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Abstract

Late-cycle diseases (LCD) cause a significant deterioration in quality and reduce yields in soybean
crops. In Argentina, in particular, leaf blight and purple seed stain, caused by the agent Cercospora
kikuchii, and frog eye spot, caused by C. sojina, are the prevailing sources of diseases. The early,
rapid and accurate detection of these phytopathogens becomes essential, and would contribute to
preserving both the environment and the health of humans and animals by preventing the waste-
ful or improper use of chemicals such as pesticides. In order to detect Cercospora species in soy-
bean plants at an early stage, immunochemical and molecular techniques were developed in this
work. Strains from the NITE Biological Resource Center collection (Japan): Cercospora kikuchii
NBRC 6711 and Cercospora sojina NBRC 6715 and regional isolates of C. kikuchii were used. To
develop Dot-Blot and PCR techniques, experiments with plants undergoing different treatments
were carried out: those experimentally inoculated with these fungi, those treated with sterile wa-
ter and healthy plants as well. Both techniques allowed the detection, at early stages, of Cercospo-
ra species involved in two of the most frequent LCD in the country, when the cercosporin concen-
tration produced by the fungus was higher than 3.93 + 0.39 nmol-cyl-1 +SD. The sensitivity be-
tween both techniques was very different. While Dot-Blot allowed the detection of the disease 4
days after inoculation, PCR detected it after 4 hours, even without visible symptoms of the disease.
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1. Introduction

Late-cycle diseases (LCD) are very frequent in soybean crops, quality deterioration and yield decrease being the
ordinary consequences. One of the main problems associated with these diseases is that visible symptoms appear
only at intermediate or advanced stages, close to the harvest time [1].

Among the causative agents of LCD, Cercospora genus species are a major problem. In Argentina, in partic-
ular, leaf blight and purple seed stain, whose agent is Cercospora kikuchii, and frog eye spot, caused by C. soji-
na, are common diseases that reduce the plant nutritional value and lead to severe crop damage [1] [2]. One of
the main pathogenicity factors, shared by many species of this genus, has been demonstrated to be a red toxin
called cercosporin. Its production is regulated by CFP (Cercosporin Facilitator Protein), which is specific of the
genus and coded by the gene cfp (cercosporin facilitator protein) [3]. CFP also exports cercosporin out of the
fungus [4], which suggests that the gene plays a fundamental role in toxin production regulation. Therefore, the
detection of the cfp gene in an infected plant would indicate the presence of a fungus capable of producing cer-
cosporin and consequently, causing the disease.

Plants highly affected lose a large amount of foliage, resulting in an anticipated maturity with an inadequate
filling of pods and a reduced germination of seeds. These pathologies can be controlled by many strategies such
as the application of fertilizers, fungicides and herbicides, combined with the use of cultivars of greater genetic
potential, the massive diffusion of transgenic materials in soybean and handling practices like direct sowing [5].

In general, the diagnosis of fungal phytopathogens is based on the observation of signs and symptoms of the
disease which, in the case under study, are visible only when the disease is at an advanced stage. Hence, the
early, rapid and accurate detection of these phytopathogens becomes essential, and would contribute to preserv-
ing both the environment and the health of humans and animals by preventing the wasteful or improper use of
chemicals such as pesticides [6].

As a result of advances in biotechnology, new procedures, such as immunochemical and molecular techniques,
are today available to complement or replace the traditional laboratory procedures, so as to accelerate the
achievement of results and enable an earlier diagnosis of diseases [7]. Diseases caused by microorganisms can
be diagnosed by identifying a unique characteristic of the organism, such as a protein or its genetic material.

Among the various immunochemical techniques, Dot-ELISA or Dot-Blot appear as a more versatile tech-
nique applicable to the diagnosis of a large number of samples [8] [9]. It is a rapid ELISA that uses as solid
support nitrocellulose paper, characterized by an excellent capacity to adsorb proteins [10]. The (synthetic or
recombinant) antigen is usually passively adsorbed (blotting) to the support dropwise (“dot™). This immunoas-
say is economic and easy to implement since it generates an insoluble, colored precipitate which allows the
reaction to be followed by a visual reading [11].

PCR, on the other hand, is a technique with great advantages in fungi identification. It is a rapid method, since
the process of extraction and amplification of DNA and electrophoresis can be performed in 24 h, which sub-
stantially reduces the diagnosis time as compared to the conventional methods-direct examination of colonies
and culture [12]. Its high sensitivity allows detecting low concentrations of the DNA to be amplified in almost
any type of sample and with high specificity, which is determined by the sequence of oligonucleotides used and
the DNA annealing conditions [13] [14]. Though having all these advantages, a specific laboratory infrastructure,
expensive equipment and trained personnel are required, all of which are not always available.

In order to provide tools for the detection of Cercospora species in soybean plants at an early stage in labora-
tories with high or low level of complexity, both an immunochemical (Dot-Blot) technique requiring low level
of complexity and a molecular (PCR) technique demanding higher complexity laboratories were developed in
this work.

2. Materials and Methods
2.1. Fungi Used

The following strains, belonging to NITE Biological Resource Center (Japan) collection, were used in the expe-
rience: Cercospora kikuchii NBRC 6711 (CK6711) and Cercospora sojina NBRC 6715 (CS6715), as well as
regional isolates of C. kikuchii, which produced cercosporin in high (CK32, 148.51 + 3.98 nmol-cyl * +SD) and
low (CK15, 3.93 + 0.39 nmol-cyl * +SD) concentrations [15], available at the strain collection of the General
Microbiology chair at the Facultad de Bioquimica y Ciencias Bioldgicas of Universidad Nacional del Litoral

®



M. G. Latorre Rapela et al.

(FBCB-UNL). A Penicillium sp. isolate was also included for genus specificity study [16].

2.2. Plants Used

Plants at phenological stage V3, experimentally inoculated with CK6711, CS6715, CK15 and CK32, as de-
scribed in Latorre Rapela et al. [17], were used in the experiment. Healthy plants (negative control) and plants
treated with sterile water were also used.

In order to determine how early the fungus could be detected, different sampling times (4 and 24 h, and 2, 4
and 6 days) were set, since in previous tests, lesions had been visible to the naked eye in plants infected with
Cercospora 5 days after inoculation.

2.3. Dot-Blot Technique

2.3.1. Obtaining Recombinant CFP Protein and Anti-CFP Antibodies

The amino acid sequence of CFP has 607 amino acids [3], the antigenic region being located at the C-terminal
part and entirely coded in the last exon of the gene (2628 bp-- >3150 bp) (Genbank accession number:
AF091042).

Specific primers -“Forward” (FP: 5-gtcctgcccgatgctca-3) and “Reverse” (RP: 5- tcacactgctttgcccac-3)-were
designed using the DNA Start Sequence Analysis Software program. These ones were selected between the set
of primers suggested by the program taking into account the highest score to amplify nearly all the exon coding
region. Primers were synthetized by Genbiotech SRL (Argentina). The selected fragment was ligated firstly to
the plasmid vector pGEM-TEasy (Promega®, EE.UU) and then to the expression vector pET-32a (Novagene,
EE.UU). Plasmids ligated to PCR amplicon were transformed into Escherichia coli BL21 (DE3).

The recombinant protein obtained was purified in an IDA-Sepharose (Novagen, U.S.A) column, over which
Ni?* was immobilized.

The specific anti-CFP antibodies were obtained from a rabbit immunized with such protein. Immunization
was carried out at the Centro de Experimentaciones Bioldgicas y Bioterio of Facultad de Ciencias Veterinarias-
Universidad Nacional del Litoral (FCV-UNL).

2.3.2. CFP Protein Extraction
The extraction of the CFP protein was carried out according to the protocol proposed by Rollins et al. [18],
weighing 100 mg of powdered fungal mycelium corresponding to CK6711 and CS6715 (positive controls) and
Penicillium sp. (negative control) and 100 mg of plant tissue infected with CK32. One ml of extraction buffer
was added to each tube and incubated overnight at 4°C in the dark. After centrifugation at maximum speed
(13,000 rpm) for 10 min, the supernatant were transferred to respective Eppendorf tubes and stored at —20°C un-
til processing.

Total protein determination was performed following Bradford technique [19]. The same methodology was
applied to plants treated with water and to the uninoculated. Extractions were carried out with samples taken at 4
and 24 h and 2, 4 and 6 days after inoculations.

2.3.3. Adsorption of Nonspecific Antibodies from Rabbit Serum
For adsorption of nonspecific antibodies, nitrocellulose membrane strips were cut, placed into an Eppendorf
tube and embedded with protein extract of the fungus CK15. They were then removed and let dry at room tem-
perature. When dry enough, the membranes were placed into another Eppendorf tube with 1 ml of rabbit serum,
stirring for 30 min at room temperature [20].

The procedure was repeated at least 5 times. Finally the adsorbed serum was collected in another Eppendorf
tube, fractionated and kept at —20°C until use.

The presence of antibodies specific for the native protein of CK6711 in the adsorbed serum was determined
by Western blot.

2.3.4. Development of Dot-Blot Technique and Determination of Cut-Off Line

The following procedure was applied to every extract obtained: 1 pl of the pure soluble extract, followed by de-
creasing amounts (1/2, 1/8, 1/32 and 1/64) of this same extract was placed on a nitrocellulose membrane, so as
to fix the antigen (CFP protein) on the membrane in decreasing amounts. Each extract was allowed to dry at
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room temperature and blocked with PBS (Phosphate Buffered Saline-Tris)-skim milk 5% for 60 min. After-
wards, three 5 min washing cycles with PBS-T were performed. It was then incubated for 1 h in a vial with 1ml
of rabbit serum adsorbed (1:500) on 1% PBS-milk, subjected to three new washes and incubated again for 1 h
with 1 ml of anti-IgG total rabbit serum conjugated with peroxidase (diluted 1/500 with 1% PBS). After a new
three times-washing step, the membranes were treated with a solution of PBS, hydrogen peroxide 0.4% and 3%,
3’-diaminobenzidine (Sigma Chemical Co.) for 20 min. The reaction was stopped by washing with water.

All incubation steps were carried out at moderate stirring. All experiments were carried out in duplicate.

This method was designed to facilitate visual reading while decreasing the subjectivity of observations. The
applied principle is the semi quantification of the amount of CFP protein present in the plant extracts, while dots
were loaded using decreasing amounts of the extract. As a result, more dots are recognized, more amount of
protein is present in the sample. Notwithstanding, a weakness of Dot-Blot method for diagnostic purpose is that
different users may interpret a weak signal as positive or negative. Then if the result is expressed based only in
the last blot with the minimal signal, the variability of the informed result for a defined sampled might be high
between users. To obtain a more accurate visual lecture, the signals for the five dots corresponding to a single
sample were registered as high or low and were integrated in a score. Every signal obtained on the membrane
was considered to have a numerical basis of 4, 2 or 1, depending on the strength of the signal (very strong, low
or light, or not visible, respectively). Then, these signals were integrated in a score by multiplying them together.
Indeed, different criteria were tested to determine the best way to integrate the signals and the product showed
the best discrimination between positives and negatives samples (data not shown).

Once the score was obtained, a cut-off line was defined through the ROC (Receiver Operating Characteristic)
curve with the MedCalc program, in order to obtain the best discrimination between reactive and nonreactive
samples. For this purpose, plants with symptoms of Cercospora disease and healthy plants were used. CK6711
was also included as a positive control. The score was considered less than or equal to 2 for healthy plants and
greater than or equal to 4 for infected plants, so that the score value equal to or less than 2 was considered as a
marker of lack of CFP in the leaf tissue.

2.4. PCR Technique

2.4.1. Extraction of Total DNA from the Samples and cfp Gen Identification
The extraction of total DNA from fungus and plant tissue was carried out according to Lee and Taylor [21] pro-
tocol. DNA quality was evaluated by electrophoresis in agarose gel [22].

In a first test, primers FP and RP, previously designed to amplify the coding sequence fragment were used,
evaluating different reaction conditions with the DNA of the CK6711 fungus. This technique was carried out
with DNA of plants inoculated with the regional isolates CK32 and CK15, using DNA of CK6711 and CS6715
as positive controls.

Then, new primers were designed in order to increase specificity with plant tissues. For this purpose, the
alignment and computer analysis of the sequence corresponding to the last exon of the gene, deposited in the
GenBank (Accession number AF091042), was made. The program DNA start Sequence Analysis Software was
applied, selecting those primers with the highest score  (CFP-1: 5-tgaggtcgcagagcaagcat-3 and CFP -2; 5-
cgcgtegtcccattagttttct-3), which were then sent for synthesis to Genbiotech SRL.

For each DNA from fungus and plant tissue obtained, amplification reactions were conducted in a total vo-
lume of 50 pl, with 20 ng of DNA and 5 ul of reaction buffer 1x (InbioHighway, Argentina), 1.5 mM MgCl,,
0.2 mM of each dNTPs (Inbio Highway, Argentina), 0.2 uM of each oligonucleotide and 2.5 U of Taq DNA
polymerase (Inbio Highway, Argentina). Mineral oil (15 pl) was added at the end of the reaction.

Amplification was carried out as follows: one 3 min denaturalization cycle at 95°C; 35 cycles comprising 1
min at 58°C, 1 min at 72°C and 1 min at 95°C, with a final extension cycle of 5 min at 72°C.

Amplification products were separated by electrophoresis on horizontal submerged agarose gels (1.5% w/v)
with TBE 0.5x (Tris-borate 0.089 M, EDTA 0.002 M) [22]. Runtime took 180 min, with a constant voltage of
100 V. The gel staining was performed with ethidium bromide and 100-bp DNA Ladder (Inbio Highway, Ar-
gentina) was used as MW marker.

All experiments were carried out in duplicate.

The band profile obtained was photographed with Gel Doc XR System (BIORAD-L.ife Science Cat. # 170 -
8170) using Quantity One Software.
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This test was applied to DNA of the plants inoculated with the regional isolates CK32 and CK15, using DNA
of CK6711 and CS6715 as positive controls.

3. Results

The homology between cfp sequence and Cercospora genus species was corroborated (using BLAST program)
when seeking for identity in GenBank database. No homology was found with gene sequences of other fungal
species indexed so far.

Figure 1 shows the schematic representation of cfp gene regions which are found in the last exon coding CFP
protein, its C terminal region being expressed for the immunochemical test (451 bp) and sequence of 264 bp be-
ing used for PCR.

3.1. Dot-Blot Technique

The results of Dot-Blot technique are shown in Figure 2, where signs of different intensity can be seen, whether
they correspond to healthy (lines 9 - 15) or infected plants (lines 1 - 8).

5 i L
1000 b 2000 bp 3000 by
cfp Gene P 1919 2318 2628 P 3150 3301 bp
—

Exons

—

1175 1865 2369 2578
—

Protein coding region used in Dot blot assay R

—

2700 3150
—
Fragment of 264 bp used for PCR tests
- m—
2830 3094

Figure 1. Schematic representation of the cfp gene regions used.

Pure 172 1/8 132 1/64

Pure 172 1/8 132 1/64

Figure 2. Dot-Blot of soluble extracts from plants and positive control. Lines 1 - 8: plants with symptoms of the
disease; lines 9 - 15: healthy plants; line 16: Cercospora kikuchii NBRC 6711 (positive control).
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The score of each sample is shown in Table 1.

According to the criterion adopted, the extracts of the reference strains CK6711 and CS6715 showed score
values higher than 4, whereas Penicillium sp. extract (negative control) had a value less than 2.

Four days after inoculation, every plant extract inoculated with regional isolate CK32 showed a score 32,
which indicated the presence of CFP protein in the leaf tissue. Plants collected 4 and 24 h and 2 days post-in-
oculation showed values less than 2, as well as plants treated with sterile water and uninoculated ones.

Score values between 128 and 512 appeared for the positive control, whereas it was 1 for the negative control.
As an example, Dot-Blot images applied to extracts of plants infected with CK6711 at different times post-in-
oculation are shown (Figure 3). Similar results were obtained with extracts of plants infected with CS6715.

3.2. PCR Technique

When separating the amplification products obtained with oligonucleotides FP and RP, the fungus correspond-
ing to the reference strain could be seen to give a clear band at 451 bp, approximately; however, both infected
and healthy plants showed nonspecific bands.

Use of oligonucleotides CFP-1 and CFP-2 allowed the amplification of an inner portion of the cfp fragment
(about 264 bp). This fragment became visible 4 h after plant inoculation with the reference strains CK6711 and
CS6715 and the regional isolate CK32. This signal intensified with time.

No amplification was detected for any of the sampling times in uninoculated plants and plants treated with
sterile water. The same response was observed in samples obtained from plants inoculated with CK15, a pro-
ducer of low concentration of cercosporin.

As an example, Figure 4 shows one of the results obtained with PCR technique.

Table 1. Score value determination for extracts of plants and positive control.

Dot-Blot intensity and Dot-Blot intensity and

sample® score calculation 2 samples score calculation =i
1 2x2x2x1x1 8 9 Ix1x1x1x1 1
2 2x2x2x1x1 8 10 2x1x1x1x1 2
3 2x2x2x1x1 8 11 2x1x1x1x1 2
4 2x2x2x1x1 8 12 Ix1x1x1x1 1
5 2x2x2x1x1 8 13 Ix1x1x1x1 1
6 2x2x2x1x1 8 14 2x1x1x1x1 2
7 2x2x2x1x1 8 15 2x1x1x1x1 2
8 4x4x2x1x1 32 16 4x4x4x4x%x4 1024

#Samples 1 - 8: plants with symptoms of the disease; samples 9 - 15: plants without symptoms; Sample 16: Cercospora kikuchii NBRC 6711.

1/2 1/8 1/32 1/64

Pure 172 178 1732 1/64

Pure

Figure 3. Images of Dot-Blot applied to extracts from plants infected with Cercospora kikuchii NBRC 6711 at different
times post-inoculation. 1: plant inoculated with water; 2: uninoculated plant; 3, 4, 5 and 6: plants inoculated with Cercospora
kikuchii NBRC 6711 and collected at 4 h, 24 h, 4 days and 6 days, respectively, 7: positive control (extract of C. kikuchii
NBRC 6711); 8: negative control (extract of Penicillium sp.)
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4 h post inoculation 24 h post inoculation 2" d post inoculation 6" d post inoculation

M B 12 34 5123456 M B I 2 3 4 51 2 3 4 56

< 264bp
< 264bp

Figure 4. Amplification of cfp fragment by PCR in soybeans, at different times post-inoculation. M: marker 100
bp DNA ladder (InbioHighway, Argentina); B: reagent blank; 1: plant treated with water; 2 and 3: plants inocu-
lated with CK32; 4 and 5: plants inoculated with Cercospora sojina NBRC 6715; 6: positive control (Cercospora
kikuchii NBRC 6711).

4. Discussion

Accurate and early identification of the involved pathogen, as well as disease diagnosis, are crucial requisites for
a thorough understanding of plant diseases and appropriate decision-making on the effective measures to be
taken for crop management.

Traditional methods for phytopathogen identification in the laboratory have turned out to be slow and vague,
which has led to the search for specific, sensitive and fast detection techniques [23].

Evaluating the use of an immunochemical technique such as Dot-Blot or Dot-ELISA was the aim of this work.
For good phytopathogen detection, a nitrocellulose membrane was used as an adsorption surface, since it allows
the immobilization of more physicochemical characteristics of the antigens than ELISA plate [9].

Also, following Lartey et al. [20], it was decided to eliminate the nonspecific antibodies present in rabbit se-
rum by adsorbing them with the extract of a fungus which does not produce CFP protein. With this purpose, the
regional isolate CK15, which was a cercosporine low producer, was used in our experiment. When it grew on
PDA (potato dextrose agar), no red pigment diffused to the medium, causing small chlorotic lesions on the leaf
tissue of the soybean plant on which it was inoculated.

The adsorption allowed the elimination of nonspecific reactivities, and the incorporation of a score facilitated
interpretation of results, thus resulting in an easy, fast and economic technique that could be used in the field as
a screening method [24].

Dot-ELISA can be completed in less than 3 h, allows the simultaneous processing of several samples and, as
the interpretation of results is visual, the end point can be easily determined. It is one of the most versatile tests
to detect either antigen or antibody and is adaptable to both laboratory and field conditions [8].

This technique has been used in Colombia to detect the mycotoxin beauvericin [25]. It has also been incorpo-
rated to the fast detection of different etiologic agents (parasites, bacteria and viruses) responsible for human
diseases [8] [26]-[31].

Dot-Blot technique allowed the CFP protein detection 4 days after experimental inoculation, even when no
disease symptoms were visible.

Besides the immunochemical technique, a molecular technique (PCR) was developed for the detection of
Cercospora species attacking soybean.

In 1999, Xu et al. [32] developed a PCR technique which allowed detection of Sporisorium reiliana in maize,
concluding that it was important to carry out epidemiological and etiological studies. This kind of methodology
was also applied by other authors for detection of Phytophtora capsici in chile plants with wilt symptoms, using
oligonucleotides directed against specific sequences of cutinase gene [13]. Pavon Moreno et al. [33], on the oth-
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er hand, were able to detect Alternaria spp. in fruit and vegetable products using oligonucleotids specific for the
gene Alt a 1 coding for the main allergen of A. alternate.

Lartey et al. [34] presented a real-time PCR protocol for the rapid detection of C. beticola in sugar beet tis-
sues, but, unlike this paper, they amplified a fragment corresponding to the Cercospora actin gene.

Results showed that oligonucleotides CFP-1 and CFP-2, designed to amplify an inner portion of cfp fragment,
were highly specific of Cercospora species, so they could determine its presence from both DNA extractions of
the fungus mycelium developed “in vitro” and plants inoculated with the fungus, even when no disease symp-
toms were observed. The gen was detected 4 h after experimental inoculation. It is important to point out that
when PCR was conducted with plants inoculated with the regional isolate CK15, the 264 bp band corresponding
to cfp gene was not detected. It should be remembered that this fungus produced very low concentrations of
cercosporin (3.93 + 0.39 nmol-cyl * +SD) and hence, small lesions, which could be due to a similar fact reported
by Daub et al. [35]. They observed that C. kikuchii mutants exhibiting a cfp gene disruption produced a signifi-
cant reduction both in cercosporin production and in soybean symptom development.

So far, these methodologies for Cercospora species detection have not been developed somewhere in the
world. Chanda et al. [36] have carried on a quantitative PCR protocol for the detection of Cercospora kikuchii in
soybean leaves using specific oligonucleotids for the CTB6 gene of C. kikuchii. These oligonucleotids are dif-
ferent from the ones described in this investigation and do not determine infections with different Cercospora
species.

It is important to point out that in this paper, in both techniques, the two strains used yield coincident results,
which is because such species produce cercosporin and its transport protein [37].

As a conclusion, the above described techniques allowed detection, at early stages, of the Cercospora species
involved in two of the most frequent LCD in Argentina, when the cercosporin concentration produced by the
fungus was higher than 3.93 + 0.39 nmol-cyl * +SD.

However, sensitivity between both techniques was very different, since PCR always allowed detection at ear-
ly stages of infection, without visible symptoms of the disease. The usefulness of both techniques should be
confirmed by further validation with field samples. It has to be considered that this study was performed with
the development of an experimental model to infect soy plants with Cercospora. This methodology has allowed
reproducing infection symptoms in healthy plant tissues and determining how many hours and days after the in-
oculation the injuries were visible to the naked eye. This model allowed assessing the previously optimized
techniques with high reliability. Unfortunately, a reliable assessment of the method in field crop would be diffi-
cult because there is no “gold standard” that allows to know, at early stages, the infection caused by this fungal
genus and to determine the time of the crop infection in the field. Then an experimental infection in field crop
would be necessary to validate this method.
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