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Abstract: Salinity stress harms crop yield and productivity worldwide. This study aimed to iden-
tify genotypes with higher grain yield and/or salinity tolerance from forty bread wheat genotypes
evaluated under seawater diluted at 4.0, 8.0, or 12.0 dS/m or control (0.4 dS/m) in the 2019/20 and
2020/21 seasons. Six elite genotypes, namely 6, 16, 31, 33, 34, and 36, were chosen and tested in
a lysimeter under diluted seawater stress in 2020/21. The results showed significant differences
(p £ 0.01) among the genotypes for the traits grain yield (GY), harvest index (HI), chlorophyll content
index (CCI), chlorophyll fluorescence parameter Fv/Fm, and their interaction with salinity treatments.
Additionally, significant differences (p < 0.01) were detected among ten genotypes for all agronomic
traits along with spectral reflectance indices (SRI), e.g., curvature index (CI), normalized difference
vegetation index (NDVI), triangular vegetation index (TVI), modified chlorophyll absorption re-
flectance index (MCARI), and their interaction with salinity treatments. Genotype by traits (GT)
and genotype by yield*trait (GYT) biplots are useful for genotypes screening and selection based
on grain yield and other associated traits (agronomic, physiological traits, and spectral reflectance
indices combinations) as well as genotypes by stress tolerance indices (GSTI). In conclusion, this
study identified that genotypes 6, 16, 31, 33, 34, and 36 in the 2019/20 season and genotypes 2 and 1
performed better than Kharchia 65 and Sakha 8 in the 2020/21 season, which detected as superior
genotypes and might be recommended for sowing and/or inclusion in the breeding program in
salt-affected soils. It was possible to draw the conclusion that spectral reflectance indices were
efficient at identifying genotypic variance.

Keywords: salinity tolerance; spectral reflectance indices; stress tolerance indices; Triticum aestivum

1. Introduction

Salinity is an environmental and/or abiotic stress and a challenge for wheat breeders,
hindering the improvement of new cultivars [1,2] and wheat production [3,4]. Salinity
affects more than 6% of the world’s farmland (about 800 million ha [5], 20% of irrigated
land [3,6]), and this ratio is forecast to increase to 50% of agricultural areas by 2050 [7,8].

Causes of salinization include natural factors such as global warming (climate change) and
human activities, e.g., irrigation and drainage systems use, specifically in arid and semi-arid
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regions [3,9]. For instance, approximately 33% of the cultivated land area in Egypt is improperly
irrigated with poor drainage practices. In particular, the Nile delta (the most cultivated area)
represents 30-37% of the cultivated zones of the Nile River. Mohamed [10] reported that
reusing roughly 10 billion m> of drainage water adds to the soil salinity problem. This reflects
limited water resources in Egypt and is considered another source of salinization. Soil and
water salinity are considered constraints of food production worldwide [3,11-13]. Thus, salinity
reduces plant yield [14,15] and the possibility of amending new land. In general, wheat is more
sensitive to salinity than other field crops. Salinity inhibits plant growth and development,
results in low production, or even causes crop failure when extremely severe [12,16].

Wheat (Triticum aestivum L.) is a paramount cultivated cereal crop worldwide and plays
a crucial role in food security, representing 765.76 million tons produced from 215.9 million
ha [11,17]. For example, an approximately 1.3-million-hectare area of cultivated wheat in
Egypt produces 9 million tons. This production example represents 50% self-sufficiency in
a nation’s first importer of wheat globally.

Since saline soil reclamation is expensive, another option is using existing adapted
genotypes or breeding more resilient genotypes. Nevertheless, this acquires adapted geno-
types or breading of resilient genotypes to increase wheat production or maintain growth
conditions (crop environment). For instance, Morsy et al. [4] reported that the gypsum sup-
ply is suitable for this purpose. However, breeding salt-tolerant genotypes may be crucial for
efficiency and economy [13,18]. Wheat breeders have a crucial role in improving varieties
suitable for biotic and abiotic stresses. Phenotyping by the classical method depends on har-
vest index and grain yield [19,20], improves performance, carbon assimilation, and increases
light interception, and consequently may enhance crop production. Hence, increasing the
rate and duration of photosynthesis achieves high-yielding performance [19,21].

Salinity-induced osmotic and ionic stresses occur by means of reactive oxygen species (ROS).
Reactive oxygen species can interact with unsaturated fatty acids to produce peroxidation of
vital membrane lipids in plasmalemma; evidence suggests that membranes are the principal
sites of saline harm to cells [22]. Malondialdehyde (MDA) is a lipid peroxidation product that
indicates membrane damage under salt stress conditions [23]. Glycine betaine (GB) and many
other osmolytes that are accumulated play essential roles in preventing cells from becoming
damaged under stress. Increased GB has been considered to reflect the ability to cope with salinity
stress through its role in osmotic adjustment [24,25]. Selection for such physiological traits is not
common in breeding programs because it is time-consuming and requires effort to measure.

Remote sensing techniques are considered highly productive, precise, and accurate
means of determining plant growth or plant vegetation, resulting from spectral reflectance
indices (SRI) used to produce phenotypic data [19]. This data assists breeders in selecting and
releasing new cultivars with salt tolerance and high yielding. Spectroscopic measurements
are extensively used for phenotyping crop growth by producing spectral reflectance indices
alternatively with conventional methods [26-28]. The benefit of this approach in comparison
with the physiological method (estimated in the laboratory) is rapid assessment, precision,
and non-destructive measurements [28,29]. To investigate plant vigor and performance, spec-
tral reflectance indices (SRls) rely on visible, near infrared, and shortwave infrared, which are
performed in plant phenotyping and screening, such as in normalized difference vegetation
index (NDVI), photochemical reflectance indices, and simple ratio index [19,30]. Based on
SRIs, calculate several related traits, such as leaf and canopy water status, abundance of pig-
ments, and photosynthesis products in many plant species [27,28,31]. For example, Jackson
and Ezra [32] reported that reflectance indices were related to water stress in wheat [19,33,34]
and quinoa [27]. Additionally, selection efficiency increases through the integration of grain
yield and spectral reflectance indices into phenotyping potential [19,26,35]. Breeding effi-
ciency can be increased when using spectral reflectance in these SRI indices and grain yield,
which simultaneously improves performance and understanding of the genetic architecture
of plants exposed to normal and saline conditions. Thus, breeding efficiency is increasing
in the near-infrared region and vice versa [34,36]. Based on spectral reflectance of canopy,
several vegetation indices can be estimated, particularly in plants exposed to stress, which are
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indirect indicators for agro-morphological traits [34]. For example, SRIs correlated with the
growth and yield of cultivar Sakha 93 were greater than water indices compared to the Sakha
61 variety [34]. It was reported that reflectance ratio and NDVI were significantly correlated
with above-ground biomass fresh weight of contrasting salt tolerance wheat genotypes [34,37].
Furthermore, canopy spectral reflectance represents obvious responses to changes in plant
water stats [28]. The results of researchers [27] showed that genotypes Baer, Pison, and QQ
74 had the highest NDVI across environments. However, the genotype Japanese Strin had
the lowest value. Canopy spectral signature can be exploited in the calculation of plant
biomass, dry weight in the different growth stages, and biologically of 64 genotypes treated by
150 mM NaCl to calculate 13 SRI; genotypic differences were found between three traits and
spectral reflectance indices and their interaction with growth stages and years [9].

Chlorophyll fluorescence parameters, such as maximum quantum photosystem II (PSII)
photochemical efficiency estimated as Fv/Fm ratio and chlorophyll content, have been con-
firmed as a physiological trait of salt tolerance, expressly, under saline conditions as mainte-
nance of photosynthetic activities [38,39], for example, the relationship between chlorophyll
content and genotype salinity tolerance reported by Wu et al. [40] in barley and wheat
crops [39]. Additionally, these measurements can be used in the early determination of
chlorophyll fluorescence to prevent reduction of plant biomass under salinity conditions [41].
Salinity tolerance is a complex phenomenon controlled by physiological and genetic factors
and influenced by growth stages [39,42,43], as well as drought and heat stresses in wheat [44].

The genotype by trait (GT) and genotype by yield*trait (GYT) was proposed by [45,46]. It
is considered a graphical selection tool in breeders” hands for screening and ranking genotypes,
which subjected not only grain yield across environments but also the associated traits such
as agronomic traits, physiological traits, and end-use characteristics, for example, biotic stress
of rusts disease characteristics [47,48] and abiotic stress such as barley drought tolerance [49],
and rice [50], and durum wheat [51]. Moreover, Sardouie-Nasab et al. [13] performed salinity
tolerance indices using principal component analysis (PCA) to identify salinity tolerance of
wheat genotypes. The genotype by trait (GT) and GYT biplot techniques are practical tools,
which make genotype selection beneficial and appropriate, specifically in cases evaluated
under stress conditions [49]. The recent GYT model calculates by multiplication of genotype
grain yield mean by other traits, such as grain yield (GY) by plant height (PH), (GY*PH) in
case the desired value is the highest value. However, grain yield is used when the lowest
value of the combination is desired, such as for grain yield and lodging (GY/LO) [46].

Therefore, the aims of this study are (i) to characterize and screen 40 elite geno-
types selected from the Egyptian national breeding program (local and exotic materials
multi-location trails) under artificial saline conditions, and (ii) to identify the appropriate
genotypes using genotype by yield*trait (GYT) and genotypes by stress tolerance indices
(GSTI) biplots of agronomic, physiological traits, and spectral reflectance indices (SRI) to
select the salinity tolerance genotypes and involve them in the breeding program.

2. Materials and Methods
2.1. Plant Materials and Experimental Site

The evaluation of plant materials across local breeding program (advanced multi-
location yield trials) and International Maize and Wheat Improvement Center (CIMMYT)
yield trials, e.g., 39th Elite Spring Wheat Yield Trial (ESWYT), 26th Semi-Arid Wheat Yield
Trial (SAWYT), 26th High Rainfall Wheat Screening Trial (HRWYT), and 8th Stress Adaptive
Trait Yield N (SATYN) (evaluated in multiple locations in Egypt in 2017/18) to select the elite
breeding lines were conducted in the 2018 season. These genotypes consisted of thirty-eight
lines tested with two recently released cultivars, namely Misr 3 and Sakha 95, evaluated in
pot experiments in season 2019/20, as shown in Table 1. Moreover, six selected genotypes
from forty, along with four varieties viz., Kharchia 65, Oasis F 86, Sakha 8, and Misr 4, were
evaluated in a simulated lysimeter in the 2020/21 season, as shown in Table 2.
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Table 1. Trial name, pedigree, selection history of selected forty genotypes to evaluation under control (tap water), and three salinity levels of diluted seawater in

season 2019/20.

Ser. Trail Name 2018/19  Pedigree Selection History

1 26th SAWYT #28 BORL14*2/3/WBLL1*2/TUKURU/ /CROSBILL #1 CMSS12B00631T-099TOPY-099M-0SY-4M-0WGY
WORRAKATTA /2*PASTOR/6/KAUZ/5/PAT10/ ALD/ /PAT72300/3/PVN/4/BOW /7 /BA]

2 26th SAWYT # 23 #1/3/KIRITATI/ / ATTILA*2 /PASTOR CMSS12B004815-099M-0SY-18M-0WGY
KACHU//WBLL1*2/BRAMBLING*2/6/ROLF07*2/5/REH/HARE/ /2*BCN/3/CROC_1/

3 26th SAWYT # 40 AESQUARROSA (213)//PGO,/4/HUITES CMSS12B00800T-099TOPY-099M-0SY-32M-0WGY

4 26th SAWYT # 35 WBLL1*2/BRAMBLING/4/BABAX/LR42//BABAX*2/3/SHAMA*2/5/BECARD/QUAIU #1 ~ CMSS12B00714T-099TOPY-099M-0SY-18M-0WGY

5  8thSATYN #2 SOKOLL/WBLL1/5/W15.92/4/PASTOR/ /HXL7573/2*BAU/3/WBLL1 PTSS11Y00209S-099B-099Y-099B-39Y-020Y-0B

6 8thSATYN #12 PBL94.14.30/4/PASTOR/ /HXL7573/2*BAU/3/WBLL1/5/BABAX/LR42/ /BABAX/3/ER2000 PTSS12SHB00003T-0TOPB-099Y-099B-6Y-020Y-0B

7  8thSATYN#11 BAV92/SERI CMSS96Y04084S-0Y-1B-93TLA-0B-0Y-106B-0Y-0Y-0Y-0Y

8 A—4thESWST#2  SHORTENED SR26 TRANSLOCATION/ /2*WBLL1*2/KKTS/3/BECARD CMSS08Y01115T-099M-099Y-099M-099NJ-14WGY-0B-0EG

9 A—4thESWST#16 SUP152/6/0ASIS/5*BORLY5/5/CNDO/R143/ /ENTE/MEXI75/3/AE.SQ/4/2*OCI CMSA11Y004855-099Y-099M-099N]J-099NJ-22WGY-0B-0EG

10 A—4th ESWST#24 WHEAR/SOKOLL/3/TRCH/SRTU//KACHU CMSS10Y002015-099Y-099M-099N]J-099N]J-2WGY-0B-0EG

11 A—4th ESWST#12 BECARD/FRNCLN/3/KACHU #1/KIRITATI/ /KACHU CMSS11B004265-099M-099N]J-099NJ-3WGY-0B-0EG

12 A—4thESWST#1  MUNAL*2/WESTONIA %\f[ossgSYOO833T—099TOPM—099Y-099M—099N]-099N]—14WGY—

13 A—4thESWST#5  WHEAR//2*PRL/2*PASTOR/3/WAXBI/4/COPIO OC,EI\éSSl1YOO722T'099TOPM'O%Y'O%M‘O%NJ -099NJ-6WGY-0B-
KACHU/SAUAL*2/8/ATTILA*2/PBW65/6/PVN//CAR422/ANA /5/BOW/CROW /BUC/

14 A—4thESWST#26 /3/YR/4/TRAP#1 /7/ ATTILA ) 2*PASTOR CMSS10B01031T-099TOPY-099M-099N]J-099NJ-18 WG Y-0B-0EG

15 A—4th ESWST#10 SAUAL/YANAC//SAUAL*2/3/TACUPETO F2001/BRAMBLING*2//KACHU CMSS11Y01150T-099TOPM-099Y-099M-0SY-11M-0WGY-0EG

CMSS06Y00605T-099TOPM-099Y-099ZTM-099Y-099M-11WGY-

16 D—ESWFT #6 BORLAUG100 F2014 Dl

17 D—ESWFT #5 BAJ #1 CGSS01Y001345-099Y-099M-099M-13Y-0B-0EG

18 D—ESWFT # 10 BABAX/LR42//BABAX/3/ER2000*2/4/SRN/AE.SQUARROSA (358)/ /MILAN /SHA7 Océ\éSAloYom1ZT'099B'050Y’°99ZTM'099N] -099NJ-5RGY-0B-

19 26th HRWYT # 38 ONIX/KBIRD*2/ /KFA /2*KACHU CMSS12B00984T-099TOPY-099M-099N]-099NJ-8RGY-0B

20 26th HRWYT # 39 ONIX/KBIRD*2/ /KFA /2*KACHU CMSS12B00984T-099TOPY-099M-099N]J-099NJ-15RGY-0B
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Table 1. Cont.

Ser. Trail Name 2018/19

Pedigree

Selection History

21 26th HRWYT # 44 WBLL1*2/BRAMBLING//WBLL1*2/SHAMA /3/WBLL1*2/BRAMBLING*2/4/KACHU/KIRITATI CMSS12B00991T-099TOPY-099M-0SY-39M-0RGY

22 26th HRWYT # 40 ONIX/KBIRD*2/ /KFA /2*KACHU CMSS12B00984T-099TOPY-099M-099NJ-099N]-18RGY-0B

23 26th HRWYT # 41 ONIX/KBIRD*2/ /KFA /2*KACHU CMSS12B00984T-099TOPY-099M-099NJ-099N]-20RGY-0B

24 26th HRWYT # 23 xggﬂi;z /gﬁﬁ%ﬁiél /3/KSW/SAUAL//SAUAL/4/MUTUS//WBLL1*2/BRAMBLING/3/ CMSS12Y01067T-099TOPM-099Y-099M-099N]-099N]-7RGY-0B
KSW/5/2*ALTAR 84/ AE.SQUARROSA (221)/ /3*BORL95/3/URES/JUN//KAUZ/4/WBLL1/6/

25 26th HRWYT # 15 PRL/2*PASTOR*2/ /FH6-1-7/7 /KIRITATI/ /PRL/2*PASTOR/5/OASIS/SKAUZ/ /4*BCN/3/  CMSS12Y00903T-099TOPM-099Y-099M-099NJ-099N]J-7RGY-0B
PASTOR/4/ KAUZ*2/ YACO//KAUZ/6/KIRITATI/ /PRL/2*PASTOR

26 26th HRWYT # 13 ‘];vAlgék)l(?Z//gl/zI?LI\J/IIEIIﬁ\I;]AG//f//CBI{A(E%?{E I;?;é;EEA gﬁ;{(g /3/SHAMA2/6/BABAX/LR42// CMSS12Y00849T-099TOPM-099Y-099M-099NJ-099N]J-8RGY-0B

27  26th HRWYT # 21 K9644/ /KIRITATI/2*TRCH/3/BECARD/QUAIU #1/4/BABAX/LR42//BABAX/3/ER2000 CMSS12Y01031T-099TOPM-099Y-099M-099NJ-099N]J-19RGY-0B

28 26th HRWYT # 18 BLOUK #1/KINGBIRD #1*2//BECARD/QUAIU #1 CMSS12Y00979T-099TOPM-099Y-099M-099N]-099N]J-5RGY-0B

29 39th ESWYT # 18 NADI//TRCH/HUIRIVIS #1/3/NADI CMSS12Y00880T-099TOPM-099Y-099M-0SY-17M-0WGY

30 39th ESWYT #6 SUP152/QUAIU #2/ /BECARD/QUAIU #1 CMSS11B00405S-099M-099N]J-099N]-26 WG Y-0M

31 39th ESWYT # 22 KIRITATI/WBLL1//2*BLOUK #1*2/3/KACHU #1/KIRITATI/ /KACHU CMSS12Y00946T-099TOPM-099Y-099M-0SY-13M-OWGY

32 39th ESWYT # 34 KACHU/BECARD//WBLL1*2/BRAMBLING/3/FRNCLN*2/TECUE #1 CMSS12B003175-099M-0SY-1M-0WGY

33 39th ESWYT # 10 SUP152/AKURI/ /SUP152/3/MUCUY CMSS12Y003005-099Y-099M-0SY-4M-OWGY

34 39th ESWYT # 41 gg?;gééfggisé{}ﬁ}g;?/PASTOR/4/BAV92*2/5/HAR311 /6/BECARD/QUAIU CMSS12B00640T-099TOPY-099M-0SY-14M-0WGY

35 39th ESWYT # 45 KACHU//WBLL1*2/BRAMBLING*2/3/KACHU /KIRITATI CMSS12B00801T-099TOPY-099M-0SY-36M-OWGY

36 39th ESWYT # 50 FRET2*2/BRAMBLING//BECARD/3/WBLL1*2/BRAMBLING*2/4/BECARD/QUAIU #1 CMSS12B00944T-099TOPY-099M-0SY-33M-0WGY

37 39th ESWYT # 36 CIRO16/2*BORL14 CMSS12B00569T-099TOPY-099M-0SY-53M-0WGY

38 39th ESWYT # 46 KACHU//WBLL1*2/BRAMBLING*2/3/KACHU /KIRITATI CMSS12B00801T-099TOPY-099M-0SY-46M-OWGY

39 MISR 3 (cultivar) ATTILA*2/PBW65*2/KACHU g:é\fIOSESgi{YOOSSZT-O%TOPM—O99Y—099ZTM—O99Y—099M—10WGY—

40 Sakha 95 (cultivar) PASTOR/ /SITE/ MO/3/CHEN/AEGILOPS SQUARROSA (TAUS)//BCN/4/WBLL1 CMAO01Y001585-040POY-040M-030ZTM-040SY-26M-0Y-0SY-0S

SAWYT, Semi-Arid Wheat Yield Trial; SATYN, Stress Adaptive Trait Yield N; A-ESWST, Elite Spring Bread Wheat Trial under Water stress Conditions; D-ESWFT, Elite Spring Bread
Wheat Trial Favorable Conditions; HRWYT, High Rainfall Wheat Screening Trial; and ESWYT, Elite Spring Wheat Yield Trial.
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Table 2. The selected ten elite entries out of forty genotypes for evaluation in a simulated lysimeter
under diluted seawater or control (tap water) in seasons 2020/21.

Serial Source 2019/20  Trail Name Pedigree Selection History
1 6 8th SATYN # 12 PBL94.14.30/4/PASTOR/ /HXL7573/2*BAU/3/ PTSS12SHB00003T-0TOPB-
WBLL1/5/BABAX/LR42//BABAX/3/ER2000 099Y-099B-6Y-020Y-0B
CMSS06Y00605T-099TOPM-
2 16 D—ESWEFT # 6 BORLAUGI100 F2014 099Y-099ZTM-099Y-099M-
11WGY-0B-OMEX-0EG
KIRITATI/WBLL1//2*BLOUK #1*2/3/KACHU  CMSS12Y00946T-099TOPM-
3 31 39th ESWYT# 22 #1/KIRITATI/ /KACHU 099Y-099M-0SY-13M-OWGY
CMSS12Y00300S-099Y-099M-
4 33 39th ESWYT #10 SUP152/AKURI//SUP152/3/MUCUY 0SY-AM-OWGY
CNO79//PF70354/MUS/3/PASTOR/4/
5 34 39th ESWYT #41 BAV92*2/ 5/HAR311/6/BECARD/QUAIU 591\9/[548_ Bé]?{?fjﬁ)}“)-&?égopy
#1/7/BECARD/QUAIU #1
FRET2*2/BRAMBLING//BECARD/3/WBLL1*2/ CMSS12B00944T-099TOPY-
6 % Bt ESWYT#50 g AMBLING*2/4/BECARD/QUAIU #1 099M-0SY-33M-0WGY
7 CIMMYT Kharchia 65
8 CIMMYT Oasis F 86
9 Cultivar Misr 4
10 CIMMYT Sakha 8

SATYN, Stress Adaptive Trait Yield N; D-ESWFT, Elite Spring Bread Wheat Trial favorable Conditions; and
ESWYT, Elite Spring Wheat Yield Trial.

2.2. Pot Experiments

Pot experiments were conducted at the Sakha Agricultural Research Station located
in the North of Egypt (Latitude 31°5' N and Longitude 30°56’ E). Forty genotypes were
evaluated using the randomized complete block design (RCBD) in three replicates in the
first season 2019/20.

Pots with dimensions of 30 x 40 cm were filled with 9 kg sand per pot, and each pot
was sown with ten seeds and thinned into five seedlings after two weeks. The sand was
well-washed with tap water before sowing. Salinity treatments consisted of four levels: 0.4
or 4.0 or 8.0 or 12 dS m~! of diluted seawater for irrigation. The agronomic practices of
sandy soil were applied, i.e., balanced fertilizer NPK 20:10:20 half gram per pot in irrigation
water. Moreover, the other nutrients were foliar supplied each 10-15 days. A net covered
this experiment to save them from bird attacks.

The measured traits were plant height in cm (PH) the number of spikes per pot (SP),
spike length cm (SL), biomass gm per pot (BY), grain yield gm per pot (GY), and calculated
harvest index % (HI). The chlorophyll fluorescence (Fv/Fm) parameter was measured by
a portable OS30p+ chlorophyll fluorometer (Opti-Sciences, Inc., Hudson, NH, USA). In
addition, the chlorophyll content index (CCI) determined by the CCM 200 plus chlorophyll
content meter (Opti-Sciences, Inc., Hudson, NH, USA) of the blade flag leaf was measured
(averaged three readings per pot) at a completed flowering stage between 11 a.m. to 2 p.m.
on a sunny day. Traits such as PH and grain yield and yield components were measured at
the end of season.

2.3. Lysimeter Experiments

Based on data analyses of agronomic traits, physiological traits, and the salinity
tolerance indices of the pot experiments carried out in the 2019/20 season. We selected
six elite lines, e.g., 6, 16, 31, 33, 34, and 36 from the 40 entries along with Kharchia 65 and
Sakha 8 (salinity tolerant varieties), Oasis F 86 (salinity susceptible), and Misr 4 (newly
released). These genotypes sown in the second season of 2020/21, represented in Table 2.
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These ten genotypes were planted in simulated lysimeters, each block filled with
washed sandy soil, dimensions 2 m long into 1 m width with 40 cm height plastic containers
planted in ten rows. Three saline diluted seawater treatments, namely 6 and 12 dS m~1,
while 0.4 dS m~! tap water was considered as control, were laid out in a randomized
complete block design (RCBD) with three replicates. Each genotype is represented by a
row one meter long planted using 60 seeds. The agronomic practices of sandy soil were
applied, i.e., using a balanced fertilizer NPK 20:10:20 half gram per liter in irrigation water.
However, the other nutrients were foliar applied each 10-15 days. A net covered this
experiment to save them from bird attacks.

The measured characters were days to heading (DH), days to maturity (DM), plant
height cm (PH) measured at the end of season, grain filling period days (GFP), grain filling
rate gm per day (GFR), number of spikes in each row (SM), 100-kernel weight gm (KW),
grain yield gm pot~!/row ! (GY) and biomass gm pot~!/row~! (BY), and calculated
harvest index (HI).

The relative water content (RWC%) proposed by [52] was calculated as follows:

RWC% = (Fw — Dw)/(Tw — Dw)

where: Fw = the sample fresh weight, Tw = the turgid weight, and Dw = the dry weight.
Chlorophyll content (Chl A and B) was measured in pg mL~! by Spectro-Photometer
according to [53] the equations:

Chl A = 12-64A664 + 2'99A647

Chl B = _5-6A664 + 23.26A647

where the Agy7 is the absorbance (unitless) at a wavelength of 647 nm, Agg4 is the absorbance
at a wavelength of 664 nm.

Malondialdehyde (MDA) in (umol g’1 of Fw) was measured [54], using the coefficient
of 155 mM cm~! for expressed MDA. Glycine betaine (GB) was measured by the modified
method described by Grieve and Grattan [55] and in [56].

Canopy hyperspectral reflectance was measured using a portable backpack ASD spec-
troradiometer (Analytical Spectral Devices Inc., Boulder, Colorado, USA) which captured
the reflectance from 350 to 2500 nm using an optical fiber probe. The measurement was
within £2 h of solar noon under cloudless conditions. The first measurement was taken
just at the completed flowering stage, and the second was in the middle of the grain-filling
stage. The spectral reflectance indices (SRI) computed are shown in Table 3.

Table 3. The spectral reflectance indices (SRI) involved in the lysimeter experiment in the 2019/20

season.
Vegetation Index Abbreviation Formula Reference
Normalized difference vegetation index NDVI (Rgoo — Re70) / (Reoo + Rezo) Rouse et al. [57]
Modified chlorophyll absorption Gamon and
roflectance index MCARI ((R701 — Re70) — 0.2 (Ryo1 — Rs50)) X R701/Re70) g 1piss 58]
Leaf Chlorophyll Index LCI (Rgs50) — (Ry10) / (Rgs0) + (Reso) Pu et al. [59]
Zarco-Tejada
Curvature Index CI Rezs X Reoo/R26s3 etal. [ 6();
Triangular Vegetation Index TVI2 0.5(120 (Ry50 — Rs50) — 200 (Rgyg — Rss0)) Rouse et al. [57]

2.4. Salinity Tolerance/Sensitive Indices

The grain yield means of control gm row™ ! (GYN), and grain yield means
under salinity (GY8 and GY12 = 8.0 and 12.0 dS/m) were performed to calculate the
salinity tolerance/susceptible indices (control with GY8 and control with GY12 pots
and lysimeter exp.), e.g., Tolerance index TOL = (YN — YS) [61], Mean Productivity
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MP = (YS + YN)/2 [61], Stress Tolerance Index STI = (YS xYN)/ (\_{N)2 [62], Geometric Mean
Productivity GMP = (YN x YS)%? [62], Harmonic Mean HM = 2(YN x YS)/(YN +YS) [63],

Stress Susceptibility Index SST = =0/N) \yhere Stress Intensity (ST) =1 — (YS/YN) [64],

Where YN yield of genotype under control GYN and YS is GY8 or GY12 genotype yield under
salinity level of 8.0 or 12.0 dS/m. These STIs are employed to produce genotypes by salinity
tolerance indices (GSTI) biplots by GenStat 19th edition.

2.5. Statistical Analyses

Data were employed for combined analyses (ANOVA) of all characters, separately for
four and three salinity treatments in the two seasons, and genotype calculated by yield*trait
tables to produce biplots for grain yield and other traits combinations (GYT) [46] by GenStat
19th Edition (VSN International Ltd., Hemel Hempstead, UK). Additionally, data were
normalized before analyses as follows:

Yij = Tij — Tj/Sj

where Yij standardized value of genotype i for yield—trait combination j, Tij is the orig-

inal value of genotype i for yield-trait combination j, Tj mean of genotype i for yield—
trait combination j, Sj is the standard deviation for yield—trait combination j, by GenStat
19th edition.

Radar chart made by Microsoft Excel after traits normalized as follows:

XN = Xo — XviN)/ (Xvax — XMiN)

where Xy is the normalized value, Xg is the original value, and Xyax and Xy is the
minimum and maximum value of the trait, respectively. This procedure removes the
impacts of different units on comparing traits (unitless).

3. Results

Averaged across forty wheat genotypes, the means of agronomic traits, e.g., grain
yield gm per pot (GY), biomass gm per pot (BY), spikes per pot (SP), spike length in cm
(SL), and harvest index % (HI), and measured physiological traits, chlorophyll fluoresce
(Fv/Fm), and chlorophyll content index (CCI) under four salinity treatments (0.4, 4.0, 8.0
and 12.0 dS/m of seawater) are illustrated in Figure 1. GY and HI means were affected by
the treatments gradually from 0.4 dS/m followed by 4.0, 8.0, and 12.0 dS/m as well as BY,
with the exception of the control treatment, recorded the same mean of 8.0 dS/m. However,
PH and Fv/Fm had almost the same performance. The control (0.4 dS/m) mean recorded
was higher than other salinity treatments of CCL In contrast, 4.0 and 8.0 dS/m means
possessed similar values of SP and SL traits. Control and 12.0 dS/m behaved equally for SP,
but they varied in SL. Additionally, the mean square of the genotype varied significantly
(p < 0.001) for all studied traits as shown in Figure 1 and Table 4.
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Figure 1. Radar chart for mean performance and significance of genotypes (p < 0.001) of plant
height, spikes per pot, spike length, biomass, grain yield, harvest index, chlorophyll fluorescence,
and chlorophyll content index of forty genotypes grown under 0.4, 4.0, 8.0, and 12.0 dS/m diluted
seawater in the 2019/20 season. *** significant level at 0.001.
Table 4. Mean square of the analysis of variance of plant height cm (PH), spike length cm (SL),
number of spikes per pot (SP), grain yield gm per pot (GY), biomass yield gm per pot (BY), harvest
index % HI, chlorophyll fluorescence Fv/Fm, and chlorophyll content index CCI of forty genotypes
grown under 0.4, 4.0, 8.0, and 12.0 dS/m of seawater in the 2019/20 season.
Trait DF PH SL SP GY BY HI FVFM CCI
Salinity (S) 3 29,207.17 ***  54.208 ** 2145.34 *** 21,653.41 **  149,253.2 *** 0.4838 *** 0.075888 * 1354.7 ***
Genotype (G) 39 232.64 *** 4.596 *** 31.68 *** 105.79 *** 478.8 *** 0.013205 ***  0.005389 *** 50.35 ***
SxG 117 28.1 NS 1.147 NS 11.1N8 43.91% 2331NS  0.007956 ***  0.005085** 1228 NS
cv 11.7 9.6 21.4 32.4 21.0 28.3 7.1 10.0

CV, coefficient of variation; *, ** and *** Significant levels at 0.05, 0.01, 0.001; NS not significant.

Figures 2 and 3 and Tables 5 and 6 show the grain yield mean performance of forty
genotypes evaluated under four salinity treatments as well as combined data. In general,
results indicate that forty genotypes decreased dramatically under salinity treatments in
an orderly manner, from control followed by 4.0, 8.0, and 12.0 dS/m. Genotypes 31 and
34 had the highest values (25.0 and 22.6, respectively) in combined data over treatments
Tables 5 and 6. Moreover, 8.0 dS/m genotypes, 38 and 31 recorded 19.4 gm and 16.0 gm in
comparison with the control. Additionally, genotypes 13 and 17 possess the highest values
of 10.46 and 14.4 in 12.0 dS/m treatment. Figure 7 reveals the mean of grain yield with the
degradation from control followed by 4.0, 8.0, and 12.0 dS/m of forty genotypes evaluated
in the pots experiment in bar plot and pictures, and the combined data analysis across all
salinity treatments.
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Table 5. Grain yield of control (GYN), grain yield at 8.0 dS/m (GY8), and salinity toler-
ance/susceptible indices of forty genotypes in 2019/20 season.

Genotype GYN GYS TOL GMP STI MP HM SSI
1 32.2ta-d 8.1¢d 24.1 16.1 0.19 20.1 12.9 1.05
2 35.9 2 654 29.4 15.3 0.17 212 11.1 1.15
3 39.52d 9,0 bed 30.5 18.9 0.26 24.2 14.7 1.09
4 32.62d 14.4 abc 18.2 21.7 0.34 23.5 20.0 0.78
5 40.9 2 7.6¢d 33.3 17.6 0.22 24.2 12.8 1.15
6 43.4d 15.0 abe 28.4 25.6 0.47 29.2 22.3 0.92
7 28.9 bed 7.4 21.4 14.7 0.15 18.2 11.8 1.05
8 2454 7.5¢d 17.0 13.5 0.13 16.0 115 0.98
9 39.3ad 8.9 bed 30.4 18.7 0.25 24.1 14.5 1.09
10 26.4<d 8.7 bed 17.8 15.1 0.16 17.6 13.1 0.95
11 37.12d 12.5ad 24.6 21.6 0.33 24.8 18.7 0.93
12 31.4 bed 9.4 bed 22.0 17.2 0.21 20.4 14.5 0.99
13 34.42d 10.1 bed 243 18.6 0.25 22 15.6 1.00
14 30.4 bed 7.8 225 15.4 0.17 19.1 12.5 1.04
15 33.42 10.4 bed 23.0 18.7 0.25 21.9 15.9 0.97
16 4052 15.1 abe 25.5 24.7 0.44 27.8 22.0 0.88
17 445 abe 10.3 bed 34.2 214 0.33 27.4 16.8 1.08
18 39.2ad 10.2 bed 29.0 20.0 0.29 24.7 16.2 1.04
19 30.0 bed 9.1 bed 20.9 16.5 0.20 19.6 14.0 0.98

20 28.8 bed 9.1 bed 19.7 16.2 0.19 19.0 13.8 0.96
21 38.8ad 8.1 30.7 17.8 0.23 23.5 13.4 1.11
22 35.52d 14.5 abe 21.0 22.7 0.37 25.0 20.6 0.83
23 37.4ad 10.8 bed 26.6 20.1 0.29 24.1 16.7 1.00
24 4212 12.92d 29.1 23.3 0.39 27.5 19.8 0.97
25 30.8 bed 11.3 bed 19.4 18.7 0.25 21.1 16.6 0.89
26 45,0 abe 11.2 bed 33.8 224 0.36 28.1 17.9 1.06
27 32.7ad 13.02d 19.7 20.7 0.31 22.9 18.6 0.85
28 29.5 bed 10.7 bed 18.7 17.8 0.23 20.1 15.7 0.89
29 39.7 2 13.8ad 25.9 234 0.39 26.8 20.5 0.92
30 31.8 bed 8.7 bed 23.1 16.6 0.20 20.2 13.6 1.02
31 51.62 16.0 30 35.5 28.8 0.59 33.8 245 0.97
32 37.82d 10.9 bed 27.0 20.3 0.30 24.4 16.9 1.00
33 46.7 3b 8.6 bed 38.1 20.1 0.29 27.7 14.6 1.15
34 51.62 8.2 bed 434 20.6 0.31 29.9 14.2 1.18
35 34.3 2 8.0 26.3 16.6 0.20 21.2 13.0 1.08
36 51.72 11.2 bed 40.5 24.1 0.42 31.5 18.4 1.10
37 40.7 ad 12.22d 28.5 22.3 0.36 26.4 18.8 0.99
38 44,5 abc 1942 25.2 29.4 0.62 31.9 27.0 0.80
39 36.5 2 14.7 abc 21.8 23.1 0.38 25.6 20.9 0.84
40 40.3ad 10.4 bed 29.8 20.5 0.30 254 16.6 1.04

* Mean values within the same column for each trait with the same lower-case letter are not significantly different
according to least significant difference (LSD) test at p < 0.05. TOL, Tolerance index; MP, Mean productivity; STI,
Stress tolerance index; GMP, Geometric mean productivity; HM, Harmonic mean stress; SSI, Susceptibility index.
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Table 6. Grain yield of control (GYN), grain yield at 12.0 dS/m (GY12) treatment, and salinity
tolerance/susceptible indices along with grain yield combined data (GYC) of forty genotypes in

2019/20 season.

Genotype GYN GY12 TOL GMP STI MP HM SSI GYC
1 32.2tad 5.2¢ 27.0 12.9 0.12 18.7 9.0 1.04 1428
2 35.9 2 6.4 be 29.5 15.2 0.17 21.2 10.9 1.02  17.6bd
3 39.5ad 6.2 bc 33.3 15.6 0.18 22.8 10.7 1.05 169t
4 32.62d 6.8 bc 25.8 14.9 0.16 19.7 11.2 098  16.8¢t
5 40.9 2 5.7 be 35.2 15.2 0.17 23.3 10.0 1.07  17.4¢i
6 43,42 6.5 bc 36.9 16.8 0.20 25.0 114 1.05 2052®
7 28.9 bed 5.5 be 23.3 12.6 0.11 17.2 9.3 1.00 13.48h
8 2454 7.0 be 17.4 13.1 0.12 15.8 10.9 0.88 12.21
9 39.32d 7.1 be 32.2 16.7 0.20 23.2 12.0 1.02 16194
10 26.4<d 5.8 be 20.6 124 0.11 16.1 926 097 125N
11 37.1ad 7.7 be 29.4 16.9 0.21 224 12.8 098  17.8b-
12 31.4 bed 6.8 bc 24.6 14.6 0.15 19.1 11.1 097 16.8¢t
13 34.4 2 1442 200 225 0.36 244 20.3 072 207%¢
14 30.4 bed 8.4 be 22.0 15.9 0.18 19.4 13.1 090 173¢t
15 33.4ad 6.3 be 27.1 14.5 0.15 19.9 10.6 101 154494
16 40.5 2 7.5 be 33.1 17.4 0.22 24.0 12.6 1.01  208a=e
17 44,5 abe 1053 34.0 21.6 0.33 27.5 17.0 095  202°f
18 39.2ad 5.4 be 33.9 14.5 0.15 22.3 94 1.07  17.4bd
19 30.0 bed 8.6 bc 21.4 16.0 0.18 19.3 13.3 0.89 1584
20 28.8 bed 8.5 be 20.3 15.7 0.18 18.7 13.2 087  14.8¢i
21 38.82d 5.7 be 33.1 14.9 0.16 22.3 10.0 1.06  16.6H
22 35.5ad 7.2 be 28.3 15.9 0.18 21.3 11.9 099 19.6°f
23 37.4 2 7.6 b¢ 29.8 16.9 0.20 22.5 12.6 099 185b-h
24 42,13 47¢ 37.4 14.0 0.14 234 8.4 110 19.0%8
25 30.8 bed 8.9 be 21.9 16.5 0.20 19.8 13.8 088 19.0%8
26 45.0 abe 51¢ 39.9 15.1 0.16 25.1 9.2 110  203°f
27 32.7ad 8.2 be 24.6 16.4 0.19 20.5 13.1 093 18.7b%8
28 29.5 bed 7.8 be 21.7 15.2 0.17 18.6 12.3 091 1559
29 39.7 2 8.0 be 31.7 17.8 0.23 23.9 13.3 099 208a*
30 31.8 bed 6.4 be 25.4 14.3 0.15 19.1 10.7 099 1494
31 51.62 84bc 432 20.8 0.31 30.0 14.5 1.04 2502
32 37.82d 6.3 be 31.5 15.5 0.17 22.1 10.9 1.03  17.0¢t
33 46.7 @b 8.1 be 38.6 19.5 0.27 27.4 13.8 1.03 21.12d
34 51.62 9.3abc 423 21.9 0.35 30.5 15.8 1.02 2362
35 34.3 2 5.8 be 28.5 14.2 0.14 20.1 10.0 1.03  14.7¢d
36 51.72 7.2 be 445 19.3 0.27 29.4 12.6 1.07  22.64bc
37 40.7 2 6.6 bc 34.1 16.4 0.19 23.6 11.4 1.04 20.1°f
38 44,5 abe 6.1bc 38.5 16.4 0.19 25.3 10.7 1.07  22.43bc
39 36.5ad 8.3 be 28.2 17.4 0.22 224 13.5 096 19.28

40 40,32 8.0 be 32.2 18.0 0.23 242 13.4 0.99 19.32°8

t Mean values within the same column for each trait with the same lower-case letter are not significantly
different according to least significant difference (LSD) test at p < 0.05; TOL, Tolerance index; MP, Mean
productivity; STI, Stress tolerance index; GMP, Geometric mean productivity; HM, Harmonic mean stress;
SSI, Susceptibility index.
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Figure 2. Wheat grain yield gm per pot (GY) of forty genotypes evaluated in pot and grown under
0.4,4.0, 8.0, or 12.0 dS/m of seawater in the 2019/20 season.
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Figure 3. Bar chart of wheat genotypes grain yield gm per pot (GY) grown under 0.4, 4.0, 8.0, and
12.0 dS/m diluted seawater, and combined data over forty genotypes and photos representing the
visual differences among the four saline treatments in 2019/20 season.

The combined means of genotypes by grain yield by all trait combinations (GY*T) eval-
uated under four salinity conditions (pot experiments) in the 2019/20 season is illustrated
in Figure 4. Data were normalized to perform the GYT biplot, which accounted for 70.3%
of total variation under four salinity levels. In the GYT biplot, the figure is divided into
seven sectors, and the sector contains genotypes 13 and 34 on the polygon vertexes winner
for GY12*CClI, HI, SL, BY, and GY4*BY, PH, SP, and Fv/Fm combinations. While genotype
31 is situated on the vertex of another sector with GYN*PH, CCI, Fv/Fm, BY, SL, and HI,
and GY8*BY, PH, SP, SL, CCL. In the sector of genotypes 38 and 24 with combinations of
GY8*HI and Fv/Fm.
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Figure 4. Which—won—where biplot of forty wheat genotypes grain yield gm per pot (GY)
grown under 0.4, 4.0, 8.0, and 12.0 dS/m diluted seawater evaluated in pot experiments in the
2019/20 season.

Genotypes ranking based on GYT data is revealed in Figure 5. The order of genotype
31 >34 >13 > 38 > 16 > 36 > 29 joint with projection on average tester coordination (ATC
blue line with arrow) and over grand mean (vertical line on ATC). However, genotypes 10
and 8 had the lowest performance of GYT combinations. Additionally, genotypes 31 and
34 had the best mean performance and stability; thus, they are close to the ATC line and
combine the yield with all trait combinations (GY*T) evaluated under four salinity levels
(pot experiments) in 2019/20 season. However, genotypes 13 and 38 are far away from
ATC. Thus, they are unstable genotypes that rely on the GYT pattern of biplots.
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Figure 5. Means vs stability biplot (ranking) of forty wheat genotypes grain yield gm per pot (GY)
grown under 0.4, 4.0, 8.0, and 12.0 dS/m diluted seawater evaluated in pot experiments in the
2019/20 season.
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Salinity tolerance/susceptible indices (STI) calculated using grain yield gm per pot
(GY) of control at 0.4 dS/m (GYN), grain yield at 8.0 dS/m (GY 8.0 dS/m), and grain yield
at 12.0 dS/m (GY 12.0 dS/m) are shown in Table 3. In this study, data in Table 3 were used
to estimate the graphical genotypes by traits model (GT) in Figure 6.

- e RE
0.2 \X" {19 \ +TOL 12
R 284 ;GWM&%&%
2 N 6 \ | &
S 00 g ~TOR
- >
= i +MP 12
N \
1 |
o 02 4
O \ /
a
VR
04 /
yGY1INEAR
06
-0.2 0.0 02 0.4 06

PC1 - 52.95%

Figure 6. Which—won—where (GSTI) biplot of grain yield gm pot~! (GY) at control at 0.4 dS/m
(GYN), grain yield gm pot_1 at8.0 or 12.0dS/m (GY 8, 12.0 dS/m), and salinity tolerance/susceptible
indices (calculated at control with 0.4 dS/m and 8.0 dS/m and 12.0 dS/m) of forty genotypes in
the 2019/20 season. TOL, tolerance index; MP, mean productivity; STI, stress tolerance index; GMP
geometric mean productivity; HM, harmonic mean; SSI, stress susceptibility index.

The sum of principal components PC1 and PC2 is 79.41% of the total variation of forty
genotypes combined with STI, which is represented in figures in the titled genotype by
salinity tolerance indices (GSTI) biplot. The findings helped to select genotypes 31 and 36,
which are pointed on the vertex of the polygon in the sector containing GSTI, such as grain
yield gm per pot of normal treatment (GYN), TOLS (for 8.0 dS/m), TOL12 (for 12.0 dS/m),
MPS, STI8, GMPS8, MP12, STI12, HMS, and GY8. Additionally, genotype 13 is the winner of
GY12, HM12, and GMP12 in its sector, but genotypes 24 and 26 situated in the sector had
SSI8 and SSI12 as sensitive indies/genotypes.

Means vs stability based on GSTI analysis divided from values in Tables 5 and 6 and
6 of forty genotypes treated by four diluted seawaters in the 2019/20 season in pot trials,
illustrated visually in Figure 7. Genotype 31, followed by 36, 34, 38, 17, 33, 6, and 16,
recorded a high rank and stability for salinity tolerance indices. In contrast, genotype 8
had the lowest mean, and genotype 13 possessed the lowest stability referring to its long
projection on ATC.
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Figure 7. Mean vs. stability (GSTI) biplot of ranking genotypes based on grain yield gm per pot
(GYN), grain yield gm per pot (GY 8.0, 12.0 dS/m), and salinity tolerance/susceptible indices
(calculated at control with 0.4 dS/m, 8.0 dS/m, and 12.0 dS/m) of forty genotypes in the 2019/20
season. TOL, tolerance index; MP, mean productivity; STI, stress tolerance index; GMP geometric
mean productivity; HM, harmonic mean; SSI, stress susceptibility index.

Agronomic and physiological traits, along with spectral reflectance indices (SRI), data
were normalized to remove the effect of different units, in order to compare an averaged ten
genotypes across three levels of salinity (seawater mitigation), e.g., control, 6.0 dS/m, and
12.0 dS/m. Figure 8 shows that traits such as GY, BY, DH, GB, CI, and RWC recorded almost
the same mean performance under three salinity levels. However, traits like KW, SM, GFR,
TVI, and MCARI possess high mean values of 6.0 dS/m and 12.0 dS/m in comparison
with the control. Additionally, control of traits DM, GFP, and HI tend to be higher than
6.0 dS/mor 12 dS/m. In contrast, control of traits Chl A, B, PH, and MDA is situated in
between other treatments. The genotype component of the source of variation for all traits
varied differences significantly (p < 0.01), with the exception of TVI1, RWC, Chl B, NDVI,
shown in Table 7 and Figure 8.
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TVI R\ i N[ SM #*%*

MCARI 1 * ¢ GY ***
C[ ** ; BY #%%*
MCARI *** NDVI

Figure 8. Radar chart for the mean performance of agronomic trait, physiological trait, and spectral
reflectance indices (SRI) of ten genotypes evaluated in simulated lysimeter grown under 0.4, 6.0, and
12.0 dS/m diluted seawater in the 2020/21 season. *, ** and *** Significant levels at 0.05, 0.01, 0.001.
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Table 7. Mean square of the analysis of variance for days to heading (DH), days to maturity (DM),
grain filing period days (GFP), grain filling rate gm per day (GFR), plant height cm (PH), kernel
weight gm per spike (KW), number of meter long spikes (SM), grain yield gm per row (GY), biomass
gm per row (BY), harvest index % (HI), two measurements of spectral reflectance indices (SRI),
relative water content % (RWC), chlorophyll A and B (Chl A and Chl B), malondialdehyde (MDA),
and glycine beaten (GB) of ten genotypes traded by control and two diluted seawater levels in the
2020/21 season.

Trait d.f. DH DM GFP GFR PH KW SM
Salinity (S) 2 0.17 NS 781.2 *** 1073.911 ** 2.05805 ** 1366.94 * 3.1788 NS 4418.5 **
Genotype (G) 9 12.42 *** 13.857 *** 45.912 *** 2.00466 *** 451.88 *** 3.0447 *** 920.8 ***
SxG 18 1.79 % 9.99 ** 26.257**  0.12141 NS 33.92 NS 0.2942 ** 660.5 ***
cv 3.6 1.6 6.1 14.1 6.3 7.5 12.7
Trait d.f. GY BY HI NDVI 1 MCARI 1 LCI1 CI1
Salinity (S) 2 16,138 *+ 90,827 **  0.00567 NS5 0.002618 NS 0.00049731 NS 0.0029349 NS 0.016242 NS
Genotype (G) 9 4894.6 *** 16,197 **  0.010818 ***  0.001648 N5 0.00043293 ***  0.0048775 **  0.023373 **
SxG 18 374.7 * 3186**  0.001696 NS 0.001263 NS 0.00008868 NS 0.0009475 NS 0.015096 *
cv 12.8 13.4 9.6 52 17.8 6.8 12.9
Trait d.f MCARI11 TVI1 NDVI 2 MCARI 2 LCI2 CI2 MCARI 12
Salinity (S) 2 0.001677N5  3035NS 0009114 NS 0.0021788 **  0.028702 *** 0.06738 *  0.001186 NS
Genotype (G) 9 0.009616 * 11.059 NS 0.00405**  0.0019896 *** 0.015242 *** 0.09429 ***  (0.008033 ***
SxG 18 0.004991 NS 9.727 N8 0.003719 **  0.0002091 * 0.003493 * 0.02059 NS 0.006654 ***
cv 10.2 9.7 9.7 6.1 10.8 12.8 7.2
Trait d.f TVI2 RWC Chl A ChlB MDA GB
Salinity (S) 2 3.011 N8 385508 NS 38974 NS 0.5808 NS 212,319 *** 0.0323717 NS
Genotype (G) 9 11.499 *** 5.953 NS 3.6874 ** 0.5072 NS 2603 NS 0.0023141 ***
SxG 18 9.71 ** 6.065 NS 1.7832* 0.311 1 1790 NS 0.0003457 NS
Ccv 6.8 2.3 11.2 18.7 12.2 4

CV, coefficient of variation; *, ** and *** Significant levels of 0.05, 0.01, 0.001; NS not significant.

Figure 9 and Table 8 show the grain yield gm per row (GY) mean performance
of ten genotypes evaluated in a simulated lysimeter and irrigated with 0.4, 6.0, and
12.0 dS/m diluted seawater. The data represent genotypes classified into two categories,
ie., genotypes 1, 2,3, 4,5, 6, and 9 (Misr 4) recorded as high performance, while the old
varieties, i.e., genotypes 7 (Kharchia 65), 8 (Oasis F86), and 10 (Sakha 8) under 3 saline
irrigation were not. In addition, in the combined analysis, genotypes, 1 and 2 recorded the
highest values of 133.3 and 133.8 g, respectively. However, varieties 7, 8, and 10 had 79.6,
79.1, and 78.9, respectively, shown in Table 8.
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Figure 9. Bar plot for ten wheat genotypes grain yield gm per row (GY) evaluated in simulated

lysimeter grown under 0.4, 6.0, and 12.0 dS/m diluted seawater in the 2020/21 season.
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Table 8. Grain yield gm per row and salinity tolerance/susceptible indices, along with grain yield
combined data gm per row (GYC) of ten wheat genotypes grown at control at 0.4 dS/m (GYN) or at
6.0 and 12.0 dS/m diluted seawater in 2020/21 Season.

6.0dS/m
Genotype GYN GY 6dS/m TOL GMP STI MP HM SSI
1 159.7 ta 133.12 26.6 145.8 1.25 146.4 145.2 1.98
2 164.6 2 134.22 30.4 148.6 1.30 149.4 147.9 2.19
3 128.1 abe 13392 —5.8 131.0 1.01 131.0 130.9 —0.54
4 141.1 b 134.72 6.4 137.9 1.12 137.90 137.8 0.54
5 150.3 ab 136.02 14.3 143.0 1.21 143.2 142.8 1.13
6 148.9 @b 134.02 14.9 141.3 1.18 1415 141.1 1.19
7 107.9 bed 79.1b 28.8 924 0.50 93.5 91.3 3.17
8 78.6 4 859b -73 82.2 0.40 82.3 82.1 —1.10
9 135.3 abe 138.82 -3.5 137.0 1.11 137.1 137.0 —0.31
10 87.9 <d 83.0P 49 85.4 0.43 85.5 85.4 0.66
Genotype  GY12dS/m TOL GMP STI MP HM SSI GYC
1 10692 52.8 130.6 1.01 133.3 128.1 0.97 133.22
2 102.7 ab 61.9 130.0 1.00 133.7 126.5 1.10 133.82
3 83.8 abc 443 103.6 0.63 106.0 101.3 1.01 115.2°
4 77.1 bed 64.0 104.3 0.64 109.1 99.7 1.33 117.6
5 102.1 ab 48.2 123.9 0.90 126.2 121.6 0.94 129.5ab
6 106.7 @ 422 126.1 0.94 127.8 124.3 0.83 129.8 ab
7 5194 56.0 74.9 0.33 79.9 70.1 1.52 79.6
8 72.7 <d 5.9 75.6 0.34 75.7 75.5 0.22 79.1¢
9 87.5 abe 47.8 108.8 0.70 1114 106.3 1.03 120.5 ab
10 65.7 ¢d 22.2 76.0 0.34 76.8 75.2 0.74 789°¢

* Mean values within the same column for each trait with the same lower-case letter are not significantly different
according to least significant difference (LSD) test at p < 0.05. The rank of genotypes was based on combined
analysis. TOL, tolerance index; MP, mean productivity; STI, stress tolerance index; GMP geometric mean
productivity; HM, harmonic mean; SSI, stress susceptibility index.

Genotype by grain yield*traits (GYT) pattern was used to select the best one from
ten genotypes evaluated in a simulated lysimeter in the 2020/21 season illustrated in
Figure 10. The GYT biplot accounted for 86.94% of the total variation. Moreover, the sector
of genotypes 2 and 6 had the most combinations of agronomic and physiological traits and
spectral reflectance indices. The sector of genotypes 8 and 10 had combinations of GY6*CI1,
CI2, and GYN*CI1, while the sector of genotype 7 contains GYN*CI2, GY12*CI1, and CI2.
Thus, the best genotypes that rely on this view are genotypes 2 and 6.
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Figure 10. Which—won—where (GYT biplot of ten wheat genotypes grain yield gm per row at
control at 0.4 dS/m (GYN), 6.0, or 12.0 dS/m (GY 6.0, 12.0 dS/m) evaluated in simulated lysimeter in

2019/20 season.

Based on the GYT model graphical analysis, ten entries were evaluated under three
salinity treatments by simulated lysimeter in the 2020/21 season, as shown in Figure 11.
The genotypes rank is 2 > 6>1 > 5>9 > 4>8 > 10 > 7 joint with projection on average tester
coordination (ATC blue line with arrow). Additionally, genotypes 2, 1, and 5 would be the
best mean performance and stability; thus, they are close to the ATC line and combine the

yield with all trait combinations (GY*T). However, genotypes 6 and 4 are far away from the
ATC, thus they are unstable genotypes.
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Figure 11. Means vs stability GYT biplot of grain yield gm per row (GYN, GY 6.0 dS/m, and GY 12.0
dS/m) by agronomic traits, physiological trait, and spectral reflectance indices (GY*T) grown under

0.4, 6.0, and 12.0 dS/m diluted seawater evaluated in simulated lysimeter in the 2020/21 season.
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Relying on the genotype by trait (GT) biplot pattern, we compute salinity toler-
ance/sensitive indices (STI) using grain yield of control gm per row (GYN), grain yield of
6.0dS/m (GY6 dS/m), grain yield of 12.0 dS/m gm per row (GY12 dS/m), and another STI
of ten genotypes in Table 4. In this study, we performed data in Table 4 to depict graphical
genotypes by traits model (GT) in Figure 12. The sum of principal components was 93.11%
of the total variation for ten genotypes combined with STI, represented in figures termed
genotype by salinity tolerance indices (GSTI) biplot. The findings indicate that genotypes 1
and 2 are located on the polygon’s vertex in its sector containing GSTI combinations such
as grain yield normal gm per row (GYN), TOL12 (for 12.0 dS/m), HM12, MP6, STI6, GMP6,
MP12, STI12, HM6, GMP12, and GYC combined. Additionally, genotype 7 is the winner of
TOLS6 (for 6.0 dS/m), SSI6, and SSI12. However, genotype 6 is the winner in its sector for
GY12dS/m.
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Figure 12. Which—won—where (GSTI) biplot of wheat grain yield gm per row at control
at 0.4 dS/m (GYN), grain yield gm per row at 6.0 or 12.0 dS/m (GY 6.0, 12.0 dS/m), and
salinity tolerance/susceptible indices (calculated at control with 0.4 dS/m and 6.0 dS/m and
12.0 dS/m) of ten genotypes in the 2020/21 season. TOL, tolerance index; MP, mean productiv-
ity; STI, stress tolerance index; GMP geometric mean productivity; HM, harmonic mean; SSI, stress
susceptibility index.

Based on the means vs stability GSTI biplot, ten entries evaluated under three salinity
treatments by simulated lysimeter in the 2020/21 season are illustrated in Figure 13. The
rank commences from genotype 2 followed by 1, 5, 6, and 4 placed on the average tester
coordination line (ATC blue line with an arrow). Additionally, genotypes 2 and 1 would
show the best mean performance and stability. However, genotypes 7 and 8 are far away
from the ATC; thus, they are unstable genotypes.
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Figure 13. Mean vs stability (GSTI) biplot of ranking genotypes based on grain yield gm per row
(GYN), grain yield gm per row (GY 6.0, 12.0 dS/m), and salinity tolerance/susceptible indices
(calculated at control with 0.4 dS/m and 6.0 dS/m and 12.0 dS/m) of ten genotypes in the 2020/21
season. TOL, tolerance index; MP, mean productivity; STI, stress tolerance index; GMP geometric
mean productivity; HM, harmonic mean; SSI, stress susceptibility index.

4. Discussion

The genotype by yield*trait (GYT) biplots approach, as proposed by Yan and Frégeau—
Reid [46], graphically identified the relationship between genotypes and studied traits,
specifically, in the case of large genotype numbers and characters. For example, in salinity
and drought stress conditions with contrasting regimes. Additionally, these methodologies
can be used by breeders to select the elite genotypes not only had grain yield performance
but also combined with other trait combinations. For instance, the selection for barley
drought tolerance reported by [47,49], wheat rusts resistance selected using genotype*traits
(GT) technique by the researchers [48], the authors [65] selected common bean genotypes
using the GYT model, and the researchers identified durum wheat drought tolerance
evaluated in multi-years under rainfed conditions using GYT [51]. In our study, we
evaluated forty bread wheat genotypes irrigated by four diluted seawater levels in the
pot experiments to select six genotypes (i.e., 6, 16, 31, 33, 34, 36) in the first season based
on results shown in Figures 2 and 6. To evaluate wheat genotypes grown under three
saline levels, lysimeter experiments were conducted in the second season to compare
the performance of 10 wheat genotypes and varieties, i.e., three old varieties i.e., 7, 8, 10
(Kharchia 65, Oasis F86, and Sakha 8, respectively) along with new cultivar genotype 9
(Misr 4) for comparison with 6 other wheat genotypes. Genotypes 2 and 1 were selected,
which might be salinity tolerance genotypes, as the outcome of these experiments are
shown in Figures 11 and 13.

The wheat grain-filling stage provides the most informative measurements using
spectral reflectance indices (SRIs) [35]. Thus, more genotypic variation was detected than
for early growth vegetation and heading [35]. On the contrary, ref. [9] reported significant
differences in genotypes, salinity treatments, growth stages, years, and their interactions
for all vegetation SRIs and water SRIs. The SRI scores detected significant differences for
quinoa genotypes and contrasting water regimes [27]. Nonetheless, the SRIs in one of
the locations studied (irrigated and non-irrigated) did not differ among genotypes, which
may refer to the closeness of the plants ripening. In our study, reflectance indices such as
MACRI 1, LCI1, and CI 1 in the first measurement, as well as all SRIs in the second reading,
recorded that the genotypes significantly varied (Table 7). The results of the combination
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of GYT with SRIs in Figures 10 and 11 confirmed that genotypes 2 and 1 are the best
salinity tolerance genotypes from this view and GSTI view of salinity tolerance indices
in Figures 12 and 13. In this study, we used GT and GYT approaches to select the superior
genotypes not only based on grain yield but also other physiological traits such as amino
acid glycine betaine and chlorophyll fluorescence (Fv/Fm) and chlorophyll content index
(CCI), as well as agronomic traits such as PH, HI, and BY. These findings are in agreement
with the results described by other reports [9,27,66,67].

In the 2019/20 season, forty genotypes were evaluated together under four salinity
treatments. This large number might have created significant variations by interaction
with treatments, interpreted by the coefficient of variation (CV) of GY (32.4%), as shown
in Table 4. Thus, in the second season we reduced the number to ten genotypes but
added the old varieties, i.e., 7, 8, 10 (Kharchia65, Oasis F86, and Sakha 8, respectively),
whose low achieved GY might refer to their yield potential, even with rusts fungicide
applied (Figure 9; Table 7). The approach of GYT was used with agronomic and physio-
logical traits and spectral reflectance indices to select the best genotypes. Figures 3 and 10
identified more than thirteen combinations for genotype 31 and the other combinations
situated in the sector of genotypes 34 and 13 (however, 13 was unstable, as shown in
Figure 5). Moreover, genotypes 2 and 6 in the second season had several combinations of
spectral reflectance indices (SRI) (Figure 10). These results were similar to those found by
others [66,68,69].

Additionally, GT models suggested by [45] were used to identify and rank genotypes
based on salinity tolerance/susceptible indices (GSTI), genotypes 6, 16, 31, 33, 34, and 36
were selected in the first season in pot experiments, and genotypes 2 and 1 were selected
in lysimeter experiments as superior genotypes in the second season (Figures 7 and 13).
However, it is hard to select genotypes 13 and 8, as shown in Figure 7, as well as genotypes 7
and 8, shown in Figure 13, which are unstable and had low performance. These findings are
consistent with others [50] who performed the GT technique to select the elite rice entry [13]
using principal component analyses (PCA). Moreover, other reports [49] used genotype by
yield stress index (GYSI) to select the best genotypes that had drought tolerance.

Both experiments used a radar chart to examine the studied characters’ relation-
ship and genotype means. For example, GY and HI were gradually affected by salinity
treatment (Figures 1 and 8). Additionally, genotypes varied significantly for all traits in
the first season (Figure 1 and Table 7). All agronomic, physiological traits, and spectral
reflectance indices, are shown in Figure 8 and Table 7. Similarly, findings of nitrogen
starvation treatments did not impact on Fv/Fm ratio [70]. While the same trend of GY is
affected positively by sowing depth [71]. Other reports [72] stated that genotype clusters
had varied responses to salinity levels in several traits, such as SL. Additionally, water
stress treatment benefited winter wheat growth using subsurface drip irrigation of GY, HI
and BY in the second season [72,73].

5. Conclusions

The two evaluation systems (pots and lysimeters) were effective in discriminating
wheat plant materials tested for salt tolerance. Genotype by yield*trait (GYT) and genotype
by traits (GT) approaches were supportive in facilitating genotype selection based on grain
yield and other associated traits (agronomic, physiological traits, and SRI combinations)
as well as stress tolerance indices. This study showed that genotypes 6, 16, 31, 33, 34, and
36 in the 2019/20 season (a large number of genotypes might be creating interaction by
treatments) and genotypes 2 (16) and 1 (6) performed better than Kharchia 65 and Sakha
8 (low yielding and old varieties) in the second season of 2020/21, which were selected
as superior genotypes. Thus, it can be recommended to sow those selected genotypes in
salt-affected soils and involve them in wheat breeding programs. It could be concluded
that spectral reflectance indices performed effectively in detecting the genotypic variation.
For future work based on these findings, it is suggested that these selected genotypes could
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be used to release a new salinity tolerance variety and exploit these plant materials to make
new hybridizations used in the wheat breeding program for salinity.
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Abbreviations

GYT genotype by yield*trait
GT genotype by traits

GSTI Genotype by salinity tolerance indices
SRI spectral reflectance indices
CCI chlorophyll content index
Fv/Fm chlorophyll fluorescence
GY grain yield

PH plant height

HI harvest index

MDA malondialdehyde

GB Glycine betaine
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