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ABSTRACT - Stenocarpella maydis and Stenocarpella macrospora species causing leaf spots and stem and ear rots, can be
transported and disseminated between cultivating areas through seeds. The objective was to transform isolates of species of
Stenocarpella with GFP and DsRed and to correlate different inoculum potentials with the effect caused by the presence of these
pathogens in the tissues of maize seeds. The isolates were transformed with introduction of the genes in their nuclei, employing
the technique of protoplast transformation. Seeds were inoculated by osmotic conditioning method with transformed and not
transformed isolates, with different periods of exposition of seeds to those isolates, characterizing the inoculum potentials,
P1 (24 h), P2 (48 h), P3 (72 h) and P4 (96 h). The seeds inoculated with isolates expressing GFP and DsRed in both species
elucidated by means of the intensities of the emitted fluorescence, the ability of those organisms to cause infection and
colonization in different inoculum potentials. The potentials P3 and P4 caused the highest levels of emitted fluorescence for
the colonization by both pathogens. A comprehensive and abundant mycelial growth in the colonized seed structures were well
visualized at potential P3 and P4 by means of SEM.

Index terms: seed pathology, genetic transformation, GFP, DsRed protein, fungus.

Colonizagdo de sementes de milho por duas especies de Stenocarpella
transformados com proteinas fluorescentes e avaliadas por microscopia
eletronica de varredura

RESUMO - Stenocarpella maydis e Stenocarpella macrospora, espécies causadoras de manchas foliares, podriddes em plantas e
graos ardidos de milho, podem ser transportadas e dispersas para areas produtoras através das sementes. O objetivo foi transformar
isolados de espécies de Stenocarpella com GFP e DsRed e correlacionar diferentes potenciais de indculo com o efeito causado
pela presenca desses patogenos nos tecidos de sementes de milho. Os isolados foram transformados por meio da introdugado dos
genes nos seus nucleos, empregando a técnica de transformagdo de protoplastos. Sementes foram inoculadas pelo método de
condicionamento osmotico com isolados transformados e ndo transformados, com diferentes tempos de exposicao das sementes a
estes isolados, caracterizando os potenciais de indculo, P1 (24 h), P2 (48 h), P3 (72 h) e P4 (96 h). As sementes inoculadas, com
isolados transformados expressando GFP e DsRed, de ambas as espécies, elucidaram por meio das intensidades das fluorescéncias
emitidas, a capacidade desses organismos de causarem infec¢éo e colonizagdo em diferentes potenciais de inoculo, tendo P3 e P4,
provocado as maiores intensidades de fluorescéncia pelas colonizagdes dos patdogenos. Um abrangente e abundante crescimento

micelial nas estruturas colonizadas das sementes foi observado nos potenciais P3 e P4, por meio da MEV.

Termos para indexacao: patologia de sementes, transformagao genética, proteina GFP, proteina DsRed, fungo.

Introduction

168

Colonization of maize seeds by two species of Stenocarpella transformed with
fluorescent proteins and assessed through scanning electron microscopy!

Many pathogenic fungal species, like those of the so
called “Stenocarpella complex” may be transmitted by maize
seeds. Those species are responsible for rots on the stalk and
ear on maize, being also potential producers of toxins noxious
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to animal health (Petatan-Sagahon et al., 2011) and causing
drop on the price of the product to destined as certificated
seeds in the market (Ribeiro et al., 2005).

Depending on the environmental conditions, the maize
seeds can ensure the survival of some fungal species into the
tissues of seed coat for a short storage period. However, the
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fungi S. maydis and S. macrospora survive in the internal
tissues of seeds (endosperm and embryo) mainly on mycelial
form. Thereby, when the seed comes in contact with the soil
water and receives the stimuli from the environment to start
germination process, the fungal mycelium starts growing
from internal tissues to seed’s surface. Thus, when growing
on the seed the fungus reaches the roots and coleoptiles; and
through coleoptiles fungus reach to soil’s surface and may
cause death of that seedling (Casa et al., 2006).

Thereby, the study of pathogen dynamics, at the internal
tissues infection moment, as well as the pathogen location within
the seed, becomes of paramount importance for the understanding
the host-pathogen relationship. In this sense, some molecular
markers, such as the green fluorescent protein (GFP) originating
from the jellyfish Aequorea victoria, and the red fluorescent
protein, originating from the mushroom anemone Discosoma sp.
(DsRed) used on fluorescence microscopy; besides the scanning
electron microscopy (SEM), have been successfully used for the
live observation of the fungal structures within the seeds, as well
as to clarify the processes of infection and colonization of seed
internal tissues by the pathogenic agents (Cristea et al., 2005;
March et al., 2003).

Based on the previous information, the aim of this
study was to obtain different isolates of the two species of
Stenocarpella, transformed by molecular markers expressing
the GFP and DsRed fluorescent proteins by adjusting already
described protocols; as well as correlating different inoculum
potentials in the infection and colonization of the seed internal
tissues through the fluorescence microscopy and scanning
electron microscopy (SEM).

Material and Methods

Characterization of isolates and source of seeds: two
different isolates of Stenocarpella maydis (Berkeley) Sutton
[Syn. Diplodia maydis (Berkeley) Saccardo] as well as two
different isolates of Stenocarpella macrospora (Earle) Sutton
[Syn. Diplodia macrospora Earle] were used for this study.
One of the S. maydis isolates, registered as CML698 was
obtained at the mycological collection of Federal University
of Lavras (UFLA), located at Lavras, state of Minas Gerais
(MGQ); and the other isolate, registered as MY2 was obtained
of Embrapa Maize and Sorghum, located at Sete Lagoas,
MG. The two isolates of S. macrospora, registered as
CMLAPS375 and CMLAPS10, respectively were obtained at
the mycological collection of the Seed Pathology Laboratory
of UFLA. The maize seeds (cv. RB 9308 YG), with 98%
germination (Brasil, 2009a), were provided by the company
Riber KWS Seeds, based at Patos de Minas, MG. The cv. RB

9308 YG were submitted to health testing which reveled the
presence of Fusarium verticillioides at level of 28.5% and
Penicillium sp. at 13% incidence in the seeds (Brasil, 2009b).

Transformation of isolates: both of isolates of S. maydis
and both of S. macrospora were transformed by using the
plasmids pSCO001 and pSC002, which contain the spr gene,
for resistance to antibiotic hygromycin B; as well as the p7ox4
promoter gene originated from Aspergillus nidulans (Maor et
al. 1998). Following methodology described by Sambrook
and Russell (2001), competent cells of bacterium Escherichia
coli were used for multiplication of these plasmids; and for
transformation of isolates, the protocols previously described
by Maier et al. (2005) and Silva et al. (2009) for Fusarium
graminearum and Sclerotinia sclerotiorum were used with
some methodological modifications.

For obtaining protoplasts of S. maydis and S. macrospora,
both fungi were grown on PDA culture medium (200 g agar;
20 g dextrose; and 200 g potato) for 5 days, at 2542 °C and
photoperiod of 12/12 h (L/D). After such period, mycelium
disc with 1 cm? were cut from the growth zone of each colony
and transferred to Erlenmeyer flasks with 100 mL capacity,
containing 50 mL of liquid potato-dextrose culture medium.
For generation of protoplasts, immediately after inoculation the
flasks with the mycelial discs were incubated under constant
shaking, provided by a mechanized horizontal shaker, set to
75 rpm, where they were maintained, at 28 °C, for 3 h. After
fungal growth, mycelial mass of each colony was aseptically
filtered and immediately dehydrated with vacuum pump.
Afterwards, 100 mg of dry mycelium, from each isolate, was
added into a tube with 3 mL of the KCI osmotic stabilizer
(0.7M) and 10 g of lysing enzymes [Sigma®-L1412 (lysing
enzymes from Trichoderma harzianum lyophilized powder)]
at a ratio of 10 mg.mL"' osmotic stabilizer.

Only the produced protoplasts were filtered through a
previously sterilized cheesecloth layer, and then centrifuged
at 600 x g (RCF), at 4 °C, for 5 min. Immediately after,
these protoplasts were re-suspended in KCI1 (0.7 M), at 4 °C,
and again re-suspended in storage buffer composed by four
parts of the solution STC [0.8 M sorbitol; 50 mM Tris HCI
(pH 8.0); and 50 mM CaCl2] and one part of the solution
SPTC [0.8 M sorbitol; 40% PEG 4000; 50 mM Tris HCI (pH
8.0); and 50 mM CaCl2]. Subsequently, to the suspensions
of final concentration of approximately 107 protoplasts.
mL"!, were added 10 pl of plasmid DNA, at a ratio ranging
between 0.35 and 1.66 mg.uL"!, which were then kept on ice
for 30 min. Afterwards, 1 mL SPTC was added to solution,
and kept at room temperature for more 20 min. After such
period, protoplast suspensions were separately poured into
Erlenmeyer flasks containing 200 mL regeneration medium
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[0.1% yeast extract (Sigma-Y4250 - 250 g); 0.1% hydrolyzed
casein (Sigma-C8845 - 500 mg); 34.2% sucrose (Sigma-84100
— 1 kg); and 1.0% Agar granulated (Difco-1016141000 - 1 kg)].
Subsequently, this regeneration medium, containing the
transformed isolates was poured into Petri dishes (9 cm @),
and incubated, at 25+2 °C, for 72 h. After this period, to
each of the plates was added 10 mL of water-agar medium
containing the antibiotic hygromycin-B, at a concentration of
100 mg.mL", and kept at 2542 °C, and 12/12 h photoperiod,
for 15 days, into an incubation chamber.

After protoplast transformation, mycelium of each of
the two species of the fungus, containing the marker genes
for proteins GFP and DsRed were separately transferred
to PDA culture medium, to which was added the antibiotic
hygromycin-B, at concentration of 100 pg.mL", as well as
to the Oatmeal-Agar (OA) culture medium (20 g agar, 30 g
oatmeal, and 1 L H,0) also added with hygromycin-B at
same concentration used in the PDA medium. All isolates
were assessed both by their morphological characteristics
as by their cultural characteristics as mycelial coloration and
mode of growth of the colonies. For observing stability of the
different isolates of transformed fungus, successive transfers
were performed on PDA medium containing 100 pg.mL!
of antibiotic hygromycin-B. Both for the assessments of
bioassays as for stability tests, observations were performed
with the aid of a fluorescence stereomicroscope (brand Leica;
model M165FC) and of a fluorescence microscope (brand
Zeiss, model AxioVision Z.1) equipped with the software
AxioVision Imaging System, which possesses special filters
for observation of the marker genes for the proteins GPF (filter
with a wavelength between 470 and 490 nm) and DsRed (filter
with a wavelength between 510 and 560 nm) within the cells.
Subsequently, all images obtained were edited with the aid of
the software AxioVision and Microsoft Office Picture Manager.

Inoculation of seeds: before installing the experiments,
all the seeds were disinfected with a sodium hypochlorite
solution (1%) for 1 min., rinsed with sterile distilled water
and placed to dry, at room temperature, for 48 h. Following
methodology described by Machado et al. (2012) seeds were
evenly distributed into Petri dishes containing PDA culture
medium, modified with mannitol solution (water potential
adjusted to -1.4 MPa, designated by Michel and Radcliffe,
1995), and fungal colonies developed for five days; as well as
each of four transformed isolates of S. maydis (MCL698-GFP,
MY2-GFP and MCL698-DsRed, MY2-DsRed); and four
transformed isolates of S. macrospora (CMLAPS375-GFP,
CMLAPS10-GFP and CMLAPS375-DsRed, CMLAPS10-
DsRed). Besides of mannitol solution addition, to the PDA
medium, the antibiotic hygromycin-B was also added, at a

concentration of 100 pg.mL"; and plates containing seeds
were then incubated at 25+2 °C, and photoperiod of 12/12 h,
during different periods (inoculum potential) [P1 (24 h); P2 (48
h); P3 (72 h); and P4 (96 h)]. For the control treatment seeds
inoculated with non-transformed isolates of S. maydis (isolate
CML698) and S. macrospora (isolate CMLAPS375) were
used; which were also used to assess behavior of the fungus in
the seeds through SEM.

Preparation of inoculated seeds for analysis by SEM:
the seeds inoculated with the non-transformed isolates of
S. maydis and S. macrospora were randomly chosen for
observation under a scanning electron microscope. To that,
seeds were transversely, longitudinally, and medially cut
for the fixation in a modified Karnovsky solution (2.5% of
glutaraldehyde; 2.5% formaldehyde diluted in 0.05 M sodium
cacodylate buffer (pH 7.2) and CaCl2 0.001 M), at 4 °C, for
48 h. After fixation, the fragments of seeds of each of the
treatments were immersed in a 30% glycerol solution, for
30 min. Subsequently, these fragments were cut in smaller
pieces using liquid nitrogen, and immediately immersed in
distilled water. After such process, samples were immersed
in a fixative solution consisting of osmium tetroxide (1%)
diluted in distilled water, for 3 h. Immediately after fixation,
the samples were again washed in distilled water and then
dehydrated in a series of successive dilutions of acetone [three
times in pure acetone (100%); and once in solutions containing
90%, 75%, 50%, and 25% acetone]. Then the samples were
transferred to a Critical Point apparatus (Balzers; CPD-
030) for replacement of acetone by CO2 and finalization of
drying process. The specimens so obtained were mounted on
aluminum stubs, fixed with the aid of a double-sided carbon
tape, and placed on an aluminum pellicle, covered with gold
in a Balzers evaporator (model SCD 050), and then observed
through a scanning electron microscope (Zeiss, model LEO
EVO 40 PVX). The images digitally generated by this
equipment, were then recorded and registered.

Results and Discussion

Genetic transformation of S. maydis and S. macrospora
with the expression of GFP and DsRed fluorescent proteins
was effectively performed, obtaining in the end, stable
transformants, as evidenced by resistance to the antibiotic
hygromycin-B and of the visualization of the fluorescent
proteins, green and red.

Stable protoplasts in sufficient quantity for transformation
were obtained, observing that there are several influencing
factors in obtaining it, for example, the enzymatic preparation,
the osmotic stabilizer, the age of mycelium, and the
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microorganism to be used (Almeida et al., 2008; Ishikawa et
al., 2010). Even for S. macrospora, which was the first attempt
to produce protoplasts, the quantities were favorable, ranging
between 30-45 x 10° protoplasts/mL, and to S. maydis, of 40-
45 x 10° protoplast/mL. For many fungi this is a critical point
because without obtaining intact protoplasts, the success of the
transformation was questionable (Marchi et al., 2005; 2006).
With the transformation procedure, 21 transformed
isolates of S. maydis containing the gene expressing for
GFP and 20 containing the gene for DsRed, were obtained
i.e., about 3-4 transformants of S. maydis per pg of plasmid
DNA. For S. macrospora, 18 isolates were obtained with the
GFP and 15 with the DsRed, resulting from 2-3 transformants
per ug plasmid DNA. As the morphological characteristics,
when comparing transformed and non-transformed isolates,
these revealed few differences, as in color of the colony,
being observed in older colonies (with 8-15 days) of these
transformed, a darker color than normal and, sometimes,
greenish tones. Concerning mycelial growth on PDA medium
added with hygromycin-B, it was observed that the transformed
were slower, taking 2-3 days more to fill a 90 mm Petri dish than

anon-transformed isolate. On the OA culture media, added with
hygromycin-B, several transformed isolates, both of S. maydis
as of S. macrospora grew normally, but did not maintain the
fluorescence. However, Xiao et al. (2013) report that the GFP
does not interfere with normal cell functions, and therefore
can be used for analysis of cellular processes. In observing
the stability of mycelial growth, when the transformed fungi
of both species were successively transferred for five times in
PDA medium containing hygromycin-B (100 g/mL), it was
verified a normal growth, and their respective fluorescence
maintained. About 20% have lost this ability, which may be
related to the difficulty of cellular nuclei of maintain and pass
the information.

For the transformed isolates, expressing GFP (Figure 1)
and DsRed of S. maydis and S. macrospora, green and red
fluorescence were observed in the cytoplasm of hyphae and
conidia; however, the pycnidia retained their natural color,
even if their conidia were positive. However, there has been
a variation in fluorescence intensity both for the green as the
red. The lowest levels of fluorescence intensity were found in

the transformed isolates expressing DsRed.

Figure 1. Stereo micrographs of fluorescence of the fungi marked with green fluorescent protein, GFP. To Stenocarpella maydis:
Al (white light), A2 and C (hyphae of the isolate CML698-GFP) and B (pycnidia and hyphae of the isolate MY2-
GFP). To Stenocarpella macrospora: D (hyphae of the isolate CMLAPS10-GFP), E (hyphae of CMLAPS375-GFP).

Bar =200 um.

In the seeds inoculated with the transformed isolates,
expressing GFP, direct correlations between the fluorescence
intensity of the colonies with the inoculum potential (time of
exposure of the seeds to the transformed fungus) (Figure 2)

were observed. In the seeds inoculated with P4 (96h) it
was possible to observe an abundant and compact mycelial
growth, evidenced by the strong fluorescence emitted by
the transformed fungus; which allowed to visualize and
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to monitor the development of the infection process. In a
study performed with maize seeds infected by the fungus
Aspergillus flavus, Du et al. (1999) have correlated the
intensity of the fungus mycelial fluorescence with the
presence and the intensity of seed colonization by this
transformed organism. They also emphasized the importance
of using this tool on detecting this fungus in kernels meant
to food and for selecting maize genotypes resistant to

Stenocarpella maydis

Oh

24 h

48 h

72 h

96 h

accumulation of aflatoxins, which are toxic substances
produced by this fungus. Therefore, this study may be used
as basis for further investigations correlating colonization
of seeds for transformed Stenocarpella species with the
presence of harmful toxins produced, such as diplodiatoxin
produced by S. maydis, and toxin diplodiol produced by S.
macrospora (Petatan-Sagahon et al., 2011) for which there
is little information in the literature.

Stenocarpella macrospora

Figure 2. Stereo micrographs of the maize seeds inoculated with the fungi Stenocarpella maydis and Stenocarpella macrospora
marked with GFP with different inoculum potential [P1 (24 h), P2 (48 h), P3 (72 h), and P4 (96 h)]. Seeds with
transformed Stenocarpella maydis, isolated CML698-GFP (B, C, D and E) and MY2-GFP (G, H, [ and J). Seeds with
transformed Stenocarpella macrospora, isolated CMLAPS375-GFP (L, M, N and O) and CMLAPS10-GFP (Q, R, S
and T). Seeds of controls treatment, or without inoculation: A, F, K and P. Bar =2 mm.
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There were no major visual differences between the seeds
inoculated with transformed isolates of S. maydis or S. macrospora;
however, it was possible to observe stronger fluorescence intensity
on the seeds inoculated with S. maydis. These results may be due
to the fact that this species of the fungus grows easily in the maize
seeds; whereas the species S. macrospora consistently associated
with growth on maize leaves (Casa et al., 2006).

Seeds inoculated with transformed isolates of S. maydis
and S. macrospora expressing the DsRed protein did not

Stenocarpella
macrospora

Stenocarpella
maydis

24 h

48 h

72 h

96 h

differ from seeds inoculated with isolates expressing the GFP
(Figure 3). However, it was observed that seeds inoculated
with the isolates expressing DsRed with higher inoculum
potential (P3 and P4) had more fluorescence; thereby
allowing to conclude that in this inoculum potential occurred
a deeper infection, which have reached even the embryo and
the endosperm and that, when observed the red fluorescence
was much more evident on inoculated seeds, especially when
compared to non-inoculated seeds (control) (Figure 4).

Control

Figure 3. Stereo micrographs of the maize seeds inoculated with the fungi Stenocarpella maydis and Stenocarpella macrospora
marked with DsRed with different inoculum potential [P1 (24 h), P2 (48 h), P3 (72 h), and P4 (96 h)]. Seeds with
transformed Stenocarpella maydis, isolated CML698-DsRed (A, B, C and D). Seeds with transformed Stenocarpella
macrospora, isolated CMLAPS375-DsRed (E, F, G and H). Seed of control treatment, or without inoculation

(Control). Bar =2 mm.

Besides observing that the transformed isolates, both
of S. maydis as of S. macrospora, expressing the GFP and

DsRed proteins are able to show infection and colonization,
seeds were also assessed by SEM; and through this tool it was
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possible to observe in details the seed colonization process by
these two pathogens.

Through SEM it was also possible to assess changes in
the characteristics of the main physical structures of maize

20um

seeds [endosperm, germ, pericarp, and tip (Paes, 2006)] and
it was found that these changes in cellular structures were
directly proportional to the increase of inoculum potential in
the seeds inoculated with S. maydis and S. macrospora.

Figure 4. Electron micrographs of the epidermis of maize seeds inoculated with Stenocarpella maydis (B, C, D, E) and
Stenocarpella macrospora (G, H, 1, J). A and F= Control or non-inoculated seed; G and B = inoculum potential P1
(24 h); C and H= P2 (48 h); D and I= P3 (72 h); E and J=P4 (96 h).

In the pericarp, where are the epidermis (first layer),
followed by the mesocarp, cross cells, tubular cells and testa (last
layer of pericarp), in all inoculation periods, it was observed the
presence of the species of Stenocarpella (Figure 4). In P1, the
hyphae of the isolates were more superficial and have caused

deformations in the epidermis; in P2, hyphae were found
behind the testa, which demonstrates the ability rapidity
with which of the colonization by the two fungi in crossing
the pericarp of the seeds. However, in the higher inoculum
potentials (P3 and P4) it was observed the colonization of
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almost all the pericarp, with large quantities of mycelium,
and this was becoming more compact and well adhered to
the layers, causing drastic reduction in the volume of the
protection cells, with injuries and deformation of the outer
parts of the seeds. The loss of integrity of the pericarp can
affect the electrical conductivity of the exudates released by
the maize seeds. The same can also be observed in seeds that
are submitted to a drastic drying process (José et al., 2005).
No major differences were observed between the colonization
of S. maydis and S. macrospora, but with S. macrospora it was
verified that mycelium was more aerial on the seed surface or
less adhered to the seeds and slightly thicker.

The combined effect of those pathogens in the inner parts of
the maize seeds is of great importance because the endosperm
represents about 83% of the dry weight of the maize kernels
(Figures 5 and 6). The endosperm is constituted especially
of starch (88%), and arranged in the form of granules and
of storage proteins (8%) of prolamin type, called zeins, these
proteins form the protein bodies that compose the matrix
which surrounds the starch granules within the endosperm
cells (Paes, 2006), i.e., the major part of the maize seed.
Moreover, the species of Stenocarpella may take advantage
of the inner of the maize seeds, based on the distribution of
the starch granules and of matrix proteins that compose the

endosperm classified as: farinaceous and vitreous. In the first,
the starch granules are rounded and dispersed with no protein
matrix surrounding these structures, which results in vacant
spaces during the drying process of the seed, starting from the
spaces where it previously was occupied by the water, during
the development of the seed (Paes, 2006). These spaces may
be occupied entirely by masses of hyphae, as observed in P3
and P4, for both species, waiting for favorable conditions to
develop, besides being responsible for the damages caused to
the seeds. However, in the vitreous endosperm, the protein
matrix is dense, with structured protein bodies and surrounding
the polygonal format starch granules, and with no spaces
formation among these structures. Under such conditions it
was observed hyphae very adhered in to deformed granules
and developing among the protein bodies.

S. maydis and S. macrospora were able to start the
infection process and to develop themselves in the maize
seeds with any inoculum potential; as demonstrated in this
study. In all inoculum potentials dormant structures of the
fungus were found, and from there those structures may

develop in the presence of water, nutrients and favorable
temperature, culminating to disease development leading
often to death the seeds/seedlings, as expected at higher
inoculum potentials.

Figure 5. Electron micrographs of the inner parts of a maize seed inoculated with Stenocarpella maydis during different periods.
A= control (non-inoculated seed); B=P1 (24 h); C=P2 (48 h); D =P3 (72 h); E =P4 (96 h).
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Figure 6. Electron micrographs of the inner parts of a maize seed inoculated with Stenocarpella macrospora during different
periods. A= control (non-inoculated seed); B e C=P1 (24 h); D =P2 (48 h); E=P3 (72 h); F =P4 (96 h).

Conclusions

The protocol used for production of protoplasts and
incorporation of genes that express GFP and DsRed in S.
maydis and S. macrospora is efficient and satisfactory for
the transformation of those species and for its use in seed
pathology studies.

Seeds inoculated with isolates of genetically transformed
Stenocarpella species elucidated, by means of the fluorescence
intensities, the varying levels of infection and colonization
found in the different inoculum potentials.

Analyzes performed by SEM on maize seeds inoculated
with S. maydis and S. macrospora were effective for
demonstrating the damage caused to the tissues of the seeds
by the infection and colonization, being the damages more
severe when observed in the higher inoculum potentials.
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