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Abstract: Fusarium wilt is a fungal disease that has a significant impact on chickpeas worldwide. This study
examined the response of 58 chickpea genotypes to Fusarium wilt. The experiment was conducted over two
growing seasons at the Sararoud and Maragheh research stations at the Drylands Agricultural Research
Institute of Iran. Genotype resistance was screened through wilt incidence records and nonparametric
stability statistic evaluation. The identified resistant genotypes were then evaluated in the greenhouse
for their response to four isolates of Fusarium oxysporum f. sp. ciceris (races 1/BC, 2, 4, and 6). Out of 58
genotypes, 32 exhibited moderate resistance, while 24 showed strong resistance abilities. Under warmer
conditions, disease severity was higher, with scores at the Sararoud location being higher than those
at the Maragheh location. Of the total genotypes across all locations and years, 41.4% were resistant,
55.17% were moderately resistant, 1.72% were susceptible, and 1.72% were highly susceptible. The
nonparametric stability measures S(1), S(2), and S(3) identified FLIP 05-42C and FLIP 05-43C as stable and
resistant genotypes. The study found that Azad/Hashem K3 was stable based on the non-parametric
stability measure S(6). Other resistant genotypes were identified using stability parameters NP(1), NP(3),
and NP(4), while FLIP 05-104C was identified by NP(2). The genotypes selected by nonparametric stability
parameters showed resistance against at least two Fusarium oxysporum f. sp. ciceris races. The screening
method and nonparametric stability statistics used in this study were effective in identifying sources of
resistance to Fusarium oxysporum f. sp. ciceris.

Keywords: Fusarium wilt; chickpea germplasm; nonparametric stability measures; agricultural
microbiology; sustainable biotic stress management

1. Introduction

Chickpea (Cicer arietinum L.) is the third most important pulse crop in the world. This
crop is cultivated mainly in the Middle East, Central and South Asia, the Mediterranean
basin, East Africa, North America, and Australia [1]. Chickpea is a cheap and valuable
source of protein (16.7–30.6%), especially for people in developing countries or for people
following a vegetarian diet [2]. It also contains high quantities of lipids, carbohydrates,
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minerals, vitamins, and non-nutritive health-beneficial compounds such as phenolics,
tannins, sterols, and saponins [3]. Furthermore, chickpea, as a legume plant, plays an
important role in aerial nitrogen fixation in the soil via a microbiological process and
improving soil physicochemical properties, hence sustaining the agricultural systems [4].

Chickpea cultivation faces numerous challenges, including fungal diseases that creates
significant threats to yield and quality. Among these, Fusarium wilt caused by Fusarium
oxysporum f. sp. ciceris (Padwick) Matuo & K. Sato (FOC) stands out as a major constraint,
particularly in dryland regions where environmental stressors exacerbate disease pres-
sure [5]. This fungus colonizes the surface of the host’s roots, grows intracellularly in the
root cortex, penetrates the xylem vascular system, and colonizes the stem and root system,
causing yellowing and wilting symptoms [6]. Fusarium wilt results in a reduction of both
seed yield and weight, with an estimated annual loss ranging from 10% to 100% [7]. The
pathogen displays pervasive pathogenic variability, with eight distinct races identified (0,
1A, 1B/C, 2, 3, 4, 5, and 6) [8]. Races 0 and 1A only result in foliar yellowing and late
death, while other races can cause rapid and severe chlorosis, flaccidity, and early plant
wilt, ultimately leading to the host plant’s death [9]. Races 1B/C and 6 are common in
the Mediterranean basin, while earlier findings in the western part of Iran evidenced the
presence of pathogenic groups; among them, three were identified as FOC 1, 2, and 4 based
on the disease symptoms in chickpea plants [10].

FOC can survive for up to several years in infested soil, even in the absence of a host
plant [11]. To control the disease, several methods have been recommended, including
soil solarization, fungicidal chemicals, biocontrol agents, agronomic practices, and resis-
tant/tolerant cultivars [12]. The most practical and cost-efficient method for controlling
FOC in chickpea crops is using resistant cultivars [13]. These cultivars can be identified
and selected through screening campaigns of chickpea genotypes in diseased field con-
ditions [13]. The current distribution of FOC races is unclear due to the large exchange
of germplasm and climate variability, as well as the existence of multiple races in one
region [14].

The dynamic nature of Fusarium wilt, characterized by pathogenic variability, and
uncertain distribution patterns, necessitates a comprehensive understanding of resis-
tance mechanisms and their stability over time and across different environments. Multi-
environmental trials play a pivotal role in elucidating the resilience of chickpea genotypes
to Fusarium wilt and informing breeding strategies for developing resilient cultivars [15].
Within this study, we hypothesized that a multi-environment field trial screening and
nonparametric stability statistics approach could be useful to identify chickpea genotypes
resistant to Fusarium. By employing this screening approach, this study aims to contribute
valuable insights into the identification of resistant chickpea genotypes and their suitability
for sustainable disease management. The experiment was conducted over two growing
seasons at the Sararoud and Maragheh research stations at the Drylands Agricultural Re-
search Institute of Iran. Genotype resistance was evaluated by screening natural (Sararoud)
and induced (Maragheh) FOC wilt incidence records and assessing nonparametric stability
statistics. To confirm the suitability of the approach, the resistant genotypes were tested in
the greenhouse to confirm their response to four C. arietinum common isolates of Fusarium
oxysporum f. sp. ciceris (race 1/BC, 2, 4, and 6). The findings from this research hold
practical implications for chickpea breeding programs, agronomic practices, and ultimately,
the resilience and productivity of chickpea-based agricultural systems worldwide.

2. Materials and Methods
2.1. Plant Material

This study tested a suite of chickpea genotypes, including 12 commercial cultivars and
46 advanced lines, for resistance to Fusarium wilt. This plant materials were prepared kindly
via the Drylands Agricultural Research Institute of Iran (DARII) and The International
Center for Agricultural Research in the Dry Areas (ICARDA). Full names and origins of
studied genotypes are presented in Table S1. The susceptible check, cultivar Kakab, is a
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local desi-type chickpea that has been identified as highly susceptible in screening projects
over the last decade at the Drylands Agricultural Research Institute (DARI).

2.2. Multi-Environmental Field Tests

The field experiments were conducted over two consecutive years (2019–2020 and
2020–2021) at two different locations: the Sararoud (34◦19′55” N; 47◦17′53” E, elevation
1351 m) and Maragheh (37◦18′10′′ N; 46◦28′24′′ E, elevation 1710 m) research stations in
the west and northwest of Iran, respectively. Each field trial consisted of four randomized
complete block design plots with three replications. A natural infection occurred in the
experimental plots at Sararoud, while at Maragheh, the plots were artificially infected
through soil inoculation with 4 FOC isolates. Infections were repeated once yearly. Artificial
infections were carried out following the steps summarized in Figure 1. Both the Sararoud
and Maragheh research stations are part of DARI and cover a wide range of agro-climatic
zones (Table 1).
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Figure 1. Preparing the Fusarium oxysporum f. sp. ciceris FOC sick plot in DARI, Maragheh research
station (A,B). Growing the fungal pathogen on chickpea-sand substrate in different vessels in the
germinator (C). Scaling up the inoculum using 20L black plastic bags (D). The inoculum was applied
in a single application, mixing it with soil at sowing (E). The farrows established to sowing chickpea
with the inoculum in their bottom (F). Established sick plot after 10 years with appropriate amounts
of FOC inoculum in the soil enhances 100% mortality on susceptible chickpea cultivar Kaka (assigned
by the arrow). The rows around it are other chickpea genotypes.
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Table 1. The climatic data from the two-year open field experiment, recorded in Maragheh and
Sararoud locations during the growing seasons 2019–2020 and 2020–2021.

Maragheh Sararoud

2019–2020 2020–2021 2019–2020 2020–2021

Total evaporation (mm) 867.5 686.9 528.5 797.5
Average relative humidity (%) 61.9 61.3 51.8 51.5
No. of days below 0 ◦C 132 103 78 59

Temperature (◦C)

Average 4.6 6.9 11.3 12.5
Average Max 9.4 11.6 19 18.8
Average Min −0.5 2.3 3.6 6.2
Absolute Max 18.8 20.5 25 25.9
Absolute Min −9 −5.8 −3.2 −1.2

Total Rain Fall (mm) 262.9 423.2 492.1 521.3

2.3. Wilt Incidence Screening

Each genotype was sown in two adjacent one-meter rows with 25 cm space, and the
distance from the neighbor genotype was fixed at 50 cm. The susceptible check was sown
after each genotype, with all genotypes surrounded on both sides by the susceptible check.
Chickpea genotypes were sown in early March and April during both growing seasons of
the studied years at the Sararoud and Maragheh research stations, respectively. Scoring
began when the mortality percentage of the susceptible check reached 50% during the
reproductive stage and was performed three times with one-week intervals. To correct
any possible heterogeneity of the pathogen distribution across the plots, the final mortality
value obtained for each accession was divided by the average value of two susceptible
checks surrounding the treatment. Wilt incidence was assessed by recording plant mortality
due to Fusarium wilt using a five-digit scoring system. The wilt incidence scoring system
categorizes plant mortality as High Resistant (HR), Resistant (R), Moderately Resistant
(MR), Susceptible (S), or High Susceptible (HS) based on the following percentages and
digits: 0–5% = 1, 5.1–20% = 3, 20.1–40% = 5, 40.1–80% = 7, and >80.1% = 9.

2.4. Greenhouse Tests
2.4.1. Fungal Pathogens

The FOC races 1/BC, 2, 4, and 6 were obtained from the collection of the Agricultural
Microbiology Laboratory of the University of L’Aquila. The pure cultures of FOC races were
grown in potato dextrose broth (PDB, 200 g potato: 20 g dextrose: 1 L water) at 28–30 ◦C and
150 rpm for 3–4 days. The medium was filtered through a four-layer cheesecloth and centrifuged
at 10,000 rpm for 10 min. The harvested spores were used to prepare the suspensions, which
were adjusted to 1 × 106 conidia mL−1 using a hemocytometer.

2.4.2. Seed Sterilization and Seedlings Infection

Seeds of the genotypes identified as resistant and stable were surface sterilized in 0.5%
NaOCl for 10 min, rinsed twice in sterile distilled water, and sown in plastic pots (5 × 7 × 8 cm)
filled with sterile perlite. The pots were kept at 25 ◦C with a 12 h dark/12 h light photoperiod of
200 µE m−2 S−1 for germination. Two seeds were sown in each pot, and five pots were prepared.
The seedlings were inoculated via the standard root-dip method at the 4–6 leaf stage, which
occurred approximately 2 weeks after sowing. The roots were cut and immersed in a spore
suspension for 1 min before being replanted in the pots. The control seedlings were treated
using the same method but were dipped in sterile water instead.

2.4.3. Pot Experiment

The inoculated and control seedlings were treated with Hogland’s solution (5 µM—Sigma-
Aldrich, Saint Louis, MO, USA) and kept in a growth chamber with a 12 h dark/12 h light
photoperiod of 300 µE m−2 S−1 at 26 ◦C and 22 ◦C, respectively. The pots were arranged inside
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plastic trays containing a 10 cm depth of sterilized riverbed sand on the floor. Tap water was
used for irrigation, which was conducted through the bottom of the pots by soaking up the
sand layer twice a week. Disease incidence was estimated by calculating the percentage of dead
plants. According to Sharma et al. [16], plants exhibiting wilt of 10% or less were considered
resistant, those with wilt between 11–89% were considered to have an intermediate response,
and those with wilt of 90% or more were considered susceptible.

2.5. Data Analysis

Genotypes with susceptible/resistant responses were identified based on their disease
severity score and the mean over years and locations. Nonparametric stability statistics,
proposed by Sabaghnia [17], were computed for the studied genotypes, including nonpara-
metric measures of Huehn [18], based on original ranks, and nonparametric measures of
Thennarasu [19], based on the corrected ranks. The data processing and nonparametric
stability statistics were computed using Microsoft Excel ver. 2019. The genotypes were
ranked based on nonparametric statistics. Factor analysis was then performed using Statis-
tica software ver. 10 (Informer Technologies Inc, Shingle Springs, CA, USA) to assess the
interrelationship between them, as shown in the graph of the first two factors.

3. Results
3.1. Screening for Resistance

The main objective of this study was to identify the sources of resistance against the
Fusarium wilt in chickpea collections belonging to NCBP, DARI. Herein, a wide range of
genetic variability across two growing seasons was explored against the Fusarium wilt. As
presented in Table 2, most of the genotypes presented moderate resistance, followed by
the resistant type. Genotypes with susceptible responses were rare. During the 2019–2020
growing season at the Maragheh location, G26 (FLIP 09-24C) was identified as susceptible.
The remaining 56 genotypes exhibited varying levels of resistance, with the majority being
highly resistant (45 HR vs. 10 R vs. 1 MR). At Sararoud during the same growing season,
only genotype G19 (FLIP 07-244C) was found to be susceptible, while the other genotypes
were resistant or moderately resistant (27 R vs. 28 MR). G29 (FLIP 86-06C) and G33 (FLIP
98-121C) were the only genotypes that exhibited high resistance. At Maragheh, genotype
G47 (FLIP97-530C X94TH103//FLIP91-186C/FLIP 91-96C/3/FLIP 90-109C) was identified
as susceptible and G58 (Kakab) as highly susceptible during 2020–21. Out of the other
56 genotypes, the majority were identified as resistant or moderately resistant (21 MR vs.
26 R vs. 9 HR). At Sararoud, 11 genotypes were identified as either susceptible (7, including
G3, G7, G10, G11, G17, G26, and G45) or highly susceptible (4, including G23, G41, G51,
and G58). Based on the mean wilt incidence across locations and years, 41.4% of the total
genotypes were resistant, followed by 55.17% moderately resistant, 1.72% susceptible, and
1.72% highly susceptible.

Figure S1 shows the graphical representation of the studied germplasm based on their
severity scores, indicating a skewed distribution. In the same figure, it is evident that the
incidence of wilt was more pronounced at the Sararoud site compared to the Maragheh
site.
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Table 2. Wilt incidence results (five-digit scoring system) recorded at the Maragheh and Sararoud
locations during the 2019–2020 and 2020–2021 growing seasons.

Genotype No.
Maragheh Sararoud Wilt Incidence

(Mean)
Disease

Resistance *

2019–2020 2020–2021 2019–2020 2020–2021

G1 1 5 5 3 3–5 MR
G2 1 5 5 5 4 MR
G3 3 5 5 7 5 MR
G4 1 1 5 5 3 R
G5 3 3 5 3 3–5 MR
G6 3 1 5 3 3 R
G7 1 3 5 7 4 MR
G8 1 5 5 3 3–5 MR
G9 1 1 5 5 1–5 R

G10 1 5 3 7 4 MR
G11 3 3 5 7 4–5 MR
G12 1 1 3 3 2 R
G13 1 1 3 3 2 R
G14 1 1 3 5 2–5 R
G15 1 3 5 5 3–5 MR
G16 5 5 3 5 4–5 MR
G17 1 3 3 7 3–5 MR
G18 1 3 5 5 3–5 MR
G19 1 3 7 5 4 MR
G20 1 3 3 3 2–5 R
G21 1 3 3 5 3 R
G22 3 1 3 5 3 R
G23 1 5 3 9 3–6 MR
G24 1 5 5 5 4 MR
G25 1 3 3 3 2–5 R
G26 7 5 3 7 5–5 S
G27 1 1 3 3 2 R
G28 1 3 5 3 3 R
G29 1 3 1 3 2 R
G30 1 3 3 5 3 R
G31 1 1 5 5 3 R
G32 1 3 3 5 3 R
G33 1 5 1 5 3 R
G34 1 5 5 5 4 MR
G35 1 5 3 5 3–5 MR
G36 1 5 3 5 3–5 MR
G37 1 3 3 5 3 R
G38 1 3 5 3 3 R
G39 1 5 3 3 3 R
G40 1 5 5 3 3–5 MR
G41 1 3 3 9 4 MR
G42 1 3 3 5 3 R
G43 1 5 5 5 4 MR
G44 1 3 3 5 3 R
G45 1 3 5 7 4 MR
G46 1 3 5 5 3–5 MR
G47 1 7 3 3 3–5 MR
G48 1 5 3 5 3–5 MR
G49 1 5 3 3 3 R
G50 3 3 5 3 3–5 MR
G51 3 3 5 9 5 MR
G52 3 3 3 5 3–5 MR
G53 1 5 5 3 3–5 MR
G54 1 5 5 5 4 MR
G55 3 3 3 3 3 R
G56 1 3 5 5 3–5 MR
G57 3 5 5 5 4–5 MR
G58 9 9 5 9 8 HS

* Disease resistance reaction have determined regarding mean value of wilt disease across locations and years.
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3.2. Nonparametric Stability Analysis

The Huehn and Thennarasu nonparametric stability measures are presented for the 58 geno-
types in Table 3. Using the Huehn nonparametric stability measures, the S(1), S(2), and S(3)
indices were detected for genotypes G12 (FLIP 05-42C) and G13 (FLIP 05-43C). These geno-
types were then considered as stable resistant. Considering only the S(6) value, genotype G3
(Azad/Hashem K3) was also calculated to be stable. Using the Thennarasu’s (1995) nonpara-
metric stability parameters, NP(1), NP(3), and NP(4), genotype G3 (Azad/Hashem K3) was
introduced as a stable resistant genotype. Using NP(2), G11 (FLIP 05-104C) was also identified
as a suitable resistant genotype.

Table 3. Summary of nonparametric stability statistics for the 58 genotypes.

Genotype No. S(1) S(2) S(3) S(6) NP(1) NP(2) NP(3) NP(4)

G1 22.33 347.33 61.29 3.76 19.25 1.03 1.16 1.31
G2 19.17 234.92 32.4 2.07 13 0.45 0.66 0.88
G3 10.67 72 5.4 0.7 5.75 0.37 0.2 0.27
G4 17.67 208.67 48.15 3.69 16 1.76 1.44 1.36
G5 25.83 408.25 56.31 2.99 18.75 0.81 0.91 1.19
G6 27.33 499 76.77 3.79 24 1.19 1.24 1.4
G7 26.83 441.58 59.54 3.01 18.25 0.84 0.89 1.21
G8 22.33 347.33 61.29 3.76 19.25 1.03 1.16 1.31
G9 17.67 208.67 48.15 3.69 16 1.76 1.44 1.36
G10 29 558 76.09 3.64 21 1.03 0.98 1.32
G11 21.67 310.33 27.79 1.61 14.25 0.36 0.48 0.65
G12 1 1 2 2 12.75 23.5 9.36 0.67
G13 1 1 2 2 12.75 23.5 9.36 0.67
G14 9.83 84.92 40.76 4.4 14.25 13.88 2.6 1.57
G15 16.17 156.92 30.87 2.56 10.75 0.73 0.77 1.06
G16 29.17 511.58 53.38 2.4 18.25 0.62 0.7 1.01
G17 24.67 484.33 93.74 4.19 12.5 2.38 1.2 1.59
G18 16.17 156.92 30.87 2.56 10.75 0.73 0.77 1.06
G19 30.17 628.25 84.71 3.21 16.25 1.12 0.97 1.36
G20 4.83 18.25 14.6 3.33 8.75 13.63 2.7 1.29
G21 10.67 73.67 26 3.06 5.75 2.54 0.96 1.25
G22 25.33 433.67 74.34 3.54 18.75 1.63 1.15 1.45
G23 32.5 691.58 87.36 3.66 21.75 1.12 0.97 1.37
G24 19.17 234.92 32.4 2.07 13 0.45 0.66 0.88
G25 4.83 18.25 14.6 3.33 8.75 13.63 2.7 1.29
G26 29 558 46.5 1.83 17.25 0.55 0.57 0.81
G27 1 1 2 2 12.75 23.5 9.36 0.67
G28 16 187 53.43 3.71 11 3.09 1.5 1.52
G29 4.5 20.25 18.69 4.15 15.5 25.75 4.99 1.38
G30 10.67 73.67 26 3.06 5.75 2.54 0.96 1.25
G31 17.67 208.67 48.15 3.69 16 1.76 1.44 1.36
G32 10.67 73.67 26 3.06 5.75 2.54 0.96 1.25
G33 20.67 285.67 59.1 3.72 16.25 1.83 1.31 1.43
G34 19.17 234.92 32.4 2.07 13 0.45 0.66 0.88
G35 20.33 268.67 53.73 3.47 14 1.15 1.04 1.36
G36 20.33 268.67 53.73 3.47 14 1.15 1.04 1.36
G37 10.67 73.67 26 3.06 5.75 2.54 0.96 1.25
G38 16 187 53.43 3.71 11 3.09 1.5 1.52
G39 17.83 295.58 86.51 5.02 14.25 8.88 1.75 1.74
G40 22.33 347.33 61.29 3.76 19.25 1.03 1.16 1.31
G41 28.17 648.25 112.74 4.38 14.75 2.35 1.32 1.63
G42 10.67 73.67 26 3.06 5.75 2.54 0.96 1.25
G43 19.17 234.92 32.4 2.07 13 0.45 0.66 0.88
G44 10.67 73.67 26 3.06 5.75 2.54 0.96 1.25
G45 26.83 441.58 59.54 3.01 18.25 0.84 0.89 1.21
G46 16.17 156.92 30.87 2.56 10.75 0.73 0.77 1.06
G47 28.33 766.33 148.32 5.35 15 9.13 1.44 1.83
G48 20.33 268.67 53.73 3.47 14 1.15 1.04 1.36
G49 17.83 295.58 86.51 5.02 14.25 8.88 1.75 1.74
G50 25.83 408.25 56.31 2.99 18.75 0.81 0.91 1.19
G51 25.17 390.25 33.21 1.73 16.25 0.53 0.57 0.71
G52 23.17 354.92 53.91 2.68 13.5 0.97 0.79 1.17
G53 22.33 347.33 61.29 3.76 19.25 1.03 1.16 1.31
G54 19.17 234.92 32.4 2.07 13 0.45 0.66 0.88
G55 23.67 442 88.4 4.13 13.75 2.77 1.14 1.58
G56 16.17 156.92 30.87 2.56 10.75 0.73 0.77 1.06
G57 14 118.67 10.79 0.97 8.75 0.24 0.31 0.42
G58 14.5 184.25 11 0.81 19.5 0.38 0.42 0.29

To better understand the relationships among the nonparametric stability parameters,
factor analysis was performed based on the rank correlation matrix. The relationships are
represented graphically by plotting the scores of the first two factors as shown in Figure 2.
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Using factor analysis, the first two factors explained 89% of the total variance (51% by
Factor 1 and 38% by Factor 2). The Factor 1 axis did not distinguish the nonparametric
stability parameters, while the Factor 2 axis separated S(6), NP(2), NP(3), and NP(4) from
the other parameters (S(1), S(2), S(3), and NP(1)). It is clear that the parameters S(1), S(2),
and NP(1) were grouped close to each other and had no significant correlation with the
parameters NP(2) and NP(3) due to the nearly perpendicular vectors (r = cos90◦ = 0).
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A visualization of the variation in resistance response is provided by the Factor 1 vs.
Factor 2 plot in Figure 3. The plot shows that the Fusarium wilt scores for the germplasm
were significantly different. The best favorable genotypes with stable disease resistance and
high resistance should be on the far left of the plot with large negative values for Factor 1
scores. This is the case for genotypes G2, G3, G11, G12, G13, G15, G18, G20, G21, G24, G25,
G29, G51, G57, and G58, which were also identified as having low disease scores and no
environment-specific interactions. Similarly, the most unfavorable genotypes (low disease
resistance and high instability) should be located as far to the right as possible in the plot,
with a large positive value for the scores of Factor 1. On the other hand, Factor 2 could
separate genotypes into two distinct groups with respect to their disease resistance and
stability characteristics.
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Figure 3. Factor analysis plot of variation in resistance response, estimated by several nonparametric
methods.

Genotypes G3, G11, G12, and G13, which showed good levels of stable and durable
resistance under field conditions, were further evaluated for resistance to four common
races of FOC, including 1B/C, 2, 4, and 6, under controlled conditions. The results, pre-
sented in Table 4, show that G12 (FLIP 05-42C) was resistant to all races tested, while G11
(FLIP 05-104C) showed an intermediate response to race 4 and resistance to the others. G13
(FLIP 05-43C) and G3 (Azad/Hashem K3) were ranked in the lower resistance levels. G13
showed resistance to only three races (2, 6, 1B/C), while G3 showed resistance to only two
races (6, 1B/C).

Table 4. Response of field-stable/resistant chickpea genotypes to four prevalent races of FOC under
greenhouse conditions.

Total Killed Percent Response Total Killed Percent Response
*

Race 2 (C-133) Race 6 (C-158)
FLIP 05-104C (G11) 8 0 0 R 7 0 0 R

Azad/Hashem K3 (G3) 4 4 100 S 4 0 0 R
FLIP 05-42C (G12) 3 0 0 R 9 1 11.1 R
FLIP 05-43C (G13) 6 0 0 R 5 0 0 R

Kakab (G58) 5 5 100 S 6 6 100 S
Race 4 (C-101) Race 1/BC (C-126)

FLIP 05-104C (G11) 5 2 40 I * 6 1 16.6 R
Azad/Hashem K3 (G3) 5 5 100 S 4 0 0 R

FLIP 05-42C (G12) 3 0 0 R 8 0 0 R
FLIP 05-43C (G13) 7 6 85.7 S 6 0 0 R

Kakab (G58) 6 6 100 S 6 6 100 S

* Immune reaction.

4. Discussion

Fusarium wilt is a biotic stress that reduces the quality and quantity of chickpea yields.
The effects of FOC on the host plant has been shown to be enhanced under dry and warm
conditions [20]. Accordingly, several studies have been conducted to elucidate the genetic
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control of resistance to Fusarium wilt in chickpea [16,21–23]. Soil-born attributes of Fusarium
wilt make field practices a nonapplicable method in controlling this disease; therefore, the
identification of field-stable/resistant chickpea sources of disease resistance with novel
defense mechanisms is unavoidable. These sources will play a crucial role in developing
genotypes with long-lasting resistance [12]. Several studies have reported that breeding
resistant cultivars is the most effective, environmentally friendly, and economical approach
to control Fusarium wilt in crops [21,24,25]. Therefore, this study was carried out to identify
sources of resistance to FOC, which also had stable resistance in semi-arid regions of Iran.

In line with the previous reports [26], no immune genotype was observed in the
chickpea germplasm examined in this work. In the present study, the disease severity
score in Sararoud diseased plots was higher than that in Maragheh, which paralleled
the findings of Pande et al. [27], who reported widespread Fusarium wilt under dry and
warm conditions. As Maragheh and Sararoud are considered the main stations of cold
and temperate regions of DARI, respectively, this was expected. Wilt incidence data
showed differences among the studied genotypes in their response to Fusarium wilt for
each region over two years. Moreover, in the naturally infested plots, the increasing of the
amount of Fusarium wilt among the years could probably be influenced by the temperature
and the rainfall parameters. The infection dynamics observed can be attributed to other
several factors, such as the survival and persistence of the pathogen and variation of other
environmental conditions [25]. FOC has the capability to endure in the soil for extended
periods, often in the form of chlamydospores or mycelium. These structures can persist in
the soil for multiple years, acting as potential sources of inoculum for subsequent growing
seasons [14]. Environmental factors such as temperature, humidity, and soil moisture
can significantly impact the severity of Fusarium wilt [25]. Landa and collaborators, for
example, showed that the early stages of the wilt appeared faster as temperature increased
and, during the development of the disease, rainfall became the relevant driver for the wilt
progression. Further studies revealed that changes in soil moisture and temperature could
be the cause of the yearly variation in Fusarium wilt incidence [17]. Chickpea genotypes with
S and HS responses were very rare in the studied chickpea gene pool. Higher frequencies
of R and MR resistance types and high wilt incidence in susceptible genotypes, especially
the susceptible check, in all environments indicated adequate disease pressure in diseased
plots. The increased natural selection pressure of the pathogen over the years may have
resulted in an increased frequency of resistant alleles/QTLs in the chickpea germplasm [15].
Furthermore, the disease response of a genotype was found to vary from one screening
location to the other; therefore, it appears that such genotypes that were found to be
resistant in both regions have a broader resistance base that could be controlled by multiple
factors or genes.

Many researchers have identified elite genotypes through field screenings of chickpea
germplasm for resistance to Fusarium wilt [28]. These studies are mostly based on evaluation
of limited germplasm at one or a few locations. As a result, resistance is often limited to wilt
races prevalent in a particular region, and the donor can only be used for breeding programs
in that region. Location-specific variation in wilt incidence could be due to differences in
pathogen virulence or random distribution of resistance gene(s) within chickpea genotypes,
or the influence of both factors [14]. In this research, the variation in the response of
the studied chickpea genotypes (G) to the environment (E) represented the influence of
the environment on the instability of wilt incidence. According to Lillemo et al. [29], a
visualization of the G × E interaction is given by the data plotting, and it shows that the
Fusarium wilt scores of the genotypes varied between locations. The high contribution
of the G × E interaction indicates a high level of environmental variability, i.e., variable
pathogen races at different locations and the effect of variation in local weather conditions
over years on Fusarium wilt incidence [30]. In this context, the nonparametric stability
parameters of Huehn (S(1), S(2), S(3), S(6)) and Thennarasu (NP(1), NP(3), NP(4)) were
adopted for our multi-environmental data of Fusarium wilt. A literature review proved
that nonparametric stability statistics are easy to compute and do not require assumptions
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about the distributions of the data [31]. Here, using the aforementioned nonparametric
indices, the genotypes G3 (Azad/HashemK3—S(6), NP(1), NP(3), NP(4)), G12 and G13
(FLIP 05-42C and FLIP 05-43C—S(1), S(2)), and G11 (FLIP 05-104C—NP(2)) were selected
from the 58 studied genotypes.

Efficient screening methods for Fusarium wilt of chickpea have been adapted and
developed under field, greenhouse, and laboratory conditions [32]. Greenhouse and labo-
ratory tests can be conducted to confirm data obtained from field experiments [12,33]. Soil
is a very complicated environment, and the presence of other microorganisms that can po-
tentially affect the final response of chickpea plants to FOC is highly probable [34]. On the
other hand, the use of known pathogens or races of pathogens, along with the establishment
of optimal environmental conditions such as temperature, light, and humidity, allows the
plant material to be challenged with high levels of accuracy and efficiency under controlled
conditions [35]. Race interactions found in greenhouse experiments may be valuable to un-
derstand naturally infested plots occurrence [35]. The race-specific interaction investigated
in the greenhouse experiments have made it possible to confirm the selected genotypes
resistance stability. Furthermore, these outcomes validated the chickpea genotype-specific
responses previously documented in studies [16,21–23]. A considerable number of genes
are typically involved in the observed genetic resistance to FOC, and there may be intricate
interactions between these genes and specific pathogen races [14]. It is plausible that
distinct FOC races have distinctive virulence characteristics that permit them to overcome
specific resistance mechanisms in diverse genotypes of chickpeas. Consequently, resistance
in one genotype of chickpeas against a specific race of FOC does not necessarily imply
resistance against another race. [24]. In the present study, four chickpea genotypes out
of 58 accessions were selected as stable/resistant genotypes through a multi-locational
trial for two consecutive years, and their evaluation under controlled conditions showed
that they were resistant to at least two races. The results obtained through greenhouse
studies indicate that our screening methods and the statistical approaches used in this study
were effective and useful for identifying sources of resistance to FOC. Identification of
highly stable genotypes with low disease incidence is the main source for resistant breeding
programs [32]. Therefore, the genotypes identified in the current study could be used as
resistant donors for chickpea breeding programs in such locations.

5. Conclusions

Today, with climate change and its effects on seasonal rainfall and global warming,
there is a greater likelihood of creating an environment conducive to disease spreading.
Therefore, it is strategically important to screen chickpea germplasm for biotic stresses such
as Fusarium wilt and identify sources of resistance. The present study offers a practical
method for screening and identifying chickpea accessions that are resistant to multiple
races of Fusarium wilt through multi-locational testing. The suitability of the approach was
confirmed through greenhouse tests with known FOC races. The genotypes FLIP 05-42C
and FLIP 05-104C were selected based on multiple nonparametric stability parameters
and demonstrated resistance to FOC races under controlled conditions. Resistance sources
can be utilized in chickpea breeding programs by mapping genomic regions that control
resistance and pyramiding resistance genes in a desired genotype. The genotypes identified
in this project are novel and valuable genetic resources that can be directly used for the
above-mentioned purposes against Fusarium wilt. As far as we know, this is the first study
that shows resistance reaction of new and identified field stable genotypes against known
FOC races.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture14060824/s1, Table S1: Full names and origins of
the 58 chickpea genotypes investigated. Figure S1. Classification of chickpea germplasm based on
their response to FOC disease. The graphical representation includes 58 genotypes for two years
(2019–2020 to 2020–2021) at the Maragheh and Sararoud locations.

https://www.mdpi.com/article/10.3390/agriculture14060824/s1
https://www.mdpi.com/article/10.3390/agriculture14060824/s1
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