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ABSTRACT

ALMEIDA, Rosiane Fatima de, M.Sc., Universidade Federal de Vicosa, July, 2021. A new,
highly aggressive race of Austropuccinia psidii infects a widely planted, myrtle rust-
resistant, eucalypt genotype in Brazil. Adviser: Acelino Couto Alfenas.

Myrtle rust (MR) caused by Austropuccinia psidii is one of the most important diseases
affecting eucalypt (Eucalyptus spp.) plantations in Brazil. Over the years, selection and planting
of MR-resistant clones has been the primary strategy for MR management. In May 2013, young
trees of the GG100 hybrid (E. grandis x E. urophylla) clone — widely planted in Brazil and
previously classified as resistant to MR — were infected by A4. psidii in Minas Gerais, Brazil. In
this study, artificial inoculations of a eucalypt clone set with differential reactions to A. psidii
races were used to discover a new race of 4. psidii (race 5) that was highly aggressive on the
majority of eucalypt clones tested. In addition, only this new race successfully infected eucalypt
847 genotype, which was formerly classified as resistant to the four previously known races of
A. psidii. Our findings demonstrate that this new 4. psidii race is highly aggressive and capable
of infecting a larger number of eucalypt genotypes compared to the previously known A. psidii

races 1, 2, 3, and 4.

Keywords: Puccinia psidii. Physiological variability. Eucalyptus.



RESUMO

ALMEIDA, Rosiane Fatima de, M.Sc., Universidade Federal de Vigosa, julho de 2021. Uma
nova raca altamente agressiva de Austropuccinia psidii infecta um genotipo de eucalipto
amplamente plantado e resistente a Ferrugem das Mirtaceas no Brasil. Orientador: Acelino
Couto Alfenas.

A Ferrugem das Mirtaceas (RM), causada por Austropuccinia psidii, ¢ uma das doengas mais
importantes que afetam as plantagdes de eucalipto (Eucalyptus spp.) no Brasil. Ao longo dos
anos, a selecdo e o plantio de clones resistentes a MR tem sido a principal estratégia para o
manejo da doenga. Em maio de 2013, arvores jovens do clone hibrido GG100 (E. grandis x E.
urophylla) - amplamente plantado no Brasil e previamente classificado como resistente 8 MR -
foram infectadas por 4. psidii em Minas Gerais, Brasil. Neste estudo, inoculagdes artificiais de
um conjunto de clones de eucalipto com reacdes diferenciais as ragas de A. psidii foi usado para
descobrir uma nova raga de 4. psidii (raga 5) que foi altamente agressiva na maioria dos clones
de eucalipto testados. Além disso, apenas esta nova racga infectou com sucesso o genotipo 847,
que foi anteriormente classificado como resistente as quatro ragas de A. psidii anteriormente
conhecidas. Nossos resultados demonstram que esta nova raga de 4. psidii ¢ altamente agressiva
e capaz de infectar um grande numero de genotipos de eucalipto em comparagdo com as ragas

1,2, 3 e 4 de A. psidii anteriormente conhecidas.

Palavras-chave: Puccinia psidii. Variabilidade fisiologica. Eucalyptus.
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Abstract

Myrtle rust (MR) caused by Austropuccinia psidii is one of the most important diseases
affecting eucalypt (Eucalyptus spp.) plantations in Brazil. Over the years, selection and planting
of MR-resistant clones has been the primary strategy for MR management. In May 2013, young
trees of the GG100 hybrid (E. grandis x E. urophylla) clone — widely planted in Brazil and
previously classified as resistant to MR — were infected by 4. psidii in Minas Gerais, Brazil. In
this study, artificial inoculations of a eucalypt clone set with differential reactions to A. psidii
races were used to discover a new race of 4. psidii (race 5) that was highly aggressive on the
majority of eucalypt clones tested. In addition, only this new race successfully infected eucalypt
847 genotype, which was formerly classified as resistant to the four previously known races of
A. psidii. Our findings demonstrate that this new A. psidii race is highly aggressive and capable
of infecting a larger number of eucalypt genotypes compared to the previously known 4. psidii
races 1, 2, 3, and 4.

Keywords: Puccinia psidii, rust pathogen race, physiological variability, genetic variability,
Eucalyptus.
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1| INTRODUCTION

Austropuccinia psidii (G. Winter) Beenken, first reported as Puccinia psidii on guava (Psidium
guajava) in Southern Brazil (Winter, 1884), is an obligate biotrophic pathogen that causes
myrtle rust (MR) and threatens numerous Myrtaceae species around the world (Beresford et al.,
2018; Carnegie et al., 2016; Peggetal., 2017, 2014; Winzer et al., 2019). After the MR pathogen
was first described in South America, it was found in North America and the Caribbean
(Coutinho et al., 1998; MacLachlan, 1938; Marlatt and Kimbrough, 1979), and it has
subsequently been found in other regions, including Asia (du Plessis et al., 2017; Kawanishi et
al., 2009; McTaggart et al., 2016; Zhuang and Wei, 2011), Africa (Roux et al., 2013), and
Oceania (Beresford et al., 2018;Carnegie et al., 2010; Winzer et al., 2018; Uchida et al., 2006).
As A. psidii appeared in new global regions, its known host range has continued to expand, and
it is now known to infect a wide range of host species in the Myrtaceae (Carnegie and Giblin,
2020; Pegg et al., 2017, 2014; Stewart et al., 2018).

Although 4. psidii was first reported on eucalypt (Eucalyptus spp.) in Brazil during the
early 20™ century (Joffily, 1944), the first serious outbreak of MR was observed in E. grandis
plantations of Espirito Santo, Brazil in the late 20" century (Ferreira, 1983, 1981).
Subsequently, serious MR outbreaks have been reported sporadically in eucalypt plantations of
Brazil. MR signs and symptoms depend on resistance/susceptibility reactions of the host, but
may range from hypersensitivity reaction (HR) to small uredinia with few urediniospores or
massive production of powdery, bright-yellow urediniospores associated with shoot dieback
that may ultimately result in plant mortality (Alfenas et al., 2009; Coutinho et al., 1998). MR
has significant economic importance in eucalypt plantations (Alfenas et al., 2009, 2003;
Carvalho et al., 1998; Glen et al., 2007; Graga et al., 2011; Silva et al., 2017; Zauza et al., 2015),
especially during the first year after planting when trees are 0.5- to 3.0-m tall (Zauza et al.,
2010). In eucalypt plantations, MR can cause a 23 to 35% reduction in wood volume, as
determined in a study conducted by the Company Votorantim Celulose e Papel covering five
plantations of 6-year-old E. grandis, distributed in the regions of Guararema, Sdo José dos
Campos, and Taubaté in Sao Paulo state, Brazil (Santos et al., 2020a).

The inter- and intra-specific genetic variability among eucalypt species and hybrids
allows selection of MR-resistant clones by artificial inoculations with 4. psidii under controlled
conditions (Assis and Mafia, 2007; Fonseca et al., 2010). Over recent decades, forest companies
in Brazil have introduced screening for MR-resistance traits into their breeding programs.

Planting of MR-resistant clones has been the most economical and efficacious measure for MR
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management in Brazilian eucalypt plantations (Alfenas et al., 2009; Miranda et al., 2013; Santos
et al., 2020b; Silva et al., 2013). A major resistance gene, Pprl (P. psidii resistance gene 1),
was found in a family of E. grandis (Junghans et al., 2003a). However, according to the pattern
of inheritance, slight changes in genetic structure of 4. psidii populations may allow evolution
of new races that overcome major gene resistance (MGR). For this reason, knowledge of
physiologic and genetic variability within 4. psidii populations is crucial to the selection of
eucalypt clones with durable MR resistance. Unlike rust pathogens of cereal crops, relatively
few physiological races of 4. psidii have been described to date (Xavier, 2002; Graga et al.,
2011).

A pioneering study on physiologic variability of A. psidii conducted by Xavier (2002), in
which 21 A. psidii isolates from different hosts were used to inoculate eight eucalypt clones,
identified three A. psidii races in Brazil. According to previous studies, A. psidii race 1 is
considered the most common and widespread across Brazil, while A. psidii races 2 and 3 are
apparently rare and capable of overcoming resistance of eucalypt clones 1205 (E. grandis) and
847 (E. urophylla), respectively (Xavier, 2002). These three 4. psidii races were unable to infect
eucalypt clones that carried Pprl (Junghans et al., 2003a). Years later, E. grandis clone 6021,
which was previously classified as resistant to 4. psidii race 1, was found infected by a new
race (A4. psidii race 4) in Sao Paulo, Brazil (Graga et al., 2011). Artificial inoculations under
controlled conditions showed that A. psidii race 4 was also able to infect a wide range of
eucalypt clones previously shown to be resistant to race 1, including clone G21 (E. grandis)
that contains Pprl (Graga et al., 2011). Although 4. psidii race 4 has been shown to be highly
aggressive compared to the three previous races, it has not been detected in eucalypt plantations
since it was first described in 2011.

It is important to note that, in this work, virulence is considered as the pathogen's ability
to infect, reproduce, and cause damage in a given host, while aggressiveness is considered as a
quantitative characteristic related to the amount of disease caused by a given isolate in a given
period of time (Vanderplank, 1968). In addition, "race" term is used in the text to designate
variants of a phytopathogenic species that cause disease in some cultivars of a host species but
not in others (Amorim et al, 2018).

In May 2013, for the first time, young trees of the hybrid clone GG 100 (E. grandis x E.
urophylla) were observed with typical MR signs and symptoms in Minas Gerais state, Brazil.
This eucalypt hybrid clone has been widely planted across Southern Brazil, and it has

previously displayed MR resistance to A. psidii races 1, 2, and 3 (Xavier, 2002). In this study,
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through artificial inoculation under controlled conditions, we tested the three following
hypotheses: /) Eucalypt GG100 hybrid clone was misclassified as resistant to 4. psidii race 1 in
previous trials; i7) MR in GG100 is caused by A. psidii race 4; and iii) A new race of 4. psidii

has evolved that overcomes the MR resistance of GG100.

2 | MATERIALS AND METHODS

2.1 | Plant Material
A set of eucalypt clones capable of differentiating races of A. psidii was used for inoculation

tests (Table 1). All clones were propagated by cuttings.

2.2 | Fungal Isolates and Urediniospores Multiplication

Three A. psidii isolates, representing UFV-2 (race 1), EUBA-1 (race 4), and EUMG-5 were
tested in this study. UFV-2 was used as a positive control because it is the most widespread 4.
psidii race across Brazil. EUBA-1 was the last described race of 4. psidii (Graga et al., 2011).
A. psidii isolate EUMG-5 was originally collected from infected young trees of the GG100
hybrid (E. grandis x E. urophylla) clone in a commercial plantation of Guaxup¢ farm, in Ub4,
Minas Gerais, Brazil (Geographic coordinates: S 20° 58 31.5°> W 43° 05’ 18.8”’). Each fungal
isolate was separately multiplied on young leaves of Syzygium jambos as previously described
(Ruiz et al., 1989). To avoid cross contamination, S. jambos plants were inoculated with each
A. psidii isolate on different days, and plants inoculated with each isolate were maintained in
separate chambers. At 10 days post-inoculation, freshly produced urediniospores were collected
in 1.5-mL Eppendorf® tubes and stored at -80 °C until used for inoculating the set of eucalypt
clones with differential MR reactions. The isolates of 4. psidii used in this study are maintained
as a pure isolate collection at the Laboratory of Forest Pathology, Department of Plant

Pathology, Universidade Federal de Vigosa, Vicosa, Minas Gerais state, Brazil.

2.3 | Physiologic variability of A. psidii isolates through artificial inoculation assays

Rooted cuttings of eight eucalypt clones were transplanted into 2-L pots, containing MecPlant®
(Telemaco Borba, PR, Brazil) substrate enriched with 26 g super simple phosphate (20% P>Os)
and 12 g Osmocote® (19-6-10; ICL Specialty Fertilizer, Indaiatuba, SP, Brazil). During
transplanting, each plant (one per pot) received 100 mL of monoammonium phosphate solution
(52% P and 12% N). Plants were grown in a greenhouse with an average temperature of ca. 25

°C (£ 5 °C) and natural light (ca. 12-h photoperiod). After 30-days growth, four newly formed
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and healthy leaves of each plant were marked and inoculated with 2 x 10* urediniospores mL"!
of each A. psidii isolate or mock inoculated as a negative control. The inoculum suspension,
prepared with sterilized water with 0.05% Tween 20®, was homogenously sprayed on both
adaxial and abaxial leaf surfaces using an electric compressor Jet Master 1/3 HP (Schulz,
Joinville, SC, Brazil). To ensure efficiency of inoculation, three highly susceptible plants of S.
jambos were randomly distributed among the eucalypt plants. Six plants of each clone were
inoculated with each A. psidii isolate. As a negative control, six non-infected control plants
were mock inoculated by spraying with only sterilized water containing 0.05% Tween 20®
without urediniospores. All plants were incubated in a mist-irrigation chamber under dark
conditions for 24 h, and then transferred to a growth chamber at 22 °C with a 12-h photoperiod
and a light intensity of 130 umol photons s m (Ruiz et al., 1989). To confirm the results of
the first experiment, an additional inoculation assay was conducted for the A. psidii EUMG-5

isolate.

2.4 | Disease severity evaluation

At 21 days after inoculation (dai), MR severity was evaluated by using a disease rating scale
with the following four severity scores: SO = immunity or hypersensitivity reaction (HR) —
Immunity is when the reaction occurred so rapidly that no visual symptom can be observed at
the macroscopic level, while HR is when necrotic spots are observed on the inoculated leaves
due to the death of large groups of cells; S1 = small pustules (<0.8 mm in diameter); S2 =
medium pustules (0.8 to 1.6 mm in diameter); and S3 = large pustules (>1.6 mm in diameter)
and may have pustules on leaf petioles and young branches (Junghans et al., 2003b; Figure 1).
The final severity score for each eucalypt clone was the maximum severity occurring among

all plants (replicates) of each treatment (4. psidii isolate x eucalypt clone).

2.5 | Aggressiveness of A. psidii isolates on eucalypt clones

The aggressiveness of A. psidii isolates — UFV-2 (race 1), EUBA-1 (race 4), and EUMG-5 —
was evaluated through percentage of infected leaf area (ILA) and number of urediniospores
produced per cm? of leaf area, at 21 dai. ILA, which was determined for first two pairs of leaves
previously marked on each plant, was calculated by analyzing digital photographs in the Quant®
software (Vale et al., 2003). The number of urediniospores was determined for 24 samples per
clone. To determine urediniospore number, the sample unit was made up of two representative,

circular disks (1 cm in diameter), containing new pustules with an abundance of urediniospores,



14

excised from each leaf previously used in the ILA evaluation. The pairs of leaf disks were
placed in 2-mL microcentrifuge tubes containing distilled water and 2% Tween 20®. After
mixing with a vortex mixer for 1 min, a 10-uL aliquot of the suspension was placed in a
Neubauer chamber to quantify the number of urediniospores per mL. Three counts were
performed per sample, totaling 72 counts per treatment (clone x 4. psidii isolate or negative
control).

Statistical analyses were performed by using the SISVAR program v. 5.7 (Ferreira, 2011).
ILA and urediniospore number data were subjected to analysis of variance (ANOVA) and the

means were compared by a Tukey test (P < 0.05).

3| RESULTS

3.1 | Physiologic variability of A. psidii isolates on the eucalypt clones

On the eight eucalypt clones, inoculations of 4. psidii isolate UFV-2 (race 1) resulted in SO rust
severity rating on six clones (847, 57 (=BA6021), 1205, G21, G26, and GG100) and an S3
rating on two clones (1183 and G45); whereas, EUBA-1 (race 4) resulted in an HR (S0) rating
on two clones (847 and G26), an SO rating on one clone (1205), an S1 rating on one clone
(G21), an S2 rating on one clone (57 = BA6021), and an S3 rating on three clones (1183, G45,
and GG100; Table 1). In contrast, two rounds of replicated inoculations with A. psidii isolate
EUMG-5 (race 5) resulted in an SO rating on only one eucalypt clone (1205), an S1 rating on
three clones (847, G21, and G26), an S2 rating on one clone (57 = BA6021), and an S3 rating
on three clones (1183, G45, and GG100; Table 1; Figure la-c). As expected, no MR was
observed on mock-inoculated, negative control plants, and all S. jambos plants, which served

as positive controls, were heavily infected by all 4. psidii isolates.
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TABLE 1 Physiologic variability of Austropuccinia psidii isolates on eucalypt clones on the basis

of a rust severity scale

Fungal isolates and disease severity score®

Clone Genetic material UFV-2*  EUBAL*  EUMG.S* EUMG.5**
1183 Eucalyptus urophylla S3 S3 S3 S3
847 E. urophylla SO HR S1 S1
57 (=BA6021) E. grandis S0 S2 S2 S2
1205 E. grandis S0 S0 S0 S0
G21 E. grandis SO S1 S1 S1
G26 E. grandis SO HR S1 S1
G45 E. grandis S3 S3 S3 S3
GG100 E. grandis x E. urophylla SO S3 S3 S3

250 and HR= negative interaction. S1, S2, and S3 = increasingly positive interaction (disease severity) (Junghans
et al. 2003b).

* Results of the first inoculation experiment.

** Results of the second inoculation assay: re-inoculation of EUMG-5 (A. psidii race 5).

GG100 + UFV-2 (b) GE100 + EUBA-1 (C) GG100 + EUMG-5 (d) 847+ UFV-2 (e) 847 + EUBA-1 (f) 847 + EUMG-5

1183 + EUMG-5

FIGURE 1 Signs and symptoms of myrtle rust on the leaves of eucalypt clones (GG100, 847, G26, and 1183) at 21
days after inoculation with Austropuccinia psidii isolates [UFV-2 (race 1), EUBA-1 (race 4), and EUMG-5 (race 5)].
(a, d, g) Disease severity rating SO: no symptoms of infection. (b, c, j, k, |) Disease severity rating S3: uredinia with
abundant production of urediniospores — higher urediniospore production and higher percentage of infected leaf
area in (c) and (l). (e, h) HR: hypersensitive reaction exhibiting death of cells in detail, but no urediniospore
formation, which is also recognized as disease severity rating SO. (f, i) Disease severity rating S1: small uredinia
with urediniospore formation in detail.
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Although EUBA-1 (4. psidii race 4) and EUMG-5 isolates successfully infected a wide
variety of eucalypt clones, in this study, only the EUMG-5 isolate was able to infect eucalypt
clones 847 and G26 (Table 1; Figure 1). In these two specific eucalypt clones (847 and G26),
the 4. psidii EUBA-1 (race 4) isolate caused only HR (Figure le, h), while the EUMG-5 isolate

induced small uredinia, containing urediniospores (Figure 1f, 1).

3.2 | Aggressiveness of A. psidii isolates on the eucalypt clones

ANOVA of ILA and urediniospore production data showed a significant effect (P<0.0001) for
the interaction among clones and isolates (Table 2). Therefore, a differential response to A.
psidii infection was observed among eucalypt clones, while A. psidii isolates also displayed

different aggressiveness levels.

TABLE 2 Analysis of variance (ANOVA) of the percentage of the infected leaf area (ILA) and

urediniospore number by Austropuccinia psidii isolates on eucalypt clones at 21 days after

inoculation
Source F value P value®
Clones 31.800 0.0000
< Isolates 67.653 0.0000
= Clones x isolates 20.042 0.0000
CVP (%) 118.78
S Clones 32.473 0.0000
2 Isolates 42611 0.0000
:.g Clones x isolates 9.800 0.0000
% CV® (%) 109.63

2 p value lower than 0.0001 is considered as significant.

b Generic coefficient of variation.

The A. psidii UFV-2 (race 1) isolate only infected eucalypt clones 1183 and G45,
exhibiting <2% ILA (Figure 2a). Although EUBA-1 (race 4) isolate was able to infect a wide
variety of eucalypt clones, it also resulted in <2% ILA (Figure 2a). No significant difference
was observed for ILA between UFV-2 and EUBA-1 isolates (Figure 2a). In contrast, EUMG-5
isolate showed higher values of ILA, ranging from 0.03 to 15.13%, on eucalypt clones G26,
847, G21, GG100, 57 (=BA6021), G45, and 1183 (Figure 2a). In the second inoculation assay,
EUMG:-S5 isolate exhibited even higher ILA values, reaching 21.23% on eucalypt clone 1183
(Figure 2b).
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FIGURE 2 Average of percentage of leaf infected area (ILA) and urediniospore (Ur) production on the eucalypt
clones at 21 days after inoculation with Austropuccinia psidii isolates [UFV-2 (race 1), EUBA-1 (race 4), and EUMG-
5 (race 5)]. (a, c) Results of the first inoculation assay. Letters compare the A. psidii isolates within each eucalypt
clone: Means followed by different lowercase letters indicate statistically significant (P<0.05) differences by a
Tukey-adjusted test. (b, d) Results of the second inoculation assay: re-inoculation of EUMG-5 (A. psidii race 5).
The error bars correspond to the standard error.

For urediniospore production, higher values were found on eucalypt clone 1183
inoculated with 4. psidii UFV-2 and EUMG-5 isolates, with 4.9 and 5.9 x10* cm™, respectively
(Figure 2c). For the majority of infected eucalypt clones, including clone GG100, 4. psidii
EUMG-5 isolate exhibited the highest urediniospore quantity compared to other two A. psidii
isolates (Figure 2c), and these results were confirmed in the second inoculation assay with
EUMG-5 isolate (Figure 2d). 4. psidii EUMG-5 isolate is considered as the most aggressive
because it induced the highest percentage of ILA and the highest urediniospore production,

especially on eucalypt clones 1183 (Figure 1c¢).
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4 | DISCUSSION

In this study, a new isolate of A. psidii (EUMG-5), which was found infecting eucalypt trees of
clone GG100, was compared with the most widely spread (isolate UFV-2; race 1) and the most
recently reported (isolate EUBA-1; race 4) races of A. psidii in Brazil. Through artificial
inoculations of A. psidii isolates on a set of eucalypt clones with differential MR-resistance
reactions, we established that the EUMG-5 isolate — denominated here as race 5 — is a new race
of the MR pathogen. Our results show that the clone GG100 was susceptible to both the new
race 5 (EUMA-5) of 4. psidii and race 4 (EUBA-1), previously described by Gracga et al. (2011)
(Table 1). This clone was not used in the studies by Graga et al. (2011). Although the EUMG-
5 isolate was significantly more aggressive than the EUBA-1 isolate in this study (Figure 2),
discrimination of the new race of 4. psidii (race 5) is based on the differential reaction of
eucalypt clone 847 that produced S1 severity responses when inoculated with the EUMG-5
isolate, which differed from previous differential screening results (Junghans et al. 2003b;
Graga et al., 2011). Similarly, in this study, only the isolate EUMG-5 (race 5) infected clone
(26, resulting in the formation of easily visualized small uredinia (S1 severity response). This
clone was immune (S0) or showed Hypersensitivity Reaction (HR) when inoculated with UFV-
2 (race 1) and EUBA-1 (race 4) isolates, respectively. However, according Graga et al. (2011),
clone G26 is susceptible to race 4. In this case, the physiological condition of the clone G26
seedlings used in the present study may have negatively influenced the infective process.

Four races of 4. psidii have been previously reported in Brazil (Graga et al., 2011; Xavier,
2002). Since A. psidii race 1 (e.g., UFV-2) is the most widespread across eucalypt plantations
in Brazil, it has been widely used for the selection of MR-resistant, eucalypt clones
(unpublished data by Alfenas, A. C., DFP/UFV). Over recent years, extensive planting of
eucalypt clones with genetic resistance to A. psidii race 1 likely exerted selection pressure in
the pathogen population, resulting in the emergence of highly aggressive A. psidii genotypes,
capable of infecting eucalypt clones previously classified as MR resistant. Eucalypt GG100
clone is a hybrid that originated from a controlled cross between E. grandis from Atherton,
Queensland, Australia and E. urophylla from East Timor that was released to the Brazilian
forestry market in 1998 (Jodo Flavio, Eldorado Brasil, personal communication, 2020).
Eucalypt GG100 clone has been widely grown in several regions of Brazil where it displayed
MR resistance for approximately 15 years, until May 2013 — when it has been found infected
by A. psidii, which is described herein as race 5. Interestingly, eucalypt clone 57 (= BA6021)

was widely planted in Brazil after it had been classified as resistant to A. psidii race 1, but its
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MR resistance was subsequently overcome by A. psidii race 4 after ca. 19 years of planting in
Brazil (Graga et al., 2011). Based on this observation, it can be inferred that 15-19 years is
sufficient for a new A. psidii race to arise in eucalypt plantations of Brazil.

In Brazilian eucalypt plantations, 4. psidii populations exhibited highly clonal structures
(Graga et al., 2013), which is characteristic of populations with high asexual reproduction
(Arnaud-Haond et al., 2007; Goyeau et al., 2007). In addition, asexual spores (urediniospores)
are commonly observed in the field, while teliospores and basidiospores are rarely observed on
eucalypt commercial plantations (unpublished observations, A. C. Alfenas). Recent studies
have tried to elucidate the role of basidiospores in A. psidii infection of Myrtaceae (McTaggart
et al., 2018; Morin et al., 2014). No signs of penetration of plant cells by 4. psidii basidiospores
were observed on Agonis flexuosa and Syzygium jambos (Morin et al., 2014). Whilst A. psidii
basidiospores were demonstrated to infect S. jambos plants and result in sori that were a product
of recombination (McTaggart et al., 2018), no unequivocal evidence has yet shown that sexual
recombination occurs on eucalypt in Brazil. In theory, an 4. psidii sexual cycle that is absent or
rare on eucalypt (Graga et al., 2013; Yong et al., 2019) would extend the time period needed to
generate new A. psidii races in populations that occur in commercial eucalypt plantations. Like
other rust fungi, the majority of A. psidii genome comprises repetitive sequences, such as
transposable elements (TEs; Unpublished data by Santos, S.A., DFP/UFV; Tobias et al., 2020).
TEs play multiple roles in genome plasticity, pathogenicity, and evolution in fungal
phytopathogens (Razali et al., 2019). Therefore, it can be hypothesized that the high proportion
of TEs in the A. psidii genome could increase the likelihood of genetic rearrangements, such as
deletions, duplications, inversions, and translocations through homologous recombination and
alternative transposition (e.g., Gray et al., 2000).

In previous studies, eucalypt G26 and 847 clones/genotypes were classified as resistant
to both A. psidii races 1 and 4 (Graga et al., 2011; Xavier, 2002). The G26 clone/genotype is
homozygous at the Pprl locus (Junghans et al., 2003a). Our study also shows that eucalypt G26
clone is not infected by A. psidii races 1 and 4. However, small uredinia with urediniospores
(disease severity score: S1) were observed when eucalypt G26 clone was inoculated with 4.
psidii EUMG-5 that belongs to race 5, identified in this study (Figure 11). Hence, this is the
second report of a breakdown of MR resistance in a eucalypt clone/genotype homozygous for
Ppril (Graga et al., 2011). MR resistance linkage to Pprl is considered as qualitative or
complete, and as such, it is considered as an MGR gene; however, Junghans et al. (2003a) found

evidence of a more complex pattern of inheritance. A high number of MR-susceptible plants
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was observed in a eucalypt family derived from a genotype that carried Ppr/, which suggested
that segregation of MR resistance genes did not fit a simple Mendelian model (Junghans et al.,
2003a). Years later, many quantitative trait loci (QTL) were mapped in Eucalyptus spp. and
Corymbia spp., indicating that genetic control of rust resistance is complex and may depend on
many other minor-effect genes (Alves et al., 2012; Butler et al., 2019, 2016; Lima et al., 2011;
Rosado et al., 2010). In addition, transcriptomics analysis of a E. grandis genotype revealed a
constitutive overexpression of several genes related to MR resistance (Santos et al., 2020b).
Unlike HR, which is characteristic of MGR associated with major-effect genes, quantitative
resistance controlled by minor-effect genes may result in slight MR signs and symptoms, such
as an S1 rating with small uredinia (< 0.8 mm diameter). Eucalypt clones G26 and 847 were
infected by A. psidii race 5, which resulted in a S1 disease severity rating in our experiments. It
should be noted, however, that eucalypt plants with S1 disease severity are considered as MR
resistant, since small uredinia are believed to have no significant epidemiological impact in the
field (Junghans et al. 2003b). Of further note is that MR signs and symptoms have not been yet
observed in the field with either eucalypt clone, G26 or 847.

In our experiments, we used the same differential set of eucalypt clones as previous
studies for identification of 4. psidii races (Graga et al., 2011; Xavier, 2002). Here, three
pathogen isolates [UFV-2 (race 1), EUBA-1 (race 4), and EUMG-5 (race 5)] displayed the
expected differential interactions with the set of inoculated eucalypt clones, but only EUMG-5,
which is characterized as a new A. psidii race (race 5), successfully infected eucalypt clone 847.
Our findings corroborate with several other previous studies that have reported genetic and
physiological variability in populations of A. psidii (Aparecido et al., 2003; Castro et al., 1983;
Coelho et al., 2001; Ferreira, 1981; Graca et al., 2013, 2011; Joffily, 1944; MacLachlan, 1938;
Stewart et al., 2018). Furthermore, as in previous studies (Graga et al., 2011; Xavier, 2002), the
set of eucalypt clones tested was shown to be effective for differentiation of 4. psidii races. As
a result, these eucalypt clones, as well as the A. psidii isolates (representing races 1, 4, and 5),
tested in this study continue to show great potential for use in screening trials to select MR-
resistant genotypes of eucalypts.

In this current study, A. psidii EUMG-5 isolate (race 5) infected a larger number of
eucalypt clones tested. For all infected genotypes, EUMG-5 (race 5) was more
virulent/aggressive than races 1 and 4. This is consistent with results reported by Graga et al.
(2011) for A. psidii race 4, which was virulent to a larger number of eucalypt clones compared

to race 1. However, the impact of 4. psidii race 5 on MR transmission to eucalypts in the field
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remains unknown. To date, 4. psidii race 4 has apparently not spread widely since it was first
discovered on eucalypt clone BA6021 in 2008 (Graga et al., 2011), because it has not yet been
detected in eucalypt plantations across Brazil. Provided that evolution of new A. psidii races
continues to occur only over relatively long time periods (e.g., 15 years), and that new A4. psidii
races are not introduced, eucalypt breeding/resistance programs of forest industries of Brazil
should have sufficient time to develop and plant new MR-resistant eucalypt genotypes.
Alternatively, if sporadic outbreaks of A. psidii on eucalypts and other Myrtaceae species were
to occur, MR may be controlled by fungicide applications (Pathan et al., 2020; Zauza et al.,
2008). In this context, our findings are especially important to eucalypt breeding programs by
providing increased understanding of 4. psidii population variation and access to representative

A. psidii 1solates for continued development of new MR-resistant eucalypt genotypes.

5| CONCLUSIONS

Overall, our results confirmed that the eucalypt clone GG100 is still resistant to A. psidii race 1
(UFV-2 isolate). Therefore, the resistance of this clone was not misclassified in previous
studies, and the first hypothesis was refuted. Although the GG100 clone was infected by race 4
(EUBA-1 isolate) of 4. psidii, showing some compliance with our second hypothesis, it was
confirmed that the EUMG-5 isolate collected in the field corresponds to a new race of 4. psidii
because it successfully infects eucalypt clones 847, allowing us to accept the third hypothesis
of this study.

The new race of A. psidii — represented by the isolate EUMG-5 and denominated to as
A. psidii race 5 — 1s highly aggressive and capable of infecting a larger variety of eucalypt
genotypes compared to A. psidii races 1 and 4. Furthermore, eucalypt clone 847 can be used to
differentiate 4. psidii races 4 and 5. Like A. psidii race 4, race 5 also overcame MR resistance
conferred by the Pprl gene in eucalypt clone G21 (heterozygous); however, only race 5

successfully infected the eucalypt clone G26, which is homozygous for Ppr/ in this study.
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