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Abstract: Rust is a major Eucalyptus spp. disease, which is especially damaging for early-stage plants.
The aim of this study was to verify the pre-infection process of Austropuccinia psidii (A. psidii) in the
leaves of three phenological stages of Eucalyptus clones with different resistance levels. Plants from the
hybrids of Eucalyptus urophylla × Eucalyptus grandis (E. grandis) with variable levels of resistance to this
disease were used. The pathogen was inoculated in vitro on abaxial leaf discs of first, third, and fifth
leaf stages and maintained under conditions suitable for disease development. Subsequently, samples
from these discs were collected 24 and 120 h after inoculation and processed using scanning electron
microscopy analysis. No symptoms were seen in any leaf stage of the resistant clone. Additionally,
a low incidence of A. psidii germination (1.3–2%) and appressoria (0–0.5%) in three leaf stages was
observed. However, the first leaf stage of the susceptible clone presented germination of large
numbers of urediniospores (65%) with appressoria (55%) and degradation of the cuticle and wax.
From the third stage, the percentage of germinated urediniospores (<15%) and appressoria (<2%)
formation of this clone decreased. Protrusions on the leaf surface, associated with the pathogen,
were observed on the first and third leaf stages of the resistant clone and on the fifth stage of the
susceptible clone, suggesting a possible defensive plant reaction.

Keywords: eucalypt rust; pathogenesis; phenological stage leaves; pre-infection stage; resistance;
leaf discs; scanning electron microscopy; Puccinia psidii

1. Introduction

The expansion of eucalypt plantations to new areas around the world is confronting abiotic and
biotic diseases that can limit certain genetic materials of this plant [1]. Rust, caused by Austropuccinia psidii
(A. psidii) (G. Winter) Beenken comb. nov., is one of the most notable diseases of Eucalyptus spp.,
and is mainly associated with its immature tissues [1–3]. This fungus infects both native and exotic
Myrtaceae [4–6].
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Rust is found mainly on early stage plants [1,7]. Most damage is found in nurseries, but it can
also attack plants in the field. Eucalyptus spp. are more susceptible to A. psidii infection up to two years
of age, due to the higher number of shoots and tender tissues, which is ideal for the establishment of
this pathogen [7–9].

The initial infection events of fungi that cause rust include adherence to the cuticle and direct
germ tube growth on host plant surface [10]. The A. psidii urediniospores often directly penetrate
through the host cuticle and epidermis, between the anticlinal walls of the epidermal cells, by forming
appressoria [11]. The process of intercellular colonization by the pathogen starts after its penetration
through intracellular haustoria that draw nutrients from the host cells [1,7,12].

Resistant genetic plant materials are the most widely used control method to manage rust,
but many cultivated eucalypt clones are susceptible to this disease. As with other rust species [13],
the pathogenesis of this fungus depends on its thigmotropic response for host recognition [14].
Young leaves and shoots of susceptible eucalypt plants are infected by A. psidii, while mature or
older leaves are resistant [1,7]. The resistance to A. psidii infection of older Eucalyptus leaves occurs at
the pre-penetration stage and is due, amongst other inherent factors, to their higher wax quantity [15].
However, the resistance of young leaves in resistant plants needs to be investigated. The study of
A. psidii initial infection processes on leaf surfaces of the clones with different resistance levels is
important to understand the behavior of these eucalypt clones.

Thus, the objective of this study was to evaluate the pre-infection process of A. psidii in leaves at
different phenological stages of eucalypt clones with different resistance levels.

2. Materials and Methods

Seedlings of rust-susceptible and resistant Eucalyptus urophylla S. T. Blake × Eucalyptus grandis
(E. grandis) W. Hill ex Maiden “urograndis” were grown in 2 L capacity pots, containing Carolina Soil®

(Carolina Soil do Brasil, Santa Cruz do Sul, RS, Brazil) substrate enriched with simple superphosphate
(6 kg/m3) and Osmocote® (Tecnutri do Brasil, Tietê, SP, Brazil) (NPK 19:06:10) and kept in a greenhouse
at 20–30 ◦C for three months. These clones were selected based on their response to A. psidii, and their
seedlings were supplied by Votorantim Celulose e Papel S.A, located in Jacareí, São Paulo State,
Brazil. A total of 50 discs per leaf stage with a 1.5 cm diameter were cut with a punch from the
first, third, and fifth leaf pairs from branches of six plants of each clone. These discs were placed on
water-saturated foam in plastic trays (Figure 1A). An isolate of A. psidii (FCA-PP2303), obtained from
the mycological collection of the Laboratory of Forest Pathology at the Universidade Estadual Paulista
(UNESP-Botucatu), was inoculated on Syzygium jambos L. (Alston) and after sporulation of the fungus,
the urediniospores were collected to prepare the inoculum [16]. An inoculum suspension in water
containing 1% Tween 20 was prepared at a concentration of 9 × 104 spores/mL [17]. The concentration
of spore suspension was determined with a haemocytometer. Five microliters of the urediniospores
suspension were inoculated on the central part of the abaxial surface of leaf discs for easy identification
of the inoculum deposition site for scanning electron microscopy (SEM) analysis. The trays with the
inoculated materials were covered with a glass lid to reduce moisture loss and placed in an incubation
chamber at 20 ± 1 ◦C in continuous darkness for the first 24 h, followed by a 12 h photoperiod at
approximately 10 µM photons/s/m2, which is ideal for rust development, according to previous
studies [15,16]. Samples were taken from the first leaf stage of the susceptible clone and put in a humid
chamber for 12 days in order to confirm that the inoculation method was able to cause the disease
(Figure 1B). The experiment was set up using a completely randomized design, with four replications.
The assays were repeated once.



Forests 2017, 8, 362 3 of 12
Forests 2017, 8, 362  3 of 12 

 

 
Figure 1. Leaf discs of Eucalyptus urophylla × Eucalyptus grandis (E. grandis) “urograndis” in the first 
(E1), third (E3), and fifth (E5) leaf development stages after inoculation with Austropuccinia psidii (A); 
leaf discs of the first leaf stage of the susceptible clone with rust symptoms, proving the efficiency of 
this inoculation method (B). 

Leaf samples (5 mm2) were collected at 24 and 120 h after pathogen inoculation for SEM. The 
preparation and analysis of the samples followed the previously described methodology [18] with 
some adaptations. Leaf samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 
7.3) for 24 h. Fragments used per treatment were transferred to 0.05 M cacodylate buffer and washed 
three times for 10 min. These fragments were placed into a 1% solution of osmium tetroxide in 0.1 M 
phosphate buffer (pH 7.3) for 1 h, washed with distilled water three times, and dehydrated in an 
acetone series (25%, 50%, 75%, 90%, and 100% (3×) for 10 min each stage). After dehydration, samples 
were taken at the critical point apparatus (Balzers CPD 030) to replace the acetone by CO2 and 
complete drying. Specimens were mounted on aluminum stubs and covered with gold (SCD 050, 
Balzers) for observation under a scanning electron microscope (Philips SEM 515). The images 
generated at 20 kV and 9 mm working distance were digitally recorded. Percentage of urediniospores 
germination and appressoria formation were quantified through SEM images in leaf samples 
collected 24 and 120 h after inoculation. A total of 50 urediniospores were observed. The experiment 
was distributed as a double factorial in split plot in time. The factorial was constituted by the 
combination of two clones differing in resistance level × three leaf stages. The data were subjected to 
analysis of variance (ANOVA). When the results were significant, the average values were separated 
using a Tukey test at 5% probability. An AIC (Akaike Information Criteria) analysis using generalized 
linear models via likelihood was performed [19] because discrete counting data was used. The 
generalized model of normal distribution was the best fit for germination and appressoria formation 
data in comparison to a model of Poisson distribution. The statistical analyses were carried out using 
the R program. 

3. Results 

ANOVA showed that only the clone × leaf stage interaction was a significant source of variation 
(Table 1). There was no difference in the percentage of urediniospores germination and appressoria 
formation at 24 and 120 h after inoculation of the pathogen. A higher urediniospore germination and 
appressoria formation of A. psidii was observed in the first leaf stage of the susceptible clone (Table 2 
and Figure 2). Dehydration of urediniospores and formation of germ tubes and appressoria were 
occasionally observed in the resistant clone at 24 h after its inoculation (Figure 2A,B). On the other 
hand, urediniospores germinated and formed intact germ tubes of various sizes, producing 
appressoria, beginning the infectious process in the susceptible clone (Figure 2C,D). In the third leaf 

Figure 1. Leaf discs of Eucalyptus urophylla × Eucalyptus grandis (E. grandis) “urograndis” in the first
(E1), third (E3), and fifth (E5) leaf development stages after inoculation with Austropuccinia psidii (A);
leaf discs of the first leaf stage of the susceptible clone with rust symptoms, proving the efficiency of
this inoculation method (B).

Leaf samples (5 mm2) were collected at 24 and 120 h after pathogen inoculation for SEM.
The preparation and analysis of the samples followed the previously described methodology [18]
with some adaptations. Leaf samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.3) for 24 h. Fragments used per treatment were transferred to 0.05 M cacodylate buffer and
washed three times for 10 min. These fragments were placed into a 1% solution of osmium tetroxide in
0.1 M phosphate buffer (pH 7.3) for 1 h, washed with distilled water three times, and dehydrated in an
acetone series (25%, 50%, 75%, 90%, and 100% (3×) for 10 min each stage). After dehydration, samples
were taken at the critical point apparatus (Balzers CPD 030) to replace the acetone by CO2 and complete
drying. Specimens were mounted on aluminum stubs and covered with gold (SCD 050, Balzers) for
observation under a scanning electron microscope (Philips SEM 515). The images generated at 20 kV
and 9 mm working distance were digitally recorded. Percentage of urediniospores germination and
appressoria formation were quantified through SEM images in leaf samples collected 24 and 120 h
after inoculation. A total of 50 urediniospores were observed. The experiment was distributed as
a double factorial in split plot in time. The factorial was constituted by the combination of two
clones differing in resistance level × three leaf stages. The data were subjected to analysis of variance
(ANOVA). When the results were significant, the average values were separated using a Tukey test at
5% probability. An AIC (Akaike Information Criteria) analysis using generalized linear models via
likelihood was performed [19] because discrete counting data was used. The generalized model of
normal distribution was the best fit for germination and appressoria formation data in comparison to
a model of Poisson distribution. The statistical analyses were carried out using the R program.

3. Results

ANOVA showed that only the clone × leaf stage interaction was a significant source of variation
(Table 1). There was no difference in the percentage of urediniospores germination and appressoria
formation at 24 and 120 h after inoculation of the pathogen. A higher urediniospore germination
and appressoria formation of A. psidii was observed in the first leaf stage of the susceptible clone
(Table 2 and Figure 2). Dehydration of urediniospores and formation of germ tubes and appressoria
were occasionally observed in the resistant clone at 24 h after its inoculation (Figure 2A,B). On the
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other hand, urediniospores germinated and formed intact germ tubes of various sizes, producing
appressoria, beginning the infectious process in the susceptible clone (Figure 2C,D). In the third
leaf stage, the incidence of germinated urediniospores was lower on the leaf surface of the resistant
clone and appressorium formation was rarely observed (Table 2, Figure 3A,B). A low incidence of
urediniospore germination with appressoria on the leaf of the susceptible clone in relation to the
first leaf stage was observed (Table 2, Figure 3C,D). In the fifth leaf stage, the number of germinated
urediniospores was lower in the resistant clone and no appressorium formation was observed (Table 2,
Figure 4A,B). However, the susceptible clone had urediniospores with long germ tubes without
appressoria (Table 2 and Figure 4C). Skin cells formed protrusions on its leaf surface (Figure 4D).
The third and fifth leaf stages had higher wax quantity on the leaf surface compared to that of the
first stage.

Table 1. Summary of analysis of variance.

Sources of Variation Degrees of Freedom
Germination Appressorium

Fcalc Fcalc

Clone 1 554.2391 *** 336.3952 ***
Leaf stage 2 190.0900 *** 315.4363 ***

Clone × leaf stage 2 181.7854 *** 304.0159 ***
Error A 18

Hours after inoculation 1 4.3235 ns 2.5946 ns

Clone × hours after inoculation 1 1.4118 ns 0.6486 ns

Leaf stage × hours after inoculation 2 0.0221 ns 0.7703 ns

Clone × leaf stage × hours after inoculation 2 0.2868 ns 0.2838 ns

Error B 18
ns not significant, *** significant at 0.0001% probability by Tukey test.

Table 2. Percentage of Austropuccinia psidii urediniospore germination and germinated + appressorium
formation on the first, third, and fifth leaf stages of susceptible and resistant hybrid Eucalyptus urophylla
× E. grandis clones.

Leaf Stage
Germination (%)

Resistant Clone Susceptible Clone

1st 2 bA 65.6 aA

3rd 1.6 bA 15.4 aB

5th 1.3 bA 12.9 aB

Appressorium (%)

Leaf stage

1st 0.5 bA 55.1 aA

3rd 0.1 aA 1.9 aB

5th 0 aA 0 aB

Means followed by the same lowercase in horizontal and capital letters in vertical for the variables
germination and appressorium do not differ by the Tukey test, p < 0.0001.
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Figure 2. Abaxial surface of first leaf development stage of hybrid Eucalyptus urophylla × E. grandis 
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone with germ tubes with 
appressoria (a) in a dehydration state (A). Resistant clone presenting viable urediniospores (arrow) 
(B). Susceptible clone with various germinated urediniospores and intact appressoria (a) (C,D). 

 
Figure 3. Abaxial leaf surface of third development stage of hybrid Eucalyptus urophylla × E. grandis 
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone with germinated 
urediniospores showing infrequent formation of appressoria (arrow) (A). Resistant clone without 
germination of some urediniospores (arrow) (B). Susceptible clone with urediniospores germinated 
and formation of germ tubes and appressoria (arrow) (C,D). 

Figure 2. Abaxial surface of first leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone with germ tubes with
appressoria (a) in a dehydration state (A). Resistant clone presenting viable urediniospores (arrow) (B).
Susceptible clone with various germinated urediniospores and intact appressoria (a) (C,D).
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Figure 3. Abaxial leaf surface of third development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone with germinated
urediniospores showing infrequent formation of appressoria (arrow) (A). Resistant clone without
germination of some urediniospores (arrow) (B). Susceptible clone with urediniospores germinated
and formation of germ tubes and appressoria (arrow) (C,D).
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Figure 4. Abaxial surface of fifth leaf development stage of hybrid Eucalyptus urophylla × E. grandis 
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone without 
urediniospores germinated or germinated devoid of appressoria (arrows) (A,B). Susceptible clone 
showing extensive germ tube formation on the leaf surface but without penetration (C). Susceptible 
clone with protuberance formation (P) on the inoculum deposition site near the central rib (CR) (D). 

SEM images showed the presence of protrusions on the resistant clone leaves involving 
urediniospores as a possible plant reaction with dehydration of appressoria and urediniospores 
(Figure 5A,B). These reactions were observed in all leaf stages of the resistant clone, 120 h after 
inoculation, and in the fifth stage of the susceptible clone, 24 h after inoculation. Cuticle and wax 
degradation, indicating probable onset of A. psidii colonization in the host, were observed in the 
leaves of the first leaf stage of the susceptible clone (Figure 5C,D). The resistant clone in this stage did 
not exhibit symptoms on the leaf surface and presented a lower incidence of appressoria (Figure 
5A,B). Leaves of the third leaf stage of the resistant clone had a low quantity of germinated 
urediniospore and protrusions involving urediniospores (Figure 6A,B). This was characterized by 
protrusions on the leaf surface, similar to those observed during the first leaf stage, with low 
urediniospores germination. However, the susceptible clone showed extensive germ tube formation 
and damage by the pathogen (Figure 6C,D). The fifth leaf stage of the resistant clone had a lower 
quantity of urediniospore germinated, without appressoria and urediniospore wilting (Figure 7A,B). 
In the susceptible clone, the pathogen presented long germ tubes without appressoria and 
penetration in the leaves (Figure 7C,D). 

Figure 4. Abaxial surface of fifth leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone without urediniospores
germinated or germinated devoid of appressoria (arrows) (A,B). Susceptible clone showing extensive
germ tube formation on the leaf surface but without penetration (C). Susceptible clone with
protuberance formation (P) on the inoculum deposition site near the central rib (CR) (D).

SEM images showed the presence of protrusions on the resistant clone leaves involving
urediniospores as a possible plant reaction with dehydration of appressoria and urediniospores
(Figure 5A,B). These reactions were observed in all leaf stages of the resistant clone, 120 h after
inoculation, and in the fifth stage of the susceptible clone, 24 h after inoculation. Cuticle and wax
degradation, indicating probable onset of A. psidii colonization in the host, were observed in the leaves
of the first leaf stage of the susceptible clone (Figure 5C,D). The resistant clone in this stage did not
exhibit symptoms on the leaf surface and presented a lower incidence of appressoria (Figure 5A,B).
Leaves of the third leaf stage of the resistant clone had a low quantity of germinated urediniospore
and protrusions involving urediniospores (Figure 6A,B). This was characterized by protrusions
on the leaf surface, similar to those observed during the first leaf stage, with low urediniospores
germination. However, the susceptible clone showed extensive germ tube formation and damage
by the pathogen (Figure 6C,D). The fifth leaf stage of the resistant clone had a lower quantity of
urediniospore germinated, without appressoria and urediniospore wilting (Figure 7A,B). In the
susceptible clone, the pathogen presented long germ tubes without appressoria and penetration
in the leaves (Figure 7C,D).
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Figure 5. Abaxial surface of first leaf development stage of hybrid Eucalyptus urophylla × E. grandis 
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with protuberances 
(P) on the surface of the leaf, dehydration of appressoria (a) and of spores (arrow) (A,B). Susceptible 
clone with cuticle and wax degradation (arrows) (C,D). 

 

Figure 6. Abaxial surface of third leaf development stage of hybrid Eucalyptus urophylla × E. grandis 
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with protuberances 
(P) on the leaf surface and low number of urediniospores germinated (A,B). Susceptible clone with 
extensive germ tube formation (arrow) and damage by the pathogen (arrow) (C,D). 

Figure 5. Abaxial surface of first leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with protuberances (P)
on the surface of the leaf, dehydration of appressoria (a) and of spores (arrow) (A,B). Susceptible clone
with cuticle and wax degradation (arrows) (C,D).
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Figure 6. Abaxial surface of third leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with protuberances
(P) on the leaf surface and low number of urediniospores germinated (A,B). Susceptible clone with
extensive germ tube formation (arrow) and damage by the pathogen (arrow) (C,D).
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decreased from the first to the fourth leaf stage, but without penetrating in the fifth leaf stage [15]. 

In the first leaf stage of the resistant clone, dehydration of urediniospores and formation of germ 
tubes and appressoria were occasionally observed, as reported for the Phakopsora pachyrhizi (P. 
pachyrhizi) Syd. & P. Syd. urediniospores in soybean [20]. The susceptible clone already had many 
urediniospores germinated with appressorium followed by cuticle and wax degradation. Different 
to other Puccinia species, in that penetration occurs via stomata [21–23], the penetration of A. psidii 
occurs between the anticlinal walls of the leaf epidermis directly into the mesophyll of the leaf after 
appressoria formation [24]. Once formed, appressoria adhere tightly to the leaf surface and secrete 
extracellular enzymes, or generate physical force, or use a combination of both factors to bring about 
cuticle penetration [25]. The leaf surface is the first line of defense against plant invaders, where the 
adhesion of the pathogen occurs, followed by penetration and infection [26]. In the interaction 
Puccinia recondita f. sp. tritici–wheat, the resistance is not related to the pre-infectious processes at the 
leaf surface level [23], different to what was observed in our research. 
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appressoria, and some with short germ tubes with appressoria, are similar to P. pachyrhizi 
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Figure 7. Abaxial surface of fifth leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with shriveled spores
(arrow) without appressorium (arrow) (A,B). Susceptible clone with extensive germ tube formation
without the pathogen penetration (arrows) (C,D).

4. Discussion

In the first leaf stage, the susceptible clone showed a higher degree of urediniospore germination
with appressoria and degradation of the cuticle and wax. From the third leaf stage, the inhibition of the
pre-infection fungus process in leaves of the susceptible Eucalyptus urophylla × E. grandis clone showed
that there is some plant defense response related to leaf age. In the resistant clone, these mechanisms
occurred from the first leaf stage. In the fifth leaf stage, the susceptible clone showed superficial growth,
but without penetration of the pathogen, while the resistant clone had many inactive urediniospores.
This resembles the pattern observed on Eucalyptus grandis susceptible to A. psidii [15]. The germination,
appressoria formation, and penetration of this fungus gradually decreased from the first to the fourth
leaf stage, but without penetrating in the fifth leaf stage [15].

In the first leaf stage of the resistant clone, dehydration of urediniospores and formation of
germ tubes and appressoria were occasionally observed, as reported for the Phakopsora pachyrhizi
(P. pachyrhizi) Syd. & P. Syd. urediniospores in soybean [20]. The susceptible clone already had many
urediniospores germinated with appressorium followed by cuticle and wax degradation. Different to
other Puccinia species, in that penetration occurs via stomata [21–23], the penetration of A. psidii occurs
between the anticlinal walls of the leaf epidermis directly into the mesophyll of the leaf after appressoria
formation [24]. Once formed, appressoria adhere tightly to the leaf surface and secrete extracellular
enzymes, or generate physical force, or use a combination of both factors to bring about cuticle
penetration [25]. The leaf surface is the first line of defense against plant invaders, where the adhesion
of the pathogen occurs, followed by penetration and infection [26]. In the interaction Puccinia recondita
f. sp. tritici–wheat, the resistance is not related to the pre-infectious processes at the leaf surface
level [23], different to what was observed in our research.
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In the fifth leaf stage of the susceptible clone, the urediniospores with long germ tubes
without appressoria, and some with short germ tubes with appressoria, are similar to P. pachyrhizi
urediniospores on soybean [20]. Germ tube extension and differentiation can occur in response
to signals including surface hardness, hydrophobicity, plant signals, and surface topography [27].
The short germ tubes decrease the amount of endogenous energy required for growth, which thus
can be used to penetrate the cells [24]. These results demonstrate that the fungus germinates on the
surface of leaves of plants in the fifth leaf stage, mainly on those of the susceptible clone, but without
penetrating or colonizing its tissues.

The presence of epicuticular waxes on leaves of the two clones, especially in the third and
fifth leaf stages, agrees with that reported for some eucalypt species as an important factor for
resistance to A. psidii infection [15]. Appressorium formation in P. pachyrhizi and Phakopsora apoda
(Har. & Pat.) Mains occurred in a place with lower wax deposition on the leaf surface [20,28].
Variability in the quantity of wax on the surface may also modify fungal behavior and interfere
with the infection process [29]. Recognition of the cuticle surface by the fungus, necessary for
appressorium differentiation, depends on the wax distribution pattern on leaves and also on the
pathogen capacity to degrade it [30]. Thus, the increase in the quantity of wax on the leaf surface may
have interfered with appressorium development, as seen in the pathosystem Hordeum chilense Roem.
et Schult.- Puccinia hordei G.H. Otth [31]. Surface contact is essential for appressorium induction [32]
and germination and germ tube growth requires fewer stimuli than appressorium formation [33].

In the fifth leaf stage, the presence of long germ tubes and absence of appressoria and penetration
by the pathogen in the susceptible clone is similar to that reported for Alternaria solani Sorauer on the
surface of Solanum lycopersicum L. leaves resistant and susceptible to this pathogen [34]. The higher
chitinase and peroxidase activity on older eucalypt leaves [26] can be one of the reasons for the fungal
wilt structures because chitinases increase plant resistance to pathogens by catalyzing chitin polymer
hydrolysis, the main components of fungal cell walls [35]. Peroxidases are also involved in numerous
cellular processes including the final suberin and lignin biosynthesis steps [36] and the metabolism
of phenylpropanoids [37]. In addition, peroxidases are involved in the oxidation of phenols and
compounds toxic to pathogenic organisms [38] and the formation of papillae that can block fungal
entry [39].

Protrusions associated with the pathogen and observed on the leaf surface of first and
third leaf stages of the resistant clone and in the fifth leaf stage of the susceptible clone
suggest a possible defensive plant reaction. This was also shown by the protrusions involving
urediniospores and dehydration of appressoria and urediniospores. This may be due to chemical
compounds produced by leaves, such as essential oils, and extracted from eucalypt leaves with high
antimicrobial activity [40–43].

The inoculation method using detached eucalypt leaf discs was effective for SEM studies and
for evaluating the resistance of the plant to rust, with the onset of symptoms in the first leaf stage of
the susceptible eucalypt clone. The efficiency of this method had also been reported for bean [44–46]
and soybean [47].

The results obtained in this research will be of great importance for the international forestry
industry. From the results observed in this study, we recommend the use of the genetic materials with
a lower leaf maturation period and with higher wax content in the younger leaves to be tested in
the breeding programs for the control of this disease. Future studies could be conducted to analyze
the anatomy and chemical composition of leaves of different phenological stages of the resistant and
susceptible plants, before and after the infectious process of A. psidii in order to identify other possible
resistance mechanisms of eucalypt plants to this disease.

5. Conclusions

Resistance and susceptibility of eucalypt clones occur in the pre-infection process. The failure of
the pathogen to recognize an infection site on the leaves of the resistant clone and on old leaves of the
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susceptible clone and initiate appressorium formation appears to be the key factor explaining such
resistance. The urediniospores germination with appressoria and degradation of the cuticle waxes had
higher values in the first leaf stages of the susceptible Eucalyptus urophylla × E. grandis clone. From the
third leaf stage in the susceptible clone, the germination and appressorium formation of the fungus
was prevented by the defense mechanisms, while this took place in the first leaf stage of the resistant
clone. Protrusions on the leaf surface were associated with the pathogen in the first and third leaf
stages of the resistant clone, at 120 h after inoculation, and in the fifth leaf stage of the susceptible
clone, 24 h after inoculation, suggesting a possible plant defense reaction. The results presented in this
work help to explain the resistance of old and young eucalypt leaves to A. psidii.
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