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Members of the genus Fusarium are considered highly destructive pathogens of common
beans (Phaseolus vulgaris). This study aimed to identify the causal agent of the disease,
confirm its pathogenicity following Koch’s postulates, and investigate the extracellular
enzymes of F. solani. After conducting a field survey on common bean plants in Khorasan
Razavi Province in August and September of 2021 and 2022 and isolating fungi, the isolates
were identified as F. solani f. sp. phaseoli based on morphological traits and molecular
analysis of the internal transcribed spacer region. Pathogenicity tests revealed the isolates
causing symptoms such as yellowing, rotting, and wilting on common bean seedlings (cv.
Derakhshan). Moreover, extracellular destructive enzymes, including pectinase and
cellulase, were guantitatively assessed. The isolates exhibited cellulase activity more quickly
and at higher levels than pectinase. Our findings indicated that the enzymes are key in
inducing disease symptoms in the host plant.
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Introduction

Legumes are considered one of the most important
human food sources after cereals. Asia leads in legume
cultivation, followed by Africa, North America, and
Latin America. Broughton et al. (2003) identify beans as
the third key legume crop, after soybeans and peanuts.
Various types of beans are rich sources of protein
(22%), carbohydrates (50-56%), vitamins, and essential
minerals such as iron, zinc, and manganese (Broughton
et al., 2003). In Iran, nearly 40% of the country’s
legume production comes from bean cultivation
(Ahmadi et al., 2020). A range of diseases adversely
impacts bean cultivation, with fungal rot of crown and
root tissues being among the most significant threats to
bean yield. Fusarium species including Fusarium
avenaceum (Fr.) Sacc., F. acuminatum Ellis & Everh, F.
proliferatum (Matsush.) Nirenberg, F. culmorum

(Wm.G. Sm.) Sacc., F. crookwellense L.W. Burgess,
P.E. Nelson & Toussoun, F. equiseti (Corda) Sacc., F.
redolens Wollenw, and F. anthophilum (A. Braun)
Wollenw, have also been reported as the causal agents
of bean crown and root rot, worldwide (Montiel-
Gonzalez et al., 2005). Other fungal species, including
F. oxysporum Schlitdl., F. solani (Mart.) Sacc. and F.
semitectum Berk. & Ravenel have been identified as the
causal agents of crown and root rot in bean production
regions of Zanjan Province (Safarloo & Hemmati,
2014).

Members of this genus are commonly found in soil and
have considerable activity at a pH of 7; however, only a
limited number of species are active in relatively
alkaline and slightly acidic soils (Saeedi & Jamali,
2021). The richness of organic compounds in the soil is
a crucial factor in promoting the germination of
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chlamydospores and their population increase (Dastjerdi
et al., 2004). The optimal temperature for the spread of
F. solani on beans is between 28-32 °C; however, they
have also been identified in soils with temperatures
ranging from 15-32 °C (Cramer, 2000). Some members
of this genus have shown the ability to secrete
mycotoxins due to their diversity, wide distribution, and
ability to inhabit various environments such as soil,
water, plant systems, and human habitats (Coleman,
2016; Urbaniak et al., 2018). These mycotoxins can
disrupt protein synthesis and lead to a range of health
problems in humans, including kidney disease, as well
as symptoms like general weakness, nausea, and even
fatalities in animals (Pestka, 2010; Nicolaisen et al.,
2009). Additionally, through the secretion of
mycotoxins, members of this genus lead to genetic
alterations and significant economic losses due to
contamination at different stages of food processing
(Geiser et al., 2013).

One significant factor contributing to the decline of
bean cultivation globally is the infection of plants by F.
solani f. sp. phaseoli (Burkholder) Snyder & Hansen
(Knodel et al., 2007). Crown and root rot of beans
caused by F. solani is prevalent in numerous bean
growing areas, such as Mexico, Brazil, Colombia, Peru,
Ecuador, Venezuela, and Kenya (Kraft et al., 1981,
Godoy et al., 2004) and America (Andres Ares et al.,
2006; De Jensen et al., 2002). This disease is the most
critical threat to beans, globally (Abawi, 1989). In Iran,
this disease was first reported on beans in 1968 in
Zanjan (Naseri, 2008) and occurred on various bean
types in different regions, including Lorestan (Dadgar,
2009), Khorasan Razavi (Kraft et al., 1981), Markazi
(Kocheki & Banayan-aval, 1993), Fars, Zanjan, East
Azerbaijan, Isfahan (Naseri, 2008), Qazvin (Dehghani
et al., 2018; Saremi et al., 2011), and Chaharmahal and
Bakhtiari (Ershad, 2009). According to the reports of
Faraji and Okhovvat (2005), the F. solani isolates from
Tehran and East Azerbaijan Provinces exhibited the
highest levels of pathogenicity and prevalence on beans.
These findings were confirmed by Naseri (2008) in
Zanjan.

Pathogenicity of Fusarium spp. is related to diverse
mechanisms, such as production of extracellular
enzymes and many toxins (Taheri, 2018). Various
researchers have demonstrated the importance of
extracellular enzymes from Fusarium spp. and other
fungal phytopathogens during the infection of different
plant species in Iran and other regions, worldwide
(Samandri Najafabadi et al., 2024; Maghsoudi et al.,
2024; Wanyoike et al., 2002).

This study aimed to isolate the pathogen causing crown
and root rot of common bean (Phaseolus vulgaris) in

Khorasan Razavi Province based on morphological and
molecular characteristics, investigate complete Koch’s
postulates for the causal pathogen, and evaluate the
activity of destructive extracellular enzymes of the
pathogen, such as cellulase and pectinase.

Materials and Methods

Sampling, fungal isolation and morphological
identification

In 2021 and 2022, common bean plant samples
suspected of Fusarium infection were collected from
different regions of Khorasan Razavi Province via M-
shaped movement in the fields (Mohammadi & Kazemi,
2002). Plants were collected based on disease symptoms
including yellowing, stunted growth, and rotting of
crown and root tissues. After recording the complete
details of the samples (collection location, date of
collection, type of plant tissue), they were transferred to
the laboratory in paper bags. For fungal isolation, the
tissues underwent a thorough washing with running
water to remove soil and contaminants. Then, 5 mm
small pieces of plant tissues were superficially
disinfected with a 0.5% sodium hypochlorite solution
for two min, and after three consecutive washes with
sterile distilled water for two min, they were dried on
sterile filter paper. Then, the samples were cultured in
Petri dishes containing general media, including Potato
Dextrose Agar (PDA) (Booth, 1977), and specific media
such as Nash and Snyder Agar (Nash & Snyder, 1962),
and Peptone-Pentachloronitrobenzene Agar (PPA)
containing 20 mg/L of streptomycin sulfate. The
cultures were maintained in a incubator for seven days
at 28 + 2 °C with 12/12 h of light/darkness (Nirenberg,
1976). The isolates were identified based on
macroscopic  and microscopic  morphological
characteristics, including colony color and growth rate
on PDA (Leslie & Summerell, 2006), as well shape and
dimensions of microconidia and macroconidia, and
presence  of  chlamydospores on  Spezieller
Nahrstoffarmer Agar (SNA) (Nirenberg, 1976; Leslie &
Summerell, 2006) and Carnation Leaf-piece Agar
(CLA) media (Fisher et al., 1982). For long-term
preservation, sterile filter papers colonized by the fungi
were stored in sterile microtubes at -20 °C (Valent et al.,
1991).

DNA
phylogenetic analysis

extraction, sequencing and
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Initially, the fungus (isolate FS20) was cultured on PDA
and incubated at 28 °C for seven days. About 100 mg of
mycelium was collected from the colony surface and
finely grinded by adding liquid nitrogen. Genomic DNA
was extracted according to the method of Zhang et al.
(2010) via cetyltrimethyl ammonium bromide (CTAB).
The internal transcribed spacer (ITS) region was
amplified via primer sets ITS1/ITS4 (TCC GTA GGT
GAA CCT GCG G / TCC TCC GCT TAT TGA TAT
GC) (White et al., 1990). In a 25 pL amplification
reaction, 12.5 uL of master mix (Amplicon), 1 uL of
each primer (10 pM), 8.5 uL of deionized water, and 2
pL of template DNA (50 ng) were combined. The PCR
was conducted in a Biometra thermal cycler (Géttingen,
Germany), starting with a three min initial denaturation
at 95 °C, followed by 35 cycles consisting of 30 s of
denaturation at 95 °C, 45 s of annealing at 50 °C, and 90
s of extension at 72 °C, and a final extension at 72 °C
for 10 min (Sekhar et al., 2018). The PCR products
were analyzed on 1% agarose gels and subsequently
sequenced by Macrogen Co. (Seoul, Korea) with the
same primers. The consensus sequences were analyzed
by BLASTN against previously deposited sequences in
GenBank (NCBI). The ITS regions were analyzed by
MEGA 7 software based on the maximum likelihood
method according to the Tamura-Nei model, with
displaying 1000 bootstrap values on the branches
(Chitrampalam & Nelson, 2016).

Pathogenicity tests

To conduct pathogenicity tests, seeds of common bean
cv. Derakhshan were obtained from the Markazi
Agricultural and Natural Resources Research and
Education Center in Markazi Province of Iran. The
seeds were sterilized with 1% sodium hypochlorite
solution for one min, followed by three rinses with
sterile distilled water. The seeds were then stored at
28°C for 24-48 h on moist sterile filter paper. After
germination, five seeds were planted in each pot
containing a mix of sterilized soil, sand, and leaf
compost in a 1:1:1 ratio (v/v) (Amini et al., 2013). The
pots were maintained in a greenhouse for 24 days at of
30 + 4 °C, and 65% relative humidity, with a 16/8 h of
light/darkness.

Two isolates (FS20 and FS35) were cultured on PDA
medium and incubated at 28 + 2 °C for seven days.
Forty grams of mung beans in an Erlenmeyer flask
containing 1 L of boiling water (mung bean broth
medium) for 10 min, the contents of the flask were
filtered through sterile muslin tissue. The resulting
extracts (Zhang et al., 2013a) were then combined with
SNA culture medium (including 1 g KH2PO4, 1 g

KNO3, 0.5 g KCI, 0.5 g MgS04.7H20, 0.2 g glucose,
0.2 g sucrose, 18 g agar in 1 L of distilled water)
(Nirenberg, 1976) according to the methods of Zhang et
al. (2013b) and Koch et al. (2013). The isolates were
inoculated with a macroconidial suspensions with the
final concentration of 1 x 105 conidia/ml. The common
bean seedlings at four-leaf stage were removed from the
pots, and their roots were immersed in the suspensions
containing 0.05% (v/v) Tween 20 (Gargouri-Kammoun
et al., 2009). The control seedlings were inoculated in
the same manner with sterile distilled water containing
0.05% (v/v) Tween 20. The seedlings were transferred
to the pots and kept for 24 days at 25 °C and 65%
relative humidity in with a 16/8 h of light/dark. At the
end of the experiment, the seedlings were removed from
the soil and washed with water. Disease severity was
classified into five levels following: 0 = no
discoloration; 1 = 1 to 25% discoloration; 2 = 26 to
50%; 3 = 51 to 75%; 4 = more than 75% discoloration
on crown and root; and 5 = seedling death (Fernandez
and Chen, 2005). Disease index (DI) was also evaluated
based on the formula described by Taheri and Tarighi
(2010).

Disease severity (%) =
(0n0+1nl+2n2+3n3+4n4+5n5)/5Nx100

n0: number of seedlings with disease score 0; nl:
number of seedlings with disease score 1; n2: number of
seedlings with disease score 2; n3: number of seedlings
with disease score 3; n4: number of seedlings with
disease score 4; n5: total number of seedlings with
disease score 5; N: total number of the seedlings in this
assay. The experiment was repeated three times, with
three replicates. Fungal re-isolation was carried out
from all crowns and roots to confirm Koch’s postulates
and the isolates were identified as described above.

Quantitative cell wall degrading enzymes
(CWDEs) assays

The activity of extracellular destructive enzymes was
assessed in laboratory conditions 10 days after
inoculation (Ortega et al., 2013; Kikot et al., 2009; Xiao
etal., 2013).

Extracellular destructive enzymes

Pectinase assay

Pectinase activity was evaluated in liquid culture media
containing 4.6 g of pectin, 5 g of yeast extract, 5 g of
peptone, and 5 g of KH2PO4 in 1 L of distilled water
(Macmillan & Voughin, 1964; Khairy et al., 1964).
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After inoculating the media with 10 mm hyphal plugs
from each of the isolates (FS20 and FS35), the cultures
were placed on a rotary shaker at 150 rpm for 10 days at
28 + 2 °C. The activity of pectinase was assessed by
measuring the decrease in D-galacturonic acid levels
and quantifying its concentration through the
dinitrosalicylic acid (DNS) colorimetric method. The
enzymatic activity of pectinase was then assessed at
wavelength of 540 nm. The enzyme activity units for
pectinase (Colowich, 1995) were defined as the amount
of enzyme that releases one micromole of galacturonic
acid per min, based on the standard curve. The standard
curve was created based on the absorbance of varying
concentrations (png/mL-1) of D-galacturonic acid.

Cellulase assay

Cellulase activity was investigated via a medium of
carboxymethyl  cellulose  (Abdel-Razik,  1970)
containing 4.6 g of carboxymethyl cellulose (CMC)
instead of citrus pectin (Ding et al., 2011). The cultures
were inoculated with 10 mm hyphal plugs from the
isolates and subsequently maintained on a rotary shaker
at 150 rpm for a duration of 10 days at a temperature of
28 = 2 °C. Cellulase activity was investigated according
to the technique Wood and Bhat (1988). Absorbance
was assessed at a wavelength of 550 nm, and the
amount of sugar reduction was measured from the
glucose standard curve. One unit of cellulase activity
was defined as the amount of enzyme that catalyzed 1.0
p mol of glucose per minute during the hydrolysis
reaction.

Statistical analysis

\
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|
W\
2 \‘-" %
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The disease index data were statistically analyzed with
Minitab 17 via the Least Significant Difference (LSD)
test to identify significant differences, set at a
significance level of P>0.05. Each experiment was
repeated three times, and each treatment was evaluated
with three replicates.

Results

Morphological identification of the fungal
isolates

A total of twenty fungal isolates were collected, and
among them, the FS20 and FS35 isolates were identified
as F. solani based on their morphological
characteristics. The isolates showed rapid growth on
PDA medium at 28 + 2 °C, with a 6.5 £ 0.5 cm colony
diameter after seven days. The hyphae exhibited
considerable dispersion, typically appearing white to
creamy with a brownish color, and occasionally
showing green or blue regions in the colony's center
(Figs. 1A, 1B). Microconidia were usually single-celled,
with dimensions of 5.2 -18.6 x 2.4-4.2 um, occasionally
two-celled, measuring 6.8-26.8 x 3.5 um, oval, or ovoid
(Fig. 1C). Macroconidia, consisting of four to five cells
(featuring a rounded apical cell and a foot-shaped basal
cell), were broad, elongated, and slightly rod-like,
measuring 30.5-53.2 x 4.4-7.2 um, formed on white to
creamy-colored cushions (Fig. 1D). Brown, spherical to
oval chlamydospores were often formed singly, in pairs,
or sometimes in chains, abundant in number, measuring
6.4-11.4 um in diameter, located in the middle of the
hyphae or at the ends (Fig. 1E). Microconidia were
abundantly formed in false heads on long phialides (Fig.
1F).

Fig. 1. Cultural and microscopic characteristics of the colony of Fusarium solani f. sp. phaseoli on PDA medium. (A:
Obverse, and B: Reverse). Microconidia (C); Macroconidia (D); Chlamydospores (E); Phialids morphology (F); Scale bars:

20 pm.
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Molecular phylogenetic analysis

The identification of FS20 as F. solani f. sp. phaseoli
was confirmed based on molecular analysis of the ITS
genomic regions. Both isolates (FS20 and FS35)
showed a PCR product of about 600-700 bp, however,
only one of the isolates (FS20) was sequenced. The
sequences were analyzed with the BLASTn tool from
National Center for Biotechnology Information (NCBI),
confirming the identity of the pure culture. The
BLASTN findings demonstrated a full 100% alignment
with F. solani sequences from GenBank, and

|8

morphological identification was validated via
molecular analysis of the ITS genomic regions. The ITS
sequence accession number PQ516997 was obtained
from NCBI after the sequence was submitted to
GenBank. The ITS region underwent phylogenetic
analysis in combination with the ITS4 sequence, by
MEGA 7 software based on the maximum likelihood
method according to the Tamura-Nei model, with 1000
bootstrap values. In this tree, F. solani isolates were
placed in a separate clade from other members of this
genus due to their high genetic similarity (Fig. 2).

PP776465.1 Fusarium sambucinum

100 s : 2
4{ MZ078625.1 Fusarium sambucinum
PP776475.1 Fusarium sambucinum

OP729900.1 Fusarium equiseti

100 | 1P9164288.1 Fusarium equiseti
90 'OR768408.1 Fusarium equiseti

PQ345845.1 Fusarium oxysporum
88 W’ OR597870.1 Fusarium oxysporum

ON738660.1 Fusarium oxysporum
MKO990188.1 Fusarium proliferatum

1oo|

| 00947370.1 Fusarium proliferatum
MKO962345.1 Fusarium proliferatum
MH582400.1 Fusarium solani

100 ‘. Fusarium solani fsp. phaseoli (This study)
KY484946.1 Fusarium solani
MH754542.1 Alternaria solani

—_
0.05

Fig. 2. Phylogenetic analysis of internal transcribed spacer (ITS) sequence of Fusarium solani f. sp. phaseoli obtained from
bean roots via the maximum likelihood method in MEGA 7. Bootstrap values supporting the branches resulted from 1000

replicates.

Pathogenicity tests

Both selected isolates (FS20 and FS35) showed
significant virulence on seedlings 24 days after
inoculation, with the bean plants exhibiting yellowing,
reduced growth, and wilting. The crown and root tissues
displayed a discoloration from red to brown, with
evidence of cracking and necrosis in the longitudinal
sections (Fig. 3A). Ultimately, FS20 and FS35 isolates
exhibited disease indices of 88.20 and 82.65,
respectively. Subsequently, the agents responsible for
the disease were isolated from the plant tissues, and

following the application of Koch's postulates,
pathogenicity in beans was proved after 24 days of
inoculation (Fig. 3A,B).

Analysis of the CWDEs activity

Based on the analysis of the CWDEs activity, the
isolates displayed the ability to secrete CWDEs.
Pectinase and cellulase showed the highest activity at
144 and 72 h post-cultivation in liquid medium,
respectively. Following these peaks, their activity
gradually decreased, then increased and decreased
sinusoidally, and finally stabilized until the end of
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cultivation. During the maximum activity intervals, the
CWODE activity levels were recorded between 3855 and
4535 pg/ml for pectinase (Fig. 4A) and from 820 to 935
pg/ml for cellulase (Fig. 4B). Moreover, pectinase

A

activity increased with a more gradual trend, while the
isolates achieved maximum cellulase activity more
rapidly.

Fig. 3. Symptoms of crown and root rot of common bean seedlings caused by Fusarium solani f. sp. phaseoli, 24 days after

inoculation (A), Control (B).

S0k

ctinase activity (g ml°

(]

4500
SO
35000
SO
2300
0
1500
gy._-lunn
kL]

[LL LY
D

Cellulase activity (pg mf

™ 200

(LLL)

Ny 120 144 168 192 216 240

Time (h)

F820

F&33

SN
TN
[T
SiHb
SR
kLU
-

[¥]
=

48

¥ 120 144 18 192 216 240

Time (h)
F535

— )

Fig. 4. Assessment of activities of CWDEs produced by Fusarium solani f. sp. phaseoli isolates over a maximum
incubation duration of 240 h. Pectinase activity (A), Cellulase activity (B). Values are means of three replicates.
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Discussion

Fusarium species with a wide host range cause
hypocotyl rot, seeds and seedlings decay at pre and
post-emergences (Mukankusi et al., 2011; Nzungize et
al., 2012) and wilting in common bean and are
considered one of the main factors contributing to the
destruction of crown and root tissues in bean (Aoki et
al., 2014). Members of this genus are found as
cosmopolitan  pathogens in all climatic zones
(Backhouse & Burgess, 1995). However, they prefer
warm tropical areas (Sangalang et al., 1995). The
isolates of this fungus, with the highest prevalence, have
been identified as one of the most significant damaging
agents to bean fields in Zanjan, Qazvin, East
Azerbaijan, and Lorestan Provinces (Naseri, 2008;
Saremi et al., 2011; Dehghani et al., 2018). The soil-
borne fungus F. solani is one of the damaging factors
for beans in Khorasan Razavi, which causes up to 85%
yield loss in some regions (Ahari Mostafavi et al.,
2009).

In this study, F. solani isolates were obtained from bean
fields in Khorasan Razavi Province, and their
morphological and phylogenetic characteristics were
investigated,  together  with  determining their
pathogenicity levels. The activity of cellulase and
pectinase produced by the fungal isolates were also
determined, which are involved in pathogenicity. Two
fungal isolates (FS20 and FS35) were identified based
on morphological techniques, and the morphological
identification of one of the isolates (FS20) was
confirmed by molecular analysis. Chehri et al. (2015)
showed the possibility of separating members of this
genus based on the ITS region, with strong bootstrap
values. In accordance with results of the present
research, Eke et al. (2016) and Toghueo et al. (2016)
confirmed the phylogeny of F. solani strains through
sequencing of the rDNA-ITS region. Based on the
pathogenicity tests, the F. solani isolates showed a high
level of pathogenicity on bean seedlings. In line with
our results, Eke et al. (2016) reported the aggressiveness
and destructiveness of F. solani on bean plants.
Additionally, the reports by Montiel-Gonzélez et al.
(2005) and Aoki et al. (2014) confirmed the
pathogenicity of F. solani isolates on beans. In line with
our findings, Rahkhodaei et al. (2023) identified F.
solani from beans based on morphological
characteristics and molecular methods through
sequencing of ITS and the translation elongation factor

lo (tef-7/a) gene regions, and proved its pathogenicity
on beans in the Markazi Province.

The activity of CWDEs, including pectinase and
cellulase, was evaluated over different time points since
these enzymes play considerable roles in pathogenicity
of fungi, such as F. solani on the host plants (Kikot et
al., 2009; Ortega et al., 2013). These enzymes are also
important for phytopathogenic fungi lacking specialized
penetration structures (Gibson et al., 2011). Throughout
the investigation of CWDEs, cellulase activity reached
its peak more quickly, while pectinase showed
maximum activity after a longer duration. In line with
these findings, Ortega et al. (2013) and Khaledi et al.
(2017) reported the maximum level of pectinase activity
after a longer incubation duration compared to the other
enzymes investigated. Fusarium solani is a key factor in
reducing the quality of beans, thus, it is vital to identify
this pathogen in different regions of Iran to implement
control measures and prevent its adverse effects on the
key agricultural products.

Acknowledgments

The authors would like to thank Ferdowsi University of

Mashhad, Iran, for the financial support of this research.

Conflict of interest

The authors declare that there are no conflicts of interest

present

CRediT author statement

B. Bagherieh: Laboratory works & writing original
draft. P. Taheri: Supervision, methodology, writing,

reviewing & editing.

References

Abawi, G . S. (1989). Root Rots. In H. F., Schwartz
& M. A. Pastor Corrales (eds), Bean problems in
the tropics. Cali, Colombia (pp. 105-157), CIAT
(Centro Internacional de Agricultura Tropical).

Abdel-Razik, A. A. (1970). The parasitism of white
Sclerotium cepivorum Berk., the incitant of white
rot of onion. PhD Thesis, Faculty of Agriculture,
Assiut University, Assiut, Egypt.

Journal of Advances in Plant Protection 2024, 1(2): 53-64

Doi: 10.22103/japp.2024. 24323.1019



Bagherieh and Taheri

athogenicity and extracellular enzymes of Fusarium solani f.sp. phaseoli in common bean

Ahari Mostafavi, H., Safaie, N., Naserian, B.,
Fathollahi, H., Dori, H., Lak, M., & Babaie, M.
(2009). Possibility of biological control of bean
root rot disease, using of avirulent mutants of
Fusarium solani f. sp. phaseoli isolate. Journal
of Plant Production, 16(3), 135-149.

Ahmadi, K., Ebadzadeh, H., Hatami, F., Abdeshah,
B., & Kazemian, A. (2020). Agricultural
statistics crop year book for 2018-2019. Ministry
of Agriculture-Jahad Publishing, planning and
economic deputy, information and
communication technology center.

Amini, J., Kazemi, M., Abdollahzadeh, J., &
Darvishnia, M. (2013). Identification of
Fusarium spp. and their pathogenicity associated
with root rot of tomato, Marvdasht. Iranian
Journal of Plant Protection Science, 44, 71-80.

Andres Ares, J., Rivera Martinez, A., & Pomar
Barbeito, F. (2006). Telluric pathogens isolated
from bean plants with collar and root rots in
northwest Spain. Spanish Journal of Agricultural
Research, 4(1), 80—
85. https://doi.org/10.5424/sjar/2006041-182.

Aoki, T., O’Donnell, K., & Geiser, D. M. (2014).
Systematics of key phytopathogenic Fusarium
species: current status and future challenges.
Journal of General Plant Pathology, 80, 189-
201. DOI: 10.1007/s10327-014-0509-3.

Backhouse, D., & Burgess, L. W. (1995).
Mycogeography of Fusarium: Climatic analysis
of the distribution within Australia of Fusarium
species in section Gibbosum. Mycological
Research, 99(10),1218-1224.
https://doi.org/10.1016/S0953-7562(09)80282-7.

Booth, C. (1977). Fusarium laboratory guide to the
identification of the major species. Common
wealth Mycological Institute. Kew, Surrey,
England.

Broughton, W. J., Hernandez, G., Blair, M., Beebe,
S., Gepts, P., & Vanderleyden, J. (2003). Beans
(Phaseolus spp.)-model food legumes. Plant and

soil, 252, 55-128.
DOI: 10.1023/A:1024146710611.

Chehri, K., Salleh, B., & Zakaria, L. J. (2015).
Morphological and phylogenetic analysis of
Fusarium solani species complex in Malaysia.
Microbial Ecology, 69(3), 457-471.
https://doi.org/10.1007/s00248-014-0494-2.

Chitrampalam, P., & Nelson B. J. R. (2016).
Multilocus phylogeny reveals an association of
agriculturally important Fusarium solani species
complex (FSSC) 11, and clinical important FSSC
5 and FSSC 3 + 4 with soybean roots in the north
central United States. Antonie van Leeuwenhoek,
109, 335-347. DOI: 10.1007/s10482-015-0636-
7.

Coleman, J. J. (2016). The Fusarium solani species
complex: ubiquitous pathogens of agricultural
importance. Molecular Plant Pathology, 17(2),
146-158. https://doi.org/10.1111/mpp.12289.

Colowich, S. P. (1995). Methods in enzymology.
London: Academic Prees INC.

Cramer, C. S. (2000). Breeding and genetics of
Fusarium basal rot resistance in onion.
Euphytica, 115, 159-166.
https://doi.org/10.1023/A:1004071907642.

Dadgar, A. (2009) Prosperity in Lorestan
agriculture, Khoramabad, Shapour  Khast
Publications.

Dehghani, A., Panjehkesh, N., Darvishnia, M.,
Salari, M., & Asadi Rahmani, H. (2018).
Importance and climatic  distribution  of
pathogenic fungi associated with bean root and
crown in Lorestan Province. Applied Entomology
and Phytopathology, 86(2), 219-234.

Dastjerdi, R., Mozafari, J., Fallahati Rostgar, M., &
Jafarpour, B. (2004). Investigating the genetic
diversity of vegetatively compatible groups of
Fusarium oxysporum f. sp. betae of Khorasan
Province using RAPD molecular markers. Plant
Pests and Diseases, 72, 1-18.

De Jensen, C. E., Percich, J., & Graham, P. (2002).

Integrated management strategies of bean root

Journal of Advances in Plant Protection 2024, 1(2): 53-64

Doi: 10.22103/japp.2024. 24323.1019


https://doi.org/10.5424/sjar/2006041-182
http://dx.doi.org/10.1007/s10327-014-0509-3
https://doi.org/10.1016/S0953-7562(09)80282-7
http://dx.doi.org/10.1023/A:1024146710611
https://doi.org/10.1007/s00248-014-0494-2
https://doi.org/10.1007/s10482-015-0636-7
https://doi.org/10.1007/s10482-015-0636-7
https://doi.org/10.1111/mpp.12289
https://doi.org/10.1023/A:1004071907642

Bagherieh and Taheri

athogenicity and extracellular enzymes of Fusarium solani f.sp. phaseoli in common bean

rot with Bacillus subtilis and Rhizobium in
Minnesota. Field Crops Research, 74(2-3), 107—
115. https://doi.org/10.1016/S0378-
4290(01)00200-3.

Ding, L., Xu, H., Yi, H., Yang, L., Kong, Z., Zhang,
L., Xue, S., Jia, H., & Ma, Z. (2011). Resistance
to hemi-biotrophic Fusarium graminearum
infection is associated with coordinated and
ordered expression of diverse defense signaling
pathways. PloS One, 6(4), Article e19008.
DOI: 10.1371/journal.pone.0019008.

Eke, P., Chatue, G. C., Wakam, L. N., Kouipou, R.
M. T., Fokou, P. V. T., & Boyom, F. F. (2016).
Mycorrhiza consortia suppress the Fusarium root
rot (Fusarium solani f. sp. phaseoli) in common
bean (Phaseolus vulgaris L.). Biological Control,
103, 240-250.
https://doi.org/10.1016/j.biocontrol.2016.10.001.

Ershad, J. (2009). Mushrooms of Iran (2" Ed.).
Agricultural research, Education and extension
organization publications, Ministry of Jahad
Agriculture, Tehran.

Faraji, M., & Okhowvvat, S. (2005). Pathogenicity of
two species of Fusarium on some cultivars of
bean in greenhouse. Communications in
Agricultural and Applied Biological Sciences,
70(3), 305-309.

Fernandez, M., & Chen, Y. (2005). Pathogenicity of
Fusarium species on different plant parts of
spring wheat under controlled conditions. Plant
Disease, 89(2), 164-169. DOI: 10.1094/PD-89-
0164.

Fisher, N. L., Burgess, L., Toussoun, T., & Nelson,
P. E. (1982). Carnation leaves as a substrate and
for preserving cultures of Fusarium species.
Phytopathology, 72(1), 151-153.

Gargouri-Kammoun, L., Gargouri, S., Rezgui, S.,
Trifi, M., Bahri, N., & Hajlaoui, M. (2009).
Pathogenicity and aggressiveness of Fusarium
and Microdochium on wheat seedlings under
controlled conditions. Tunisian Journal of Plant
Protection, 4(2), 135-144.

Geiser, D. M., Aoki, T., Bacon, C. W., Baker, S. E.,
Bhattacharyya, M. K., Brandt, M. E., Brown, D.
W., Burgess, L. W., Chulze, S., & Coleman, J. J.
(2013). One fungus, one name: defining the
genus Fusarium in a scientifically robust way
that preserves longstanding use. Phytopathology,
103(5), 400-408. DOI: 10.1094/PHYTO-07-12-
0150-LE.

Gibson, D. M., King, B. C., Hayes, M. L., &
Bergstrom, G. C. (2011). Plant pathogens as a
source of diverse enzymes for lignocellulose
digestion. Current Opinion in Microbiology,
14(3), 264-270.

Godoy, P., Cano, J., Gené, J., Guarro, J., Hofling-
Lima, A. L., & Lopes Colombo, A. (2004).
Genotyping of 44 isolates of Fusarium solani,
the main agent of fungal keratitis in Brazil.
Journal of Clinical Microbiology, 42(10), 4494—
4497, DOI: 10.1128/JCM.42.10.4494-
4497.2004.

Khairy, E., Sammour, H., Ragheb, A., Ghandour,
M., & Aziz, K. (1964). A laboratory manual of
practical chemistry. Cairo, Egypt: Dar EI-Nahda
El-Arabia.

Khaledi, N., Taheri, P., & Falahati Rastegar, M.
(2017).
characterization,

Identification,  virulence  factors

pathogenicity and

aggressiveness analysis of Fusarium spp.,
causing wheat head blight in Iran. European
Journal of Plant Pathology, 147, 897-918.
DOI: 10.1007/s10658-016-1059-7.

Kikot, G. E., Hours, R. A., & Alconada, T. M.

(2009). Contribution of cell wall degrading

enzymes to pathogenesis of  Fusarium
graminearum: a review. Journal of Basic
Microbiology, 49(3), 231-241.

DOI: 10.1002/jobm.200800231.

Knodel, J. J., Bradley, C. A., Luecke, J. L., & Mars,
G. A. (2007). Dry bean grower survey. North
Dakota State University External Report.

Koch, A., Kumar, N., Weber, L., Keller, H., Imani,
J., & Kogel, K.-H. (2013). Host-induced gene

Journal of Advances in Plant Protection 2024, 1(2): 53-64

61

Doi: 10.22103/japp.2024. 24323.1019


https://doi.org/10.1016/S0378-4290(01)00200-3
https://doi.org/10.1016/S0378-4290(01)00200-3
https://doi.org/10.1371/journal.pone.0019008
https://doi.org/10.1016/j.biocontrol.2016.10.001
https://doi.org/10.1094/pd-89-0164
https://doi.org/10.1094/pd-89-0164
http://dx.doi.org/10.1094/PHYTO-07-12-0150-LE
http://dx.doi.org/10.1094/PHYTO-07-12-0150-LE
https://doi.org/10.1128/jcm.42.10.4494-4497.2004
https://doi.org/10.1128/jcm.42.10.4494-4497.2004
http://dx.doi.org/10.1007/s10658-016-1059-7
https://doi.org/10.1002/jobm.200800231

Bagherieh and Taheri

athogenicity and extracellular enzymes of Fusarium solani f.sp. phaseoli in common bean

silencing of cytochrome P450 lanosterol Cl4a-
demethylase—-encoding genes confers strong
resistance to Fusarium species. Proceedings of
the National Academy of Sciences, 110(48),
19324-19329.
https://doi.org/10.1073/pnas.1306373110.
Kocheki, (1993).
Cultivation of cereals (2" Ed.). Publications

A., & Banayan-aval, M.

University of Mashhad, Gutenberg Printing
House.

Kraft, J. M., Burke, D. W., & Hagland, W. A.
(1981). Fusarium diseases of beans, peas and
lentils. Pennysvania State University Press,
University Park PA. USA.

Leslie, J. F., & Summerell, A. B. (2006). The
Fusarium laboratory manual. Ames: Blackwell
Publishing Professional.

D., & Vaughn, R. H. (1964).

Purification and properties of a polygalacturonic

Macmillan, J.

acid-transeliminase produced by Clostridium
multifermentans. Biochemistry, 3(4), 564-572.
Maghsoodi, F., Taheri, P., & Tarighi, S. (2024). First
report of Trichothecium roseum causing pink
mould on strawberry fruit in Iran. Journal of
Phytopathology, 172(2), Article e13286.
Mohammadi, M., & Kazemi, H. (2002). Changes in
peroxidase and polyphenol oxidase activities in
susceptible and resistant wheat heads inoculated
with  Fusarium graminearum and induced
resistance. Plant Science, 162(4), 491-498.
https://doi.org/10.1016/S0168-9452(01)00538-6.
Montiel-Gonzalez, L., Gonzélez-Flores, F., Sdnchez-
Garcia, B., Guzman-Rivera, S., Gamez-Vazquez,
F., Acosta-Gallegos, J., Rodriguez-Guerra R.,
Simpson-Williamson J., Cabral-Enciso M., &
Mendoza-Elos, M. (2005). Fusarium species on
bean (Phaseolus vulgaris. L) roots causing rots,
in five states of Central Mexico. Revista
Mexicana de Fitopatologia, 23, 1-10.
Mukankusi, C. M., Melis, R. J., Derera, J.,, &
Buruchara, R. A. (2011). A screening technique

for resistance to Fusarium root rot of common

bean. African Journal of Plant Science, 5(3),
152-161.

Naseri, B. (2008). Root rot of common bean in
Zanjan, lIran: major pathogens and vyield loss
estimates. Australasian Plant Pathology, 37(6),
546-551. https://doi.org/10.1071/AP08053.

Nash, S. M., & Snyder, W. C. (1962). Quantitative
and estimations by plat counts of propagules of

Fusarium in field soils.
Phytopathology, 73, 458-462.

Nicolaisen, M., Suproniené, S., Nielsen, L. K.,
Lazzaro, I., Spliid, N. H., & Justesen, A. F.
(2009). Real-time PCR for quantification of
eleven individual Fusarium species in cereals.
Journal of Microbiological Methods, 76(3), 234—
240. https://doi.org/10.1016/j.mimet.2008.10.016

(1976). Unterstructure uber die

morphologische und biologische differnzierung

the bean rot

Nirenberg, H.

in der Fusarium-Sektion Liseola. Mitteilungen
aus der Biologischen Bundesansatlt fur Land und
Forstwirt-schaft, Berlin-Dahlem, 169, 11-17.

Nzungize, J. R., Lyumugabe, F., Busogoro, J. P., &
Baudoin, J. P. (2012). Pythium root rot of
common bean: biology and control methods. A
review. Biotechnology, Agronomy, Society and
Environment, 16, 40-413.

Ortega, L. M., Kikot, G. E., Astoreca, A. L., &
Alconada, T. M. (2013). Screening of Fusarium
graminearum isolates for enzymes extracellular
and deoxynivalenol production. Journal of
Mycology, 23, 1-7. DOI: 10.1155/2013/358140.

Pestka, J. J. (2010). Deoxynivalenol: mechanisms of
action, human exposure, and toxicological
relevance. Archives of Toxicology, 84, 663-679.
DOI: 10.1007/s00204-010-0579-8.

Rahkhodaei, E., Hamzehzarghani, H., Banihashemi,
Z.,  Mostowfizadeh-Ghalamfarsa, R., &

(2023).

susceptibility of some common bean cultivars to

Farrokhinejad, R. Evaluating the
Fusarium solani species complex causing bean
root rot in Iran. Plant Protection (Scientific
Journal of Agriculture), 46(1), 130-142.

Journal of Advances in Plant Protection 2024, 1(2): 53-64

62

Doi: 10.22103/japp.2024. 24323.1019


https://doi.org/10.1073/pnas.1306373110
https://onlinelibrary.wiley.com/toc/14390434/2024/172/2
https://doi.org/10.1016/S0168-9452(01)00538-6
https://doi.org/10.1071/AP08053
https://doi.org/10.1016/j.mimet.2008.10.016
http://dx.doi.org/10.1155/2013/358140
http://dx.doi.org/10.1007/s00204-010-0579-8

Bagherieh and Taheri

athogenicity and extracellular enzymes of Fusarium solani f.sp. phaseoli in common bean

Saeedi, S., & Jamali, S. (2021).
characterization and distribution of Fusarium

Molecular

isolates from uncultivated soils and chickpea
plants in Iran with special reference to Fusarium
redolens. Journal of Plant Pathology, 103(1),
167-183. DOI: 10.1007/s42161-020-00698-w.

Safarloo, Z., & Hemmati, R. (2014). ldentification
and pathogenicity of Fusarium species
associated with bean root rot in Zanjan Province.
Journal of Applied Research in Plant Protection,
3(2), 77-92.

Samandari-Najafabadi, N., Taheri, P., & Tarighi, S.
(2024). Antifungal and antivirulence effects of

on Alternaria

Plant

Citrus sinensis essential oil

pathogens in Journal  of
Pathology, 106, 1153-1171.

Sangalang, A. E., Backhouse, D. & Burgess, L. W.

(1995). Survival and growth in culture of four

orange.

Fusarium species in relation to occurrence in
soils from hot climatic regions. Mycological
Research, 99(5), 529-533.

Saremi, H., Amiri, M., & Ashrafi, J. (2011).
Epidemiological aspects of bean decline disease
caused by Fusarium species and evaluation of

the bean resistant cultivars to disease in
Northwest Iran. African Journal of
Biotechnology, 10(66), 14954-14961. DOI:

10.5897/AJB11.258.

Sekhar, A., Velyvis, A., Zoltsman, G., Rosenzweig,
R., Bouvignies, G., & Kay, L. E. (2018).
Conserved conformational selection mechanism
of Hsp70 chaperone-substrate interactions. Elife,
7, Article e32764. DOI: 10.7554/eLife.32764.

Taheri,

Fusarium graminearum: from biology of the

P. (2018). Cereal diseases caused by

pathogen to oxidative burst-related host defense
responses. European Journal of Plant Pathology
152, 1-20.

Taheri, P., & Tarighi, S. (2010). Riboflavin induces
resistance in rice against Rhizoctonia solani via

jasmonate-mediated priming of phenylpropanoid

pathway. Journal of Plant Physiology, 167(3),
201-208.

Toghueo, R. M. K., Eke, P., Zabalgogeazcoa, I., de
Aldana, B. R. V., Nana, L. W., & Boyom, F. F.
(2016). Biocontrol and growth enhancement
potential of two endophytic Trichoderma spp.
from Terminalia catappa against the causative
agent of common bean root rot (Fusarium

solani). Biological Control, 96, 8-20.
https://doi.org/10.1186/s41938-021-00441-2.
Urbaniak, C., Massa, G., Hummerick, M,

Khodadad, C., Schuerger, A., & Venkateswaran,
K. (2018). Draft genome sequences of two
Fusarium oxysporum isolates cultured from
infected Zinnia hybrida plants grown on the
Genome

€00326-18.

International Space Station.
Announcements, 6(20), Article
DOI: 10.1128/genomeA.00326-18.

Valent, B., Farrall, L., & Chumley, F. G. (1991).
Magnaporthe grisea genes for pathogenicity and
virulence identified through a
backcrosses. Genetics, 127(1), 87-101.

Wanyoike, W., Kang, Z., Buchenauer, H. (2002).

Importance of cell wall degrading enzymes

series of

produced by Fusarium graminearum during
infection of wheat heads. European Journal of
Plant Pathology, 108(8), 803-810.
https://doi.org/10.1023/A:1020847216155.

White, T. J., Bruns, T., Lee, S. J. W. T., & Taylor, J.
L. (1990). Amplified and direct sequencing of
fungal ribosomal RNA genes for phylogenies. In
M. A., Innis, D. H., Gelfand, J. J. Sninsky, & T.
J. White, (eds.), PCR protocols: A guide to
methods and applications (pp. 315-322), San
Diego, Academic.

Wood, T. M., & Bhat, K. M. (1988). Methods for
measuring cellulase activities. Methods in
Enzymology, 160(1), 87-112.

Xiao, J., Jin, X., Jia, X., Wang, H., Cao, A., Zhao,
W., Pei, H., Xue, Z., He, L., Chen, Q., & Wang,
X. (2013). Transcriptome-based discovery of

pathways and genes related to resistance against

Journal of Advances in Plant Protection 2024, 1(2): 53-64

63

Doi: 10.22103/japp.2024. 24323.1019


http://dx.doi.org/10.1007/s42161-020-00698-w
https://doi.org/10.5897/AJB11.258
https://doi.org/10.7554/elife.32764
https://doi.org/10.1186/s41938-021-00441-2
https://doi.org/10.1128/genomeA.00326-18
https://doi.org/10.1023/A:1020847216155

Bagherieh and Taheri

athogenicity and extracellular enzymes of Fusarium solani f.sp. phaseoli in common bean

Fusarium head blight in wheat landrace
Wangshuibai. BMC Genomics, 14, 1-19.
https://doi.org/10.1186/1471-2164-14-197.

Zhang, P., Zhou, M. P., Zhang, X., Huo, Y., & Ma,

H. X. (2013a). Change of defensive-related
enzyme in wheat crown rot seedlings infected by
Fusarium graminearum. Cereal Research
431-439.
DOI: https://doi.org/10.1556/crc.2013.0014

Communications, 41,

Zhang, X., Fu, J., Hiromasa, Y., Pan, H., & Bai, G.

(2013b).  Differentially —expressed proteins

associated with Fusarium head blight resistance
in wheat. PLoS One, 8(12), Article e82079.
DOI: 10.1371/journal.pone.0082079

Zhang, Y. J., Zhang, S., Liu, X. Z,, Wen, H. A,, &

Wang, M. (2010). A simple method of genomic
DNA extraction suitable for analysis of bulk
fungal strains. Letters in Applied Microbiology,
51, 114-118. DOI: 10.1111/j.1472-
765X.2010.02867 .x.

Journal of Advances in Plant Protection 2024, 1(2): 53-64

64

Doi: 10.22103/japp.2024. 24323.1019


https://doi.org/10.1186/1471-2164-14-197
https://doi.org/10.1556/crc.2013.0014
http://dx.doi.org/10.1371/journal.pone.0082079
https://doi.org/10.1111/j.1472-765x.2010.02867.x
https://doi.org/10.1111/j.1472-765x.2010.02867.x

