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ABSTRACT. Fusarium proliferatum is an important pathogen that is 
associated with plant diseases and primarily affects aerial plant parts 
by producing different mycotoxins, which are toxic to humans and 
animals. Within the last decade, this fungus has also been described as 
one of the causes of red root rot or sudden death syndrome in soybean, 
which causes extensive damage to this crop. This study describes the 
Agrobacterium tumefaciens-mediated transformation of F. proliferatum 
as a tool for the disruption of pathogenicity genes. The genetic 
transformation was performed using two binary vectors (pCAMDsRed 
and pFAT-GFP) containing the hph (hygromycin B resistance) gene as 
a selection marker and red and green fluorescence, respectively. The 
presence of acetosyringone and the use of filter paper or nitrocellulose 
membrane were evaluated for their effect on the transformation 
efficiency. A mean processing rate of 94% was obtained with 96 h of 
co-cultivation only in the presence of acetosyringone and the use of 
filter paper or nitrocellulose membrane did not affect the transformation 
process. Hygromycin B resistance and the presence of the hph gene 



2J. Bernardi-Wenzel et al.

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 15 (2): gmr.15027944

were confirmed by PCR, and fluorescence due to the expression of GFP 
and DsRed protein was monitored in the transformants. A high rate of 
mitotic stability (95%) was observed. The efficiency of Agrobacterium-
mediated transformation of F. proliferatum allows the technique to be 
used for random insertional mutagenesis studies and to analyze fungal 
genes involved in the infection process.
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INTRODUCTION

Several species of Fusarium are responsible for causing disease in major crops, such 
as corn, soybean, and wheat, and more than 80% of cultivated plants are infected by species 
of this genus (Ivić et al., 2009). One of the most severe diseases is sudden death syndrome 
(SDS), first described in a Brazilian crop in 1981/82 (Yorinori et al., 1993). SDS is responsible 
for major losses in soybean and is of great importance in Brazil, which is an important grain 
producer in the world. SDS is caused by different species of the genus Fusarium, belonging 
to the Fusarium solani complex, which to date includes F. virguliforme, F. tucumaniae, F. 
crassistipitatum, F. cuneirostrum, and F. brasiliensis. More recently, this also includes F. 
proliferatum, which has been shown to cause disease of the aerial parts of different crops and 
its infection of soybean roots has been well described (Aoki et al., 2005; Díaz-Arias et al., 
2011; Aoki et al., 2012; Chang et al., 2015).

F. proliferatum (Matsush.) Nirenberg, formerly Gerlach & Nirenberg 1982, is a 
fungus with a worldwide distribution that is associated with different diseases in economically 
important plants such as corn, bananas, asparagus, wheat, barley, soybean and potato. It is of 
great importance due to the damage it causes to the plant directly and indirectly through the 
production of mycotoxins, such as moniliformin, bovericin, fusaric acid, fusaroproliferin, and 
fumonisins (Merlington et al., 2014). The best strategy to control infection is the production of 
plants that are resistant to the pathogen. Knowledge of the molecular interactions between the 
host plant and the fungus is critical so that pathogenic genes that can activate plant defense can 
be identified (Boller and He, 2009). The infection process requires the penetration of the host 
plant by the fungus, which then produces a series of smaller proteins and other molecules that 
activate effectors, which represent the host plant defense (Stergiopoulos et al., 2012).

The isolation of pathogenicity genes provides important information to understand 
the mechanisms of fungal infection. Different techniques have been used for this purpose, the 
most common being random insertional mutagenesis, which allows the integration of vector 
DNA into the fungus. This causes disruption of genes, including those causing pathogenicity, 
allowing them to be identified and their function to be elucidated (Mullins and Kang, 2001).

To perform random insertional mutagenesis, the most commonly used techniques 
are the physical transformation of protoplasts using electroporation and polyethylene glycol 
(PEG) (Ruiz-Díez, 2002) and biological methods such as Agrobacterium tumefaciens-
mediated transformation (ATMT). ATMT was initially was only used for plants but has 
been increasingly used in recent decades to transform other species, including filamentous 
fungi (de Groot et al., 1998; Malonek and Meinhardt, 2001; Rodrigues et al., 2013). The 
A. tumefaciens-mediated transformation of filamentous fungi has been performed due to its 
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technical ease of execution, high transformation efficiency, and ability to generate random 
DNA integration into unique sites in the host genome (Mullins et al., 2001). Reports in the 
literature demonstrate the A. tumefaciens-mediated transformation of different Fusarium 
species; however, there is no report of the genetic transformation of F. proliferatum. The 
use of ATMT could form the basis for Agrobacterium-mediated insertional mutagenesis and 
facilitate functional genomics studies in different organisms, in which genes interrupted by 
the insertion of exogenous DNA (plasmid) can be identified by amplifying and sequencing 
these regions to determine which genes are related to pathogenicity in different species (Liu 
and Chen, 2007).

Different protocols for the genetic transformation of fungi via A. tumefaciens 
exist; however, each method can result in different transformation efficiencies and requires 
a protocol adapted for the greatest efficiency in processing. Factors such as the strain 
used and the concentration of some reagents might positively or negatively affect the 
transformation process. The aim of this work was to develop an efficient A. tumefaciens-
mediated genetic transformation method for F. proliferatum using two reporter genes, 
containing either green fluorescent protein (GFP) or Discosoma species Red (DsRed) 
as markers, for future studies of host-pathogen interactions and use for insertional 
mutagenesis in plant-pathogen interactions.

MATERIAL AND METHODS

Strains and plasmids

To perform ATMT, a F. proliferatum strain acquired by the Biological Institute of 
São Paulo (MMBF 78/09) was used. The fungus was grown in potato dextrose agar (PDA) 
medium. The disarmed strains of A. tumefaciens EHA105 containing the plasmid pFAT-GFP 
and pCAM-DsRed were kindly provided by Dr. Carlos Labate (Department of Genetics, 
College of Agriculture “Luiz de Queiroz”, University of São Paulo, Piracicaba, Brazil).

The binary transformation vector pFAT-GFP (Fitzgerald et al., 2003) was kindly 
provided by Kim M. Plummer (PlantIndustry CSIRO, Australia). This binary vector of 18,422 
bp contains the T-DNA region, the hygromycin B resistance gene (hph) from Escherichia 
coli driven by the promoter of the glyceraldehyde-3-phosphate dehydrogenase gene (gpd) 
from Glomerella cingulata, and the gfp gene from the jellyfish Aequorea victoria. The binary 
transformation vector pCAM-DsRed (Eckert et al., 2005) was purchased from the Fungal 
Genetics Stock Center. This binary vector of 12,008 bp includes the T-DNA region, the 
hygromycin B resistance gene (hph) from E. coli driven by the promoter of the glyceraldehyde-
3-phosphate dehydrogenase gene (PgpdA) from Aspergillus nidulans, and the gene for the red 
fluorescent protein, DsRed, from the coral Discosoma sp.

Morphology-based characterization and identification

The fungus F. proliferatum, previously identified as F. solani f. sp Glycines, were 
cultivated in PDA medium and the micro-culture technique was used to identify microscopic 
structures. The cytological and morphological characteristics of endophytes were challenged 
by the identification keys (Nelson et al., 1983).
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DNA extraction

Genomic DNA was extracted using the DNA Isolation Kit Power Soil® (Mobio 
Laboratories Inc., USA) according the manufacturer instructions. The DNA concentration was 
estimated by comparison with DNA standards by electrophoresis on a 1% agarose gel. The 
DNA samples were stored at -20°C.

Amplification and purification of internal transcribed spacer (ITS) of ribosomal 
DNA (rDNA)

The fragments of ITS1-5.8S-ITS2 were amplified by primers ITS1 and ITS4 (White 
et al., 1990). The amplification of ITS regions of rDNA followed the methodology of Magnani 
et al. (2005). The amplified fragments were analyzed by 1% agarose gel electrophoresis. The 
products of amplification of ITS1-5.8S-ITS2 region of rDNA of the endophyte fungi strains were 
purified with GFX PCR DNA and the Gel Band Purification Kit (Amersham Biosciences, USA).

Sequencing of the rDNA ITS regions

Sequencing of the rDNA ITS1-5.8S-ITS2 region was done as published in Magnani 
et al. (2005). The amplification was performed in a MJ thermocycler (PTC-100, MJ Research, 
Inc., Canada) and the sequencing was done in an ABI-Prism 3500 Genetic Analyzer (Applied 
Biosystems, USA). The fungus was identified by analysis of DNA sequences of ITS1-5.8S-
ITS2. A BLAST search was used to find the closest matched sequences in the GenBank 
database. Fungi sequences employed by the authors are aligned with Bioedit software (USA).

F. proliferatum sensitivity test to hygromycin B

To select for transformants after genetic transformation, the F. proliferatum lineage was 
evaluated to determine the minimum inhibitory concentration (MIC) of hygromycin B at which 
fungal growth is inhibited. Five replicates were used (Petri dishes) to assess pathogen growth. 
The MIC value was used for the subsequent selection of transformants. To establish the MIC, 
the fungal strain was inoculated onto Petri dishes containing PDA medium supplemented with 
increasing concentrations of hygromycin B (0, 25, 50, 75, 100, 150, and 200 mg/mL) and were 
incubated for 21 days at 28° ± 2°C in the dark. The sensitivity to hygromycin B was estimated 
based on mycelial growth (colony radius in cm) and the pathogen growth curve containing the 
area of the colony multiplied by the concentration of hygromycin B. The concentration that 
prevented fungal growth was considered as the MIC concentration.

A. tumefaciens-mediated transformation of F. proliferatum

A. tumefaciens-mediated transformation of F. proliferatum was performed with 
modifications of the methods of De Groot et al. (1998), Fitzgerald et al. (2003), and Rodrigues 
et al. (2013). The effect of two factors on the efficiency of transformation was assessed: 
the addition acetosyringone and the use of nitrocellulose membrane or filter paper. The A. 
tumefaciens cultures containing the vector pFAT-GFP (Fitzgerald et al., 2003) or pCAM-
DsRed (Eckert et al., 2005) were incubated at 26° ± 2°C for 24 h in 25 mL YEP medium (10 g 
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yeast extract, 10 g peptone, 5 g NaCl, 15 g agar, 1000 mL distilled water; pH 7.0) containing 
300 mg/mL streptomycin and 100 mg/mL rifampicin with stirring at 200 rpm. The cells of 
A. tumefaciens were then each diluted to reach an optical density of 0.2 at 600 nm (OD600) 
with liquid inducing medium (IM) (10 mM K2HPO4, 10 mM KH2PO4, 2.5 mM NaCl; 2 mM 
MgSO4; 0.7 mM CaCl2; 9 µM FeSO4; 4 mM NH4SO4; 10 mM glucose, 0.5% glycerol, pH 
5.3). Following autoclaving, 40 mM 2-(N-morpholin) ethanesulfonic acid was added, and the 
solution was sterilized by filtration, with or without the addition of 200 µM acetosyringone, 
and the cultures were incubated for 6 h at 26° ± 2°C until the OD600 reached 0.6. The mycelium 
was grown and used to prepare a solution containing 106 spores/mL in PDA containing 150 mg/
mL hygromycin B, and the suspension was incubated at 28° ± 2°C for about 6 h. Suspensions 
of A. tumefaciens and F. proliferatum were then mixed, and 20 µL of each resulting suspension 
was placed onto pieces of filter paper (J. Prolab, Brazil) or nitrocellulose membranes (BioRad, 
USA) in Petri dishes containing MI, in the presence or absence of acetosyringone (200 µM). 
The Petri dishes were incubated at 28° ± 2°C for 96 h. The filter paper fragments were then 
transferred to Petri dishes containing PDA medium containing 150 mg/mL hygromycin B and 
300 mg/mL sodium cefoxitin.

Selection of transformants

Following the processing procedure, the fungi were tested using growth medium 
containing the MIC of hygromycin B, which inhibits the growth of non-transformed fungus. 
Fungal colonies that grew were considered to be transformants.

Molecular analysis of transformants

For the molecular analysis of the transformants, DNA extraction was performed. The 
transformed fungi were transferred to Petri dishes containing 20 mL liquid PDA medium and 
150 mg/mL hygromycin B. The Petri dishes were incubated at 28° ± 2°C for 72-96 h and 
mycelia were then collected with a spatula, transferred to a Petri dish, and washed with sterile 
distilled water. The mycelia were then dried on autoclaved filter paper.

Genomic DNA was extracted using the DNA Isolation Kit Power Soil® (Mobio 
Laboratories Inc.) according to the manufacturer instructions. The DNA concentration was 
estimated by comparison with DNA standards by electrophoresis on a 1% agarose gel. The 
DNA samples were stored at -20°C.

For the molecular evaluation of the transformants, polymerase chain reaction 
(PCR) amplification was performed with a fragment of the hph gene from each plasmid 
using the oligonucleotides hph1 (5'-TTCGATGTAGGAGGGCGTGGAT-3') and hph2 
(5'-CGCGTCTGCTGCTCCATACAAG-3') (Malonek and Meinhardt, 2001). The reaction 
was carried out using 0.2 mM dNTPs, 3.7 mM MgCl2, 0.05 µL 1X buffer, 1 U Taq 
polymerase, 0.2 mM each primer, 10 ng DNA, and ultra-pure water in a volume of 20 
µL. The amplification program consisted of an initial denaturation step of 5 min at 94°C; 
30 cycles of 1 min denaturation at 94°C, 1 min for primer annealing at 60°C, 1 min 
polymerization at 72°C; and a final extension of 7 min at 72°C. The amplicons were 
visualized on a 1.4% agarose gel to confirm the presence of the plasmid-specific genes in 
the transformed strain.
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Analysis of transformants by fluorescence microscopy

The transformants obtained by genetic transformation were cultured on new plates 
containing selective medium (PDA plus hygromycin B) and monosporic colonies were 
obtained. The transformants were then observed using a fluorescence microscope (Olympus 
BX51, Japan) using the FITC filter (480 nm) for transformants containing the pFAT-GFP 
plasmid and a TRITC filter (545 nm) for transformants containing the plasmid pCAM-DsRed. 
The green and red fluorescence of hyphae were imaged by a camera attached to the microscope 
using Spectral Imaging software (Carl Zeiss, Germany).

Evaluation of transformants for mitotic stability

To assess the mitotic stability of the transformants, the method described by Rodrigues 
et al. (2013) was used. Mycelial fragments of F. proliferatum were inoculated onto PDA 
medium containing 150 mg/mL hygromycin B and were incubated for seven days at 28° ± 
2°C. Fragments of the developed colonies were then transferred to Petri dishes containing 
PDA medium and were incubated for seven days at 28° ± 2°C. This process was repeated five 
times in total. Fragments of colonies from the fifth subculture were transferred to Petri dishes 
containing PDA medium and 150 mg/mL hygromycin B and were incubated for seven days 
at 28° ± 2°C. The number of transformants that were still resistant to hygromycin B was then 
estimated according to their continued growth in selective medium.

RESULTS

Identification of the fungus

The identity of the fungus was confirmed using the identification keys and the regions 
ITS1, ITS2 and 5.8S rDNA, as similar to the fungus deposited in GenBank for F. proliferatum 
(HQ38763.1).

Sensitivity of F. proliferatum to hygromycin B

In the sensitivity test to determine the MIC of hygromycin B, the growth of F. 
proliferatum was partially inhibited at concentrations of 50, 75 and 100 mg/mL and growth 
was completely inhibited at concentrations greater than 150 mg/mL. The MIC concentration 
was thus determined as 150 mg/mL hygromycin B and this was then used for the selection of 
transformants.

Genetic transformation of F. proliferatum and mitotic stability

A. tumefaciens-mediated transformation of F. proliferatum using two different plasmids 
and following 96 h of co-cultivation occurred only in the presence of acetosyringone. In the 
absence of acetosyringone, no genetic transformation of the fungus occurred. On average, 
the transformation efficiency was 98% for the pFAT-GFP plasmid and 90% for pCAM-
DsRed plasmid (three independent transformation experiments). This yielded a total of 451 
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transformants, which corresponded to approximately 3% of yeast genes according to the mean 
number of genes present in other species of Fusarium that have been sequenced. The use of 
filter paper or nitrocellulose membrane did not affect the transformation efficiency.

From the transformants that were obtained and assessed for mitotic stability, an 
average of 95% of transformants were mitotically stable for resistance to hygromycin B at a 
concentration of 150 mg/mL after five generations.

Confirmation of the integration of the hph gene into the genome of the fungus

The integration of the hph gene, which confers resistance to hygromycin B and 
was present within the two plasmids used for genetic transformation, into the genome of F. 
proliferatum was confirmed by amplifying a fragment of 600 bp of the hph gene by PCR (Figure 
1).The presence of the hph gene was confirmed in all hygromycin B-resistant transformants on 
selective medium, indicating that all the transformants contained plasmid DNA.

Figure 1. Detection of the hph gene, which confers hygromycin B resistance to transformants, by PCR amplification 
using primers hph1 and hph2. Lane M: 1-kb DNA ladder; lanes 1-7: transformants containing the plasmid pFAT-
GFP; lane 8: wild-type fungus; lane 9: pFAT-GFP plasmid; 10: pCAM-DsRed plasmid; lanes 11-17: transformants 
containing the pCAM-DsRed plasmid.

Expression of GFP and DsRed proteins

The selected hygromycin B-resistant transformant colonies were observed using 
fluorescence microscopy for the expression of GFP fluorescent protein for transformants 
with the pFAT-GFP plasmid and expression of DsRed for transformants with pCAM-DsRed 
plasmid (Figure 2). Fluorescence was monitored in the colonies that underwent the mitotic 
stability test after several generations on non-selective medium. There was no variation in the 
expression of the proteins regardless of the number of generations. The untransformed wild-
type fungal lineage showed no fluorescence.
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Figure 2. Fluorescence microscopy of Fusarium proliferatum transformants expressing fluorescent protein genes. 
a.-c. Hyphae and conidia of fungi transformed with Agrobacterium tumefaciens containing the plasmid pCAM-
DsRed with expression of red fluorescent DsRed. e.-g. Hyphae and conidia of fungi transformed with A. tumefaciens 
containing the plasmid pFAT-GFP with expression of green fluorescent GFP. d. and h. Hyphae and conidia of wild-
type fungus observed using optical microscopy and fluorescence, respectively. In a, d, e, and h: 40X magnification; 
b, c, f, and g: 100X magnification.
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DISCUSSION

Similar to other species of fungi and plants, A. tumefaciens-mediated transformation 
can also be successfully applied to F. proliferatum. A high mean transformation efficiency of 
94% after 96 h of co-culture was achieved with a greater ease of implementation and lower 
cost compared to other techniques. Similar to Phyllosticta citricicarpa, F. proliferatum does 
not exhibit rapid growth. The initial amount of 106 conidia in the inoculum was sufficient to 
generate a satisfactory number of transformants. These results corroborate the findings of Islam 
et al. (2012), who optimized the Agrobacterium-mediated transformation of F. oxysporum f. 
sp ciceri, and also found 106 to be a suitable amount of initial inoculum. According to De 
Groot (1998), the frequency of transformation varies among species, some of which are more 
susceptible to Agrobacterium-mediated transformation.

Although the literature contains no report of the transformation of F. proliferatum, 
other species of the genus Fusarium have been transformed via A. tumefaciens, such as F. 
circinatum (Covert et al., 2001), F. graminearum (Lysøe et al., 2006), F. oxysporum (Mullins 
et al., 2001; Lakshman et al., 2012), F. culmorum (Michielse et al., 2005), F. solani (Liu and 
Bao, 2009), F. equiseti (Maciá-Vicente et al., 2009), F. virguliforme (Pudake et al., 2013) and 
F. avenaceum (Sørensen et al., 2014). In these studies, the presence of acetosyringone led to 
a more efficient transformation. A concentration of 200 µM acetosyringone was suitable for 
processing since no transformants were obtained in the absence of acetosyringone. This was 
due to the expression of vir genes, which are stimulated in the presence of acetosyringone, 
that are responsible for the integration of the exogenous DNA of the fungus, increasing the 
efficiency of transformation (Sebastianes, 2010). For each species, despite similar processing 
conditions, the choice of the A. tumefaciens strain, the construction of appropriate vectors, and 
other adaptations to the protocol might be required to obtain a satisfactory transformation rate 
(Frandsen, 2011). This was the primary goal of this study for F. proliferatum.

No significant differences were observed in the number of transformants with the use 
of either filter paper or nitrocellulose membrane. Therefore, filter paper can be used instead 
of nitrocellulose membrane, resulting in a lower cost. Similar results were also obtained 
by Covert et al. (2001), where they used genetically transformed F. circinatum. Michielse 
et al. (2005) concluded that depending on the species, genetic transformation efficiency is 
not improved by the use of Hybond nitrocellulose membrane over the use of filter paper, 
confirming the low cost of processing associated with transformation. The optimal processing 
conditions for producing transformants of F. proliferatum via A. tumefaciens, which should be 
used for future studies, are: the use of 106 conidia as an initial amount of inoculum, the use of 
acetosyringone at a concentration of 200 µM, and the use of filter paper.

The resistance of F. proliferatum transformants to different hygromycin B 
concentrations (0, 25, 50, 75, 100, 150, and 200 mg/mL) was similar to that found for other 
species, such as F. graminearum (Lysøe et al., 2006) and F. virguliforme (Pudake et al., 2013), 
where a concentration of 150 mg/mL hygromycin B was used for selection. The observed 
mitotic stability (95%) of these transformants was high, and they retained the ability to grow 
on hygromycin B after five generations on non-selective medium, similar to the mitotically 
stable transformants of other species of fungi transformed via A. tumefaciens (Fitzgerald et 
al., 2003; Ando et al., 2009; Figueiredo et al., 2010). The expression of the hygromycin B 
resistance gene was confirmed by PCR in all the transformants and was performed as described 
in Lunardi et al. (2006).



10J. Bernardi-Wenzel et al.

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 15 (2): gmr.15027944

The presence of marker genes, as indicated by the expression of green and red fluorescent 
proteins, as well the selection of transformants using hygromycin B resistance demonstrated 
that genetic transformation via A. tumefaciens can be used to monitor the colonization of 
F. proliferatum in the roots and aerial parts of host plants in future studies. The expression 
of the transformed genes remained stable for some time following genetic transformation, 
regardless of the presence of a selective medium (Fitzgerald et al., 2003; Knight et al., 2009). 
The fluorescence was observed in both conidia and hyphae, as was observed by Islam et al. 
(2012) following the genetic transformation of F. oxysporum by A. tumefaciens. GFP has long 
been used as a marker in the genetic transformation of fungi (Fang et al., 2006; Müller et al., 
2006; Sebastianes et al., 2012; Rodrigues et al., 2013); however, other proteins can also be 
used with a similar efficiency. The DsRed protein, which showed similar expression to GFP, 
has been reported in other studies as a good transformant marker for host-pathogen interaction 
studies (Eckert et al., 2005; Helber and Requena, 2008; Lakshman et al., 2012).

The results in this study show the use of ATMT of F. proliferatum for the first time 
as a tool for random insertional mutagenesis that could be used in future studies to better 
understand the interactions between the pathogen and soybean roots. This technique allows 
infection of the host to be monitored and to generate knockout mutants of pathogenicity genes.
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