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Abstract

Background: The main objectives of this study were to find the possible structural association between the activity
of enzymatic antioxidants and the grain yield of triticale plants as well as identifying the genotypic variability which
might be effective on this association. Accordingly, expression levels of superoxide dismutase (SOD) isozymes (Mn-
SOD, Cu/Zn-SOD, and Fe-SOD) were appraised to distinguish any possible relationship between SOD expression
and drought resistance of triticale. A novel analytical method for distinguishing elite genotypes based on measured
features was proposed. Additionally, a new programing based on SAS-language (IML) was introduced to estimate
the genetic parameters rooted from combined ANOVA model (linear mixed model), which is capable of being used
in any field study other than the current one.

Methods: Thirty genotypes of triticale were studied under normal and drought stress conditions during 6 years
(three different locations). Accordingly, based on the results of genetic variability, heatmap analysis, biplot graph,
and clustering technique, two genotypes with the highest genetic distance were selected to appraise the
differential expression profiling of three SOD isozyme in shoot and root organs.

(Continued on next page)

* Correspondence: saedmoocheshi@gmail.com

'Department of Horticulture, Faculty of Agriculture, University of Kurdistan,
Sanandaj, Iran

“Horticulture and Crop Research Department, Kermanshah Agricultural and
Natural Resources Research and Education Center (AREEO), Kermanshah, Iran
Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-02919-5&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:saedmoocheshi@gmail.com

Saed-Moucheshi et al. BMC Plant Biology (2021) 21:148

Page 2 of 19

(Continued from previous page)

Results: Field experiments and bioinformatics results showed that superoxide dismutase (SOD) was the most
influential antioxidant in resistance of triticale to drought stress; therefore, it could be used as an indirect selection
index in early stages to distinguish resistant genotypes to drought stress. Additionally, Mn-SOD and Fe-SOD showed
roughly similar expression levels for both genotypes under drought stress. However, Cu/Zn-SOD expression level
was higher in root and shoot of the tolerant genotype than the susceptible genotype.

Conclusion: Heatmap analysis that is applied for the first time to screen suitable genotypes, showed to be highly
capable of distinguishing elite genotypes and pointing out the proper features for selection criteria. Bioinformatics
results indicated that SOD is more important than other enzymatic antioxidant for being considered as selection
criteria or candidate gene for transgenic purposes. Based on expressional results, Mn-SOD announced as a general
isozyme that is probably highly expressed in most of the species, while, Cu/Zn-SOD was introduced as a genotype
specific isozyme that is likely more expressed in tolerant genotypes

Keywords: Heatmap, Mn-SOD, Cu/Zn-SOD, Fe-SOD, Promotor analysis, Feature selection

Background

High demands for agricultural products as a result of
growing population has led researchers to apply and re-
view altered procedures and approaches so as to increase
the production and adoptability of the crops [56]. Many
efforts have been done in order to combine varied cap-
abilities of different plant species into one unique plant.
Subsequently, over 100 years ago scientists had been able
to made and release a new plant species by crossing be-
tween wheat (Triticum sp.) and rye (Secale cereale)
plants [10]. The intention was to increase the capability
of wheat, as one of the most significant sources of food
amongst cereals in the world, to resist the harsh envir-
onmental conditions such as drought stress. Different
crossing between rye and wheat with altered polyploidy
levels resulted in different types of plants with different
properties inherited from different genome sets [53].
Triticale (xTriticosecale Wittmack) is a hexaploidy spe-
cies (AABBRR) resulted from crossing between tetra-
ploid wheat (7. durum Desf; 2n = 28: AABB), known as
durum wheat, and diploid rye (2n = 14: RR). Final release
of triticale inherited favorable features and properties
from both of its progenitors such as higher resistance to
drought stress and higher plant production in compari-
son to wheat plants [37].

Resistance to drought stress is a complex process in-
volving different types of physiological and molecular
networks and responses which has not been properly
unveiled and addressed yet [40, 57]. Drought stress,
similar to the most of other environmental stresses, in-
directly causes oxidative stress in plants as a result of
disturbing the balance between production and detoxifi-
cation of oxygen radicals [7, 11, 48]. In such condition,
defense systems and stress resistance mechanisms in
plants are activated to induce higher detoxification of
oxygen radicals [27, 54]. Accordingly, the content of an-
tioxidants in plant cells are increases as the results of ac-
tivating and/or enhancing the expression profiling of

related genes [26, 47, 50]. Superoxide dismutase (SOD)
is family of genes that its enzymatic products are able to
actively dismutase the superoxide radicals (O,7) in dif-
ferent plants’ organelles [17, 23]. According to numerus
scientific reports, SOD family contains three main mem-
bers i.e. magnesium-SOD (Mn-SOD), copper/zinc-SOD
(Cu/Zn-SOD), and iron-SOD (Fe-SOD). Many studies
have substantiated altered expression rates for each of
the SOD isozymes under varies situation and stresses in
different plants species [3, 20, 48] and even different ge-
notypes within a species [12, 17, 54]. Therefore, delving
over the SOD expressional mechanisms that are active
in its responsive pathways along with identification of
related regulatory elements may provide new insights to-
ward understanding and recognizing the resistance
mechanisms in plants. Additionally, finding the true
association between SOD expression rate and plant
productivity under drought stress condition would
help breeders to identify resistant genotypes with
more simplicity and increase the efficiency of breed-
ing programs [34].

The main objectives of the current study were to find
the structural association between the activity of enzym-
atic antioxidants and grain yield of triticale plants along
with identify the genotypic variability of SOD activity
among different triticale elite genotypes under normal
irrigation and drought stress conditions by means of ad-
vanced and novel statistical methods. Also, the promotor
analyzing of enzymatic antioxidants: SOD, glutathione
reductase (GR), peroxidase (POD), catalase (CAT), and
ascorbic peroxidase (APX) was carried out to evaluate
the variation in regulatory network among these antioxi-
dants in line with identify the key regulatory elements in
these pathways. In addition, the difference between ex-
pression rate of SOD isozymes (Mn-SOD, Cu/Zn-SOD,
and Fe-SOD) in selected triticale genotypes, with highest
genetic distance and lowest similarity, were tested to find
out about the relationship between their expression rate
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and the resistance of triticale plants to drought stress.
The tolerant genotypes of triticale maintaining high pro-
duction under drought stress condition, were then intro-
duced as genotypes candidates for being used as new
and favorable cultivars.

Results

ANOVA and genetic variability

The first three out of six years of the field study were
performed in one location (Shiraz), the fourth year in
another location (Zarghan), and the last two years in a
separate location (Sanandaj); therefore, the effect of loca-
tion, as a source of variance, in combined ANOVA is ac-
tually nested inside the effect of year that makes it
impossible to separate these two effects from each other.
Subsequently, the effect of year, as a representative of
both year and location, was considered along with the
effect of condition (stress), normal irrigation or drought
stress condition within each year, and the effect of geno-
type in final ANOVA model as the main source of vari-
ation (Table 3). The effect of year was statistically
significant (p < 0.05) for all measured features in triticale
plants consisting of H,O,, MDH, chlorophyll, caroten-
oid, protein, proline, POD, CAT, APX, GR, SOD, and
grain yield which indicates the overall difference be-
tween years and locations regarding these features. Simi-
larly, there was significant differences between normal
irrigation and drought stress conditions regarding all
features in Table 3. However, no significant effect of
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stress x year interaction was found for chlorophyll con-
tent, protein content, POD and APX activities. Save for
proline content, the main effect of genotype along with
the interaction effects of year x genotype, stress x geno-
type, and stress x year x genotype were statistically sig-
nificant for all other measured features (Supplementary
Table 3).

Genetic parameters were estimated by taking year and
genotype as random effects and calculating the expected
values for each source of variation in ANOVA mixed
model separately in each stress condition (Table 1). Ac-
cordingly, environmental, genotypic, and phenotypic
variance were extracted from data and transformed into
standard indices i.e. heritability, phenotypic coefficient of
variation (PCV), and genotypic coefficient of variation
(GCV). The highest heritability under normal irrigation
and drought stress conditions were observed in caroten-
oid content (62%) and SOD activity (61%), respectively.
The protein content showed the lowest percentage of
heritability in both normal irrigation (6.81%) and
drought stress conditions (4.15%). Under normal irriga-
tion condition, proline content had the highest PCV
(70%) and GR activity showed the highest GCV (26.6%).
The lowest PCV (7.5%) and GCV (1.6%), on the other
side, were obtained for H,O, in normal irrigation condi-
tion. MDH and CAT activity were the feature with the
same lowest percentage of PCV (33.6%) in drought stress
condition. The highest PCV percentage under drought
stress condition was observed in APX activity. SOD

Table 1 Genetic parameters estimated for biochemical features and grain yield of triticale plants across six years of study

Normal irrigation

H,0, MDH TChl Car Prtn
genotypic variance 0.05 0.70 2.10 0.83 0.31
environmental variance 0.20 1.01 5.84 0.51 422
phenotypic variance 0.25 1.71 794 1.34 453
heritability 21.8 40.8 264 619 6.81
pPCv 7.51 42.1 43.8 25.7 31.2
GCV 1.64 17.2 15 159 2.12
mean 333 4.05 18.1 5.19 14.5
Drought stress

H,0, MDH TChI Car Prtn
genotypic variance 0.27 0.95 6.06 2.05 0.77
Environmental variance 456 3.76 5.26 1.05 17.7
phenotypic variance 483 471 1.3 3.10 18.5
heritability 5.56 20.1 535 56.1 4.15
pPCv 62.8 33.6 859 51.2 528
GCV 349 6.76 46.0 339 219
mean 769 14.1 13.2 6.06 350

PRL POD CAT APX GR SOD Yid

1.20 1.03 0.04 21.87 0.70 1.64 41.16
5.02 290 045 19.18 0.73 4.05 173.9
6.22 393 049 41.06 143 5.69 2151
19.3 26.1 8.89 53.28 487 288 19.14
69.8 29.7 238 3343 546 475 28.99
135 775 2.12 17.81 266 13.7 5550
891 13.2 207 122.8 261 12.0 7411
PRL POD CAT APX GR SOD Yid

6.850 1342 0.52 3855 093 20.06 47.06
6.780 20.68 1.59 1153 1.73 12.85 74.83
13.63 34.10 21 1539 2.66 3291 121.9
50.25 3935 247 25.05 348 60.96 3861
71.06 7838 336 91.34 394 76.16 39.96
3571 30.85 831 22.88 13.7 4643 1543
19.18 43.51 6.28 168.5 6.75 43.21 305.1

@ Hydrogen peroxide: H,0,, malondialdehyde: MDH, total chlorophyll: TChl, carotenoid: Car, total protein: Prtn, free proline: PRL, peroxidase: POD, catalase: CAT,

ascorbic peroxidase: APX, glutathione reductase: GR, superoxide dismutase: SOD, and grain yield: Yld, phenotypic coefficient of variation: PCV, genotypic
coefficient of variation: GCV
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activity showed the highest GCV (46.4%) in drought
stress condition, while the lowest in this condition was
estimated for protein content (2.19%).

The average values for all triticale genotypes regarding
SOD activity, as the most important variable of the study
as a result of the highest heritability and genetic variabil-
ity in drought stress condition, and grain yield across all
6 years experiments doubled with their standard errors
for each stress condition are presented in Table 2. Geno-
types 21 (849.5 g/m?) and 17 (625.1 g/m?) under normal
irrigation condition and genotypes 19 (380.6 g/m?) and 7
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(257 g/m?) under drought stress condition showed the
highest and the lowest grain yield, respectively. Geno-
type 3 showed above average grain yield for normal irri-
gation condition while lower than average point for
stress condition; whereas, the grain yield of genotype 28
was above average point under both normal and stress
conditions. Genotype 28 showed the highest SOD activ-
ity than all other triticale genotypes in both normal irri-
gation (17.5 u/mg protein) drought stress conditions
(49.9 u/mg protein). The lowest SOD activity for normal
and stress conditions were obtained in genotype 1 (4.4

Table 2 Mean + standard error of each triticale genotype across six years experiments, separated according to the normal irrigation

and drought stress conditions

Genotype Superoxide dismutase (SOD) activity Grain yield

(u/mg Prt) (g/m?)

Normal Stress Normal Stress
1 9440+ 1.27 36.6+3.15 669.3 +30.00 309.3+16.28
2 570£1.27 369+3.13 7415+ 29.79 3239+19.16
3 6.70£1.29 16.4 +3.08 7804 £ 26.82 2649 +20.53
4 930+ 149 395+294 718.1£33.65 3125+ 21.59
5 109+1.57 400+292 7723 £4761 3135+25.16
6 11.0£1.59 403+ 291 7443 £46.27 320.7 £21.61
7 11.2+1.60 209+293 678.5+35.15 25701777
8 872+1.73 21.2+£292 667.3 +£29.64 2882+17.20
9 127 £1.72 41.7+288 8259+44.12 3183+2023
10 109£1.76 439+289 7776 +58.12 360.8 +29.89
" 13.1£1.76 424+ 281 795.7 £34.13 3146+21.04
12 12,6 £1.69 233+£286 845.1 £39.87 2670+ 1287
13 125+1.63 434+267 672.6 +44.96 337.1+£2040
14 781+£164 438+ 268 800.2 +£33.60 3204 +18.07
15 13.1£1.67 245+2.70 776.2+37.10 300.3 +13.66
16 13.0£1.65 449+268 6914 +26.37 318.2+20.86
17 13.7£1.81 358+2.19 625.1 +£39.74 261.0+£2498
18 990+ 1.78 456+2.14 819.7 £44.22 2772 %2335
19 142+1.77 465+1.89 7459 +41.58 380.6 +28.93
20 11.2£2.13 252+243 761.2+£33.29 2612+1394
21 730+£2.19 449+ 234 849.5 +45.40 3293+1338
22 11.9+£2.19 454+234 678.2 + 2526 2909+ 1291
23 120£2.21 348+2.15 727.0+£48.92 2865+ 1501
24 102£2.22 254+2.12 756.2 £21.64 3451 +1332
25 13.7£2.11 456+2.15 763.7 £22.51 3131£1791
26 15.5+1.96 36.0£2.16 7385+£33.55 301.2+£17.93
27 14.0£1.90 463+2.16 684.2 + 25.65 286.1 £ 14.71
28 1754201 49.9+1.36 7694 + 26.05 309.8+ 1749
29 105+ 1.66 433+277 7279 +32.12 3245+2275
30 124 +1.68 33.2+288 7569 +37.39 2694 + 14.40
LSD5% 1.02 245 31.22 20.83

“In each column, Bolded and italicized number are indicating the highest and lowest mean values, respectively
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u/mg protein) and genotype 3 (16.4 u/mg protein), re-
spectively (Table 2).

Feature selection and promotor analysis

In order to investigate the effects of biochemical features
on grain yield of triticale genotypes and finding the most
influential features, stepwise regression analysis was per-
formed for normal irrigation and drought stress condi-
tions (Table 3). Accordingly, the results showed that the
total protein content was the sole feature selected as the
most influential feature on grain yield in normal irriga-
tion condition. The model r-square, known as coefficient
of determination, reached to 89% showing a high impact
of total protein content on grain yield. Also, the regres-
sion coefficient for protein content was negative (b =-
27.79) showing a decreasing effect for this feature to-
ward grain yield under normal irrigation condition. On
the other side, stepwise regression model for drought
stress condition selected the content of free proline,
SOD and GR activities as the influential feature on grain
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yield of triticale in this condition (Table 3). At the first
step of the feature selection for drought stress condition,
SOD activity was inserted into model showing that this
feature is the most influential independent variable to-
ward the grain yield of triticale. After that, proline and
GR activity were respectively inserted into the stepwise
model as the second and the third influential variables.
The final model of this regression analysis explained
about 81% of the total variability in grain yield under the
drought stress condition.

Since the feature selection method based on regression
analysis is somewhat biased to availability of any correl-
ation within in depended variables, known as collinear-
ity, a deeper delve over the influential features on grain
yield of triticale genotypes was conducted by plotting
heatmap, showing the cluster analysis of the measured
features under both normal and stress conditions (Fig. 1).
Under normal irrigation condition (Fig. 1a), three cluster
of the features were pointed out. Subsequently, APX,
H,0,, SOD, and MDH were fallen into the same cluster,

Table 3 Results of the feature selection based on stepwise regression model regarding the grain yield as response variable for

normal irrigation and drought stress conditions

Normal irrigation

Entered Variable

Protein

Removed variable
“NA

Over all ANOVA of the final model of selected variables

Source DF
Model 1
Error 538

Parameter estimation for the final model of selected variables

Variable Parameter Standard parameter
Intercept 1030.13 NA
Protein —27.7947 —240241

Drought stress

Entered Variable

Removed variable

SOD NA

Proline NA

GR NA
Over all ANOVA of the final model of selected variables

Source DF

Model 3

Error 536

Parameter estimation for the final model of selected variables

Variable Parameter Standard parameter
Intercept 821479 NA

Proline —4.14588 -0.173164

SOD 4.65863 0.347539

GR —843598 —0.102254

Partial R* Model R? F Value p>F
0.89 0.89 1395.98 0.017
Sum of squares Mean Square F Value p>F
881.368 881.36 5267 <.0001
9002.63 16.73 NA NA
Standard error Sum of squares F Value p>F
4.12948 39,289 62,2296 0.003
0.74391 881.36 1395.98 0017
Partial R” Model R? F Value p>F
0.520 0.5195 73.02 <.0001
0.244 0.7635 28.23 <.0001
0.042 0.8055 2.710 0. 003
Sum of squares Mean Square F Value p>F
2,380,092.0 793,364 3599 <.0001
11,813,999 22,0410 NA NA
Standard error Sum of squares F Value p>F
406503 9,001,165 4084 <.0001
2.51802 59,751.00 2.710 0.030
0.86511 639,160.0 29.00 <.0001
0.84753 2,183,721 99.08 <0001

@ Not available: NA, glutathione reductase: GR, superoxide dismutase: SOD, probability level: p
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Fig. 1 Heatmap showing the saturation of colors indicating the rate and the type of associations between features and triticale genotypes in
normal irrigation (a) and drought stress (b) conditions. Hydrogen peroxide: H,O,, malondialdehyde: MDH, total chlorophyll: TChl, carotenoid: Car,
total protein: Prtn, free proline: PRL, peroxidase: POD, catalase: CAT, ascorbic peroxidase: APX, glutathione reductase: GR, superoxide dismutase:

while, the protein content fell into a different cluster
from the yield. This result verified the result of feature
selection and stepwise model, in which the protein con-
tent showed a negative slope toward the grain yield.
Similarly, SOD, MDH, and APX shared the same cluster
with grain yield under drought stress condition (Fig. 1b).
Meanwhile, GR and proline, which both showed negative
regression coefficients for grain yield in stress condition,
were grouped in the same cluster and they were clearly
separate from the grain yield cluster. The results of heat-
map analysis for drought stress condition corroborated
the results of the feature selection model, in which SOD
showed a positive influence on the grain yield. Biplot
analysis based on the first two components (PC1 and
PC2) of principal component analysis (PCA) were ap-
plied to find out about the geometrical and structural re-
lationship among measured features and genotypes at

the same time. The overall of roughly 64% of the total
variation among all features was explained by PC1 and
PC2 in normal irrigation condition (Fig. 2a). This two-
dimensional (2D) plot showed that, under normal condi-
tion, APX, MDH, H,0,, SOD, POD, and CAT were
placed in the same quarter with the grain yield, while
the rest of the features were placed in another quarter.
Consequently, the arrow of total protein content in nor-
mal irrigation condition had the most obtuse (widest)
angle with yield arrow indicating negative relationship of
this feature as compared with other variables, approving,
once again, the result of the feature selection model and
heatmap analysis. In a similar pattern to normal irriga-
tion condition, around 61% of total variation among fea-
tures under drought tress condition was explainable by
PC1 and PC2 extracted from PCA. However, the distri-
bution of measured features under drought stress



Saed-Moucheshi et al. BMC Plant Biology (2021) 21:148

Page 7 of 19

PCA - Biplot

Dim2 (18.3%)

reductase: GR, superoxide dismutase: SOD, and grain yield: YId

4 pca - Biplot
ol
.
3 o2 4
~
®
A It Wit Rt B R § A
£ a3
[a) 5°
2-
6.
; ; '

Dim1 (46.4%)

Dim1 (43.6%)

Fig. 2 Biplot showing the distribution of the measured feature versus triticale genotypes in two-dimension surface extracted from principal
component analysis for normal irrigation (a) and drought stress (b) conditions. Hydrogen peroxide: H,O,, malondialdehyde: MDH, total
chlorophyll: TChl, carotenoid: Car, total protein: Prtn, free proline: PRL, peroxidase: POD, catalase: CAT, ascorbic peroxidase: APX, glutathione
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condition was significantly wider than normal irrigation
condition; the features were scattered among all four
quarter of the biplot (Fig. 2b). Grain yield, MDH, SOD,
and APX were distributed in the same quarter of biplot
indicating the positive association among these variables.
CAT, GR, and proline content were the features in the
same quarter directly reverse to the grain yield arrow,
showing the negative association of these feature with
yield, that once more, verifies the results achieved by
feature selection model and the heatmap analysis in
drought stress condition.

Among all enzymatic antioxidants considered in this
study i.e. SOD, POD, GR, CAT, and POD, all advanced
statistical methods selected SOD as the most effective
enzyme on grain yield. However, the results achieved by
the appropriate statistical methods are clearly indicated
by the phenotypic properties and therefore, molecular
and genotypic investigations would enable us to test
these results. Consequently, promotor analysis of the
used enzymatic antioxidants in this study was appraised
so as to find any different or similar pattern regarding
their regulation mechanism to explain and/or test the
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actual influence of SOD in drought stress condition. Un-
fortunately, there is still no bioinformatic database for
triticale genome sequence, so we performed the bio-
informatic investigation of promotor analysis in wheat
genome, its parental line that shares the same AA and
BB genomes with triticale. The regulatory elements that
were identified in the promotor regions of the enzymatic
antioxidants along with their corresponding carrier gen-
ome sets are presented in Table 4. The results showed
that the greatest number of the enzymatic antioxidant
genes were distributed among A and D genome groups.
Also, the results revealed a significant difference between
the regulatory elements of SOD genes and the regulatory
elements of the other antioxidant genes. A high number
of regulatory elements in promotor regions of SOD
genes were related to circadian regulation, abscisic acid
production, auxin response pathways, MYB binding
sites, and methyl jasmonate responsive genes that are
important compounds of stress responses in plants [4]
and were mostly distributed in A chromosome set. In
addition, gibberellin and light responding related regula-
tory elements showed high distributions in SOD promo-
tor regions, especially in A genome set. The total
numbers of regulatory elements of SOD promotor re-
gions (1441) were significantly higher than any other
considered antioxidant (Table 4).

Genotype selection for expression analysis

According to the heritability, genotypic variability, using
advanced biostatistics methods and different multivariate
models alongside bioinformatics approaches, it was clari-
fied that SOD was the most effective antioxidant under
drought stress condition in triticale. Therefore, for
achieving higher triticale grain yield under drought
stress condition, SOD activity has the capability of being
used as an indirect criterion, in order to be used in
breeding programs of triticale. Therefore, for differential
expression analysis goals regarding the genes involved in
the SOD response pathways, all of the used triticale ge-
notypes in this study were assessed to find those with
the highest genetic distance. Accordingly, the similarities
and distances between all pairs of 30 triticale genotypes
were considered based on the Euclidean distance
method and then, they were transformed into two separ-
ate cluster dendrograms, representing both normal and
stress conditions (Fig. 3). Under normal irrigation condi-
tion, three distinct clusters were distinguished (Fig. 3a).
This cluster dendrogram indicated that genotypes 28
and 1 were the two cases presenting the highest genetic
dissimilarity, or distance, based on all measured featured.
However, genotypes 2 and 3, that were grouped in the
same clustered as the genotype 1, were two alternatives
for being considered as the genotypes revealing the high-
est genetic distance from genotype 28, rather than
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genotype 1. Under drought stress, the highest genetic
distance was observed between genotype 28 and geno-
type 3 (Fig. 3b). Similar to the normal condition result,
genotypes 1 and 2 were placed in the same cluster with
genotype 3 under drought stress condition. Accordingly,
the alternatives for genotype 28 could be genotype 17
and genotype 19 that were in same cluster as the geno-
type 28. As a result, genotype 1, 2, and 3 versus geno-
types 17, 19, and 28 were the genotypes with the highest
genetic distances that could be considered in the expres-
sional study. These results were clearly verified by the
results obtained from the heatmap analyses (Fig. 1) in
which genotype 1, 2, and 3 showed the similar colors for
almost all measured features, while they showed very
dissimilar colors from genotypes 28, 17, and 19 (Fig. 1a
and Fig. 1b). Furthermore, considering the colors satur-
ation in heatmap for these two genotype sets, revealed
that they showed the highest dissimilarity regarding the
activity of SOD enzyme. However, we were obliged to
select just two nominees as the genotypes with the high-
est dissimilarity for differential expression study. This re-
quirement drew out our attention into biplot and mean
comparison for SOD and grain yield. The biplot graphs
indicated that, under both normal irrigation and drought
stress conditions, genotype 28 was the closest to SOD
alongside the grain yield, among the mentioned geno-
types (Fig. 2a). Conversely, genotypes 1, 2, and 3 showed
similar distance from SOD and grain yield under both
normal and stress conditions. As the last option for find-
ing the most proper genotypes with highest genetic vari-
ability, mean comparison for SOD and yield were taken
into consideration (Table 4). Finally, according to the re-
sults of mean comparison for triticale genotypes under
both stress conditions, genotype 28 and genotype 3 were
chosen to be applied for investigation of SOD isozyme
differential expression.

Differential expression analysis of SOD isozymes

The relative expression analysis based on real-time PCR
method for SOD isozyme containing Mn-SOD, Cu/Zn-
SOD, and Fe-SOD was carried on two selected geno-
types, genotype 28 and 3, with highest genetic variability
with each other. The analysis of variance for the SOD
isozymes were carried out based on a factorial experi-
ment, in which genotype and time spans after inducing
drought stress were the two experimental factors. The
main effect of genotype on Mn-SOD and Cu/Zn-SOD
gene expression was significant for both shoot and root
tissues, but it did not show a significant effect on Fe-
SOD gene expression of these tissues (Fig. 4). Mn-SOD
and Cu/Zn-SOD in root tissue were not significantly in-
fluenced by the main effect of time after the drought
stress, whereas, these two isozymes in the shoot tissue
coupled with the Fe-SOD isozyme in both root and
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Fig. 3 Cluster dendrogram showing the distance between triticale genotypes in normal irrigation (a) and drought stress (b) conditions

shoot tissues showed significant responses to the effect
of time spans after drought stress. Except Fe-SOD ex-
pression rate in both shoot and root tissues, the two
other SOD isozymes showed no significant response to
the interaction effect of genotype x time span (Fig. 4).
The Mn-SOD relative expression in both triticale ge-
notypes showed an increasing trend in response to lon-
ger duration of time after drought stress in both shoot
and root tissues (Fig. 4a). The expression rate of Mn-
SOD was higher in shoot than expression rate in the
root tissue. Additionally, genotype 28 showed signifi-
cantly higher expression rate regarding Mn-SOD iso-
zyme in both root and shoot in comparison with
genotype 3. The expression rate of Cu/Zn-SOD gene
showed different patterns regarding two used triticale

genotypes in both shoot and root tissues (Fig. 4b). In
genotype 3, Cu/Zn-SOD expression rate in shoot in-
creased by changing the time span from 12h to 36h,
but there was no significant different between 36 and 72
h in this tissue. Quite the contrary, 36 h showed the low-
est Cu/Zn-SOD expression rate than the two other time
spans in root tissue of genotype 3. Quite the contrary,
the expression rate of Cu/Zn-SOD isozyme in both root
and shoot tissues showed a growing (inducing) pattern
in response to the longer time span after the drought
stress in genotype 28. In both shoot and root tissues of
the both genotypes, Fe-SOD expression rate was reduced
in response to longer time span, but the decreasing rate
in was slower in genotype 28 than the other genotype
(Fig. 4c). Comparison the expression rates of the three
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assessed isozymes of SOD gene with regard to the geno-
types, showed significantly higher expression rate of
Mn-SOD and Cu/Zn-SOD in genotype 28 than that of
genotype 3. The relative expression of Fe-SOD, on the
other hand, showed no significant difference between
both genotypes.

It should be noted that the measurement of SOD ac-
tivity in shoot and root tissues showed an increasing pat-
tern in response to longer time span after stress
induction in both genotypes. In other words, the longer
the drought stress lasted, the higher the activity of SOD
enzyme reached. Nevertheless, the SOD activity was sig-
nificantly higher in genotype 28 in comparison with the
genotype 3. Moreover, shoot tissue showed a higher ac-
tivity of SOD enzyme than that of the root tissue.

Discussion

In this study, grain yield of triticale and all biochemical
features significantly responded to the effects of environ-
ment and genotypes as the main sources of variations in
the combined ANOVA. This result is indicating the dif-
ferences among triticale genotypes in response to altered
environments, which is alluding to the proficiency of the
screening programs for introducing high potential geno-
types. Thus, the estimation of genetic parameters would
alter in different conditions. Consequently, heritability,
PCV, and GCV of almost all features showed signifi-
cantly higher values in drought stress condition than

that in the normal irrigation condition which indicates
that screening and breeding programs, in this set of triti-
cale genotypes, would be more efficient in drought stress
condition. On the other hand, the main aim of the
current study was to find proper methods to reach out
to high potential genotype to tolerate drought stress
condition. Accordingly, the assessments were done for
both normal and stress condition, but the results of the
drought stress condition superseded over the results of
the normal irrigation condition, if there was any conflict
between the results of these two conditions, such as
selecting the influential features on grain yield or finding
the highest heritable feature. Estimation of genetic pa-
rameters for both conditions showed that SOD activity
had the highest heritability and GCV under drought
stress condition, while it had almost low values of these
parameters under normal condition. These results indi-
cate the importance of this enzyme in triticale genotypes
under water shortage condition, because GCV shows
high variabilities among genotypes and the higher
screening ability for finding appropriate genotypes in
this regard, also, its high heritability shows high effi-
ciency of screening based on this feature and higher re-
sponse to selection (RS), than any other feature, in the
following generations. In agreement with the result of
genetic variability, heatmap analysis clearly showed
higher variations of colors among triticale genotypes in
relation to SOD activity under drought stress condition.
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Furthermore, grain yield showed significantly low herit-
ability and genetic variability in comparison with most
of other biochemical features, especially SOD activity.
Consequently, direct screening for grain yield would not
confidently result in higher grain yield in the next gener-
ation of breeding program, but using an indirect selec-
tion criterion such as SOD for yield would be highly
efficient, on condition that it shows a high collinearity
and genetical association, either positive or negative,
with grain yield. In concordance with heatmap results
that showed similar color patterns and saturations for
grain yield and SOD activity, and also the result of biplot
in which SOD was the closest feature to the grain yield
in drought stress condition, the results of the feature se-
lection pointed out that SOD was the most influential
feature, with positive impact, on grain yield of triticale.
As a result, the capability of SOD for being used as an
important indirect criterion for grain vyield is verified by
all used biometrical and biostatistical methods. To put it
simply, genotypes that show higher SOD activity under
drought stress condition probably have higher grain
yield.

Thus far, there are many studies concerning the effect
of environmental stresses on triticale plants, however,
few studies have focused on the impacts of biochemical
features on grain yield and their capability of being used
as indirect criteria; and there is still no study, to the best
of our knowledge, considering the heritability and gen-
etic variability of biochemical features in triticale geno-
types. In addition, there is still no related program or
source code for estimation of genetic parameters e.g.
heritability and genetic variability, based on combined
ANOVA over different year and location; therefore, the
SAS programming code that was used for estimating the
biometrical parameters in the current study (supplemen-
tary materials) is the first program ever written and
practically used to this regard. The results achieved by
this code was successfully tested by the results of the
hand calculations and the both results were in agree-
ment with each other, except just a little difference as a
result of different decimal rounding. It also should be
noted that, application of heatmap in the current study
and using color saturation for identifying the association
between yield and biochemical feature in order for find-
ing possible selection criteria, has never been applied by
any other study before. Consequently, our results
showed the efficiency of heatmap analysis in screening
and breeding programs and also showing a combination
of relationships within features, genotypes, and cross re-
lationships between features and genotypes. In accord-
ance with our results regarding the importance of SOD
activity, the relationship of biochemical features and
grain yield of triticale was modeled in the study of Saed-
Moucheshi [45], without estimation of their heritability
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and other genotypic parameters, and it showed that
showed that MDH, proline contents and SOD were the
important features with significant impacts on triticale
grin yield. Similarly, Riasat et al. [43] nominated SOD
activity as the most appropriate trait to obtain higher
tolerant triticale genotypes. In addition, there are several
studies on different crops that are in concordance with
our results regarding the importance of biochemical fea-
tures as the selection criteria [1, 33, 44, 54, 58]. Saed-
Moucheshi et al. [47] showed that SOD along with CAT
and proline content were the effective biochemical traits
toward the grain yield of barley genotypes and they in-
troduced these traits as the candidate features capable of
being used as indirect criteria in barely breeding. How-
ever, in the study of Vosough et al. [58], SOD was not
able to be selected as an important feature toward grain
yield of wheat landraces.

The results of genetic parameters estimation, feature
selection, heatmap analysis, and biplot graph alluded to
SOD as the most important antioxidant in triticale
under drought stress condition. However, these results
are based on phenotype and indirect possible products
of gene actions, which cannot show the molecular
changes inside the cells. Therefore, in order to evaluate
the antioxidants at the genomic and molecular level and
revealing any plausible similar or dissimilar pattern re-
garding their regulation mechanisms explaining the
aforementioned results, the upstream sequences of the
antioxidant genes were appraised by bioinformatics
tools. This method through which, the upstream se-
quences of a gene is evaluated, is known as promotor
analysis. The result of promotor analysis showed clear
differences between promotor region of SOD and other
antioxidant genes. The number of regulatory elements in
SOD promotor region was significantly higher than the
other antioxidants, mostly by twice as many regulatory
elements as others. Also, most of the regulatory ele-
ments in SOD promotor region were compounds related
to stress responsive pathways. The numerous regulatory
elements in promotor region of SOD indicates that this
gen can be regulated by various responsive pathways
and is most likely more active than other antioxidant in
response to changing conditions. In addition, high num-
ber of stress related elements in this region shows that
this gene is highly responsive to stress condition and it
may be highly increased by occurring stress condition.
The result also showed a great number of MYB binding
sites in the promotor region of SOD genes, that was sig-
nificantly higher than other antioxidant genes. MYB ele-
ments are specifically acting in the responses to water
shortage condition, verifying the importance of SOD
under drought stress condition.

By combining the results obtained from field study re-
garding the high heritability and influence of SOD in
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drought stress condition and the results of promotor
analysis showing a high number of stress responsive
regulatory elements for this gene, the importance of
SOD to increase the tolerance of plants under drought
stress condition was clearly verified. SOD is one of the
active antioxidant enzymes in dismutation pathways of
oxygen free radicals. This enzyme orchestrates the
breakdowns of the superoxide radicals (O,") into hydro-
gen peroxide (H,O,) in the different organelles [20, 29,
46]. Since superoxide radial is the most abundant radi-
cals in some organelles, such as chlorophyll cells [16, 25,
28, 42], it might be said that SOD is the first defense
level against occurring oxidative stress in plants [48]
which is concordance with the results of the current
study regarding high number of stress regulatory ele-
ments making SOD to quickly respond to the changing
environment. Lin et al. [32] reported that considering
the regulatory elements within promotor region of any
encoding gene is one of the important strategies to study
the molecular responses of plants to different environ-
ments. By occurring drought stress in the plant tissues,
the plant starts to produce some signal components in
accordance with the type of stress, and leads them to
reach out to the highly responsive genes [41]. These re-
sponsive genes are again producing some other regula-
tory proteins and compounds and transfer them toward
the required genes. These signaling proteins and com-
pounds are known as cis acting regulatory elements [21].
Additionally, most part of the expression regulatory
mechanism of plant genes is located within 1000 base
pairs of the upstream region to the transcription initi-
ation site [13]. Accordingly, to regulate the expression of
SOD genes, a number of cis acting regulatory elements
must be present in the promoter region of this gene to
regulate its expression based on intracellular changes.
Therefore, higher number of regulatory elements that
are able to bind with the regulatory motifs in the promo-
tor region bring about higher sensitivity of the corre-
sponding gene to intracellular changes, such as what was
identified for SOD promotor in this study. A recent
study [24] on the expression pattern of SOD genes in
grape wine, showed that its regulatory mechanisms
could be active at the three levels of transcription, post-
transcription, and translation, and their functional roles
are focusing on response to stresses during plant devel-
opment indicating, in concordance with our results, the
high importance of SOD expression under environmen-
tal stress conditions and the effect of the regulatory ele-
ments in this pathway.

The overall results of biometrical, biostatistical, and
bioinformatics analyses indicated that SOD was the most
important antioxidant in response to drought stress con-
dition. Also, combining the final results regarding clus-
tering, biplot graph, and heatmap analysis along with the

Page 13 of 19

mean comparison for SOD activity and triticale grain
yield led to the selection of two genotypes, i.e. genotype
28 and genotype 3, with the highest genetic distance in
order to assess the deferential expression profiling of
SOD genes in triticale. Considering the activity of SOD
enzymes, in the two selected genotypes, showed that the
activity of SOD was increased in both genotypes in re-
sponse to longer time span from initial point of drought
stress, but the rate of increase in genotype 28 was over
threefold higher than genotype 3. Accordingly, the rate
of relative expression of Mn-SOD was about threefold,
and Cu/Zn-SOD was about twofold higher in genotype
28 than those in genotype 3. The expression levels of Fe-
SOD showed no significant difference between the two
genotypes. These results indicated that higher activity of
SOD enzyme under drought stress condition is most
likely due to the higher expression level of Mn-SOD
and/or the Cu/Zn-SOD isozymes, while Fe-SOD is,
seemingly, not significantly involved in response to the
drought stress. In addition, quite the contrary to Mn-
SOD and Cu/Zn-SOD, the expression pattern of Fe-
SOD was decreased in response to longer time span
from drought stress starting point. This result indicates
that Fe-SOD is probably more responsive to non-stress
signaling pathways and its expression level under
drought stress is decreased so as to let the two other
SOD isozymes to act and grow their expression level
more rapidly. Furthermore, a comparison between Mn-
SOD and Cu/Zn-SOD indicated that the expression level
of Mn-SOD is continuously increased as the time span
increased in both genotypes; while, the Cu/Zn-SOD
showed altered pattern in response to different time
spans in each genotype. Therefore, these results are pos-
sibly pointing out that Mn-SOD is a general responsive
isozyme that its expression level is, somewhat, quite in-
dependent of the genetic differences between the geno-
types within a species, on the other hand, Cu/Zn-SOD is
more dependent on genotypic differences between the
two genotypes. In addition, the result related to the ex-
pression levels of Cu/Zn-SOD made us to announce it
as a genotype specific isozyme, meaning that its expres-
sion level is highly correlated with the genetic contents
and background of its carrier individual and is likely
more expressed in the genotypes tolerant to drought
stress. Furthermore, the expression level of Mn-SOD in
shoot and root tissues was roughly equal. Contrarily, the
expression rate of Cu/Zn-SOD in genotype 3 was higher
in shoot than that in root, while its expression level in
genotype 28 was significantly lower in shoot than that in
the root tissue. The first organelles that are affected by
drought stress are normally those in the shoot [15, 35],
consequently, this leads the expression levels of Mn-
SOD to be significantly higher in shoot. Higher duration
of drought stress causes the stress to reach out more to
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the root system and involve its organelles as well, as a
result, the expression level of Cu/Zn-SOD isozyme in
the root tissues, mostly in tolerant genotypes, is in-
creased. Conversely, the expression levels of Fe-SOD
were continuously higher in root in comparison with the
shoot tissue. This result increases the likelihood involve-
ments of Fe-SOD isozyme in non-stressful responsive
pathways, because, as mentioned before, the root organ-
elles are less likely affected by negative impacts of
drought stress than the shoot organelles.

SOD has been reported to be a key enzyme in regulat-
ing intracellular ROS levels and maintaining normal
physiological conditions under oxidative stress caused by
effect of water shortage condition [30, 36]. The findings
of a study performed by Zhao et al. [61] showed that the
SOD expression level and malondialdehyde content in
rice were significantly correlated with each other, in
addition, the activity of SOD expression level in rice cul-
tivars sensitive to heat stress were much lower than the
resistant cultivars. Also, in agreement with our results,
Mohammadi et al. [38] showed that Cu/Zn-SOD was
significantly expressed in common bean plants under
drought stress condition, but the rate of its induction in
tolerant genotype was significantly higher than the sus-
ceptible one. In concordance with our result regarding
the importance of Cu/Zn-SOD as a more specific iso-
zyme that its expression levels are most likely changed
by genetic contents of its carrier individuals, Xie et al.
[60] stated that it is highly feasible that Cu/Zn-SOD play
an important role in regulating total SOD activity and
ROS detoxification in stressful condition. Moreover, at-
tempts to regulate Cu/Zn-SOD levels in plant chloro-
plasts through the gene transfer mechanism resulted in
transgenic plants with altered expression of the aimed
gene. Overexpression of Cu/Zn-SOD genes has been
reported to increase stress tolerance in tobacco trans-
genic plants [55]. In this study, the transgenic tobacco
plants had about 30 times higher SOD activity than
that in non-transgenic plants. In the study of Sheoran
et al. [51], the expression of Mn-SOD gene in C306
and KAW3717 wheat genotypes was significantly in-
creased in response to drought stress conditions; this
study significant consistence between expression rate
of Mn-SOD and higher overall enzymatic activity of
SOD which is in line with the results of the current
study related to the higher expression levels of Mn-
SOD in drought stress condition. Consequently, some
researchers, such as Awan et al. [4] Sheoran et al.
[51] and Wang et al. [59], suggested that Mn-SOD is
an important agent that plays an important role in re-
sponse to drought tolerance, however, our results
showed that Mn-SOD is possibly a general responsive
isozyme that its response to drought stress is similar
(or the same) to other stress conditions.
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Conclusion

The overall results indicated the high possibility of
screening favorable and potential genotypes to announce
as new triticale cultivars as the result of great variabil-
ities among use genotypes in all six years of the study.
Additionally, a new programming code written in SAS
language was successfully applied to estimate the genetic
parameters based on the results of combined ANOVA
for the first time since their introduction. The genetic
parameters showed a high heritability and genetic vari-
ability for SOD activity under drought stress condition.
The results of feature selection, heatmap analysis, and
biplot clearly indicated that SOD had a significant effect
on triticale production in drought stress condition. In
this regard, heatmap graph, which is based on the satur-
ation of different colors that shows the association
within variables and cases (genotypes) and also their
cross relationships, was successfully used for the first
time in this study and it showed to be highly appropriate
for screening favorable genotypes and processing the
features that are proper for indirect selection in breeding
programs. According to the results of promotor analysis
for antioxidant enzymes, there was a significant differ-
ence between SOD and other antioxidants regarding the
numbers and the types of motifs and regulatory ele-
ments available in their promotor regions. Bioinformat-
ics study showed that the most of regulatory elements
in SOD promotor regions were related to stress re-
sponsive pathways, especially drought stress as the
MYB binding site. Accordingly, two genotypes with
the highest genetic distance were selected to consider
the differential profiling of three different isozymes of
SOD genes in shoot and root organs of the triticale
genotypes. The result showed that tolerant genotype
(genotype 28) had significantly higher levels of expres-
sion for Mn-SOD and Cu/Zn-SOD than susceptible
genotype (genotype 3), while the expression level of
Fe-SOD was not significant between these two geno-
types. Mn-SOD showed higher expression level in
shoot than root, but the expression level of Fe-SOD
was conversely higher in the root. Whereas, the ex-
pression level of Cu/Zn-SOD in tolerant genotype
was higher in root while its level in sensitive genotype
was lower in root, in comparison with shoot. Finally,
it could be stated that Mn-SOD is a general isozyme
that responses positively to stress condition in prob-
ably most of the plant species with different genetic
backgrounds, while, Cu/Zn-SOD is a genotype specific
isozyme that is likely more expressed in some genetic
content such as the tolerant genotype of triticale in
the current study. Furthermore, genotype 28 can be
introduced as a favorable genotype for being selected
for further assessments regarding its potentials in
drought stress condition.
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Methods

This study was consisting of overall three different types
of practical research: the first type was consisted of field
experiments for considering the phenotypic features, the
second one was comprised of a greenhouse experiment
for considering expression levels of SOD isozymes in
triticale plants, and the third research was containing
bioinformatic evaluation and promotor analysis of anti-
oxidant genes.

Field study

The field study section of this research was consisted
of 12 separate trials that were performed in six con-
secutive growing seasons (from 2014 to 2019) in three
different location: Shiraz, Zarghan, and Sanandaj
under two different irrigation regimes: normal irriga-
tion and drought stress. The field experiments in Shi-
raz location were performed during three years (from
2014 to 2016) at the research station of School of
Agriculture, Shiraz University, Shiraz, Fars, Iran (52°
46’ E, 29° 50" N, altitude 1810 m), the field experi-
ment in Zarghan location was carried out during the
year 2017 at the research station of Zarghan Re-
searches and Education Center for Agriculture and
Natural Resources, Zarghan, Fars, Iran (52.7135° E,
29.7642° N, altitude 1600m), and the field experi-
ments in Sanandaj location was conducted during the
year 2018 and 2019 at the research station of Re-
searches and Education Center for Agriculture and
Natural Resources of Kurdistan Province, Sanandaj,
Kurdistan, Iran (47.8038° E35.1679° N, altitude 1900
m). The climatic condition of Shiraz, Zarghan, and
Sanandaj locations are mild to warm (dry), warm to
hot (dry), and mild to cool (wet), respectively, that
provided a high variability of environmental condi-
tions for the study. The average precipitation of the
corresponding years was 187 mm in 2014 (Shiraz),
143 mm in 2015, 240 mm in 2016, 145mm in 2017
(Zarghan), 495 mm in 2018 (Sanandaj), and 515 mm
in 2019. Also, the physical and chemical properties of
the field soil for each experiment is provided in Sup-
plementary Table 1.

In every year, 28 advanced elite genotypes, originated
from international CIMMYT center, and two commer-
cial cultivars (Sanabad, and juanilo) of triticale (Supple-
mentary Table 2) were sown in mid-November (10th to
20th) in two separate trials. In each year, two separate
sites in the same location were used for two different
conditions containing normal irrigation and drought
stress conditions. In all experiments, the irrigation
schedule was determined according to the time of de-
pleting about 40% of available soil water capacity (SWC).
SWC is the difference between wilting point (WP) and
field capacity (FC) based on following formula [19]:
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SWC (L) = FC (L) - WP (L)

SWC: soil water capacity, FC: field capacity, WP: wilt-
ing point.

The WP and FC of the soil were accurately measured
just the day before sowing date in every year in order to
calculate the soil available water capacity. For measuring
FC and WP the method of Samarah et al. [49] was ap-
plied in which the soil samples were weighed before and
after oven-drying at 105 °C for a period of 24 h. Also, for
determining the irrigation schedule, the soil samples of 5
fixed experimental units at the depth of 0-40 cm were
collected every day, started in the second day after each
irrigation, and transferred to the Soil Science Labs and
SWC was regularly determined. The drought stress
treatment was implemented by withholding irrigation
from starting point of heading stage until the crop har-
vest. In all experiments, either normal irrigation or
drought stress trial, 150kg urea fertilizer and 100 kg
triple superphosphate fertilizer were applied just before
the sowing of the triticale seeds. All experiments, in both
normal irrigation and drought stress trials (12 overall tri-
als), were arranged based on randomized complete block
design (RB) with three replications. Each experimental
plot (unit) in all experiments was consisted of four rows
with 20 cm between rows and 2 m row length (1 m width
by 2 m length). At harvest time, two central rows in each
plot were used for measuring grain yield.

Greenhouse study

Following year to the six years of field experiments
(2020), a greenhouse experiment was carried out in the
greenhouse of Crop Production and Plant Breeding De-
partment of School of Agriculture, Shiraz University,
using two selected triticale genotypes consist of genotype
28 and genotype 3, in order to measure the relative ex-
pression rate of SOD isozymes (Mn-SOD, Cu/Zn-SOD,
and Fe-SOD) under drought stress condition. The triti-
cale seeds (10 seeds per pot) were sown in plastic pots
containing 250 g soil. After emergence, the number of
plantlets in each pot was reduce to three plantlets. In
order to schedule the irrigation times in the greenhouse
experiment, RWC and WP of the soil were accurately
determined prior to seeds sowing. The content of water
for reaching to 100% of FC for plastic pots were mea-
sured by weighing the pots (pot +250 g soil + the con-
tent of water for 100% FC). During the experiment, 8
random pots were daily weighed to determine the con-
tent water in soil and when, the water content met 80%
FC, the pots were irrigated again up to 100% FC. At four
leaves stage, water shortage stress was applied by letting
the water content of corresponding units meet 60% FC.
At this stage, in order to obtain an accurate and precise
relative gene expression, the experimental units were
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divided into two sets: treatment set was consisted of 18
pots (2 genotypes x 3 time-spans x 3 biological repeats)
which used for water shortage stress, and control set
was consisted of 6 pots (2 genotypes x 3 time-spans) that
used as the control for all three replications within each
sampling time for each genotype. This division was done
due to the destructive manner of the sampling that took
place for both shoot (the youngest leaves) and roots of
plants in each experimental unit (pot). Sampling for
stressed plants were done at 12h, 36 h, and 72h after
applying the water shortage stress (after reaching 60%
FC water content). Sampled tissues were frozen by liquid
nitrogen immediately after their separation and trans-
ferred to the genetic lab and kept under 80 °C.

Bioinformatic study

In order to investigate the sequences of the promoters
regions of all genes corresponding the antioxidants ac-
tivities that were measured in this study i.e. superoxide
dismutase (SOD), glutathione reductase (GR), catalase
(CAT), ascorbic peroxidase (APX), and peroxidase
(POD), the complete sequence (CDS) of the mRNA re-
lated to these genes in wheat (because the sequence of
these genes in triticale have not been identified yet) were
downloaded from NCBI site (https://www.ncbi.nlm.nih.
gov/nuccore). The identified accession id number for
these sequences were consisting of AF387739.1 for APX,
X94352.1 for Cat, D85751.1 for GR, AY857755.1 for
POD, and JX398977 for SOD. After that, each sequence
was uploaded onto PlantEnsemble site (https://plants.
ensembl.org/index.html) and blasted against the whole
genome of wheat for finding any sequence that shows
over 10E-11 similarity score (e-value less than 10-11).
Next, 1000 upstream base pair of each hit of PlantEn-
semble site were downloaded as promotor regions for
aforementioned genes. Finally, each of the downloaded
sequences (promotor regions) were reviewed in Plant-
Care database site (https://bioinformatics.psb.ugent.be/
webtools/plantcare/html) for distinguishing any probable
regulatory elements. For further investigation and more
accurate distinguishing of the regulatory elements, RSAT
database (https://rsat.ulb.ac.be/rsat) was used for search-
ing among all sequences for all genes at the same time.
All distinguished regulatory elements were then
imported into excel files for further investigation and
analysis.

Measurements

In all field experiments of this study (6 years by 2 stress
levels), 25 days after drought stress induction, the flag
leaves were sampled for measuring biochemical and
antioxidant-related features. The flag leaves were imme-
diately frozen by liquid nitrogen and transferred to re-
frigerators having the temperature below 80°C till the
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time of feature measuring. The biochemical features
containing content of hydrogen peroxide (H,O,) [2],
content of malondialdehyde (MDH) [22], the amount
of total chlorophyll (TChl) [31], free proline (PRL) [5]
and total protein (Prtn) [8] contents were measured
along with the activities of antioxidant enzymes i.e.
glutathione reductase (GR) [52], ascorbic peroxidase
(APX) [39], catalase (CAT) [14], peroxidase (POD)
[9], and superoxide dismutase (SOD) [6]. The content
of H,O, and MDH were reported as micro mol per
gram (umol/g) fresh weight (FW), the amount of
chlorophyll and protein as milligram per gram (mg/g)
FW, and proline content as micromolar per gram
(uM/g) FW. The activity of enzymatic antioxidants
was reported as micromole of free radicals decom-
posed in mg of total protein in the sample (u/mg
Prt). In addition, at the harvest time, grain yield of
the two central rows in each plot were harvested and
their grain yield were recorded according to kilogram
per square meter (kg/m?).

After sampling the youngest leaves of the plants in
greenhouse study at each time span, after induction of
the drought stress, the activity of SOD enzyme was mea-
sured along with the relative expression of SOD iso-
zymes. For extracting the RNA from leaf samples, Dena
Zist isolating kits were used. After the extraction, the
quantity of extracted RNA was measured by nanodrop
method. Following the quantity measurement of RNA,
the extracted samples were treated with DNase in order
to remove any DNA contamination, afterward, the posi-
tive and negative quality control (QC) of the RNA in
each sample were performed; the positive QC was
checked by direct electrophoresis of 3 mL extracted sam-
ples on gel (1% of 0.5 TBE buffer) and observing two
separate and sharp bands on the gel representing each of
16s and 24's RNA in the samples, while, the negative
QC was checked by observing no band on electrophor-
esis gels posterior to polymerase chain reaction (PCR) of
samples conducted by using the primer of internal con-
trol (housekeeping: elongation factor 1) gene that was
used in this study. Then, the RNA of the extracted sam-
ples was transformed into complementary DNA (cDNA)
by use of Fermentas Co. kits. The produced cDNA’s
were then used for measuring the relative expression of
three isozymes of SOD gene i.e. Mn-SOD, Cu/Zn-SOD,
and Fe-SOD based on RT-PCR method. The corre-
sponding pair of primers for each isozyme was designed
in AlleleID software according to the sequence of the
isozymes in wheat genome. In this process, the elong-
ation factor 1 (EF1) was used as the internal control
(housekeeping) gene. Each pair of forward (F) and back-
ward (revers: R) primers that were used for expression
analysis of Mn-SOD, Cu/Zn-SOD, Fe-SOD, EF1 are as
follow:
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Target gene Primer sequence

Mn-SOD F: 5" AACATCTGGAAGGTGGTGAACT 3
Mn-SOD R: 5" AACTCAAGAGCGAGCGAAGTA 3’
Cu/Zn-SOD F: 5" CTCCATGAGTTCGGTGACAT 3
Cu/Zn-SOD R: 5" GACGGACTTCATCTTCTGGT 3
Fe-SOD F: 5" GAATTCCACTGGGGAAGCATC 3'
Fe-SOD R: 5" GTAAGCGTGCTCCCAAACGTC 3

F: 5" CACTGGTCTGACAACTGAGG 3’
R: 5" GCAACATTCTTGACATTGAAGC 3

Elongation Factorl

Elongation Factorl

In order to finalize the relative expression measurement,
the cycle threshold (Ct) values (automatically calculated
by StepOnePlus™ system) of the isozymes and EF1 in each
sample, belonging to either treated or control set, were
subtracted from each other to obtain ACt value (ACt=
Ctsop — Ctgpy); and then, ACt values of samples in
treatment set were transformed into relative expression as
the proportion of ACt values of their control samples
(AACt = ACty — ACtcy).

Statistical analysis

The obtained data related to field experiments were
subjected to combined analysis of variance (combined
ANOVA) and descriptive statistic’s, such as mean and
standard error. After that, the mean squares (MS) obtained
from combined ANOVA for each of normal irrigation and
drought stressed trials were used for estimating the residual
(res) variance, variance of block (blk) within year (yr),
genotype (gn) by year variance, genotypic variance,
environmental variance, phenotypic variance, broad sense
(general) heritability, genotypic coefficient of variation
(GCV), and phenotypic coefficient of variation (PCV) based
on the following formulas [18, 45]. Mean comparison based
on LSD test (p=0.05) was carried out using MEANS
statement in PROC GLM of SAS software.

Index Formula
62765 MSTES
&by MSaikiyn “MSres (/ (yrx gn)

Parameter

Residual variance

Block (year) variance

Genotype by environment ézgnx IMSgr xyr “MSies (/ blk

variance yr

Genotypic variance 629n IMSg-MSies (/)blk X yr)

Environmental variance &y IMSpikyMSgnsyrs&res (/ (blkx
gn)

Phenotypic variance on Fgn+[6°/) blkx yn)] + [6°5n
wi /vl

General heritability h? &an / &pn

Genotypic coefficient of GCV [)\/629m(/ Mean] x 100

variation

Phenotypic coefficient of PCV [)\/ézpm(/ Mean] x 100

variation
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ANOVA and descriptive statistic were analyzed by
proc. GLM and proc. MEANS in SAS statistical software
version 9.4, respectively. On the other hand, since there
is no related program being able to estimate the above-
mentioned biometrical and breeding parameters, a code
in SAS software was written by the first author to dir-
ectly calculate these parameters and is provided in the
supplementary materials section. In addition, all data
generated or analysed during this study are included in
this published article as the supplementary information
file in Excel (‘“xlsx’) format which contains the data for
both normal and stress condition in two separate sheets
(‘Normal_Irrigation” and ‘Drought_Stress’).

Factorial ANOVA based on completely randomized
design was used for analyzing expression data by using
proc. GLM in SAS software. The least significant
difference (LSD) method was then used for mean
comparison of expression data. Excel software package
was used for drawing graphs regarding the mean
comparisons alongside evaluating bioinformatics data
related to promotor analysis. The mean values of
triticale genotype across all years for all measured
features were used for building a regression model based
on stepwise feature selection method in each of normal
irrigation and drought stress conditions. Th stepwise
regression model was estimated in SAS software by
using proc. REG. Heatmap by use of “gplots” and
“agricolae” (for standardizing data) libraries, biplot graph
based on principal component analysis (PCA) by use of
“factoextra” library, and cluster analysis based on Ward
method and Euclidian distance by use of “Nbclust”
library were performed in R statistical software (R 3.5).
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