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Abstract: Austropuccinia psidii is a biotrophic fungus that causes myrtle rust. First described in Brazil,
it has since spread to become a globally important pathogen that infects more than 480 myrtaceous
species. One of the most important commercial crops affected by A. psidii is eucalypt, a widely grown
forestry tree. The A. psidii–Eucalyptus spp. interaction is poorly understood, but pathogenesis is
likely driven by pathogen-secreted effector molecules. Here, we identified and characterized a total
of 255 virulence effector candidates using a genome assembly of A. psidii strain MF-1, which was
recovered from Eucalyptus grandis in Brazil. We show that the expression of seven effector candidate
genes is modulated by cell wax from leaves sourced from resistant and susceptible hosts. Two effector
candidates with different subcellular localization predictions, and with specific gene expression
profiles, were transiently expressed with GFP-fusions in Nicotiana benthamiana leaves. Interestingly,
we observed the accumulation of an effector candidate, Ap28303, which was upregulated under cell
wax from rust susceptible E. grandis and described as a peptidase inhibitor I9 domain-containing
protein in the nucleus. This was in accordance with in silico analyses. Few studies have characterized
nuclear effectors. Our findings open new perspectives on the study of A. psidii–Eucalyptus interactions
by providing a potential entry point to understand how the pathogen manipulates its hosts in
modulating physiology, structure, or function with effector proteins.

Keywords: myrtle rust; eucalypt; cuticular wax; nuclear effectors; Austropuccinia psidii

1. Introduction

Austropuccinia psidii is a biotrophic fungus [1] that causes rust disease in species of
the Myrtaceae family, known as eucalypt rust, guava rust, ‘ohi‘a rust, or myrtle rust [2].
A. psidii is native to South America and was first reported in 1884 on infected native guava
(Psidium guajava L.) [3], and on introduced eucalypts in 1912 in Brazil [4,5]. Subsequently,
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myrtle rust has spread around the world [2], including to Australia where it is now a major
threat to ecosystems that are home to around 2250 species of endemic Myrtaceae [6]. Despite
its specialized biotrophic lifestyle, the pathogen has been reported to infect more than
480 species of Myrtaceae [7,8]. In eucalypt plantations, A. psidii causes serious economic
losses with damage to young plants and subsequently reduced productivity or resulted in
death after successive infections [9–11].

Differences in host specialization have been observed in A. psidii, implying high
genetic diversity among different pathogen populations and strains [12,13]. Although
many studies have investigated this question via cross-inoculation experiments [14–17]
and with microsatellite markers [18–20], the interaction of various pathogen strains with
different hosts remains poorly defined. It is probable that different genotypes of A. psidii
are host-specific and that they evolved on native South American taxa, which are largely
species in the Myrteae tribe [21].

Diversity among global populations of A. psidii has been investigated with host-specific
and pandemic strains from its native range and with invasive strains across Pacific countries
and South Africa [20–22]. The assembled genomes of two invasive strains from Australia
(pandemic Au-3) and South Africa (PREM) proved to be the largest of all sequenced fungal
genomes at 1 Gbp [23,24]. More recently, a phased chromosome-level genome of Au-3
revealed the presence of 18 haploid chromosomes [25] and clarified the tetrapolar mating
strategy for A. psidii [26]. A third genome assembly was derived from the strain MF-1,
which was isolated from E. grandis W. Hill ex. Maiden in Brazil. In comparison to Au-3
and PREM, this strain has a smaller predicted genome size (650 Mbp), though this could
be due to differences in the sequencing technologies used (GenBank accession number
GCA_000469055.1). The MF-1 mitochondrial genome is also available [27] and meiotic
spores have been observed in older infections on E. grandis [26]. Due to the complexity of
A. psidii host interactions, in particular the numerous pathogen strains, as well as different
host genotypes, much remains to be understood about this important plant pathogen.

Several definitions have been proposed for effector proteins, however, in general
they are molecules secreted by an organism that may modify the physiology, structure,
and function of another organism [28]. More recently, effectors have been defined as
secreted proteins, and other molecules that affect plant physiology in ways that contribute
to disease establishment and progression [29]. During plant infection, pathogenic fungi use
these molecules to modulate host physiology and colonization [30]. Plants also use their
recognition and response mechanisms to counteract the fungal infection, as proposed in
the zig-zag model by Jones and Dangl [31]. Santos et al. [32] found evidence from in vitro
studies of cuticular wax extract from Eucalyptus leaves that the wax was an important
pre-formed mechanism against the pathogen. The finding indicated a potential relationship
between the cuticular wax composition of resistant and susceptible species and the in vitro
germination pattern of A. psidii. It is therefore possible that cuticular wax may influence
effector expression.

Currently, very little is known about the role of A. psidii effectors in pathogenesis on
different hosts. In the present study, we generated a comprehensive catalogue of effector
candidates from A. psidii MF-1, a host-specific strain, and verified the expression of selected
gene candidates in vitro in the presence of cuticular waxes from resistant and susceptible
Eucalyptus. We then transiently expressed a predicted MF-1 effector candidate, Ap28303,
in Nicotiana benthamiana cells and confirmed its in silico nuclear localization prediction.
Interestingly, this effector is characterized as a protease inhibitor I9 domain-containing
protein (PF05922), suggesting an inhibitory mechanism for enzymatic cleavage of proteins
inside the host nucleus. Our findings provide the first published evidence of subcellular
localization for a candidate effector in any myrtle rust study.
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2. Materials and Methods
2.1. Biological Material

A. psidii MF-1 strain was initially established from a single rust pustule on E. grandis [33].
The MF-1 strain is known to successfully infect different Eucalyptus species, as previously
evaluated by natural field infection [32]. We used these urediniospores to perform assays
of effector candidate expression in vitro using cuticular wax extracted from E. grandis and
E. urophylla leaves. The urediniospores were stored in a –80 ◦C freezer prior to inoculating
leaves of their respective hosts.

Nicotiana benthamiana plants for transient expression studies were kept at approxi-
mately 28 ◦C with photoperiod of 16/8 h (light/dark).

Escherichia coli and Agrobacterium tumefaciens were grown in Luria-Bertani (LB) medium
at 37 ◦C and 28 ◦C, respectively. For the cloning experiments, E. coli DB3.1 and E. coli
DH5α were used to maintain and propagate plasmids. A. tumefaciens GV3101 was used
for transient expression assays in N. benthamiana leaves. All bacterial strains, including
the transformants, were stored in 20% glycerol at −80 ◦C. Antibiotics to prevent bacte-
rial contamination were used in the following concentrations: kanamycin (50 µg/mL
and 100 µg/mL), spectinomycin (50 µg/mL), gentamycin (25 µg/mL and 50 µg/mL), ri-
fampicin (100 µg/mL), and ampicillin (50 µg/mL). All plasmids used in this study are
listed in Table 1.

Table 1. Description of the plasmids used in this work.

Plasmid Description Reference

pDONR221 Gateway donor plasmid Invitrogen, CA, USA

pGWB651 Binary plasmid for C-terminal G3GFP
(green fluorescence protein) fusions [34]

pGWB652 Binary plasmid for N-terminal G3GFP
(green fluorescence protein) fusions [34]

p19
Binary plasmid containing the p19 protein
from tomato bushy stunt virus, silencing
suppressor of gene expression in tobacco

Provided by the Laboratory of Genetics
and Immunology of Plants—ESALQ/USP

pUFV2224 Nuclear marker Arabidopsis thaliana AtWWP1
fused to mCherry [35]

pCMU-PMr; pCMB-PMr Plasma membrane marker, PIP2a-mcherry;
AtPIP2a, plasma membrane aquaporin [36]

pENTRY::Ap28303
PCR purified product from the effector

candidate Ap28303 recombined in pDNOR221
plasmid

This study

pENTRY::Ap30385
PCR purified product from the effector

candidate Ap30385 recombined in pDNOR221
plasmid

This study

35S::Ap30385-G3GFP
pGWB651, binary plasmid for C-terminal

G3GFP (green fluorescence protein) fused to
the effector candidate Ap30385

This study

35S::G3GFP-Ap30385
pGWB652, binary plasmid for N-terminal

G3GFP (green fluorescence protein) fused to
the effector candidate Ap30385

This study

35S::Ap28303-G3GFP
pGWB651, binary plasmid for C-terminal

G3GFP (green fluorescence protein) fused to
the effector candidate Ap28303

This study

35S::G3GFP-Ap28303
pGWB652, binary plasmid for N-terminal

G3GFP (green fluorescence protein) fused to
the effector candidate Ap28303

This study

2.2. In Silico Prediction of Effector Candidates

Effector candidates were predicted from an A. psidii MF-1 draft genome (NCBI ac-
cession number: AVOT00000000). Two methods were used: a manual pipeline and the
EffectorP 2.0 software [37] (Figure 1A). First, the 47,121 annotated protein sequences were
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screened with SignalP 4.1 [38] to predict the presence of a signal peptide. All proteins with
predicted signal peptides were then scrutinized using the following two methods: firstly,
amino acid sequences were submitted to TMHMM V2.0 [39] and GPISom [40] to check for
the transmembrane domain and glycophosphatidylinositol (GPI)-anchors, respectively, us-
ing default parameters; secondly, proteins with no transmembrane domain, no GPI-anchor,
and with less than 300 residues were selected as described by Duplessis et al. [41] and
Germain et al. [42]. We ran protein sequences through the EffectorP 2.0 pipeline using
default parameters.
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Figure 1. In silico prediction workflow for the prediction of A. psidii effector candidates (A) and Venn
diagram of the effector candidates predicted by manual pipeline (left) and EffectorP (right) and those
common to both methods (center) (B).

The predicted effectors that were common to both strategies were used for further
analysis. The subcellular localization of the predicted effector candidates was determined
by LocTree3 [43]. Functional categorization was obtained by the Gene Ontology Consortium
(GO) [44], with terms derived from the Blast2GO software using default parameters [45].
The annotation was manually validated using the UniProtKB reference proteomes Swiss-
Prot database [46].

2.3. Effect of Cuticular Wax on MF-1 Effector Candidate Gene Expression

The modulation of expression of seven effector candidates (Table 2) according to the
host was performed using cuticular wax from the leaves of E. grandis (susceptible) and
E. urophylla (resistant) [32]. Young leaves were collected and cuticular wax was extracted as
described by Viana et al. [47] and adapted by Santos et al. [32]. The treatments comprised
Petri dishes with agar water (0.8%) amended with 50 µL of mineral oil, dialysis membrane,
50 µL of cuticular wax extract, and 7 mg of A. psidii MF-1 urediniospores. The plates were
kept in the dark at room temperature. Sampling intervals were selected based on pathogen
in vitro development dynamics: (i) 0 h.p.i—resting urediniospores, (ii) 12 h.p.i—germ-tube
formation, and (iii) 24 h.p.i—appressorium and penetration hypha formation [48]. For each
sampling interval, we used five biological replicates, each comprising one Petri dish for
each species.
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Table 2. Predicted functions and localizations of predicted effector candidates selected for validation
and the number of gene accession.

Effector Candidate
Abbreviation Description a Localization b GenBank Accession Number

Ap15054 Secreted protein Secreted AVOT02014902.1
Ap30385 hypothetical protein Nucleus AVOT02029768.1

Ap28303 inhibitor I9 domain-containing
protein Nucleus AVOT02027753.1

Ap11108 chorismate mutase
domain-containing protein Cytoplasm AVOT02011022.1

Ap12491 hypothetical protein Secreted AVOT02012383.1
Ap23389 hypothetical protein Nucleus AVOT02023014.1
Ap2160 non-annotated Secreted AVOT02002154.1

a The description was obtained by Blast2GO and validated by UniProt; b The localizations were obtained by
LocTree3.

2.4. RT-qPCR

For cuticular wax stimulus assays, the dialysis membrane with the urediniospores was
collected at each interval and ground in liquid nitrogen immediately. RNA was extracted
using RNeasy Plant Mini Kit® (Qiagen, Hilden, Germany) following the manufacturer’s
protocol. The cDNA synthesis was performed with the RevertAid First Strand cDNA Syn-
thesis Kit® (Thermo Fisher ScientificTM, Waltham, MA, USA) following the manufacturer’s
protocol.

RT-qPCR was performed with the following parameters: initial denaturation 95 ◦C
for 5 min, 95 ◦C for 30 s, and 58 ◦C for 45 s for 35 cycles, and the dissociation curve
(95 ◦C—15 s; 60 ◦C—30 s; 95 ◦C—15 s) in the Applied Biosystems 7300 instrument (Applied
Biosystems, Waltham, MA, USA). The reaction of 12.5 µL was performed with the GoTaq®

qPCR Master Mix (Promega, Madison, WI, USA) composed by GoTaq mix (1×), CXR
Reference Dye (300 nM), forward and reverse primers (200 nM each), cDNA sample (2 µL),
and nuclease-free water to complete the volume. All treatments included five biological
replicates and two technical replicates. We randomly selected hypothetical proteins and
genes with known function as effectors to evaluate expression. Two sets of primers were
used as reference genes (Supplementary Table S1).

RT-qPCR amplification specificity was checked by dissociation curve analysis (melt-
ing curve). The fluorescence-per-cycle data were submitted to LinRegPCR v.11.0 [49] to
calculate the average amplification efficiency of each primer set. We used the Relative
expression software tool (REST©) described by Pfafll et al. [50,51] to analyze our results.
This method compares two groups (sample and control). The mathematical model used is
based on the PCR efficiencies and the mean crossing point deviation between the sample
and control group. The expression ratio results of the investigated transcripts were tested
for significance by a randomization test (2000 randomizations). The expression graphics
were designed using the R package ggplot [52].

2.5. Effector Candidate Gene Cloning

Based on the in vitro gene expression results, five effector candidates were selected for
transient expression in N. benthamiana. The coding sequences of five effector candidates,
here named Ap28303, Ap12491, Ap30385, Ap23389, and Ap15054 (Table 2), were used to
manually design primers (Supplementary Figure S1) and the cloning was performed using
the Gateway System (Supplementary Figure S2). To construct plasmids for agroinfiltration,
effector candidates were PCR amplified using cDNA samples and cloned into the Gateway
entry vector, pDONR221 (Invitrogen, CA, USA), and then recombined into the binary
destination vectors, pGWB651 (35S::G3GFP-ccdb) and pGWB652 (35S::ccdb-G3GFP). We
generated four constructs: 35S::Ap28303-G3GFP, 35S::Ap30385-G3GFP, 35S::G3GFP-28303,
and 35S::G3GFP-Ap30385 from two effector candidates using C- and N-terminal tags. The
other three candidates were not successfully cloned. Constructs were confirmed by PCR
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using M13 primers and sequenced by the Sanger method. All primers used in this work
are listed in Supplementary Table S1.

2.6. Agroinfiltration-Mediated Transient Expression in N. benthamiana

Expression vectors were electroporated into the A. tumefaciens strain, GV3101, ac-
cording to Win et al. [53]. Agrobacterium cells carrying a plasmid with the gene silencing
suppressor protein P19 were co-infiltrated at OD600 = 0.1, as well as the mcherry plasmids
(nucleus and plasmatic membrane markers). A. tumefaciens containing the empty plas-
mids pGWB651 and pGWB652 were used as controls. The infiltrations were performed in
N. benthamiana leaves using a syringe without a needle.

Transient expression was evaluated two days after infiltration. The agroinfiltrated
leaves were collected, cut into sections of approximately 10 mm2, and placed in PBS
(Phosphate Buffered Saline: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, and
distilled water to complete the volume of 1000 mL, pH 7.4) between a slide and cover glass.
The compartments with protein accumulation were verified by laser-scanning microscopy
(Nikon Eclipse Ti/C2si, Tokyo, Japan) in the Laboratory of Plant Breeding at CENA/USP.

2.7. Protein Extraction and Western Blot Analysis

Two days after agroinfiltration, N. benthamiana leaves were harvested and three discs
(diameter: 0.9 cm) were extracted and kept at −80 ◦C until protein extraction. Leaf samples
were ground (three times at 30 Hz for 30 s each) in a TissueLyser II bead beater using three
3 mm glass beads. After the addition of 60 µL Protein Extraction Buffer (50 mM Tris-HCl,
pH 8.0; 1% SDS; 1 mM EDTA, pH 8.0; Beta-mercaptoethanol; Protease inhibitor; Ultrapure
water), the samples were incubated on ice for 5 min. Next, the samples were centrifuged
twice at 14,000 rpm for 10 min at 4 ◦C. Sixty microliters of the supernatant were collected
after each centrifugation. Finally, 12 µL of 6× Loading Buffer (375 mM Tris-HCl, pH 6.8;
60% Glycerol; 12% SDS; 0.6 M DTT; 0.06% Bromophenol blue; Ultrapure water) were added
to the samples, which were then incubated at 95 ◦C for 5 min. A total of 20 µL of each
sample was separated in a 12% SDS-PAGE gel.

Proteins from the SDS-PAGE gel were transferred to a nitrocellulose membrane using
a semi-dry system (OwlTM, Thermo ScientificTM, Waltham, MA, USA). Membrane blocking
was performed using 5% skim milk powder in 1× TBS-T buffer (10× TBS; Ultrapure
water; Tween 20) for 1 h at room temperature, after which the membrane was washed
three times in TBS-T for 5 min. The membrane was then incubated with a rabbit anti-
GFP antibody (GFP Polyclonal Antibody, Invitrogen by Thermo ScientificTM, Waltham,
MA, USA) at a dilution of 1:1000 in 10 mL of 1% skim milk powder overnight at 4 ◦C.
The membrane was then washed three times with TBS-T and incubated for 1 h at room
temperature with a 1:5000 dilution of a Goat anti-Rabbit secondary antibody (IgG (H+L)
Cross-Adsorbed Secondary Antibody, HRP, Invitrogen by Thermo ScientificTM, Waltham,
MA, USA). Then, the membrane was washed three times in TBS-T and once in 1× TBS
to remove residual Tween 20. The signal was visualized with the Amersham ECL Prime
reagent (GE Healthcare, Chicago, IL, USA) according to the manufacturer’s instructions
and revealed in the ChemiDoc XRS+ Gel Imaging System (Bio-Rad, Hercules, CA, USA).

3. Results
3.1. In Silico Analyses Identify 255 Effector Candidates in the Genome of A. psidii Strain MF-1

We identified 708 and 282 effector candidates using our manual pipeline and Effec-
torP 2.0, respectively. From these, 255 effector candidates were common to both approaches
(Figure 1B) and were used in subsequent studies (Supplementary Table S2). Based on
LocTree3 predictions, the most abundant subcellular localization of effector candidates was
apoplastic (87.45%), followed by cytoplasmic (6.27%) and nuclear (3.14%) (Table 3).
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Table 3. Effector candidate localization in the host predicted by LocTree3 [43].

Localization Percentage of Hits (%)

Apoplast/secreted 87.45
Cytoplasm 6.27

Nucleus 3.14
Endoplasmatic reticulum 0.78

Mitochondria 0.78
Vacuole 0.78

Chloroplast 0.39
Plasma membrane 0.39

Most (65.49%) effector candidates had no annotation assigned or were generically
annotated as hypothetical proteins (23.14%). Only 11.37% were annotated with a known
function. Among the effector candidates with known function, we identified enzymes
including hydrolases, lipases, and chitin deacetylases (Supplementary Table S2). A majority
of the effector candidates of known function shared those functions with other rust species
(Puccinia spp. and Melampsora larici-populina) (Table 4). Finally, according to Blast2GO, the
most abundant biological process terms were carbohydrate metabolic processes, catabolic
processes, and biosynthetic processes (Figure 2).

Table 4. Description of effector candidates with known function.

Access Number GenBank Description a

AVOT02009987.1 Alpha, alpha-trehalose-phosphate synthase (UDP-forming) P. coronata var. avenae f.
sp. Avenae

AVOT02011022.1 Chorismate mutase domain-containing protein P. coronata var. avenae f. sp. Avenae

AVOT02011687.1 SCP domain-containing protein P. coronata var. avenae f. sp. Avenae

AVOT02011695.1 Secreted protein M. larici-populina

AVOT02012399.1 Protein ROT1 M. larici-populina

AVOT02066599.1 Tnp4 domain-containing protein P. striiformis

AVOT02013624.1 SCP domain-containing protein P. coronata var. avenae f. sp. Avenae

AVOT02013985.1 Secreted protein M. larici-populina

AVOT02014902.1 Secreted protein M. larici-populina

AVOT02136828.1 Secreted protein M. larici-populina

AVOT02015524.1 Chitin deacetylase P. graminis f. sp. tritici

AVOT02016858.1 SCP domain-containing protein P. striiformis

AVOT02017392.1 Carboxylic ester hydrolase Helicocarpus griseus

AVOT02002958.1 Chitin deacetylase M. larici-populina

AVOT02002632.1 Sod_Cu domain-containing protein P. graminis f. sp. tritici

AVOT02026132.1 Chitin deacetylase P. graminis f. sp. tritici

AVOT02027753.1 Inhibitor I9 domain-containing protein

AVOT02028049.1 Secreted protein M. larici-populina

AVOT02028690.1 Lipase_3 domain-containing protein P. striiformis f. sp. tritici

AVOT02029865.1 Sod_Cu domain-containing protein P. graminis f. sp. tritici

AVOT02030696.1 Dimer_Tnp_hAT domain-containing protein

AVOT02032858.1 Alpha-galactosidase P. graminis f. sp. tritici

AVOT02035871.1 Alpha/Beta hydrolase protein Pseudomassariella vexata

AVOT02037137.1 Thioredoxin domain-containing protein P. triticina
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Table 4. Cont.

Access Number GenBank Description a

AVOT02041469.1 Secreted protein M. larici-populina

AVOT02045600.1 DPBB_1 domain-containing protein P. striiformis f. sp. tritici PST-78

AVOT02048724.1 Secreted protein M. larici-populina

AVOT02053223.1 SurE domain-containing protein P. graminis f. sp. tritici

AVOT02000055.1 Phosphatidylglycerol/phosphatidylinositol transfer protein P. graminis f. sp. Tritici
a The description was obtained by Blast2GO and validated manually by UniProt.
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Figure 2. Gene ontology for biological process GO terms obtained with Blast2GO (Conesa et al., 2005)
of A. psidii effector candidates. The bar graph represents the percentage composition of terms in the
effector candidates.

3.2. Effect of Cuticular Wax on MF-1 Effector Candidate Gene Expression

From the 255 effector candidates, seven were selected to evaluate their expression
(Table 2). The expression of Ap15054 was significantly downregulated at all time points for
both cuticular wax sources (Figure 3A). At 6 h.p.i., the genes, Ap28303 and Ap12491, were
upregulated and showed a differential expression when urediniospores were germinated in
the presence of the wax of the susceptible host E. grandis (Figure 3C,E). The effector candi-
dates, Ap30385 and Ap28303 (Figure 3B,C), were differentially expressed at one timepoint
only under the cuticular wax stimulus of E. grandis. Effector candidate Ap1108 (Figure 3D)
did not show significant expression under cuticular wax stimulus at any timepoint sampled.
The only effector candidate differentially expressed and upregulated at all timepoints was
Ap12491, under the stimulus of cuticular wax from E. grandis (Figure 3E). Ap23389 under
the cuticular wax stimulus of E. urophylla was differentially expressed at 24 h.p.i (Figure 3F).
The expression of the effector candidate Ap2160 was not detected under the stimulus of E.
urophylla cuticular wax (Figure 3G), only under the stimulus of E. grandis cuticular wax.
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Figure 3. MF-1 strain expression of effector candidates under cuticular wax extracts from E. grandis
and E. urophylla at 6, 12, and 24 h post-inoculation; The time 0 h post-inoculation was considered as
control and the transcript levels of effector candidates were normalized to the levels of the reference
gene beta-tubulin (Btub) and effector elongation (EF) to perform the analyses in REST; effector
candidate Ap15054 (A); effector candidate Ap30385 (B); effector candidate Ap28303 (C); effector
candidate Ap11108 (D); effector candidate Ap12491 (E); effector candidate Ap23389 (F); effector
candidate Ap2160 (G). * p < 0.05; ** p < 0.001.

3.3. Subcellular Localization of Effector Candidate Ap28303

We observed nuclear accumulation of the Ap28303 effector candidate in N. ben-
thamiana leaves transiently expressing the 35S::G3GFP-Ap28303 construct (Figure 4A).
No fluorescence was detected when a C-terminal GFP tag was used (35S::Ap28303-G3GFP)
(Figure 4B). On the other hand, accumulation of Ap30385 was not observed by confocal mi-
croscopy regardless of the fusion tag used (35S::Ap30385-G3GFP and 35S::G3GFP-Ap30385)
(Figure 4C,D). In agreement with these results, protein accumulation could only be detected
by Western Blot in plants expressing the GFP-Ap28303 construct (Figure 4E).

All attempts to clone the Ap12491, Ap23389, and Ap15054 effector candidates were un-
successful. We successfully cloned the effector candidate, Ap30385, with the A. tumefaciens
binary plasmid but did not observe accumulation in any subcellular compartment.
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Figure 4. Confocal microscopy of the effector candidates (A) 35S::G3GFP-Ap28303 construct accu-
mulated in the nucleus. White arrows indicate nuclei; (B) no accumulation of 35S::Ap28303-G3GFP;
(C) no accumulation of 35S::G3GFP-Ap30385; (D) no accumulation of 35S::Ap30385-G3GFP; and (E) a
band of the expected size for the 35S::G3GFP-Ap28303 fusion (40 KDa: 13 kDa of Ap28303 protein +
27 kDa of GFP protein). As expected, expression of the empty pGWB652 vector resulted in a band
compatible with the G3GFP tag (~27 kDa).
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4. Discussion
4.1. Two Methods of In Silico Effector Characterization for Austropuccinia psidii Strain MF-1
Commonly Predicted 255 Candidate Genes

We identified 255 candidate effectors in the A. psidii MF-1 strain haploid genome based
on manual curation and the Effector P 2.0 pipeline. Candidate effector predictions by Effec-
tor P 2.0 in the pandemic A. psidii isolate (Au-3) identified an average of 335 effectors [24],
while the more recent Au-3 genome indicated 616 effectors [25].

It is known from studies of other rust pathogens that the number of effectors predicted
varies according to the criteria and/or method used, as well as being based on strain. In
P. striiformis f. sp. tritici (the wheat stripe rust pathogen), 969 effector candidates were
predicted for the Pst-104E strain by EffectorP 1.0 [54], and 557 effector candidates were
predicted for the Pst-DK0911 strain using EffectorP 2.0 [55]. Garnica et al. [56] found
437 haustorial secreted proteins using a manual pipeline, whereas our results showed a
higher number of effector candidates predicted by the manual pipeline compared to the
software. Clearly, the number of effector candidates predicted in rust pathogen genomes is
variable and may be related to genome size, the type of sequence data used in an assembly,
the host–pathogen interaction, and/or the prediction method used. Thus, the difference in
the number of effectors predicted in our work may be a result of the genome sequence data
and the search methods. We were nonetheless very conservative in our approach, selecting
only effector candidates identified by both methods via posteriori analysis.

Our results showed that A. psidii MF-1 carried a higher number of predicted apoplastic
effectors compared to other rusts. We predicted 87% apoplastic effectors in MF-1, compared
to results from Sperschneider et al. [57] in P. striiformis f. sp. tritici PST-130 (61.2%),
P. graminis f. sp. tritici (61.6%), M. larici-populina (58.7%), and P. triticina (53.51%). The
average amount of secreted proteins from rust fungi for targeting different organelles were
approximately 3.35% chloroplast, 0.93% mitochondria, and 4.5% nucleus. The proportion
of effector candidates targeting the nucleus was the highest in P. graminis f. sp. tritici
(5.61%) and P. triticina (5.44%). We found 3.14% of effector candidates targeting the nucleus.
A few studies have shown translocation of effector proteins secreted by fungal pathogens
into the plant nucleus [58,59].

In predicting the target location of effectors, Caillaud et al. [60] found that only 20% of
those predicted in silico and in vivo had the same location. Therefore, prediction in silico is
an essential step to confirm the effector candidates’ localization.

4.2. Host Leaf Cuticular Wax Changes In Vitro Pathogen Effector Gene Expression

Cuticular waxes contribute to plant defense and resistance against pathogenic fungi,
and, consequently, are effector targets. The effector, cutinase2, from Magnaporthe grisea
is activated during host penetration [61] (Skamnioti and Gurr, 2007). Santos et al. [32]
used cuticular waxes from eucalypt species as stimuli in deciphering pathogenesis-related
mechanisms during infection of different host species by A. psidii. We therefore investigated
host modulation of effector expression by an expression analysis of the MF-1 strain under
the stimulus of cuticular wax from a resistant and a susceptible eucalypt species.

We found that cuticular wax can modulate the expression of candidate effector MF-1.
A previous study has shown the importance of host cuticular wax during infection for
recognition, penetration, and plant resistance [62], however, our results appear to be the first
to establish an interaction between effector expression and host cuticular wax in suggesting
that cuticular wax acts as a stimulus for the development of A. psidii.

Interestingly, the effector candidate, Ap11108, did not show differential expression
when A. psidii strain MF-1 was exposed to cuticular wax. Ap11108 was shown to be a
homolog of a chorismate mutase domain-containing protein of P. coronata var. avenae f. sp.
avenae (Supplementary Table S2). The effector, Cmu1, was described in Ustilago maydis as
a secreted chorismate mutase by Djamei et al. [63], who suggested that it played a role in
virulence by impacting the conversion of plant cell chorismate to suppress the salicylic acid
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immune pathway. This mechanism is important for allowing biotrophic fungi to avoid
plant defenses [64].

Ap23389 was upregulated only at 24 h.p.i under the stimulus of cuticular wax from
the resistant species, E. urophylla. This indicates that this effector, a hypothetical protein
localized to the nucleus, might have a role in later stages of infection in resistant genotypes
and should be investigated further.

Effector candidate Ap15054 was downregulated and differentially expressed at all
time points by cuticular wax from both eucalypt species. According to Oliveira-Garcia and
Deising [65], the downregulation of an effector gene may be tied to avoiding recognition
by the host. The downregulation of Ap15054 does not exclude it from being an effector. It
is known that the upregulation of an effector candidate in planta may not be evidence of
whether a protein is an effector or not. Even effectors predicted to be expressed in haustoria
were found to be downregulated, suggesting that the post-transcriptional regulation may
control effector expression [66].

The effector candidate, Ap12491, a predicted secreted hypothetical protein, was signif-
icantly upregulated in the presence of cuticular wax of E. grandis. It was the only effector
significantly expressed at all intervals under the susceptible cuticular wax stimulus. Sim-
ilarly, Swanepoel et al. [67] observed seven uniquely expressed candidate effectors over
the course of infection within susceptible E. grandis. We were unable to proceed with the
transient expression of this gene, however, future studies should investigate this effector
candidate in greater detail.

The effector candidate, Ap28303, was identified as an inhibitor I9 domain-containing
protein. The in vitro assay showed that Ap28303 was upregulated and differentially ex-
pressed at 6 h.p.i. under the cuticular wax stimulus of the susceptible species, E. grandis.
Thus, the expression of Ap28303 might be stimulated during the early stages, establishing
a compatible infection in a susceptible host. Interestingly, Ap28303 was predicted to be a
nuclear-localized effector based on in silico subcellular localization. Most effectors with
protease inhibition activity have been localized to the cytoplasm of infected hosts [66]. How-
ever, the knowledge of the molecular mechanism of the nuclear effector of phytopathogenic
fungi in plant disease is limited [68].

4.3. In Planta MF-1 Effector Candidate Localized to the Nucleus

Discovering the host subcellular localization of effectors is fundamental to under-
standing their function [69]. Thus, we first predicted the subcellular localization in silico of
effector candidates from A. psidii MF-1. Two of these were then expressed transiently, of
which the protease inhibitor I9 family member, Ap28303, was successfully visualized as
targeting the nucleus.

Plants use proteases in the apoplast to defend themselves, and pathogen effectors are
known to target these proteins in order to facilitate successful infection [70]. Several studies
have found pathogen effectors that attack proteases from plants [71,72]. Rawlings et al. [73]
classified peptidases into 48 families based on similarity, with the family I9 classified as
protease inhibitors. In the rust fungi, U. fabae and U. striatus, the protein RTP1p was found
in the cytoplasm and exhibited protease inhibitor activity. The homologues of RTP1p
represent a rust fungi-specific family of effector proteins with protease inhibitory activity,
which might be associated with effector function during biotrophic interactions [74].

The prediction by LocTree3 showed nuclear localization of Ap28303, which is incon-
sistent with the classical function of protease inhibitors as established in previous studies.
We expressed this fluorescently tagged effector candidate transiently using a binary system
in N. benthamiana leaves. Using confocal microscopy, we observed its accumulation in the
epidermal cell nucleus, confirming our prediction in silico.

Effectors targeting the host nucleus have been previously reported [75,76], including
in the rust pathogens M. larici-populina [77], Uromyces fabae [66], and others [68]. Proteins
have been known to localize in plant nuclei target transcription factors [78], RNAi com-
ponents [79], or associate with TOPLESS-related proteins, which are involved in plant
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immune responses [77]. Moreover, few fungal effectors have been shown to target the plant
nuclear functions without being localized into the nucleus [68]. These effector proteins
interact with plant transcription factors and alter their nuclear localization, leading to
disruption of defense responses. For example, P. striiformis f. sp. tritici effector Pst GSRE1
was shown to interact with the ROS promoting transcription factor, TaLOL2, disrupting its
nuclear localization in plant cells and thereby resulting in loss of the host defense response
and increasing fungal proliferation [66].

Future analyses should be directed at understanding the functionality of Ap28303 on
the host nucleus. Investigation of this candidate effector’s interaction with host targets,
and the biochemical nature of nuclear effects in Eucalyptus cells, may be important for the
development of novel strategies to prevent disease.

5. Conclusions

This pioneering study of effector candidates from A. psidii identified
255 effector candidates in the MF-1 genome. In view of the technical difficulties and com-
plexity of the A. psidii–Eucalyptus pathosystem, our in vitro assays allowed us to simulate
conditions as close as possible to those in planta in order to provide insights into molecular
mechanisms during host infection. Our results revealed that cuticular waxes from eucalypt
species, resistant and susceptible to A. psidii, altered the expression of effector candidates.

One effector candidate, Ap28303, showed nuclear localization in a heterologous plant
system. This interesting finding warrants further study to fully define the role of Ap28303
during the infection of eucalypts. Although it is annotated as a protease inhibitor, we
observed it to be targeted to the host nucleus. This finding might imply more than one
function or a different function and localization for this effector candidate; for example,
interaction with a host transcription factor, as found for Pst GSRE1. This is the first study to
report the subcellular localization of effectors in A. psidii and is a step forward in the study
of genes associated with infection in myrtle rust disease.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jof9080848/s1. Table S1: List of primers used in expression
validation and cloning experiments (Ref. [80] is cited in Table S1); Table S2: List of 255 effector candi-
dates, subcellular localization predicted by LocTree3 and their functional description by Blast2GO
and validated in UniProt; Figure S1: Construction of primers for cloning experiments (a) construction
of the primers to be recombined in the plasmid with the tag in C-terminal (b) construction of the
primers to be recombined in the plasmid with the tag in N-terminal; Figure S2: Cloning procedures
using Gateway system.

Author Contributions: C.A.d.A.H. and M.C.Q. conceived the project, participated in development,
interpretation of data and writing; C.A.d.A.H. and M.d.S.L. performed in silico analyses; C.A.d.A.H.,
I.B.d.S. and J.A.F. performed cuticular wax and RNA extraction; C.A.d.A.H., E.F.F. and J.M. performed
cloning procedures; C.A.d.A.H. and J.P.R.M. performed microscopy analyses; C.A.d.A.H. and P.J.P.L.T.
performed protein extraction; P.J.P.L.T., P.A.T. and R.F.P. contributed to the writing, reviewed, and
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Fundação de Amparo à Pesquisa do Estado de São
Paulo—FAPESP (Grant: 2014/16804-4). We thank the Conselho Nacional de Pesquisa (CNPq) for
the fellowship awarded to C.A.A.H. (140587/2018-7) and J.A.F. (140287/2019-1), Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) for their fellowship awards to M.S.L., E.F.F.
and I.B.S., and Fundação de Amparo à Pesquisa do Estado de São Paulo for the fellowship awarded
to J.A.F. (2019/25720-2).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We are grateful for Antônio Vargas Oliveira Figueira from CENA/USP for
support in Fluorescence Microcopy.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/jof9080848/s1


J. Fungi 2023, 9, 848 14 of 16

References
1. Beenken, L. Austropuccinia: A new genus name for the myrtle rust Puccinia psidii placed within the redefined family Sphaerophrag-

miaceae (Pucciniales). Phytotaxa 2017, 297, 53–61. [CrossRef]
2. Glen, M.; Alfenas, A.C.; Zauza, E.A.V.; Wingfield, M.J.; Mohammed, C. Puccinia psidii: A threat to the Australian environment

and economy—A review. Australas. Plant Pathol. 2007, 36, 1–16. [CrossRef]
3. Winter, G. Repertorium. Rabenhorstii fungi europaei et extraeuraopaei Cent. XXXI et XXXII. Hedwigia 1884, 23, 164–172.
4. Coutinho, T.A.; Wingfield, M.J.; Alfenas, A.C.; Crous, P.W. Eucalyptus rust: A disease with the potential for serious international

implications. Plant Dis. 1998, 82, 819–825. [CrossRef]
5. Joffily, J. Ferrugem do eucalipto. Bragantia 1944, 4, 475–487. [CrossRef]
6. Hardstaff, L.K.; Sommerville, K.D.; Funnekotter, B.; Bunn, E.; Offord, C.A.; Mancera, R.L. Myrtaceae in Australia: Use of

cryobiotechnologies for the conservation of a significant plant family under threat. Plants 2022, 11, 1017. [CrossRef]
7. Fensham, R.J.; Carnegie, A.J.; Laffineur, B.; Makinson, R.O.; Pegg, G.S.; Wills, J. Imminent extinction of Australian Myrtaceae by

fungal disease. Trends Ecol. Evol. 2020, 35, 554–557. [CrossRef]
8. Soewarto, J.; Giblin, F.; Carnegie, A.J. Austropuccinia psidii (Myrtle Rust) Global Host List. Version 2. Australian Network for Plant

Conservation. 2019. Available online: http://www.anpc.asn.au/myrtle-rust (accessed on 20 February 2021).
9. Carnegie, A.J.; Kathuria, A.; Pegg, G.S.; Entwistle, P.; Nagel, M.; Giblin, F.R. Impact of the invasive rust Puccinia psidii (myrtle

rust) on native Myrtaceae in natural ecosystems in Australia. Biol. Invasions 2016, 18, 127–144. [CrossRef]
10. Dianese, J.C.; Moraes, T.S.; Silva, A.R. Response of Eucalyptus species to field infection by Puccinia psidii. Plant Dis. 1984, 68,

314–316. [CrossRef]
11. Masson, M.V.; Moraes, W.B.; Furtado, L. Chemical Control of Eucalyptus Rust: Brazilian Experiences. In Fungicides–Showcases of

Integrated Plant Disease Management from Around the World; Nita, M., Ed.; InTech: Houston TX, USA, 2013; pp. 117–134. [CrossRef]
12. Quecine, M.C.; Bini, A.P.; Romagnoli, E.R.; Andreote, F.D.; Moon, D.H.; Labate, C.A. Genetic variability in Puccinia psidii

populations as revealed by PCR-DGGE and T-RFLP markers. Plant Dis. 2014, 98, 16–23. [CrossRef]
13. Quecine, M.C.; Leite, T.F.; Bini, A.P.; Regiani, T.; Franceschini, L.M.; Budzinski, I.G.F.; Marques, F.G.; Labate, M.T.V.; Guidetti-

Gonzalez, S.; Moon, D.H.; et al. Label-free quantitative proteomic analysis of Puccinia psidii uredospores reveals differences of
fungal populations infecting eucalyptus and guava. PLoS ONE 2016, 11, e0145343. [CrossRef] [PubMed]

14. Coelho, L.; Alfenas, A.C.; Ferreira, F.A. Variabilidade fisiológica de Puccinia psidii–Ferrugem do Eucalipto. Summa Phytopathol.
2001, 27, 295–300.

15. Ferreira, F.A. Ferrugem do eucalipto. Rev. Árvore 1983, 7, 91–109.
16. Marlatt, R.B.; Kimbrough, J.W. Puccinia psidii on Pimento dioica in South Florida. Plant Dis. 1980, 68, 510–512.
17. Morin, L.; Aveyard, R.; Lidbetter, J.R.; Wilson, P.G. Investigating the host-range of the rust fungus Puccinia psidii sensu lato across

tribes of the family Myrtaceae present in Australia. PLoS ONE 2012, 7, e35434. [CrossRef]
18. Graça, R.N.; Aun, C.P.; Guimarães, L.M.S.; Rodrigues, B.V.A.; Zauza, E.A.V.; Alfenas, A.C. A new race of Puccinia psidii defeats

rust resistance in eucalypt. Australas. Plant Pathol. 2011, 40, 442–447. [CrossRef]
19. Sandhu, K.S.; Karaoglu, H.; Zhang, P.; Park, R.F. Simple sequence repeat markers support the presence of a single genotype of

Puccinia psidii in Australia. Plant Pathol. 2016, 65, 1084–1094. [CrossRef]
20. Stewart, J.E.; Ross-Davis, A.L.; Graça, R.N.; Alfenas, A.C.; Peever, T.L.; Hanna, J.W.; Uchida, J.Y.; Hauff, R.D.; Kadooka, C.Y.; Kim,

M.S.; et al. Genetic diversity of the myrtle rust pathogen (Austropuccinia psidii) in the Americas and Hawaii: Global implications
for invasive threat assessments. For. Pathol. 2018, 48, e12378. [CrossRef]

21. Granados, G.M.; McTaggart, A.R.; Barnes, I.; Rodas, C.A.; Roux, J.; Wingfield, M.J. The pandemic biotype of Austropuccinia psidii
discovered in South America. Australas. Plant Pathol. 2017, 46, 267–275. [CrossRef]

22. Roux, J.; Granados, G.M.; Shuey, L.; Barnes, I.; Wingfield, M.J.; McTaggart, A.R. A unique genotype of the rust pathogen, Puccinia
psidii, on Myrtaceae in South Africa. Australas. Plant Pathol. 2016, 45, 645–652. [CrossRef]

23. McTaggart, A.R.; Duong, T.A.; Le, V.Q.; Shuey, L.S.; Smidt, W.; Naidoo, S.; Wingfield, M.J.; Wingfield, B.D. Chromium sequencing:
The doors open for genomics of obligate plant pathogens. Biotechniques 2018, 65, 253–257. [CrossRef]

24. Tobias, P.A.; Schwessinger, B.; Deng, C.H.; Wu, C.; Dong, C.; Sperschneider, J.; Jones, A.; Luo, Z.; Zhang, P.; Sandhu, K.; et al.
Austropuccinia psidii, causing myrtle rust, has a gigabase-sized genome shaped by transposable elements. G3 2021, 11, jkaa015.
[CrossRef]

25. Edwards, R.J.; Dong, C.; Park, R.F.; Tobias, P.A. A phased chromosome-level genome and full mitochondrial sequence for the
dikaryotic myrtle rust pathogen, Austropuccinia psidii. bioRxiv 2022. [CrossRef]

26. Ferrarezi, J.A.; McTaggart, A.R.; Tobias, P.A.; Hayashibara, C.A.A.; Degnan, R.M.; Shuey, L.S.; Francheschini, L.M.; Lopes, M.S.;
Quecine, M.C. Austropuccinia psidii uses tetrapolar mating and produces meiotic spores in older infections on Eucalyptus grandis.
Fungal Genet. Biol. 2022, 160, 103692. [CrossRef]

27. Almeida, J.R.; Riaño Pachón, D.M.; Franceschini, L.M.; Santos, I.B.; Ferrarezi, J.A.; Andrade, P.A.M.D.; Vitorello, C.B.M.; Labate,
C.A.; Quecine, M.C. Revealing the high variability on nonconserved core and mobile elements of Austropuccinia psidii and other
rust mitochondrial genomes. PLoS ONE 2021, 16, e0248054. [CrossRef]

28. Dalio, R.J.D.; Magalhaes, D.M.; Rodrigues, C.M.; Arena, G.D.; Oliveira, T.S.; Souza-Neto, R.R.; Picchi, S.C.; Martins, P.M.M.;
Santos, P.J.C.; Maximo, H.J.; et al. PAMPs, PRRs, effectors and R-genes associated with citrus-pathogen interactions. Ann. Bot.
2017, 119, 749–774. [CrossRef]

https://doi.org/10.11646/phytotaxa.297.1.5
https://doi.org/10.1071/AP06088
https://doi.org/10.1094/PDIS.1998.82.7.819
https://doi.org/10.1590/S0006-87051944000300001
https://doi.org/10.3390/plants11081017
https://doi.org/10.1016/j.tree.2020.03.012
http://www.anpc.asn.au/myrtle-rust
https://doi.org/10.1007/s10530-015-0996-y
https://doi.org/10.1094/PD-69-314
https://doi.org/10.5772/56319
https://doi.org/10.1094/PDIS-03-13-0332-RE
https://doi.org/10.1371/journal.pone.0145343
https://www.ncbi.nlm.nih.gov/pubmed/26731728
https://doi.org/10.1371/journal.pone.0035434
https://doi.org/10.1007/s13313-011-0056-8
https://doi.org/10.1111/ppa.12501
https://doi.org/10.1111/efp.12378
https://doi.org/10.1007/s13313-017-0488-x
https://doi.org/10.1007/s13313-016-0447-y
https://doi.org/10.2144/btn-2018-0019
https://doi.org/10.1093/g3journal/jkaa015
https://doi.org/10.1101/2022.04.22.489119
https://doi.org/10.1016/j.fgb.2022.103692
https://doi.org/10.1371/journal.pone.0248054
https://doi.org/10.1093/aob/mcw238


J. Fungi 2023, 9, 848 15 of 16

29. Shao, D.; Smith, D.L.; Kabbage, M.; Roth, M.G. Effectors of plant necrotrophic fungi. Front. Plant Sci. 2021, 12, 687713. [CrossRef]
30. Dodds, P.N.; Rathjen, J.P. Plant immunity: Towards an integrated view of plant-pathogen interactions. Nat. Rev. Genet. 2010, 11,

539–548. [CrossRef]
31. Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef]
32. Santos, I.B.; Lopes, M.S.; Bini, A.P.; Tschoeke, B.A.P.; Verssani, B.A.W.; Figueredo, E.F.; Cataldi, T.R.; Marques, J.P.R.; Silva, L.D.;

Labate, C.A.; et al. The Eucalyptus cuticular waxes contribute in preformed defense against Austropuccinia psidii. Front. Plant Sci.
2019, 9, 1978. [CrossRef]

33. Leite, T.F.; Moon, D.H.; Lima, A.C.M.; Labate, C.A.; Tanaka, F.A.O. A simple protocol for whole leaf preparation to investigate the
interaction between Puccinia psidii and Eucalyptus grandis. Australas. Plant Pathol. 2013, 42, 79–84. [CrossRef]

34. Nakagawa, T.; Suzuki, T.; Murata, S.; Nakamura, S.; Hino, T.; Maeo, K.; Tabata, R.; Kawai, T.; Tanaka, K.; Niwa, Y.; et al. Improved
gateway binary vectors: High-performance vectors for creation of fusion constructs in transgenic analysis of plants. Biosci.
Biotechnol. Biochem. 2007, 71, 2095–2100. [CrossRef] [PubMed]

35. Silva, P.A.; Silva, J.C.F.; Caetano, H.D.N.; Machado, J.P.B.; Mendes, G.C.; Reis, P.A.B.; Brustolini, O.J.B.; Dal-Bianco, M.; Fontes,
E.P.B. Comprehensive analysis of the endoplasmic reticulum stress response in the soybean genome: Conserved and plant-specific
features. BMC Genom. 2015, 16, 783. [CrossRef] [PubMed]

36. Cutler, S.R.; Ehrhardt, D.W.; Griffitts, J.S.; Somerville, C.R. Random GFP::cDNA fusions enable visualization of subcellular
structures in cells of Arabidopsis at a high frequency. Proc. Natl. Acad. Sci. USA 2000, 97, 3718–3723. [CrossRef]

37. Sperschneider, J.; Dodds, P.N.; Gardiner, D.M.; Singh, K.B.; Taylor, J.M. Improved prediction of fungal effector proteins from
secretomes with EffectorP 2.0. Mol. Plant Pathol. 2018, 19, 2094–2110. [CrossRef]

38. Nielsen, H. Predicting secretory proteins with SignalP. In Protein Function Prediction (Methods in Molecular Biology); Kihara, D., Ed.;
Springer: Berlin/Heidelberg, Germany, 2017; pp. 59–73. [CrossRef]

39. Krogh, A.; Larsson, B.; Von Heijne, G.; Sonnhammer, E.L.L. Predicting transmembrane protein topology with a hidden Markov
model: Application to complete genomes. J. Mol. Biol. 2001, 305, 567–580. [CrossRef]

40. Fankhauser, N.; Mäser, P. Identification of GPI anchor attachment signals by a Kohonen self-organizing map. Bioinformatics 2005,
21, 1846–1852. [CrossRef]

41. Duplessis, S.; Cuomo, C.A.; Lin, Y.C.; Aerts, A.; Tisserant, E.; Veneault-Fourrey, C.; Joly, D.L.; Hacquard, S.; Amselem, J.; Cantarel,
B.L.; et al. Obligate biotrophy features unraveled by the genomic analysis of rust fungi. Proc. Natl. Acad. Sci. USA 2011, 108,
9166–9171. [CrossRef]

42. Germain, H.; Joly, D.L.; Mireault, C.; Plourde, M.B.; Letanneur, C.; Stewart, D.; Morency, M.J.; Petre, B.; Duplessis, S.; Séguin, A.
Infection assays in Arabidopsis reveal candidate effectors from the poplar rust fungus that promote susceptibility to bacteria and
oomycete pathogens. Mol. Plant Pathol. 2018, 19, 191–200. [CrossRef]

43. Goldberg, T.; Hecht, M.; Hamp, T.; Karl, T.; Yachdav, G.; Ahmed, N.; Altermann, U.; Angerer, P.; Ansorge, S.; Balasz, K.; et al.
LocTree3 prediction of localization. Nucleic Acids Res. 2014, 42, 350–355. [CrossRef]

44. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, M.J.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al.
Gene Ontology: Tool for the unification of biology. Nat. Genet. 2014, 25, 25–29. [CrossRef] [PubMed]

45. Conesa, A.; Götz, S.; García-Gómez, J.M.; Terol, J.; Talón, M.; Robles, M. Blast2GO: A universal tool for annotation, visualization
and analysis in functional genomics research. Bioinformatics 2005, 21, 3674–3676. [CrossRef] [PubMed]

46. Consortium, T.U. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, 480–489. [CrossRef]
47. Viana, R.; Santos, L.T.; Demuner, A.; Ferreira, F.; Ferreira, L.; Ferreira, E.; Machado, A.F.; Santos, M. Quantificação e composição

química de cera epicuticular de folhas de eucalipto. Planta Daninha 2010, 28, 753–758. [CrossRef]
48. Sekiya, A.; Marques, F.G.; Leite, T.F.; Cataldi, T.R.; Moraes, F.E.; Pinheiro, A.L.M.; Labate, M.T.V.; Labate, C.A. Network analysis

combining proteomics and metabolomics reveals new insights into early responses of Eucalyptus grandis during rust infection.
Front. Plant Sci. 2021, 11, 604849. [CrossRef]

49. Ramakers, C.; Ruijter, J.M.; Lekanne Deprez, R.H.; Moorman, A.F.M. Assumption-free analysis of quantitative real-time poly-
merase chain reaction (PCR) data. Neurosci. Lett. 2003, 339, 62–66. [CrossRef]

50. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
51. Pfaffl, M.W.; Horgan, G.W.; Dempfle, L. Relative expression software tool (REST) for group-wise comparison and statistical

analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002, 30, e36. [CrossRef]
52. RStudio Team. RStudio: Integrated Development Environment for R (‘1.2.5033′). 2019. Available online: http://www.rstudio.

com/ (accessed on 20 December 2020).
53. Win, J.; Kamoun, S.; Jones, A.M.E. Purification of effector-target protein complexes via transient expression in Nicotiana benthamiana.

In Plant Immunity. Methods in Molecular Biology; McDowell, J., Ed.; Humana Press: Totowa, NJ, USA, 2011; Volume 712, pp. 181–194.
54. Schwessinger, B.; Sperschneider, J.; Cuddy, W.S.; Garnica, D.P.; Miller, M.E.; Taylor, J.M.; Dodds, P.N.; Figueroa, M.; Park, R.F.;

Rathjen, P. A near-complete haplotype-phased genome of the dikaryotic. MBio 2018, 9, e02275-17. [CrossRef]
55. Schwessinger, B.; Chen, Y.J.; Tien, R.; Vogt, J.K.; Sperschneider, J.; Nagar, R.; McMullan, M.; Sicheritz-Ponten, T.; Sørensen, C.K.;

Hovmøller, M.S.; et al. Distinct life histories impact dikaryotic genome evolution in the rust fungus Puccinia striiformis causing
stripe rust in wheat. Genome Biol. Evol. 2020, 12, 597–617. [CrossRef]

56. Garnica, D.P.; Upadhyaya, N.M.; Dodds, P.N.; Rathjen, J.P. Strategies for wheat stripe rust pathogenicity identified by transcrip-
tome sequencing. PLoS ONE 2013, 8, e67150. [CrossRef]

https://doi.org/10.3389/fpls.2021.687713
https://doi.org/10.1038/nrg2812
https://doi.org/10.1038/nature05286
https://doi.org/10.3389/fpls.2018.01978
https://doi.org/10.1007/s13313-012-0179-6
https://doi.org/10.1271/bbb.70216
https://www.ncbi.nlm.nih.gov/pubmed/17690442
https://doi.org/10.1186/s12864-015-1952-z
https://www.ncbi.nlm.nih.gov/pubmed/26466891
https://doi.org/10.1073/pnas.97.7.3718
https://doi.org/10.1111/mpp.12682
https://doi.org/10.1007/978-1-4939-7015-5_6
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/bioinformatics/bti299
https://doi.org/10.1073/pnas.1019315108
https://doi.org/10.1111/mpp.12514
https://doi.org/10.1093/nar/gku396
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/bioinformatics/bti610
https://www.ncbi.nlm.nih.gov/pubmed/16081474
https://doi.org/10.1093/nar/gkaa1100
https://doi.org/10.1590/S0100-83582010000400007
https://doi.org/10.3389/fpls.2020.604849
https://doi.org/10.1016/S0304-3940(02)01423-4
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/30.9.e36
http://www.rstudio.com/
http://www.rstudio.com/
https://doi.org/10.1128/mBio.02275-17
https://doi.org/10.1093/gbe/evaa071
https://doi.org/10.1371/journal.pone.0067150


J. Fungi 2023, 9, 848 16 of 16

57. Sperschneider, J.; Dodds, P.N.; Singh, K.B.; Taylor, J.M. ApoplastP: Prediction of effectors and plant proteins in the apoplast using
machine learning. New Phytol. 2018, 217, 1764–1778. [CrossRef] [PubMed]

58. Kim, S.; Kim, C.Y.; Park, S.Y.; Kim, K.T.; Jeon, J.; Chung, H.; Choi, G.; Kwon, S.; Choi, J.; Jeon, J.; et al. Two nuclear effectors of the
rice blast fungus modulate host immunity via transcriptional reprogramming. Nat. Commun. 2020, 11, 5845. [CrossRef]

59. Qin, J.; Wang, K.; Sun, L.; Xing, H.; Wang, S.; Li, L.; Chen, S.; Guo, H.S.; Zhang, J. The plant-specific transcription factors CBP60g
and SARD1 are targeted by a Verticillium secretory protein VdSCP41 to modulate immunity. eLife 2018, 7, e34902. [CrossRef]
[PubMed]

60. Caillaud, M.C.; Piquerez, S.J.M.; Fabro, G.; Steinbrenner, J.; Ishaque, N.; Beynon, J.; Jones, J.D.G. Subcellular localization of the
Hpa RxLR effector repertoire identifies a tonoplast-associated protein HaRxL17 that confers enhanced plant susceptibility. Plant J.
2012, 69, 252–265. [CrossRef] [PubMed]

61. Skamnioti, P.; Gurr, S.J. Magnaporthe grisea cutinase2 mediates appressorium differentiation and host penetration and is required
for full virulence. Plant Cell 2007, 19, 2674–2689. [CrossRef]

62. Wang, X.; Kong, L.; Zhi, P.; Chang, C. Update on cuticular wax biosynthesis and its roles in plant disease resistance. Int. J. Mol.
Sci. 2020, 21, 5514. [CrossRef]

63. Djamei, A.; Schipper, K.; Rabe, F.; Ghosh, A.; Vincon, V.; Kahnt, J.; Osorio, S.; Tohge, T.; Fernie, A.R.; Feussner, I.; et al. Metabolic
priming by a secreted fungal effector. Nature 2011, 478, 395–398. [CrossRef]

64. Jaswal, R.; Kiran, K.; Rajarammohan, S.; Dubey, H.; Singh, P.K.; Sharma, Y.; Deshmukh, R.; Sonah, H.; Gupta, N.; Sharma, T.R.
Effector biology of biotrophic plant fungal pathogens: Current advances and future prospects. Microbiol. Res. 2020, 241, 126567.
[CrossRef]

65. Oliveira-Garcia, E.; Deising, H.B. Attenuation of PAMP-triggered immunity in maize requires down-regulation of the key
β-1,6-glucan synthesis genes KRE5 and KRE6 in biotrophic hyphae of Colletotrichum graminicola. Plant J. 2016, 87, 355–375.
[CrossRef]

66. Qi, M.; Mei, Y.; Grayczyk, J.P.; Darben, L.M.; Rieker, M.E.G.; Seitz, J.M.; Voegele, R.T.; Whitham, S.A.; Link, T.I. Candidate effectors
from Uromyces appendiculatus, the causal agent of rust on common bean, can be discriminated based on suppression of immune
responses. Front. Plant Sci. 2019, 10, 1182. [CrossRef] [PubMed]

67. Swanepoel, S.; Visser, E.A.; Shuey, L.; Naidoo, S. The in planta gene expression of Austropuccinia psidii in resistant and susceptible
Eucalyptus grandis. Phytopathology 2023, 1–42. [CrossRef]

68. Mandal, S.; Jeon, J. Nuclear effectors in plant pathogenic fungi. Mycobiology 2022, 50, 259–268. [CrossRef] [PubMed]
69. Alfano, J.R. Roadmap for future research on plant pathogen effectors: Micro-Review. Mol. Plant Pathol. 2009, 10, 805–813.

[CrossRef] [PubMed]
70. Doehlemann, G.; Hemetsberger, C. Apoplastic immunity and its suppression by filamentous plant pathogens. New Phytol. 2013,

198, 1001–1016. [CrossRef]
71. Mueller, A.N.; Ziemann, S.; Treitschke, S.; Aßmann, D.; Doehlemann, G. Compatibility in the Ustilago maydis-maize interaction

requires inhibition of host cysteine proteases by the fungal effector Pit2. PLoS Pathog. 2013, 9, e1003177. [CrossRef]
72. Van Esse, H.P.; Van’t Klooster, J.W.; Bolton, M.D.; Yadeta, K.A.; Van Baarlen, P.; Boeren, S.; Vervoort, J.; Dewit, P.J.G.M.; Thomma,

B.P.H.J. The Cladosporium fulvum virulence protein Avr2 inhibits host proteases required for basal defense. Plant Cell 2008, 20,
1948–1963. [CrossRef]

73. Rawlings, N.D.; Tolle, D.P.; Barrett, A.J. Evolutionary families of peptidase inhibitors. Biochem. J. 2004, 378, 705–716. [CrossRef]
74. Pretsch, K.; Kemen, A.; Kemen, E.; Geiger, M.; Mendgen, K.; Voegele, R. The rust transferred proteins–a new family of effector

proteins exhibiting protease inhibitor function. Mol. Plant Pathol. 2013, 14, 96–107. [CrossRef]
75. Lorrain, C.; Petre, B.; Duplessis, S. Show me the way: Rust effector targets in heterologous plant systems. Curr. Opin. Microbiol.

2018, 46, 19–25. [CrossRef]
76. Zhang, L.; Ni, H.; Du, X.; Wang, S.; Ma, X.W.; Nürnberger, T.; Guo, H.S.; Hua, C. The Verticillium-specific protein VdSCP7 localizes

to the plant nucleus and modulates immunity to fungal infections. New Phytol. 2017, 215, 368–381. [CrossRef] [PubMed]
77. Petre, B.; Saunders, D.G.O.; Sklenar, J.; Lorrain, C.; Win, J.; Duplessis, S.; Kamoun, S. Candidate effector proteins of the rust

pathogen Melampsora larici-populina target diverse plant cell compartments. Mol. Plant Microbe Interact. 2015, 28, 689–700.
[CrossRef] [PubMed]

78. Cui, H.; Tsuda, K.; Parker, J.E. Effector-triggered immunity: From pathogen perception to robust defense. Annu. Rev. Plant Biol.
2015, 66, 487–511. [CrossRef] [PubMed]

79. Qiao, Y.; Liu, L.; Xiong, Q.; Flores, C.; Wong, J.; Shi, J.; Wang, X.; Liu, X.; Xiang, Q.; Jiang, S.; et al. Oomycete pathogens encode
RNA silencing supressors. Nat. Genet. 2013, 45, 330–333. [CrossRef] [PubMed]

80. Bini, A.P.; Quecine, M.C.; da Silva, T.M.; Silva, L.D.; Labate, C.A. Development of a quantitative real-time PCR assay using SYBR
Green for early detection and quantification of Austropuccinia psidii in Eucalyptus grandis. Eur. J. Plant Pathol. 2018, 150, 735–746.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/nph.14946
https://www.ncbi.nlm.nih.gov/pubmed/29243824
https://doi.org/10.1038/s41467-020-19624-w
https://doi.org/10.7554/eLife.34902
https://www.ncbi.nlm.nih.gov/pubmed/29757140
https://doi.org/10.1111/j.1365-313X.2011.04787.x
https://www.ncbi.nlm.nih.gov/pubmed/21914011
https://doi.org/10.1105/tpc.107.051219
https://doi.org/10.3390/ijms21155514
https://doi.org/10.1038/nature10454
https://doi.org/10.1016/j.micres.2020.126567
https://doi.org/10.1111/tpj.13205
https://doi.org/10.3389/fpls.2019.01182
https://www.ncbi.nlm.nih.gov/pubmed/31636645
https://doi.org/10.1094/PHYTO-07-22-0257-R
https://doi.org/10.1080/12298093.2022.2118928
https://www.ncbi.nlm.nih.gov/pubmed/36404902
https://doi.org/10.1111/j.1364-3703.2009.00588.x
https://www.ncbi.nlm.nih.gov/pubmed/19849786
https://doi.org/10.1111/nph.12277
https://doi.org/10.1371/journal.ppat.1003177
https://doi.org/10.1105/tpc.108.059394
https://doi.org/10.1042/bj20031825
https://doi.org/10.1111/j.1364-3703.2012.00832.x
https://doi.org/10.1016/j.mib.2018.01.016
https://doi.org/10.1111/nph.14537
https://www.ncbi.nlm.nih.gov/pubmed/28407259
https://doi.org/10.1094/MPMI-01-15-0003-R
https://www.ncbi.nlm.nih.gov/pubmed/25650830
https://doi.org/10.1146/annurev-arplant-050213-040012
https://www.ncbi.nlm.nih.gov/pubmed/25494461
https://doi.org/10.1038/ng.2525
https://www.ncbi.nlm.nih.gov/pubmed/23377181
https://doi.org/10.1007/s10658-017-1321-7

	Introduction 
	Materials and Methods 
	Biological Material 
	In Silico Prediction of Effector Candidates 
	Effect of Cuticular Wax on MF-1 Effector Candidate Gene Expression 
	RT-qPCR 
	Effector Candidate Gene Cloning 
	Agroinfiltration-Mediated Transient Expression in N. benthamiana 
	Protein Extraction and Western Blot Analysis 

	Results 
	In Silico Analyses Identify 255 Effector Candidates in the Genome of A. psidii Strain MF-1 
	Effect of Cuticular Wax on MF-1 Effector Candidate Gene Expression 
	Subcellular Localization of Effector Candidate Ap28303 

	Discussion 
	Two Methods of In Silico Effector Characterization for Austropuccinia psidii Strain MF-1 Commonly Predicted 255 Candidate Genes 
	Host Leaf Cuticular Wax Changes In Vitro Pathogen Effector Gene Expression 
	In Planta MF-1 Effector Candidate Localized to the Nucleus 

	Conclusions 
	References

