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a b s t r a c t
Aspergillus niger and Aspergillus carbonarius are two species in the Aspergillus section Nigri (black-spored
aspergilli) frequently associated with peanut (Arachis hypogea), maize (Zea mays), and other plants as pathogens.
These infections are symptomless and as such are major concerns since some black aspergilli produce important
mycotoxins, ochratoxins A, and the fumonisins. To facilitate the study of the black aspergilli–maize interactions
with maize during the early stages of infections, we developed a method that used the enhanced yellow ﬂuorescent protein (eYFP) and the monomeric red ﬂuorescent protein (mRFP1) to transform A. niger and A. carbonarius,
respectively. The results were constitutive expressions of the ﬂuorescent genes that were stable in the cytoplasms of hyphae and conidia under natural environmental conditions. The hyphal in planta distribution in 21day-old seedlings of maize were similar wild type and transformants of A. niger and A. carbonarius. The in planta
studies indicated that both wild type and transformants internally colonized leaf, stem and root tissues of maize
seedlings, without any visible disease symptoms. Yellow and red ﬂuorescent strains were capable of invading
epidermal cells of maize roots intercellularly within the ﬁrst 3 days after inoculation, but intracellular hyphal
growth was more evident after 7 days of inoculation. We also tested the capacity of ﬂuorescent transformants
to produce ochratoxin A and the results with A. carbonarius showed that this transgenic strain produced similar
concentrations of this secondary metabolite. This is the ﬁrst report on the in planta expression of ﬂuorescent proteins that should be useful to study the internal plant colonization patterns of two ochratoxigenic species in the
Aspergillus section Nigri.
Published by Elsevier B.V.

1. Introduction
The Aspergillus subgenus Circumdati section Nigri (black aspergilli) is
an important group of fungal species because of their worldwide distribution and their positive impact in the biotechnological industry.
Aspergillus niger is widely used in industrial processes and has been
granted the Generally Recognized As Safe status by the U.S. Food and
Drug Administration (Schuster et al., 2002). Conversely, some species
within this section are frequently linked to negative impacts in agriculture where they are known as pre and post-harvest plant pathogens,
causing a wide range of plant diseases in different hosts, including:
grape, onion, garlic, peanut, maize, coffee, fruits and vegetables (Lorbeer
et al., 2000; Magnoli et al., 2006; Rooney-Latham et al., 2008; Waller
et al., 2007). Recent evidence showed that some black aspergilli are able
to colonize plant hosts as symptomless endophytes (Palencia et al.,
2009; Wani et al., 2010). Symptomless endophytic states occur in plants
characterized as balanced symbionts in that the fungus and plant host
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are highly compatible. The ingestion of contaminated crop products is a
potential threat to humans and animal health since some black aspergilli,
especially A. niger and Aspergillus carbonarius, are known to produce toxic
secondary metabolites.
The species of the Aspergillus section Nigri isolated from natural
substrates including peanut, maize, and grape are able to produce
and accumulate mycotoxins such as ochratoxins and fumonisins
(Astoreca et al., 2007a, 2007b; Frisvad et al., 2007; Mogensen et al.,
2009). Ochratoxin A is nephrotoxic, teratogenic, immunosuppressive, and classiﬁed as a potential carcinogen in humans by the International Agency on Research on Cancer (IARC, 1993). Ingestion of
staple foods contaminated with elevated levels of ochratoxin a by
humans is associated with Balkanic Endemic Nephropathy, a chronic
condition that leads to kidney failure (Vrabcheva et al., 2004). Ochratoxin
A was originally described as a mycotoxin produced by Aspergillus
ochraceus; however since A. niger was reported as ochratoxin A producer
(Abarca et al., 1994), other black aspergilli are reported to produce this
secondary metabolite. Recent studies also reported that A. niger strains
are able to produce fumonisins, another group of mycotoxins described
as secondary metabolite produced by ﬁlamentous fungi in the genus Fusarium (Logrieco et al., 2010; Varga et al., 2010). In humans, the ingestion
of contaminated crop grains with fumonisins has been strongly associated with esophageal cancer and neural tube defects in areas where maize
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is a dietary staple (Gelineauvan Waes et al., 2009; Shephard et al., 2000).
The production of ochratoxins and fumonisins by black aspergilli presents
a potential food safety problem for human and animal health because the
fungal species within this group can infect important crops such as maize,
grape, and peanut.
The visualization of plant–pathogen interactions has been facilitated
by using molecular markers such as the green ﬂuorescent protein (GFP)
isolated from Aequorea victoria (Prasher et al., 1992), especially for
dissecting the endophytic-plant host associations for bacteria and
fungi. Recent studies showed the efﬁcient integration of the GFP gene
into fungal endophytes, including the slow-growing endophytic fungus
Undiﬁlum oxytropis (Mukherjee et al., 2010), the natural root endophyte
Fusarium equiseti (Macia-Vicente et al., 2009), and the wide host range
fungus Muscodor albus (Ezra et al., 2010). The success of GFP as live
imaging marker for fungal cells has increased the interest of many
researchers to develop and optimize vectors to express ﬂuorescent proteins with different excitation and emission wavelengths, including the
enhanced yellow ﬂuorescent protein (eFYP), and the monomeric red
ﬂuorescent protein (mRFP1) (Andrie et al., 2005). The main advantage
of using ﬂuorescent markers to monitor microbe–plant associations
over traditional techniques relies on the fact that ﬂuorescent proteins
do not require preparatory steps, which might affect the structure of
living cells. A major aim of this study was to develop an efﬁcient
protoplast-based transformation system for the black aspergilli using
A. niger and A. carbonarius as examples. Other objectives were to
determine maize–aspergilli in planta interactions and to compare the
production of ochratoxin A by transformed and wild type strains as an
indicator of genetic alterations of the transformants.
2. Materials and methods
2.1. Black aspergilli strains and plasmids
The two black-spored species used for genetic transformation were
provided by Maren Klich, USDA-ARS, Southern Regional Research
Center (SRRC), New Orleans, LA. The origins of A. niger var. niger SRRC
13 (=NRRL 2042, National Research Laboratory, USDA-ARS, Peoria, IL)
and A. carbonarius SRRC 2131 (=FRR 639, Food Research in North
Ryde, New South Wales, Australia) have been described earlier
(Palencia et al., 2009). The plasmids used for genetic transformation included pCA45, expressing enhanced yellow ﬂuorescent protein (eYFP), and pCA51, expressing the monomeric red ﬂuorescent
protein (mRFP1) (Andrie et al., 2005). These plasmids were provided by Lynda Ciuffetti, Department of Botany and Plant Pathology,
Oregon State University. The plasmids pCA45 and pCA51 contained
the hygromycin resistance gene (hph) as selective marker and the
Tox A promoter from Pyrenophora tritici-repentis to drive the constitutive expression of eYFP and mRFP1 (Carroll et al., 1994).
2.2. Culture and protoplasting conditions
The fungi were stored at −80 °C in a 0.01% Tween 80, 15% glycerol
solution. Potato dextrose agar slants were inoculated with a 10-μl loop
sample of A. niger SRRC 13 and A. carbonarius SRRC 2131 stock solutions
and incubated at 25 °C for 10 days. Spore suspensions were prepared by
adding 10 ml of sterile 0.01% Tween 80 solution to the PDA slants and
ﬁltering the resulting suspension through sterile cheesecloth. Fungal
suspensions were concentrated by centrifugation at 3000 rpm for
10 min. Protoplasts were generated using a modiﬁed method described
in Szewczyk et al. (2007). Brieﬂy, a suspension of 1 × 108 spores/ml
was added to 20 ml of complete medium consisting 500 ml of
autoclaved distilled water containing: 1.0 g NaNO3, 1.25 g N-Z case,
0.5 g yeast extract, 15 g sucrose, 0.5 g KH2PO4, 0.25 g MgSO4·7H2O,
0.25 g, 0.1 ml trace elements, and 5 ml of a vitamin solution
(Szewczyk et al., 2007). This spore solution was incubated at 30 °C
and 200 rpm for 16 h in an incubator shaker (Innova 4300, New

Brunswick Scientiﬁc, Edison, NJ). After incubation, the hyphal mat was
collected using sterile cheesecloth and aseptically transferred to 8 ml
of a protoplasting solution and incubated in a rotary incubator at
80 rpm for 4 h at 30 °C. The protoplasting solution was prepared by
mixing 10 ml of a citric acid buffer (1.1 M KCl, 0.1 M citric acid pH 8)
with 1.34 g of Vinoﬂow enzyme (Gusmer Enterprises Inc., Napa, CA).
This was followed by a ﬁltration step using an Acrodisc 0.2 μm HT
Tuffryn membrane syringe ﬁlter (Pall Corporation, Ann Arbor, MI).
Protoplasts were harvested by a slow addition of 20 ml of a cold
1.2 M sucrose solution and centrifuged at 3400 rpm for 20 min. After
forming an interface, protoplasts were transferred to a sterile 50 ml
conical tube and suspended in 40 ml pre-chilled sorbitol–tris–calcium
(STC) buffer: 1.2 M sorbitol, 50 mM CaCl2·2H20, and 10 mM Tris–HCl
pH 8.0. The suspension was centrifuged at 2500 rpm for 15 min at
room temperature. The concentration of the protoplast suspension
was determined by using a hemocytometer (Reichert Scientiﬁc Instruments, Buffalo, NY).
2.3. Transformation of black-spored Aspergillus species
Genetic transformation of A. niger SRRC 13 and A. carbonarius SRRC
2131 was performed using a modiﬁed polyethylene glycol (PEG) mediated transformation method previously described (Glenn et al., 2008).
Brieﬂy, 10 μg of DNA plasmid vectors was separately mixed with
100 μl of STC buffer, 100 μl protoplast solution (1 × 107 protoplasts),
and 50 μl of 30% PEG (Sigma Aldrich, Milwaukee, WI). The mixture
was incubated for 20 min at room temperature, followed by the addition of 2 ml of 30% PEG. Finally, the resulting solution was mixed with
a 2 ml-aliquot of STC buffer and 36 ml of molten overlay medium
(0.22 g yeast extract, 0.22 g casein enzymatic hydrolysate, 2.2 g agarose
in 110 ml of distilled deionized water). A 5-ml aliquot of the mixture
was poured over 20 ml of solidiﬁed regeneration medium (2.0 g yeast
extract, 2.0 g casein enzymatic hydrolysate, 32 g agar, 1.6 M sucrose)
in 100 mm diameter Petri dishes. Dishes were incubated at 30 °C for
48 h, during which time single colonies were visible on the regeneration medium. Because both plasmid vectors carry the hph gene, putative
ﬂuorescent transformants were selected after overlaying cultures
with10 ml of 1% water agar amended with hygromycin B (Roche Diagnostics, Indianapolis, IN). Two concentrations of hygromycin B were
used: 300 μg/ml for A. niger yellow ﬂuorescent transformants; and
150 μg/ml for A. carbonarius red ﬂuorescent transformants. Mitotic
stability of ﬂuorescent transformants was monitored by transferring
transformants to non-selective medium. The yellow and red ﬂuorescent
transformants were subcultured on PDA slants without the selective
pressure of hygromycin B for ﬁve generations.
2.4. DNA manipulation and molecular biology analysis
Plasmids, pCA45 and pCA51, were shipped and recovered as described by Rosman and Miller (1990). The recovered plasmids were
transformed into TOP10 electrocompetent E. coli strain (Invitrogen,
Carlsbad, CA) by electroporation, following the manufacturer's instructions. Individual putative transformed E. coli colonies were picked and
propagated in Luria–Bertani medium amended with ampicillin
(50 μg/ml) as selective agent. Transformed E. coli cells resistant to ampicillin were stored at −80 °C in a 15% glycerol solution. For high DNA
yields, the DNA extraction for ﬂuorescent expression plasmid vectors
was performed using a QIAGEN large-construct kit (Qiagen, Valencia,
CA). Putative A. niger and A. carbonarius transformants were preliminarily screened by PCR using the rapid method of Zhang et al. (2010).
Brieﬂy, putative transformants resistant to hygromycin were individually inoculated onto PDA dishes and incubated at room temperature in
darkness. After 3 days, hyphal tissue was aseptically transferred using
sterile toothpicks into 100 μl of sterile water in a 1.5-ml centrifuge
tube. The fungal suspension was vortexed and centrifuged at 10,000 ×g
for 1 min to remove PCR inhibitors. Water was discarded and the pellet
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was resuspended in 100 μl of autoclaved lysis buffer (50 mM sodium
phosphate at pH 7.4, 1 mM EDTA and 15% glycerol), and incubated at
80 °C for 30 min. DNA from the putative transformants was screened
by individual PCR reactions containing: 2.5 μl of 10× PCR buffer, 0.5 μl
25 mM MgCl2, 1.5 μl of 10 mM dNTP mix, 1.0 μl of each primer, 0.25 μl
Amplitaq DNA polymerase (5 units/μl), and 18.25 μl sterile water. PCR
reactions consisted of a denaturing step at 94 °C for 5 min followed by
35 cycles of 94 °C for 1 min, annealing step (ITS region = 53 °C for
1 min; hygromycin = 54 °C for 1 min; ToxA gene = 61 °C for 30 s),
and a ﬁnal extension step of 72 °C for 7 min.

2.5. Plant material and growth conditions
For the endophytic colonization of maize (Zea mays) seedlings by
black aspergilli and the expression of their ﬂuorescent proteins in
planta, maize cultivar Pioneer 33K81 (Pioneer Hi-Bred Inc., Johnston,
IA) was used. Seeds were subjected to external and internal sterilization using the heat shock procedure described earlier (Bacon et al.,
1994). Brieﬂy, kernels were placed in sterile plastic cups and rinsed
with sterile water for 3 min in an orbital shaker. The water was
discarded and kernels were surface disinfested using commercial
bleach (6.15% sodium hypochlorite) for 10 min in an orbital shaker.
This was followed by a heat-shock treatment at 60 °C for 5 min.
The seeds were rinsed three times with sterile water, and dried aseptically on autoclaved ﬁlter paper placed in 100 × 15 mm Petri dishes
for 3 h. Maize seed viability was tested by pre-germinating them for
2 days at 25 °C on a medium consisting of (g/l of sterile distilled
water): 12 g agar, 10 g glucose, 0.1 g peptone, and 0.1 g yeast extract (Macia-Vicente et al., 2008). Germinated seeds were separately
inoculated using fungal spore suspensions of wild type and ﬂuorescent transformants (1 × 105 cfu/ml) in 0.01% Tween 80 for 16 h at
room temperature. Maize inoculation was performed by incubating
sterile kernels in 10 ml of a spore suspension (1 × 105 cfu/ml) overnight in a Petri dish. After incubation, the maize seeds were dried on
a sterile Whatman paper #4 for 3 h at room temperature under ventilated aseptic conditions.
After inoculation, both inoculated and un-inoculated seeds were
used to evaluate differences in plant responses from maize seedlings
to the black aspergilli wild types and ﬂuorescent transformants. This involved the use of four replicates of 10 inoculated and germinated seeds
planted in a synthetic sterile potting mix (Fafard, Agaman, MA) containing sphagnum peat moss (40–50%), horticultural vermiculite, horticultural perlite, limestone, and processed pine bark. The control group
consisted of germinated seeds treated with sterilized 0.01% Tween 80
without fungal spores. All plants were grown under aseptic conditions
in a plant growth room for 21 days under 14 h of light (cool-white,
high-output ﬂuorescent tube at an average 254 μmol m−2 s−1) at
26 °C and 10 h of darkness at 22 °C.
After 21 days, maize seedlings were removed from pots and roots
were freed of planting mix soil by shaking plants in autoclave bags.
After separating root and aerial tissue, plant tissue were cut into 3–
5 cm sections and placed in sterile screw-cap disposable specimen
containers. Sectioned plant tissue was rinsed in sterile water for
3 min in an orbital shaker, followed by a surface disinfestation step
in 1% chloramine-T hydrate solution (Sigma–Aldrich, Saint Louis,
MO) for 30 min on a rotary shaker. The solution was removed and
the plant material was rinsed 3 times in sterile water. Plant segments
were trimmed (1.0 cm from each end) using sterile razor blades and
the resulting segments were placed on dichloran rose bengal
chloramphenicol medium (DRBC, Difco laboratories, Detroit, MI)
amended with 18% glycerol for fungal isolation. Five segments from
each plant tissue (blades, stems, and root tissue) were aseptically
placed on DRBC dishes and incubated at 25 °C for 7 days. Plant material was separated into root and aerial tissues and oven-dried at
60 °C to a constant weight to determine plant biomass.
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2.6. Isolation and Rep-PCR identiﬁcation
To conﬁrm the identity of the black aspergilli isolated from surfacedisinfested plant tissue, a rep-PCR DNA ﬁngerprinting analysis was
performed. After 7 days, hyphae growing out from the plant tissue
were aseptically transferred with sterile toothpicks into 10-ml of yeast
extract sucrose (YES) medium and incubated at 25 °C for 48 h. Young
hyphae on YES medium were transferred into 1.5-ml centrifuge tubes
and centrifuged at 3000 rpm for 5 min. DNA was extracted from the
pellet and subjected to the DNA ﬁngerprinting analysis described earlier
(Palencia et al., 2009). Dendrogram and the gel-like images were generated using the Agilent 2100 Bioanalyzer, version B.02.06 51418 (Agilent
Technologies, Palo Alto, CA) and the DiversiLab software version 3.3
(BioMeriuex Inc., Durham, NC). A. ochraceus was used as an out-group
and the dendrogram was generated by the Pearson's correlation coefﬁcient algorithm, with a 95% cutoff to indicate high similarity among fungal strains.
2.7. Microscopic analysis
Fresh hyphae and spores from ﬂuorescent transformants were visualized using a Leica DM6000 B ﬂuorescent microscope equipped
with an external light source Leica EL6000 with a mercury metal
halide bulb. Two ﬁlter cubes were used for this study: for the enhanced yellow ﬂuorescent protein (eYFP), the excitation/emission
wavelengths were 514/527 nm, and for the monomeric red ﬂuorescent protein (mRFP1), the excitation/emission wavelengths were
558/582 nm. Micrographs of fungal material sections were recorded
as several Z-stack of TIFF-images, and compatible Z-stack images
were created by using the LAS Stackon v 1.0.B13 software (Leica).
The resulting images were loaded into the Montage module of
Leica Application Suite (LAS) V 3.7.0 to visualize extended focus images. Fluorescent proteins from inoculated tissue were visualized
using a microslide mount in a 5 μl solution of Mowiol® (Calbiochem,
La Jolla, CA) anti-fade medium for direct observation under the microscope. The Z-stack images and montages were generated by
using the LAS Stackon and the LAS application suite softwares as described earlier. Hyphae and spore ﬂuorescent micrographs for the A.
niger eYFP transformant were acquired using emission 527 nm/
excitation 514 nm; whereas the A. carbonarius mRFP1 transformant
images used emission 582 nm/excitation 558 nm.
2.8. Mycotoxin production and analysis
A. niger and A. carbonarius wild types and their ﬂuorescent
transformants were tested for the production of ochratoxins using
maize kernels as natural substrate. Maize kernels were pre-treated before the fermentation process as follows: 10 g maize kernels were
placed in 40 ml of sterile deionized distilled water and incubated at
room temperature for 12 h in 125 ml Styrofoam stopped ﬂasks. The residual liquid was discarded and the kernels were autoclaved at 121 °C
for 15 min. Each ﬂask was inoculated with three agar plugs (5 mm) of
A. niger or A. carbonarius SRRC 2131 wild type and their ﬂuorescent
transformants, and incubated at 30 °C under dark conditions. The production of mycotoxins in maize kernels was analyzed after 7 days incubation. Harvested kernel samples were lyophilized in a Benchtop K
freeze dryer (Virtis, Gardiner, NY) at −43 °C, 60 mTorr for 4 days, and
ground to a ﬁne powder using mortar and pestle.
The extraction method for ochratoxin A consisted of adding approximately 2.5 g of the ground lyophilized samples to 10 ml of a
methanol:chloroform 1:1 (v/v) mixture. The suspension was placed
in a rotary shaker for 3 h at room temperature and sonicated for
30 min. Extracts were ﬁltered using Whatman #4 ﬁlter paper. The
methanolic solution was extracted three times with 8 ml of 0.5 N
NaHCO3 and the pooled aqueous solution was collected in a 25 ml
beaker. The alkaline-aqueous solution was acidiﬁed to pH 2–3 with
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0.2 M HCl and mixed 3 times with 20 ml CHCl3. The organic layer
was collected and transferred to a 250 ml boiling ﬂask. The solvent
was removed by using a rotary evaporator (Buchi, Flawil, Switzerland)
and the extracts were re-dissolved in 0.5 ml methanol.
A thin-layer chromatography procedure was used to assess the
production of ochratoxin A by black aspergilli and their transgenic
ﬂuorescent strains. Methanolic extracts (30 μl) were spotted onto a
silica gel coating TLC sheet (aluminum backing, 250-μm layer,
20 × 20 cm. Whatman, Maidstone, England), and dried at room temperature for 5 min. The TLC sheet was developed with a mobile
phase containing toluene–ethylene acetate-formic acid 50:40:10
(v/v/v) in a saturated thick glass tank for 40 min, followed by an examination under UV light (254 nm). Ochratoxin A was detected
under UV light and photographed using an Alpha Innotech imaging
station (Alpha Innotech, San Leandro, CA). Quantiﬁcation of
ochratoxin A was performed by high performance liquid chromatography (HPLC). The Agilent 1200 series HPLC system (Agilent Technologies, Waldbronn, Germany) used for mycotoxin analysis was
equipped with a vacuum degasser G1322A, a quaternary pump
G1311A, a ﬂuorescent detector FLD G1321A, and a Diode-array detector DAD G 1315D. For ochratoxin A quantiﬁcation analysis, the
ﬂuorescence detector was set at 334 nm (λex) and 460 nm (λem).
The chromatographic separation was carried out using an analytical
C18 column (Zorbax Eclipse XDB; 4.6 × 150 mm; particle size 5 μm)
with a mobile phase of acetonitrile–water–acetic acid (52/46/2) at a
ﬂow rate of 1.0 ml/min. The photomultiplier gain was set at 10.00 for
the mycotoxin analysis. The ochratoxin A standard was obtained
from Sigma–Aldrich, St. Louis, USA. Each experiment was performed
in triplicate and each inoculated randomly with wild type and
transformed replicated strains.
2.9. Statistical analysis
Sigma Plot v. 9.0 and Sigma Stat v 3.1 (Systat Software, Point
Richmond, CA) were used to perform analysis of variance (ANOVA) to
compare the effect of plant seedling inoculation and the controls on
plant growth.
3. Results
3.1. Selection of transformants and frequency of transformation
Both transformation vectors pCA45 and pCA51 contained the
hygromycin phosphotransferase B encoding gene as selectable marker.
The sensitivity to different hygromycin B concentrations by A. niger var.
niger SRRC 13 and A. carbonarius SRRC 2131 was determined using a
PDA plate assay (data not shown). The A. niger strain showed complete
growth inhibition at 250 μg/ml; whereas the data from A. carbonarius
indicated complete growth inhibition at 75 μg/ml. Transformants
were selected by a top agar overlay method using two different
hygromycin B ﬁnal concentrations. The A. niger yellow ﬂuorescent
transformants were selected by overlaying 1% agar at 300 μg/ml
hygromycin B; whereas A. carbonarius red ﬂuorescent transformants
were selected at 150 μg/ml. Transformation frequencies varied from
34 to 50 transformants for A. niger and 38 to 45 transformants A.
carbonarius per 107 conidia.
3.2. Mitotic stability and analysis of transformants
The mitotic stability of the hygromycin-resistant transformants was
tested by transferring ten transformants onto PDA medium without the
selective pressure of hygromycin. After ﬁve generations, transformants
remained mitotically stable and were recovered as single-spore cultures
on PDA and transferred to PDA slants amended with hygromycin B
(150 μg/ml). For the analysis of putative transformants, 24 singlespored isolates of each species were subjected to genomic DNA

extraction using the method of Zhang et al. (2010). The insertion of
pCA45 and pCA51 vectors into A. niger and A. carbonarius transformants,
respectively, was determined by PCR ampliﬁcation of the hph and Tox A
regions of the black aspergilli transformants genomic DNA samples. The
hph gene and the Tox A regions were ampliﬁed using two set of primers.
Our results indicated that 22 (91%) transformants of A. niger, and 20
(83%) of A. carbonarius were positive for the integration of the hph
gene and the Tox A promoter. Ten transgenic strains from each species
were subjected to microscopic analysis under ﬂuorescent light to determine the stable expression of the eYFP and mRFP1 ﬂuorescent markers
in vitro. All transformants showed a wide range of ﬂuorescence intensities, with eight (80%) of the transformants subjected to ﬂuorescence
assay for A. niger expressing the eYFP marker, and seven (70%) of the
A. carbonarius expressing the mRFP1 marker (Fig. 1). In both cases, the
transformants with the brightest intensities were used to study the endophytic interactions with maize seedlings.
3.3. Microscopic and ﬂuorescent analysis
In vitro expression of eYFP and mRFP1 markers by the ﬂuorescent
transformants was observed using a ﬂuorescent microscope system
equipped with ﬁlters for detecting each ﬂuorochrome (Fig. 1a-l). The
constitutive expression of eYFP and mRFP1 markers was bright and
stable in both fungal strains. For better contrast and visualization of viable hyphae in Petri dishes, fungal inoculum was placed on malt extract
agar, which did not show autoﬂuorescence at the wavelengths used to
detect eYFP (λexc 514/λemm 527 nm) and mRFP1 (λexc 558/λemm
582 nm). Conidia were harvested 5 days after inoculation since older
spores were difﬁcult to observe under ﬂuorescent light due to their
dark pigmentation. The mRFP1 ﬂuorescent A. carbonarius strain was especially affected by this phenomenon, where mature spores producing
characteristic melanized pigmentation were barely visible under ﬂuorescent light (Fig. 1k), even when the gain and intensity parameters
were increased. The production of the secondary metabolite melanin
is a hallmark of this fungal group (Samson et al., 2007). Although melanization also occurred in the A. niger yellow ﬂuorescent strain (Fig. 1i–j),
the expression of this ﬂuorescent marker was stronger than the red
ﬂuorescent marker. Thus, production of dark-pigmented spores in A.
niger yellow ﬂuorescent transformants did not affect the visualization
of eYFP.
In planta expression of the ﬂuorescent markers allowed the study of
colonization of A. niger and A. carbonarius in maize seedlings. By day 3,
moderate apical growth of hyphae was observed for A. niger at the
elongation zone (Fig. 2a). This growth was characterized by intercellular
growth of hyphae (Fig. 2b). However, by day 14, both inter- and intracellular hyphal growth was detected (Fig. 2c), not only in the elongation
zone but also near the root cap. The intracellular growth was characterized by thick bright hyphae, perhaps indicating a more complex
interaction between hyphae and plant tissue after 14 days of the
inoculation. Cross-sections of plant root tissue analyzed after 14 days
of inoculation indicated the epidermal and subepidermal growth of hyphae (Fig. 2d, e). The sub-epidermal growth of hyphae was more evident in elongation zones where hyphae were clearly colonizing root
tissue. For A. carbonarius, the colonization of elongation zones in
maize seedlings (Fig. 3a) before 7 days of the inoculation exhibited a
similar pattern as shown in the A. niger ﬂuorescent mutant. At this
stage, the colonization of the elongation zone was more evident than
in A. niger, and it was characterized by intercellular growth. Fungal
growth was evident in the elongation zone (Fig. 3b) by day 14, with
inter- and intracellular hyphae. The attachment of ﬂuorescent spores
in the elongation zone by A. carbonarius was evident. After 14 days,
both elongation zone and root cap tissue were heavily colonized with
intra- and inter-cellular hyphae (Fig. 3d). Cross-section of the root cap
section, by 14 days after inoculation, showed development of conidiophores (Fig. 3e), with massive growth of hyphae at epidermal and
sub-epidermal tissues (Fig. 3f).
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Fig. 1. Black aspergilli transformants expressing the eYFP (yellow) and mRFP1 (red) ﬂuorescent proteins under the ToxA promoter from Pyrenophora tritici-repentis. Fluorescent
transformants under bright-ﬁeld microscopy of A. niger var. niger SRRC 13 and A. carbonarius SRRC 2131, a–h; under dark ﬁeld ﬂuorescence, e–h; and under ﬂuorescent microscopy, i–l.

3.4. Seedling growth and re-isolation of black aspergilli strains from plant
tissue
To study the systemic infection and the plant–pathogen interactions
by endophytic black aspergilli in maize seedlings, transformed and
untransformed black spored aspergilli were used to infect surface

disinfested kernels. Maize seedlings grown from treated kernels
were compared with a control (water) group. Our studies revealed
that both ﬂuorescent and wild type strains of A. niger and A.
carbonarius were able to infect 21-day-old seedlings. We compared
the DNA ﬁngerprint proﬁles of the re-isolated ﬂuorescent transgenic
black aspergilli using a rep-PCR approach (Palencia et al., 2009). The

Fig. 2. Colonization of maize seedlings by the yellow ﬂuorescent A. niger strain. (a), External colonization of root three days after inoculations; (b), longitudinal section showing
intercellular hyphae in 3-day-old roots; (c), 14 days after inoculation, both intra and intercellular hyphae of A. niger; (d), a free-hand cross-section of root showing colonization of subepidermal and central cylinder tissues; and (e), higher magniﬁcation of a tangential section of root tissue in (d).
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Fig. 3. A. carbonarius ﬂuorescent strain expressing the mRFP1 marker in maize root tissue. (a) Fungal hyphae (red) observed growing along on the surface of maize root 3 days after inoculation; (b), hyphal growth along the root elongation zone at 7 days following inoculation; (c), higher magniﬁcation of box area of (b); (d), hyphal growth on seedling roots 14 days
after inoculation; arrows indicate intercellular hyphal growth; (e), cross-section of infected root tissue showing a conidiophore apparently produced from epidermal tissue; (f), higher
magniﬁcation of conidiophore in box area of (e).

results indicated that the A. niger yellow ﬂuorescent strains isolated
from leaves, stems, hypocotyl, and roots (Fig. 4) were N 93% similar
to the genotype of their wild type. For the red ﬂuorescent A.
carbonarius transformants, the re-isolated strain was N95% similar

to its wild type. In both cases, our ﬁndings showed that transformation of transgenic A. niger and A. carbonarius did not affect the capacity of the ﬂuorescent transgenic strains to colonize endophytically
maize seedlings.

Fig. 4. Dendrogram with virtual gel images generated by the DiversiLab genotyping system. A rep-PCR analysis was carried out using A. niger var niger SRRC 13, A. carbonarius SRRC 2131 as
morphotypes, and their ﬂuorescent transformants (eYFP and mRFP1) to determine percent similarity between the fungal morphotypes and the re-isolated fungal transformants from
maize seedlings.
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We determined the effects of black aspergilli colonization on 3week-old maize seedlings using A. niger, A. carbonarius, and their respective ﬂuorescent strains (Fig. 5). The height and stem thickness
(Fig. 5a,b) of the seedlings were measured from maize plants treated
with black aspergilli strains, and compared with the control. In terms
of plant height, the maize seedlings grown from inoculated seeds with
ﬂuorescent black aspergilli did not show signiﬁcant differences when
compared with the control group (P N 0.05, Fig. 5a). However, when
stem thickness of the A. niger strains was compared with the control
(Fig. 5b), the treated maize seedlings showed a reduction in the stem diameter (P b 0.05). We also measured the plant biomass of the aboveand below-ground tissue of the treated and untreated maize seedlings
(Fig. 5c). For the aboveground tissue, plant biomass of seedlings treated
with A. niger and its transformants was signiﬁcantly reduced (P b 0.05).
For the belowground tissue, the maize seedlings treated with the
red ﬂuorescent A. carbonarius had signiﬁcantly increased root tissue
(P b 0.05).
3.5. Mycotoxin production
To address the question whether the genetic transformation
of black aspergilli wild types affected OTA production in the ﬂuorescent transformants, a TLC assay (Fig. 6A) was performed. The TLC
analysis revealed that both A. niger EYFP and A. carbonarius mRFP1
transformants were able to maintain their ability to produce
ochratoxin. The quantiﬁcation of ochratoxin by HPLC showed that
the A. carbonarius red ﬂuorescent transformant produced the highest
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amount of ochratoxin (27.2 μg/ml ± SD 1.51) which was not significantly different compared with its wild type A. carbonarius SRRC
2131 (25.9 μg/ml ± 1.0435) (Fig. 6B). For the A. niger strains, the
yellow ﬂuorescent transformant produced a similar amount of
ochratoxin (0.068 μg/ml ± 0.017) when compared with the A. niger
wild type (0.06 μg/ml ± 0.016). Generally, A. carbonarius is able to produce higher amounts of ochratoxin than A. niger, and this trend was observed in our studies. Both A. carbonarius strains were able to produce
more than 500 times the amount of ochratoxin than A. niger strains.
4. Discussion
The use of ﬂuorescent markers as a molecular tool to study the fate
of microorganisms in complex plant–microbe associations for endophytic microorganisms has increased (Maciá-Vicente et al., 2009;
Paparu et al., 2009; Paungfoo-Lonhienne et al., 2010; Rothballer et al.,
2008). In this study, we report the development of a genetic transformation method to create ﬂuorescent transgenic strains of two black aspergilli, A. niger and A. carbonarius. Transformation of these strains allowed
the study of colonization patterns of black aspergilli in 3-week-old
maize seedlings grown from inoculated seeds. Thus, the ﬂuorescent
transformants constitutively expressed the eYFP (A. niger) and
mRFP1 (A. carbonarius) reporters (Andrie et al., 2005) in both
in vitro and in planta conditions.
Genetic transformation of fungal species has been hampered by the
lack of efﬁcient transformation procedures that meet the speciﬁc requirements for each species. The protoplast-mediated transformation

Fig. 5. Effects of black aspergilli strains and their transformants on colonization of 3-week-old maize seedlings. A), Plant height; B), stem thickness measured at the ﬁrst internode; C),
comparison of biomass for 3-week-old maize seedlings grown from uninoculated (control) and inoculated seeds; black bars, leaf and stem tissue, and white bars, root tissue. For all
data, an asterisk indicates a signiﬁcant difference (P b 0.05) between the uninfected seedlings and the inoculated seedlings treated with black aspergilli strains. Values are
means ± SD with n = 3 replicates with 10 maize seedlings per treatment.
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Fig. 6. Ochratoxin A production on maize seeds by black aspergilli. (A) TLC plate showing results for the wild types (wt) A. niger SRRC 13 and A. carbonarius SRRC 2131and their ﬂuorescent
transformants (yellow, YFP; red, RFP) on corn. (B) Ochratoxin A production was determined by HPLC from wild types and transgenic strains. Values are means ± SD with n = 3 replicates
per strain. The two-tailed t-test indicated that both ﬂuorescent strains did not signiﬁcantly differ in ochratoxin A production from their wild types.

system is based on the treatment of protoplasts with polyethylene glycol (PEG). This system has been successfully used in fungal species
(Ruiz-Díez, 2002). The lack of efﬁcient cell wall degrading enzyme cocktails to prepare protoplasts has proven to be the main limiting factor for
developing protoplast-based approaches for transformation. We applied a protoplast-generating system which involved treating young hyphae with the inexpensive winemaking enzyme Vinoﬂow® FCE, a blend
of pectinase and beta 1,3–1,6 glucanase activity that has been used with
other fungal species (de Bekker et al., 2009; Feltrer et al., 2010; GarciaPedrajas et al., 2010). This enzyme preparation successfully degraded
fungal cell walls, resulting in high protoplast yield for A. niger and A.
carbonarius. Further, Szewczyk et al. (2007), reported similar results in
Aspergillus nidulans. High yields were reported by de Bekker et al.
(2009) who used a mixture of lysing enzymes from Trichoderma
harzianum, a chitinase from Streptomyces griseus, and a glucuronidase
from Helix pomatia to develop protoplasts in A. niger. Unlike de Bekker
et al. (2009), where the cell wall degrading enzymatic cocktail was
not suitable to generate protoplasts in another black Aspergillus species,
Aspergillus awamori, our procedure was suitable for other black aspergilli (data not shown), including the ochratoxigenic species A. carbonarius.
Although we obtained high protoplast yields with black aspergilli, this
enzyme has been unsuccessfully used for degrading cell walls of Aspergillus fumigatus (Fortwendel et al., 2008), suggesting a variable cell wall
composition among Aspergillus species.
In our studies, we have shown that by using a protoplast mediated
transformation method we successfully inserted the DNA from pCA45
and pCA51 vectors into the genome of the black aspergilli A. niger and
A. carbonarius. Both species constitutively expressed the yellow and
red ﬂuorescent markers that were used to monitor fungal interactions
in maize root tissue. Transformation frequencies varied from 34 to 50
transformants for A. niger and 38 to 45 transformants A. carbonarius
per 107 conidia. Compared with other transformation methods used
for black aspergilli transformation, such as that using Agrobacterium
tumefaciens, our results showed lower transformation frequencies
(Crespo-Sempere et al., 2011; Gouka et al., 1999). Although A.
tumefaciens-mediated transformation resulted in higher transformation
frequencies, the resulting transformation process using A. tumefaciens
were characterized by silencing of the ﬂuorescent phenotypes after
long storage (Flowers and Vaillancourt, 2005) and a low number of
DNA insertions (de Bekker et al., 2009). Our transformants have kept
their in planta ﬂuorescent phenotype after long periods of storage (in
excess of two years; data not shown), so this protocol is not only

suitable for protoplast development, but also stable and more effective
for black aspergilli genetic transformation.
An inherent problem observed in ﬂuorescent strains of black aspergilli is that the time of maturation decreased the ﬂuorescence intensity
of spores of the transformed black aspergilli. This phenomenon has also
been documented in other living systems, where the production of certain pigments such as melanin has became a major challenge for cell imaging (Chudakov et al., 2010). It is believed that melanin and other
compounds absorb the light intensity when irradiated with ﬂuorescent
light at the wavelength of several ﬂuorescent markers. However, a characteristic feature of black aspergilli is the production of melanin, which
is the taxonomical feature of this group. We did not encounter any difﬁculty with our microscopic system.
In conclusion, we successfully transformed two black aspergilli species and demonstrated their in planta expression. Further, the production of ochratoxins by the wild types and ﬂuorescent transformants
was evaluated. Although our studies did not address the role of
ochratoxins in plant–fungal associations, we showed that even after insertion of foreign DNA into A. niger and A. carbonarius, the production of
these secondary metabolites remained the same compared to their respective wild types. Fungal root colonization in maize seedlings was
monitored using the ﬂuorescent strains. Intercellular and intracellular
hyphae were visible in symptomless root tissue 24 h after inoculation.
Fluorescent strains were separately used to inoculate maize seeds, and
our observations showed that A. niger is the more aggressive colonizer
of the surface of the root tissue compared with A. carbonarius. Surface
colonization was also observed in Fusarium verticillioides studies
(Bacon and Hinton, 1996), where it was concluded that this symptomless endophyte might be a cortical root fungus. We also observed that
both A. niger and A. carbonarius strains did not show speciﬁcity for infection sites in root tissue and both ﬂuorescent strains were not visible at
the root cap. Similar results were shown by Olivain et al. (2006), who
used ﬂuorescent markers in Fusarium oxysporum strains to study of colonization on tomato root tissue by pathogenic and nonpathogenic
strains. They concluded that there was no speciﬁcity for infection sites
in plant tissue, and both strains were visible on the surface of the root
tissue but not in the apical zone. A better understanding of the beneﬁcial
mechanisms in symbiotic interactions should provide alternative approaches to improve agronomic performance of important ﬁeld crops.
The use and improvement of microscopy tools, such as the use of ﬂuorescent markers, to study plant–microbe associations will reveal and
deﬁne some of the molecular basis of the mechanisms used by fungal
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endophytes to protect their plant hosts. To the best of our knowledge,
this is the ﬁrst report on the use of molecular markers to elucidate the
root colonization patterns by ﬂuorescent strains of species within the
Aspergillus section Nigri.
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