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Introduction: Salinity is the abiotic obstacle that diminishes food production
globally. Salinization causes by natural conditions, such as climate change, or
human activities, e.g., irrigation and derange misuse. To cope with the salinity
problem, improve the crop environment or utilize crop/wheat breeding (by
phenotyping), specifically in spread field conditions. For example, about 33 %
of the cropping area in Egypt is affected by salinity.

Methods: Therefore, this study evaluated forty bread wheat genotypes under
contrasting salinity field conditions across seasons 2019/20 and 2020/21 at Sakha
research station in the north of Egypt. To identify the tolerance genotypes,
performing physiological parameters, e.g., Fv/Fm, CCI, Na+, and K+, spectral
reflectance indices (SRIs), such as NDVI, MCARI, and SR, and estimated salinity
tolerance indices based on grain yield in non-saline soil and saline soil sites over
the tested years. These traits (parameters) and grain yield are simultaneously
performed for generating GYT biplots.

Results: The results presented significant differences (P<0.01) among the
environments, genotypes, and their interaction for grain yield (GY) evaluated in the
four environments. And the first season for traits, grain yield (GY), plant height (PH),
harvest index (HI), chlorophyll content index (CCI), chlorophyll fluorescence
parameter Fv/Fm, normalized difference vegetation index (NDVI) in contrasting
salinity environments. Additionally, significant differences were detected among
environments, genotypes, and their interaction for grain yield along with spectral
reflectance indices (SRIs), e.g., Blue/Green index (BIG2), curvature index (Cl),
normalized difference vegetation index (NDVI), Modified simple ratio (MSR).
Relying on the genotype plus genotype by environment (GGE) approach,
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genotypes 34 and 1 are the best for salinity sites. Genotypes 1 and 29 are the best
from the genotype by stress tolerance indices (GSTI) biplot and genotype 34.
Genotype 1 is the best from the genotype by yield*trait (GYT) method with
spectral reflectance indices.

Discussion: Therefore, we can identify genotype 1 as salinity tolerant based on
the results of GSTI and GYT of SRIs and recommend involvement in the salinity
breeding program in salt-affected soils. In conclusion, spectral reflectance

indices were efficiently identifying genotypic variance.

KEYWORDS

salinity tolerance indices, bread wheat, GGE biplots, GYT biplots, physiological traits,
hyperspectral reflectance indices

1 Introduction

Soil salinity is an abiotic stressor and is considered one of the
biggest obstacles to decreasing food production globally (Sardouie-
Nasab et al.,, 2014; Tao et al., 2021; Quamruzzaman et al., 2022),
impeding the breeding and releasing of cultivars (Bailey-Serres
et al, 2019; Reynolds and Braun, 2022). It impacts more than
20%-40% of irrigated land (Ghonaim et al., 2021; Quamruzzaman
et al., 2022). About 33% of the cropping area in Egypt is affected by
salinity (Stavi et al., 2021; Morsy et al., 2022). Salinization is caused
by either natural conditions (climate change) or human activities
(anthropogenic, such as irrigation misuse) (Shabala et al, 2014;
Stavi et al.,, 2021; Morsy et al., 2022). Reusing about 10 billion m? of
drainage water is considered a salinization source to increase soil
salinity and reflects the limited water resources in Egypt (Mohamed,
2017). Hence, salinity is coped with through either crop
environment management or crop improvement (breeding) (Rady
et al., 2016; Alharbi et al., 2021; Morsy et al., 2022).

Wheat (Triticum aestivum L.) is a dominant cultivated cereal
crop worldwide that has a role to play in food security. It
contributes approximately 20% of human calories and protein
(Reynolds and Braun, 2022). The total production is about 750
million tons annually. Nearly 9 million tons in Egypt is produced
from 1.3 million hectares of wheat-cultivated areas (FAOSTAT,
2021). Breeding for stress tolerance acquires whether select tolerant
genotype or maintenance of the environmental factors, such as
reclamation of the soil, for example, adding gypsum to the soil
(Stavi et al., 2021; Morsy et al,, 2022), application of potassium
fertilizer to enhance the salt-tolerance (Dawood et al., 2014), foliar
spray of glutathione as an antioxidant with an organic biostimulant
to improve the physiological and metabolic adaptation to salinity
(ur Rehman et al,, 2021) or improving wheat under biotic stress
such as disease (Msundi et al, 2021), drought stress (Schneider
et al,, 1997; Abdelhakim et al, 2021), and salinity stress (Aycan
et al.,, 2021; Ghonaim et al., 2021; Moustafa et al., 2021). In contrast,
the selection (phenotyping) for stress tolerance purposes relies on
the integration of multiple disciplines, not only agronomic traits
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(grain yield) but also physiological traits (Na* and K*) (Oyiga et al.,
2016; Tao et al., 2021) and hyperspectroscopic measurements
(normalized difference vegetation index (NDVI) (Ali et al., 2018;
Moghimi et al., 2018; Bruning et al., 2020). Salinity tolerance is a
complex phenomenon controlled by several physiological traits and
processes and genetic factors (Gizaw et al., 2018) and influenced by
growth stages and open field conditions (Hagq et al., 2010; Moghimi
et al,, 2018; Bruning et al., 2020). For breeding for wheat saline soil
tolerance purposes, Sardouie-Nasab et al. (2014) reported field
screening for 100 bread wheat genotypes under saline and non-
saline conditions to identify tolerant genotypes utilizing salt
tolerance indices (STIs) and principal component analysis (PCA).
Moreover, several researchers (Hinojosa et al., 2019; Mohammadi
etal,, 2022) have screened a large set of genotypes and then selected
appropriate genotypes for field stress evaluation.

Remote sensing technologies and spectral instruments create
valuable spectral information in many wavelength bands throughout
the electromagnetic spectrum, particularly visible, near-infrared, and
shortwave, and provide spectral reflectance indices. These approaches
are powerful tools for identifying chemical and physical plant structures
and functions and are considered rapid, high-throughput, non-
destructive, and accurate plant vegetation measurements (Reynolds
et al, 2012; Sun et al, 2019; Bruning et al,, 2020). Additionally, these
techniques utilize spectral reflectance indices (SRIs) and phenotypic data
(Gizaw et al, 2018). Plant phenotyping under field conditions and based
on SRIs enables breeders to select improved vigorous and high-yielding
genotypes (Hinojosa et al, 2019). Spectral reflectance indices assist in
exploring various traits of plant vigor and performance and rely on
visible (400-700 nm wavelength) and near-infrared spectra (>700 nm
wavelengths), which are employed in plant phenotyping and screening,
for example, NDVT (Santana et al,, 2021), leaf greenness, and pigment
abundance (Reynolds et al., 2012; Hinojosa et al., 2019). For instance,
several vegetation indices were calculated based on canopy spectral
properties, particularly for plants under stress, indicating agro-
morphological traits indirectly (El-Hendawy et al,, 2019), and the SRIs
correlated with genotype Sakha 93 more than Sakha 61 for growth and
grain yield. Sun et al. (2019) reported that applying canopy reflectance in

frontiersin.org


https://doi.org/10.3389/fpls.2023.1165113
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Elfanah et al.

winter wheat changed the canopy water content in different
water regimes.

Physiological traits measured by instruments such as
chlorophyll fluorescence are estimated as the Fv/Fm ratio
(Hinojosa et al., 2019), and the chlorophyll content index (CCI)
has been confirmed in plant phenotyping as a physiological trait
measured by Opti-Sciences OS30p+ and Opti-Sciences CCM 200+
devices, respectively. For example, photosynthetic parameters
decrease under saline conditions, which benefits the selection of
salinity-tolerant genotypes (Munns and Gilliham, 2015; Tao et al,,
2021). Additionally, Wu et al. (2015) pointed out the positive
correlation between chlorophyll content and plant salt tolerance
in barley and wheat (Tao et al., 2021). They reported that detecting
chlorophyll fluorescence in the early growth stage is beneficial to
preventing plant biomass loss under high-salinity treatment (El-
Hendawy et al., 2019). In addition, researchers have reported that
genotype selection based on genotype by trait (GT) biplots,
including soil plant analysis development (SPAD) reading with
agronomic traits, is an effective tool (Mohammadi, 2019; Kendal,
2020; Mohammadi and Amri, 2021). Salinity stress negatively
influences chlorophyll fluorescence (Zarco-Tejada et al., 2003;
Kalaji and Guo, 2008). On the other hand, physiological traits
estimated in the laboratory that reflect a salinity-tolerant genotype
include minimal Na* concentration, higher K" accumulation
perfectly maintaining osmotic pressure in roots and shoots, and
maximal photosystem (PSII) activities, resulting in producing
higher biomass specifically under salinity stress (Oyiga et al,
2016; Morsy et al., 2022; Quamruzzaman et al., 2022).

STIs are used extensively in breeding programs (Sardouie-
Nasab et al., 2014; Sabouri et al., 2022), and several applications
compute them, such as iPASTIC (Pour-Aboughadareh et al.,, 2019).
This online software generates several selection parameters, e.g.,
tolerance index (TOL) (Rosielle and Hamblin, 1981), mean
productivity stress (MP) (Rosielle and Hamblin, 1981), STI
(Fernandez, 1992), geometric mean productivity (GMP)
(Fernandez, 1992), harmonic mean (HM) (Bidinger et al., 1987),
stress susceptibility index (SSI) (Fischer and Maurer, 1978), yield
index (YI), yield stability index (YSI) (Bouslama and Schapaugh,
1984), and relative stress index (Fischer and Wood, 1979). In
addition, the combination of significant indices (CSI) (Sabouri
et al., 2022) is proposed based on calculated means in contrasting
conditions such as irrigated and non-irrigated environments. These
parameters assist the breeders in selecting tolerant genotypes in
cases studied to generate PCA, GT, and genotype by yield*trait
(GYT) biplots (Sabouri et al., 2022; Bakhshi and Shahmoradi, 2023)
for several crops.

The beneficial use of SRIs in wheat breeding programs is
essential to recognize their relationship with agronomic traits
(Santana et al., 2021). The GT and GYT biplot approaches (Yan
et al, 2007; Yan and Frégeau-Reid, 2018; Darwish et al., 2023;
Elfanah et al,, 2023) allow breeders and statisticians to distinguish
the correlation of traits and combinations, as well as the genotype
rank and stability of these traits or GYT combinations.
Furthermore, these biometrical techniques for identifying stress-
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tolerant genotypes rely on STIs. For example, GT, GYT, and
genotype by yield*STI (GYSI) were employed to select barley
drought-tolerant genotypes (Bakhshi and Shahmoradi, 2023),
wheat breeds for stress tolerance (Mohammadi, 2019; Msundi
et al, 2021; Zulfigar et al., 2021), and other crops such as rice
breeds for drought (Sabouri et al., 2022), barley (Kendal, 2020;
Bakhshi and Shahmoradi, 2023), common bean genotypes (Sofi
etal., 2022), and soybean (Kurbanov et al., 2023). Moreover, the GT
model with SRIs in corn treated with nitrogen levels to identify trait
relationships was used (Santana et al., 2021).

This study selected 40 elite genotypes based on evaluation of the
previous season in multi-location trials. The selected genotypes
were assessed in multisite and multi-season open fields under saline
soil and non-saline conditions. The estimated characteristics were
agronomic traits, physiological traits, STI computing parameters,
and SRIL. This study aims i) to evaluate and characterize 40
genotypes under saline and non-saline conditions to select
salinity-tolerant genotypes and ii) to measure GYT using SRIs to
assist wheat breeders in selecting genotypes positively correlated
with grain yield to recommend the release of a new variety or to
include it in a breeding program.

2 Materials and methods
2.1 Plant materials and experimental site

There were 40 genotypes selected from a local breeding
program and exotic materials of CIMMYT vyield trials, e.g., 39th
ESWYT, 26th SAWYT, 26th HRWYT, and 8th SATYN (evaluated
in multiple locations in Egypt in the 2017/18 season). These
genotypes comprised 38 advanced breeding lines evaluated with
two recently released cultivars, Misr 3 and Sakha 95, shown in
Table S1.

Two separate field trials were carried out at the Sakha
Agricultural Research Station, Kafr El-Sheikh, Egypt (latitude 31°5’
N and longitude 30°56’E) in two successive cropping seasons, Viz.,
2019/2020 and 2020/2021. The Elhamrawy farm (part of the Sakha
Agricultural Research Station) possesses saline soil with heavy clay
(electrical conductivity (EC) ranging from 8.0 to 10.0 dS m™"), which
could be classified as strongly saline soil. In addition, the Elnataf farm
(another part of the Sakha Agricultural Research Station) is non-
saline soil with heavy clay (EC ranging from 0.5 to 1.5 dS m™"), which
could be classified as non-saline soil. Both experiments were irrigated
with fresh water from an irrigation channel from the River Nile
passing through the experimental area with pH 7.35 and EC of 0.41
dS m™" using a surface irrigation system. Each experiment received
five irrigations per season.

There were 40 genotypes planted in an alpha lattice experimental
design with three replicates. Each plot consisted of six rows, 20 cm
apart and 3.0 m long. Furthermore, the recommended phosphorus
fertilizer dose was 35 kg P ha™' before wheat sowing. At the same

1

time, nitrogen fertilizer was added as 180 kg N ha " at each

environment’s sowing and tillering stage. The sowing date was in
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TABLE 1 Some chemical characteristics of soil in non-saline soil and saline soil at the experimental sites before sowing in the 2019/2020 and 2020/

2021 seasons.

EC pH

(dS/m) (1:2.5) Na*

Soluble cations Meg/L

Ca++

Soluble anions Meg/L

Mgtt  K' €Oy~ HCOs~  CI

S0,>

Non-saline/2020/2021 1.50 7.32 - 26.9 8.43 4.0 4.5 0.0 3.0 20.2 20.6
Saline/2019/2020 10.21 7.81 15.73 62.5 18.9 15.8 1.1 0.0 4.1 49.5 44.7
Saline/2019/2020 8.81 7.79 12.92 56.6 14.3 11.7 0.7 0.0 4.0 41.8 37.5
Saline/2020/2021 10.11 7.86 16.21 68.2 20.5 14.9 0.9 0.0 6.1 50.8 47.6
Saline/2020/2021 8.26 7.80 14.58 56.2 17.2 12.5 0.8 0.0 6.2 42.3 38.2

EC, the electrical conductivity of saturated extracts used (EC.); pH, soil acidity; SAR, sodium adsorption ratio.

the third week of November. These procedures are according to the
Ministry of Agriculture, and Land Reclamation, Egypt. Some
chemical characteristics of saline soil and non-saline sites in the
2019/2020 and 2020/2021 seasons are shown in Table 1.

2.2 The first season measured traits

The agronomic traits measured were days to maturity (DM), days
to heading (DH), plant height (PH), number of spikes m™' (SM),
biomass or biological yield (BY), and grain yield (GY) kgh™". Canopy
temperature (CT) was obtained using a near-infrared temperature
sensor (CEM DT 8835 infrared and K-type thermometer) at the
completed flowering stage of each plot from 1:00 p.m. to 2:00 p.m. on
a cloudless day. NDVI was measured by a field portable NDVI sensor
(GreenSeeker® handheld crop sensor, Trimble Navigation Limited,
Westminster, CO, USA). NDVI was measured between 11:30 a.m.
and 2:00 p.m. The CCI was determined by a chlorophyll content
meter (Opti-Sciences, Inc., CCM 200 plus) from the blade flag leaf
(three readings per plot) at a completed flowering stage between 11
a.m. to 2 p.m. on a sunny day. Chlorophyll fluorescence (Fv/Fm) was
estimated by a portable chlorophyll fluorometer (Opti-Sciences,
0S30p,).

TABLE 2 Spectral reflectance indices and calculation equations.

2.3 The second season measured traits

The agronomic traits measured were GY kg hh Additionally,
the flame apparatus measured flag leaf concentrations of Na" and
K*. The leaf samples were collected from each plot at the end of the
flowering stage. Furthermore, CT was measured as mentioned in
the first season.

2.4 Spectroscopic measurements

2.4.1 Spectral device

The hyperspectral reflectance of the wheat canopy was
measured using a portable backpack ASD spectroradiometer
(Analytical Spectral Devices Inc., Boulder, CO, USA), which
captured the reflectance from 350 to 2,500 wavelength using an
optical fiber probe. The measurement was within +2 h of solar noon
under cloudless conditions. Spectral reflectance indices and

calculated equations are presented in Table 2.

2.4.2 Ceptometer

A ceptometer (model AccuPAR LP-80, Decagon Devices,
Pullman, USA) was utilized to measure the leaf area index (LAI)

Vegetation index Abbreviation Formula Reference

Normalized difference vegetation index NDVI (Rgoo — Re70)/(Rgoo + Re7o) (Rouse et al., 1974)

Modified chlorophyll absorption reflectance index MCARI ((R7o1 = Re70) = 0.2 (Ryo1 — Rss0)) X (Ryo1/Re70) (Gamon and Surfus, 1999)
Leaf chlorophyll index LCI (Rss0) = (R710)/(Rgso) + (Reso) (Pu et al,, 2008)

Curvature index CI Re7s X Reoo/R%6s3 (Zarco-Tejada et al., 2003)

Triangular vegetation index TVI 0.5(120 (Ry50 — Rss0) — 200 (Re70 — Rss0)) (Rouse et al., 1974)

Simple ratio SR R800/R670 (Birth and McVey, 1968)

Modified simple ratio MSR (R750 — R445)/(R705 — R445) (Sims and Gamon, 2002)

Photochemical reflection index PRI (R531 — R570)/(R531 + R570) (Gamon et al., 1992)

Red edge position REP RRE = R670+R780/2 (Guyot and Baret, 1988)

REP = 700 + 40X (RRE - R700)/(R740 — R700)
Blue/green index BIG2 R450/R550 (Zarco-Tejada et al., 2005)
Plant senescence reflectance index PSRI (R680-R500)/R750 (Gitelson et al., 2001)
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twice in early flowering and the middle of grain filling stages (LAI A
and LAI B) within +2 h of solar noon under cloudless conditions.

2.5 Salinity tolerance/sensitive indices

The grain yield means of 40 genotypes for non-saline soil (Yp)
and saline soil (Ys) over two seasons were obtained to calculate the
STIs. Based on these means, the stress tolerance indices were
analyzed by the iPASTIC software (Pour-Aboughadareh et al,
2019). Additionally, Microsoft Excel calculates the newest index,
CSI (Sabouri et al., 2022). Consequently, salinity tolerance/sensitive
indices and equations are illustrated in Table 3. In addition, the
grain yield means of non-saline soil (Yp) and saline soil (Ys) and
grain yield over two sites over 2 years GYg of 40 genotypes, and
salinity tolerance/sensitive indices are shown in Table 4.

2.6 Statistical analyses

Analysis of variance (ANOVA) data were collected for all
characters separately in seasons 2019/20 and 2020/21 over two
sites (saline and non-saline soil). Combined data of grain yield over
two sites and two seasons (environments) and genotype by
environment (GGE) biplots for grain yield over environments
were accomplished according to Yan et al. (2000) and Yan et al.
(2007). Statistical analysis was conducted through GenStat 19th
edition (VSN International Ltd., Hemel Hempstead, UK).
Additionally, a GYT biplot model was created based on grain
yield and other agronomic and physiological traits (e.g., Fv/Fm)
averaged over the saline and non-saline soil sites and season 2019/

TABLE 3 Salinity tolerance/sensitive indices and equations.

10.3389/fpls.2023.1165113

20 of the 40 genotypes. Hence, a genotype by trait table was
generated, and then GYT combinations were computed by
multiplying GY and all traits because high values are desirable
except for DH and DM,; they are divided by GY for the same reason
(the multiplication operation is opposite of division) (Yan and
Fregeau-Reid, 2018). At the same time, the second season GY and
SRI (e.g., NDVI) utilized as traits along with Na" and K" were
measured in the saline soil experiment only. However, salinity
tolerance index values were used to depict genotype by salt
tolerance index (GSTI) biplots (Yan and Fregeau-Reid, 2008);
data were normalized before analyses as follows:

y..:M

E) S.
J

where Yj; is the standardized genotype value i for yield-trait
combination j, Tj is the original value of genotype i for yield-trait
combination j, Tj is the mean of genotype i for yield-trait combination
j» and §; is the standard deviation for yield-trait combination j, by
GenStat 19th edition.

The traits normalized in Microsoft Excel to make a radar chart
are as follows:

_ Xo = Xu)

Xy =
N Xyvax — Xuw)

where Xy is the normalized value, Xo is the original value, and
Xmax and Xy are the minimum and maximum values of the trait,
respectively. This procedure obtains the traits as unitless in the case
where they are compared. Origin (Pro), version 2021 (Origin Lab
Corporation, Northampton, MA, USA) was utilized to illustrate
radar charts.

Stress index Formula Desirable value Reference
Tolerance TOL = Yp - Ys Minimum (Rosielle and Hamblin, 1981)
Stress susceptibility index SSI = 1- (XS/ XP) Minimum (Fischer and Maurer, 1978)
1-(Ys/Yp)
Geometric mean productivity GMP = /Yp x Ys Maximum (Fernandez, 1992)
Stress tolerance index STI = Ys} Yp Maximum (Fernandez, 1992)
(Ys)?
Harmonic mean HM = 2(Ys x Yp) Maximum (Bidinger et al., 1987)
Ys+Yp
Mean productivity MP = Yp+¥s Maximum (Rosielle and Hamblin, 1981)
2
Yield index YI = E Maximum (Gavuzzi et al., 1997)
Ys
Yield stability index YSI = E Maximum (Bouslama and Schapaugh, 1984)
Yp
Relative stress index _ (Ys/Yp) Maximum (Fischer and Wood, 1979)
(Ys/Yp)
Combination of significant indices CSI = E(Enryp index; x index;; +\"rYs. index; x index;) Maximum (Sabouri et al., 2022)
2\ : i ij jrs: i ij
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TABLE 4 Grain yield means of non-saline sites Yp and saline soil sites Ys and grain yield over two sites for 2 years GYg of 40 genotypes and salinity

tolerance/sensitive indices.

Genotype Yp Ys TOL MP GMP HM SSI STI Y YSI RSI Csl Rank GYe

1 9,313 7,983 1,330 8,648 8,622 8,596 0.44 0.86 1.26 0.86 1.26 16,469.4 1 8,648" *
2 9,464 6,866 2,598 8,165 8,061 7,958 0.85 0.75 1.09 0.73 1.07 15,401.6 29 8,605 *°
3 8,715 5977 2,738 7,346 7,217 7,091 0.98 0.60 0.95 0.69 1.01 13,792 31 8,432 ¢
4 9,236 5,736 3,500 7,486 7,278 7,077 1.18 0.61 091 0.62 0.92 13,913.9 34 8,374 2
5 7,961 5,431 2,530 6,696 6,575 6,457 0.99 0.50 0.86 0.68 1.01 12,565.1 22 8,320
6 9,664 6,417 3,248 8,040 7,875 7,712 1.05 0.71 1.01 0.66 0.98 15,049.6 12 8,218 ad
7 7,995 6,092 1,903 7,044 6,979 6,915 0.74 0.56 0.96 0.76 1.12 13,333.1 21 8,188 *¢
8 10,857 5,225 5,633 8,041 7,531 7,054 1.61 0.65 0.83 0.48 0.71 14,425.7 37 8,168 *¢
9 9,319 6,257 3,062 7,788 7,636 7,487 1.02 0.67 0.99 0.67 0.99 14,592.2 2 8,165 *¢
10 8,775 6,896 1,879 7,836 7,779 7,723 0.67 0.70 1.09 0.79 1.16 14,860.8 11 8,094 ¢
11 10,152 6,036 4,116 8,094 7,828 7,571 1.26 0.71 0.95 0.59 0.88 14,967.9 33 8,094 *¢
12 9,737 6,700 3,038 8,218 8,077 7,938 0.97 0.75 1.06 0.69 1.01 15,434.1 36 8,069 *¢
13 8,222 5,909 2,313 7,065 6,970 6,876 0.88 0.56 0.93 0.72 1.06 13,317.7 8 8,041 *¢
14 9,640 5,982 3,659 7,811 7,594 7,382 1.18 0.66 0.95 0.62 091 14,516.5 6 8,040 *¢
15 8,633 6,210 2,423 7,421 7,322 7,224 0.87 0.62 0.98 0.72 1.06 13,989.7 30 8,032 *¢
16 8,887 6,709 2,178 7,798 7,722 7,646 0.76 0.69 1.06 0.75 1.11 14,752.2 40 8,014 *¢
17 9,580 6,205 3,375 7892 7,710 7,532 1.10 0.68 0.98 0.65 0.95 14,736 23 7,999 ¢
18 7,945 6,755 1,190 7350 7,326 7,302 0.47 0.62 1.07 0.85 1.25 13,993.8 19 7,937 *¢
19 9,456 6,418 3,038 7937 7,790 7,646 1.00 0.70 1.01 0.68 1.00 14,886.5 32 7,924 *F
20 9,576 6,047 3,529 7811 7,609 7,413 1.15 0.67 0.96 0.63 0.93 14,545.7 17 7,892 *F
21 9,692 6,685 3,007 8188 8,049 7,912 0.97 0.75 1.06 0.69 1.02 15,380.7 10 7,836 *F
22 9,354 7,286 2,068 8320 8,255 8,191 0.69 0.79 1.15 0.78 1.15 15,771.4 20 7,811 F
23 9,924 6,075 3,850 7999 7,764 7,536 1.21 0.69 0.96 0.61 0.90 14,843.8 14 7,811 **
24 9,487 5,263 4,225 7375 7,066 6,770 1.39 0.58 0.83 0.55 0.82 13,516.3 16 7,798 af
25 8,911 5,832 3,080 7371 7,209 7,050 1.08 0.60 0.92 0.65 0.96 13,777.6 28 7,797 *F
26 8,849 6,441 2,408 7645 7,549 7,455 0.85 0.66 1.02 0.73 1.07 14,424.3 38 7,794 *F
27 9,149 5,979 3,171 7564 7,396 7,232 1.08 0.63 0.95 0.65 0.96 14,135.3 9 7,787 *F
28 10,050 5,544 4,506 7797 7,464 7,146 1.40 0.64 0.88 0.55 0.81 14,279.1 26 7,645 F
29 9,902 7,308 2,594 8605 8,507 8,410 0.82 0.83 1.16 0.74 1.09 16,252.9 35 7,612 %
30 9,861 6,203 3,659 8032 7,821 7,615 1.15 0.70 0.98 0.63 0.93 14,949.8 27 7,564 af
31 10,666 6,197 4,469 8432 8,130 7,839 1.30 0.76 0.98 0.58 0.86 15,547.5 4 7,486 **
32 9,890 5,957 3,933 7924 7,676 7,435 1.24 0.68 0.94 0.60 0.89 14,675.5 15 7,421 %F
33 9,495 6,692 2,803 8094 7,971 7,851 0.92 0.73 1.06 0.70 1.04 15,231.6 24 7,375 >f
34 9,787 6,960 2,827 8374 8,253 8,135 0.90 0.78 1.10 0.71 1.05 15,770.2 25 7,371 <f
35 9,346 5,879 3,467 7613 7,412 7,218 1.15 0.63 0.93 0.63 0.93 14,169.5 18 7,350 <
36 10,045 6,093 3,952 8069 7,823 7,585 1.22 0.71 0.96 0.61 0.89 14,957.4 3 7,346 bt
37 8,947 7,389 1,559 8168 8,130 8,093 0.54 0.76 1.17 0.83 1.22 15,531.3 13 7,065 4t
38 9,844 5,745 4,099 7795 7,520 7,256 1.30 0.65 091 0.58 0.86 14,381 7 7,043 4t

(Continued)
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TABLE 4 Continued

Genotype Yp Ys TOL MP GMP HM SSI STI Yl YSI RSI Gsl Rank GYe
39 8,066 5820 | 2,247 6943 6,851 6,761 087 054 | 092 | 072 1.06 13,090.7 39 6,943 f
40 8,276 7,753 523 8014 8,010 8,005 020 | 074 123 094 1.38 15,299.2 5 6,696
CV% 12.12

"Mean values within the same column for each trait with the same lowercase letter are not significantly different according to the least significant difference (LSD) at P < 0.05. The rank of
genotypes was based on GY combined analysis. TOL, tolerance index; MP, mean productivity stress; STI, tolerance index; GMP, geometric mean productivity; HM, harmonic mean; SSI, stress
susceptibility index; Y1, yield index; YSI, yield stability index; RSI, relative stress index; CSI, combination of significant indices.

3 Results minimum, maximum, and means of all SRIs and GYs. Additionally,

the mean square of genotypes and significant differences among
3.1 The estimated trait summary and them in all SRI and GY except in non-saline soil sites’ blue/green
mean performance index (BIG2), modified simple ratio (MSR), SR, LAI A, and LAI B.

However, in the saline soil site's, there are no significant differences
A summary of the studied traits measured in the 2019/2020  among genotypes for SRI, such as modified chlorophyll absorption
season is revealed in Table S2. The results revealed different  reflectance index (MCARI), LAI A, LAI B, and K/Na. In addition,
minimum, maximum, and mean performance and genotype  high-ranked genotypes according to SRI mean performance
mean squares (MS Geno.) of non-saline and saline locations. ~ were demonstrated.
There is significant difference between genotypes of all The means of two non-saline soil sites (Yp) and saline soil sites
characters in non-saline and saline conditions, except for BY,  (Ys) for the 40 genotypes were calculated over both studied seasons.
CT, harvest index (HI), and SM for a non-saline soil site, which is ~ Grain yield means ranged from 7,945 kg h™' for genotype 18 to
in contrast with CT and SM in saline soil condition. Additionally, ~ 10,857 kg h™' for genotype 8 of non-saline soil sites. At the same
the CV of non-saline soil ranged from 2.01 for DM to 20.65% for  time, the saline soil sites range from 5,225 kg h™" of genotype 8 to
SM. However, in the saline soil condition, CV ranged from 1.6 for 7,983 kg h™" of genotype 1 (Figure S1). The results revealed that
DM to 25.89% for SM. Moreover, the rank of genotypes according  genotypes 1, 40, 37, 29, 33, 34, and 22 recorded the highest means
to their mean performance for all studied characters was revealed.  and lowest fluctuations across seasons. In contrast, genotypes 8, 11,
Table S3 summarizes the SRIs and GYs estimated across non- 23, 24, 28, and 31 had high fluctuations across environments over
saline and saline conditions in the 2020/2021 season. The data are ~ seasons (Figure S1).

TABLE 5 Analysis of variance (mean square) of agronomic and physiological traits of 40 genotypes evaluated under non-saline and saline soil sites in
the 2019/2020 season.

Source of variation DF BY DH DM Fv/Fm (€)4 HI
ENV 1 1.36E+08** 8,166™* 16,335** 0.000006™° 1.58E+08** 1301
REP:ENV 4 21,945,141 24.667 16.338 0.003626 2,155,530 219.86
BLK:REP:ENV 54 15,134,375 28.743 26.861 0.002444 1,298,744 68.53
GEN 39 9,105,748* 85.646** 51.2%* 0.002373* 1,775,095%* 51.82*
ENV:GEN 39 8,000,302N% 6.786™° 4.805N% 0.002529** 1,801,470%* 27.51N
Residual 102 5,465,161 5.193 7.388 0.001429 1,011,245 33.23
CV (%) 14.86 235 1.86 534 13.59 11.97
Source of variation DF NDVI PH SM cal cT

ENV 1 0.41917** 2,767** 415,751 170.33** 4.692*

REP:ENV 4 0.005033 55.42 16,460 115.43 23.718

BLK:REP:ENV 54 0.007038 71.61 5,185 30.74 3.455

GEN 39 0.010857** 168.53** 7,872N8 37.29%* 2.044%

ENV:GEN 39 0.005503* 23.13* 6,528™° 17.28"8 1.564™°

Residual 102 0.003382 11.46 6,172 10.95 1217

CV (%) 10.84 3.44 24.26 10.42 4.36

DF, degrees of freedom; ENV, environment (sites by season); GEN, genotype; REP, replication; BLK, block; BY, biological yield; DH, days to heading; DM, days to maturity; Fv/Fm, chlorophyll
fluorescence; GY, grain yield; CT, canopy temperature; HI, harvest index; NDVI, normalized difference vegetation index; PH, plant height; SM?, number of spikes per square meter; CCI,
chlorophyll content index; CV, coefficient of variation; MS Geno., mean square of genotypes; * and **, significance levels of P<0.05 and P<0.01; NS, no significant difference.
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3.2 The studied trait combined
data analyses

Table 5 shows the combined ANOVA for the agronomic and
physiological studied traits in the 2019/2020 season under non-
saline and saline soil sites. The effect due to sites significantly varied
from site to site for all traits except for Fv/Fm. In addition, the
genotype component has a significant variation for all studied
characters except SM. In comparison, the effect of genotype by
sites for BY, DH, DM, HI, SM, CCI, and CT was insignificant in
contrast with other traits.

Based on the combined data of non-saline and saline soil sites
(environments) presented in Table 6, the environment significantly
varied for all traits, e.g., grain yield and spectral reflectance indices.
Furthermore, there is significant variation among genotypes
examined in the 2020/2021 season for all traits except
photochemical reflection index (PRI), plant senescence reflectance
index (PSRI), red edge position (REP), SR, and LAI A. However, the

10.3389/fpls.2023.1165113

interaction between environment and genotype was insignificant
for most traits except BIG2, CI, GY, MSR, and NDVL

The combined analysis of variance for grain yield traits over all
sites and seasons (four environments) is demonstrated in Table S4.
The data revealed significant differences among environments,
genotypes, and environments by genotypes with significance
levels (P<0.01) along with CV 12.12%.

3.3 The comparison of the estimated traits
and contrasting sites in both seasons

The mean performance of the agronomic and physiological
traits of the 40 genotypes tested in non-saline soils versus saline
soils in the 2019/2020 season is illustrated in a radar chart
(Figure 1A). The results show that the same score was recorded
for traits such as NDVI, days to heading (HD), and CCI for both
sites, while the days to maturity, BY, and PH values of the non-

TABLE 6 Analysis of variance (mean square) of agronomic traits and spectral reflectance indices of the 40 genotypes evaluated in both non-saline
and saline soil sites 2020/2021 season.

Source of variation DF BIG2 Cl GY LCl MCARI
ENV 1 0.076932** 0.012939* 1.14E+09** 0.125417** 0.000986**
REP:ENV 4 0.004917 0.0198 48,250,956 0.002748 3.14E-05
BLK:REP:ENV 54 0.000575 0.005866 4,077,516 0.000995 9.44E-05
GEN 39 0.000614** 0.005434* 1,669,177°* 0.001398** 0.000112*
ENV:GEN 39 0.000615** 0.005677%* 1,895,697** 0.000771N% 7.37E-05"°
Residual 102 0.000362 0.003238 786,465 0.000638 6.79E-05
CV (%) 2.95 -7.43 10.76 4.92 14.67
Source of variation DF MCARI 1 MSR NDVI PRI PSRI

ENV 1 0.055588** 874.4954** 0.089744** 0.00352** 0.000823**
REP:ENV 4 0.005258 55.1711 0.003795 0.000621 0.000232
BLK:REP:ENV 54 0.002963 0.7201 0.000866 3.61E-05 7.17E-06
GEN 39 0.003111%* 0.1974** 0.000969** 1.78E-05N% 1.79E-05~%
ENV:GEN 39 0.001688~% 0.2015** 0.000716* 1.78E-05~% 1.79E-05~%
Residual 102 0.001396 0.1022 0.000454 2.03E-05 1.32E-05
CV (%) 14.67 5.09 13.17 2.87 -31.8
Source of variation DF REP SR TVI LAINTA LAl B
ENV 1 369.3083** 30,984.33** 101.93** 753.3372%¢ 164.309**
REP:ENV 4 23.2046 1,946.206 8.339 36.0375 43.632
BLK:REP:ENV 54 0.3795 19.943 45 0.9701 2.426

GEN 39 0.3205™° 0.2446™° 4.764** 0.5044™5 0,981
ENV:GEN 39 0.3161N 0.2177 2.825™8 0.3914 1.087N8
Residual 102 0.2573 0.2769 2.193 0.3817 1.095

CV (%) 0.07 2.54 5.29 11.75 23.38

DF, degrees of freedom; ENV, environment (sites by season); GEN, genotype; REP, replication; BLK, block; GY, grain yield. * and **, significance levels of P<0.05 and P<0.01; NS, no
significant difference.
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(A) Radar chart of the mean performance of the agronomic and physiological traits of 40 genotypes under non-saline and saline conditions
evaluated in the 2019/2020 season. * and **, significance levels of P<0.05 and P<0.01, respectively, of genotype mean square. Fv/Fm, chlorophyll
fluorescence; NDVI, normalized difference vegetation index. (B) Radar chart of the mean performance of grain yield (GY) and spectral reflectance
indices along with LAl A and B, measured on 15 and 30 March 2021, for 40 genotypes under non-saline and saline conditions in the 2020/2021
season. * and **, significance levels of P<0.05 and P<0.01, respectively, of genotype mean square.

saline soil site tend to be greater than those of the saline soil site. In
contrast, GY, HI, CT, SM, and chlorophyll fluoresce (Fv/Fm) had
the highest means for the saline site. The genotypes varied
significantly (P< 0.01) in combined data for all revealed traits
except SM.

The means of spectral reflectance indices and grain yield
averaged over the 40 genotypes in the two sites (non-saline soils
and saline soils) in the 2020/2021 season are displayed in
Figure 1B. The saline soil site recorded higher values than the
non-saline soil site for SRIs, such as NDVI, MCARI, PRI, BIG2,
PSRI, leaf area B, and GY, while other indices are the opposite,
except for triangular vegetation index (TVI), MCARI 1, and leaf
area A, which had almost the same means as the two sites. The
genotypes varied significantly (P< 0.01) in combined data of both
sites for all shown traits and SRIs except PRI, REP, SR PSRI, and
leaf areas A and B.

PC2 - 29.88%

PC1-37.80%

FIGURE 2

3.4 GGE biplots for grain yield over the
four environments

Figure 2A presents the which-won-where of the GGE biplot
view for the grain yield data of the 40 genotypes over all sites and
seasons (four environments). Genotype 34 (1 close to 34) is the best
one. It is located on the polygon vertices in sector content saline
sites of two years. On the other hand, genotypes 40 and 6 are the
winners in the non-saline soils in the first season of 2019/20, but
genotype 37 (16 close to 37) is the winner in the non-saline soils’
second season of 2020/21. Principal components PC1 and PC2
explained 67.68% of the total variation of environments (E),
genotypes (G), and G by E interaction. In the site of the saline
soils (if we extend a vector from the biplot origin to points of saline
sites), there was an acute angle between them. Thus, these sites are
highly correlated in contrast to non-saline sites.
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(A) Which-won-where GGE biplot view of the grain yield of 40 genotypes evaluated in non-saline and saline conditions in the 2019/2020 and 2020/
2021 seasons (four environments). (B) Mean vs. stability view of the GGE biplot of 40 genotypes tested across non-saline and saline conditions in the

2019/2020 and 2020/2021 seasons (four environments).
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From the 40 genotype entries, genotype 37, followed by 16, 34,
1, and 12, is the top-ranked genotype evaluated under non-saline
soils and saline soils of the cropping seasons, whereas genotype 27
ranked as the lowest genotype (Figure 2B). Furthermore, the five
selected genotypes are located close to the line with an arrow and
possess short projections. This means that the stable genotypes
across the four investigated environments compared with genotypes
40, 4, and 6 pointed away from the average tester coordination
(ATCQ) line.

3.5 The estimation of salt tolerance indices
and their GT biplots

The GT view was obtained to produce Figure 3A (GSTI) based
on values of Table 4 using the grain yield (Yp) of non-saline soil
sites and saline soil sites (Ys) over both seasons, their combined data
over four environments (GYE), and salt tolerance/susceptibility
indices. The findings reveal that genotypes 1, 29, 31, 34, 22, and
12 recorded the highest means of grain yield (Table 4). Moreover,
genotypes 1 and 29 are the winning genotypes for salinity indices
such as Ys, YI, MP, STI, HM, CSI, and GMP. On the other hand,
genotype 8 is the winning genotype based on RC, SSI, and TOL
susceptibility indices and non-saline soil sites’ mean (Yp), and
genotype 40 is the winner for YSI and RSI. Additionally, the sum
of PCl1 is 60.33% plus PC2 39.48%, equal to 99.8% of total
variations, and it indicates the salinity tolerance indices STI and
GY calculated from each other (Figure 3A).

According to the view of the GSTI biplot for average tester
coordination, ATC is revealed in Figure 3B. The top-ranked
genotypes are 1, followed by 29, 34, 22, and 31, while the poorest
is genotype 5. Genotypes 29 and 34 had a strong performance and
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FIGURE 3

10.3389/fpls.2023.1165113

were close to the ATC line (short projection) compared with
genotypes 40 and 18.

Table S5 reveals that the genotypes’ ranks rely on STI and grain
yield in non-saline soil (Yp) and saline soil sites (Ys). The results
show that genotype 1 is the top-ranked one for Ys, MP, GMP, HM,
STI, and YI. However, the opposing genotype 5 is the last ranked
one for the same indices. On the other hand, genotype 8 recorded
the lowest ranks for Ys, TOL, SSI, YI, YSI, and RSI. On the other
hand, genotype 40 had the highest rank for the TOL, SSI (salinity
tolerant), YSI, and RSI parameters. SR and AR are the sum and
average of all ranks, and genotype 1 demonstrated the best one with
values of 40 and 3.6. Nevertheless, genotype 24 recorded 391 and
35.5, respectively. The findings in Figure 3A confirmed these results.

The tester vector view of the GSTI biplot is depicted in Figure
S2. The acute angle between STI vectors reflects the strength of the
relationship or correlation and vice versa. For example, the angle
between RSI and TOL indices indicates a negative correlation, while
MP and GMP are highly positively correlated. These findings in
Figure S2 are confirmed by numerical values such as the correlation
coefficient for RSI, and TOL is r = —0.98 in contrast to MP and GMP
recorded r = 0.97. Moreover, the relation between RSI and YSI is
identically confirmed by the same indices located on the same point
(Figure S2).

3.6 The GYT biplots for agronomic and
physiological traits and SRI of both seasons

The GYT view is presented in Figure 4A. Based on the grain
yield and other agronomic and physiological traits, the average of
each genotype was evaluated under non-saline and saline sites in the
2019/2020 season. Hence, the GT table (two-way table) was
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(A) Which-won-where view of the GSTI biplot of grain yield Yp in non-saline soil sites and Ys in saline soil sites in the 2019/2020 and 2020/2021
seasons of 40 genotypes with salinity tolerance indices, viz., tolerance index (TOL), mean productivity (MP), stress tolerance index (STI), geometric
mean productivity (GMP), harmonic mean (HM), stress susceptibility index (SSI), yield index (Y1), yield stability index (YSI), relative stress index (RSI),
and combination of significant indices (CSI). (B) The average tester coordination view of the GSTI biplot of grain yield Yp in non-saline soil sites and
Ys in saline soil sites in the 2019/2020 and 2020/2021 seasons of 40 genotypes with salinity tolerance indices, i.e., tolerance index (TOL), mean
productivity (MP), stress tolerance index (STI), geometric mean productivity (GMP), harmonic mean (HM), stress susceptibility index (SSI), yield index
(Y1), yield stability index (YSI), relative stress index (RSI), and combination of significant indices (CSI).
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(A) Which-won-where view of the genotype by yield*trait (GYT) biplot of agronomic and physiological traits, e.g., BY, biological yield; DH, days to
heading; DM, days to maturity; Fv/Fm, chlorophyll fluorescence; GY, grain yield; CT, canopy temperature; Hl, harvest index; NDVI, normalized
difference vegetation index; PH, plant height; SM2, number of spikes m™%; and CCl, chlorophyll content index, to create the combinations of 40
genotypes evaluated in normal and saline sites in the 2019/2020 season. (B) The average tester coordination view of the genotype by yield*trait
(GYT) biplot of agronomic and physiological traits, e.g., BY, biological yield; DH, days to heading; DM, days to maturity; Fv/Fm, chlorophyll
fluorescence; GY, grain yield; CT, canopy temperature; HI, harvest index; NDVI, normalized difference vegetation index; PH, plant height; SM2,
number of spikes per square meter; and CCl, chlorophyll content index, to generate the combinations of 40 genotypes evaluated in normal and

saline sites in the 2019/2020 season.

generated, and then GYT combinations were normalized and
calculated. Genotype 31 won the GY*Fv/Fm, GY*CT, GY/DH,
GY/DM, GY*HI, and GY*CCI combinations. However, genotype
6 is the best for the GY*NDVI, GY*SM2, GY*PH, and GY*BY
combinations. The sum of PC1 and PC2 accounted for 81.29% of
total variations.

The GYT results are revealed in Figure 4B. The 40 genotypes’
ranking is 31>6>8>21>8>29, and genotype 5 is the lowliest
genotype according to GYT combinations. However, the genotype
placed close to the ATC line tended to be superior and had a

balanced trait profile, e.g., genotypes 21 and 8 and vice versa, based
on that view of the first season biplot data.

For the 2020/2021 season, the grain yield averaged for the 40
genotypes and non-saline and saline sites were combined to
produce the GYT combinations (data normalized before analyses)
using SRIs. Genotype 1 was selected as the winner for most
combinations, genotype 34 for the GY*MCARI combination,
genotype 5 for the GY*CI combination, genotype 3 for the
GY*PSRI combination, and genotype 12 for GY/Na combination
(the minimum is the desirable value) (Figure 5A).
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(A) Which-won-where view of the genotype by yield*trait (GYT) biplot of grain yield averaged in non-saline and saline soil sites with spectral
reflectance indices to generate the combinations of 40 genotypes evaluated in the 2020/2021 season. (B) The average tester coordination view of
the genotype by yield*trait (GYT) biplot of grain yield averaged non-saline and saline soil sites with spectral reflectance indices to generate the

combinations of 40 genotypes evaluated in the 2020/2021 season.
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In the GYT biplot findings of the 2020/2021 season, the ATC
(Figure 5B) demonstrated the best-ranked genotypes, e.g., genotype
1 followed by 37, 34, 22, 33. In contrast, genotype 5 had the lowest
performance based on the GYT combinations with spectral
reflectance indices, and genotypes 37 and 22 tended to be
superior to 12 and 29. Thus, refer to the closeness and farness of
the genotype location from the ATC line. The sum of contributions
for PC1 and PC2 accounted for 76.14% of overall variations.

4 Discussion

Salinity tolerance varies from one specie to another, but the
species’ tolerance mechanisms are similar to drought tolerance
(Munns and Tester, 2008). Thus, we selected elite genotypes from
CIMMYT drought trials, viz., SAWYT and SATYN, besides the
yield potentiality trials, to identify salinity-tolerant genotypes
evaluated under the open field conditions, as shown in Table S1.
Several researchers (Sardouie-Nasab et al., 2014; Hinojosa et al.,
2019; Mohammadi et al., 2022) have screened a large set of
genotypes and then selected appropriate genotypes for field stress
evaluation. They used different traits, agronomic characters,
physiological traits, spectral reflectance indices, and STIs. In this
study, relying on the GGE approach, genotypes 34 and 1 are the best
for saline soil sites (Figure 2A). Genotypes 1 and 29 (Figure 3A) and
genotype 34 (Figure 3B) are the best from the GSTI view. Genotype
1 is the best from the GYT view with SRI (Figures 5A, B). Therefore,
genotype 1 could be identified as salt tolerant based on the STI and
SRI results, shown in Figures 3A, B, 5A, B and Table S5.

Salinity tolerance is a complex phenomenon controlled by
several physiological functions and genetic factors (Gizaw et al,
2018) and influenced by growth stages and open field conditions
(Haq et al., 2010; Oyiga et al,, 2016; Tao et al,, 2021). The
appropriate design, alpha lattice, was used to reduce the
experimental error generated and analyzed by GenStat, especially,
in salinity-affected fields (acquired for genotype evaluation).
Findings of grain yield data presented in Table S4 (combined)
over the four studied environments showed significant differences
for environments, genotypes, and their interaction, which are
similar to other reports (Ali et al, 2012; Enyew et al., 2021;
Msundi et al, 2021; El-Hendawy et al., 2022). Additionally,
similar findings were pointed out for the combined data and GGE
biplot by (Enyew et al., 2021; Darwish et al., 2022; Darwish et al.,
2023). Tables 5, 6 show significant differences in genotypes,
environments, and their interactions for most studied traits over
season by season separately. These findings agree with the results of
agronomic traits (Enyew et al., 2021) and chlorophyll fluorescence
(Fv/Fm) in quinoa crop (Hinojosa et al.,, 2019). In contrast, spectral
reflectance index results agree with other reports (Prasad et al,
2007; El-Hendawy et al., 2019; Sun et al., 2019) regarding BIG2, CI,
MSR, and NDVI as shown in Table 6.

The GGE, GT, and GYT models facilitate the mission of plant
breeders to select tolerant genotypes for biotic and abiotic stresses.
Based on the grain yield, other agronomic and physiological traits
were averaged over the non-saline and saline soil sites, a genotype
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by trait table was generated, and then GYT combinations were
normalized and calculated. Multiplication of GY and all traits was
done compute the combinations because high values are desirable
except for DH and DM. Multiplication of GY and all traits was done
to compute the combinations because high values are desirable.
However, DH and DM are divided by GY for the same reason (the
multiplication operation is the opposite of division) (Yan and
Fregeau-Reid, 2018). This study used GT analysis to address
salinity tolerance indices generated from the iPASTIC online
software (Table 4) and produced the GSTI biplots shown in
Figure 3A, Figure S2, and Figure 3B and then identified genotypes
1 and 29 as salt-tolerant genotypes, while genotype 40 had yield
stability. These findings agreed with the results of other reports
(Yan and Fregeau-Reid, 2008; Mohammadi, 2019; Msundi et al.,
2021; Santana et al., 2021; Zulfiqar et al., 2021). Salinity tolerance
indices were calculated using the iPASTIC application based on
grain yield in non-saline and saline soil sites over the years, and all
the indices were employed to generate the GSTI biplots shown in
Figure 3A and Figure S2. Other researchers, in this regard, obtained
similar results (Mohammadi, 2019; Santana et al., 2021; Sabouri
et al,, 2022).

All traits measured of 40 genotypes were used to compare non-
saline soil and saline soil sites. The traits data normalized by
maximum and minimum values (to convert the raw data of traits
into unitless values) and averaged of traits in a radar chart, e.g., for
GY of the saline site recorded average higher than non-saline site in
Figures 1A, B it may reflect the amount of variation in saline sites.
These findings were similar to the results of several agronomic and
physiological traits recorded by Al-Ashkar et al. (2019); Yang et al.
(2020); Mohan et al. (2021); Yang et al. (2022), and Rebouh et al.
(2023). In the same context, the wheat nitrogen deficit did not
impact the Fv/Fm ratio (Gioia et al., 2015). However, sowing depth
influences the grain yield of wheat (Amram et al., 2015).

The salt-tolerant genotype may have a minimal Na™
concentration, a higher K™ accumulation, a nicely maintained
osmotic pressure in its roots and shoot, and maximal photosystem
(PSII) activities, producing higher biomass specifically under salinity
stress (Oyiga et al,, 2016; Quamruzzaman et al,, 2022). Accordingly,
genotype 1 possesses a higher accumulation of K™ and the best rank
of GY in saline soil sites in both seasons (Tables S2, S3). However,
genotype 10 recorded the lowest Na* concentration and K":Na" ratio
and BY in the saline soil site (Table S3). These findings are consistent
with those obtained in other reports (Oyiga et al., 2016; Morsy et al,,
2022; Quamruzzaman et al, 2022). Genotype 12 was the best
according to the GY/Na" combination (Figure 5A), while genotype
1 was the best from the GY*K" combination of the GYT biplot.

Remote sensing technologies and spectral instruments create
valuable spectral information in many wavelength bands
throughout the electromagnetic spectrum, particularly visible,
near-infrared, and shortwave, and provide spectral reflectance
indices. These approaches are becoming extremely powerful tools
for identifying chemical and physical plant structures and functions
by non-destructive methods and rapid and precise measurements
(Reynolds et al., 2012; Bruning et al., 2020; El-Hendawy et al., 2022).
Additionally, GGE, GT, and GYT biplots are other powerful tools in
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plant breeding for screening many genotypes and identify the best
one, specifically under stress conditions. For example, researchers
(Mohammadi et al., 2022) screened 220 durum wheat genotypes for
drought tolerance. They used GT biplots to identify drought-
tolerant genotypes; authors (Enyew et al., 2021) used GGE biplots
to discriminate and select among 320 sorghum genotypes. At the
same time, other researchers (Santana et al., 2021) used spectral
reflectance indices and GT biplots to identify high-yielding corn
genotypes evaluated under low- and high-nitrogen applications.
Researchers (Elfanah et al., 2023) pointed out the selection of salt-
tolerant wheat genotypes based on pots and lysimeter systems
(sandy soil) identified employing STT and SRI parameters. In the
current study, genotype 1 is the best one from the GYT view with
SRI (Figures 5A, B) in saline soil (clay field).

Salinity stress reduces chlorophyll fluorescence (Fv/Fm), CCI,
and NDVI (Oyiga et al,, 2016; Quamruzzaman et al., 2022).
However, the CCI value increased in plants under salinity
conditions (Hasanuzzaman et al., 2018; Quamruzzaman et al.,
2022). This value reflects the degradation of chlorophyll in salt-
treated plants as well as reduced cell size and concentration of
chlorophyll content in mesophyll tissues. In the present study,
genotype 31 is the best one from the GYT biplot view based on
GY*Fv/Fm, GY*CT, and GY*CCI, while it is genotype 6 in the same
view for GY*NDVI (Figures 4A, B).

5 Conclusions

In conclusion, we used different selection criteria, physiological
parameters, and spectral reflectance indices and estimated salinity
tolerance indies simultaneously with grain yield. In this study, the
results demonstrated significant differences (p<0.01) among the
environments, genotypes, and their interaction for GY evaluated in
the four environments. Moreover, in the first season, the traits GY,
PH, HI, CCI, chlorophyll fluorescence parameter Fv/Fm, and NDVI
were measured in contrasting salinity environments. Additionally,
significant differences were detected among environments,
genotypes, and their interaction for grain yield along with SRIs,
e.g., BIG2, curvature index (CI), NDVI, and MSR. Moreover, based
on the GGE approach, genotypes 34 and 1 are the best performing
in saline soil sites. Genotypes 1 and 29 and genotype 34 are the best
from the GSTI biplot. Genotype 1 is the best from the GYT method
with spectral reflectance indices. Therefore, we can identify
genotype 1 as salt tolerant based on the results of GSTI and SRI
and recommend including it in salinity breeding programs.
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SUPPLEMENTARY FIGURE 2

Correlation coefficient and diagram of grain yield Yp and Ys in non-saline and
saline soil sites, respectively, averaged across 2019/2020 and 2020/2021
seasons with stress tolerance/sensitive indices STI.

Al-Ashkar, 1., Alderfasi, A., El-Hendawy, S., Al-Suhaibani, N., El-Kafafi, S., and
Seleiman, M. F. (2019). Detecting salt tolerance in doubled haploid wheat lines.
Agronomy 9 (4), 211. doi: 10.3390/agronomy9040211

Alharbi, B. M., Elhakem, A. H., Alnusairi, G. S., Soliman, M. H., Hakeem, K. R.,
Hasan, M. M,, et al. (2021). Exogenous application of melatonin alleviates salt stress-
induced decline in growth and photosynthesis in Glycine max (L.) seedlings by
improving mineral uptake, antioxidant and glyoxalase system. Plant Soil Environ. 67
(4), 208-220. doi: 10.17221/659/2020-PSE

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1165113/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1165113/full#supplementary-material
https://doi.org/10.3390/agronomy11020364
https://doi.org/10.3390/agronomy9040211
https://doi.org/10.17221/659/2020-PSE
https://doi.org/10.3389/fpls.2023.1165113
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Elfanah et al.

Ali, A. M., Aboelghar, M. A., El-shirbeny, M. A., and Salem, N. H. (2018).
Comparative analysis of some winter crops area estimation using landsat-8 and
sentinal-2 satellite imagery. Asian J. Agric. Biol. 6 (2), 189-197.

Ali, Z., Salam, A., Azhar, F. M., Khan, I. A,, Khan, A. A,, Bahadur, S., et al. (2012).
The response of genetically distinct bread wheat genotypes to salinity stress. Plant
Breed. 131 (6), 707-715. doi: 10.1111/j.1439-0523.2012.02002.x

Amram, A., Fadida-Myers, A., Golan, G., Nashef, K., Ben-David, R., and Peleg, Z.
(2015). Effect of GA-sensitivity on wheat early vigor and yield components under deep
sowing. Front. Plant Sci. 6, 487. doi: 10.3389/fpls.2015.00487

Aycan, M., Baslam, M., Asiloglu, R., Mitsui, T., and Yildiz, M. (2021). Development
of new high-salt tolerant bread wheat (Triticum aestivum L.) genotypes and insight into
the tolerance mechanisms. Plant Physiol. Biochem. 166, 314-327. doi: 10.1016/
j.plaphy.2021.05.041

Bailey-Serres, J., Parker, J. E., Ainsworth, E. A., Oldroyd, G. E., and Schroeder, J. I.
(2019). Genetic strategies for improving crop yields. Nature 575 (7781), 109-118.
doi: 10.1038/s41586-019-1679-0

Bakhshi, B., and Shahmoradi, S. S. (2023). Simultaneous selection of high-yielding
and drought-tolerant barley landraces using GT, GYT and GYSI methodologies. Cereal
Res. Commun. 51 (1), 237-248. doi: 10.1007/s42976-022-00290-1

Bidinger, F., Mahalakshmi, V., and Rao, G. D. P. (1987). Assessment of drought
resistance in pearl millet (Pennisetum americanum (L.) Leeke). II. Estimation of
genotype response to stress. Aust. J. Agric. Res. 38 (1), 49-59. doi: 10.1071/AR9870049

Birth, G. S., and McVey, G. R. (1968). Measuring the color of growing turf with a
reflectance spectrophotometer 1. Agron. J. 60 (6), 640-643. doi: 10.2134/
agronj1968.00021962006000060016x

Bouslama, M., and Schapaugh, W.Jr (1984). Stress tolerance in soybeans. I.
Evaluation of three screening techniques for heat and drought tolerance 1. Crop Sci.
24 (5), 933-937. doi: 10.2135/cropscil1984.0011183X002400050026x

Bruning, B., Berger, B., Lewis, M., Liu, H., and Garnett, T. (2020). Approaches,
applications, and future directions for hyperspectral vegetation studies: an emphasis on
yield-limiting factors in wheat. Plant Phenome J. 3 (1), €20007. doi: 10.1002/pp;j2.20007

Darwish, M. A,, Elkot, A. F., Elfanah, A., Selim, A. L, Yassin, M. M., Abomarzoka, E.
A., et al. (2023). Evaluation of wheat genotypes under water regimes using
hyperspectral reflectance and agro-physiological parameters via genotype by yield*
trait approaches in sakha station, delta, egypt. Agriculture 13 (7), 1338. doi: 10.3390/
agriculture13071338

Darwish, M., Mohamed, M., AbdEl-Rady, A., Ghalab, E., and Elfanah, A. M. S.
(2022). Estimation of AMMI and GGE biplots for some bread and durum wheat
genotypes. J. Plant Production 13 (3), 75-83. doi: 10.21608/JPP.2022.131275.1103

Dawood, M. G., Abdelhamid, M. T., and Schmidhalter, U. (2014). Potassium
fertiliser enhances the salt-tolerance of common bean (Phaseolus vulgaris L.). J.
Hortic. Sci. Biotechnol. 89 (2), 185-192. doi: 10.1080/14620316.2014.11513067

Elfanah, A. M., Darwish, M. A,, Selim, A. I, Shabana, M. M., Elmoselhy, O. M,
Khedr, R. A, et al. (2023). Spectral reflectance indices’ performance to identify seawater
salinity tolerance in bread wheat genotypes using genotype by yield* trait biplot
approach. Agronomy 13 (2), 353. doi: 10.3390/agronomy13020353

El-Hendawy, S., Al-Suhaibani, N., Elsayed, S., Alotaibi, M., Hassan, W., and
Schmidhalter, U. (2019). Performance of optimized hyperspectral reflectance indices
and partial least squares regression for estimating the chlorophyll fluorescence and
grain yield of wheat grown in simulated saline field conditions. Plant Physiol. Biochem.
144, 300-311. doi: 10.1016/j.plaphy.2019.10.006

El-Hendawy, S., Al-Suhaibani, N., Mubushar, M., Tahir, M. U., Marey, S., Refay, Y.,
et al. (2022). Combining hyperspectral reflectance and multivariate regression models
to estimate plant biomass of advanced spring wheat lines in diverse phenological stages
under salinity conditions. Appl. Sci. 12 (4), 1983. doi: 10.3390/app12041983

Enyew, M., Feyissa, T., Geleta, M., Tesfaye, K., Hammenhag, C., and Carlsson, A. S.
(2021). Genotype by environment interaction, correlation, AMMI, GGE biplot and
cluster analysis for grain yield and other agronomic traits in sorghum (Sorghum bicolor
L. Moench). PloS One 16 (10), €0258211. doi: 10.1371/journal.pone.0258211

FAOSTAT (2021). Available at: https://www.fao.org/worldfoodsituation/csdb/en/
(Accessed June 14, 2022).

Fernandez, G. C. (1992). “Effective selection criteria for assessing plant stress tolerance,”
in Proceeding of the International Symposium on Adaptation of Vegetables and other Food
Crops in Temperature and Water Stress, Shanhua, Taiwan, Aug. 13-16. 257-270.

Fischer, R, and Maurer, R. (1978). Drought resistance in spring wheat cultivars. 1.
Grain yield responses. Aust. J. Agric. Res. 29 (5), 897-912. doi: 10.1071/AR9780897

Fischer, R., and Wood, J. (1979). Drought resistance in spring wheat cultivars. ITL.*
Yield associations with morpho-physiological traits. Aust. J. Agric. Res. 30 (6), 1001
1020. doi: 10.1071/AR9791001

Gamon, J., Penuelas, J., and Field, C. (1992). A narrow-waveband spectral index that
tracks diurnal changes in photosynthetic efficiency. Remote Sens. Environ. 41 (1), 35—
44. doi: 10.1016/0034-4257(92)90059-S

Gamon, ., and Surfus, J. (1999). Assessing leaf pigment content and activity with a
reflectometer. New Phytol. 143 (1), 105-117. doi: 10.1046/j.1469-8137.1999.00424.x

Gavuzzi, P., Rizza, F.,, Palumbo, M., Campanile, R., Ricciardi, G., and Borghi, B.
(1997). Evaluation of field and laboratory predictors of drought and heat tolerance in
winter cereals. Can. J. Plant Sci. 77 (4), 523-531. doi: 10.4141/P96-130

Frontiers in Plant Science

14

10.3389/fpls.2023.1165113

Ghonaim, M. M., Mohamed, H. 1., and Omran, A. A. (2021). Evaluation of wheat
(Triticum aestivum L.) salt stress tolerance using physiological parameters and
retrotransposon-based markers. Genet. Resour. Crop Evol. 68, 227-242. doi: 10.1007/
§10722-020-00981-w

Gioia, T., Nagel, K. A., Beleggia, R., Fragasso, M., Ficco, D. B. M., Pieruschka, R,,
et al. (2015). Impact of domestication on the phenotypic architecture of durum wheat
under contrasting nitrogen fertilization. J. Exp. Bot. 66 (18), 5519-5530. doi: 10.1093/
jxb/erv289

Gitelson, A. A., Merzlyak, M. N., and Chivkunova, O. B. (2001). Optical properties
and nondestructive estimation of anthocyanin content in plant leavesq. Photochem.
Photobiol. 74 (1), 38-45. doi: 10.1562/0031-8655(2001)074<0038:OPANEO>2.0.CO;2

Gizaw, S. A., Godoy, J. G. V., Garland-Campbell, K., and Carter, A. H. (2018). Using
spectral reflectance indices as proxy phenotypes for genome-wide association studies of
yield and yield stability in Pacific Northwest winter wheat. Crop Sci. 58 (3), 1232-1241.
doi: 10.2135/cropsci2017.11.0710

Guyot, G., and Baret, F. (1988). “Utilisation de la haute resolution spectrale pour
suivre l'etat des couverts vegetaux,” in Spectral Signatures of Objects in Remote Sensing
287, 279.

Hagq, T. U,, Gorham, J., Akhtar, J., Akhtar, N, and Steele, K. A. (2010). Dynamic
quantitative trait loci for salt stress components on chromosome 1 of rice. Funct. Plant
Biol. 37 (7), 634-645. doi: 10.1071/FP09247

Hasanuzzaman, M., Shabala, L., Zhou, M., Brodribb, T. J., Corkrey, R., and Shabala,
S. (2018). Factors determining stomatal and non-stomatal (residual) transpiration and
their contribution towards salinity tolerance in contrasting barley genotypes. Environ.
Exp. Bot. 153, 10-20. doi: 10.1016/j.envexpbot.2018.05.002

Hinojosa, L., Kumar, N, Gill, K. S., and Murphy, K. M. (2019). Spectral reflectance
indices and physiological parameters in quinoa under contrasting irrigation regimes.
Crop Sci. 59 (5), 1927-1944. doi: 10.2135/cropsci2018.11.0711

Kalaji, M., and Guo, P. (2008). Chlorophyll fluorescence: a useful tool in barley plant
breeding programs. Photochem. Res. Prog. 29, 439-463.

Kendal, E. (2020). Evaluation of some barley genotypes with geotype by yield* trait
(GYT) biplot method. Poljoprivreda i Sumarstvo 66 (2), 137-150. doi: 10.17707/
AgricultForest.66.2.13

Kurbanov, R., Panarina, V., Polukhin, A., Lobachevsky, Y., Zakharova, N., Litvinov,
M., et al. (2023). Evaluation of field germination of soybean breeding crops using
multispectral data from UAV. Agronomy 13 (5), 1348. doi: 10.3390/
agronomy13051348

Moghimi, A., Yang, C.,, Miller, M. E,, Kianian, S. F., and Marchetto, P. M. (2018). A
novel approach to assess salt stress tolerance in wheat using hyperspectral imaging.
Front. Plant Sci. 9, 1182. doi: 10.3389/fpls.2018.01182

Mohamed, N. N. (2017). Management of salt-affected soils in the Nile Delta. Nile
Delta 50, 265-295. doi: 10.1007/698_201

Mohammadi, R. (2019). Genotype by yield* trait biplot for genotype evaluation and
trait profiles in durum wheat. Cereal Res. Commun. 47 (3), 541-551. doi: 10.1556/
0806.47.2019.32

Mohammadi, R, and Amri, A. (2021). Agronomic performance and genotypex
Moisture conditions interaction for morpho-physiological traits in durum wheat. Crop
Breeding Genet. Genomics 3 (1), 1-25. doi: 10.20900/cbgg20210002

Mohammadi, R., Cheghamirza, K., Geravandi, M., and Abbasi, S. (2022).
Assessment of genetic and agro-physiological diversity in a global durum wheat
germplasm. Cereal Res. Commun. 50, 1-10. doi: 10.1007/s42976-021-00143-3

Mohan, A., Grant, N. P., Schillinger, W. F., and Gill, K. S. (2021). Characterizing
reduced height wheat mutants for traits affecting abiotic stress and photosynthesis
during seedling growth. Physiologia Plantarum 172 (1), 233-246. doi: 10.1111/
ppl.13321

Morsy, S., Elbasyoni, 1. S., Baenziger, S., and Abdallah, A. M. (2022). Gypsum
amendment influences performance and mineral absorption in wheat cultivars grown
in normal and saline-sodic soils. J. Agron. Crop Sci. 208 (5), 675-692. doi: 10.1111/
jac.12598

Moustafa, E. S., Ali, M. M., Kamara, M. M., Awad, M. F., Hassanin, A. A., and
Mansour, E. (2021). Field screening of wheat advanced lines for salinity tolerance.
Agronomy 11 (2), 281. doi: 10.3390/agronomy11020281

Msundi, E. A, Owuoche, J. O., Oyoo, M. E.,, Macharia, G., Singh, R. P, and
Randhawa, M. S. (2021). Identification of bread wheat genotypes with superior grain
yield and agronomic traits through evaluation under rust epiphytotic conditions in
Kenya. Sci. Rep. 11 (1), 21415. doi: 10.1038/s41598-021-00785-7

Munns, R., and Gilliham, M. (2015). Salinity tolerance of crops-what is the cost?
New Phytol. 208 (3), 668-673. doi: 10.1111/nph.13519

Munns, R, and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651-681. doi: 10.1146/annurev.arplant.59.032607.092911

Oyiga, B. C,, Sharma, R., Shen, J., Baum, M., Ogbonnaya, F., Léon, J., et al. (2016).
Identification and characterization of salt tolerance of wheat germplasm using a
multivariable screening approach. J. Agron. Crop Sci. 202 (6), 472-485. doi: 10.1111/
jac.12178

Pour-Aboughadareh, A., Yousefian, M., Moradkhani, H., Moghaddam Vahed, M.,
Poczai, P., and Siddique, K. H. (2019). iPASTIC: An online toolkit to estimate plant
abiotic stress indices. Appl. Plant Sci. 7 (7), e11278. doi: 10.1002/aps3.11278

frontiersin.org


https://doi.org/10.1111/j.1439-0523.2012.02002.x
https://doi.org/10.3389/fpls.2015.00487
https://doi.org/10.1016/j.plaphy.2021.05.041
https://doi.org/10.1016/j.plaphy.2021.05.041
https://doi.org/10.1038/s41586-019-1679-0
https://doi.org/10.1007/s42976-022-00290-1
https://doi.org/10.1071/AR9870049
https://doi.org/10.2134/agronj1968.00021962006000060016x
https://doi.org/10.2134/agronj1968.00021962006000060016x
https://doi.org/10.2135/cropsci1984.0011183X002400050026x
https://doi.org/10.1002/ppj2.20007
https://doi.org/10.3390/agriculture13071338
https://doi.org/10.3390/agriculture13071338
https://doi.org/10.21608/JPP.2022.131275.1103
https://doi.org/10.1080/14620316.2014.11513067
https://doi.org/10.3390/agronomy13020353
https://doi.org/10.1016/j.plaphy.2019.10.006
https://doi.org/10.3390/app12041983
https://doi.org/10.1371/journal.pone.0258211
https://www.fao.org/worldfoodsituation/csdb/en/
https://doi.org/10.1071/AR9780897
https://doi.org/10.1071/AR9791001
https://doi.org/10.1016/0034-4257(92)90059-S
https://doi.org/10.1046/j.1469-8137.1999.00424.x
https://doi.org/10.4141/P96-130
https://doi.org/10.1007/s10722-020-00981-w
https://doi.org/10.1007/s10722-020-00981-w
https://doi.org/10.1093/jxb/erv289
https://doi.org/10.1093/jxb/erv289
https://doi.org/10.1562/0031-8655(2001)074%3C0038:OPANEO%3E2.0.CO;2
https://doi.org/10.2135/cropsci2017.11.0710
https://doi.org/10.1071/FP09247
https://doi.org/10.1016/j.envexpbot.2018.05.002
https://doi.org/10.2135/cropsci2018.11.0711
https://doi.org/10.17707/AgricultForest.66.2.13
https://doi.org/10.17707/AgricultForest.66.2.13
https://doi.org/10.3390/agronomy13051348
https://doi.org/10.3390/agronomy13051348
https://doi.org/10.3389/fpls.2018.01182
https://doi.org/10.1007/698_201
https://doi.org/10.1556/0806.47.2019.32
https://doi.org/10.1556/0806.47.2019.32
https://doi.org/10.20900/cbgg20210002
https://doi.org/10.1007/s42976-021-00143-3
https://doi.org/10.1111/ppl.13321
https://doi.org/10.1111/ppl.13321
https://doi.org/10.1111/jac.12598
https://doi.org/10.1111/jac.12598
https://doi.org/10.3390/agronomy11020281
https://doi.org/10.1038/s41598-021-00785-7
https://doi.org/10.1111/nph.13519
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1111/jac.12178
https://doi.org/10.1111/jac.12178
https://doi.org/10.1002/aps3.11278
https://doi.org/10.3389/fpls.2023.1165113
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Elfanah et al.

Prasad, B., Carver, B. F., Stone, M. L., Babar, M., Raun, W. R,, and Klatt, A. R. (2007).
Genetic analysis of indirect selection for winter wheat grain yield using spectral
reflectance indices. Crop Sci. 47 (4), 1416-1425. doi: 10.2135/cropsci2006.08.0546

Pu, R, Gong, P, and Yu, Q. (2008). Comparative analysis of EO-1 ALI and
Hyperion, and Landsat ETM+ data for mapping forest crown closure and leaf area
index. Sensors 8 (6), 3744-3766. doi: 10.3390/s8063744

Quamruzzaman, M., Manik, S. N., Livermore, M., Johnson, P., Zhou, M., and
Shabala, S. (2022). Multidimensional screening and evaluation of morpho-
physiological indices for salinity stress tolerance in wheat. J. Agron. Crop Sci. 208 (4),
454-471. doi: 10.1111/jac.12587

Rady, M. M., Mounzer, O., Alarcon, J., Abdelhamid, M., and Howladar, S. (2016).
Growth, heavy metal status and yield of salt-stressed wheat (Triticum aestivum L.)
plants as affected by the integrated application of bio-, organic and inorganic nitrogen-
fertilizers. J. Appl. Bot. Food Qual. 89, 21-28.

Rebouh, N., Mohamed, E. S., Polityko, P., Dokukin, P., Kucher, D., Latati, M., et al.
(2023). Towards improving the precision agriculture management of the wheat crop
using remote sensing: A case study in Central Non-Black Earth region of Russia.
Egyptian ]. Remote Sens. Space Sci. 26 (3), 505-517. doi: 10.1016/j.ejrs.2023.06.007

Reynolds, M. P., and Braun, H.-J. (2022). Wheat improvement: food security in a
changing climate. (Springer Nature).

Reynolds, M., Pask, A., and Mullan, D. (2012). Physiological breeding I:
interdisciplinary approaches to improve crop adaptation. (Mexico, D.F.: CIMMYT).

Rosielle, A., and Hamblin, J. (1981). Theoretical aspects of selection for yield in stress
and non-stress environment 1. Crop Sci. 21 (6), 943-946. doi: 10.2135/
cropscil981.0011183X002100060033x

Rouse, J. W. Jr., Haas, R. H., Deering, D., Schell, J., and Harlan, J. C. (1974).
Monitoring the vernal advancement and retrogradation (green wave effect) of natural
vegetation. https://ntrs.nasa.gov/citations/19750020419

Sabouri, A., Dadras, A. R., Azari, M., Saberi Kouchesfahani, A., Taslimi, M., and
Jalalifar, R. (2022). Screening of rice drought-tolerant lines by introducing a new
composite selection index and competitive with multivariate methods. Sci. Rep. 12 (1),
2163. doi: 10.1038/s41598-022-06123-9

Santana, D. C,, Flores, M., Cotrim, M. F., Rodrigues, E. V., Santos, A.d., Teodoro, L.
P. R, et al. (2021). Genotypex trait biplot and canonical correlations for spectral and
agronomic traits in corn. Agron. J. 113 (2), 1197-1204. doi: 10.1002/agj2.20581

Sardouie-Nasab, S., Mohammadi-Nejad, G., and Nakhoda, B. (2014). Field screening
of salinity tolerance in Iranian bread wheat lines. Crop Sci. 54 (4), 1489-1496. doi:
10.2135/cropsci2013.06.0359

Schneider, K. A., Rosales-Serna, R., Ibarra-Perez, F., Cazares-Enriquez, B., Acosta-
Gallegos, J. A., Ramirez-Vallejo, P., et al. (1997). Improving common bean performance
under drought stress. Crop Sci. 37 (1), 43-50. doi: 10.2135/
cropscil997.0011183X003700010007x

Shabala, S., Bose, J., and Hedrich, R. (2014). Salt bladders: do they matter? Trends
Plant Sci. 19 (11), 687-691. doi: 10.1016/j.tplants.2014.09.001

Sims, D. A,, and Gamon, J. A. (2002). Relationships between leaf pigment content
and spectral reflectance across a wide range of species, leaf structures and
developmental stages. Remote Sens. Environ. 81 (2-3), 337-354. doi: 10.1016/S0034-
4257(02)00010-X

Frontiers in Plant Science

15

10.3389/fpls.2023.1165113

Sofi, P. A,, Saba, L, Ara, A., and Rehman, K. (2022). Comparative efticiency of GY* T
approach over GT approach in genotypic selection in multiple trait evaluations: case
study of common bean (Phaseolus vulgaris) grown under temperate Himalayan
conditions. Agric. Res. 11 (3), 373-381. doi: 10.1007/s40003-021-00577-5

Stavi, I, Thevs, N., and Priori, S. (2021). Soil salinity and sodicity in drylands: A
review of causes, effects, monitoring, and restoration measures. Front. Environ. Sci. 330.
doi: 10.3389/fenvs.2021.712831

Sun, H., Feng, M., Xiao, L., Yang, W., Wang, C,, Jia, X,, et al. (2019). Assessment of
plant water status in winter wheat (Triticum aestivum L.) based on canopy spectral
indices. PloS One 14 (6), €0216890. doi: 10.1371/journal.pone.0216890

Tao, R, Ding, J., Li, C,, Zhu, X,, Guo, W., and Zhu, M. (2021). Evaluating and
screening of agro-physiological indices for salinity stress tolerance in wheat at the
seedling stage. Front. Plant Sci. 12, 646175. doi: 10.3389/fpls.2021.646175

ur Rehman, H., Alharby, H. F., Bamagoos, A. A., Abdelhamid, M. T., and Rady, M.
M. (2021). Sequenced application of glutathione as an antioxidant with an organic
biostimulant improves physiological and metabolic adaptation to salinity in wheat.
Plant Physiol. Biochem. 158, 43-52. doi: 10.1016/j.plaphy.2020.11.041

Wu, H., Shabala, L., Zhou, M., Stefano, G., Pandolfi, C., Mancuso, S., et al. (2015).
Developing and validating a high-throughput assay for salinity tissue tolerance in wheat
and barley. Planta 242, 847-857. doi: 10.1007/s00425-015-2317-1

Yan, W., and Frégeau-Reid, J. (2008). Breeding line selection based on multiple
traits. Crop Sci. 48 (2), 417-423. doi: 10.2135/cropsci2007.05.0254

Yan, W,, and Fregeau-Reid, J. (2018). Genotype by yield* trait (GYT) biplot: a novel
approach for genotype selection based on multiple traits. Sci. Rep. 8 (1), 8242.
doi: 10.1038/541598-018-26688-8

Yan, W.,, Hunt, L. A,, Sheng, Q., and Szlavnics, Z. (2000). Cultivar evaluation and
mega-environment investigation based on the GGE biplot. Crop Sci. 40 (3), 597-605.
doi: 10.2135/cropsci2000.403597x

Yan, W, Kang, M. S., Ma, B., Woods, S., and Cornelius, P. L. (2007). GGE biplot vs.
AMMI analysis of genotype-by-environment data. Crop Sci. 47 (2), 643-653.
doi: 10.2135/cropsci2006.06.0374

Yang, M.-D,, Leghari, S. J., Guan, X.-K,, Ma, S.-C,, Ding, C.-M., Mei, F.-], et al.
(2020). Deficit subsurface drip irrigation improves water use efficiency and stabilizes
yield by enhancing subsoil water extraction in winter wheat. Front. Plant Sci. 11, 508.
doi: 10.3389/fpls.2020.00508

Yang, Y., Li, N, Wu, Y,, Liu, B, Li, S, Tao, L, et al. (2022). Key phenotypes related to wheat
grain yield in a two-site multicultivar test. Agron. J. 114 (5), 2874-2885. doi: 10.1002/agj2.21098
Zarco-Tejada, P. ], Berjon, A., Lopez-Lozano, R., Miller, J. R., Martin, P., Cachorro,
V., et al. (2005). Assessing vineyard condition with hyperspectral indices: Leaf and

canopy reflectance simulation in a row-structured discontinuous canopy. Remote Sens.
Environ. 99 (3), 271-287. doi: 10.1016/j.rse.2005.09.002

Zarco-Tejada, P. J., Pushnik, J., Dobrowski, S., and Ustin, S. (2003). Steady-state chlorophyll a
fluorescence detection from canopy derivative reflectance and double-peak red-edge effects.
Remote Sens. Environ. 84 (2), 283-294. doi: 10.1016/S0034-4257(02)00113-X

Zulfiqar, S., Ishfaq, S., kram, M., Nawaz, M. A., and Rahman, M.-u. (2021).
Characterization of gamma-rays-induced spring wheat mutants for morphological
and quality traits through multivariate and GT Bi-plot analysis. Agronomy 11 (11),
2288. doi: 10.3390/agronomy11112288

frontiersin.org


https://doi.org/10.2135/cropsci2006.08.0546
https://doi.org/10.3390/s8063744
https://doi.org/10.1111/jac.12587
https://doi.org/10.1016/j.ejrs.2023.06.007
https://doi.org/10.2135/cropsci1981.0011183X002100060033x
https://doi.org/10.2135/cropsci1981.0011183X002100060033x
https://ntrs.nasa.gov/citations/19750020419
https://doi.org/10.1038/s41598-022-06123-9
https://doi.org/10.1002/agj2.20581
https://doi.org/10.2135/cropsci2013.06.0359
https://doi.org/10.2135/cropsci1997.0011183X003700010007x
https://doi.org/10.2135/cropsci1997.0011183X003700010007x
https://doi.org/10.1016/j.tplants.2014.09.001
https://doi.org/10.1016/S0034-4257(02)00010-X
https://doi.org/10.1016/S0034-4257(02)00010-X
https://doi.org/10.1007/s40003-021-00577-5
https://doi.org/10.3389/fenvs.2021.712831
https://doi.org/10.1371/journal.pone.0216890
https://doi.org/10.3389/fpls.2021.646175
https://doi.org/10.1016/j.plaphy.2020.11.041
https://doi.org/10.1007/s00425-015-2317-1
https://doi.org/10.2135/cropsci2007.05.0254
https://doi.org/10.1038/s41598-018-26688-8
https://doi.org/10.2135/cropsci2000.403597x
https://doi.org/10.2135/cropsci2006.06.0374
https://doi.org/10.3389/fpls.2020.00508
https://doi.org/10.1002/agj2.21098
https://doi.org/10.1016/j.rse.2005.09.002
https://doi.org/10.1016/S0034-4257(02)00113-X
https://doi.org/10.3390/agronomy11112288
https://doi.org/10.3389/fpls.2023.1165113
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Hyperspectral reflectance and agro-physiological traits for field identification of salt-tolerant wheat genotypes using the genotype by yield*trait biplot technique
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and experimental site
	2.2 The first season measured traits
	2.3 The second season measured traits
	2.4 Spectroscopic measurements
	2.4.1 Spectral device
	2.4.2 Ceptometer

	2.5 Salinity tolerance/sensitive indices
	2.6 Statistical analyses

	3 Results
	3.1 The estimated trait summary and mean performance
	3.2 The studied trait combined data analyses
	3.3 The comparison of the estimated traits and contrasting sites in both seasons
	3.4 GGE biplots for grain yield over the four environments
	3.5 The estimation of salt tolerance indices and their GT biplots
	3.6 The GYT biplots for agronomic and physiological traits and SRI of both seasons

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


