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Abstract: Fungi belonging to the Fusarium genus are commonly isolated from soybean plants and
seeds but not all of them are pathogenic. The aim of this study was to compare the pathogenicity
among different Fusarium isolates obtained from soybean plants with disease symptoms originating
from an experimental field located in the southeast of Poland. Nineteen fungal isolates were selected
for the pathogenicity assay, including eight isolates of F. oxysporum, six isolates of F. graminearum,
four isolates of F. culmorum and one isolate of F. redolens. Species identification of these isolates
was carried out using microscopic methods and sequencing of two genes: translation elongation
factor 1-alpha (TEF1) and RNA polymerase second largest subunit (RPB2). To our knowledge, this is
the first report of F. redolens being isolated from soybean in Europe. The pathogenicity test was set
up by fungal inoculation of healthy soybean seeds of three cultivars: Abelina, Atlanta and Mavka.
Symptoms were assessed seven days after inoculation. Disease area percentage of Fusarium inoculated
seeds was significantly higher compared to uninoculated control. Nineteen isolates differed in their
aggressiveness as the median disease area percentage ranged between 5.0 and 88.0% depending on
isolate. The obtained isolates of four Fusarium species may be used in the future screening of soybean
cultivars for resistance to these pathogens.

Keywords: soybean; Glycine max (L.) Merrill; root rot; soil-borne fungi; pathogenicity; Fusarium
species; translation elongation factor 1-alpha; RNA polymerase second largest subunit

1. Introduction

Soybean (Glycine max (L.) Merrill) is one of the most important crops used for the
production of food and animal feed because of its high oil and protein content [1]. The
global production of this crop amounts to 371.7 m tonnes and countries with the highest
soybean production include the USA, Brazil, Argentina, China and India [2]. In Europe
in 2021, the cultivation area of this crop amounted to approx. 5.5 m ha and the yield to
2.09 t/ha [2]. Soybean production in Poland has been dynamically growing over the
previous number of years. In 2018, the soybean cultivation area in this country amounted
to 5450 ha, but had increased to 9210 ha by 2021 [2]. The increasing cultivation area of
soybean may lead to an increased risk of pathogens infecting this crop.

The cosmopolitan genus Fusarium includes economically important plant pathogens.
Fusarium wilt or blight and seed, seedling, stem or root rots are typical diseases that cause
economic losses in agriculture, horticulture and ornamental crops worldwide [3]. Moreover,
some species belonging to this genus have the ability to produce mycotoxins and secondary
metabolites which can contaminate agricultural products, resulting in destruction of food
and feed or having a negative impact of human and animal health [4].

Diverse species of Fusarium infect soybean plants at almost every growth stage causing
sudden death syndrome, leaf necrosis, damping-off, and root and pod rot [5,6]. Members
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of this genus are frequently and consistently isolated from soybean seeds and pods and
they may lower seed quality and vigour by reducing germination [7,8]. However, soybean
germination in the field may be affected not only by seed-borne fungi. Many Fusarium
species are considered to be soil-borne pathogens of soybean. They may survive in plant
debris left in the field after harvest for a long time and most Fusarium species also have
the ability to produce more durable forms-chlamydospores [9]. After seeds are sown into
the soil these fungi can colonize them causing the development of disease symptoms on
seedlings and reducing emergence [10].

F. oxysporum Schltdl. is considered to be one of the most destructive soil-borne fungi
and is a major cause of soybean root rot in North America. Fusarium root rot was first
reported in Iowa in 1953 and F. oxysporum was the predominant fungus isolated from
symptomatic soybean roots. Soybean root rot caused by this species has also been widely
reported in China [11] and is the most frequently isolated Fusarium species from field grown
soybean plants in Poland [12–14]. Moreover, F. oxysporum is associated with Fusarium wilt
or blight and can cause a range of symptoms, including damping-off, cortical decay and
vascular discoloration in soybean plants. Economic losses up to 59% resulting from wilt
and 64% from root rot have been reported. It is also known that infections of seeds can
reduce germination even up to 40% in the field [10].

The F. redolens Wollenw. (syn: F. oxysporum var. redolens (Wollenw.) W.L. Gordon)
species is similar to the F. oxysporum species in terms of morphological characteristics. For
this reason, this fungus has been long recognised as a variety of F. oxysporum [15] or has
been included in the F. oxysporum species complex [16]. The development of molecular
techniques has allowed for the recognition of F. redolens as a separate species.

F. graminearum Schwabe belongs to the F. sambucinum species complex [17,18]. This
fungus is an economically important pathogen of cereal crops, but it can also be highly
aggressive for soybean seeds and seedlings, leading to low emergence and abnormal
development [19]. The first reports of F. graminearum causing soybean seed infection in
the United States appeared in 1986. At present, this species is recognized as a primary
pathogen of soybean, responsible for root rot, and for pre- and post-emergence damping-off
in several countries on both American continents [17]. It is also isolated from soybean
seeds as well as plants grown in Poland [14,20]. Moreover, F. graminearum has the ability to
produce trichothecene mycotoxins, which significantly reduce seed germination [20,21].

F. culmorum (Wm. G. Sm.) Sacc., also belonging to the F. sambucinum species complex,
is considered to be an economically important pathogen of cereals, particularly wheat and
barley [22]. It causes crop production losses each year worldwide and is widespread in
Europe, North Africa, Asia and Australia [23]. According to Hartman et al. [10], F. culmorum
have been isolated from soybean, but there are not many reports of its pathogenicity for this
crop. However, Zeng et al. [23] consider this pathogen to be one of the major causal agents
of soybean root rot in three provinces in China. There are few reports of the detection of this
species on soybean seed and plants in Poland [12–14,20,24] The pathogenicity of F. culmorum
isolates is closely linked to production of mycotoxins, including the trichothecenes [25].

Not all Fusarium isolates obtained from field-collected plants are pathogenic, meaning
that not all of them have the ability to induce disease symptoms in the plants. Moreover,
they may differ in aggressiveness, which is commonly defined as the quantitative variation
of pathogenicity on susceptible hosts [26]. Variability in pathogenicity and aggressiveness
within Fusarium genus has been documented in previous studies [5]. Particularly with
regard to F. oxysporum, it is clear that isolates may range from highly aggressive to non-
pathogenic [27]. Therefore, testing the pathogenicity of the obtained Fusarium isolates
should be an important element in identifying pathogens; it is also recommended in Koch’s
postulates and recent guidelines for pathogenicity testing [28].

The aim of this study was to determinate the pathogenicity of nineteen Fusarium
isolates obtained from symptomatic soybean plants grown in southeast Poland and compare
their aggressiveness. Fungal isolates from soybean grown in this geographic region have
not, so far, been subjected to similar research. Apart from F. oxysporum and F. graminearum,
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the isolates tested here included F. culmorum, which has been rarely studied in the context
of pathogenicity for soybean seeds. Moreover, the pathogenicity of F. redolens isolates has
never been tested in Europe on this crop.

2. Materials and Methods
2.1. Samples Collection and Fungi Isolation

Fungal isolates included in this study were obtained in June and July 2019 from soy-
bean plants grown from uncoated seeds in the experimental field located in Makowisko
(50◦2′43′′ N, 22◦47′10′′ E, podkarpackie voivodeship, southeast Poland) [14]. Soil and
weather conditions in this experiment have been described by Jarecki et al. [29]. Collected
soybean plants showed symptoms of fungal infection on the roots or shoots. These symp-
toms have included brown or reddish-brown-to-black lesions on the tap root or lateral
roots. In addition, rotting of the terminal parts of the roots, vascular discoloration and
chlorotic or necrotic lesions on the stems were observed. The sampled material was rinsed
and surface-disinfected with 1.4% sodium hypochlorite solution for one minute, rinsed
three times in the sterile water and air-dried on sterile tissue paper under aseptic conditions.
Finally, the samples of organs with disease symptoms were cut into 1 cm long fragments
and placed in Petri dishes on mineral SNA medium [9] with tetracycline hydrochloride
(2.5 mg L−1). Petri dishes with plant fragments were incubated at room temperature in the
darkness for 14 days, until fungal mycelium grew. The fungi that grew on the SNA medium
were subsequently isolated by cutting small pieces of the mycelium and transferring them
to separate Petri dishes with the potato dextrose agar (PDA, DifcoTM, Sparks, MD, USA)
medium. Then, pure isolates were obtained using a single-spore isolation method [30].
A suspension of conidia from mycelium was prepared in 5 mL sterile water on a sterile
plastic Petri dish. Then, 5 µL of the conidial suspension was pipetted and transferred
to the centre of the Petri dish containing 2% water agar medium. The conidial suspen-
sion was spread on the surface of the medium using a glass spatula and incubated for
12–14 h at 26 ± 2 ◦C. Thereafter, single germinating conidia were picked under the micro-
scope and transferred onto Petri dishes with PDA medium. Successfully grown cultures
obtained from these conidia constituted fungal isolates used in further experiments.

2.2. Morphological Identification and Characterization

The morphological characterization of fungal isolates was carried out after 14 days
of incubation on PDA medium in the dark at 23 ± 2 ◦C. First, the culture appearance
was noted for each isolate by describing the structure of mycelium and its colour on both
sides of the culture. Then, several macroconidial features, including shape, size and the
number of septa, were recorded from 100 spores of each tested isolate using a NICON
Eclipse 80i microscope. The presence of microconidia was also noted during microscopic
observations. The recorded data were compared with species descriptions in keys of
taxonomic identification [9,31].

The fungal growth test was set up by transferring 5 mm diameter mycelial discs with
a sterile corkborer from a 2 week fungal culture to the centre of a fresh Petri dish with PDA
medium. The plates were incubated at 26 ± 2 ◦C in dark. The fungal growth was recorded
daily for 4 days and measured from the edge of the initial inoculum to the extreme area of
the mycelia using four perpendicular lines drawn on the reverse of the Petri dishes. This
experiment was conducted in three replicates and the average values of the 4 measurements
made along the lines marked on the Petri dishes were recorded at 24 h intervals. Then
growth rate (in mm/day) was calculated and compared among the studied isolates using
one way analysis of variance (ANOVA) and Tukey’s post-hoc test.

2.3. Molecular Identification of Species

The genomic DNA was extracted from fourteen-day-old isolates according to a modi-
fied CTAB method [32]. The extraction buffer contained: 3% w/v CTAB, 100 mM Tris-base,
20 mM EDTA, 1.4 M NaCl, pH = 8. The quality and the quantity of the total extracted
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DNA were evaluated using a NanoDrop2000 (Thermo Scientific, Wilmington, DE, USA).
Following the recommendations of O’Donnell et al. [33], two highly informative genomic
regions, translation elongation factor 1 alpha (TEF1) and RNA polymerase second largest
subunit (RPB2), were selected for a sequence-based species identification of the tested
Fusarium isolates. First, polymerase chain reaction (PCR) amplification was performed in
a volume of 25 µL containing 12.5 µL of Platinum Green Hot Start PCR 2X Master Mix
(Invitrogen, Vilnius, Lithuania), 0.2 µM of each of the two primers and 50 ng of DNA.
PCRs for TEF1 region were performed using primers EF1 and EF2, while RBP2 region was
amplified using primers 5f2 and 7cr [33]. The amplification was carried out using a C1000
thermal cycler (Bio-Rad, Singapore) using the following temperature conditions: 2 min
at 94 ◦C, followed by 35 cycles at 94 ◦C for 30 s, 56 ◦C for 90 s and 68 ◦C for 3 min with
a final extension step at 68 ◦C for 5 min. Subsequently, the obtained PCR products were
treated with ExoSAP-IT reagent following the manufacturer’s protocol (Applied Biosys-
tems, Vilnius, Lithuania) and then subjected to sequencing. Primers EF3 and EF22U were
used to sequence the TEF1 region and primers 5f2 and 7cr for the RPB2 region [33]. Cycle
sequencing reactions were performed using Big Dye Terminator v3.1 chemistry (Applied
Biosystems, Vilnius, Lithuania) and Veriti thermal cycler (Applied Biosystems, Singapore)
following the manufacturer’s recommendations. The products of sequencing reactions
were purified using ethanol/EDTA precipitation and separated on a 3500 Genetic Analyzer
(Applied Biosystems, Ibaraki, Japan). The obtained sequences were reviewed and edited
using Sequencing Analysis software v.6.0 (Applied Biosystems, Foster City, CA, USA). Then
forward and reverse sequences for each genomic region and each Fusarium isolate were
trimmed and assembled into continuous sequences using MEGA software v.11 [34]. Subse-
quently, the obtained sequences were deposited in GenBank. These were also subjected to
a search of highly similar sequences in the NCBI database (http://blast.ncbi.nlm.nih.gov/
accessed on 1 August 2023) by nucleotide BLAST and the FUSARIUM ID v.3.0. database on
the Galaxy platform (http://usegalaxy.eu/datasets/edit, accessed on 1 August 2023) [35].
Fusarium species for each sequenced isolate were determined based on BLAST results with
99–100% identity (Tables S1 and S2).

2.4. Phylogenetic Analysis

BLAST searches revealed that the 19 Fusarium isolates studied here represent the
following four species: F. redolens, F. oxysporum, F. culmorum and F. graminearum. Therefore,
we downloaded representative TEF1 and RPB2 sequences from the NCBI database of these
species from various geographic regions and included them in the phylogenetic analysis
for comparative purposes (see also Table S3). We also added sequences of F. solani in
order to root the dendrograms. Phylogenetic analysis was performed in MEGA software
v.11. First, all sequences were aligned using CLUSTAL W. Then, a phylogenetic tree was
constructed using the maximum likelihood (ML) method. Bootstrap values for maximum
likelihood were 1000 replicates, with one search replicate per bootstrap replicate. Bootstrap
values > 50 were shown in phylogenetic trees.

2.5. Pathogenicity Test of Fusarium Species on Soybean Seeds

The pathogenicity test was conducted on healthy soybean seeds of three cultivars
recommended for cultivation in Poland, namely Mavka, Atlanta and Abelina. The test for
each cultivar was performed in three replicates of 100 seeds each. The seed soaking method
was used in the inoculation process [7]. Spore suspension was prepared from single-spore
cultures grown on PDA medium in 9 cm diameter Petri dishes. Under a sterile laminar flow
chamber, 14 day-old mycelium of each of the Fusarium isolates was transferred to a sterile
glass bottle with 70 mL potato dextrose broth (PDB, DifcoTM) medium and incubated at
150 r min−1 and 25 ◦C on an orbital shaker Innova 40R (New Brunswick Scientific, CT,
USA) for 7 days. Then, the suspension was poured through a sterile sieve with 0.8 mm
diameter holes in order to remove excess mycelium that had grown during the suspension
shaking process. The concentration of this was assessed using a hemacytometer under a
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NICON Eclipse 80i microscope at 400 times magnification. Then, the concentration of the
spore suspension was adjusted to 1 × 106 spores per mL with a sterile PDB medium and
used for inoculation. Soybean seeds used in this study were surface disinfected with 1.4%
sodium hypochlorite solution (v/v) for one minute, rinsed three times in sterile distilled
water and placed on sterile filter paper in a Petri dish to dry. Subsequently, disinfected
seed material was dipped in the spore suspension for 5 min, drained and placed in a
Petri dish with sterile tissue paper. The seeds soaked in PDB medium without spores
constituted negative controls. Then, Petri dishes with inoculated and control seeds were
kept under controlled conditions (25 ± 2 ◦C in the dark with 70% humidity) in Micro Clima
plant growth chambers (Snijders Labs, Tilburg, The Netherlands). During incubation, filter
papers in Petri dishes were moistened with sterilized water to prevent germinating seeds
from drying out. Seven days after inoculation, abundant mycelium and seed coats were
removed from the seeds/seedlings to allow a precise assessment of disease symptoms
visible also on cotyledons and radicle, which were mostly brown, black or rotten areas
of these organs (necrosis). The disease symptoms of the seeds/seedlings were recorded
according to a 0–5 arbitrary scale modified after Zang et al. [36] in which: 0 = healthy
germinated seedling with no disease symptoms (no necrosis); 1 = slight necrosis with the
total diseased area up to 10%; 2 = slight-to-moderate necrosis with total diseased area
between 11 and 25%; 3 = moderate necrosis with total diseased area 26–50%; 4 = extensive
necrosis with total diseased area 51–75%; and 5 = extensive necrosis with total diseased
area over 75% or complete decay of the seed (Figure 1).
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tion, following Koch’s postulates. The obtained fungal cultures were subjected to DNA 
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Figure 1. Rating scale of disease symptoms on soybean seedlings inoculated with Fusarium spp.
Pictures of seedlings representing the following disease ratings: 0 = healthy germinated seedling
with no disease symptoms (no necrosis); 1 = slight necrosis with the total diseased area up to 10%;
2 = slight-to-moderate necrosis with total diseased area between 11 and 25%; 3 = moderate necrosis
with total diseased area 26–50%; 4 = extensive necrosis with total diseased area 51–75%; 5 = extensive
necrosis with total diseased area over 75%.

In addition, for each individual soybean seedling, the length of its primary root
(radicle) was measured. Significance level was set at α = 0.05. Then, a representative
sample of inoculated seeds/seedlings was placed on a PDA medium in order to obtain
fungal cultures. This was undertaken in order to confirm infection by the fungus used
for inoculation, following Koch’s postulates. The obtained fungal cultures were subjected
to DNA extraction, PCR amplification and sequencing of the TEF1 region as described in
Section 2.3. The sequences of these cultures were identical to sequences of the original
Fusarium isolates used for inoculation.

2.6. Statistical Analysis

All data were processed using Microsoft Office Excel, whereas statistical analyses were
carried out using software Statistica version 13.3 (Tibco Software, Palo Alto, CA, USA). Data
on disease symptoms ratings, germination percentage and radicle length were obtained
from 900 seeds for each isolate (3 × 100 seeds for each cultivar). In turn, measurements
of macroconidia structures were carried out for 100 items of each isolate. The significance
of the observed differences among tested isolates in the growth rate and macroconidia
measurements were tested by means of one-way analysis of variance (ANOVA) and a
subsequent post-hoc Tukey’s test. Disease ratings were replaced by a mid-point of the
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range of percentage of the diseased area specified for each rating. Then, these percentage
data were subjected to a non-parametric Kruskal–Wallis test to compare the aggressiveness
of all of the tested Fusarium isolates. The same test was used to analyse statistical differences
in soybean germination percentage and radicle length among treatments with different
isolates.

3. Results
3.1. Morphological and Molecular Identification of Fungal Isolates

Based on cultural and morphological features such as growth rate, length and width of
macroconidia, basal cell shape, number of septa in macroconidia and presence or absence
of microconidia in the culture, nineteen tested isolates were tentatively classified into three
different groups. The first distinct group included isolate nos. 1–9, while the second and
the third groups contained isolate nos. 10–13 and nos. 14–19, respectively (Table 1).

Cultures of isolates belonging to the first group grown on PDA medium were generally
characterized by an abundant white-to-pale-purple cottony mycelium and a dark purple
under the surface. The average growth rate of these cultures ranged between 4.49 and
6.27 mm/day. Macroconidia were relatively slender, 30.35–39.42 µm long on average, thin
walled and had 2–5 septa. Their average width ranged between 3.03 and 4.42 µm and
deviated significantly from the macroconidia width of isolates in the other two groups,
with the exception of one isolate (Table 1). Microconidia were observed only in the cultures
of isolate nos. 1–9; these had an oval or elliptical shape with no septa inside.

The second group included isolates with cultures characterized by a dark mycelium
colour from pastel red to deep red. Of all the tested isolates, the lowest average growth rate
was recorded for cultures of isolate nos. 10–13. It ranged between 2.36 and 3.77 mm/day.
The observed macroconidia had no foot and were relatively short and thick, with average
length and width varying between 27.00 and 32.03 µm and between 5.29 and 5.68 µm,
respectively. Microconidia were not observed in cultures of these isolates.

Cultures of isolates from the third group were coloured yellowish brown to reddish
brown, sometimes with a central mass in red, and with the reverse red. Their average
growth rate was rather high, ranging between 5.32 and 7.71 mm/day. Of all the tested
isolates, the fastest growing belong to this group. Macroconidia were slender, thick-walled
and significantly longer compared with the macroconidia of isolates from other two groups
(Table 1). Their average length varied between 52.08 and 53.82 µm. Macroconidia width
reached intermediate values and ranged between 4.80 and 5.10 µm. These spores had
2–7 septa and their basal cell had a clearly visible foot. Microconidia were not observed in
cultures of these isolates either.

Final assignment of nineteen isolates of the Fusarium species was performed based
on the results on BLAST analysis of the TEF1 and RPB2 sequences (GeneBank accession
numbers: OP985466—OP985484 and OR248153—OR248171 for TEF1 and RPB2, respec-
tively) against NCBI and FUSARIUM ID v3.0 databases. BLAST results reveal a high level
of identity (99–100%) between the tested sequences and the sequences deposited in these
two databases. Based on the results with the highest sequence similarity, isolate nos. 2–9
were identified as F. oxysporum, isolate nos. 10–14 as F. culmorum and isolate nos. 15–19 as F.
graminearum (Tables S1 and S2). Isolate no. 1 was recognised as another species, F. redolens,
although it could not be distinguished from the other isolates in the first group based on
the results of mycological analysis. Culture growth rate and the macroconidia length and
width of the F. redolens isolate fit into the ranges recorded for F. oxysporum isolate nos. 2–9
(Table 1); therefore, these two species were distinguished only on the basis of the TEF1 and
RPB2 sequences.
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Table 1. Characteristics of nineteen Fusarium isolates, including description of culture appearance and its average growth rate (±standard deviation) based on
measurements taken after 4 days of growth. Macroconidia measurements include their average (±standard deviation), length, width and the number of septa. Table
also contains information on the presence (+) or absence (−) of foot on macroconidia and of microconidia in the culture. Dashed lines separate the three isolate
groups distinguished during mycological analysis.

Isolate
Number Isolate Name # Culture Appearance Growth Rate

(mm/day)

Macroconidia
Microconidia

Length (µm) Width (µm) Septa
Number Foot

1 Fr_S1 White, flocky, reverse white 6.08 ± 0.19 efg* 35.49 ± 8.83 def* 3.57 ± 0.56 bcd* 2–3 + +
2 Fo_Mv1 Pale purple, reverse light purple in the centre 5.46 ± 0.04 def 34.06 ± 9.94 cde 4.42 ± 0.71 e 2–5 + +
3 Fo_At1 White, flocky, reverse white 5.72 ± 0.33 def 30.35 ± 8.80 abc 3.88 ± 0.47 cd 2–4 + +
4 Fo_Mv3 Dark purple, white margins, reverse purple 5.55 ± 0.07 def 38.80 ± 8.86 ef 3.03 ± 0.82 a 2–5 + +
5 Fo_L1 Pale purple, flocky, reverse purple 4.95 ± 0.02 cde 36.28 ± 8.69 def 3.31 ± 0.89 ab 2–5 + +
6 Fo_V3 Light purple and flocky, reverse pale purple 6.04 ± 0.21 defg 38.34 ± 8.41 ef 3.67 ± 0.72 bcd 2–5 + +
7 Fo_V1 White, reverse purple in the centre and white at the margins 4.79 ± 0.67 cd 39.26 ± 5.10 f 3.48 ± 0.81 bc 2–5 + +
8 Fo_Md7 Light purple, fluffy and flocky, reverse pale purple 5.83 ± 0.02 def 35.96 ± 8.52 def 3.89 ± 0.70 d 2–5 + +
9 Fo_An7 White with fluffy growth, reverse white and flocky 6.27 ± 0.25 fg 39.42 ± 6.20 f 3.94 ± 0.77 d 2–5 + +
10 Fc_V2 Deep red, reverse dark red 3.45 ± 0.99 ab 28.15 ± 6.34 ab 5.68 ± 1.01 i 2–5 − −
11 Fc_S1 Pastel red, orange-yellow margins, reverse pale red 2.36 ± 0.44 a 27.00 ± 3.36 a 5.64 ± 0.85 i 2–4 − −
12 Fc_At4 Dark red, reverse red with beige margins 3.77 ± 1.08 bc 32.03 ± 5.10 bcd 5.47 ± 0.75 hi 2–4 − −
13 Fc_At5 Deep red, light red margins, reverse pastel red 2.54 ± 0.28 ab 29.01 ± 4.69 ab 5.29 ± 0.81 ghi 2–4 − −
14 Fg_At7 Pastel red to light yellow, reverse red 6.56 ± 0.22 fgh 53.11 ± 14.04 g 4.80 ± 1.02 ef 2–7 + −
15 Fg_L7 White to pale pink, reverse strongly red in the centre 7.30 ± 0.08 gh 53.82 ± 15.27 g 4.98 ± 0.94 fg 3–7 + −
16 Fg_V1 Pastel red to light yellow, reverse red 5.73 ± 0.20 def 52.89 ± 13.08 g 5.02 ± 0.87 fg 3–7 + −
17 Fg_L5 White yellowish, reverse yellowish brown 7.71 ± 0.08 h 53.35 ± 14.03 g 4.99 ± 0.90 fg 3–7 + −
18 Fg_Md3 Light yellow to greyish red, reverse orange and yellow 5.96 ± 0.18 def 52.08 ± 14.31 g 4.86 ± 0.99 f 3–7 + −
19 Fg_V7 White to pale pink, fluffy, reverse white and flocky 5.32 ± 0.16 def 53.38 ± 12.33 g 5.10 ± 0.78 fgh 3–7 + −

# Isolate names include abbreviated fungal species name (as determined based on BLAST of TEF1 and RBP2 sequences: Fr, F. redolens; Fo, F. oxysporum; Fc, F. culmorum; Fg, F. graminearum.
See Tables S1 and S2). They also contain abbreviated soybean cultivar (S, Smuglyanka; Mv, Mavka; At, Atlanta; L, Lajma; V, Violetta; Md, Madlen; An, Annushka) and a plant number
from which the isolate was obtained. * Different lowercase letters in the same column indicate a significant difference (p < 0.05), according to Tukey’s post-hoc test.
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Phylogenetic analysis confirmed assignment of the studied isolates to the four above-
mentioned Fusarium species. Separate analyses performed for the TEF1 and RPB2 regions
yielded consistent results (Figure 2). Both ML trees formed four well-supported clades.
Clade 1 included six isolates (14–19) and NCBI records of F. graminearum. Clade 2 included
four isolates (10–13) and NCBI records of F. culmorum. Clade 3 contained one isolate (1) and
NCBI records of F. redolens and clade 4 consisted of eight isolates (2–9) and NCBI records of
F. oxysporum.

3.2. Pathogenicity of the Obtained Isolates

Seven days after inoculation, soybean seeds were covered with mycelium and necrotic
symptoms (brown, black or rotten tissues) were visible on radicles and cotyledons. In
contrast, uninoculated control seeds remained asymptomatic (Figure S1). Disease area
percentage of Fusarium-inoculated seeds was significantly higher compared with that of the
control (Table 2). Therefore, all tested isolates were able to infect soybean seeds and they
were all pathogenic for this crop. Nineteen isolates differed with aggressiveness; median
disease area percentage ranged between 5.0 and 88.0%, depending on the isolate, and there
were statistically significant differences among them (Table 2). The most aggressive isolates
for all three soybean cultivars were F. oxysporum isolate nos. 6 and 7 because the highest
proportion of seeds inoculated with these isolates showed the most severe symptoms
(diseased area > 75% or complete decay of the seed; Figure S2). In contrast, F. culmorum
isolate no. 13 was the least aggressive as the median diseased area percentage equalled
5.0% (Table 2).

Table 2. Effects of inoculation with 19 Fusarium isolates on diseased area percentage, radicle length
and germination percentage of 3 soybean cultivars. Table contains median values for each variable.

Isolate
No.

cv. Abelina cv. Atlanta cv. Mavka

DA% RL (mm) G% DA% RL (mm) G% DA% RL (mm) G%

1 88.00 bc* 9.00 def* 61.00 ab* 63.00 cde* 22.00 cdefg* 91.00 ab* 38.00 efg* 20.00 bc* 89.00 ab*
2 88.00 bc 9.50 bcd 57.00 ab 63.00 cd 40.00 ab 82.00 ab 63.00 bcd 20.00 bc 87.00 ab

3 38.00 de 5.00 defghi 63.00 ab 38.00 gh 10.00 jk 79.00 ab 38.00 g 9.50 ef 86.00 ab

4 18.00 ef 5.00 ghi 69.00 ab 18.00 h 10.00 jk 83.00 ab 5.00 h 6.00 f 88.00 ab

5 88.00 bc 4.00 fghi 54.00 ab 38.00 gh 15.00 ij 84.00 ab 38.00 defg 10.00 ef 83.00 ab

6 88.00 a 0.00 j 23.00 b 88.00 a 5.00 k 63.00 b 88.00 a 0.00 g 42.00 b

7 88.00 a 0.00 j 12.00 b 88.00 b 11.50 hij 58.00 b 88.00 a 0.00 g 24.00 b

8 88.00 bc 7.00 defg 60.00 ab 38.00 defg 20.50 fgh 82.00 ab 38.00 g 20.00 bc 83.00 ab

9 63.00 cd 10.00 cde 64.00 ab 38.00 fgh 20.00 ghi 85.00 ab 38.00 g 20.00 bc 87.00 ab

10 88.00 bc 10.00 cde 56.00 ab 38.00 defg 21.00 efg 84.00 ab 63.00 bcde 19.00 cde 84.00 ab

11 88.00 bc 10.00 cde 60.00 ab 63.00 defg 20.00 fghi 87.00 ab 63.00 bc 19.00 bcd 83.00 ab

12 38.00 de 10.00 bc 78.00 ab 38.00 efgh 35.50 ab 91.00 ab 38.00 fg 23.50 b 84.00 ab

13 5.00 f 10.00 b 83.00 ab 5.00 i 35.00 a 96.00 ab 5.00 h 35.00 a 93.00 ab

14 88.00 b 5.00 efghi 55.00 ab 63.00 bc 35.00 ab 98.00 abc 38.00 cdefg 21.00 bc 88.00 ab

15 88.00 bc 0.00 hi 44.00 ab 63.00 defg 30.00 bcdef 85.00 ab 88.00 b 10.00 def 76.00 ab

16 18.00 ef 20.00 ab 71.00 ab 18.00 h 32.00 abcd 87.00 ab 18.00 h 34.00 a 90.00 ab

17 38.00 de 10.00 cde 63.00 ab 38.00 defg 39.00 abc 81.00 ab 50.50 cdefg 29.00 ab 84.00 ab

18 88.00 bc 5.00 defgh 52.00 ab 38.00 defg 39.50 ab 88.00 ab 63.00 bcdef 16.00 cde 74.00 ab

19 88.00 b 0.00 i 31.00 ab 63.00 def 29.00 defg 65.00 ab 63.00 bcdef 30.00 ab 77.00 ab

control 0.00 g 20.00 a 98.00 a 0.00 j 25.00 abcde 100.00 a 0.00 i 20.00 bc 100.00 a

Isolate numbers as in Table 1. * The presence of different lowercase numbers in the same column indicates
a significant difference (p < 0.05) according to pairwise significance tests performed after Kruskal–Wallis test.
Abbreviations: DA%, disease area percentage; RL, radicle length; G%, germination percentage.
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Figure 2. Phylogenetic tree inferred by maximum likelihood (ML) analysis of the concatenated,
partial sequences of translation elongation factor 1-alpha (TEF1) and RNA polymerase second largest
subunit (RPB2). The ML analysis was based on the sequences of 19 Fusarium isolates characterised in
this study (indicated by diamonds next to the isolate names) and four Fusarium species obtained from
GenBank (for which the following information is provided: species name, isolate name, isolation source
and a country of origin; GenBank accession numbers of these records are provided in Table S3). The tree
was rooted on F. solani. The numbers above the nodes represent ML bootstrap support (indicated if
higher than 50%) based on 1000 replications of the data implemented in MEGA v.11.
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Seeds of the Abelina cultivar suffered the most from infection because 12 out of all
tested isolates caused severe symptoms (diseased area > 75% or complete decay of the seed)
on over half of the inoculated seeds (Figure S2), and is also manifested in the way in which
the median diseased area reached 88.0% (Table 2). In contrast, such severe effects of the
disease were observed after inoculation with two and three isolates on the Atlanta and
Mavka cultivars, respectively.

Generally, inoculation with tested isolates lowered germination percentage compared
with the control as it ranged between 12 and 83%, 58 and 96% and 24 and 93%, for
cultivars Abelina, Atlanta and Mavka, respectively; however, it was significantly lower
compared with the control only in the case of inoculation with the most aggressive isolates
(nos. 6 and 7). Infection led to growth inhibition of the primary root (radicle), as the median
of its length was significantly lower compared with the uninoculated control in the cases of
most isolates for the Abelina cultivar. For the other two cultivars, this effect was observed
for most F. oxysporum isolates.

4. Discussion

Germination in the field is a vulnerable stage of soybean development in which seeds
and seedlings are exposed to soil-borne pathogenic fungi, especially in the conditions
of high humidity and low temperature. Hartman et al. [10] have listed seven Fusarium
species associated with soybean root rot on both American continents. Here, we tested the
pathogenicity of 19 isolates previously obtained from plants with root rot symptoms from
a field in southeast Poland. Pathogenicity tests of Fusarium fungi must be preceded with
species identification because many members of this genus may be responsible for similar
symptoms.

The accurate identification of fungal pathogens often requires the adoption of a
polyphasic approach based on morphology, ecology and molecular methods [28]. The
sequencing of one or two genes has become a standard method of confirming species assign-
ment within the Fusarium genus [37]. O’Donnell et al. [33] have recommended sequencing
regions which are universally informative within Fusarium: TEF1 and RNA polymerase
largest subunit (RPB1) and/or RPB2. In the case of our study, the TEF1 and RPB2 sequences
proved to be sufficient for the unambiguous assignment of the nineteen isolates to four
Fusarium species. Many recent studies have used the same two regions for Fusarium species
identification [7,8,38–43]. Our research has confirmed that sequencing is essential for distin-
guishing Fusarium species. The preliminary analysis of the morphological characteristics,
such as culture appearance, growth rates and macroconidia measurements, did not show
statistically significant differences between isolate no. 1 and all of the F. oxysporum isolates
(nos. 2–9). Only sequencing TEF1 and RPB2 genes revealed that isolate no. 1 belongs to a
different species, F. redolens.

To our knowledge, this is the first time that F. redolens has been isolated from soybean
in Europe, although there is a possibility that it was identified as F. oxysporum in earlier
studies. The reason for this is that the taxonomic status of F. redolens changed a number of
times over the 20th century and some authors included it into their concept of F. oxysporum
or considered it to be a variety of F. oxysporum [9]. Because molecular techniques allow
for a clear distinction of both species, numerous studies have described the isolation of F.
redolens from a wide range of crops, including chickpea, pea, lentil, asparagus, corn, wheat,
potato and sugar beet [44–49]. However, currently, all reports of detecting it on soybean
originate from North America [50,51].

The nineteen isolates included in this study represent four Fusarium species: F. redolens,
F. oxysporum, F. culmorum and F. graminearum. All of these isolates appeared to be pathogenic
to soybean seeds, although two F. oxysporum isolates (nos. 6 and 7) were clearly the most
aggressive for all three cultivars compared with other isolates. There are many reports on
the pathogenicity of Fusarium isolates which are based on soil-free experiments in which
soybean seeds are germinated, grown in Petri dishes or paper towels. Their outcome
is often similar to our results: all tested isolates were pathogenic but differed in their
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aggressiveness [8,52,53]. Conditions in such pathogenicity tests (high humidity and soil-free
environment) may favour disease development, hence their result may be overestimated.
Therefore, laboratory pathogenicity tests should be treated as preliminary studies and
ideally their results should be confirmed in greenhouse or field experiments, as suggested,
for example, by Hartman et al. [21].

F. oxysporum is a ubiquitous species which is frequently isolated from crops, including
soybean [36,44]. This species is generally characterised by a high genetic diversity which
also affects its aggressiveness. Variation in the severity of symptoms triggered by different F.
oxysporum isolates is frequently reported. Diaz Arias et al. [5] compared the aggressiveness
of 14 isolates of this species obtained from the roots of soybean grown in Iowa (USA). All
isolates had detrimental effects on the growth of experimental soybean plants; however,
only for one of these did root rot severity differ statistically significantly from the non-
inoculated control. In another study, Ellis et al. [52] characterized over 100 isolates of F.
oxysporum collected from soybean roots and seedlings in the USA and proved their genetic
diversity. Based on laboratory pathogenicity assay, they also categorised these isolates into
highly, moderately and weakly aggressive. The most aggressive isolates induced clear
symptoms of wilt, damping-off and root rot on soybean seedlings.

F. graminearum causes root rot and seedling disease of soybean with symptoms in-
cluding elongate lesions on roots and shoots which are first light brown then become
necrotic, leading to wilting and the death of the plants [10]. In comparative studies on the
pathogenicity of Fusarium species on soybean, F. graminearum often stands out as the species
which is among the most aggressive for this crop. For example, Diaz Arias et al. [5] com-
pared, in a greenhouse experiment, the aggressiveness of nine Fusarium species and found
that F. graminearum strains caused the most severe root rot symptoms. A similar conclusion
was made in two other studies comparing the aggressiveness of Fusarium isolates for soy-
bean seed and seedlings [36,54]. Variation in aggressiveness among F. graminearum isolates
for this crop has also been reported. For example, Parikh et al. [44] have demonstrated
significant differences in disease severity recorded on soybean seedlings after inoculation
with eight isolates of this species. A similar result was presented by Bonacci et al. [53],
based on pathogenicity assay with ten F. graminearum isolates.

The other two species included in our research, F. culmorum and F. redolens, have been
rarely studied in the context of their pathogenicity on soybean seedlings. F. culmorum was
found to be pathogenic for soybean in Canada [50,55]. Although, Zeng et al. [23] describe
this species as one of the major causal agents of soybean root rot in three provinces in China.
To our knowledge, data on F. redolens pathogenicity to soybean is equally limited; it has
been reported in only two studies [50,51].

The pathogenicity of Fusarium spp. is determined by a wide range of factors, including
the genes responsible for signal transduction, detoxifying antifungal compounds produced
by plants, metabolic enzymes and cell wall-degrading enzymes [56,57]. Genes responsible
for the pathogenicity of the Fusarium species, located on accessory chromosomes, can be
horizontally transferred from one strain to another [58,59]. Therefore, isolates of different
Fusarium species obtained from the same location may share these pathogenicity factors
and have a similar impact on plants.

Many Fusarium species have the ability to produce mycotoxins, such as trichothecenes,
which can be toxic to plants [60]. Evidence that these compounds contribute to the
pathogenicity of fungi has been provided, for example, by Hestbjerg et al. [61], who
found a significant positive correlation between the concentration of deoxynivalenol (be-
longing to trichothecenes), and disease index recorded for barley seedlings inoculated with
70 F. culmorum isolates. Our isolates belonging to F. culmorum and F. graminearum species
may be subject to similar research in the future.

In our pathogenicity tests, we found that inoculated seeds of Abelina cultivar showed
the strongest reduction of germination percentage and the strongest radicle growth inhi-
bition compared with the Atlanta and Mavka cultivars. The information that the Abelina
cultivar is more susceptible to Fusarium infection may be useful for planning future testing
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of pathogenicity of fungal isolates representing this genus. Nevertheless, it is important
to note that none of the tested three soybean cultivars was resistant to Fusarium infection.
Finding sources of resistance to these pathogens would require large-scale pathogenicity
tests using a high number of soybean cultivars [9].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pathogens12091162/s1, Figure S1: Soybean seeds with disease symptoms
on radicles and cotyledons after inoculation with Fusarium spp. isolates. Figure S2: Percentage of
seeds assigned to a 0–5 disease rating after inoculation with 19 Fusarium isolates calculated for three
soybean cultivars. Table S1: BLASTn results for translation elongation factor (TEF1) gene of the
19 Fusarium isolates. Table S2: BLASTn results for RNA polymerase second largest subunit (RPB2)
gene sequences of the 19 Fusarium isolates. Table S3: Details on the origin of the reference Fusarium
spp. isolates (including the species, isolate name, source and country of isolation) and the GenBank
accession numbers of their TEF1 and RPB2 sequences included in phylogenetic analysis.
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29. Jarecki, W.; Buczek, J.; Jańczak-Pieniążek, M. Soybean [Glycine Max (L.) Merr] response to commercial inoculation with Bradyrhizo-

bium japonicum. AEM 2019, 18, 6713–6724. [CrossRef]
30. Aboul-Nasr, M.B.; Abdul-Rahman, M.R. A single spore technique for single spore isolation of Fusarium verticillioides and Fusarium

subglutinans. World J. Biol. Biol. Sci. 2014, 2, 21–25.
31. Barnett, H.L.; Hunter, B.B. Illustrated Genera of Imperfect Fungi; APS PRESS: St. Paul, MN, USA, 1988.
32. Doyle, J.J.; Doyle, J.L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem. Bull. 1987, 19, 11–15.
33. O’Donnell, K.; Whitaker, B.K.; Laraba, I.; Proctor, R.H.; Brown, D.W.; Broders, K.; Kim, H.-S.; McCormick, S.P.; Busman, M.; Aoki,

T.; et al. DNA sequence-based identification of Fusarium: A work in progress. Plant Dis. 2022, 106, 1597–1609. [CrossRef]
34. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis Version 11. Mol. Biol. Evol. 2021, 25,

3022–3027. [CrossRef]
35. Torres-Cruz, T.J.; Whitaker, B.; Proctor, R.H.; Laraba, I.; Kim, H.-S.; Brown, D.W.; O’Donnel, K.; Geiser, D.M. FUSARIUM-ID v.3.0:

An updated downloadable resource for Fusarium species identification. Plant Dis. 2022, 106, 1610–1616. [CrossRef]
36. Zhang, J.X.; Xue, A.G.; Cober, E.R.; Morrison, M.J.; Zhang, H.J.; Zhang, S.Z.; Gregorich, E. Prevalence, pathogenicity and cultivar

resistance of Fusarium and Rhizoctonia species causing soybean root rot. Can. J. Plant Sci. 2013, 93, 221–236. [CrossRef]
37. Summerell, B.A. Resolving Fusarium: Current Status of the Genus. Annu. Rev. Phytopathol. 2019, 57, 323–339. [CrossRef]
38. Chang, X.; Yan, L.; Naeem, M.; Khaskheli, M.I.; Zhang, H.; Gong, G.; Zhang, M.; Song, C.; Yang, W.; Liu, T.; et al. Maize/soybean

relay strip intercropping reduces the occurrence of fusarium root rot and changes the diversity of the pathogenic Fusarium
species. Pathogens 2020, 9, 211. [CrossRef] [PubMed]

39. Felix-Gastelum, R.; Mora-Carlon, B.A.; Leyva-Madrigal, K.Y.; Solano-Baez, A.R.; Perez-Mora, J.L.; Guerra-Meza, O.; Mora-Romero,
G.A. Sorghum sheath blight caused by Fusarium spp. in Sinaloa, Mexico. Plant Dis. 2022, 106, 1454–1461. [CrossRef] [PubMed]

40. James, J.E.; Santhanam, J.; Zakaria, L.; Rusli, N.M.; Abu Bakar, M.; Suetrong, S.; Sakayaroj, J.; Razak, M.F.A.; Lamping, E.; Cannon,
R.D. Morphology, phenotype, and molecular identification of clinical and environmental Fusarium solani species complex isolates
from Malaysia. J. Fungi 2022, 8, 845. [CrossRef]

41. Ma, Y.M.; Zhu, J.Z.; Li, X.G.; Wang, L.L.; Zhong, J. Identification and first report of Fusarium andiyazi causing sheath rot of Zizania
latifolia in China. Plants 2021, 10, 1844. [CrossRef]

https://doi.org/10.24326/asphc.2021.5.13
https://doi.org/10.1139/b52-018
https://doi.org/10.1111/ppa.12532
https://doi.org/10.1016/j.foodres.2020.109336
https://www.ncbi.nlm.nih.gov/pubmed/32846534
https://doi.org/10.1094/PDIS-91-9-1155
https://doi.org/10.3390/toxins13120884
https://doi.org/10.1094/PDIS-12-18-2286-RE
https://doi.org/10.1071/AP04010
https://doi.org/10.1111/jph.12556
https://doi.org/10.1016/j.ijfoodmicro.2005.09.005
https://doi.org/10.1111/j.1365-3059.2009.02039.x
https://doi.org/10.1146/annurev-phyto-080615-095919
https://www.ncbi.nlm.nih.gov/pubmed/28489498
https://doi.org/10.3390/pathogens10091096
https://www.ncbi.nlm.nih.gov/pubmed/34578129
https://doi.org/10.15666/aeer/1805_67136724
https://doi.org/10.1094/PDIS-09-21-2035-SR
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1094/PDIS-09-21-2105-SR
https://doi.org/10.4141/cjps2012-223
https://doi.org/10.1146/annurev-phyto-082718-100204
https://doi.org/10.3390/pathogens9030211
https://www.ncbi.nlm.nih.gov/pubmed/32183013
https://doi.org/10.1094/PDIS-10-21-2303-RE
https://www.ncbi.nlm.nih.gov/pubmed/34907807
https://doi.org/10.3390/jof8080845
https://doi.org/10.3390/plants10091844


Pathogens 2023, 12, 1162 14 of 14

42. Nuangmek, W.; Kumla, J.; Khuna, S.; Lumyong, S.; Suwannarach, N. Identification and characterization of Fusarium species
causing watermelon fruit rot in northern Thailand. Plants 2023, 12, 956. [CrossRef]

43. Xu, X.; Zhang, L.; Yang, X.L.; Shen, G.J.; Wang, S.; Teng, H.L.; Yang, C.B.; Liu, X.Y.; Wang, X.J.; Zhao, J.W.; et al. Fusarium species
associated with maize leaf blight in Heilongjiang province, China. J. Fungi 2022, 8, 1170. [CrossRef]

44. Parikh, L.; Kodati, S.; Eskelson, M.J.; Adesemoye, A.O. Identification and pathogenicity of Fusarium spp. in row crops in Nebraska.
Crop Prot. 2018, 108, 120–127. [CrossRef]

45. Stefanczyk, E.; Sobkowiak, S.; Brylinska, M.; Sliwka, J. Diversity of Fusarium spp. associated with dry rot of potato tubers in
Poland. Eur. J. Plant Pathol. 2016, 145, 871–884. [CrossRef]

46. Jimenez-Fernandez, D.; Navas-Cortes, J.A.; Montes-Borrego, M.; Jimenez-Diaz, R.M.; Landa, B.B. Molecular and pathogenic
characterization of Fusarium redolens, a new causal agent of Fusarium yellows in chickpea. Plant Dis. 2011, 95, 860–870. [CrossRef]
[PubMed]

47. Taheri, A.E.; Hamel, C.; Gan, Y.T.; Vujanovic, V. First report of Fusarium redolens from Saskatchewan and its comparative
pathogenicity. Can. J. Plant Pathol. 2011, 33, 559–564. [CrossRef]

48. Shrestha, S.; Poudel, R.S.; Zhong, S.B. Identification of fungal species associated with crown and root rots of wheat and evaluation
of plant reactions to the pathogens in North Dakota. Plant Dis. 2021, 105, 3564–3572. [CrossRef]

49. Christ, D.S.; Marlander, B.; Varrelmann, M. Characterization and mycotoxigenic potential of Fusarium species in freshly harvested
and stored sugar beet in Europe. Phytopathology 2011, 101, 1330–1337. [CrossRef] [PubMed]

50. Zhou, Q.X.; Li, N.N.; Chang, K.F.; Hwang, S.F.; Strelkov, S.E.; Conner, R.L.; McLaren, D.L.; Fu, H.T.; Harding, M.W.; Turnbull, G.D.
Genetic diversity and aggressiveness of Fusarium species isolated from soybean in Alberta, Canada. Crop Prot. 2018, 105, 49–58.
[CrossRef]

51. Bienapfl, J.C.; Malvick, D.K.; Percich, J.A. First report of Fusarium redolens causing root rot of soybean in Minnesota. Plant Dis.
2010, 94, 1069. [CrossRef]

52. Ellis, M.L.; Cruz Jimmenez, D.R.; Leandro, L.F.; Munkvold, G.P. Genotypic and phenotypic characterization of fungi in the
Fusarium oxysporum species complex from soybean roots. Phytopathology 2014, 104, 1329–1339. [CrossRef]

53. Bonacci, M.; Barros, G. Genetic diversity and pathogenicity on root seedlings from three soybean cultivars of Fusarium graminearum
isolated from maize crop residues. Rev. Fac. Cien. Agrar. 2019, 51, 147–160.

54. Barros, G.G.; Zanon, M.S.A.; Chiotta, M.L.; Reynoso, M.M.; Scandiani, M.M.; Chulze, S.N. Pathogenicity of phylogenetic species
in the Fusarium graminearum complex on soybean seedlings in Argentina. Eur. J. Plant Pathol. 2014, 138, 215–222. [CrossRef]

55. Hafez, M.; Abdelmagid, A.; Aboukhaddour, R.; Adam, L.R.; Daayf, F. Fusarium Root Rot complex in soybean: Molecular
characterization, trichothecene formation, and cross-pathogenicity. Phytopathology 2021, 111, 2287–2302. [CrossRef]

56. Michielse, C.B.; Rep, M. Pathogen profile update: Fusarium oxysporum. Mol. Plant Pathol. 2009, 10, 311–324. [CrossRef] [PubMed]
57. Rauwane, M.; Ogugua, U.V.; Kalu, C.M.; Ledwaba, L.K.; Woldesemayat, A.A.; Ntushelo, K. Pathogenicity and virulence of

Fusarium graminearum including factors discovered using next generation sequencing technologies and proteomics. Microorganisms
2020, 8, 305. [CrossRef]

58. Li, J.; Fokkens, L.; Van Dan, P.; Rep, M. Related mobile pathogenicity chromosomes in Fusarium oxysporum determine host range
on cucurbits. Mol. Plant Pathol. 2020, 21, 761–776. [CrossRef] [PubMed]

59. Ma, L.-J.; Van der Does, H.C.; Borkovich, K.A.; Coleman, J.J.; Daboussi, M.-J.; Di Pietro, A.; Dufresne, M.; Freitag, M.; Grabherr,
M.; Henrissat, B.; et al. Comparative genomics reveals mobile pathogenicity chromosomes in Fusarium. Nature 2010, 464, 367–373.
[CrossRef] [PubMed]
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