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Abstract: The objective of the present review is to analyze the molecular basis of fungicide resistance
mechanism to both synthetic fungicides and the natural fungicides isothiocyanates. The review is
focused mainly on Alfernaria sp., but whenever available, similar studies in other fungi have been
included. Fungal resistant strains to dicarboximide and phenylpyrrole fungicides have been found to
contain mutations in one of the proteins involved in the signal transduction pathway that regulates the
fungal response to osmotic stress. By the other hand, it was found that isothiocyanates induce enzymes
like glutathione S-transferase, cyanide hydratase, heat shock proteins, membrane transporters and
proteins associated with the oxidative stress response. Also, inter simple sequence repeats
polymorphism was recorded as a response to the isothiocyanates treatment. The knowledge about the
genetic basis of the response mechanism of Alternaria sp. to the isothiocyanates is scarce. Therefore,
studies by DNA recombinant technology to analyze the fungi responses to fungicides, will allow
knowing the metabolic pathways involved in the phenomena to permit the design of strategies to
inhibit key reactions involved in the fungal resistance, reaching a better and sustainable fungal
infections control.
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INTRODUCTION The main strategy

used up to now to control

agricultural products infections are mainly based in the

Produce postharvest losses are due to pre-harvest

use of synthetic chemicals''”. By the years 2000 and

factors"’, poor harvesting techniques'®, bad practices of
handling® as well as bacterial” and fungal
infections™. The amount of fruits and vegetables losses
have been estimated to range from 5 to 50% in
developing countries, being still substantial even in
areas with the most advanced technologist available'®,
In some raw products, fungi are the primary spoilage
organisms”. Out of these, Alternaria spp. is one of the
most important postharvest pathogens, as it causes
destructive leaf spots, blights (foliar and blossom),
blemishes and damage to stored products”®. This
gender had been reported in apple, broccoli,
cauliflower, carrot, potato, cabbage, tomato, pepper,
melon, citrics, ornamentals and in a great number of

seeds™.

2001, the world use of chemicals in agricultural
production was over 5 billions of pounds of which,
more than 20% were used in U.S.A. Out of these, the
fungicides represented between 15 and 30%!"".

A serious consequence of the synthetic chemicals
use, is the development of resistant populations'?. This
had been reported in fungi''”, insects!'* and weeds!"”
and it is an important problem in agriculture, leading to
damage on vegetable crops and the chemical’s
discontinuation or modification of its use''®. The
development of a resistant phenotype to a specific
chemical is a sophisticated phenomenon that can result
from several mechanisms, including: mutations at
specific genes!'?"! causing alterations of the drug
target, or changes at expression level generating
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overproduction of the target enzyme, prevention of the
entry of the drug at cell membrane level, inhibition of
enzymes that convert an inactive drug to its active form
and the functioning of a bypass pathway compensating
the loss-of-function due to the drug activity,*.
Furthermore, a resistant phenotype can also be due to
degradation of toxic compounds to a less toxic
chemicals'*"" and elimination from the cell by efflux
pumps*-32.

In later years, with the objective to carry out a
more environmentally friendly fungi control, efforts
had been directed towards the study of the effect of
natural compounds present in plants, which are thought
to be an alternative compatible with the sustainable
agriculture concept'”. However, the use of natural
compounds is limited and still the use of chemicals is a
widespread practice.

Based on above, it is important to elucidate the
genetic changes due to the fungicides use in fungal
strains that became resistant, in order to develop
effective and environmentally friendly strategies to
control fungi infections'”. In this review, it was
analyzed the recent literature studying the molecular
basis of synthetic and natural fungicides resistance in
Alternaria gender mainly, although other fungi were
included when similar studies were found in the
literature.

Resistance phenotype to synthetic fungicides: The
development of resistance fungi is an important area of
study in population genetics of phytopathogenic fungi
because it offers a broad view about how the pathogen
population responds to a particular selective pressure.
The comparison of the genetic structure between
resistant and sensitive subpopulations within the same
species, can generate data about the processes of fast
evolution involved in the resistance phenomena to the
fungicide. In general, the development of resistance
to a synthetic chemical by a pathogen is a response to
the repeated use of a particular fungicide or another one
chemically related®",

Field isolates of different species of Alternaria
highly resistant to dicarboximides and phenylpyrroles
were recently identified".  Particularly, the
dicarboximide iprodione is widely used as an active
ingredient for seed dressing and spray programs to limit
outbreaks of diseases on crucifers!'®’. The appearance of
iprodione resistant A. alternata strains was recorded
since 1988, less than five years after the release of the
fungicide to be used in passion fruit””. Strains of
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Alternaria alternata showing resistance to iprodione
had also been reported for other crops. Furthermore,
field resistance to this compound had been observed in
several fungi!'®.

The basis of fungal resistance to iprodione is not
well understood, although studies with osmotic-
sensitive mutants of Neurospora crassa suggest that
may be a link between dicarboximide resistance and the
regulation of osmotic stress. It had been suggested that
this  fungicide induces intracellular  glycerol
accumulation that results in abnormally high internal
turgor pressure, leading to the rupture of fungal cells"®®).
Also, dicarboximides and phenylpyrrole fungicides
have been shown to stimulate glycerol synthesis in the
wild type N. crassa strain, but glycerol synthesis is not
induced by these fungicides in the N. crassa osmotic-
sensitive (os mutants)m], which shows a resistant
phenotype to these fungicides. This in turn, provides
experimental evidences toward the mode of action of
dicarboximides and  phenylpyrrole  fungicides
mentioned above.

The os-1 gen from N. crassa was cloned and
found to encode a two component histidine kinase
homologous to the Slnl protein from Sacharomyces
cerevisiae™'. A number of os-1 mutants alleles from N,
crassa have been cloned and shown to contain various
mutations in the DNA region encoding one of the six 90
amino acid tandem repeat regions, at the N-terminus of
the histidine kinase protein''”. This region is not
present in the SInl homolog from S. cerevisiae”. It
had been proposed that these alterations in Os-1 protein
function were responsible for the increased resistance to
the carboximide and phenylpyrrol fungicides®. A
search of genome databases indicated that most
filamentous fungi have the os-1 family histidine kinase
genes in their genomes, while dicarboximide-
insensitive S. cerevisiae and Schizosaccharomyces
pombe do not*"!.

In the fungus Cochliobolus heterostrophus, it had
been shown that at least three locus were involved in
osmosensitivity and resistance to dicarboximide and
phenylpyrrole, namely: Dicl, Dic2 and Dic3™%. It was
found that the locus Dicl confers both, resistance to
dicarboximides and phenylpyrrole fungicides and
sensitivity to osmotic stress. Further, it was suggested
that fungicide resistance in dic/ mutants is caused by
alterations in proteins regulating the cellular response to
osmotic stress. In another work, a gene encoding a two
component histidine kinase protein from C.
heterostrophus was cloned and sequenced. It was
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demonstrated that this histidine kinase is encoded by
Dicl by complementation of the C. heterostrophus dicl
mutant®.  Moreover, it was found that the predicted
protein contained the conserved histidine-kinase
domain, the response regulator domain and six repeats
of a novel 92-amino acid unit at the N-terminus.
Furthermore, the authors found that the osmosensor of
C. heterostrophus does not have a membrane-spanning
domain, whereas Slnlp of Sacharomyces cerevisisae
contains two. These last findings further suggested that
the proteins encoded by Dicl (Diclp) and Sin! (Slnlp)
regulate response to osmotic stress by different
mechanisms of signal transduction.

With the goal to elucidate the molecular basis of
the phenotype in each C. heterostrophus mutant strain,
the mutant dic/ alleles were cloned and compared in
sequences with the wild-type strain*'. A fragment
isolated from C. heterostrophus by PCR and genomic
library screening showed significant homology to the
histidine kinase gene encoding Os-1 from N. crassa; it
was denominated Bmhkl. In order to determine whether
the phenotypes of any of the dic/ mutants were
conferred by mutations in the Bmhkl gene, mutants
strains were transformed with the wild type Bmhkl
gene. Representatives of each mutant strain, Dicl
(E4504), Dic2 (E4503) and Dic3 (N9005), were used.
In the dic/ mutant strain E4504, introduction of the
wild type Bmhkl reversed the osmosensitivity and
fungicide resistant phenotypes, while the phenotypes of
Dic2 and Dic3 mutants were not affected. These results
suggested that phenotypic alterations observed in dicl
mutant strains are due to mutations in the Bmhkl gene.
In order to identify the mutations present in dic/ gene,
genes isolated from 10 mutant strains were sequenced
and compared with those from the wild type. Strains
E4504, N9006, N9010 and E4509 appear to be null
mutant. These strains are highly sensitive to osmotic
stress and highly resistant to dicarboximide and
phenylpyrrole fungicides suggesting that Diclp is
essential for osmotic regulation and resistance to both
classes of fungicides.

In the case of the dic/ mutant strain E9002, the DNA
sequence of Dicl gene revealed that the protein
encoded lacked two of the six N-terminal repeats
(2 and 4). In dicl mutant strains E9001, N9001 and
NO013 the mutations were located in the N-terminal
amino acid repeats of Diclp resulting in a different
single amino acid substitution. The repeats altered were
1, 5 and 5 respectively. These mutant strains were
highly sensitive to osmotic stress and highly resistant to
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both dicarboximide and phenylpyrrole fungicides.
Therefore, the aminoacid repeat domain of Diclp may
be playing an important function in dicarboximide
resistance!*!).

It was proposed that the amino acid repeats of the
Diclp protein are the site of action of dicarboximides,
while phenylpyrroles may target the kinase region of
the protein'*'!. However, the strains E9003 and N9017
with an amino acid substitution within the kinase
domain and the response regulator respectively, were
both moderately resistant to both classes of fungicides.
Furthermore, strain E9003 was highly sensitive to
osmotic stress, while strain N9017 was only slightly
affected. The authors suggested that mutations within
the kinase and regulator domains affect the signal
transduction of the osmosensing pathway in a different
way, resulting in variable response to the stress
compounds.

The fungal resistance to the carboximide iprodione
and the phenylpyrrole fludioxonil, as well as salt
tolerance (in order to test their osmotic tolerance) were
tested in field strains of Alternaria alternata'®'. There
were found two isolates Aa 8508 and Aa 8740, that
were completely inhibited by 4 pg mL" of iprodione,
while isolates Aa 8501 and Aa 8495 were highly
resistant to this fungicide. Similar results were obtained
with the phenylpyrrole fungicide fludioxonil. The
resistant strains analyzed in this study were isolated
from sites which were previously sprayed with the
dicarboximide fungicides. Phenotypic testing confirmed
that these two isolates showed high level of resistance
to iprodione and fludioxonil® | although with base in
their growth characteristics, others authors have
suggested that these strains are only moderately
resistant'"”’,

In the test for sensitivity to osmotic stress the
mycelial growth behavior of all A. alternata isolates
was significantly reduced at 4% sodium chloride, while
the fungicide resistant isolates were only slightly more
sensitive to osmotic stress than the sensitive isolates!"®!,
The authors proposed that A. alternata resistance to
iprodione was mediated by a mutation in a two-
component histidine kinase (HK) gene. They amplified
a genomic fragment encoding a two component HK
protein from an iprodione sensitive field isolates of A.
alternata showing high homology to previously
identified genes from other fungal species, like N.
crassa™ and Botrytis cinerea™. A. alternata HK gene,
designated AaHK1, was more similar to the HK from B.
cinerea (Bosl), showing 80% amino acid identity on
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the sequenced region. The partial amino acid sequence
of AaHKI1 protein also showed the characteristic
protein structure of fungal HK with 6 repeated amino
acid domains of approximately 90 amino acids in length
followed by a kinase domain''®!.

Sequence comparison of fungicide sensitive
isolates with fungicide resistant isolates, revealed the
presence of a mutation in each one of the resistant
isolates. In one fungicide-resistant isolate (Aa 8495), a
duplication of an 11 base pairs (bp) sequence was found
within the first amino acid repeat domain at bp position
108, causing a frame shift and resulting in the presence
of a premature stop codon at amino acid position 95. In
another fungicide resistant isolate (Aa 8501) a 4 bp
deletion was detected within the fifth amino acid repeat
between bp 1349 and 1352 which also produces a frame
shift leading to a termination of the open reading frame
at amino acid position 434. In each case, a null
mutation was produced. This was the first report of a
dicarboximide resistant fungal isolate with a mutation
within the first amino acid repeat region'®.

In a recent work, the AbNIKI gene, encoding a two
component histidine kinase protein, was isolated from a
wild type dicarboximide and phenylpyrrole sensitive
Alternaria brassicicola strain and compared with the
corresponding histidine kinase genes from fungicide
resistant strains (field and laboratory mutant strains)''*.
Mutations were found in the ADNIKI gene in four of
five field resistant strains (Abra3, Abra4l, Abra7407
and Abra40) and the two laboratory mutants (Abra20M
and Abra43M). Furthermore, one of the fungicide
resistant field strain (AbraCP), showed no mutation in
the ADNIKI gene. Based in this evidences, the
fungicide resistant isolates were separated in two
groups based on their sensitivity to osmotic stress. The
first group showed a moderately osmosensitivity and
high fungicide-resistant phenotype (3 field strains
(Abra3, Abra4l, Abra7407) and 1 laboratory strain
(Abra20M); while the second group showed a low
osmosensitivity and high fungicide resistant phenotype
(one field strains: Abra40 and 1 laboratory strain:
Abra43M).

All the strains of the first group had null mutations,
resulting from premature translation termination
because of a frameshift within repeat 4, or the presence
of stop codons within repeat 5 or near the G-2 box. A
mutation within repeat 4, which consisted of an
identical 2 bp deletion leading to a frameshift, was
found in two of the strains analyzed: one laboratory
resistant strain (Abra20M) and one field resistant strain
(Abra41). Among the field resistant strains, in the
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Abra40, it was located an amino acid substitution of a
glutamic acid at position 753 by a lysine residue within
the H box domain. This strain was highly resistant to
fungicides and highly tolerant to osmotic stress. It’s
likely that this mutation affected significatively the
enzyme activity even though it does not lead to any
apparent perturbation in the response to osmotic stress.
It is possible that a mutation in another locus could
confer the fungicide resistant phenotype in Abra40
strain, which is probably the case for the unique strain
with no mutation in the AbLNIKI gene (AbraCP).
Despite of the fact that both strains had a similar
phenotype (resistant to fungicide and osmotic stress),
the DNA sequence of its AbNIKI gene did not reveal
any difference relative to the wild type.

The laboratory mutant Abra43M was found to have
a point mutation that resulted in a stop codon within the
repeat 2. This should be a null mutant, but unlike other
A. brassicicola mutants, this strain was not found
osmosensitive. The strain Abra43M had a Kozack
sequence and a start codon 24 bases downstream from
the mutation. The authors assume that this may give
rise to a protein lacking the first two amino acid repeat.
However, this truncated histidine kinase should still be
active and able to regulate the downstream
osmosensing pathway.

In addition, histidine kinases from A. brassicicola
and C. heterostrophus were compared in this work!"". It
was found high similarities at the amino acid and
nucleotide levels. The first five introns spanning these
two coding regions, were found at the same location
and only the length of the first intron was different
between the two sequences. This difference was mainly
due to the presence of a CA (TA);
CA(TA);CA(TA),CA(TA)s microsatellite in the
sequence of C. heterostrophus. Two microsatellites
(GTT); and (GTT)g, depending on the A. brassicicola
strain, were also found in the 3’-untranslated region
(3’UTR) of AbNIKI. The authors remarked that the
relevance of the presence of these microsatellites in the
non-coding region of the two fungal histidine kinase
genes is currently unknown. It was hypothesized that
the microsatellite expansions in 3°-UTR regions can
cause transcription slippage and produce expanded
mRNA which can disrupt splicing™. In agreement
with this statement, in human cancer cells, a deletion of
1 bp in a (T)g microsatellite embedded in the 3-UTR of
CEACAMI gene, was identified™’. This gene does not
contain any of the regulatory elements already
classified. The authors observed that the wild type but
not the mutated 3°-UTR, significantly decreased
transgene expression at both mRNA and protein level
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suggesting that a single mutation in the 3-UTR short
microsatellite, might affect gene expression.

Steel and Nair'***”!, proposed that dicarboximide
resistance in B. cinerea and Alternaria alternata was
mediated by altered levels of the antioxidant enzymes
catalase (CAT) and superoxide-dismutase (SOD).
Experimental evidences supporting this statement were
generated by studying the activity levels of CAT and

SOD, in a dicarboximide sensible (DS) and
dicarboximide resistant (DR) isolate of Botrytis
cinerea™. In the absence of the dicarboximide

vinclozolin, the DR isolate had 1.5 and 3.0 folds higher
CAT and SOD activities, respectively than the DS
isolate. In this study, it was observed that the activities
of CAT and SOD changed differently in the DS and DR
isolates during incubation with vinclozolin. After 1 h of
fungicide treatment, the CAT and SOD activities in the
DR isolate increased 46 and 20%, respectively, while in
the DS isolate, such increases of the enzyme activities
were not obvious. This result implies that trough
enhancement the CAT and SOD activities, the
dicarboximide resistant isolate could have developed, at
least partly, the resistance phenotype. In agreement
with these results, Dry and coworkers!™®  have
speculated that mutations in the two components HK of
fungal cells leads to an increase in the endogenous level
of anti-oxidant enzymes protecting these cells from the
deleterious effects of dicarboximide fungicides.
Furthermore, it was hypothesized, based in the work of
Choi and coworkers*®! that if the two components HK
genes of the fungi above mentioned, carry out a
regulatory function, mutations leading to an
inactivation of the HK may result in the constitutive
induction of stress response proteins such as catalase
(CAT) and superoxide dismutase (SOD)""®. In support
of this hypothesis, a research carried out by Kovtun
and coworkers[49], found the constitutive activation of
oxidative stress pathways in high plant cells by a
mutation of a specific mitogen activated protein kinase
3 (MAPK3) in Arabidopsis and tobacco cells which
activates, in a constitutive manner, the expression of
stress response genes such as the anti-oxidant enzyme
glutathione-S-transferases (GST).

GSTs are a family of multifunctional enzymes
playing an important role in cellular detoxification and
excretion of a wide variety of xenobiotic substances,
representing an integral part of phase II
biotransformation enzymes”®”. These enzymes catalyze
the sulfur conjugation between the thiol group of GSH
(glutamylcysteinylglycine) and an electrophilic moiety
in hydrophobic toxicants. Mammalian and plants GSTs
have been well characterized, but little is known about
fungal GSTs"". However, it had been suggested that
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fungal GSTs are more related to mammalian GSTs that

to their bacterial counterparts”>. Some of Fungal GSTs
[53]

studied are GSTs of Aspergillus fumigatus”,
Schizosacharomyces — pombe®", S.  cerevisiae™,
Issatchenkia orientalis[56], Phanerochaete

. 571 . [52]
chrysosporium”", Cunninghamella elegans

Streptomyces griseus[sg], Botrytis cinerea™" and Mucor

circinelloides™. Studies undertaken on these fungal
GSTs revealed that they are potentially involved in
protecting the cell against damage from oxidative
stress, xenobiotics, heavy metals and antifungal
compounds, thus highlighting the functional diversity
of these enzymes™'!. Fungal GSTs exhibit differential
expression patterns with in such a way that some
isoforms had been shown to be induced in the presence
of xenobiotics or oxidative stress. In 1. orientalis, of
two GSTs identified, only one was constitutive and
both were induced in the presence of o-
dinitrobenzene™®. In S. pombe, three GSTs were
induced by oxidative stress, but the transcription of
these genes is subjected to differential regulation under
various stress conditions!®". Gstl, Gst2 and Gst3 have
GST activity with the substrate I-cloro-2, 4-
dinitronenzene, while Gst3 has glutathione peroxidase
activity. However, all three genes are required for
normal cellular resistance to peroxides. Mutants lacking
gstl, gst2 or gst3 were more sensitive to the presence of
the antifungal drug fluconazole, thereby indicating a
role of GST in mediating antifungal drug tolerance".

Resistant phenotype to natural fungicides: Among
the natural compounds with fungicide activity that are
receiving greater attention are the isothiocyanates,
mainly due to their potent fungicide activity'®. It has
been  reported the toxic effect of @ 3-
methylsulphinylpropyl-isothiocyanate, bencil-
isothiocyanate, 2-propenyl-isothiocyanate and (2S)-2-
hydroxybut-3-enyl-isothiocyanate against eight
phytopathogenic fungi: Alternaria alternata, Botrytis
cinerea, Rhizoctonia solani, Sclerotinia sclerotiorum,
Diaphorthe  phaseolorum,  Fusarum
Colletotricum coccodes and Phitium irregulare
Moreover, the effect of isothiocyanates on different
developmental stages of isolates of Fusarium
oxysporum was evaluated. It was found that both 2-
propenyl- and ethyl-isothiocyanates inhibited 100
percent the mycelial growth as well as conidial and
chlamydospores germination'®*! .

The activity in vitro and in vivo of bencyl-
isothiocyanate (BITC) on Alternaria alternata strains
was evaluated®’. Results of the in vitro experiment
showed that a BITC concentration of 0.05 mg ml™

oxysporum,
[63]
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inhibited 90% of mycelial growth, whereas
concentrations of 0.1 mg ml™" and higher (0.2-0.4 mg
ml") showed 100% inhibition. By other side, in the in
vivo experiment, the BITC effect at two concentrations
(0.28 y 0.56 mg ml") during 18 and 36 hours on
Alternaria alternata infecting tomato fruits was studied.
The authors found that a concentration of 0.56 mg ml™'
reduced the fungi infection by Alternaria alternata on
tomato fruits by 85%. Further, it was shown that this
BITC concentration was more effective than a
commercial fungicide in controlling the fungi infection
with no negative effects on the postharvest quality of
tomato fruit. Another set of experiments found that a
concentration of 0.03 mg ml" of an isothiocyanate
mixture inhibited 100% the growth of Alternaria
alternata under in vitro conditions. Also, the utilization
of this isothiocyanate mixture at concentration of 0.56
mg ml" showed a complete inhibition of Alternaria
alternata infecting bell pepper fruit. Moreover, it was
shown that this treatment with isothiocyanates mixture
controlled better the fungi infection than a commercial
fungicide without detrimental effects on the postharvest
fruit quality!®®.

Despite of the fact that the isothiocyanates had
shown a clear inhibition activity on fungi growth in
experiments carried out under in vivo and in vitro
conditions, preliminary experiments carried out in our
laboratory, showed that Alternaria alternata is able to
grow after being chronically exposed to sublethal dosis
of 2-propenyl-isothiocyanate. However, the elimination
of the selective pressure along with inoculation in new
media render A. alternata showing the same level of
sensitivity as the unexposed control. Based on these
data, the authors suggested that A. alternata developed
an environmental resistance to the toxic effect of the
isothiocyanates rather than a resistance developed by
mutation, and therefore it dissapeared when the
selective pressure was no longer present (R. Troncoso-
Rojas, personal communication).

In order to study the genetic responses of the A.
alternata to the isothiocyanates, the effect of fungus
exposure to 2-propenyl-ITC (2p-ITC) and benzyl-ITC
(BITC) on the inter simple sequence repeats regions
(ISSR) of A. Alternata genome was analyzed. It was
found ISSR polymorphism in the strains exposed to 2p-
ITC and BITC when compared with the wild type. In
one of the wild type strains, PCR analysis using the
oligonucleotide (GACA), amplified two fragments with
sizes of 1.3 and 0.71 kb whereas in the exposed strain,
the 0.71 kb fragment was not found. It is believed by
the authors that the exposition to the isothiocyanates led
to the elmination of the small ISSR suggesting an
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alteration in the microsatellite region GACA. In other
strains exposed to 2p-ITC and BITC, it was found two
DNA fragments of 603 y 350 bp, that were not present
in the wild type. Furthermore, in the same experiment,
a fragment of 2.17 kb was found only in the wild type
(R. Troncoso-Rojas, personal communication).

The microsatellite regions are one of the most variable
elements of the genome'®” and they have been found
ubiquitously in the different fungi genome analyzed so
far®®, In average, the mutation rate in the
microsatellite regions is various orders of magnitude
higher than other DNA regions'®. It had been
demonstrated that mutations in the microsatellite
regions can be induced by exposition to specific
external factors like fungal infection'””) stress by
genotoxic chemicals derived from environmental
contamination or by climatic change'’"! and ionizing
radiation'”. Therefore, the changes at the microsatellite
regions can provide a mechanism for a rapid adaptation
to environmental changes in both eukaryotic and
prokaryotic organisms'**.

Recently, the effect of 2p-ITC and BITC
isothiocyanates on Alternaria brassicicola gene
expression was evaluated. Differential display analysis
led to the isolation of the first GST gene from this
fungus, designed AbGStI, which was differentially
expressed in the presence of 2p-ITC and BITC”!.
Furthermore, the authors observed that AbGstl was
upregulated during the infection of A. brassicicola on
Arabidopsis thaliana, a plant that shows resistance
against this pathogen presumably by the presence of
isothiocyanates as defense compounds. The deduced
amino acid sequence of AbGStlp showed significant
identity to glutathione-S-transferase-I from
Saccharomyces cerevisiae and glutathione-transferase-
IIT from Schizosaccharomyces pombe. The results of
this work showing upregulation of AbGst! by
isothiocyanates and the increased activity of AbGStlp
in the presence of cyanogenic products strongly suggest
that AbGstl enables this fungus to tolerate some plant
defense compounds®".

In a more extensive work, Sellam and coworkers!”!
studied the changes in gene regulation of  A.
brassicicola to short exposure to 2p-ITC. The authors
found upregulation of several genes such as glutathione
transferases (GSTs), glutathione peroxidase, 7-
glutamyl-cysteine synthetases, thioredoxins,
thioredoxin synthetases, oxidoreductases, (all involved
in the oxidative stress response). Moreover, the Allyl-
ITC treatment induced one cytochrome P450-encoding
gene, 10 genes for membrane transporters and one gene
encoding a positive-acting sulphur regulatory protein.
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The authors suggested that 2p-ITC treatment generates
reactive oxygen species (ROS), leading to the activation

of the conserved ITC-detoxification mechanism
mediated by phase I and phase II enzymes.
Another gene shown to be involved in

isothiocyanate detoxification in Alternaria brassicicola
is CyhAB, which encodes a cyanide hydratase enzyme.
It was shown the upregulation of this gene during the
infection of Arabidopsis thaliana by A. brassicicola.
Based on these experimental evidences, it was
suggested a role for this gene in isothiocyanate
detoxification'™!,

CONCLUSION

Data available about the genetic and biochemical
mechanisms leading to the development of fungi
resistant phenotypes to natural and synthetic fungicides
is an imperative need. Also, considering that this
phenomenon is the major drawback for the use of
fungicides to control fungal infections, it is urgent to
conduct more research using techniques able to analyze
the genetic responses with tools derived from the DNA
recombinant technology. The development of
knowledge about the fungal adaptation at genetic level
will allow the designing of strategies to control fungi
infections more effective and environmentally friendly.
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