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ABSTRACT This study determined the function of thioredoxin and glutaredoxin
systems in the phytopathogenic fungus Alternaria alternata via analyzing mu-
tants obtained from the targeted deletion of genes encoding thioredoxin peroxi-
dase (Tsal), thioredoxin reductase (Trr1), and glutathione reductase (GIr1). Trr1
and GIr1, but not Tsal, are required for growth and conidiation. The reduced
growth and conidiation seen in the Trr1 or GIr1 deletion mutant can be restored
by glutathione. Deletion mutants showing growth inhibition by oxidants are de-
fective for H,0, detoxification and induce smaller lesions on citrus leaves. Trr1
and GIrl1, but not Tsal, also contribute to NaCl resistance. GIr1 is required for
sorbitol resistance and is responsible for resistance to mancozeb and boscalid
but not chlorothalonil fungicides, a novel phenotype that has not been reported
in fungi. Trr1 is required for resistance to boscalid and chlorothalonil fungicides
but confers susceptibility to mancozeb. The Tsal deletion mutant displays wild-
type sensitivity to the tested fungicides. The expression of Tsal and Trr1 is regu-
lated by the oxidative stress responsive regulators Yap1, Hog1, and Skn7. The ex-
pression of Tsal, but not Trrl, is also regulated indirectly by the NADPH oxidase.
The results indicate that the capability to resist oxidative stress is required for
virulence of A. alternata.

IMPORTANCE The thioredoxin and glutaredoxin systems are important thiol antioxi-
dant systems in cells, and knowledge of these two systems in the plant-pathogenic
fungus A. alternata is useful for finding new strategies to reduce the virulence of
this pathogen. In this study, we demonstrated that thiol antioxidant system-related
genes (Tsal, Trr1, and GIr1) are required for H,0, detoxification and virulence in A.
alternata. Moreover, deletion of Trr1 results in hypersensitivity to the fungicides chlo-
rothalonil and boscalid, and GIr7 deletion mutants are highly sensitive to mancozeb,
which is the fungicide mostly used in citrus fields. Therefore, our findings demon-
strate that the ability to detoxify reactive oxygen species (ROS) plays a critical role in
pathogenesis on citrus and provide novel insights into the physiological functions of
thiol-containing systems in fungicide sensitivity for A. alternata.

KEYWORDS Alternaria alternata, thioredoxin, glutaredoxin, oxidative stress
resistance, virulence, fungicide resistance

xperimental evidence indicating that plant pathogens must be able to suppress
plant-generated reactive oxygen species (ROS) in order to successfully infect their
host cells has mounted (1-3). The thioredoxin and glutaredoxin systems are two main
thiol antioxidant systems in cells. The thioredoxin system, containing thioredoxin
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peroxidase (also known as thiol-specific antioxidant protein [Tsal), thioredoxin reduc-
tase (Trr), and NADPH, plays a key function in cellular defense against oxidative damage
(4). The glutaredoxin system, containing glutathione, glutathione reductase (Glr), glu-
tathione peroxidase (Gpx), and NADPH, is also required for cell survival in oxidative
stress environments by maintaining high levels of glutathione (5). Both thioredoxin and
glutaredoxin are heat-stable oxidoreductases containing two conserved cysteine resi-
dues in their active regions (6). Both proteins function in electron transfer supplied from
NADPH via the reversible oxidation of two protein sulfhydryl groups (—SH) to a
disulfide bridge (S=S). Previous studies indicated that these systems are involved in a
wide range of physiological and biochemical functions, including synthesis of deoxy-
ribonucleotides, protein folding, repair of DNA and proteins, sulfur metabolism, and
detoxification of ROS (7). In addition, thioredoxin is required for genomic stability,
resistance to heat and nitrosative stress, and cell longevity (8-11).

Because of their multifaceted functions and roles, thioredoxin and glutaredoxin
systems have been intensively studied in bacteria, the budding yeast Saccharomyces
cerevisiae, and mammalian cells; however, these systems have been studied in only a
few of the filamentous fungi. Recent data have revealed that their functions in ROS
resistance are not completely conserved in different fungi and yeasts. For example, the
thioredoxin but not the glutaredoxin system plays a role in resistance to ROS, devel-
opment, and virulence in the necrotrophic fungal plant pathogen Botrytis cinerea (12).
Deletion of any of three thioredoxin-coding genes in Podospora anserine has no effect
on H,0, sensitivity (13), while deletion of a thioredoxin gene in the human pathogen
Candida albicans results in a strain that is highly sensitive to H,O, and attenuated in
virulence (14). In the human pathogen Cryptococcus neoformans, thioredoxin peroxi-
dase and glutathione peroxidase are required for virulence (9, 15). Both systems also
contribute to ROS resistance and full virulence in the rice blast fungus Magnaporthe
oryzae (2, 16, 17).

The plant-pathogenic fungus Alternaria alternata, containing at least seven patho-
types, is a necrotroph; each pathotype produces a unique host-selective toxin to kill
its host cells prior to colonization. The tangerine pathotype produces 9,10-epoxy-8-
hydroxy-9-methyl-decatrienoic acid (18), which affects tangerines (Citrus reticulate
Blanco), grapefruit (C. paradisi Macfad.), and their hybrids and results in necrotic lesions
on leaves, twigs, and fruit. Infection with A. alternata on citrus has been shown to
induce lipid peroxidation and eventually result in cell death (19). H,0, is released from
plant cells upon cell death (20). To successfully colonize citrus tissues filled with toxic
ROS, the pathogen must be able to detoxify them. In the tangerine pathotype of A.
alternata, several regulators important for resistance to oxidative stress have been
linked to virulence (21). These include genes encoding a Yap1 transcription regulator,
a high-osmolarity glycerol 1 (Hog1) mitogen-activated protein (MAP) kinase, a Skn7
response regulator, and NADPH oxidases (Nox). Mutational deletion of any of these
genes in A. alternata produces strains showing increased sensitivity to ROS and
attenuated virulence on citrus (22-25).

Little is known about the functions of thioredoxin and glutaredoxin systems in
relation to survival and virulence of A. alternata. In a previous study, we have demon-
strated that the A. alternata glutathione peroxidase 3 (AaGPx3), coordinately regulated
by Yap1 and Hog1, contributes to oxidative stress resistance, virulence, melanin bio-
synthesis, and conidial formation (26). However, AaGPx3 acts as a suppressor for chitin
biosynthesis. In the present study, we investigated the importance of thioredoxin and
glutaredoxin systems to the virulence of A. alternata. Experiments were performed to
characterize mutant strains resulting from the targeted deletion of genes encoding
thioredoxin peroxidase (Tsal), thioredoxin reductase (Trr1), and glutathione reductase
(GIr1). The expression of these genes is induced by oxidants and regulated by Yap1,
Hog1, and/or Skn7. This work provides novel insights into the physiological functions
of thiol-containing systems in fungicide sensitivity and demonstrates that the ability to
detoxify ROS plays a critical role in A. alternata pathogenesis in citrus. The study also

July 2018 Volume 84 Issue 14 e00086-18

Applied and Environmental Microbiology

aem.asm.org 2


http://aem.asm.org

Thiol-Based Systems in Alternaria alternata

reports the divergent functions of thioredoxin and glutaredoxin systems in response to
different fungicides and environmental stress.

RESULTS

Characterization of thioredoxin- and glutaredoxin-coding genes. Sequences of
both thioredoxin- and glutathione-related genes were retrieved from the complete
genome of A. alternata (27). The A. alternata thioredoxin peroxidase-coding gene
(AaTsal) contains a 675-bp open reading frame (ORF) interrupted by two small introns
of 58 and 168 bp. AaTsal (accession no. MG593564) encodes a 224-amino-acid poly-
peptide with a predicted molecular mass of 24.3 kDa that shows 65% amino acid
similarity to the Saccharomyces cerevisiae Tsal (accession no. DAA09870). AaTsal
contains a conserved domain commonly found in the alkyl hydroperoxide reductase
AhpC/thiol-specific antioxidant (TSA) family and a peroxiredoxin domain in the C
terminus. AaTsal has two conserved cysteine residues (amino acids 57 and 178). The A.
alternata thioredoxin reductase-coding gene (AaTrr1) contains a 1,071-bp ORF inter-
rupted by three introns (109, 50, and 50 bp) and encodes a 38.6-kDa polypeptide that
shows 60% amino acid similarity to the S. cerevisiae Trr1 (accession no. NP_010640).
AaTrr1 (accession no. MG593563) is a flavin adenine dinucleotide (FAD) flavoprotein
containing two redox-active cysteine residues and a conserved pyridine nucleotide-
disulfide oxidoreductase domain (see Fig. S1 in the supplemental material).

The A. alternata glutathione reductase-coding gene (AaGlIr1) has a 1,107-bp ORF
interrupted by a 168-bp intron. Similar to the case for AaTrr1, AaGlr1 (accession no.
MG593559) contains a pyridine nucleotide-disulfide oxidoreductase domain in the N
terminus and a pyridine nucleotide-disulfide oxidoreductase dimerization domain in
the C terminus.

Expression of thioredoxin- and glutaredoxin-coding genes in response to
oxidative stress. Expression of AaTsal, AaTrr1, and AaGlIr1 was assessed in the Z7 strain
after treatment with or without oxidants by quantitative reverse transcriptase PCR
(gRT-PCR). Accumulation of both AaTsal and AaTrr1 transcripts was elevated in Z7 after
exposure to 10 mM H,O, (Fig. 1). Similarly, expression of AaGlIr1 was upregulated to
various levels in Z7 in response to H,0,. Upon exposure to 2.6 mM tert-butyl-
hydroperoxide (t-BHP) or 1 mM cumene hydroperoxide, significantly increased expres-
sion of AaTrrl and AaGIr1 was also observed (4- to 18-fold increases). However,
expression of AaTsal was increased only about 2- to 2.8-fold by t-BHP or cumene
hydroperoxide.

The thioredoxin and glutaredoxin systems are required for conidiation, hyphal
elongation, and fungal growth. A fungal strain defective for AaTsal (Atsal) displayed
wild-type radial growth on potato dextrose agar (PDA). Both the Atsal and CPTsal
strains produced ovoid conidia with both cross and longitudinal septae with dark
pigmentation similar to those produced by the wild type on PDA. However, radial
growth of the Atrr1 strain was reduced by 50% in relation to that of the wild-type strain
(Fig. 2A). The Atrr1 strain formed less-dense colonies and produced fewer aerial hyphae
than the wild type on PDA. Microscopic examination revealed that the Atrr1 strain failed
to produce any conidia and produced stubby and swelling hyphae (Fig. 2B). The
complementation strain CPTrr1 expressing AaTrr1::GFP:neo formed fluffy colonies and
produced conidia at a rate similar to that for the wild type. Disruption of AaGlr1 in Z7
resulted in the Aglr1 strain, which formed less-dense colonies and produced fewer
conidia and less melanin on PDA even though its radial growth was comparable to that
of the wild type (Fig. 3A). The Aglr1 strain showed severe growth reduction on V8 agar
plates. The growth retardation seen in the Atrr1 strain could be partially restored
by adding 0.5 mM reduced glutathione (GSH), oxidized glutathione (GSSG), or both
(Fig. 3B). Addition of GSH to PDA completely restored the colony density, conidiation,
and melanin accumulation of the Aglr1 strain.

The thioredoxin and glutaredoxin systems are required for resistance to oxi-
dants. Chemical sensitivity assays performed on PDA revealed that the Atsal strain was
more sensitive to H,O, than the wild type but displayed wild-type resistance to t-BHP
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FIG 1 Quantitative RT-PCR analysis of gene expression in the wild-type strain of Alternaria alternata. (A)
Expression of the thioredoxin peroxidase-coding gene (AaTsal) in response to H,O.. (B) Expression of the
thioredoxin reductase-coding gene (AaTrr1) in response to H,O,. (C) Expression of the glutathione
reductase-coding gene (AaGlIr1) in response to H,0,. (D) Expression of AaTsal, AaTrrl, and AaGlrl in
response to tert-butyl-hydroperoxide (t-BHP) or cumene hydroperoxide. The relative expression levels from
three independent reactions were calculated using a comparative C; method in relation to the fungal actin
gene or comparison of fungal strains grown on medium with or without an oxidant.

and cumene hydroperoxide (Fig. 4). Reintroduction of a functional copy of AaTsal into
the Atsal strain restored H,O, resistance to the wild-type level. The Atrr1 strain
displayed increased sensitivity to H,0,, t-BHP, and cumene hydroperoxide. Reintroduc-
tion of a functional copy of AaTrr1 into the Atrr1 strain restored cellular resistance to the
three test oxidants at levels comparable to those for the wild type. The Aglr1 strain
displayed increased sensitivity to 10 mM H,O, and failed to grow on PDA amended
with 2.6 mM t-BHP or 1 mM cumene hydroperoxide. Fungal cell viability after treatment
with H,0, was determined by staining cells with 1% Evans blue. Live cells could export
blue dye and remained light brown, while dead cells were stained blue. The results
revealed that more than 97% of Atsal cells were stained blue after exposure to H,0,
(Fig. 5). In contrast, the majority of wild-type and CPTsa1l cells remained light brown
after H,0, treatment. Only 5% of wild-type and 8% of CPTsal conidia were stained
blue.

Mutants defective for thioredoxin- and glutaredoxin-coding genes show
changed sensitivity to fungicides. The Atsal strain was not more sensitive to
sorbitol, NaCl, or SDS than the Z7 strain (Fig. 6). However, the Atrr1 and Aglr1 strains
had increased sensitivity to NaCl. The Aglr1 but not the Atrr1 strain had increased
sensitivity to sorbitol. None of the Atsal, Atrr1, and Aglr1 strains had increased
sensitivity to Congo red. By using PDA as control, assays for fungicide sensitivity
indicated that the Atrr1 strain displayed increased sensitivity to the fungicides
chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile) and boscalid [2-chloro-N-(4'-
chlorobiphenyl-2-yl)nicotinamide] but displayed decreased sensitivity to mancozeb
(Fig. 6). The Atsal strain displayed no increased sensitivity to the test fungicides.
The Aglr1 strain displayed increased sensitivity to mancozeb, boscalid, and captan
but not chlorothalonil.

The thioredoxin- and glutaredoxin-coding genes are required for fungal viru-
lence. Pathogenicity assays performed on detached Ponkan leaves revealed that the
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7 Atsat CPTsa1 Atrr1 CPTrr1
FIG 2 The A. alternata thioredoxin reductase 1 gene (AaTrr1), but not the thioredoxin peroxidase 1 gene
(AaTsal), is required for growth and development. (A) Radial growth and formation of hyphae (arrows) and
conidia (arrowheads) of the wild-type strain (Z7), two Atsal strains, the CPTsa1 strain expressing a copy of
AaTsal, two Atrr1 strains, and the CPTrr1 strain expressing a copy of AaTrr1 were cultured on potato
dextrose agar or V8 plates for 4 to 7 days. (B) The Atrr1 strain produces stubby, swelling hyphae, in contrast
to those produced by Z7 or other mutants.

Atsal strain induced smaller necrotic lesions than those induced by the wild type at 2
days postinoculation (dpi) (Fig. 7). The CPTsal strain expressing AaTsal:GFP:neo in-
duced necrotic lesions at a rate and magnitude comparable to those for the wild type
on Ponkan leaves at 2 dpi. The Atrr1 strain failed to induce large spreading lesions as
did the wild type. The CPTrr1 strain expressing AaTrr1:GFP:neo produced necrotic
lesions similar to those induced by the wild type. Pathogenicity assays revealed that the
Aglr1 strain failed to induce large spreading lesions on Ponkan leaves. The impairment
of virulence seen in the Atsal, Atrr1, and Aglr1 strains was more drastic when lesions
on the bottoms of Ponkan leaves were compared. The Atsal strain induced much
smaller lesions on the bottoms of the leaves than the wild type. No necrotic lesions
were observed on the bottoms of the leaves inoculated with the Atrr1 or Aglr1 strain.
Quantitative analysis revealed that the sizes of lesions induced by the Atsal, CPTsal,
and CPTrr1 strains were about 30%, 76.8%, and 88.2%, respectively, of those induced by
the wild type.

Subcellular localization of AaTsal and AaTrr1. As described above, the Atsal
strain had increased sensitivity to H,0,, and the complementation strain (CPTsal)
displayed wild-type resistance to H,0,. CPTsal was examined microscopically, reveal-
ing green fluorescence in a faint to scattered pattern within fungal hyphae (Fig. 8).
Stronger green fluorescence showing distinct foci that closely corresponded to those
from the 4’,6-diamidino-2-phenylindole (DAPI)-stained nuclear DNA was observed,
indicative of both nuclear and cytoplasmic localization of AaTsa1::GFP. The CPTrr1 strain
expressing AaTrr1::GFP::neo displayed wild-type resistance to oxidants. Confocal micros-
copy examination revealed bright green fluorescence within the CPTrr1 hyphae, indic-
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FIG 3 The A. alternata glutathione reductase 1 gene (AaGIr1) is required for fungal growth and
pigmentation. (A) Aglr1 strains form less-dense colonies and produce fewer conidia and less melanin
than the wild-type strain Z7 on PDA. (B) The addition of the oxidized (GSSG) or reduced (GSH) form of
glutathione, or both (ox+re), to PDA restores radial growth (top view) and pigmentation (bottom view)
of the Aglr1 and Atrr1 strains, which have impaired thioredoxin reductase. All tests were repeated at least
twice with three replicates of each treatment. Only representative replicates are shown.

ative of a cytoplasmic location of AaTrr1::GFP. No distinct green foci corresponding to
those from DAPI-stained nuclei were observed within the CPTrr1 hyphae.

Expression of AaTsal and AaTrr1 is regulated by redox-responsive regulators.
Quantitative RT-PCR analysis revealed that accumulation of the AaTsal transcript
decreased in the Ayap1 strain, which is defective for the redox-responsive transcription
regulator YAP1 in relation to that of the wild type (Fig. 9). Similar reduction of the
AaTsal transcript was observed in the Askn7 strain, in which the Skn7 response
regulator is impaired, and in the Ahog1 strain, in which the high-osmolarity glycerol 1
(HOG1) MAP kinase is impaired. Expression of AaTsal was downregulated considerably
in the NoxA, NoxB, and NoxR single and double mutants, in which NADPH oxidases are
impaired. Moreover, expression of AaTsal was lower in the NoxAB double mutant than
in the NoxA and NoxB single mutants, which show an additive effect between NoxA and
NoxB. On the other hand, the expression level of AaTsaT in the NoxAR double mutant
was similar to that in the NoxA and NoxR single mutants. This indicates that NoxA and
NoxR may functionally complement each other in affecting the expression of AaTsal.
Expression of AaTrr1 was downregulated in the Ayap1 and Askn7 strains and to a lesser
extent in the Ahog1 strain. However, deletion of NoxA, NoxB, and/or NoxR had little or
no effect on the expression of AaTrrl.

DISCUSSION
Small thiol-containing proteins play a range of regulatory and metabolic roles in
cells. In the current study, we used the targeted gene disruption approach to demon-
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Atsat Atrr1 Agir1 s Lk & &
D1 D2 CPTsal Z7 D1 D2 CPTrr1 D1 D2
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+10mM H,0,

+2.6 mM t-BHP

+1 mM cumene
hydroperoxide

WAtsa1 @Atrr1 QAgir1

FIG 4 Genes associated with thioredoxin and glutaredoxin are required for resistance to oxidants. Growth of the wild-type strain (Z7), two
Atsal strains with impaired thioredoxin peroxidase 1 (AaTsal1), the CPTsal strain expressing a copy of AaTsal, two Atrr1 strains with
impaired thioredoxin reductase 1, the CPTrr1 strain expressing a copy of AaTrr1, and two Aglr1 strains with impaired glutathione reductase
1 cultured on PDA amended with or without H,0,, tert-butyl-hydroperoxide (t-BHP), or cumene hydroperoxide at the indicated
concentration is shown. The percentage of growth reduction determined by comparing a cumulative percentage of the growth of the wild
type and the deletion mutants grown on the same plate is also shown (far right). All tests were repeated at least twice with three replicates
of each treatment. Only representative replicates are shown.

strate that three genes (AaTsal, AaTrr1, and AaGlr1) involved in the thioredoxin and
glutaredoxin functions are required for resistance to H,O, and other toxic oxidants and
for the growth and development of A. alternata. Genetic analyses also show that some
but not all of thiol-containing proteins are associated with osmotic stress resistance and
fungicide sensitivity/resistance.

Alignment and comparison of sequences reveal that AaTsal is grouped in the alkyl

Z7 Atsa1

4

100pm 100pm

CPTsa1 Atsal

100pm 100pm

FIG 5 Viability of Z7, two Atsal strains with impaired AaTsal, and the CPTsa1l strain expressing a copy
of AaTsal after being treated with H,O,. Fungal conidia were incubated in 10 mM H,0, solution for 30
min and stained with Evans blue. Live cells effectively export dye and remain light brown, whereas dead
cells fail to export dye and the nucleus is stained blue (arrows).
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Atsa1 Atrr1 Agir1
Z7 D1 D2 CPTsa1 Z7 D1 D2 CPTrr1

+1 M NaCl

+0.2 mg/ml
Congo Red

+10 mg/L
Chlorothalonil

+2mg/L
Mancozeb

+10 mg/L
Captan

+3 mg/L
Boscalid

FIG 6 Chemical sensitivity assays. The wild-type strain (Z7), two Atsal strains with impaired thioredoxin peroxidase
1, the CPTsal strain expressing a copy of AaTsal, two Atrr1 strains with impaired thioredoxin reductase 1, the
CPTrr1 strain expressing a copy of AaTrr1, and two Aglr1 strains with impaired for glutathione reductase 1 were
grown on PDA with or without the indicated chemicals. All tests were repeated at least twice with three replicates
of each treatment. Growth reduction, expressed as a cumulative percentage of the growth of the wild type and the
deletion mutants grown on the same plate, is also indicated. Only representative replicates are shown.

hydroperoxide reductase AhpC/thiol-specific antioxidant (TSA) family. AaTsa1 has two
conserved cysteine residues (amino acids 57 and 178) likely involved in the formation
of an intermolecular disulfide bond with cysteine residues of other proteins. AaTsal is
primarily responsible for H,O, resistance in A. alternata, consistent with the fact that a
Tsal protein in its reduced dithiol form could reduce H,0, (28, 29). Both AaTrr1 and
AaGIr1 are similar to FAD oxidoreductases that contain two redox-active cysteine
residues and a conserved pyridine nucleotide-disulfide domain. FAD-containing oxi-
doreductase enzymes could transfer reducing equivalents from NADPH to cysteine via
FAD, converting disulfide bridges to sulfhydryl groups, and thus detoxifying H,O, (14).
In vitro assays reveal that, unlike AtsaT, both Atrr1 and Aglr1 increase sensitivity to H,0,,
t-BHP, and cumene hydroperoxide. Previous studies have disclosed that the Agpx3
strain, defective for a glutathione peroxidase, is hypersensitive to H,0,, t-BHP, cumene
hydroperoxide, and superoxide-generating compounds (26). These results indicate that
both the thioredoxin and glutaredoxin systems play an important role in cellular
resistance to oxidative stress in A. alternata. Moreover, subcellular localization analysis
of the AaTsal:GFP fusion protein revealed that AaTsal is localized mainly in the
nucleus, suggesting the involvement of AaTsa1 in DNA repair. The Tsal homolog in S.
cerevisiae is the most important thioredoxin peroxidase for suppressing ROS-induced
DNA damage, and loss of Tsal may elevate the cellular ROS level and cause genome
instability and eventually cell death (10, 30, 31), even though Tsal is localized in the
cytoplasm (32). Confocal microscopy analysis, however, revealed that AaTrr1 is localized
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Atsa1
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Atrr1

Agir1

A

FIG 7 Thioredoxin- and glutaredoxin-coding genes are required for A. alternata pathogenicity. Patho-
genicity was assayed on detached Ponkan leaves by placing a 5- by 5-mm agar plug covering fungal
mycelium on the tops of the leaves. The wild-type strain (Z7), the Atsal strain with impaired thioredoxin
peroxidase, the CPTsa1 strain expressing a copy of AaTsal, the Atrr1 strain with impaired thioredoxin
reductase, the CPTrr1 strain expressing a copy of AaTrr1, and the Aglr1 strain with impaired glutathione
reductase were grown on PDA, and agar plugs were cut with a sterile toothpick. The leaves were
incubated in a plastic box for lesion development. Development of necrotic lesions on detached citrus
leaves was observed at 2 days postinoculation (dpi). Only some representative replicates are shown. The
percent changes of necrotic lesions appearing on the bottoms of the leaves calculated in relation to
those induced by the wild-type strain Z7 are also indicated.

in the cytoplasm of A. alternata hyphae, indicating that AaTrr1 may function to detoxify
H,0, and other toxic ROS in the cytosol.

Experiments further demonstrated that the thioredoxin and glutaredoxin systems
play a critical role in fungal colonization and lesion formation on a citrus host. qRT-PCR
analyses and previous studies showed that AaTsal and AaGpx3 are regulated by YapT,
Skn7, Hog1, and Nox, which have previously been shown to be required for ROS
resistance and fungal virulence (21, 26). As with those ROS-responsive regulators, Atsal,
Atrr1, and Aglr1 strains are all more sensitive to ROS and incite less-severe necrosis than
the wild type. Previous research also has shown that Nox can produce low-level H,0,
(25). Thus, we speculate that the low-level H,0O, produced by Nox triggers the activity
of YAP1, SKN7, and HOG1, whose products in turn regulate genes (AaTsal and AaGpx3)
in the thioredoxin and glutaredoxin systems leading to H,O, detoxification (Fig. 10).
AaTrr1 may be regulated by YAP1, SKN7, and HOG1 and not via Nox, since the
Nox-related knockout mutants have no significant effect on AaTrr1 expression, which
suggests that the regulation of AaTrr7 may be more complex. In addition, the mutant
strains have no defects in Alternaria citri toxin (ACT) production as evidenced by in vitro
bioassays (data not shown). Because A. alternata strains showing increased sensitivity to
ROS are also defective for lesion development, the results confirm further that A.
alternata must deal with toxic ROS during infection and colonization and that the ability
to detoxify ROS is required for fungal virulence.

One of the most significant findings of this study is the observation of the involve-
ment of the protective oxidative stress genes in fungicide sensitivity. Depending on the
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FIG 8 Fluorescence microscopy and differential interference contrast (DIC) imaging of the A. alternata
CPTsal strain expressing an AaTsal:GFP::neo fragment and the CPTrr1 strain expressing an AaTrr1:GFP:
neo fragment. The AaTsal (or AaTrr1) fragment carrying its endogenous promoter was translationally
fused in frame with a green fluorescent protein (GFP)-coding gene, followed by fusing with a neo gene
cassette under the control of the TrpC promoter and terminator, conferring resistance to G418. Fungal
nuclei were stained with 4’-6-diamidine-2-phenylindole (DAPI) fluorescent dye.

type of fungicides tested, deletion mutants of A. alternata with impaired thioredoxin or
glutaredoxin have very different reactions. Atrr1 increases sensitivity to chlorothalonil
and boscalid but not captan, indicating that the AaTrr1 product is required for cellular
resistance to chlorothalonil and boscalid. However, the Atrr1 strain displays elevated
resistance to mancozeb. Aglr1 increases sensitivity to mancozeb, boscalid, and captan
but not chlorothalonil, indicating that the AaGIrl product is required for cellular
resistance to mancozeb and boscalid. Previous studies also have found that Agpx3
increases resistance to fluioxonil and vinclozolin fungicides (26). Unlike AaTrr1 and
AaGIr1 deletion mutants, the Atsal strain displays wild-type sensitivity to all tested
fungicides, indicating that AaTsal plays no role in the response to fungicides. Alterna-
tively, the function of AaTsa1 could be compensated for by other antioxidant enzymes

O Atrr1  ®m Atsal

0.8 4
0.6 4

0.4 4

Transcript fold change

02 A

0 ||

Ayap1 Askn7 Ahog1 AnoxA AnoxB AnoxR AnoxAB AnoxAR

FIG 9 gRT-PCR analyses of the expression of the thioredoxin peroxidase 1-coding gene (AaTsaTl) and the
thioredoxin reductase 1-coding gene (AaTrr1) in A. alternata strains with impaired redox-responsive
transcription regulator YAP1 (AyapT), Skn7 response regulator (Askn7), high-osmolarity glycerol 1 (HOG1)
MAP kinase (AhogT), and NADPH oxidases (AnoxA, AnoxB, AnoxR, AnoxAB, and AnoxAR deletion strains).
All strains were treated with 10 mM H,0, for 30 min after being cultured in thermostatic shakers at 25°C.
The relative expression level between the wild-type and the mutant strains was calculated from three
independent reactions using a comparative C; method in relation to the actin-coding gene.
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FIG 10 Proposed network of transcriptional regulation that involves YAP1, SKN7, HOG1, NOX, GPx3, GLR1,
TSA1, and TRR1 and leads to ROS detoxification in A. alternata. Low-level H,0,, generated by superoxide
dismutases (SOD) from superoxide (O,~) produced by NOX, may serve as a signal that upregulates the
expression of YAP1, SKN7, and HOG1, and nuclear localization of these proteins transcriptionally upregu-
lates TSA1, TRR1, GPx3, and GLR1. TSA1 can detoxify H,O, in conjunction with thioredoxin reductase (TRR1)
and thioredoxin cycling between reduced thioredoxin (TRXI*ed) and oxidized thioredoxin (TRX[®¥). GPx3 can
detoxify H,0, in conjunction with glutathione reductase (GLR1) and glutathione cycling between reduced
glutathione (GSH) and oxidized glutathione (GSSG).

in response to fungicides. It appears that the thioredoxin and glutaredoxin systems
have independent and overlapping functions, as their components are not all involved
in fungicide sensitivity or resistance. Although these fungicides have been widely used
in agricultural production, the observed results indicate that they have more complex
modes of action than previously thought.

Chlorothalonil is a broad-spectrum fungicide and was shown to be an inhibitor of
specific NAD thiol-dependent glycolytic and respiratory enzymes in a previous study
(33). The reason why chlorothalonil is widely used is due to its high efficacy as a
multisite fungicide, which is attributed to thiol moiety inactivation in proteins such as
glutathione and coenzyme A (34, 35). Chlorothalonil has no impact on AaTsal and
AaGlr1, as disruption of either coding gene does not affect fungal sensitivity to this
fungicide. In contrast, AaTrr1 is required for resistance to chlorothalonil. A previous
report revealed that the lack of regeneration of the reduced thiol could be an important
feature in chlorothalonil-treated cells (33). Our results indicate that thiol-containing
proteins in the thioredoxin system maybe be involved in the tolerance to chlorotha-
lonil. Boscalid is a carboxamide fungicide which has been known to inhibit proteins
associated with the mitochondrial complex Il system, leading to respiration malfunction
and affecting ATP production (36). Chemical sensitivity assays reveal that both Atrr1
and Aglr1 mutants have increased sensitivity to boscalid. It appears that A. alternata
itself could resist low levels of boscalid through the thioredoxin and glutaredoxin
systems. We speculate that boscalid may cause ROS accumulation in A. alternata and
therefore require the detoxification of these ROS by the thioredoxin and glutaredoxin
systems, since boscalid resulted in oxidative stress and lipid peroxidation in zebrafish
(37). Captan, belonging to the dicarboximide family, is a chloroalkylthiol fungicide.
Although captan has been known to inhibit fungal respiration by nonspecifically
interacting with proteins containing a thiol moiety (38), deletion of AaTrr1 or AaTsal
has no impact on captan sensitivity in A. alternata. However, AaGlr1 plays a role in
resistance to captan. As is well known, glutathione reductase is indispensable for
maintaining a proper concentration balance of reduced glutathione (GSH) (39). We
speculate that GSH is important for A. alternata to withstand captan based on the facts
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that ROS accumulation is increased in captan-treated S. cerevisiae and that the yeast cell
viability is increased when yeast cells are previously treated with GSH (40).

Interestingly, sensitivity assays revealed that A. alternata strains with impaired
AaTrr1, AaTsal, or AaGlr1 display different levels of sensitivity to the mancozeb fungi-
cide. Atrr1 increases resistance to mancozeb, while Aglr1 increases sensitivity to man-
cozeb and the Atsal strain displays wild-type sensitivity. Mancozeb, belonging to the
class of ethylene bisdithiocarbamates (EHBDCs) is not toxic until it is degraded to
release ethylene bisiothiocyanate sulfide (EBIS) in water (41). EBIS could be converted
further to highly toxic ethylene bisiothiocyanates (EBI) upon exposure to UV light.
Mancozeb has been known to interact with and to inhibit metal- and/or sulfhydryl-
containing enzymes involved in respiration, ATP production, and lipid metabolism (42,
43). Recent research shows that mancozeb causes stoichiometric loss of protein thiols,
reversibly dimerizes the protein, and inhibits its enzymatic activity (44). A. alternata, at
least in part, depends on the function of glutathione reductase to deal with the toxicity
of mancozeb, because deletion of AaGlIr1 results in strains that are highly sensitive to
mancozeb. On the other hand, in contrast to the case for AaGlr1, thioredoxin reductase
likely has the reverse function, as disruption of AaTrr1 in A. alternata increases resis-
tance to mancozeb. Although Atrr1 grows better in the presence of mancozeb, it still
has a worse growth phenotype than the wild type, which may be due to its severe
growth inhibition. The involvement of the redox responsive transcription factor Yap1 in
response to mancozeb treatment has also been observed in S. cerevisiae (45). The
expression of AaTrrl is also regulated by Yap1. Nevertheless, the contradictory func-
tions of AaTrr1 and AaGlr1 in response to mancozeb highlight the complexity of cellular
resistance to any given fungicide. Cellular resistance to both oxidative stress and
fluconazole mediated by the bZip transcription regulator Yap1 has also been reported
in animal fungal pathogens (46, 47).

The Agpx3 strain, carrying a glutathione peroxidase defect, reduces conidial forma-
tion and vegetative growth (26). In this study, we showed that AaTrr1 but not AaTsal
is required for normal hyphal elongation, fungal growth, and conidiation. The Atrr1
strain produces very few conidia and produces stubby, swelling hyphae. The Aglr1
strain is also defective for vegetative growth and conidial production. The deficiencies
of hyphal growth and conidiation seen in either the Atrr1 or Aglr1 strain could be
remedied by the addition of oxidized or reduced glutathione to the medium, strength-
ening the link between sensitivity to oxidative stress and the thioredoxin and glutare-
doxin systems in the context of fungal growth and conidial formation.

In addition to increased sensitivity to ROS, Aglr1 increases sensitivity to NaCl and
sorbitol, suggesting the involvement of glutathione reductase in osmotic stress
resistance. The Atrr1 strain displays increased sensitivity to NaCl but not sorbitol,
while the Atsal strain displays wild-type sensitivity to NaCl and sorbitol. In the rice
blast fungus Magnaporthe oryzae, deletion of a Tsal or Trr1 homolog but not a GIr1
homolog results in fungi that display cellular sensitivity to osmolytes (16). Another
interesting feature is that both Atsal and Atrr1 strains display wild-type sensitivity
to the cell wall-disturbing compound Congo red, while the Agpx3 strain is more
resistant to this compound (26). Although thioredoxin and glutaredoxin systems are
conserved in all cells, their actual functions could be different between species. The
roles of these systems in maintaining cellular redox homeostasis, conferring oxida-
tive stress resistance, and preventing programmed cell death are well known. In the
present study, we have found additional roles in fungicide sensitivity and resis-
tance. Some of the thiol-containing proteins could also play a role in resistance to
osmotic stress, even though the exact mechanisms contributing to this phenotype
remain elusive. In conclusion, this study provides genetic evidence to determine the
important role of the thioredoxin and glutaredoxin systems in the diverse biological
and physiological functions of A. alternata. The study also demonstrates that both
thioredoxin and glutaredoxin systems contribute to A. alternata virulence on citrus,
supporting the requirement of ROS detoxification for successful infection by this
phytopathogenic fungus.
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TABLE 1 Phenotypic characterization of Alternaria alternata strains used in this study

Applied and Environmental Microbiology

Strain Phenotype H,0, sensitivity Pathogenicity Vegetative growth Reference
77 Wild type Resistant Aggressive Normal 27
Atsal mutant Impaired thioredoxin peroxidase Sensitive Reduced Normal This study
CPTsal AaTsal complementation Resistant Aggressive Normal This study
Atrr1 mutant Impaired thioredoxin reductase Sensitive Reduced substantially Inhibited This study
CPTrr1 AaTrr1 complementation Resistant Aggressive Normal This study
Aglr1 mutant Impaired glutathione reductase Sensitive Reduced Inhibited This study
AnoxA mutant Impaired NADPH oxidase NoxA Sensitive Reduced Inhibited 48
AnoxB mutant Impaired NADPH oxidase NoxB Sensitive Reduced Inhibited 25
AnoxR mutant Impaired NADPH oxidase NoxR Sensitive Reduced Inhibited 25
AnoxAB mutant Impaired NADPH oxidases NoxA and NoxB Sensitive Not determined Inhibited 25
AnoxAR mutant  Impaired NADPH oxidases NoxA and NoxR  Sensitive Not determined Inhibited 25
Ahog1 mutant Impaired HOGT MAP kinase Sensitive Reduced substantially Inhibited 23
Ayap1 mutant Impaired transcriptional regulator YAP1 Sensitive Reduced substantially Inhibited 22
Askn7 mutant Impaired SKN7 response regulator Sensitive Reduced Inhibited 24

MATERIALS AND METHODS

Fungal strains and growth conditions. The wild-type Z7 strain of Alternaria alternata (Fr.) Keissler
was single spore cultured from diseased Ougan (Citrus suavissima Hort. ex Tanaka) leaves in Zhejiang,
China (27) and used for transformation and mutagenesis. Fungal strains defective for a Skn7 response
regulator (Askn7), a high-osmolarity glycerol (Ahog1) mitogen-activated protein kinase, a Yap1 regulator
(AyapT1), and NADPH oxidases (AnoxA, AnoxB, AnoxR, AnoxAB, and AnoxAR) were created from the
EV-MIL31 strain in previous studies (22-25, 48). The A. alternata strains used in this study and their
characteristics are listed in Table 1. All fungal strains were grown on potato dextrose agar (PDA) at 26°C
unless otherwise stated. Conidia were harvested from fungal cultures grown on V8 juice agar for 7 to 14
days by immersing, scraping with sterile water, and passing through two layers of sterile cheesecloth.
Fungal mycelium was harvested from 2-day liquid cultures by passing through cheesecloth and was used
for purification of DNA or RNA. A regeneration medium (RMM) containing sucrose (49) was used to
recover fungal transformants. Assays for sensitivity to chemicals were performed on PDA plates amended
with a test compound. Fungal hyphae and conidia from 2- to 4-day-old cultures were transferred with sterile
toothpicks onto the test medium. Each treatment contained three replicates, and experiments were repeated
at least two times. The colony radius of the disruption mutants relative to that of the wild type grown on the
same plate was measured. Percent growth inhibition was calculated by dividing the relative difference in the
growth by the wild-type growth and then multiplying by 100. Mancozeb (M-45; 80% wettable powder) was
purchased from Taoshiyinong Agriculture Technology (Nantong, Jiangsu, China), chlorothalonil (98.5%) was
from Suli Chem (Wuxi, Jiangsu, China), boscalid (98%) was from Jiahe Chemicals (Nantong, Jiangsu, China),
and captan (99.15%) was from Aladdin Industrial Corp. (Shanghai, China).

Targeted gene disruption. The genome of A. alternata strain Z7 has been sequenced and annotated
(27). The A. alternata thioredoxin peroxidase (AaTsa1)- and thioredoxin reductase (AaTrr1)-coding genes
were identified from the genome sequence and amplified by PCR with gene-specific primers from
genomic DNA of Z7. Fungal DNA was purified from mycelium according to the protocol described by
Raeder and Broda (53). Open reading frame (ORF) and exon/intron positions in genes were identified
using the Softberry gene-finding software. Both AaTsal and AaTrr1 were mutated by integrating a
bacterial phosphotransferase B gene (HYG) cassette under the control of the Aspergillus nidulans trpC
gene promoter and terminator, resulting in resistance to hygromycin in the Z7 genome using a
split-marker approach (50). Truncated but overlapping HYG fragments (HY/g and h/YG) were amplified
by PCR with different primer sets from plasmid pTFcm (51) and joined with truncated AaTsal fragments
by two-round PCR according to the principles described by Lin et al. (54). The oligonucleotide primers
used in this study and their sequences are reported in Table 2.

For AaTsal disruption, a 5" AaTsal fragment (1,301 bp) was amplified with primer set 1F/1R and fused
with a 1,049-bp HY/g fragment amplified with primers 2F/2R to produce a 5'-AaTsa1:HY/g fragment. A
3’ AaTsal fragment (1,395 bp) was amplified with primers 4F/4R and fused with a 1,701-bp h/YG
fragment amplified with primers 3F/3R to produce an h/YG::AaTsa1-3’ fragment. The two fragments
5'-AaTsal:HY/g and h/YG:AaTsal-3' were combined and transformed into protoplasts prepared from
the Z7 strain using CaCl, and polyethylene glycol as previously described (49) to disrupt AaTsal. Fungal
transformants were recovered from a regeneration medium (RMM) containing 100 ug/ml hygromycin and
examined for gene deletion by PCR with an AaTsaT primer that was not localized in the split-marker fragments
pairing with a Hyg-specific primer. Primer set 6F/6R amplified a 1,995-bp fragment and 7F/7R amplified a
3,101-bp fragment from genomic DNA of transformants whose AaTsal allele was replaced with the Hyg
cassette. Those primers failed to amplify fragments from genomic DNA of the wild type. Of 27 transformants
recovered from hygromycin-containing medium, 22 had correct integration of Hyg within AaTsal based on
PCR screening with an AaTsal-specific primer whose sequence was not located in the split-marker fragments
pairing with a Hyg-specific primer (see Fig. S2 in the supplemental material).

To disrupt AaTrr1, the two overlapping fragments 5'-AaTrr1:HY/g and h/YG::AaTrr1-3' (see Fig. S3 in
the supplemental material) were generated by two-round PCR and introduced into Z7 as described
above. Primer set 15F/15R amplified a 3,730-bp fragment and 16F/16R amplified a 2,739-bp fragment
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from transformants whose AaTrr1 allele was replaced with the Hyg cassette. Primer set 15F/15R or
16F/16R failed to amplify any fragments from genomic DNA of the wild type. Diagnostic PCR analyses
indicated that an AaTrri-specific primer whose sequence was not located in the split-marker fragments
amplified the expected DNA fragment when pairing with a Hyg primer from genomic DNA prepared
from 15 transformants but not from the wild type and the remaining 4 transformants (Fig. S3 and data
not shown).

The split-marker approach was also used to disrupt AaGlr in Z7 as illustrated in Fig. S4 in the
supplemental material. Primers used to generate split Hyg marker fragments and for diagnostic PCR were
also included (Table 2).

To exclude that other integration events caused the phenotypes of the gene mutants we describe
below, two mutants from each gene disruption were selected for further analyses.

Genetic complementation. For genetic complementation, an AaTsal (or AaTrr1) fragment car-
rying its endogenous promoter but without a stop codon was amplified from Z7 genomic DNA and
translationally fused in frame with a green fluorescent protein (GFP)-coding gene with a TrpC
terminator by fusion PCR (Fig. S2 and S3). The resultant AaTsal (or AaTrr1)::GFP fragment was fused
with a neo gene cassette under the control of the TrpC promoter and terminator, conferring
resistance to G418 from plasmid pNEO1300. The AaTsal (or AaTrr1)::GFP:neo fragment was trans-
formed into protoplasts prepared from an AaTsal (or AaTrr1) mutant. Fungal transformants were
recovered from RMM supplemented with 100 mg/ml G418, screened by PCR with primers 5F/5R (for
AaTsal) and 14F/14R (for AaTrr1), and examined for H,0, sensitivity and the emission of green
fluorescence. We could not obtain the Aglr1 complementation strain because we failed to generate
sufficient protoplasts of this mutant.

Gene expression. Relative expression of the genes in A. alternata strains treated with or without
chemicals was quantified by quantitative RT-PCR in a 7300 real-time PCR system (Applied Biosystems,
Carlsbad, CA, USA). Fungal RNA was extracted with an Axygen RNA purification kit (Capital Scientific,
Union City, CA, USA). First-strand DNA was synthesized from RNA using a Prime Script RT reagent kit
(TaKaRa) and used for PCR amplification with gene-specific primers. Expression of the A. alternata
actin-coding gene was included as a control. The expression levels relative to that of the wild type from
three independent reactions were calculated using a comparative threshold cycle (C;) method as
previously described (52).

Microscopy. Fungal conidia and hyphae were examined with a Nikon microscope equipped with an
LV100ND image system (Nikon, Japan). Nuclei in fungal hyphae grown in liquid medium for 2 days were
stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, St. Louis, MO, USA). GFP fluorescence was
examined with a Zeiss LSM780 confocal microscope (Gottingen, Niedersachsen, Germany).

Pathogenicity assay. Fungal virulence was assessed on detached Ponkan (also known as Chinese
honey orange) (Citrus poonensis Yu Tanaka; syn. C. reticulata Blanco) leaves inoculated by placing a 5- by
5-mm agar plug covering fungal mycelium on each spot. The inoculated leaves were kept in a plastic box
at 26°C for 2 to 4 days for lesion development. Each fungal strain was tested on at least 10 leaves, and
experiments were repeated twice.

Statistical analysis. The significance of treatments was determined by analysis of variance and
means separated by Duncan’s test (P < 0.05).

Accession number(s). Newly determined sequence data have been deposited in GenBank under
accession numbers MG593559, MG593563, and MG593564.
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