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Abstract Aspergillus flavus and A. parasiticus are
aflatoxin-producing fungi that can infect peanut seeds
in field crops. An association between A. parasiticus
proteolytic enzyme activities and peanut fungal
infection was examined. For this study, a model of
inductive and non-inductive culture media to produce
A. parasiticus extracellular protease before infection
was used. These A. parasiticus cultures were used to
infect peanut seeds of cultivars resistant and suscep-
tible to aflatoxin contamination. Peanut seeds of both
cultivars exposed to fungi grown on casein medium
(inductive medium) showed higher internal and
external infection and a higher fungal protease content
than those observed on potato dextrose agar (PDA)
and sucrose medium (non-inductive media). A further
study showed higher fungal colonisation and aflatoxin
contamination in seeds of the resistant cultivar pre-
incubated with Aspergillus extracellular proteases
than in those incubated without proteases. Moreover,
protease activities affected the viability of non-
infected resistant cultivar seeds, inhibiting germina-
tion and radicle elongation and enhancing seed tissue
injury. The results strongly suggest that protease
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production by A. parasiticus is involved in peanut
seed infection and aflatoxin contamination resulting
in seed tissue damage, affecting seed viability and
facilitating the access of fungi through the testa. The
analysis of fungal extracellular proteases formed on
peanut seed during infection showed that 4. flavus
and A. parasiticus produced metallo and serine
proteases; however, there were differences in the
molecular masses of the enzymes between both
species. The greatest activity in both species was by
serine protease, that could be classified as subtilase.
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Introduction

Aspergillus flavus and A. parasiticus are fungi that
infect cereal and oil seeds and produce aflatoxins as
secondary metabolites which are highly poisonous,
teratogenic and carcinogenic (Williams et al. 2004;
Abnet 2007). These fungi are found in the soil as
saprophytes. However, they can invade peanut seeds,
seedlings, and pods during the pre—and post-maturity
stages (Middleton et al. 1994). The highest levels of
A. flavus and A. parasiticus infection and aflatoxin
contamination are associated with seed and pod
damage and when plants are drought-stressed (Dowell
et al. 1990; Holbrook et al. 2000; Horn 2006).
However, Aspergillus can also colonise undamaged
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peanut pods and seeds as observed in histological
studies (Xu et al. 2000).

Plant pathogens are able to cross the seed cuticle
by secreting hydrolytic enzymes that degrade the
component of plant cell walls (Sieber et al. 2000;
Roncero et al. 2003). It has been reported that
pectinases and cutinase secreted by 4. flavus during
cotton boll and corn infection are related to Aspergillus
virulence (Brown et al. 1992; Guo et al. 1996, Mellon
et al. 2007). Proteases are other enzymes identified in a
number of plant pathogenic fungi and may play a
critical role in successful host colonisation (Di Pietro et
al. 2001; Pekkarinen and Jones 2002; Bindschedler et
al. 2003). Physiological studies have suggested that
proteases could have a direct effect on the proteins of a
plant’s plasma membrane or cell wall (Movahedi and
Heale 1990; Carlile et al. 2000). Aspergillus spp.
proteases have been shown to be involved in invasive
aspergillosis in mammals (Reichard et al. 1990;
Monod et al. 2002; Reed and Kita 2004; Mellon
et al. 2007). However, there is limited evidence of
the role of A. flavus and A. parasiticus proteases in
plant infection. In a comparative study of virulent
and avirulent 4. flavus in cotton boll infection,
the virulent strain showed higher proteases and
x-amylases activities, suggesting some correlation
between enzyme activity and 4. flavus virulence
(Brown et al. 2001). In a preliminary study, A.
parasiticus and A. flavus were induced to produce
different extracellular enzymes (pectinases, amy-
lases, cutinases and proteases) by growing the
fungus in specific substrate culture media and
exposing peanut seeds to infection (unpublished
work). Only the fungus with protease and cutinase
induction showed a significant higher fungal infec-
tion in peanut seed.

In the present work, a laboratory study was
performed to evaluate the role of extracellular fungal
proteases during A. parasiticus infection on peanut
seed as an approach to understanding their role during
natural infection. This paper details (i) an association
between A. parasiticus extracellular protease induc-
tion and the ability of this species to infect peanut
seed and (ii) the effects of exogenously-applied
extracellular A. parasiticus proteases on fungal
infection, aflatoxin contamination and viability of
peanut seeds. Furthermore, the extracellular proteases
synthesised by A. flavus and A. parasiticus during
peanut seed colonisation were characterised.
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Materials and methods
Peanut cultivars

Two peanut cultivars were provided by the Instituto
Nacional de Tecnologia Agropecuaria (INTA),
Manfredi Experimental Station, Cordoba, Argen-
tina. The PI337394 cultivar was characterised as
resistant and the Florman INTA cultivar was
characterised as susceptible to Aspergillus infection
(Asis et al. 2005).

Aspergillus source

Isolates 6 (A4. flavus) and 18 (4. parasiticus) were
obtained from peanut seed and pods of peanut plants
grown in Cordoba, Argentina and were identified and
classified as virulent Aspergillus spp. (Asis et al.
2005). A reference strain of 4. parasiticus (NRRL
2999) characterised as an aflatoxigenic strain was also
used. The fungi were grown on potato-dextrose agar
(PDA) (Merck) at 30°C for 7 days and the spore
suspensions obtained by washing the surface of the
cultures with Tween 80 (0.5 ml 17"))

Aspergillus extracellular protease production
on inductive and non-inductive culture media

Casein medium (CM) containing casein as the only
carbon source was used to induce the synthesis of
A. parasiticus extracellular proteases (inductive
medium). In contrast, sucrose medium (SM) con-
taining sucrose as the only carbon source and PDA
containing mainly starch as the carbon source and a
low protein content were defined as non-inductive.
CM contained (I"' of phosphate buffer 50 mM,
pH 8) the following: 10 g casein from bovine milk
(Fluka), 0.5 g NH4SO,4, 0.05 g MgSO,47H,0, 1 ml
of trace elements (700 mg Na,B,0,, 680 mg
N32M004.2H20, 10 g Fez(SO)26 H20, 300 mg
CuS0,4.4 H,0, 1.76 g ZnS0O,.7 H,0, 110 mg MnSOy,),
and 15 g agar. SM contained 10 g sucrose (Merck)
instead of casein. PDA (Merck) was prepared follow-
ing the manufacturer’s instructions. One ml of
A. parasiticus isolate 18 spore suspension (1x10’
spores ml ') were seeded and spread on a Petri plate
containing 15 ml culture medium and incubated for
10 days at 30°C to allow fungal colonisation and
protease production. The assay was conducted in ten
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replicates. After 10 days, the proteolytic activity was
measured in each culture medium and thereafter, the
Petri plates with fungus were used for the seed
infection assay.

Proteases were extracted from two circular plugs
(1.3 cm diam) that were cut from each culture
medium. The plugs were placed in a container with
5 ml phosphate buffer saline (PBS) pH 7.2 and
shaken for 1 h at room temperature. The extraction
solution was filtered and used to measure the
enzymatic activity. Proteolytic activity in culture
media was measured against fungal biomass estimat-
ed by ergosterol content. Ergosterol was extracted
from culture media plugs (0.9 cm diam) with 500 pl
methanol by sonicating for 10 min, and determined by
HPLC (Asis et al. 2005).

Proteolytic activity measurement

Proteolytic activity of enzymes was estimated with
azocasein (Sarath et al. 1989). One hundred micro-
litres of enzyme extract was incubated with 50 pl of
enzyme buffer (50 mM Tris-HCI1 (pH 7.5), 200 mM
NaCl and 1.8 mM CaCl,) and 25 ul 10 g 17
azocasein (Sigma-Aldrich) solution (in 0.1 M NaOH)
for 1h at 25°C. Reaction was stopped with 25 pl of
100% trichloroacetic acid. The samples were centri-
fuged at 11,000 g for 5 min and the absorbance
recorded at 415 nm. One proteolytic activity unit
(PAU) was defined as the amount of enzyme required
to produce an absorbance change of one unit under
the assay conditions.

Z (N 0 of seeds classified in each scale value x scale value/tom INO

Study of the fungal infection and protease content
in peanut seeds exposed to A. parasiticus grown
on inductive and non-inductive media.

Seeds of resistant and susceptible cultivars were exam-
ined closely for visible injury, and undamaged peanut
seeds were selected for this assay. The seeds were
disinfected by soaking in sodium hypochlorite (0.5%
available chlorine) for 3 min, washed several times with
sterile distilled water (SDW) and re-hydrated to 20%
moisture by soaking in SDW (Asis et al. 2005). The
disinfected peanut seeds of both cultivars (seven seeds
of each) were added to each plate of CM, SM or PDA
containing the fungi grown for 10 days and then
incubated for a further 3 days at 30°C. Each treatment
was replicated three times. The assay was conducted
four times. After 3 days, internal and external seed
infection as well as fungal extracellular protease activity
on the seeds were measured in each culture medium.
Natural infection was measured by exposing disinfected
seeds of both cultivars to inductive and non-inductive
media free of fungus under the same conditions as the
inoculated culture media.

The external seed infection was measured by visual
inspection using an ordinal scale from 0 to 5 (0=0% 1=
< 20%, 2=21-40%, 3=41-60%, 4=61-80%, 5=81—
100% of the seed surface covered by conidiophores
bearing conidia) (Tubajika and Damann 2001). The
fungal infection rating was determined for individual
kernels of each cultivar on each culture medium and
the percentage of external infection severity was
calculated using the following equation:

assayed seeds x 5) x 100

Fungal extracellular proteases produced on the
exposed seeds were extracted as follows: seeds
from each replicate were soaked with 10 ml PBS
and shaken for 20 min. The extracted solution of
each replicate was filtered and used to measure the
enzymatic activity as described above. Thereafter,
these seeds were used for internal infection
analysis.

Internal infection was assayed by direct plating.
Seeds exposed to fungi were surface-disinfected with
sodium hypochlorite (1% available chlorine), washed

several times with SDW and placed in Petri plates
containing PDA medium. The seeds were incubated
at 30°C for 48 h and the number of colonised seeds
was measured. Internal infection incidence was
expressed as the percentage of infected seeds over
the total number of assayed seeds.

Isolation of proteases from inductive medium

Aspergillus parasiticus isolate 18 was incubated in
CM liquid medium at 30°C for 10 days. After
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incubation, the culture medium was filtered using
paper filter and the extracellular proteases were
precipitated from the filtered culture medium by the
addition of -20°C chilled acetone (80% of total
volume). The solution was shaken for 1 h at 4°C
and centrifuged at 7,500 g. The precipitate was
dissolved in phosphate buffer (50 mM, pH 7) and
sterilised by filtration with a 0.22 um filter (Millipore
Corporation). The proteolytic activity of the filtered
culture medium and the precipitated proteins was
measured by azocasein assay and the protease molec-
ular weights were evaluated by zymography and
compared with the proteases produced on peanut seed.

The effect of Aspergillus protease activity on fungal
infection, aflatoxin contamination and viability
of peanut seed

To study the effect of protease activity on fungal
infection and aflatoxin contamination, peanut seeds
of the resistant cultivar were exposed to the isolated
proteases from CM and then infected with the
fungus. To perform this study, intact peanut seeds
of the resistant cultivar were disinfected with
sodium hypochlorite (0.5% available chlorine) as
described above. Unwounded seeds (40 seeds per
replicate) were immersed in a protease solution (0.8
PAU ml™") and incubated for 24 h at 30°C. Control
seeds were left intact or the endosperm was wounded
to a depth of 1 mm using a 20-gauge needle and
immersed in phosphate buffer (50 mM, pH 7) alone.
Unwounded and wounded controls (40 seeds per
replicate) were incubated under the same conditions
as seeds treated with proteases. After incubation, the
unwounded and wounded controls and protease-
treated seeds were washed three times with 100 ml
SDW, placed on sterile Petri plates and infected with
1 ml of 4. parasiticus isolate 18 spore suspension
(1x10 ® spores ml™!). The inoculated seeds were
shaken to homogenise the inoculum on the seed
surface and incubated for 5 days at 30°C in a wet
chamber. The assay was conducted in triplicate.
Aflatoxins were extracted from peanut seeds with
80% v/v methanol, cleaned-up with Aflatest P
immunoaffinity column (Vicam) and measured by
HPLC (Asis et al. 2005). The fungal colonisation
was determined by measuring ergosterol levels.
Ergosterol was extracted from samples with metha-
nol, saponified with 2 M sodium hydroxide, extracted
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with 3 x3 ml of pentane and measured by HPLC (Asis
et al. 2005).

A second assay was performed with unwounded
seeds incubated with proteases and protease inhib-
itors. Two protease inhibitor preparations were added
to protease solution to obtain the following inhibitor
concentrations (a) 5 mM PMSF (Sigma-Aldrich)
and (b) 5 mM PMSF, 2 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride (AEBSF), 30 um pepsta-
tinA, 28 pum E-64, 80 um bestatin, 40 pm leupeptin,
and 1.6 um aprotinin (Sigma-Aldrich protease mix
P8340). Each preparation was incubated at 37°C for
30 min. After incubation, the unbounded protease
inhibitors were removed by sephadex G25 NAPI10
column (GE Healthcare) to avoid undesirable effects
on seed viability. Simultaneously, a protease solution
free of protease inhibitors was processed under the
same conditions and then diluted with phosphate
buffer (50 mM, pH 7) to obtain a protease activity of
0.5 PAU ml™'. The protease-inhibitor mixtures were
also diluted as per the protease solution with buffer
plus 0.2 mM EDTA. Disinfected seeds (40 seeds per
replicate) were incubated with the protease solution,
protease plus inhibitors or buffer plus EDTA at 30°C
for 4 h. The seeds were washed, infected and
incubated as previously described and aflatoxin and
ergosterol content measured.

To study the effect of fungal proteases on seed
viability, seed germination and radicle elongation
were measured in non-infected seeds of the resistant
cultivar exposed to proteases. Undamaged seeds (40
seeds per replicate) were disinfected with sodium
hypochlorite (0.5% available chlorine) and immersed
in protease solutions at three concentrations (0.830,
0.416, 0.278 PAU ml ") prepared from proteases
isolated from CM. Control seeds (40 seeds per
replicate) were disinfected and immersed in phos-
phate buffer (50 mM, pH 7). As an inactivated
protease control, a seed lot (40 seeds per replicate)
was disinfected and immersed in a protease solution
(0.830 PAU ml ") previously boiled for 10 min.
Under these conditions, controls and protease-treated
seeds were incubated at 30°C for 12 h. After
incubation, seeds were washed three times with
100 ml SDW and incubated in a wet chamber at 30°C
for 72 h. The assay was conducted in triplicate. The
number of germinated seeds was measured and seed
germination expressed as the percentage of germinated
seeds over total number of evaluated seeds. The seed
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radicle length elongation was determined and expressed
as the average radicle length (cm) for each treatment.
Tissue damage in the seeds immersed in 0.830 PAU
ml™" protease solution was evaluated by microscopy
and compared with the control seeds. The analysis was
carried out in the seed embryonic axis without the testa
dyed overnight with 10 g I"" tetrazolium salt solution
at room temperature. The images were recorded using
stereomicroscopy (Leica) with a 20X magnification.

Analysis of A. flavus and A. parasiticus extracellular
proteases produced on peanut seeds

Fifty grams of autoclaved peanut seeds were inocu-
lated with 1 ml of spore suspension (1x10° spores
ml™") of A. flavus isolate 6 and A. parasiticus isolate
18, and strain NRRL 2999. The inoculated seeds were
incubated for 48 h at 30°C. The extracellular
proteases were extracted by washing the seeds with
50 ml PBS for 1 h. To test the possible peanut
protease origin, 50 g of peanut seeds treated as
described above were inoculated with 1 ml of Tween
80 (0.5 ml I'M.

The activity of fungal proteases produced on peanut
seed was analysed by the azocasein and zymographic
tests. The protease production in CM inductive
medium was also analysed by the zymography test
and compared with the protease production of A.
parasiticus isolate 18 on peanut seed. In the zymog-
raphy test the enzymes were separated by electropho-
resis and detected by their ability to hydrolyse casein
in the migration region. The electrophoresis was
carried out using 10% acrylamide co-polymerised
with 1 g I'' sodium casein (Sigma-Aldrich). A
vertical electrophoresis system Miniprotean (Bio-
Rad) for 8x10x0.07 gels was used. The enzyme
extracts were diluted (1:4) in sample buffer containing
SDS without reducing agents. The diluted samples
were not boiled before loading onto the gels.
Electrophoresis was performed at a constant voltage
of 100 V in an ice bath.

After electrophoresis was completed, the gel was
removed and shaken at room temperature for 1 h in
25 g 1! Triton X-100 to remove SDS. The gel was
washed with SDW several times and incubated for
48 h at 37°C in an enzyme buffer (50 mM Tris-HCI
(pH: 7.5), 200 mM NaCl, and 1.8 mM CaCl,) to
hydrolyse the casein. The gels were also incubated in
the same buffer, but at 4.5 and 10 pH. After

incubation, the gels were stained with 5 g I
coomassie brilliant blue G250 in 30% (v/v) methanol
and 10% (v/v) acetic acid. The unstained regions
showed the protease migration in the gels. Protein
standards (Bio-Rad) with several molecular masses
were myosin (200 kDa), x-galactosidase (116.25 kDa),
phosphorylase b (97.4 kDa), serum albumin
(66.2 kDa), ovalbumin (45 kDa) and carbonic anhi-
drase (31 kDa).

Proteases were partially characterised by an
inhibition test using specific protease inhibitors. For
this study, the inhibitors were added to enzyme
buffers of the azocasein and zymographic tests and
the inhibition was visualised by the absence or
decrease of the protease activity relative to controls
in the absence of inhibitors. The protease activity in
the gels was estimated by densitometric analysis
using Image J software. To inhibit the four classical
protease groups: metallo, serine, cisteine and aspartic
protease, 10 mM EDTA, 5 mM PMSF, 100 puM
iodoacetamide and 1 mM pepstatin were used,
respectively. The serine protease activity was also
evaluated with 7.3 nM aprotinin, 100 uM antipain
and 150 puM tosyl-L-lysine chloromethyl ketone
(TLCK).

Statistical analysis

All data were subjected to Analysis of Variance
(ANOVA). When significant differences were found
by ANOVA, the Tukey test was used to compare all
the treatments, and the Dunnett test was used to
compare the treatments to reference controls in the
study of the Aspergillus extracellular proteolytic
activity effects on peanut fungal colonisation, afla-
toxin production and seed viabilty.

Results

Aspergillus extracellular protease production
on inductive and non-inductive culture media
and peanut seeds

Significant differences on protease production were
found among culture media (P<0.05) (Table 1).
Casein medium (CM) was an inductive medium of
A. parasiticus extracellular proteases, since extracel-
lular protease activity was 45 and 11 times higher
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Table 1 Protease production on culture media and peanut
seeds by isolate 18 (4. parasiticus) after 10 days and 48 h of
colonisation, respectively

Casein medium Sucrose medium PDA

Culture media®  54.4+20 ¢ 4.9+1.1 1.2+0.4
Peanut seed®

Florman 7.41+4.50% 0.48+0.18 0.35+0.12
PI 337394 0.89+0.13°¢ 0.38+0.17 0.16+0.19

Protease activity expressed as protease units pg ' ergosterol
® Protease activity expressed as protease units per seed
“significant differences among culture media P<0.05
dsignificant differences between cultivars P<0.05

than that obtained in PDA and SM media respectively
(Table 1). Similarly, a significantly higher proteolytic
activity (P<0.05) was found on peanut seeds of
both cultivars after exposure to A. parasiticus isolate
18 for 3 days on CM inductive medium (Table 1).
The Florman susceptible cultivar seeds also showed
a significantly higher proteolytic activity (P<0.05)
than the resistant cultivar seeds in the inductive
medium.

Fungal infection in peanut seeds exposed
to A. parasiticus grown on inductive
and non-inductive media

The extent of external and internal seed infection of the
resistant and susceptible cultivars by A. parasiticus
isolate 18 72 h post-inoculation is shown in Fig. 1.
The severity of external infection on the resistant
cultivar seeds was significantly lower (P<0.05) than
that detected on the susceptible cultivar seeds on all
culture media (Fig. la, ¢ and d). A significantly
higher (P<0.05) external infection was detected on
the resistant cultivar seeds incubated on CM (65%
severity) than that detected on PDA and SM (0%
severity) (Fig. la). Similar to the resistant cultivar,
the external fungal infection on the susceptible
cultivar was significantly higher on CM medium
(98% severity) than that detected on PDA and SM
(54% and 60% severity, respectively) (Fig. 1a, ¢ and d).
A significantly higher internal infection (P<0.05) was
observed on the resistant cultivar seeds incubated on
CM media (69% incidence) than that detected on PDA
and SM media (16% and 35% incidence, respectively)
(Fig. 1b). The suceptible cultivar seeds showed a
significantly higher internal infection (P<0.05) than
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the resistant cultivar over all culture media tested,
except on CM medium where no differences were
found (Fig. 1b). No significant differences were found
in the susceptible cultivar over all culture media.
Natural infection was not detected on peanut seeds of
the resistant cultivar whereas 7% infection was
detected in the susceptible cultivar.

The effect of A. parasiticus extracellular proteolytic
activity on fungal infection, aflatoxin contamination
and viability of peanut seeds

Fungal infection and aflatoxin contamination of
unwounded or wounded seeds of the resistant cultivar
pre-incubated with A. parasiticus proteases or phos-
phate buffer, and then infected with 4. parasiticus, are
shown in Fig. 2a and b. Unwounded infected seeds
pre-incubated with fungal proteases (protease treat-
ment) as well as wounded infected seeds resulted in
a significant increase in fungal colonisation and
aflatoxin production (P<0.05) compared to un-
wounded infected seed without protease treatment.
Neither colonisation nor aflatoxin production was
observed in the unwounded infected seeds without
protease treatment (Fig. 2a and b). The effects of
proteases on fungal infection and aflatoxin contami-
nation in unwounded seeds with the presence or
absence of proteases inhibitors are shown in Fig. 2c
and d. Only the seeds incubated with a protease
solution free of protease inhibitors showed a signif-
icant increase in fungal colonisation and aflatoxin
contamination (P<0.05) compared to seeds incubated
with buffer alone (seeds without protease treatment).
Seeds incubated with proteases plus protease inhib-
itors did not show any differences in fungal coloni-
sation and aflatoxin contamination compared to seeds
with no protease treatment (Fig. 2c and d).

The seed germination and root elongation from
uninfected and undamaged seeds of the resistant
cultivar were studied at different protease concen-
trations (Fig. 3). Significant differences (P<0.05)
were found in both seed germination (Fig. 3a) and
root elongation (Fig. 3b) at the three protease
concentrations with lower values than the protease-
free control. A negative association between protease
activity and seed germination or radicle elongation
was observed. The seed germination and root elon-
gation inhibition reverted with heat inactivation
(inactivated protease control) (Fig. 3a and b).
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Fig. 1 Study of external and internal infection of resistant and
susceptible cultivar peanut seeds after 72 h of exposure to
Aspergillus parasiticus grown on potato dextrose agar (PDA),
sucrose medium (SM) and casein medium (CM). a External
seed infection was measured by visual inspection using an
ordinal scale from 0 to 5 and expressed as % severity:
>~ (N of seeds classified in each scale value x scale value/total
N assayed seeds x 5 x 100. b Internal seed infection was

expressed as the percentage of infected seeds over the total
number of assayed seeds (incidence). ¢ Photograph of infected
peanut seed on SM medium of resistant (R) and susceptible (S)
cultivar after 72 h. d Photograph of infected peanut seed on CM
medium of resistant (R) and susceptible (S) cultivar after 72 h.
(*) significant differences (P<0.05) between both cultivars in
each culture media. (#) significant differences (P<0.05) among
culture media for each cultivar
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Fig. 2 Fungal biomass and aflatoxin concentration of resis-
tant cultivar seeds infected 5 days post-inoculation with A.
parasiticus isolate 18. a Aflatoxin and b ergosterol concen-
trations of: -unwounded peanut seeds pre-incubated for 12 h
with proteases (protease treatment), or phosphate buffer alone
(unwounded infected seeds) before infection and seeds
artificially wounded before infection. ¢ Aflatoxin and d

The microscopic analysis was carried out in the
embryonic axis from non-infected seeds exposed to
the protease solution with the highest activity (0.830
PAU ml"). The study showed that the protease
treatment caused injury of the different seed tissues,
such as the external and internal cotyledons and
radicle (Fig. 4). The untreated seeds with proteases
showed smooth and light red-dyed tissues (Fig. 4b, d
and f). The damage in seeds treated with proteases
appeared as eroded areas dyed from red to dark-red
by tetrazolium salts (Fig. 4a, ¢ and e).

Analysis of A. flavus and A. parasiticus extracellular
proteases

The extracellular protease activity produced by the A.
parasiticus NRRL 2999 strain, isolate 18 and 4. flavus
isolate 6 on peanut seeds was 0.5, 22.7, 11.1 PAU g_1
respectively after 48 h post-inoculation. Protease
activity was not found on peanut seeds inoculated with
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ergosterol levels of unwounded peanut seeds pre-incubated
for 4 h before infection with: fungal proteases alone
(proteases) or together with PMSF/EDTA mix (proteases
+PMSF) or PMSF/EDTA/commercial protease inhibitor mix
(proteases+inh. mixture) or phosphate buffer alone (phosphate
buffer). (*) significant differences relative to protease-free
control (P<0.05)

Tween (0.5 ml 1Y), The A. flavus and A. parasiticus
extracellular proteases extracted from infected peanut
seeds were analysed by zymography. The zymogram
of proteases synthesised by 4. parasiticus showed two
groups of extracellular enzymes: (i) a band showing
the highest proteolytic activity with a molecular mass
of 91 kDa and (ii) a band with lower proteolytic
activity and a molecular mass of 43.5 kDa. Aspergillus
flavus also synthesised two groups of extracellular
enzymes: (i) a band with the greatest proteolytic
activity with an estimated molecular mass of 186 kDa
and (if) a band with lower proteolytic activity with an
estimated molecular mass of 43.5 kDa. In both species,
the same protease activity profile was observed in gels
incubated at 4.5, 7.5, and 10 pH.

The inhibition test in the zymography test showed a
partial inhibition in the 91-kDa band (25% inhibition)
for the A. parasiticus gel incubated with PMSF and in
the 186-kDa band (29% inhibition) for the 4. flavus
gel, indicating the presence of serine-protease. The gel
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Fig. 3 Effects of A. parasiticus extracellular protease activity
on germination and radicle elongation of resistant cultivar non-
infected seeds. The seeds were immersed in protease solutions
with different protease activity (PAU ml ') for 12 h at 30°C
before germination. a Percentage of germinated seeds over the
total number of assayed seeds after 72 h of incubation. b

incubated with EDTA showed a strong inhibition
(100%) of A. parasiticus proteases and A. flavus
proteases in the 43.5 kDa band, indicating the presence
of metallo-protease. The inhibition test in the azocasein
assay showed that proteolytic activity of 4. parasiticus
proteases was only inhibited with 5 mM PMSF and
10 mM EDTA by 71.4% and 9.4% respectively,
whereas A. flavus proteolytic activity was inhibited
with 5 mM PMSF and 10 mM EDTA by 62.9% and
11.9% respectively. Neither A. flavus nor A. parasiticus
proteases were inhibited with iodoacetamide or pepstatin
in the azocasein and zymographic assays.

The serine protease activity of A. parasiticus
(isolate 18) was investigated with serine protease
inhibitors and was partially inhibited with antipain
(49.5%) apart from PMSF. Inhibition of proteolytic
activity was not detected with aprotinin and TLCK.
The extracellular protease activity produced on CM

0.278 PAU ml"! Inactivated
protease control

average radicle length (cm) of germinated seeds. Protease-free
control: seeds immersed in phosphate buffer before germina-
tion. Inactivated protease control: 0.830 PAU ml™' protease
solution was heated in a water bath for 10 min and then
incubated with the seeds before germination. (*) significant
differences relative to protease-free control (P<0.05)

and peanut seeds by A. parasiticus isolate 18 was also
analysed and compared by zymography. Two bands
with protease activity corresponding to proteins with
molecular masses of 91 kDa and 43.5 kDa were
detected in the zymograms of protease from CM and
from infected peanut seeds.

Discussion

Peanut pods are in direct contact with soil populations
of aflatoxigenic fungi. Two modes of infection are
proposed in peanuts. Firstly, seeds from pods without
visible damage may be invaded by aflatoxigenic fungi
when plants are drought-stressed. Secondly, pod and
seed damage allows for direct fungal invasion from
soil (Horn 2006). The success of fungal colonisation
in the host depends on its ability to cross the external
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Fig. 4 Microscopic images (%20 ) of embryonic axis from
non-infected germinated seeds of resistant cultivar incubated in
0.830 PAU ml' fungal protease solution (protease treatment)
or phosphate buffer (control) at 30°C for 12 h previous to
germination. Embryonic axes were dyed overnight with 10 g 17!
tetrazolium salt solution. a External cotyledon of protease
treatment, b External cotyledon of control seeds, ¢ Internal

barrier and avoid the defence mechanism to reach the
substrate. Use of extracellular enzymes to degrade
host barriers seems to be a common strategy used by
pathogenic fungi (Sieber et al. 2000; Roncero et al.
2003). Proteases of 4. flavus and A. parasiticus have
been shown to be important components in the fungal
infection of mammals and insects (Reichard et al.
1990; Monod et al. 2002; Reed and Kita 2004).
However, there is not evidence of these enzymes
being involved in Aspergillus plant infection. Studies
of the role of fungal extracellular proteases in plant
pathogenicity have been found to be controversial. In
studies where protease genes were selectively dis-
rupted, no changes in pathogenicity were reported;
however, compensation for the loss of one enzyme
activity by up-regulation of others was observed

@ Springer

cotyledon of protease treatment, d Internal cotyledon of control
seeds, e Radicle dissection of protease treatment, f Radicle
dissection of control seeds. Arrows show the injuries in the
tissues, pink to light-red area indicates normal redox activity in
the tissue, red to dark-red area indicates abnormal necrotic
activity in the tissue

(Ramesh et al. 1995; Bindschedler et al. 2003;
Plummer et al. 2004). Other studies have shown
protease activity correlates with pathogenicity (Sreed-
har et al. 1999; Brown et al. 2001). Moreover,
functional studies showed that proteases could de-
grade proteins of plant cell walls (Movahedi and
Heale 1990; Carlile et al. 2000) and pathogenesis-
related (PR) proteins (Olivieri et al. 2002).

This study identified that A. parasiticus extracel-
lular proteases facilitated peanut seed colonisation. To
our knowledge, this is the first report of an association
between Aspergillus extracellular protease production
and non-damaged peanut seed infection. For this
study, a model of inductive and non-inductive culture
media to produce A. parasiticus extracellular protease
before infection was used. Peanut seeds of resistant and
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susceptible cultivars were exposed to A. parasiticus
grown under these conditions and seed fungal infection
compared. The study showed that fungi grown on an
inductive medium not only produced a significantly
higher protease amount (P<0.05) in the culture
medium but also produced significantly higher (P<
0.05) external and internal seed infection and protease
amounts on the seeds of both cultivars after infection
(Table 1 and Fig. 1). The difference in resistance
between cultivars agrees with a previous report (Asis et
al. 2005). The susceptible cultivar was heavily infected
both externally and internally in the inductive and non-
inductive media; however the highest infection was
obtained on the inductive medium (Fig. 1a and b). The
resistant cultivar showed resistance to infection in non-
inductive media, but this resistance disappeared in the
inductive medium where the highest infection levels
occurred (Fig. la and b).

These results suggest that the up-regulation of the
synthesis and activity of extracellular proteases might
be the cause of the resistance breakdown on the
resistant cultivar seed and the higher fungal infection
in both cultivar seeds. To test this hypothesis, the
effects of the proteolytic activity of A. parasiticus
extracellular proteases on fungal infection and afla-
toxin contamination on the resistant cultivar peanut
seeds was investigated. The resistance in this cultivar
has been associated with the testa (Asis et al. 2005).
Several cultivars have shown that the testa functions
as a physical or chemical barrier against fungal
infection and aflatoxin contamination (Liang et al.
2006). In the present study, we found that fungal
proteolytic activity raised not only seed colonisation
(Fig. 2a) but also aflatoxin contamination (Fig. 2b) in
the unwounded seeds to the same levels as in the
wounded seeds where the testa barrier was broken.
Seed damage was consistently associated with afla-
toxin contamination (Dowell et al. 1990; Horn 2006).
Xu et al. (2000) reported that A. parasiticus could
colonise testa cells, but could not produce aflatoxin
until it reached the cotyledons. Therefore, the higher
fungal colonisation and aflatoxin contamination in
seeds treated with protease suggest that protease
treatment broke down the testa resistance. The pres-
ence of protease inhibitors (PMSF/EDTA mixture or
PMSF/EDTA/commercial protease inhibitor mix) re-
duced the observed effects of proteases on fungal
infection and aflatoxin contamination to the same
levels as occurred on seed without protease treatment

(Fig. 2c and d). These results support the theory that
the effect on fungal colonisation and aflatoxin contam-
ination are only produced by protease activity.

The effect of A. parasiticus extracellular proteases
on seed viability was also studied. The exogenously-
applied fungal proteases to non-infected seeds of the
resistant cultivar caused an inhibitory effect on seed
germination (Fig. 3a) and on radicle length (Fig. 3b).
We found that as the protease concentration increased,
the inhibitory effect also increased. When proteases
were inactivated by heating, no inhibitory effects on
germination and radicle elongation were observed,
indicating that the inhibitory effects were produced by
protease activity (Fig. 3a and b). The microscopy
study of seeds treated with proteases revealed severe
injury on several seed tissues (Fig. 4) that could
explain the inhibition of germination and radicle
elongation.

The present results show that fungal protease
activity produced seed tissue damage, affecting seed
viability and facilitating the access of Aspergillus
through the testa. As a consequence, there was an
increase in aflatoxin contamination. Thus, protease
inhibition during seed infection is shown as an
opportunity to reduce aflatoxin contamination. Past
studies have shown that seed corn resistance to
aflatoxin contamination is associated with seed
protease inhibitors (Tubajika and Damann 2001; Chen
et al. 2007). We have previously reported a partial
resistance to aflatoxin contamination in cotyledons of
the resistant cultivars used in the present study (Asis
et al. 2005). Current work in our laboratory has
shown that a seed protease inhibitor from cotyledons
might be responsible for this resistance (unpublished
work). Moreover, a recent study has reported the
expression of four putative protease inhibitor genes
from 25 up-regulated genes in peanut seeds in
response to A. parasiticus infection (Luo et al.
2005). The relevance of the cotyledon protease
inhibitor in the seed defence mechanism against A.
parasiticus and A. flavus infection is a promising tool
for aflatoxin contamination control.

The extracellular protease pattern of A. flavus
described by different authors (Rhodes et al. 1990;
Ramesh et al. 1994, 1995) consisted of a 36 kDa
serine protease and 23 kDa metallo protease. These
proteases are involved in invasive lung infections
(Monod et al. 2002; Reed and Kita 2004) and they
have been isolated from culture media that contained
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ellastin or collagen as the sole nitrogen source
(Reichard et al. 1990; Rhodes et al. 1990). In this
present work, we report extracellular proteolytic
activity during peanut seed infection by 4. flavus
and A. parasiticus. A major 186 kDa serine-protease
and 43.5 kDa metallo-protease was produced by A.
flavus. A major 91 kDa serine-protease and 43.5 kDa
metallo-protease was produced by A. parasiticus. The
same molecular weight pattern of A. parasiticus
extracellular proteases found in seeds was also
produced on casein medium.

In relation to the serine protease activity of
Aspergillus extracellular proteases, the inhibition of
azocasein hydrolysis by PMSF and antipain and the
lack of inhibition by trypsin-like protein inhibitors
(aprotinin, TLCK) suggest that serine protease activity
could originate from a subtilisin-like protein. This class
of serine proteases was identified by Ramesh (Ramesh
et al. 1994) in A. flavus and by Kolattukudy et al.
(1993) in A. fumigatus using sequence homology
studies. Although subtilases have been related to
the pathogenicity of an entomopathogen, and the
trypsins to plant pathogenic fungi (St Leger et al.
1997), there are reports of subtilisin from plant
pathogenic fungi being involved in plant infection
(Pekkarinen and Jones 2002; Bindschedler et al.
2003). Moreover, serine proteases of the subtilisin
family from Fusarium solani have shown the ability
to degradate PR proteins and cell wall protein in
potato tubers (Olivieri et al. 2002).

In summary, the present results strongly suggest that
proteases produced by 4. flavus and A. parasiticus are
involved in peanut seed infection and aflatoxin
contamination resulting in seed tissue damage
affecting seed viability, and facilitating the access of
Aspergillus through the testa. The protease analysis
indicated that both Aspergillus species produced
serine and metallo extracellular proteases. However,
there were differences in the molecular masses of the
enzymes between these species. The greatest activity
originated from serine proteases that could be
classified as subtilase.
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