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ABSTRACT

In the context of climate change and evolving pathogen populations, wheat leaf rust (Puccinia triticina)
remains one of the most damaging cereal diseases worldwide, threatening food security through significant yield
and quality losses. This study evaluated nine bread wheat genotypes over two consecutive seasons (202/2024 and
2024/2025) at two locations to examine the relationship between disease severity and yield loss. Disease
development was measured using final rust severity (FRS%), area under disease progress curve (AUDPC), and
relative AUDPC (rAUDPC). Differences in 1000-kernel weight, kernels per spike, and grain yield per plot were
evaluated between protected and infectedplants. Thehighest disease levels were detected by Sidsl, Gemmeiza?,
and Gemmeizall(FRS up to 41.67%, AUDPC > 500, rAUDPC > 6, and yield reductions in some traits exceeded
35%. In contrast, Shandweel2 (FRS 10-18.33%, rAUDPC < 25%), Nubaria2 (FRS 12.5-21.67%, rAUDPC 18-
30%), and Misr3 (FRS 18.33-28.33%, rAUDPC 25-35%) consistently exhibited low disease parameters and
minimal yield losses, indicating strong partial resistance. Significant correlations between AUDPC, rAUDPC, and
yield losses confirm their value as reliable indicators for resistance screening. The integration of multi-parameter
disease assessment with yield loss analysis offers a robust and updated basis for identifying high-yielding, rust-
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resistant genotypes and guiding global breeding and integrated disease management strategies .
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INTRODUCTION

Wheat (Triticum aestivum L.) is a major source of
calories and protein for much of the world’s population,
ranking among the three of the 10 most important cereal
crops, along with maize and rice (Nigus et al., 2022 and
Mabrouk et al., 2025). In Egypt, wheat plays a crucial role in
national food security, providing a significant share of
calories and protein for the population. However, domestic
production does not meet annual demand, and the country
depends heavily on wheat imports (Selim et al., 2021; and
Gemeda and Gure, 2025). Egypt’s average wheat production
over the past five years was about 8.8 million tons. Production
rose slightly 9.5 million tons in 2023, , but fell to around 9.2
million tons in 2025. Given that national consumption is
nearly 20 milion tons annually, Egypt faces a persistent
production gap, leaving the country vulnerable to global grain
market fluctuations (FAO, 2024 and Mabrouk et al., 2025).

Among the most serious biotic constraints to wheat
yield, and quality are rust diseases, leaf rust (Puccinia
triticina), stem rust (P. graminis f. sp. tritici), and stripe rust
(P. striiformis f. sp. tritici). Leaf rust is the most widespread
and can reduce kernel weight and photosynthetic efficiency,
ultimately causing yield losses of up to 40%. Rust diseases
occur annually with varying severity (Ali et al., 2022 and
Saranya et al., 2025). Leaf rust pathogen has incredible
genetic variability, which enables the pathogen to evade
resistance genes, particularly when performance of
previously resistant genetic resources faces break down. In
Egypt, and in most wheat production areas worldwide, leaf
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rust accounted for a top biotic or growing threat to wheat
productivity; confronting producers annually and regularly as
the most founding and damaging of the three rust diseases
(Atia et al., 2021 and Mabrouk et al., 2025).

An integrated approach is necessary for the
management of leaf rust disease, combining the use of
resistant or tolerant cultivars, judicious use of fungicide
applications, and cultural practices that reduce the rate of the
advance and impact of the disease, particularly from using, or
finding germplasm with useful breeding features of long-
lasting resistance remain the most practical and sustainable
solution. Conducting field tests for genotypes under both
diseased and protected conditions is important for identifying
lines of wheat that can maintain agronomic performance
under stress (Omara et al., 2021 and Saranya et al., 2025).

Several stress tolerance indices, including tolerance
index (TOL), mean productivity (MP), harmonic mean (HM),
geometric mean productivity (GMP), and stress tolerance
index (STI), are used to compare genotypes under stressed
and non-stressed conditions (Gaikwad et al., 2025). These
indices typically calculated at harvest and may be affected by
environmental  variability. When  combined  with
epidemiological parameters such as final rust severity (FRS)
and area under the disease progress curve (AUDPC), they
provide a comprehensive assessment of genotype
performance (Singh et al., 2024 and Atwa et al., 2025).

Previous studies on bread and durum wheat have
reported strong correlations among these indices, indicating
that they can classify genotypes for stress tolerance in similar
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ways. Recognizing these correlations can help simplify
breeding programs by decreasing overlap in evaluation criteria
(Singhetal., 2024; Atwa et al., 2025; Gemeda and Gure, 2025).

The present study was conducted at Sids Agricultural
Research Station and Itay Elbaroud Agricultural Research
Station, both recognized as endemic hot spots for leaf rust in
Egypt. These locations provide high-disease-pressure
environments that are ideal for assessing wheat genotype
resistance under realistic field conditions (Fath El-Bab et al.,
2023 and Mabrouk et al., 2025).

The objective of this research was to evaluate the
resistance and yield performance of selected bread wheat
genotypes under natural leaf rust infection in two distinct
agroecological zones in Egypt. The study also aimed to
quantify yield losses in relation to disease severity using both
epidemiological and yield-based parameters. Four stress
tolerance indices (MP, GMP, HM, STI) were applied to
identify superior genotypes.

Additionally, correlations between disease severity
and yield components were examined to facilitate the
selection high-yielding wheat genotypes resilient to leaf rust,
thereby contributing to improved wheat self-sufficiency in
Egypt and reducing reliance on imports.

MATERIAL AND METHODS

Experimental Design and Plant Material

Field trials were conducted during 2023/2024 and
2024/2025 growing seasons at two locations: Itay Elbaroud
Agricultural Research Station (30.9531° N, 30.3075° E),
Beheira Governorate and Sids Agricultural Research Station
(28.9000° N, 31.3167° E), Beni Suef Governorate, Egypt.
The locations are considered endemic "hot spots” for wheat
leaf rust because natural conditions that produce extreme and
consistent disease pressure. Nine wheat genotypes were
evaluated (Table 1), including eight Egyptian bread wheat
(Triticum aestivum L.) cultivars (Sids 1, Sids 12, Gemmeiza
7, Gemmeiza 11, Misr 3, Shandweel 2, Nubaria 2, Giza 171)
and one landrace (Triticum spelta L; Triticum spelta
saharinsis) used as a highly susceptible check. Each genotype
was grown under two conditions: fungicide-protected
(healthy) and artificially inoculated (unprotected).

Three replications of a randomized complete block
design (RCBD) were used in the experiment. Each genotype
was seeded in a 3.6 m? plot with six rows; each row was 3 m
long and 20 cm apart. Seedlings from both seasons were
seeded in November and during the growing season, all
recommended agronomic practices were followed.

Table 1. Name, pedigree, and year of release of the nine tested wheat genotypes.

# Genotypes Names Scientific Names

Pedigrees Year of release

HdHD2172/Pavon™S"//1158.57/Maya74"S"

1 Sids 1 Triticum aestivum L. SD46-4SD-2SD-1SD-0SD 1996
BUC//7C/ALD/5/MAYA74/0ON//1160.147/3/BB/GLL/4/CHAT"S
2 Sids 12 Triticum aestivum L. "I6/IMAY AN ULJICMHT74A.630/4*SX 2007
SD7096-4SD-1SD-1SD-0SD
: . . CMH 74A.360 / SX // SERI 8213/ AGENT
3 Gemmeiza 7 Triticum aestivum L. CGM4611-2GM-3GM-1GM-0GM 1999
. . . BOW"S"/KVZ"S"/[TCISER182/3/GIZA168/SAKHA61GM5820-
4 Gemmeiza 11 Triticum agestivum L. 3GM-1GM-2GM-0GM 2011
. - . ATTILA*2/PBW65*2//[KACHUCMSS06Y00582T-099TOPM-

5 Misr 3 Triticum aestivum L. 099Y-099ZTM-099Y-099M-10WGY-0B-0EGY 2021
6 Line Shadweel 2 Triticum aestivum L. QUAIU/S/FRET2*2/4ISNT/TRAP#1/3/HAUZ*2/TRAP// 2011
: . . . FRET2*2/4/SNI/TRAP#1/3/[KAUZ*2/TRAP//KAUZ*2/5/BOW/U
/ Line Nubaria 2 Triticum aestivum L. ™" peq o yEAVER/3/ICROC_1/AESQUARROSA (213)/POG 2005
8 __ Gizalyl  Triticum aestivum L. SAKHA 93/ GEMMEIZA 9 S.6-1GZ-4GZ-1GZ-2GZ-0S 2013
9 Triticum &Zpl_elstasiaharlnSIS Triticum spelta L. Local land race- Highly susceptible check variety -

Disease and Yield Assessments

Susceptible spreader rows of Triticum spelta var.
saharensis and the landrace "Morocco™ were used to border
each plot to ensure uniform leaf rust inoculum pressure. The
genotypes that were analyzed did not include the "Morocco™
spreader. Infected plots were artificially inoculated at booting
with a mixture of leaf rust races, while protected plots
received Tilt® 25% EC (75 cm3¥/300 L water/feddan) at the
early dough stage.

Adult-plant reactions were assessed weekly from disease
onset until the early dough stage. Rust seveity was recorded using
the modified Cobb’s scale (Peterson et al., 1948) and infection
types were classified according to Singh et al. (2011). The final
rust severity (FRS) was measured following Das et al. (1993),
when the susceptible check was heavily rusted and the disease
had reached its maximum level. The area under the disease
progress curve (AUDPC) was calculated using the formula of
Pandey et al. (1989): AUDPC =D [% (Y1 + Yi) + ZY2...Yi],
where D refers to the interval in days between two consecutive
disease assessments, Y1 is the data record of the first disease, and
Y\ is the data record for the last disease.

The relative area under the disease progress curve
(rAUDPC) was estimated according to Shaner and Finney

(1977) by expressing the AUDPC as a percentage of the
maximum possible AUDPC over the assessment period.

Grain yield per plot(kg), 1000-kernel weight (g), number
of kernels per spike, and number of spikes/m? were recorded.
Yield loss was calculated according to Calpouzos et al. (1976):

Loss (%) = (1- ya /yn)*100,
Where
Yuis the grain yield of diseased plants and Y is the grain yield of healthy

plants. All assessed traits, including disease severity and vyield
components, were recorded on ten randomly sampled plants per plot.

Statistical analysis

Data was analyzed using ANOVA (Steel et al. 1997) in
GenStat software (VSN International Ltd., Hemel Hempstead,
UK) following a randomized complete block design anteriorly
with three replications. Homogeneity of error variances across
locations was tested using Levene test, 1960). Mean comparisons
were performed using LSD at 5% significance. Phenotypic
correlations among traits were estimated across seasons (Dixet &
Dubey 1984) to assist in identifying genotypes combining
desirable characteristics. Linear regression was used to relate
grain yield to disease and yield traits.
Tolerance index: Average grain yield output at Sids and Itay
Elbaroud under stress conditions (Y's) throughout both seasons
was used to calculate four stress tolerance indices: mean

0t
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productivity (MP), harmonic mean (HM), geometric mean
productivity (GMP), and stress tolerance index (STI), as shown
in Table 2. These selected indices assessed tolerance by
comparing genotypes based on yield performance in both
protected and stressed environments (Rosielle & Hamblin, 1981
Fernandez, 1992; and Jafari et al., 2009).

Table 2. Names, formulas, and references of selected
stress tolerance indices

No. Index name Formula Reference
where Ynisthe grain yield
. under non-stress conditions
under stress condition
Higher values of these indiices indicate greater stress tolerance
1 Mean Productivity (MP) (YitY9)R2  (RosidleandHamblin, 1981)
2 HamonicMean(HM)  2(Yi*Y(YitYy)  (Jafarietal, 2009)
3 GomacMePalivyGVP Y (Femandez, 1992)
4 StressTolerance Index (ST1) (Ya*Y(Y of  (Femandez, 1992)

RESULTS AND DISCUSSION

Results
1- Epidemiological Parameters in Wheat -cultivars
Compared with Susceptible Check (T.S.S)
Disease parameters of leaf rust: Final Rust to Severity,
Area Under the Disease Progress Curve, and Relative Area
Under the Disease Progress Curve were measured across both
seasons and locations. To perform this evaluation, multiple

wheat genotypes were assessed during the 2023 to 2024 and
2024 to 2025 growing seasons, across two locations; Itay
Elbaroud and Sids (Tables 3 and 4).

The analyses of variance indicated that the location
had a significant impact on all disease parameters for both
years, which demonstrates the significance of the
environment in causing disease, and the analysis also
indicated that there were significant differences among wheat
genotypes for all measured parameters, which led to
confirmation of the genetic variation of resistance to leaf rust.

Table 3. Analysis of variance for leaf rust parameters at
Itay Elbaroud and Sids Research Stations

during the 2023/24 and 2024/25 growing seasons
Leaf rust diseases parameters
FRS (%) AUDPC? RAUDPC?
202324 2024/25 2023724 2024/5 202324 202425
or 1 D07~ 1330000 10B3* 106* 1288*  787/50*
RE 4 PN PN 12V 175 848 1231

SOV df

GF 8 3pIHWB* W74 TR5 TRBIA SIB5P* MEBB
LGP 8 28% 87 3PS TS B/AS s
Eror @ 28 58 MO0 b5 W8 463

1: Final Rust Severity (FRS), 2: Area under disease progress curve
(AUDPC), 3: Area under disease progress curve (rAUDPC) A: Location,
B: Residual, C: Genotype, D: Location*Genotype.*Significant at p less
than or equal to 0.05; **Highly significant at p less than or equal to 0.01.

Table 4. Wheat genotypes response to leaf rust infection based on FRS, AUDPC, and rAUDPC under field conditions
at Itay Elbaroud and Sids during 2023/24 and 2024/25 seasons.

Leaf rust disease parameters during the 2023 to 2024 season

Wheat

enotypes FRSY(%) AUDPC? rAUDPC?
g P Itay Elbaroud  Sids Mean Itay Elbaroud Sids Mean Itay Elbaroud Sids Mean
Sids 1 63.33 7333 68.33 729.2 9333 83125 59.52 80.81 70.165
Sids 12 2333 3333 28.33 2345 3278 28115 19.14 2838 23.76
Gemmeiza 7 53.33 63.33 58.33 659.2 740.8 700.0 53.81 64.14  58.98
Gemmeiza 11 3333 43.33 38.33 3418 4293 38555 27.90 3717 3254
Misr 3 13.33 2333 18.33 110.8 1855 14815 9.05 16.06 1255
Line Shandweel 2 6.67 13.33 10.00 82.8 1225 10265 6.76 1061  8.68
Line Nubaria 2 8.33 16.67 12.50 92.2 1505  121.35 7.52 1303 10.28
Gizal7l 26.67 36.67 31.67 2812 362.8 3220 22.95 3141 27.18
T.SS 73.33 83.33 78.33 1026.7 11200 1073.35 83.81 96.97 90.39
Mean 3352 42.96 38.24 3954 4859  440.65 32.28 4207 3717
Location=7.27 Location=83.76 Location=6.95
LSD 0.05 Genotype = 5.616 Genotype = 82.96 Genotype = 6.91
Genotype*Location = Ns Genotype*Location= Ns Genotype*Location= Ns
Leaf rust disease parameters during the 2024 to 2025 season
Sids 1 73.33 83.33 7833 87850  1015.00 946.75 67.84 78.38 7311
Sids 12 3333 43.33 38.33 341.83 452.67 397.25 26.40 34.95 30.68
Gemmeiza 7 63.33 7333 68.33 845.83 845.83 845.83 65.32 65.32 65.32
Gemmeiza 11 43.33 53.33 48.33 478.33 606.67 542.50 36.94 46.85 41.89
Misr 3 2333 3333 28.33 218.17 341.83 280.00 16.85 26.40 21.62
Line Shandweel 2 13.33 2333 18.33 122,50 246.17 184.33 9.46 19.01 14.23
Line Nubaria 2 16.67 26.67 21.67 150.50 281.17 215.83 11.62 21.71 16.67
Gizal7l 36.67 46.67 41.67 339.50 511.00 425.25 26.22 39.46 32.84
T.S.S 83.33 9333 88.33 120167  1166.67 1184.17 92.79 90.09 91.44
Mean 42.96 52.96 47.96 508.54 607.44 557.99 39.27 46.91 43.09
Location=7.271 Location=98.976 égﬁggfne'- 77%‘,15?%
LSD 0.05 Genotype =5.988 Genotype =98.976 pe= 1.

Genotype*Location = Ns

| H -
Genotype*Location= Ns Genotype*Location = Ns

(1) Final Rust Severity (FRS), (2) Area under disease progress curve (AUDPC) and (3) Relative Area under disease progress curve (rAUDPC).

The interaction of location and genotype usually did
not significant for most traits indicating most genotypes to
demonstrate stable resistance under different environments.
The only other notable exception was Final Rust Severity in
the first season with significant interaction. This suggests that
local environmental factors can influence disease severity for
some genotypes in specific contexts. Overall, the findings
suggest the action of genetic and environmental factors to
explain severity of leaf rust infection but support the idea that

wheat genotypes had equivalent levels of resistance
regardless of location.

As per data shown in Table 4, the Final Rust Severity
(FRS), Area Under the Disease Progress Curve (AUDPC),
and Relative AUDPC (rAUDPC) values were consistently
greater at Sids than Itay Elbaroud during both growing
seasons. The FRS was recorded as the percentage of disease
severity when the highly susceptible check genotype (T.S.S)
exhibited severe rust infection, reaching the maximum
disease levels in both seasons.
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Among the eight wheat genotypes examined,
variation was observed in FRS, AUDPC, and rAUDPC
values when compared with the susceptible check T.S.S. The
FRS and rAUDPC values typically demonstrated a parallel
pattern of variation with the AUDPC values, with deviations
between the three genotypes, Sids 12, Giza 171, and
Gemmeiza 11 within the first growing season. Moreover, all
three epidemiological parameters were higher in the second
season compared to the first.

In the first season, FRS values ranged from 6.67% to
73.33% at Itay Elbaroud and from 13.33% to 83.33% at Sids.
The genotypes of Shandweel 2, Nubaria 2, and Misr 3 recorded
the lowest percentage disease severities (6.67% and 8.33% and
13.33%) at Itay Elbaroud, while at Sids they recorded slightly
increased severities (13.33% and 16.67% and 23.33%). The
percent severities from the susceptible check T.S.S at ltay
Elbaroud and Sids were very high for FRS (73.33% and 83.33%,
respectively). In addition, the highest FRS values among the
infected genotypes were recorded for the susceptible check T.S.S
and genotypes Sids 1 and Gemmeiza 11.

A similar trend was evident in season 2. The FRS
values ranged from 13.33% to 83.33% at Itay Elbaroud and
23.33% to 93.33% at Sids. Disease severity was generally
greater in season 2, however again, the relative performance
of the genotypes was similar.

To characterize slow rusting resistance, wheat
genotypes were reported in three groups based on their
AUDPC values. Group 1 was comprised of genotypes
resistant or partially resistant with an AUDPC value 650.

For the first season, group 1, showed the lowest
AUDPC values (82.8 to 110.8 at Itay Elbaroud and 122.5 to
185.5 at Sids) Among the intermediate AUDPC values (Sids
12, Gemmeiza 11, and Giza 171) were variable between the
two locations. The highest AUDPC values (Gemmeiza 7,
Sids 1 and susceptible check T.S.S.) were >1026.7 at Itay
Elbaroud and >1073.35 at Sids. For the second season, similar
groups were found, although the intermediate group
presented greater variability between locations. The rAUDPC
both seasons showed the same trend as AUDPC, except for
genotypes Sids 12 and Giza 171 in season 2.

2- Quantitative Analysis of Wheat Yield Components
under Leaf Rust across Two Locations and Seasons

The current investigation evaluated location, genotype, and
their interaction to predict three yield components: 1000-kemel
weight, number of kemels per spike (K/S) and grain yield per plot
(kg) at Itay Elbaroud and Sids locations for the 2023/2024 and
2024/2025 growing seasons, in an infected, protected, and loss
percent condition (Tables 5, 6 and 7).

The results established the genotypes of wheat
showed significant differences among in their yield

components influenced by leaf rust infection. A few and some
of the most resistant genotypes, like Shandweel 2, Nubaria 2,
and Sids 1, all had considerably higher 1000-kernel weight,
kernel number per spike and grain yield with significantly
lower loss percent as compared to more susceptible genotypes
such as T.S.S. There also appeared a clearly demonstrated
ongoing influence of location with generally higher losses at
Sids. Given these findings, it would be prudent to select
genotypes known to be resistant and follow their selection
with protective applications to lessen the impacts of leaf rust
on wheat yield.

In table 5, the location showed highly significant
effects on loss percentages for 1000-kernel weight and
number of kernels per spike in both seasons. Similarly,
genotype had a highly significant effect on these parameters.
The interaction between location and genotype was
significant for infected 1000-kernel weight in the first season
and highly significant for infected and loss percentage of
1000-kernel weight. For the number of kernels per spike,
interaction effects were highly significant at most levels
except for infected in the same trait.

Location also had a highly significant effect on grain
yield per plot (infected, protected, and losses) in both seasons,
while genotype showed highly significant differences in grain
yield per plot. The interaction between location and genotype
was highly significant for grain yield loss percentage.

According to table 6, In the season one, wheat genotypes
Shandweel 2, Nubaria 2, Sids 1, and Misr 3 recorded the highest
1000-kernel weights under infection at Itay Elbaroud and Sids (48.6
& 4942, 4365 & 44.16, 42.73 & 4318, and 4242 & 4302 g,
respectively), though their values differed under protected conditions.
Genotypes Gemmiza 11, Giza 171, and Sids 12 showed increased
1000-kernel weight when treated with fungicides at both locations.
The Shandweel 2 maintained the highest production among all
cultivars under both infected and protected conditions, whereas
Gemmiza 7 yielded the lowest but still outperformed T.S.S.

Loss percentages for 1000-kernel weight were greater at
the Sids location than Itay Elbaroud. The most losses were in the
susceptible genotype T.S.S (53.22% and 55.08%), followed with
Gemmiza 7 (22.13% and 23.49%) and Gemmiza 11 (16.59%
and 17.35%). Conversely, genotypes Sids 1 (5.47% and 6.92%),
Nubaria 2 (6.48% and 7.23%), and Shandweel 2 (6.68% and
7.35%) showed the lowest losses (Table 6).

The estimated number of kernels per spike at Itay Elbaroud
and Sids ranged from 22.29% to 66.55% and 23.32% to 67.20%,
respectively. The Nubaria 2, Shandweel 2, and Misr 3 had the highest
values compared to other tested cultivars, while Gemmiza 7,
Gemmiza 11, and Giza 171 showed the lowest values.

Table 5. Analysis of variance (ANOVA) of mean squares for yield component parameters, including 1000-kernel weight
(g), number of kernels per spike (K/S), and grain yield per plot (kg) under infected, protected, and loss (%6)
conditions, evaluated under field conditions at Itay Elbaroud and Sids research stations during the 2023/2024

and 2024/2025 growing seasons.

sov o 1000kemelwehtgm) Numberofkemds perspike(KIS) Granyeld/plot(ke)
0032004 204005 0232004 2405 ] 042005
| P L% | P Los% | P Los% | P Los% | P Los% | P Los%
1 B B B B3¢ ¢ md BEF &° B 1Y e I DR TEB- GO o 38> 36~
RP 4 @ & W W 11 @ W s @ B R OB B B @A @B &
Gf 8 4~ an* 1IES™ H0B* qu* [+ 123 I IR WIS 3D 138 070 10BSE IN0B 2817 1308 Y
LGP 8 WP @ o s~ @3¢ o 8t OB (e @ 1mE* (BB At eBt 1B et 1t 1o+
Fior P B o1 o4 O o1 Or (2 b (94 BBl B3 (B M@ B B

(A) Location, (B) Residual, (C) Genotype, D: Location, C: Genotype, |: Infected and P: protected
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Table 6. Mean performance of nine wheat genotypes for yield component parameters—1000-kernel weight (g) and
number of kernels per spike (K/S)—under infected, protected, and loss (%) conditions, evaluated under field

conditions at two locations (Itay Elbaroud and Si

ds) during the 2023/2024 and 2024/2025 growing seasons.

1000 kernel weight (gm)

(2023/2024) (2024/2025)
Infected Protected Losses% Infected Protected Losses%
Wheat ] ° © © e] ©
genotype > = > - > - > c =] = -] c
>0 (%2] I > 0 ] S >0 « < > O (%] S > O (%] < > O (%) &
Eg 5 £ 885 £886 £ 856 £ 885 £ 8586 ¢
I w | I w |
Sids 1 4273 4318 2% 4520 4638 4579 547 692 619 4315 4404 4360 4669 4744 4707 757 718 7137
Sids 12 4152 4202 4177 4655 4795 4725 1082 1237 1159 4203 4241 4222 4792 4898 4845 1229 1342 1285

Gemmeiza7 3484 3H11 3498 4474 4589 4532 213 2349
Gemmeizall 4068 4126 4097 4878 4992 4935 1659 1735
Misr3 4242 4302 4272 4562 4695 4628 701 837
LieSaoned?2 4868 4942 4905 5216 5334 5275 668 73H
LineNubaria2 4365 4416 4390 4668 4760 4714 648 723
Gizal7l 4181 4216 4199 4782 4860 4821 1256 1326

281 3502 3B HBO6 4593 4695 4644 2376 2527 2451
1697 4103 4103 4103 499% 5079 5037 1787 1922 1855
769 4302 4303 4302 4695 4788 4741 837 1013 925
702 495 5003 4979 5352 5453 403 740 826 783
686 4421 4502 4462 4790 4893 4842 771 799 785
1291 4204 4220 4212 4895 4983 4942 1412 1541 1477
5415 1887 18%6 1892 4197 4259 4228 5506 5548 5527

TSS 1878 1873 1875 4012 4169 4091 5322 5508 .

Mean 3046 3090 3068 4641 4750 4700 1566 1682 1624 3088 4020 4004 4775 4866 4821 1713 1804 1758
Locair=NS Locaio=NS Locaior=030L Locaior=2132 Locair=NS Locaior=0430

LSDOGG Gaoype=0208 Gaoype=0239 Genotype=0544 Gaype=0216 Gamtype=0175 Garmiype=033L

Lo PGaType=1908 Locaion*Garoyps=NS LocairPGenotype=NS  Locaior*Gerotype=NS — LocaiorPGamoype=NS — LocaiorPGarotype=0550

Number of kernels per spike (K/S)

Sik1 6204 6314 2% A BN 6/ 7R 8B
Sak12 6308 402 635 MB 71U WNVB 90 1101
Gemmeia? %67 %68 %8B MB B4 206 2A5% 221
GCammeimll 5350 5980 S5 6 71% M0 16528 1643
Mir3 640 628 642 W02 71R 7107 8% 9/
LinSredned2 6655 6706 6680 712 7291 7241 747 804
LenNueia2 6627 6720 @673 71% 72% 725 738 789

TH 2483 28 268 6/% M9 6818 812 1012 912
1046 6346 6346 G346 71583 728 7215 1B 1281 1206
28 %B BB HBH 2B 2B 2B BB 4B B4
158 593 5815 874 7104 7104 7104 1647 1815 1731
891 640 &85 B8 7111 71 711 83 1B 93
Th 6747 BB BB 2B 2B 2B 751 9% 833
763 6/ 6613 66 7297 7297 7297 811 937 874
1431 618% 600 6033 718 710 7149 1406 1550 1478

Gl 0P 6L 64 W71 7271 77l 137 1488
TSS 2B BY 2%H B DR 8 S4I3 Il 2 240 20 25 3 N7 NA BB BB BHR
Men 5774 SBT3 BB 6770 665 6872 1615 1691 1653 B 543 /8 19 L @D 16% 18y 16
Locair=NS Loaior=NS Loczin=0310 Locir=NS Locain=Ns Loaio=0162
LSDOGG Garoype=0237 Gamhype=0167  Gaoye=020  Gaoyp=02% Gaype=0311 Garype=029

LocaiorPGarotype=NS Lo Garotype=2214. LocirPGanyps=043) LocairPGarotyps=2000 Locaio?Ganoype=2379 _ LocaioGanotype=0414

Table 7. Mean Performance of Nine Wheat Genotypes fo

r Yield Component Parameters — Grain Yield per Plot (kg)

Under Infected, Protected, and Loss (%) Conditions at Two Locations (Itay El-Baroud and Sids) During the

2023/2024 and 2024/2025 Growing Seasons

Grain yield / plot (kg)

8 (2023/2024) (2024/2025)
? Infected Protected Losses% Infected Protected Losses%
[<5)
% 72 c 3 c 3 c 3 c 3 c 3 c
g 2 8 5 2 8 § %S 8 § ®S & § ®S 8 § mE 8 §
2 ¥ © >z Fg ©® >z =g O >z =g O >z =g Oz =g O >

W W w W w
Skl M6 1516 146 150 162 156 65 7H 65 160 1746 1718 18 194 187 87 9% 86
SE12 16 143 1334 1716 184 76 219 2B5 22 BB 140 MB 180 1974 197 4% XD A7
Cameza’? un 12 22 7 0B 180 3BD B B 135 B2 BB O 27 28 B BB I
Grmemll 130 1436 138 179 209 199 Z0 0B B8 13465 145 U0 198 2487 I8 A0 BbS I
Me3 206 206 261 2% A 248 105 13D UF 20 26 22 BbH XA XD 1S b B¢
LnSeoned?2 2137 280 213 24 53 4B 82 B 98 28 BB 26 4% XHb B4 102 ¥ 10%
LenNbe2 170 180 176 182 197 196 61 88 79 /oy 187 184 198 215 2051 9%61 107 9A
Gmlil U5 182 170 BB XHR 2418 b Z7HD 62 186 1856 1B B BB X0 B7 271 28D
TSS 21 267 24 98 BR 16 TR 813 BB 22 %7 2P 109 MB 26 AL 13 A
Todl M@ 155 1510 1848 A5 1950 2411 BHA BB 156l 165 5B DD 200 A7 7B BB 7T

LSDO%G Gaotpe=075 Gaotpe=0900 Caotpe=0/53 Gaoype=030 Gaotpe=106 Gaotpe=008

Table 7 showed grain yield per plot (kg) differences
between protected and infected plants for each genotype.
These differences corresponded to disease severity levels in
the tested cultivars. In the first season, grain yield loss ranged
from 6.25% to 77.02%. The check variety T.S.S and

susceptible cultivars Gemmiza 7, Gemmiza 11, Giza 171, and
Sids 12 showed higher losses (33.29%, 27.7%, 26.05%, and
21.59% at Itay Elbaroud; 36.48%, 30.26%, 27.59%, and
23.25% at Sids, respectively). In contrast, partially resistant
genotypes Nubaria, Sids 1, Shandweel, and Misr 3 showed
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the lowest losses (6.11%, 6.25%, 8.82%, and 10.15% at Itay
Elbaroud; 7.65%, 8.48%, 9.64%, and 13.59% at Sids).

These findings were consistent for the second season
where again susceptible genotypes had the greatest losses in
grain yield as follows, Itay Elbaroud (35.32% to 24.959) and
Sids (38.68% to 26.59). Resistant genotypes again showed the
least grain yield losses, Itay Elbaroud (8.67% to 14.45%) and
Sids (9.24% to 15.62%)).

3- Correlation Analysis Between Disease Parameters
and Yield Losses in Wheat Genotypes

This section presented the simple correlation coefficients
estimated over two growing seasons and two locations, Itay
Elbaroud and Sids, to investigate the relationships between
disease severity parameters and yield losses in wheat. The results
were summarized in Tables (8a-d).

Table 8a. Correlation coefficients between wheat disease
parameters and percentage losses of yield

components  durin the first season
(2023/2024) at Itay Elbaroud location.
Studied FRS LossesGrain - Losses
Traits o, AUDPC rAUDPC ) 100009%)
AUDPC 978”
rAUDPC 978"  1000™
LosesGrain(%) 655~ 718~ 718"
Losses1000(%) 677 7507 750" 9%%6™
LossesK/S(%) 685" 761 761" 978" 07

**_Correlation is significant at the 0.01 level (2-tailed).

Table 8b. Correlation coefficients between wheat disease
parameters and percentage losses of yield

components during the first season
(2023/2024) at Sids location.
Studied FRS LossesGrain - Losses
Traits o, AUDPC rAUDPC ) 1000(9%)
AUDPC 982
rAUDPC 982**  1000**
LossesGrain (%) 654%* 668"  668**
Loses1000(%) 679%* .709**  700** 98r**
LosssKIS(%)  885** 716> 716™ 982+ Q=+

**_Correlation is significant at the 0.01 level (2-tailed).

Table 8c. Correlation coefficients between wheat disease
parameters and percentage losses of yield
components during the second season
(2024/2025) at Itay Elbaroud location.

Studied FRS LossssGrain  Losses 1000
Traits % AUDPC rAUDPC %) %)
AUDPC 9697

rAUDPC 969" 1000™

Losses Grain (%) 648~ 706™ 706~

Loses1000(%) 686™ 757 757 95"

LosesK/S(%) 688"  759™ 759" 979 999™

**_Correlation is significant at the 0.01 level (2-tailed).

Table 8d. Correlation coefficients between wheat disease
parameters and percentage losses of yield

components during the second season
(2024/2025) at Sids location.
Studied FRS LossesGrain - Losses
Traits o, AUDPC rAUDPC 0 1000(%)
AUDPC 983" 1
rAUDPC 983" 1000 1
LossesGrain(%6) 650~ 651 651 1
Loses1000(%) 671 679° 679" 989™ 1
LossssKIS(%)  690™  701" 701 976™ 9%

**_Correlation is significant at the 0.01 level (2-tailed).

The data revealed highly significant and positive
correlations among all studied traits. The Final disease
severity, AUDPC (Area Under Disease Progress Curve), and
relative  AUDPC (rAUDPC) showed strong positive
correlations with grain yield loss, loss in 1000-kernel weight
percentage, and loss in kernel number per spike percentage.
The Final disease severity demonstrated a very strong direct
correlation with both AUDPC and rAUDPC with correlation
coefficients nearing 0.97 and a moderate positive correlation

with grain yield loss and losses due to kernels. Both AUDPC

and rAUDPC were perfectly correlated with one another with

a correlation coefficient of 1 and often times moderate to

strong correlations with grain yield loss and losses related to

kernel components. Grain yield loss was strongly correlated
with % losses in both 1000-kernel weight and kernels per
spike and a strong relationship was also shown between %
losses in 1000-kernel weight and kernels per spike. These
findings indicate that higher disease severity as measured by

Final Rust Severity (FRS), AUDPC, and rAUDPC is closely

associated with greater reductions in yield and its components.

Tables 8a to 8d showed the correlation coefficients
between disease parameters and yield losses for two seasons
and two locations. For all cases, and all correlations were
statistically significant (p < 0.01), indicating that relationships
indicated above are robust. The correlation analysis showed
strong and positive relationships of more severe disease
parameters of wheat with estimated yield losses (both grain
weight and number of kernals). The 100% correlation value
for AUDPC and rAUDPC validates their credibility as

measures of disease progress. Overall, these results indicate a

fundamental need for acceptable disease management

methods that minimize yield losses.

4. Tolerance Indices of Wheat Cultivars under Protected
and Unprotected Conditions at Sids and Itay El Baroud
Locations

The grain yield of the studied wheat cultivars in
protected (ideal environment) and unprotected (stress
environment) conditions at Sids & Itay El Baroud locations,
with their tolerance indices and ranks, was summarized in

Figure 1. There was pronounced variation in grain yield

among cultivars in two environments, indicating genetic

variability & diversity in stress tolerance.

Gl

Grain vield Infected

150 s 200 225 250 218

Grain yvield Protected

Grain yield Infected vs Grain yield Protected

19.49

Grain yield Infected

10 12 14 16 18 20 22 24 26
Grain yield Protected

*Figure divided into upper (A) refers to sids location and below (B) refers to Itay Elbaroud

Figure 1. Interaction effect of wheat genotypes under
protected vs. unprotected conditions on grain
yield at Sids and Itay Elbaroud locations across
two growing seasons.

Additionally, the four tolerance indices in the study
were based on the average grain yield of the two
environments. Therefore, cultivars with higher values in each
of the four indices were classified as stress tolerant, and
cultivars with lower yield values were classified as sensitive.
The results show slight differences among the four indices for
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the ranking of the cultivars. Therefore, the use of a single
tolerance index may be sufficient for future assessments.
Location Sids

The average grain yield of all the cultivars under
unprotected conditions was 15.72 ardab/fed and 21.27
ardab/fed under protected conditions, which was about a
22.41% productivity gain in the protected environment.
According to Table 10, the cultivars Line 1 (Shandweel 2),
Misr 3, and Giza 171 were categorized as stress tolerant from
the highest values detected from the four tolerance indices.
The cultivars Gemmeiza 7 and Gemmeiza 11 had medium
tolerance, while the cultivars Sids 12, Sids 1, and Line 2
(Nubaria 2) had average listed. The cultivar T.S.S. had the
lowest performance in the protected environment.

Under unprotected conditions, all the same tolerant
cultivars were present: Line 2 (Nubaria 2), Sids 1, Misr 3,
Line 1 (Shandweel 2), and Giza 171, while Gemmeiza 7,
Gemmeiza 11, and Sids 12 were less tolerant. Misr 3, Line 1
(Shandweel 2), and Giza 171 were recommended for growing
under both unprotected and protected conditions for the Itay
El Baroud location. In contrast, Gemmeiza 7, Gemmeiza 11,
Sids 12, Sids 1, and T.S.S. were determined as susceptible,

with lower tolerance index values indicating that these
cultivars will not provide profit under stress.
Location Itay Elbaroud

For this location, the average grain yield under
unprotected conditions was 15.12 ardab/fed and increased to
19.49 ardab/fed for the protected conditions, which also
reflected an improvement of 22.41%. As noted on Sids' site,
Line 1 (Shandweel 2), Misr 3, and Giza 171 also would have
the highest tolerance based on the tolerance indices, while
lower tolerance scores were exhibited by Gemmeiza 7,
Gemmeiza 11, Sids 12, Sids 1, and Line 2 (Nubaria 2). The
tolerant cultivars also exhibited the least reductions in grain
yield in the two locations, while the susceptible cultivars had
higher reductions in yields to reduce profitability.

The tables table (9 and 10) indicated the four tolerance
indices, which mean productivity (MP), harmonic mean
(HM), geometric mean productivity (GMP), and stress
tolerance index (STI), along with percentage yield reduction
(Red%) and the rank of the cultivars of the two locations.
Overall, the results confirmed better performance of
Shandweel 2, Misr 3, and Giza 171 cultivars as stress-
tolerance cultivars and a lower performance of Gemmeiza 7,
Gemmeiza 11, Sids 12, and T.S.S. cultivars.

Table 9. Estimates of four tolerance indices and their respective ranks for nine bread wheat cultivars based on grain
yield at Sids location under protected and unprotected conditions across two growing seasons.

No. Wheat Grain yield Tolerance indices

: cultivars Protected Unprotected MP HM GMP STI  Red %
1 Gemmeiza 11 21.23 14.46 17.85 17.20 1752 0.68 3191
2 Gemmeiza 7 21.20 13.22 17.21 16.29 1674  0.62 37.64
3 Giza 171 25.85 18.43 22.14 21.52 21.83 1.05 28.69
4 Line 1 (Shandweel 2) 25.69 22.99 24.34 24.26 24.30 1.30 10.52
5 Line 2 (Nubaria 2) 20.46 18.53 19.50 19.45 1947 084 9.41
6 Misr 3 26.18 22.35 2427 2411 24.19 1.29 14.63
7 Sids 1 17.83 16.31 17.07 17.04 17.05  0.64 8.51
8 Sids 12 19.14 14.36 16.75 1641 1658  0.61 2497
9 TS.S 13.90 2.62 8.26 441 6.03 0.08 81.16

Corresponding ranks

1 Gemmeiza 11 4 6 5 5 5 5 7
2 Gemmeiza 7 5 8 6 8 7 7 8
3 Giza 171 2 4 3 3 3 3 6
4 Line 1 (Shandweel 2) 3 1 1 1 1 1 3
5 Line 2 (Nubaria 2) 6 3 4 4 4 4 2
6 Misr 3 1 2 2 2 2 2 4
7 Sids 1 8 5 7 6 6 6 1
8 Sids 12 7 7 8 7 8 8 5
9 TS.S 9 9 9 9 9 9 9

Table 10. Estimates of four tolerance indices and their respective ranks for nine bread wheat cultivars based on grain
yield at Itay Elbaroud location under protected and unprotected conditions across two growing seasons.

No Wheat Grain yield Tolerance indices

. cultivars Protected Unprotected MP HM GMP STI Red %
1 Gemmeiza 11 18.83 1322 16.03 15.54 15.78 0.66 29.80
2 Gemmeiza 7 19.17 12.58 15.87 15.19 15.53 0.63 34.38
3 Giza 171 2432 17.71 21.01 20.49 20.75 1.13 27.21
4 Line 1 (Shandweel 2) 24.14 21.80 2297 2291 2294 1.39 9.70
5 Line 2 (Nubaria 2) 19.10 17.59 18.34 18.31 18.33 0.88 7.93
6 Misr 3 24.75 21.68 2321 23.11 23.16 141 12.40
7 Sids 1 16.80 15.53 16.17 16.14 16.16 0.69 7.58
8 Sids 12 17.88 13.71 15.80 15.52 15.66 0.65 23.34
9 T.S.S 1041 224 6.33 3.69 4.83 0.06 7845

Corresponding ranks

1 Gemmeiza 11 6 7 6 6 6 6 7
2 Gemmeiza 7 4 8 7 8 8 8 8
3 Giza 171 2 3 3 3 3 3 6
4 Line 1 (Shandweel 2) 3 | 2 2 2 2 3
5 Line 2 (Nubaria 2) 5 4 4 4 4 4 2
6 Misr 3 1 2 1 1 1 1 4
7 Sids 1 8 5 5 5 5 5 1
8 Sids 12 7 6 8 7 7 7 5
9 T.S.S 9 9 9 9 9 9 9
5. Linear Regression Analysis of AUDPC and Yield Loss  shown in Figures 2, 3 and 4.. The nine wheat cultivars

The relationship of the relevant area under the disease
progress curve (rAUDPC) to yield loss was positive for all
traits (grain yield, number of kernels per spike, and 1000 grain
weight) under evaluation in both locations, and seasons as

included Sids 1, Gemmeiza 7, Gemmeiza 11, Giza 171, Misr
3, Sids 12, Line 1, Line 2, and T.S.S exhibited a linear
relationship with increasing yield loss corresponding to
increasing rAUDPC.
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Seatterplot of Grain vs AUDPC
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Figure 2. Relationship between AUDPC and yield loss in
wheat cultivars at Sids and Itay EI Baroud
across two growing seasons.
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Figure 3. Relationship between AUDPC and number of
kernels per spike in wheat cultivars at Sids and
Itay El Baroud across two growing seasons.
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Figure 4. Relationship between AUDPC and 1000 grain
weight in wheat cultivars at Sids and Itay El
Baroud across two growing seasons.

The coefficient of determination (R?) for each
regression model was calculated to examine the strength of
these relationships. As illustrated in Figure 2, Line 1, Line 2,
and Misr 3 all showed substantial tolerance to leaf rust of low
rAUDPC and lower yield losses; Gemmeiza 11, Giza 171,
and Sids 12 showed moderate tolerance; while Sids 1
appeared more sensitive with higher grain yield losses similar
to the susceptible check genotype T.S.S.

The linear relationship between rAUDPC and loss in
yield components(Figure 3 and 4),, especially kernel number
per spike and 1000-kernel weight, was evident at both
locations of Sids and Itay El Baroud in both years. In
particular, Line 1, Line 2, and Misr 3 maintained their
tolerance, while Sids 1 showed some promise due to its
relatively low losses in kernel number per spike, despite its
susceptibility.

Discussion

In light of climate change and shifting Puccinia
triticina populations, wheat leaf rust remains a major
worldwide problem for wheat production. According to El-
Orabey et al. (2020) and Yadav et al. (2025), under ideal
circumstances, it can result in yield losses of up to 40%.
Changes in temperature regimes, humidity patterns, and
wind-driven spore dispersal have been shown to increase both
the frequency and aggressiveness of rust, making the
deployment of cultivars with durable resistance an urgent
breeding priority (Omara et al., 2021 and Zhang et al., 2022).
Managing leaf rust requires combined strategies. This
includes the development of and use of resistant or tolerant
varieties, responsible fungicide application, and utilizing
production practices that will minimize the spread of disease.
However, breeding for durable resistance represents the most
sustainable long-term solution. Where it is possible, it is
critical to evaluate wheat genotypes for resistance or tolerance
under field conditions to identify high-yielding lines that can
maintain yield under disease pressure (Mapurangaetal., 2022
and Mabrouk et al., 2025).

This study assessed nine bread wheat cultivars across
two consecutive growing seasons (2023-2024 and 2024-
2025) in two Egyptian agro-climatic zones. Disease progress
was monitored through final rust severity (FRS%), the area
under the disease progress curve (AUDPC), and relative
AUDPC (rAUDPC), while yield losses in 1000-kernel weight,
kernels per spike, and grain yield per plot were determined by
comparing protected and infected plants (Paraschivu et al.,
2023 and Saranya et al., 2025).

Significant distinctions in susceptibility to rust were
found. Sids 1, Gemmeiza 7, and Gemmeiza 11 had the
highest disease pressure (FRS up to 41.67%, AUDPC > 500,
rAUDPC > 60%) and yield reductions above approximately
35% on some yield components. On the contrary, Shandweel
2 (FRS 10-18.33%, rAUDPC < 25%), Nubaria 2 (FRS 12.5-
21.67%, rAUDPC 18-30%), and Misr 3 (FRS 18.33-28.33%,
rAUDPC 25-35%) exhibited the lowest levels of disease
severity and minimal yield loss demonstrating moderate
partial resistance. With the increase in diseases, yield
components (kernel number per spike and 1000-kernel
weight) consistently declined, showing that rust negatively
impacted important agronomic traits. This aligns with other
studies (Srinivas et al., 2023; Paraschivu et al., 2023 and
Mabrouk et al., 2025) that reported similar disease-yield
associations in varying agro-ecological situations.
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The important correlations indicate that AUDPC,
rAUDPC, and yield losses can be used with confidence as
reliable measures of resistance in screening cultivars, which
is consistent with Mabrouk et al. (2022) and Ashmawy et al.
(2024) who reported slow-rusting components were reliable
measures of durability. Our data also reflect findings of
Omaraetal. (2021) and Ali et al. (2022) that the combination
of epidemiological data and yield loss provides a more
accurate evaluation of cultivars when evaluated in field
conditions. This implies that the tolerance or resistance
genotypes under investigation can be distinguished using an
equivalent strategy (Darwish et al., 2017; Gaballaetal., 2019;
Selim et al., 2021 and Yadav et al., 2025). Understanding
these correlations can help make selection easier in breeding
programs by cutting down on redundant evaluation criteria.
By integrating multi-parameter disease assessment with yield
performance across diverse environments, this work provides
a modern and field-relevant framework for identifying high-
yielding, rust-resistant cultivars. The discovery of three
promising genetic materials (Shandweel 2, Nubaria 2, and
Misr 3) is increasingly important to breeding programs
looking to obtain sustained productivity, in light of current
and future climate conditions.

CONCLUSION

In summary, this study furthers our understanding of
the type of wheat rust resistance and tolerance Rs from wheat
genotypes under field conditions in Egypt and provides
valuable evidence to base decisions on improving wheat
productivity. The combined use of measurements for disease
severity, tolerance indices, and regression models offers a
framework to pursue in breeding programs around the world.
Future research should involve more molecular
characterizations of the resistant genotypes and evaluating
their gene by environment interactions to find durable
resistance against evolving rust populations.
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