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Abstract
Background  Superoxide dismutase (SOD) can greatly scavenge reactive oxygen species (ROS) in plants. SOD activity 
is highly related to plant stress tolerance that can be improved by overexpression of SOD genes. Identification of SOD 
activity-related loci and potential candidate genes is essential for improvement of grain quality in wheat breeding. 
However, the loci and candidate genes for relating SOD in wheat grains are largely unknown. In the present study, 
grain SOD activities of 309 recombinant inbred lines (RILs) derived from the ‘Berkut’ × ‘Worrakatta’ cross were assayed 
by photoreduction method with nitro-blue tetrazolium (NBT) in four environments. Quantitative trait loci (QTL) of 
SOD activity were identified using inclusive composite interval mapping (ICIM) with the genotypic data of 50 K single 
nucleotide polymorphism (SNP) array.

Results  Six QTL for SOD activity were mapped on chromosomes 1BL, 4DS, 5AL (2), and 5DL (2), respectively, 
explaining 2.2 ~ 7.4% of the phenotypic variances. Moreover, QSOD.xjau-1BL, QSOD.xjau-4DS, QSOD.xjau-5 A.1, 
QSOD.xjau-5 A.2, and QSOD.xjau-5DL.2 identified are likely to be new loci for SOD activity. Four candidate genes 
TraesCS4D01G059500, TraesCS5A01G371600, TraesCS5D01G299900, TraesCS5D01G343100LC, were identified for QSOD.
xjau-4DS, QSOD.xjau-5AL.1, and QSOD.xjau-5DL.1 (2), respectively, including three SOD genes and a gene associated 
with SOD activity. Based on genetic effect analysis, this can be used to identify desirable alleles and excellent allele 
variations in wheat cultivars.

Conclusion  These candidate genes are annotated for promoting SOD production and inhibiting the accumulation 
of ROS during plant growth. Therefore, lines with high SOD activity identified in this study may be preferred for future 
wheat breeding.
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Introduction
Wheat is an important staple food crop worldwide, pro-
viding 20.0% of calorie for humans [1, 2]. The quality 
of wheat-based products has gained increasing atten-
tion due to people’s growing demand for nutritious and 
healthy diets [3, 4]. The nutritional quality of bread can 
be improved through antioxidant enzyme and non-enzy-
matic antioxidants [5, 6]. Importantly, superoxide dis-
mutase (SOD) plays a pivotal role in scavenging reactive 
oxygen species [7]. Superoxide dismutase in wheat grains 
can tremendously enhance dough rheological proper-
ties by reducing the production of free sulfhydryl groups 
[8]. Increased free sulfhydryl groups cause decreased 
strength of gluten network structure and flour quality 
[9]. Meanwhile, the elevated SOD activity contributes 
to improved wheat quality by increasing the content of 
vitamin C and vitamin E [10]. Therefore, breeding wheat 
varieties with high SOD activity represents a significant 
step forward for improvement of wheat quality.

SOD activity in wheat grain is a quantitative trait con-
trolled by multiple genes and also influenced by environ-
ments [11]. To date, numerous QTL for SOD activity 
have been identified in wheat. For example, several SOD 
QTL were identified in wheat leaf SOD QTL on chro-
mosomes 1B, 1D, 2  A and 6D [11]. Twenty-six SOD 
genes from the wheat genome were detected by bioin-
formatics, including Cu/Zn-SODs, Fe-SODs, and Mn-
SODs [12]. These results indicate that the SOD activity 
of wheat is controlled by several major-effect QTL and 
numerous minor-effect QTL, distributing across wheat 
chromosomes.

SOD in wheat is associated with protecting plant cells 
from oxidative damage and maintaining metabolic equi-
librium in organisms, but research on the correlation of 
SOD activity with quality traits has been rarely reported. 
In particular, there are few reports about SOD in wheat 
grains and knowledge of corresponding molecular mark-
ers, which is limiting breeding practices. There may be a 
risk to wheat production and resistance due to research 
limitations on wheat grain SOD activity. The develop-
ment of functional molecular markers is important for 
efficient breeding. Therefore, the present study was to 
map the QTL for SOD activity, predict the potential can-
didate genes and develop molecular markers for precise 
marker-assisted selection, which would be served as a 
reference for future genetic improvement and quality 
breeding.

Materials and methods
Plant materials
Three hundred and nine F6 RILs developed from the 
cross of ‘Berkut’ × ‘Workatta’, kindly provided by Dr. 
Susanne Dreisigacker at the International Maize and 
Wheat Improvement Center (CIMMYT), were used for 

QTL mapping. The RILs and parental lines were grown 
at the Manas experimental Station of Xinjiang Acad-
emy of Agricultural Sciences in 2016, 2017, 2018 and 
2019 (referred as E1, E2, E3, and E4, respectively). The 
experiments were conducted in randomized complete 
blocks with three replications, and the RILs were planted 
in single 2 m rows spacing in 25 cm between rows. The 
management of field trials was following local practices 
with drip irrigation. The grains of RILs were harvested at 
maturity, and used to extract the SOD enzyme.

Extraction of SOD from wheat grain
The extraction of the crude SOD enzyme was performed 
following Wang et al. [13]. For each line, 10 g grains were 
milled into whole wheat flour using a 0.8  mm cyclone 
mill (laboratory mill 120, Perten, Swedish). The 0.1 g of 
whole wheat flour was immersed in 1 mL of 50 mmol/L 
potassium phosphate (pH 7.8) in a 2 mL Eppendorf tube, 
and subsequently oscillated for 1 min on a mixer oscilla-
tor. The homogenized mixture was put into an ice bath 
shaker for 2 h, then centrifuged at 10,000 rpm for 15 min 
at 4℃ (Centrifuge 5425R, Eppendorf, USA). Finally, the 
supernatant was collected as crude SOD enzyme extract.

Determination of SOD activity
SOD activity was measured using the nitro-blue tet-
razolium (NBT) photoreduction method [14]. Assay 
of each sample includes a sample tube and two control 
tubes. The sample tube contained 10 µL of SOD enzyme 
extract homogenized in a substrate composed of 150 mL 
of 0.05  mol/L phosphate buffer solution, 20 µL of dis-
tilled water, 30 µL of 130 mmol/L Met solution, 30 mL of 
750 µmol/L NBT solution, 30 mL of 100 µmol/L EDTA-
Na2 solution and 30 mL of 20 µmol/L solution, whereas 
the control tube contained the buffer without enzyme 
extract. One control tube was put in the darkness, while 
the other was placed under a 4000  lx fluorescent light 
for 20 min. The control tube in the dark is blank, control 
tube in the light is absorbance of illumination. The OD 
(optical density) value was determined at 560  nm using 
microplate reader (Synergy H1, Biotek, USA). One unit 
of SOD was defined as the amount of hemoglobin that 
inhibits the rate of NBT reduction by 50.0%. The SOD 
activity was calculated using the following formula:

	SODactivity U·g−1= (Ack−AE)× V/(Ack×0.5×W×Vt),

where ACK is absorbance of illumination for the control 
tube, AE is absorbance of illumination for the sample 
tube, V is total sample volume (mL), Vt is sample volume 
for determination (mL) and W is sample fresh weight (g). 
The SOD value of each sample was measured in dupli-
cate to ensure the accuracy of the assay. If the difference 
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between two repeats was more than 10.0%, the experi-
ments were carried out again.

Statistical analysis
The data analysis was performed using Excel 2016 and 
SPSS 21.0. The broad-sense heritability and variance 
were analyzed using the QTL IciMapping V4.1 software 
[15]. The broad-sense heritability (H2) was estimated as 
H2 = σg

2/(σg
2 + σge

2/e + σ∈
2/re), where g2 is genotypic 

variance, ge2  is the variance of genotype × environment 
interaction, σ∈2  is residual errors, and e and rare the 
number of environments and replications, respectively.

Linkage map construction
The genomic DNA was extracted from young wheat 
leaves using a modified cetyltrimethylammonium bro-
mide (CTAB) method. The RILs and parents were gen-
otyped by the wheat 50  K SNP array (the Axiom® HD 
Wheat Genotyping Array, CapitalBio Technology Inc, 
Beijing). The polymorphism analysis was performed 
using the Genomestudiov1.0 software. A total of 11,375 
polymorphic SNP markers were obtained after removing 
markers of distorted segregation (P < 0.001), monomor-
phic markers, and those with more than 20.0% missing 
data, and 1,604 bin markers were selected to construct 
linkage groups. The genetic linkage map was constructed 
with 1604 bin SNP markers, generating 28 linkage groups 
on 21 wheat chromosomes, spanning 2220.3  cM with 
an average genetic distance of 1.38 cM between two bin 
markers. The genetic mapping was carried out using 
CARTHAGENE [16].

QTL mapping
The ICIM-ADD function in the QTL IciMapping V4.1 
software was used to map QTL for the SOD activity. The 
LOD (logarithm of the odds) threshold was determined 
by 1000 × permutations, at a significance level of P < 0.05. 
The locations of QTL on wheat chromosomes were com-
pared with the Chinese Spring (CS) genome sequence 
(IWGSC RefSeq v2.1) to obtain the physical positions of 
QTL. MapChart was used to draw genetic linkage maps 
[17].

Candidate gene prediction
QTL mapping for the SOD activity was projected for 
further comparison. The candidate genes involved in 
the SOD metabolism and regulation pathways were pre-
dicted based on the physical positions of QTL flanking 
markers and the CS reference genome sequences. The 
flanking sequences of SNP markers were blasted on the 
NCBI website (http://www.ncbi.nlm.nih.gov/) and the 
CS reference genome database (http://www.wheatgome.
org/).

Results
Phenotypic variation of SOD activities in wheat grains
The SOD activities of Berkut ranged from 1817.49 to 
1843.44 U·g− 1 across four environments, whereas those 
of Worrakatta ranged from 1698.44 to 1711.11 U·g− 1 
(Table 1). The mean SOD activities of RILs in four envi-
ronments were between 1746.99 U·g− 1~1785.97 U·g− 1 
(Table  1), exhibiting a normal distribution in the popu-
lation (Fig. S1). The SOD activities showed significant 
correlations (P < 0.01) among different environments 
(Table 1). The coefficients of variation in the RIL popu-
lation ranged from 3.9 to 7.1% across environments. The 
broad-sense heritability based on the mean SOD activity 
was 0.8.

QTL for SOD activity
Six QTL for SOD activity were detected on chromo-
somes 1B, 4D, 5  A (2), and 5D (2), designated QSOD.
xjau-1BL, QSOD.xjau-4DS, QSOD.xjau-5  A.1, QSOD.
xjau-5  A.2, QSOD.xjau-5DL.1, and QSOD.xjau-5DL.2 
(Fig.  1), respectively, explaining 2.2 to 7.4% of the phe-
notypic variances (Table  2). The favorable alleles for 
increasing SOD activity at QSOD.xjau-4DS and QSOD.
xjau-5DL.2 loci, were derived from the parental line 
Berkut, whereas those of QSOD.xjau-1BL, QSOD.xjau-
5AL.1, QSOD.xjau-5AL.2 and QSOD.xjau-5DL.1 came 
from another parental line Worrakatta. QSOD.xjau-
5AL.2 and QSOD.xjau-5DL.2 were identified in E2 envi-
ronment and the averaged value of four environments in 
the RIL population. QSOD.xjau-5AL.2 was mapped on 
chromosome 5AL in the region of 577.69 ~ 579.98  Mb, 
flanked by markers AX-111566544 and AX-110511959, 

Table 1  Statistical analysis of SOD activities in wheat grains in the RIL population of ‘Berkut’ ×  ‘Worrakatta’
Parent CV

Environment B (U·g-1) W (U·g-1) Mean (U·g-1)±SD Range (U·g-1) CV E1 E2 E3 E4 H2

E1 1843.44 1710.93 1785.97 ± 126.22 1248.07-2237.51 7.07** 0.75
E2 1817.49 1711.11 1752.78 ± 77.27 1528.67-2119.46 4.41** 0.65**

E3 1828.77 1698.44 1749.13 ± 79.16 1492.51-2104.03 4.50** 0.38** 0.51**

E4 1822.85 1708.44 1746.99 ± 72.20 1419.53-2136.27 4.13** 0.46** 0.48** 0.52**

A 1828.14 1707.23 1758.33 ± 68.25 1490.18-2126.42 3.88** 0.85** 0.83** 0.71** 0.74**

E1: 2016; E2: 2017; E3: 2018; E4: 2019; A: average value; **Significant at P<0.01; SD: Standard deviation; CV: Coefficients of variation; B: Berkut; W: Worrakatta H2: broad-
sense heritability

http://www.ncbi.nlm.nih.gov/
http://www.wheatgome.org/
http://www.wheatgome.org/
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explaining 7.1 ~ 7.4% of the phenotypic variances. QSOD.
xjau-5DL.2 was located between markers AX-94670615 
and AX-111652649 in the 473.90 ~ 481.42  Mb region of 
chromosome 5DL, accounting for 2.6 ~ 4.0% of the phe-
notypic variances.

Candidate genes
Four candidate genes for QSOD.xjau-4DS, QSOD.
xjau-5AL.1, and QSOD.xjau-5DL.1 (2), were identi-
fied based on the significant SNPs associated with SOD 
activity (Table 3). These candidate genes are involved in 
the SOD metabolism or regulation pathways. TraesC-
S4D01G059500 for QSOD.xjau-4DS was predicted to 

Fig. 1  QTL for wheat grain SOD activity identified in the RIL population of ‘Berkut’ × ’Worrakatta’. Note: Markers and QTL are on the right side of the chro-
mosomes, and the genetic positions of the QTL are on the left. The environments where the QTL were detected are shown in different colors (proximal 
region of linkage groups in red color, the distal region of linkage groups in blue color) on the right of the linkage groups. The flanking markers of QTL are 
highlighted in bold
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be the third type of mammalian superoxide dismutase, 
an extracellular Cu and Zn superoxide dismutase, 
referred to as SOD3. TraesCS5A01G371600 and TraesC-
S5D01G343100LC in QSOD.xjau-5AL.1 and QSOD.
xjau-5DL.1 loci, respectively, were found to be superox-
ide dismutase [Cu-Zn], an important enzyme in cellular 
oxygen metabolism. TraesCS5D01G299900 for QSOD.
xjau-5DL.1, encodes an Ethylene-responsive transcrip-
tion factor, related with SOD activity in plant salinity 
tolerance.

Discussion
Determination of SOD activity
Superoxide dismutase is a key enzyme involved in cel-
lular defense against reactive oxygen species in living 
organisms, and is widely distributed in microorgnisms, 
plant and animals [18]. Wang et al. [13] reported SOD 
activity of 1316.83 ~ 2025.14 U·g− 1 in wheat grains, 
and the coefficient of variations in different environ-
ments ranged from 4.3 to 5.2%, indicating that differ-
ent materials exhibit rich variations of SOD activity 
among environments. Therefore, accurate determina-
tion of SOD activity in wheat grains is important for 
discovering genes or genetic loci in the wheat genome. 

The methods for determining SOD activities were 
described previously, and one method based on SOD 
matrix -O2- needs an expensive equipment and is not 
stable [19]. In contrast, indirect assays of SOD activi-
ties are frequently used, e.g., photoreduction method 
based on the NBT reduction [20], pyrogallol autoxida-
tion [21], Cytochrome C reduction method [22] and 
xanthene / xanthene oxidase (XOD) system [23]. The 
NBT method is widely used for SOD determination 
due to its low cost, small sample volume, high degree 
of automation, and convenient procedure [24]. Par-
ticularly, the determination of superoxide anion radi-
cal (o2-) and SOD activity using NBT photoreduction 
are performed mostly in both plants and animals [25, 
26]. Whereas, the NBT method has drawback of a rela-
tively poor soluble formazan, and its accuracy is also 
affected by the protein content in the reaction system, 
however, the catalase, glutathione peroxidase and co-
enzyme Q10 did not interfere with SOD activity deter-
mination in NBT assay [24]. In low temperature and 
low pH, SOD activity was stable, the crude enzyme 
solution has higher activity [27].

QTL associated with SOD activity in wheat
The SOD activities in crops are conditioned by poly-
genes [11], exhibiting significant variations among 
environments [28, 29], and the high variations of SOD 
activities in the stress due to different sensitivities of 
lines to stress [30], which is in agreement with the 
present study. And SOD activities are widely employed 
to indicate plant seed germination [31, 32], premature 
senescence [33], water stress [34], and micronutrient 
[35]. Previously, several seed SOD QTL were identified 
in wheat on chromosomes 1 A, 1B, 1D, 2D, 3 A, 4 A, 
7 A [36]. Here, QTL QSOD.xjau-1BL, QSOD.xjau-4DS, 
QSOD.xjau-5AL.1, QSOD.xjau-5AL.2, QSOD.xjau-
5DL.1 and QSOD.xjau-5DL.2 for SOD activities in 
wheat grain were identified on chromosomes 1B, 4D, 
5  A (2) and 5D (2), respectively. Among these, QTL 
QSOD.xjau-1BL was identified on chromosome 1BL 
at region from 665.80 to 668.96 Mb. An unconditional 

Table 2  Locations and effects of QTL for SOD activity detected in the RIL population of ‘Berkut’ ×  ‘Worrakatta’
QTL Marker Interval Position (Mb) LOD PVE (%) Add Environment
QSOD.xjau-1BL AX-94442624 -AX-179476213 665.80~668.96 2.06 2.92 13.39 E3
QSOD.xjau-4DS AX-110480016 -AX-110394481 8.01~28.05 2.22 2.20 -13.74 E2
QSOD.xjau-5AL.1 AX-110511959 -AX-179476109 567.51~577.69 2.86 4.99 25.04 E1
QSOD.xjau-5AL.2 AX-111566544 -AX-110511959 577.69~579.98 7.97 7.39 25.42 E2

AX-111566544-AX-110511959 577.69~579.98 5.96 7.12 20.18 A
QSOD.xjau-5DL.1 AX-179558173-AX-179476735 393.06~400.88 2.10 2.32 11.40 A
QSOD.xjau-5DL.2 AX-94670615 -AX-111652649 473.90~481.42 2.75 2.59 -14.92 E2

AX-94670615-AX-111652649 473.90~481.42 3.42 3.96 -14.92 A
E1: 2016; E2: 2017; E3: 2018; E4: 2019; A: average value; LOD: logarithm of odds; PVE: phenotypic variance explained. The physical positions of QTL are based on the 
Chinese Spring (CS) RefSeq v2.1

Table 3  Candidate genes predicted in the QTL regions
QTL Marker interval Posi-

tion 
(Mb)

Gene Gene an-
notation

QSOD.xjau-4DS AX-110480016 
-AX-110394481

35.17 TraesCS-
4D01G059500

Superoxide 
dismutase 
[Cu-Zn] 3

QSOD.
xjau-5AL.1

AX-110511959 
-AX-179476109

570.37 TraesC-
S5A01G371600

Superoxide 
dismutase 
[Cu-Zn]

QSOD.
xjau-5DL.1

AX-179558173-
AX-179476735

371.12 TraesCS5D01G-
343100LC

Superoxide 
dismutase 
[Cu-Zn]

397.09 TraesCS-
5D01G299900

Ethylene-
responsive 
transcrip-
tion factor

The physical locations of QTL are based on the Chinese Spring (CS) RefSeq v2.1, 
and these candidate genes are annotated in the Chinese Spring (CS) RefSeq v2.1
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QTL for SOD activity were detected on chromosome 
1B (swes119a-ubc857a) in wheat grain during germi-
nation [36]. The QTL qSOD.1B.SH for SOD activity 
was detected on chromosome 1B (xcfd15-xgwm264) in 
wheat leaves [36]. The QSOD.xjau-5DL.1 was located 
on the interval 393.06 ~ 400.88  Mb of chromosome 
5DL, in agreement with Wang et al. [13] who identified 
a QTL linked with the marker RAC875_c49940_385 
at 399.30  Mb on chromosome 5D in wheat grain 
by GWAS panel, whereas QSOD.xjau-5DL.1 was at 
6.24 Mb to 1.58 Mb that is much distant from marker 
RAC875_c49940_385. Therefore, QSOD.xjau-1BL, 
QSOD.xjau-4DS, QSOD.xjau-5 A.1, QSOD.xjau-5 A.2, 
and QSOD.xjau-5DL.2 identified in the present study 
are likely to be new loci for SOD activity.

Candidate genes of QTL
The four candidate genes identified in the pres-
ent study are involved in regulation of SOD dis-
mutase, including three SOD genes and a gene related 
with SOD activity. TraesCS4D01G059500, TraesC-
S5A01G371600 and TraesCS5D01G343100LC were 
predicted to be SOD genes, located on chromosomes 
4DS, 5AL and 5DL, respectively. In addition, a Cu / 
Zn-SOD gene was found to be present in chromo-
some 4DL (at chromosome region of 405.45 Mb) [12]. 
TraesCS5D01G299900 found in QSOD.xjau-5DL.1 
locus encodes Ethylene-responsive transcription fac-
tor. In the MAPK signaling pathway, ERF1b interacts 
with MYC2, indicating that ERF1b may be a key inte-
gration factor in ETH/JA dependent defense regula-
tion of ETH/JA signaling [37, 38]. ERF transcription 
factors and ethylene along with oxygen dependent 
signal transduction, play an important role in hypoxic 
responses [39]. Several QTL on chromosomes 5 A and 
5D are associated with SOD, and these QTL are stable 
across environments. Future studies can focus on these 
two chromosomes to further dissect the genetic mech-
anism underlying the activity of SOD in wheat grain.

Wheat lines with high SOD activity
The SOD gene TaSOD showed up-regulation or sig-
nificantly increased expression levels in wheat after 
drought and salt stresses [12]. The drought-tolerant 
genotype had significantly higher level of expression 
for Mn-SOD and Cu/Zn-SOD than susceptible geno-
type [40]. In the present study, some F6 RILs devel-
oped from the cross of ‘Berkut’ × ‘Workatta’ had high 
SOD activities in the population. The lines B104, 
B113, B109, B223, B224, B230, and B106 have higher 
level of SOD activity (2126.42 ~ 1911.47 U·g− 1) than 
other RILs. Favorable alleles for six QTL QSOD.xjau-
1BL, QSOD.xjau-4DS, QSOD.xjau-5AL.1, QSOD.
xjau-5AL.2, QSOD.xjau-5DL.1, and QSOD.xjau-5DL.2 

contributed to the high SOD activities in these lines 
(Table S1). The mean SOD activities of RILs harboring 
six, five, four, three, two and one favorable alleles are 
1954.80 U·g− 1, 1796.92 U·g− 1, 1773.88 U·g− 1, 1770.21 
U·g− 1, 1757.59 U·g− 1 and 1737.42 U·g− 1 in four envi-
ronments of SOD activities. The line B104 had the 
highest SOD activity of 2126.42 U·g− 1 possessing six 
favorable alleles from QTL QSOD.xjau-1BL, QSOD.
xjau-4DS, QSOD.xjau-5AL.1, QSOD.xjau-5AL.2, 
QSOD.xjau-5DL.1 and QSOD.xjau-5DL.2; the line 
B109 containing five favorable alleles from five loci 
(QSOD.xjau-1BL, QSOD.xjau-5AL.1, QSOD.xjau-
5AL.2, QSOD.xjau-5DL.1 and QSOD.xjau-5DL.2) had 
1943.16 U·g− 1 of SOD activity; and the line B106 with 
five favorable alleles at loci of QSOD.xjau-1BL, QSOD.
xjau-5AL.1, QSOD.xjau-5AL.2, QSOD.xjau-5DL.1, 
and QSOD.xjau-5DL.2 in had 1911.47 U·g− 1 of SOD 
activity; and four favorable alleles at loci of QSOD.
xjau-1BL, QSOD.xjau-5AL.1, QSOD.xjau-5DL.1 and 
QSOD.xjau-5DL.2 were found in the line B222 that 
had 1898.94 U·g− 1 of SOD activity; and the other lines 
B104, B109, and B106 also had higher level of SOD 
activities among the population. The favorable alleles 
at these loci could be benefited for improvement of 
SOD activity in wheat breeding, and those lines with 
favorable alleles of QTL, and high and stable SOD 
activity can be integrated into wheat germplasm, and 
be used to improve the abiotic stress tolerance and 
quality in wheat.

Conclusion
Six QTL for SOD activity were detected on chromo-
somes 1BL, 4DS, 5AL (2), and 5DL (2), respectively, in 
the RIL population of ‘Berkut’ × ‘Worrakatta’, explain-
ing 2.2 ~ 7.4% of the phenotypic variances. Among 
four candidate genes predicted in the region of QTL, 
TraesCS4D01G059500, TraesCS5A01G371600, 
TraesCS5D01G343100LC and TraesCS5D01G299900 
are annotated as superoxide dismutase [Cu-Zn] 3, 
superoxide dismutase [Cu-Zn], superoxide dismutase 
[Cu-Zn] and Ethylene-responsive transcription factor, 
respectively. Seven wheat lines with high SOD activi-
ties can be used as germplasms to improve abiotic 
stress tolerance and quality in wheat breeding. In the 
future, fine mapping of SOD candidate genes will fur-
ther elucidate the genetic dissection of SOD activity in 
wheat grains.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12870-024-05367-z.

Supplementary Material 1

Supplementary Material 2

https://doi.org/10.1186/s12870-024-05367-z
https://doi.org/10.1186/s12870-024-05367-z


Page 7 of 8Qu et al. BMC Plant Biology          (2024) 24:716 

Author contributions
Author Contributions Statement KQ and JW drafted the manuscript. YC, BB 
and XX assisted in writing the manuscript. HG initiated the project, revised and 
finalized the manuscript. All authors reviewed the final manuscript.

Funding
This work was supported by Xinjiang Natural Science Funds for Distinguished 
Young Scholar (2022D01E46), National Natural Science Foundation of China 
(32160461), and Xinjiang Young Science and Technology Top Talent Project 
(2022TSYCCX0079).

Data availability
Data availability statementsThe datasets generated or analysed during this 
study are included in this article and its Additional file or are available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 April 2024 / Accepted: 1 July 2024

References
1.	 Ranjeet RK, Suneha G, Khushboo S, Kavita D, Shweta S, Renu S, et al. Identifi-

cation of putative RuBisCo activase (TaRca1)-the catalytic chaperone regulat-
ing carbon assimilatory pathway in wheat (Triticum aestivum) under the heat 
stress. Front Plant Sci. 2016;7:986.

2.	 Singh S, Kaur J, Ram H, Singh J, Kaur S. Agronomic bio-fortification of wheat 
(Triticum aestivum L.) to alleviate zinc deficiency in human being. Rev Environ 
Sci Biotechno. 2023;22(2):505–26.

3.	 Xu JW, Zhang YQ, Wang WQ, Li YH. Advanced properties of gluten-free cook-
ies, cakes, and crackers: a review. Trends Food Sci Tec. 2020;103:200–3.

4.	 Peng YC, Zhao Y, Yu ZT, Zeng JB, Xu DG, Dong J, et al. Wheat quality formation 
and its regulatory mechanism. Front Plant Sci. 2022;13:834654.

5.	 Supasil R, Suttisansanee U, Santivarangkna C, Tangsuphoom N, Khemthong 
C, Chupeerach C, et al. Improvement of sourdough and bread qualities 
by fermented water of Asian pears and assam tea leaves with co-cultures 
of lactiplantibacillus plantarum and Saccharomyces cerevisiae. Foods. 
2022;11(14):2071.

6.	 Chris B, Wim VC, Marc VM, Dirk I, Kozi A. Superoxide dismutase in plants. Crit 
Rev Plant Sci. 1994;13(3):199–218.

7.	 Ma DY, Sun DX, Zuo Y, Wang CY, Zhu YJ, Guo TC. Diversity of antioxidant 
content and its relationship to grain color and morphological characteristics 
in Winter Wheat grains. J Integr Agric. 2014;13(6):1258–67.

8.	 Nakamura M, Kurata T. Effect of l-ascorbic acid on the rheological properties 
of wheat flour-water dough. Cereal Chem. 1997;74(5):647–50.

9.	 Jelena T, Milica P, Aleksandra T, Slađana R, Dragan Ž, Elizabet JH, et al. Changes 
in the content of free sulphydryl groups during postharvest wheat and 
flour maturation and their influence on technological quality. J Cereal Sci. 
2013;58(3):495–501.

10.	 Olga B, Eija V, Kurt VF. Antioxidants, oxidative damage and oxygen depriva-
tion stress: a review. Ann Bot. 2003;91(2):179–94.

11.	 Noshin I, Muhammad WA, Muhammad AS, Wajiha K, Fahad MW, Rashid MR, 
et al. Quantitative trait loci (QTL) mapping for physiological and biochemical 
attributes in a Pasban90/Frontana recombinant inbred lines (RILs) popula-
tion of wheat (Triticum aestivum) under salt stress condition. Saudi J Biol Sci. 
2019;27(1):341–51.

12.	 Jiang WQ, Yang L, He YQ, Zhang HT, Li W, Chen HG, et al. Genome-wide 
identification and transcriptional expression analysis of superoxide dismutase 
(SOD) family in wheat (Triticum aestivum). PeerJ. 2019;7:e8062.

13.	 Wang JQ, Ren Y, Shi XL, Wang LL, Zhang XZ, Sulitan, et al. Genome-wide 
association analysis of Superoxide dismutase (SOD) activity in wheat grain. 
Scientia Agricultura Sinica. 2021;54(11):2249–65. (in Chinese).

14.	 Qu M, Qin LN, Liu YJ, Fan HC, Zhu S, Wang JF. The comparison of two 
methods of testing superoxide dismutase activity. J Food Saf Qual. 
2014;5(10):3318–23. (in Chinese).

15.	 Meng L, Li HH, Zhang LY, Wang JK. QTL IciMapping: Integrated software for 
genetic linkage map construction and quantitative trait locus mapping in 
biparental populations. Crop J. 2015;3(03):269–83.

16.	 Aakriti V, Niranjana M, Jha SK, Niharika M, Priyanka AV. QTL detection and 
putative candidate gene prediction for leaf rolling under moisture stress 
condition in wheat. Sci Rep. 2020;10(1):18696.

17.	 Voorrips RE. MapChart: software for the graphical presentation of linkage 
maps and QTLs. J Hered. 2002;93(1):77–8.

18.	 Sudipta KM, Swamy MK, Balasubramanya S, Anuradha M. Assessment of 
genetic fidelity, antioxidant enzyme activity and proline content of micro-
propagated and field grown plants of Leptadenia reticulata (wight & arn.)-an 
endangered medicinal plant. PCBMB. 2014;15(34):127–35.

19.	 Minami M, Yoshikawa H. A simplified assay method of superoxide dismutase 
activity for clinical use. Clin Chim Acta. 1979;92(3):337–42.

20.	 Fabio RC, José T, Aparecida SMM, Ricardo AV, Joaquim AGS. Superoxide 
dismutase, catalase and peroxidase activities do not confer protection 
against oxidative damage in salt-stressed cowpea leaves. New Phytol. 
2004;163(3):563–71.

21.	 Ramasarma T, Aparna VSR, Maya DM, Omkumar RV, Bhagyashree KS, Bhat SV. 
New insights of superoxide dismutase inhibition of pyrogallol autoxidation. 
Mol Cell Biochem. 2015;400(12):277–85.

22.	 Nuh K, Orhan U, İbrahim Ö. Toxic effects of the synthetic pyrethroid perme-
thrin on the hematological parameters and antioxidant enzyme systems of 
the freshwater fish Cyprinus carpio L. Ecotoxicology. 2023;32(5):646–55.

23.	 Navaneethaiyer U, Kasthuri SR, Bathige SDNK, Lim BS, Park MA, Whang I, 
et al. A manganese superoxide dismutase with potent antioxidant activity 
identified from Oplegnathus fasciatus: genomic structure and transcriptional 
characterization. Fish Shellfish Immun. 2013;34(1):23–37.

24.	 Zhou JY, Prognon P. Raw material enzymatic activity determination: a specific 
case for validation and comparison of analytical methods—the example of 
superoxide dismutase (SOD). J Pharm Biomed Anal. 2005;40(5):1143–8.

25.	 Babitha MP, Prakash HS, Shetty HS. Purification and partial characteriza-
tion of manganese superoxide dismutase from downy mildew resistant 
pearl millet seedlings inoculated with Sclerospora Graminicola. Plant Sci. 
2002;163(4):917–24.

26.	 Pramita S, Pramita G, Priyajit B, Shubhajit S, Azubuike VC, Soumendranath C, 
et al. Behavioral toxicity, histopathological alterations and oxidative stress in 
Tubifex tubifex exposed to aromatic carboxylic acids-acetic acid and benzoic 
acid: a comparative time-dependent toxicity assessment. Sci Total Environ. 
2023;876:162739.

27.	 Lai L, Chang P, Chang C. Isolation and characterization of superoxide dis-
mutase from wheat seedlings. J Agric Food Chem. 2008;56(17):8121–9.

28.	 Wang XG, Yao XL, Zhao AH, Yang MM, Zhao WC, Melissa KL, et al. Phos-
phoinositide-specific phospholipase C gene involved in heat and drought 
tolerance in wheat (Triticum aestivum L). Genes Genom. 2021;43(10):1167–77.

29.	 Shahid M, Shukla AK, Nayak AK, Tripathi R, Meher J, Lal B, et al. Root activity 
and antioxidant enzyme activities of rice cultivars under different iron toxicity 
mitigation options. J Indian Soc Soil Sci. 2017;65(3):341–8.

30.	 Liu BS, Kang CL, Wang X, Bao GZ. Tolerance mechanisms of Leymus 
chinensis to salt-alkaline stress. Acta Agric Scand Sect B-Soil Plant Sci. 
2015;65(8):723–34.

31.	 Subhashini DP, Satyanarayana B, Tarakeswara NM. Activities of antioxi-
dant systems during germination of Sterculia urens Roxb. seeds. Vegetos. 
2021;34(4):882–8.

32.	 Salar M, Elias S, Ebrahim Z, Masoud E, Farshid GF, Maryam HC, et al. Seed 
priming improves enzymatic and biochemical performances of rice 
during seed germination under low and high temperatures. Rice Sci. 
2023;30(4):335–47.

33.	 Li FZ, Jin SH, Hu GC, Fu YP, Si HM, Jiang DA, et al. Isolation and physiological 
characteristics of a premature senescence mutant in rice (Oryza sativa L). J 
Zhejiang Univ Sci B. 2005;6(8):803–11.

34.	 Sarah S, Chang YP, Ashok G, Norhaizan ME, Charles G. An insight on super-
oxide dismutase (SOD) from plants for mammalian health enhancement. J 
Funct Foods. 2020;68:103917.



Page 8 of 8Qu et al. BMC Plant Biology          (2024) 24:716 

35.	 Yu Q, Rengel Z. Micronutrient deficiency influences plant growth and 
activities of superoxide dismutases in narrow-leafed lupins. Ann Bot. 
1999;83(2):175–82.

36.	 Jiang P, Wan ZY, Wang ZX, Li SS, Sun QQ. Dynamic QTL analysis for activity of 
antioxidant enzymes and malondialdehyde content in wheat seed during 
germination. Euphytica. 2013;190(1):75–85.

37.	 Tang DF, Quan CQ, Lin Y, Wei KH, Qin SS, Liang Y, et al. Physio-
Morphological,biochemical and transcriptomic analyses provide insights 
into drought stress responses in Mesona Chinensis Benth. Front Plant Sci. 
2022;13:809723.

38.	 Oscar L, Raquel P, Jose JSS, Roberto S. ETHYLENE RESPONSE FACTOR1 inte-
grates signals from ethylene and jasmonate pathways in plant defense. Plant 
Cell. 2003;15(1):165–78.

39.	 Manuela H, Iain WW, Yang J, Katharina B, Danny L, Elizabeth SD, et al. Arabi-
dopsis RAP2.2: an ethylene response transcription factor that is important for 
hypoxia survival. Plant Physiol. 2010;153:757–72.

40.	 Armin SM, Fatemeh S, Elham F, Fatemeh B, Mehrnaz R, Ali AM. Superox-
ide dismutase (SOD) as a selection criterion for triticale grain yield under 
drought stress: a comprehensive study on genomics and expression profil-
ing, bioinformatics, heritability, and phenotypic variability. BMC Plant Biol. 
2021;21(1):148.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Identification of quantitative trait loci and candidate genes for grain superoxide dismutase activity in wheat
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant materials
	﻿Extraction of SOD from wheat grain
	﻿Determination of SOD activity
	﻿Statistical analysis
	﻿Linkage map construction
	﻿QTL mapping
	﻿Candidate gene prediction

	﻿Results
	﻿Phenotypic variation of SOD activities in wheat grains
	﻿QTL for SOD activity
	﻿Candidate genes

	﻿Discussion


