amongst them, MtCSD2 contained an additional heavy

Table 1 The information of SOD family genes in M. truncatula and the physical and chemical characteristics of the deduced proteins

MW (kDa) GRAVY Subcellular prediction Domains

length (aa) pl

¢DNA (bp)

Genomic position

Gene ID

Gene

Sod_Fe_N Sod_Fe C HMA

Sod_Cu

61-201

—0.012  Chloroplast

—0.168
—0.243

6.09 21.24
5.57 33.63

6.62
5.45

206
312
161

3761

Chr4: 20933134-20936894 (—)
Chrd: 42120514-42125478 (+) 4965

MtCSDI1  Medtr4g057240.1
MtCSD2  Medtr4gl101820.1

83-140

160-290
14-155
8-148

Chloroplast

Cytoplasm

16.42
15.23

Chr6: 10035658-10039807 (+) 4150

MtCSD3  Medtr6g029200.1

—0.274 Cytoplasm
—0.690 Chloroplast
—0.329 Cytoplasm
—0.249  Mitochondria

152
311
262
235

1617

Chrl: 18924069-18927272 (+) 3204
Chr3: 35603989-35607946 (—) 3958

MtCSD4 Medtr7g114240.3 Chr7: 47131306-47132922 (+)
MtFSD1  Medtr1g048990.1

MtFSD2  Medtr3g078860.1
MtMSD  Medtr3g094250.1

148-267
141-244

56-141
48-134
35-116

5.45 35.33
6.45 30.10
7.90 26.28

126-230
N, iron/manganese superoxide

Sod_Fe

, copper/zinc superoxide dismutase (SODC);

, iron/manganese superoxide dismutases, C-terminal domain; HMA, heavy metal-associated domain

Sod_Cu

Chr3: 43075424-43080786 (—) 5363

gDNA, genomic DNA; bp, base pair; aa, amino acid; MW, molecular weight; pl, isoelectric point;
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Sod_Fe_C

dismutases, N-terminal domain;
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metal-associated domain (Pfam: PF00403), which was also
found in some Cu/ZnSOD proteins from other plant spe-
cies, such as SbSOD3 (Filiz and Tombuloglu 2015), SISOD4
(Feng et al. 2016a), and CsCSD3 (Zhou et al. 2017). The 2
FeSODs (MtFSD1 and MtFSD2) and 1 MnSOD (MtMSD)
each contained an N-terminal SOD alpha-hairpin domain
(Pfam: PF00081) and a C-terminal SOD domain (Pfam:
PF02777), suggesting that they belong to Fe/MnSODs.
The gDNA length of MtSOD genes ranged substan-
tially from 1617 bp (MtCSD4) to 5363 bp (MtMSD), which
encoded proteins with lengths from 152 (MtCSD4) to 312
(MtCSD2) aa. The predictions of physical and chemical
characteristics by the ProtParam server showed that the MW
of the MtSOD proteins varied from 15.23 to 35.33 kDa, with
calculated pI ranging from 5.45 to 7.90, and GRAVY val-
ues ranging from —0.690 (MtFSD1) to —0.012 (MtCSD1)
(Table 1). In addition, pairwise identity analysis showed
that MtSOD proteins shared 8.46-69.08% identity at the
amino acid level (Table S2). Amongst them, the identity of
MtMSD and MtFSD proteins was 32.55-44.92%, while that
of MtCSD proteins was 26.97-69.08% (Table S2). Addition-
ally, WoLF PSORT analysis showed that MtCSDs and MtF-
SDs were located in the chloroplast or cytoplasm, whereas
MtMSD was localized in the mitochondria (Table 1).

Phylogenetic relationships of SOD gene family
members between M. truncatula and other plant
species

To study the phylogenetic history of SOD gene family
members between M. truncatula and other plant species,
74 full-length SOD protein sequences from M. truncatula
(7 MtSODs), C. sativus (9 CsSODs), S. lycopersicum (9
SISODs), O. sativa (8 OsSODs), S. bicolor (8 SbSODs),
A. thaliana (8 AtSODs), B. distachyon (6 BdSODs), G.
raimondii (10 GrSODs), and S. italica (9 SiSODs) were
aligned using Clustal Omega to generate a phylogenetic
tree. As a result, these SOD proteins fell into two major
groups (Fig. 1). All of the Cu/ZnSODs constituted Group
I, which could be further classified into four subgroups
(a—d). MnSODs were clustered with FeSODs into Group 1,
which could also be subdivided into four subgroups (e—h),
implying that MnSODs and FeSODs might originate from
a common ancestor of plants. MtSODs were distributed
in each subgroup, except for subgroup f, which included
only monocotyledonous FeSODs (Fig. 1). In contrast, sub-
group h harbored dicotyledonous FeSODs, while subgroup
g had both monocotyledonous and dicotyledonous FeSODs.
Similarly, subgroups a—d and subgroup e also included Cu/
ZnSODs and MtSODs from monocots and dicots, and these
SODs could be clearly separated into monocot-specific and
dicot-specific groups, suggesting their independent evolution
after the divergence of monocots and dicots. In addition, all
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MtSODs were clustered with dicotyledonous SODs, imply-
ing a closer relationship of MtSODs with dicot SOD proteins
than with monocot SOD proteins (Fig. 1). It is noteworthy
that MtSOD2 was clustered with CsCSD3 and chloroplastic
Cu/ZnSODs from other plants in subgroup d, suggesting that
it is a copper chaperone for superoxide dismutase (CCS)
protein.

Conserved domain analysis of MtSOD proteins

To study the conservation among the seven MtSOD pro-
teins, we carried out multiple sequence alignments of the
sequences from SOD proteins of M. truncatula and other
plant species based on their different types. The two con-
served Cu/ZnSOD signatures (GFH[VLIJH[EA][YL]GDTT
and GNAG[GA]R[VL]ACG) were present in MtCSD1,
MtCSD3 and MtCSD4 (Fig. 2a), but absent in MtCSD2,
which contained two conserved metal-binding motifs
(MXCXXC and CXC) (Fig. 2b). In addition, MtCSD1,
MtCSD3 and MtCSD4 harbored the metal-binding sites
for Cu?* and Zn>*. The FeSOD signature ((AE][QEL][VA]
WNH[DEH]FFWES) and conserved metal-binding domain
(D[VL]WEHAYY) were found in FeSODs and Fe/MnSODs,
respectively (Fig. 2c, d).

For clarification of the conserved domains of MtSODs,
we employed MEME program to identify the conserved
motifs in the SOD proteins of M. truncatula, Arabidopsis
and rice, and ten conserved motifs were identified (Fig. 3).
Amongst them, motifs 7, 1, 10 and 2 were related to the
Sod_Cu domain. Motifs 4, 8 and 6 were specific to the N-ter-
minal SOD domain, while motifs 5, 9, 3 and 10 were associ-
ated with the C-terminal SOD domain. It is noteworthy that
SOD proteins gathered in the same group tended to have
similar motif distribution patterns, which further supported
the group classification. All of the Cu/ZnSODs had motifs
7, 1, 10 and 2, except for two CCS members, MtCSD2 and
CuZn-SOD-CCh, which contained only two conserved
domains, motif 1 and motif 7 (Fig. 3). Interestingly, motif
8 was absent in MnSODs but present in FeSODs, suggest-
ing their divergence in motif composition. In addition, two
FeSODs, AtFSD2 and MtFSD1 had double motif 9, imply-
ing their particular functions (Fig. 3).

Structural features and chromosomal location
of MtSOD genes

The structural features of MtSODs, AtSODs and OsSODs
were examined by GSDS program. Generally, these SOD
genes had 5-9 introns, and genes gathered in the same group
tended to have similar structural features (Fig. 4). For exam-
ple, in Group I, most members in subgroups a and c har-
bored 6 introns, with the exception of cCuZn-SOD1, which
had the largest number of introns (9), while the members of
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Fig. 1 Phylogenetic analysis of SOD proteins from M. truncatula and
other plant species. Multiple sequence alignments of the full-length
SOD protein sequences from M. truncatula, C. sativus, S. lycopersi-
cum, O. sativa, S. bicolor, A. thaliana, B. distachyon, G. raimondii,
and S. italica were performed with Clustal Omega, and the phyloge-

subgroups b and d shared a strictly conserved intron number
(7 and 5, respectively). In Group II, the members (MnSODs)
in subgroup e shared the same number of introns (5), while
the intron number of FeSODs (subgroups f-h) varied from
6to 8.

The MtSOD genes were distributed in 5 of the 8 chromo-
somes of M. truncatula (Fig. 5). Chromosomes 3 and 4 each
possessed two MtSOD genes, while chromosomes 1, 6 and
7 each included only one gene.

Tissue-specific expression profiles of MtSOD genes

To study the expression patterns of MtSOD genes, the
expression data were downloaded from MtGEA (https://
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netic tree was constructed with MEGA 5.0 software by the neighbor-
joining method using 1000 bootstrap replicates. The numbers indi-
cated for each clade represent the bootstrap support values given as
percentages

mtgea.noble.org/v3/). The results indicated that 9 MtSOD
genes were expressed in all the tested tissues (Fig. 6).
However, MtCSD2, MtCSD3, and MtFSD2 exhibited
low transcript abundance, and their highest expression
was detected in seeds at 36 days after pollination (DAP),
leaves, and petioles, respectively. In addition, the expres-
sion of three genes (MtCSDI, MtCSD4 and MtMSD)
was relatively higher in seeds, suggesting their functions
in early seed development (Fig. 6a). The expression of
MtSOD genes during nodule development was also exam-
ined. MtCSD4 and MtMSD were more highly expressed
in root nodules, while the expression of MtFSD?2 in root
nodules was much lower and even undetectable (Fig. 6b).

Pisdlase clla)l auao @

KACST .6l roglell 2= Springer


https://mtgea.noble.org/v3/
https://mtgea.noble.org/v3/

3 Biotech (2018) 8:348

348 Page6of12

so[Suern re[n3a1 yym payrew are (dsy pue ‘UfD ‘SIH) SONPISAI PAAIISUOD XIS ‘Paulropun sT (X AVHAMAJ) urewop Suipuiq
-[e1oW PaAIasU0d A, ‘surajord (qOSUIN Jo seouonbas proe ourwe paonpap Y3 Jo JuswuSife souonbas ordnnpy p ‘so[Suern re[nSor Yiim payIew I8 SoNPISAI ST SUIPUIQ-TBIOW PIATISUOD OM],
‘paurprepun are (X AVHHMI[TA]Q) urewop Surpurq-[ejow paatesuod pue (SHMAIHAAIHNMIVAIITAOIAV]) amieusts QOSed 9UL surdjoid OS2 Jo seouanbas proe ourue paonpap iy jo
Juowudire 9ouanbas aidnnjy 3 ‘paurrepun a1e (DX PUe DX XIXIA) sjnow SuIpuIq-[elawl paAlasuod ], ‘surejoid $HD Jo saouanbas proe ourwre paonpap Ay jo Juawusife aouanbas ordnny
q "AAnoadsar ‘So[SURLI POIGAUT PUE IR[NSOI YIIM PINIEW oIe | U7 PUE N J0f SAYIS SUIpuIq-[ejew oy, "pautfrapun are (DOVITAIMIVOIOVND pue LIAD[TAIVAIHIITAIHAD) semmeusrs
AOSUZ/ND paaIdsuod om], ‘surajoid qOSuz/n) Jo saouanbas proe ourwe paonpap Y Jo juawudife douanbas odnniy e ‘surerord qOSIA Jo seouanbas proe ourwre oy} jo uostredwo) g ‘b4

NOMIATAA ) C AMDSO THEEISO A(Cela T 7MO TEAsd d @O OO i TAOS-UN

IDTTAATEYONIATAAO > > v O THIMSOIEla I VMO TR @O0 T dSWsD

[e pp TASWAY

ASWIN

PIT ¢ > @D.HOM.HGMZNH.HEF ANVHHYOHHTEINT 39S T PN - (e : TAOS-UN

IctT - el NG T / OHH'I@® HHMEH J : dSWSD

PIT ¢ S HOOONAN I VIO TRIARNHRVAR) L © : TASWAY

6TT * M I SHNIHDOONSNTWINOTSIANMAEST A , : ASWIN

a

1X44 €ad0s-°4

691 : TdsdsD

18T ¢ A b c B ¢ oS ¢ 1dsdav

8cc ¢ DD : CASAIN

16¢ X S|4 TE(O) S| V : TASAIN

)

Z1e 1UydD-0os-uznd

66¢C : SODBN

8C¢ A B : €ds0sD

Zre ¢ < 2 > S 2 > 7 HOMENNGT 1.OTA : CASOIN

80T ECARNBRCERIY VO AVY Y STAYMIVY YV YJNd ——— —d A\l m<<€%<mmAm I.Hmm m&d&ﬂmmwmmmZE Y IVAYYAY TV YNV - ——————— +UydD-ados-uznd

S6 EichR @ictEll/\ OO0 ATYS AN A -YS SARE - - - -1 d T - -7 -§V ST ———-— - LGkl - - - - §ASOFSSHTLIVYIVA--EMI-§S———————— : SOD®BN

PIT QI A\NNOSSSISASH--dLANIAYSdddpEiNEIAID g dA0SSATRTSIEPAFOEEIHA dPISK--SEdOMA T ————— : £dsosD

86 pPSchmagaResll/\ 1 HA 1O L--0SST--NOQQTTASdS Il IEATYA PIANSSTAfE-Nd SHHESHSEISS SIS —————— §Iv-----TlL--—-—-———--— : ZdsO3IN
00T * 08 * 09 * (047 * 0¢ *

<]

¢ST ¢ ac AN T SNEOETA T O M RNV et \ ¢ ( : Taos-uzndo

¢ST ¢ OY C AN k E (AR T BEINRIO A RIONSN T NOT ks : TAsSosD

ZST ¢ 2 S £ \Z SINE(O (AR T EENR7ARO A@ONNE T NOTADY. : TdsSO3Y

28T ¢ ), k S ) SNEIOE T T OINAN T TERSVARO (@O NOTA DY H INlela 8 d : PASO3IN

9T * SIIDDY ) X ) S DS Td TRE/CSIT SERE7INO ASIOWVINT NOT 2 : €ASOIN

90¢C * 3 % SINEIOE T T ONAMT Epger IO Ny{ehv@Rl T NO1( 2 « : TASDOIN

oL : BMINAHIDLSEOONIIADOMMH IHAOHTOJRIT O @RIE O3 T TOXI A E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII : Taos-uzndo

oL : OARJEONRIRT HON NN -~~~ —— =~~~ ———m - m - : Tdsosd

oL : S g 2 £ L il 1 GO ARJE ORIl T ./ u \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ : TdsO3vY

oL : : : TS (Lih- 28Ok Bs R : pASOIN

LLo: : : Il HO T e RN NS TRl méauxowmz ||||||||||||||||||||||||||||||||||||||||||||||| : £asOIN

€CT ¢ RIEQIRLE| 1 groNmN 1 /\ NINTAE - I~ NE(®T T LINARJ AT S NOYEININVEM VYT AASTANALSYSTLSAOdSTAASADSASSITTISHSLTASASWISHSYNITHN ¢ TASDO3IN
08 * (0474 * 0¢ *

v

\

pringer

'lqmw@ §

Pielase ¢lloll &




Page70f12 348

pringer

A's

[-YURY)

Jisdlade Ellall
KACST a.18ulg rogle

$9X0q PaI0[0d AJUAIDYIP 0} PAUSISSE Ik SJNowW Ua) YL, ‘NHIA [00) QUIUO Y} Sulsn pjnpoun.y “p pue ‘9ol ‘sisdopign.y woiy surajord qOS 23 Jo sisk[eue Jnout
PAAIISUOD :JYSTY *SIO[0D JUAIIP Aq paxjrewt se sdnoi3qns JY31o ojur papIAIp JOYIIng 9q ued surajoid oy, ‘sereorjder densjooq o001 Pim poyewr Sururol-1oqu3iou Y3SnoIy) njmpounay “py pue ‘@dL
‘s1sdopiqo.ay woiy surdjoxd (qOS 2Y) 10f sisA[eue o139ud3o[Ayd :3JoT 90U pue ‘sisdopiqp.ay ‘Dyngpoundy “py woly surjoid OS Jo SIsA[eur Jrow paaIasuod pue drysuonerar onoualo[Ayd € ‘b4

\/

3 Biotech (2018) 8:348

AIITYIVAOAMNAT B ATdEIVNADIAMTDA [B] YNNA3dTdNONNALYNIT133LASATALS [B]
1AL1d9a930L411193A95SOVINVAYA [l dDWSIMIIAHNMADY [B] MAMOSOILIVYYYNANIIINIISOIQUIIVNTIIONdD999 [B] TONNTNAAALYIHHIOMHIIWLINSIAdI IVATdAddd13A [l
NTHIIAIAYENNAGIAAVHIMAAIO 1A ] DI9II9DVAYOOVNOLDISTIHOONS TAAdAVHAMYEONISNAOLTAIO [€] IN9T1a9VHYIIAIdVOHINNINAHIOLSIDONLIADTYHIHAOH 194X [l 10N

0SE 00€ 0S¢t 00t 0ST 00T 0s
1 . . . . 1 . . . . 1 ' . ' . 1 . . ' ' [ . ' . . 1 . . . s

-

y dnoibgns

dnoifgns

caos=4 m
I S | S — ] — casyv @

LASWY @ a dnoibgns
e e LA0S-un W
e ——— e asin ¢ 8
400-a0S-UZnO M ——— 00k dn
016gns
I — 2asom ¢ ——— ]




3 Biotech (2018) 8:348

348 Page8of12

pajuasaid Afreuoniodoid are ouad (70§ Yoea Jo weansumop,weansdn
PUE ‘SUOX? ‘suonul Jo syISuUdT ‘SESO [00) AUITUO 2} JUISN POUIILXS dIOM DJIIDIUNL "I PUR Q0L ‘s1sdopiqpay WOl sauagd (JOS AU} JO SAINBJ [RINJONNS JYSTY ‘DJNIpOUnL] “jy pue ‘@dll ‘s1s
-dopign.ay woxy surayoxd (qOS 2y} 1o sisAfeue onouagofAyd :3joT "diysuonerar oneuado[Ayd uo paseq 9oL1 pue ‘sisdopigniy ‘Dpnipound) ‘p Wolj soudd (7FOS JO SIsA[eur 2I1Monns auan) b4

uonu| —  weasnsumop /weansdn gl SAO W
Pis Py Pie Pz L PO
T

y dnoibgns

L e L I L R
L e ae  m o ey 2d0se4 m 1 dnoiBgns
L o o s oy | Zasmyv @
L o o o ey L] Lasiiy
SO o dnoubigns
. L ——a I LdOoSs-un |
I L . asmin ¢ e
I I i — I U00-00S-UZNO W ——— 00t
® dnoibgns
I L . 1 ZASOIN &
I 1. B -qos-uzno W
I L L —i L . €ASOIN & dnoibgns
T+ ...
e

e dnoibgns

" rln‘;f:ﬁ @ Springer



3 Biotech (2018) 8:348

Page9of12 348

Chr 1 Chr 3 Chr4 Chr 6 Chr7
0
MtCSD3
MtFSD1
MtCSD1—
25
MtFSD2 —
MtMSD —
MtCSD2 —
MtCSD4—
50
cM

Fig.5 Chromosomal distribution of MtSOD genes from M. trunca-
tula. The chromosome number is indicated at the top of each chromo-
some

Expression profiles of MtSOD genes under abiotic
stress conditions

To assess the roles of MtSOD genes in response to abiotic
stress, the expression profiles of MtSOD genes under salt
stress were analyzed using a publicly available microarray
of M. truncatula (Li et al. 2009). As a result, compared with
in the untreated control sample, nearly all MtSOD genes dis-
played strongly down-regulated expression levels at all time
points, with the exception of MtCSD4, whose expression sig-
nificantly increased after treatment of 6 h, and subsequently
declined at 24 and 48 h (Fig. 7a).

Fig.6 Expression profiles A

of MtSOD genes in dlfferent MtCSD1 ’
developmental stages includ- . ;
ing panicle development (a) mtCsbz |

and root development (b). The MtCSD3

average log signal values of

MtSOD genes were downloaded MtCSD4 o

from the Medicago truncatula MtFSD1

gene expression Atlas (MtGEA) MtFSD2

Project database (https://mtgea

.noble.org/v3/). The color scale MtMSD
(representing log signal values) g:?- 5 E
is shown at the bottom. dap, g = %

days after pollination

png anijeabap

To further evaluate the expression profiles of MtSOD
genes under abiotic stress, we performed high-throughput
sequencing to determine the expression profiles of MtSOD
genes under various stresses including salt, drought, and cold
according to our previous study (Song et al. 2017). Under
salt stress, the expression levels of MrCSDI, MtCSD2 and
MtCSD4 started to rise at the early stage of stress (2 h), and
subsequently declined at 6 and 12 h, while the expression of
the rest MtSOD genes decreased significantly at some time
points (Fig. 7b). Similar expression pattern of MtSOD genes
was observed under drought stress. Most of MtSOD genes
showed significant decreases in expression under drought
stress, except for MtCSD2 and MtCSD4, whose expression
increased sharply and reached the highest level at 2 h, and
declined at 6 and 12 h (Fig. 7c). Cold stress significantly
decreased the expression of all MtSOD genes (Fig. 7d).

Discussion

In this study, we identified and characterized 7 SOD genes
in the M. truncatula genome by genome-wide method,
including 1 MnSOD, 2 FeSODs, and 4 Cu/ZnSODs. Previ-
ous studies have revealed that different plants harbor various
numbers of SOD genes (Zhou et al. 2017), and M. truncatula
has a smaller number of SOD genes than several other plant
species, including Arabidopsis (Kliebenstein et al. 1998),
rice (Nath et al. 2014), tomato (Feng et al. 2016a), sorghum
(Filiz and Tombuloglu 2015), and cucumber (Zhou et al.
2017). Segmental and tandem duplication events were found
in SOD family genes of a number of plant species (Feng
et al. 2015, 2016a; Wang et al. 2016b, 2017; Zhou et al.
2017), but neither segmental nor tandem duplication events
have been identified among MtSOD genes, suggesting that
segmental and tandem duplications are not involved in SOD
gene family expansion in M. truncatula, and the smaller
number of MtSOD genes may be due to the whole-genome
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Fig.7 Expression patterns of MtSOD genes in response to vari-
ous abiotic stresses based on data of microarray (a) and transcrip-
tome (b—d). a Two-week-old M. truncatula seedlings were grown in
hydroponics media with 180 mM NaCl for 0, 6, 24, and 48 h (Li et al.
2009). The microarray data were retrieved from the Medicago trunca-
tula gene expression Atlas (MtGEA) Project database (https://mtgea

duplication, which was also discovered in other plants (Feng
et al. 2015; Wang et al. 2017).

A phylogenetic tree generated among 74 SOD proteins
from M. truncatula and 8 other plant species showed that
these SOD proteins fell into two major categories termed
as Cu/ZnSODs and Fe-MnSODs. Among Fe-MnSODs,
FeSODs and MnSODs from these plants were clustered
together and separated by a high bootstrap value, indi-
cating that they might originate from common ancestral
genes (Miller 2012; Wang et al. 2017; Zhou et al. 2017).
The two major categories can be further divided into
eight subgroups, and the members within the same sub-
group tended to share the same subcellular localization
(Fig. 1). For example, MtCSD4 was clustered together with
SISOD1, CsCSD1, cCuZn-SOD1, cCuZn-SOD2 and other
cytoplasmic Cu/ZnSODs into subgroup a, while MtCSD1
together with CsCSDS5, SISOD3, pCuZn-SOD and other
chloroplastic Cu/ZnSODs were clustered into subgroup b.
The MnSODs of different plant species were clustered in
subgroup e, all of which were predicted to be located in
the mitochondria (Fig. 1; Table 1). MtCSD2 was clustered
with SISOD4, CsCSD3, and CuZn-SOD-CCh in subgroup
d, which exhibited independent evolutionary trajectories
from other Cu/ZnSODs (Fig. 1). Two specific conserved
metal-binding motifs, MXCXXC and CXC, were found
to be present in MtCSD2 as well as in CsCSD3, MaCCS,
and CuZn-SOD-CCh (Fig. 2b), suggesting that these SODs
are homologous to copper chaperones for SOD, which is
in agreement with previous reports (Feng et al. 2016b;
Nath et al. 2014; Zhou et al. 2017). In addition, the pro-
tein motif distribution and gene structures also reveal
that the SOD proteins have strong evolutionary conserva-
tion. For example, similar motif distributions were found
in FeSODs, with one motif (motif 9) doubled in AtFSD2
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.noble.org/v3/), and represented as the relative signal intensity values.
Transcriptome sequencing (RNA-seq) was performed to investigate
expression profiles of MtSOD genes in response to salt (b), drought
(c), and cold (d) as described in our previous study (Song et al.
2017). The FPKM-normalized values were represented by a color
gradient from low (blue) to high expression (red)

and MtFSD1. The same motif patterns were found in
MnSODs and Cu/ZnSODs, with the exception of MtCSD2
and CuZn-SOD-CCh, which contained only two conserved
domains (Fig. 3). In addition, SOD genes from M. trunca-
tula, Arabidopsis and rice showed similar distributions in
the phylogenetic subgroups and intron—exon organizations,
suggesting a high conservation of these genes in the evolu-
tionary process. For example, several gene pairs exhibited
similar numbers of exons/introns and exon length, such as
MtCSD4/AtCSD1/cCuZn-SOD2, MtCSD1/AtCSD2/pCuZn-
SOD, MtCSD3/CuZn-SOD-L, MtCSD2/CuZn-SOD-CCh,
MtMSDI/Mn-SOD1/IAtMSD 1/AtMSD2, MtFSD2/AtFSD3/Fe-
SOD3, and MtFSD1/AtFSD2 (Fig. 4). Thus, we speculate
that they might have common biological functions.
Previous studies have reported that SOD genes may
exhibit two distinctly different expression patterns, namely
constitutive expression and tissue-specific expression (Feng
et al. 2016a; Zhou et al. 2017). In this study, microarray
analyses of MtSOD genes at different developmental stages
revealed that most of the MrSOD genes were ubiquitously
expressed (Fig. 6a), which is in accordance with the results
of previous reports. In addition, compared with in other tis-
sues, MtCSD3, MtFSDI, and MtFSD?2 displayed relatively
higher expression levels in the leaves (Fig. 6a), suggesting
that SOD is a crucial enzyme in scavenging ROS generated
from the photosynthesis of plants (Wang et al. 2017; Zhang
et al. 2016). Similar findings have been reported in some
other plants, including cucumber (Zhou et al. 2017), cotton
(Wang et al. 2017; Zhang et al. 2016), and tomato (Feng
et al. 2016a). Additionally, MtCSD4 and MtMSD showed
high transcriptions in root nodules during different devel-
opmental stages, while MtCSD] displayed relatively higher
expression levels at the early stage of root nodule develop-
ment (Fig. 6b), suggesting that they may be involved in the
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nodulation of M. truncatula. Moreover, genes belonging
to the same functional clade have similar tissue expression
patterns.

The transcripts of SOD genes were found to be altered
under different abiotic stresses (Wang et al. 2017; Zhang
et al. 2017; Zhou et al. 2017). To explore whether the
MtSOD genes are related to abiotic stress responses or not,
we analyzed the microarray and high-throughput sequenc-
ing data from M. truncatula. Transcript abundance analy-
sis demonstrated that the transcriptions of several MtSOD
genes increased significantly under stresses. For example,
the RNA-seq data showed that MtCSD2 and MtCSD4 were
induced at the early time point under salt and drought condi-
tions (Fig. 7b, c), suggesting their crucial roles in scavenging
ROS caused by various stresses in M. truncatula. However,
most MtSOD genes showed down-regulated expression at
certain time points under various abiotic stresses, espe-
cially under cold stress (Fig. 7). Similar findings were also
obtained in several plant species, including banana (Feng
et al. 2015), tomato (Feng et al. 2016a), cucumber (Zhou
et al. 2017) and cotton (Wang et al. 2017; Zhang et al. 2016).
For instance, both SIDOD3 and MtCSD1 were clustered in
subgroup c (Fig. 1), and were down-regulated under salt and
drought stress (Fig. 7b, c¢) (Feng et al. 2016a). GrFSD?2 is
the homologous gene of MtFSD2 in G. raimondii (Fig. 1),
and their expression levels were found to be dramatically
decreased by salt and cold stress conditions (Fig. 7b, d)
(Zhang et al. 2016). These results imply that MtSOD genes
possibly have diverse functions in stress response of M.
truncatula.

Conclusion

In this study, genome-wide characterization and in silico
analysis of the SOD family genes in M. truncatula were per-
formed. As a result, 7 MtSOD genes (1 MnSOD, 2 FeSOD:s,
and 4 Cu/ZnSODs) were identified. We also carried out a
detailed analysis of their chromosomal locations, phyloge-
netic relationships, conserved domains, gene structures, tis-
sue-specific expression profiles as well as expression profiles
in response to certain abiotic stresses. The findings described
in this study may help future investigation of the possible
biological functions of SOD genes to regulate the growth,
development and abiotic stress response of M. truncatula.
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