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Abstract
& Key message A histopathological study using one resistant and one susceptible clone of Eucalyptus urophylla ×
Eucalyptus grandis hybrid showed that the colonization of Ceratocystis fimbriata was limited by rapid and intense host
defense responses such as closure of the vessel pits; formation of tyloses and gels; accumulation of amorphous material,
starch, phenolic compounds, and calcium oxalate; and tissue lignification. The defense mechanisms of the resistant clone
were not lethal to the pathogen because the fungus was reisolated from the diseased tissue.
& Context The use of resistant genotypes of eucalypt is widely used to control Ceratocystis wilt caused byCeratocystis fimbriata.
However, little is known regarding the fungal infection process and the host defense responses.
& Aims Thus, the objectives of this study were to compare the histopathological responses of one resistant and one susceptible
clone of Eucalyptus urophylla × Eucalyptus grandis to artificial inoculation with C. fimbriata and to identify possible host
defense responses against fungal infection.
&Methods Fungal colonization was analyzed by light and scanning electron microscopy. The host defense responses to artificial
fungal inoculation were evaluated through histochemical analysis and determining of the lignin concentration and lesion lengths,
whereas the pathogen viability was confirmed by reisolations.
& Results Both tested clones showed similar responses against fungal infection but presented defense responses with different
speeds and intensities. Fungal colonization was not restricted in the tissue of plants from the susceptible clone, whereas in the
resistant clone, fungal colonization was limited to the xylem vessels and parenchyma around the vessels due to closure of the
vessel pits; intense formation of tyloses and gels; accumulation of amorphous material, starch, phenolic compounds, and calcium
oxalate; and tissue lignification. However, the fungus was reisolated from the inoculated tissues of both clones.
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& Conclusion The resistance of eucalypt cuttings was found to be based on the rapid and intense defense responses shaped by
biochemical and structural mechanisms that contained fungal colonization in the xylem vessels and parenchyma tissues.

Keywords Ceratocystis wilt . Phenylpropanoid pathway . Histochemical analysis . Histopathology . Vascular pathogen

1 Introduction

The expansion of eucalypt plantations to new forest frontiers
in the south, north, and northeast of Brazil as well as to several
parts of the world has led to the occurrence of several biotic
diseases, which have limited the planting of certain genetic
materials (Alfenas et al. 2009). Among them, Ceratocystis
wilt, which is caused by Ceratocystis fimbriata Ellis &
Halsted, is currently one of the most important diseases in
eucalypt. This pathogen has a wide geographic distribution
and a broad host range and results in significant yield losses
(Alfenas et al. 2009; Fernandes et al. 2014; Mafia et al. 2013).
This disease can reduce the volumetric growth of trees in the
field by up to 87%, the cellulose yield by approximately 14%,
and the value of wood for sawing (Mafia et al. 2013). Trees
with an advanced stage of the disease might die.

Despite the losses caused by this disease, little is known
regarding the infection process of C. fimbriata in eucalypt
plants and the mechanisms of innate plant resistance, which
are the first to be activated during the host–pathogen interac-
tion. Up to now, it is known that C. fimbriata induces longi-
tudinal and radial darkening of wood and infects the xylem
and phloem vessels and phelloderm causing tree wilt (Ferreira
et al. 2006). Conidia, aleuroconidia, and ascospores of
Ceratocystis isolates from different hosts (e.g., eucalypts, co-
coa, mango, teak, and atemoya) are capable of germinating,
penetrating, and developing in the vessel elements of eucalypt
plants within 6 h (Firmino et al. 2015). The resistance of
eucalypt plants to C. fimbriata is related to enzymatic activity
(e.g., polyphenol oxidase and peroxidase activities) and accu-
mulation of sugar, antimicrobial compounds (e.g., flavone,
hesperetin, loganin, and nicotinamide), and phenolic com-
pounds (Silva et al. 2018; Pimenta et al. 2017). Firmino
et al. (2018) concluded that the resistance of eucalypt to
Ceratocystis wilt might be related to the capacity of plants to
accumulate lignin in cells.

There are currently no chemical molecules available for
disease control. Deployment of resistant material is the only
available and efficient method for controlling Ceratocystis
wilt in eucalypt (Silva et al. 2018; Alfenas et al. 2009; Zauza
et al. 2004). Several eucalypt clones resistant to Ceratocystis
wilt have been identified (Firmino et al. 2013; Tumura et al.
2012; Zauza et al. 2004), but the mechanisms confering resis-
tance to fungal infection have not yet been elucidated in detail.
The infectious process of C. fimbriata and the host responses
can be investigated through histopathological and histochem-
ical analyses of infected plants of eucalypt clones with

different levels of resistance, and this information can be used
for genetic improvements aiming to obtain clones with great
resistance to Ceratocystis wilt.

Inter- and intraspecific crossing is usually done to obtain
resistant and highly productive genetic materials (Alfenas
et al. 2009). Identification of structural and/or biochemical
mechanisms that confer resistance might be important to ob-
tain new productive and long-term resistant clones originated
from breeding programs.

To test the hypothesis that the responses of eucalypt plants
to Ceratocystis wilt include structural and/or local or systemic
biochemical defense mechanisms, we compared the histopath-
ological responses in one resistant clone and one susceptible
clone of Eucalyptus urophylla × Eucalyptus grandis to artifi-
cial inoculation with C. fimbriata. An improved understand-
ing of the fungal infection process might assist with the iden-
tification of resistance mechanisms to Ceratocystis wilt.

2 Material and methods

2.1 Plant materials and growth

Clones of two Eucalyptus urophylla × E. grandis hybrids with
different levels of resistance to Ceratocystis wilt, namely,
clones CLR212 (resistant) and CLR240 (susceptible), were
used in this study. The resistance of these two clones to
Ceratocystis wilt was previously evaluated by artificial fungal
inoculation (Oliveira et al. 2015). Cuttings of the two clones
were transplanted into plastic pots containing 2 L of Carolina
Soil substrate (Carolina Soil do Brasil®, Santa Cruz do Sul,
RS, Brazil) enriched with superphosphate (6 kg m−3) and
Osmocote® (NPK 19:06:10; 1.5 kgm−3). Prior to inoculation,
the cuttings were maintained in a greenhouse (temperature
ranging from 20 to 30 °C) during 45 to 60 days until their
stem reached approximately 8 mm in diameter.

2.2 Fungal inoculum

The isolate SBS-1 of C. fimbriata used in this study was
obtained from the mycological collection of the “Laboratório
de Patologia Florestal/Bioagro da Universidade Federal de
Viçosa (UFV)” and was previously identified based on its
morphological and molecular characteristics. The fungus
was cultivated in Petri dishes containing MEYA culture me-
dium (2% malt extract, 0.2% yeast extract, and 2% agar) for
15 days in an incubator at 28 ± 1 °Cwith a 12-h photoperiod at
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40 μmol s−1 m−2. For harvesting of spores, sterile water con-
taining 1% Tween 20 was added to the plates and the surface
of the colony was scraped with a sterile Drigalski loop. The
spore suspension was filtered through a double layer of gauze
and adjusted to a concentration of 2.5 × 106 spores mL−1.

2.3 Inoculation protocols and incubation conditions

A perforation with a depth of 4 mm was made in the cuttings
5 cm above the soil line using a sterile hypodermic needle
(2 mm in diameter). The cuttings were then inoculated with
200 μL of the inoculum suspension. Wounded cuttings
injected with 1% Tween 20 aqueous solution were used as a
control. The inoculation point was covered with PVC film and
the cuttings were maintained in a greenhouse (average tem-
perature and relative humidity of 24.5 °C and 81.7%, respec-
tively) during the experiments.

2.4 Symptoms evaluation

Due to a significant isolate × clone interaction (Oliveira et al.
2015), the objectives of this trial were to confirm the resis-
tance and susceptibility of the clones CLR212 and CRL240 to
the isolate SBS-1 of C. fimbriata and to determine the poten-
tial of host biochemical defense mechanisms of the resistant
clone to be lethal to the fungus. For this, the length of the
lesion on the inner tissues of the stem was evaluated (above
and below the point of inoculation or wounded) at 60 days
after inoculation (dai). During the disease evaluation, stem
fragments at the inoculation site were removed, and the fun-
gus was reisolated using the carrot bait method (Moller and
DeVay 1968) to verify its viability in the inoculated stem
tissue. The experiment was performed using a completely
randomized design with 15 replications per treatment (one
cutting per replication) and repeated once. The data were sub-
jected to analysis of variance and treatments means were com-
pared by Duncan’s tests at a probability of 5%. The normality
and homogeneity were evaluated using the residues in which
no deviations were found based on the presuppositions in-
volved in the analysis. The statistical analyses were performed
using the R (R Development Core Team) software.

2.5 Lignin concentration

To evaluate the lignin content of both clones in response to
infection, inoculated and wounded cuttings were used. At
6 dai, samples were collected from the stem (approximately
7 cm in length; 2 cm below and 5 cm above the inoculation or
wounded point) placed in a paper bag, and dried in a forced air
oven at 65 °C until reaching constant weight. The acid-soluble
lignin concentration was determined according to the
Technical Association of the Pulp and Paper Industry’s proto-
col (Tappi; Useful Method (UM) 250). The concentration of

acid-insoluble lignin (Klason lignin) was determined using the
standard procedure of the Technical Association of the Pulp
and Paper Industry (Tappi; T222 om-98) with some modifica-
tions. The total lignin concentration was also determined. The
experiment was carried out in a randomized block design with
four replications per treatment (one cutting per replication).
The data were subjected to analysis of variance and treatment
means were compared by Duncan’s tests at a probability of
5% as previously described.

2.6 Histological observations

To examine the initial processes of C. fimbriata colonization
in the stem tissues of both clones and the response of cuttings
to fungal infection, scanning electron microscopy (SEM) was
used. For this experiment, the wound size and depth (approx-
imately 2 cm in length, 8 mm in width, and 2 mm in depth)
and the spore concentration (0.5 mL at the concentration of
1.5 × 10−5 spores mL−1 with 1% Tween 20) were different
from the previously described to facilitate the visualization
of the initial colonization of the fungus in the stem tissue.
After inoculation, the cuttings were maintained in a growth
chamber (temperature of 28 ± 3 °C) during the experiment. In
addition, for the first 12 h, the cuttings remained in the hori-
zontal position to avoid the displacement of the inoculum
deposited in the wound. Stem fragments (0.5 × 0.5 cm) were
collected 12, 24, 36, 48, and 60 h after inoculation (hai) and
prepared for SEM using the protocols described by Silva et al.
(2017). The experiment was performed using a completely
randomized design with five replications per treatment (one
cutting per replication) and repeated once.

Light microscopy and histochemical tests were also per-
formed to evaluate fungal colonization and structural and bio-
chemical reactions in the tissues of plants of both clones. The
clones were inoculated using a hypodermic needle as previ-
ously described. Wounded cuttings injected with 1% Tween
20 aqueous solution and nonwounded cuttings served as con-
trols. Stem tissue samples were collected at 1, 2, 4, 6, 8, 16,
and 32 dai; fixed in a solution composed of formaldehyde,
acetic acid, and 70% alcohol (at a ratio of 5:5:90 v/v)
(Johansen 1940); and stored in 70% ethyl alcohol solution.
The samples were dehydrated through an ethyl alcohol series
(80, 90, and 95%) and embedded in hydroxyethyl methacry-
late (Historesin®, Leica) according to the manufacturer’s in-
structions. The samples were sectioned into transverse and
longitudinal thick sections (approximately 5 μm) using an
automatic feed rotary microtome (RM 2155; Leica). The sec-
tions were stained with toluidine blue (pH 4.0) for 10 min and
mounted with synthetic resin (Permount-Fisher) and with fer-
ric chloride for the identification of phenolic compounds and
lugol (1% iodine + 2% potassium iodide) for starch (Johansen
1940). Samples without any reagent or dye were mounted in
water and used as controls for the comparison of the reaction
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patterns. Images were captured and analyzed using an
Olympus BX53 light microscope equipped with a Q-Color
5™ camera (Olympus Inc., USA) and an image analysis sys-
tem (Image-Pro Plus Version 7.0 program). Furthermore, a
graphical representation of the fungal colonization and host

defense reactions observed in the histological sections was
represented as a heatmap using Microsoft Excel (Microsoft
Corporation, Seattle). The experiment was performed using
a completely randomized design with three replications per
treatment (one cutting per replication) and repeated once.

Table 1 Mean length of the lesions in the CLR212 (resistant) and CLR240 (susceptible) eucalypts clones at 60 days after inoculation (dai) with
Ceratocystis fimbriata and insoluble, soluble, and total lignin concentrations 6 dai. Uninoculated plants were used as controls

Treatments Lesion length (cm)a Lignin concentrations (%)

Insolubleb Solubleb Totalb

Inoculated CLR212 5.3 ± 0.24 b 25.7 ± 0.42 a 5.5 ± 0.25 a 31.7 ± 0.75 a

Uninoculated CLR212 0.8 ± 0.10 c 21.0 ± 0.45 c 4.4 ± 0.13 b 25.4 ± 0.52 c

Inoculated CLR240 62.7 ± 2.77 a 24.2 ± 0.14 ab 4.7 ± 0.06 b 29.6 ± 0.65 b

Uninoculated CLR240 0.9 ± 0.09 c 23.9 ± 0.17 b 3.6 ± 0.19 c 28.1 ± 0.28 b

Averages followed by the same lowercase letter in a column are not different, as demonstrated by Duncan’s test based on a probability of 5%
aMean values ± standard errors obtained from 15 replicates
bMean values ± standard errors obtained from four replicates
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Fig. 1 Color map representing
the intensity of the colonization in
stem tissue of the CLR212
(resistant) and CLR240
(susceptible) clones of Eucalyptus
urophylla × E. grandis by
Ceratocystis fimbriata and host
defense reactions determined by
histochemical analysis. Blue or
red regions indicate whether the
intensity of fungal colonization
and the host reaction were low or
high, respectively, based on light
and SEM microscopy images.
White color represents
nonobserved reactions.
Abbreviations: RI (resistant
clone, inoculated), RW (resistant
clone, wounded and
noninoculated), RUW (resistant
clone, unwounded), SI
(susceptible clone, inoculated),
SW (susceptible clone, wounded
and noninoculated), and SUW
(susceptible clone, unwounded) at
12, 24, 36, 48, and 60 h after
inoculation as well as at 4, 6, 8,
16, and 32 days after inoculation
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Fig. 2 Scanning electron
micrographs of stem tissues of
plants of the CLR212 (resistant)
(a, c, e, g, and i) and CLR240
(susceptible) (b, d, f, h, and j)
Eucalyptus urophylla ×
E. grandis clones colonized by
Ceratocystis fimbriata. The
micrographs were obtained 36 (a–
d, i, and j), 48 (e and f), and 60 (g
and h) h after inoculation. Arrows
showmycelial growth (a–c and i),
the formation of perithecia (d),
fungal hyphae that appeared as
empty shells (e and i), the
formation of conidiophores (f),
abundant aleuroconidia (g), the
formation of perithecia in the
resistant clone (g), and fully
formed perithecia, conidiophores,
conidia, and aleuroconidia in the
susceptible clone (h). pe =
perithecia, cd = conidiophores,
and al = aleuroconidia. Scale
bars = 10 (d, e, i, and j), 20 (f and
h), and 100 μm (a–c and g)
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3 Results

3.1 Symptoms evaluation

Because no significant statistical difference occurred between
the two inoculation experiments, data were combined, and the
means from the treatments were used. At 60 dai, the mean
lesion length on the stem of cuttings of the resistant clone
was significantly smaller (5.3 cm) compared to the susceptible
clone (62.7 cm), confirming the level of resistance of both
clones to the SBS-1 isolate (Table 1). Additionally, unlike
the inoculated resistant clone, all the cuttings of the inoculated
susceptible exhibited wilting. The fungus was reisolated from
the inoculation point of both clones.

3.2 Lignin concentration

The concentrations of insoluble, soluble, and total lignin were
significantly increased by 20, 29, and 22%, respectively, in the
resistant cuttings inoculated with C. fimbriata compared with
those in the wounded uninoculated cuttings from the resistant
clone (Table 1 and Fig. 1). Inoculated cuttings of the suscep-
tible clone exhibited a significant increase in the concentration
of soluble lignin (by 28%) compared with the wounded unin-
oculated cuttings. In contrast, the inoculated cuttings of the
resistant clone showed the highest total lignin concentration
compared to all the other treatments.

3.3 Histological observations

The tissues of the susceptible clone showed intense fungal
colonization and sporulation (conidiophores containing co-
nidia as well as aleuroconidia and perithecia) compared with
those of the resistant clone (Figs. 1 and 2; and Figs. 4a–j and 5
in the Appendix). At 12 to 36 hai, mycelial growth of the
fungus was noticed on the stem tissue in both clones, although
more mycelium growth was observed on the susceptible clone
(Fig. 2a, b; and Fig. 4a–f in the Appendix). At 36 hai, perithe-
cium formation (Fig. 1 and Fig. 2d) was observed, and at
48 hai, conidiophores were found on the susceptible clone
(Fig. 1 and Fig. 2f) but not on the resistant clone (Fig. 1 and
Fig. 2c, e). At 60 hai, perithecium formation, many
aleuroconidia, and few conidiophores and conidia were ob-
served on the resistant clone (Fig. 1 and Fig. 2g), whereas
several perithecia, conidiophores, conidia, and aleuroconidia
were detected on the susceptible clone (Fig. 1 and Fig. 2h).

Differences regarding fungal colonization inside of the stem
tissue of the resistant and susceptible clones were also observed
from 1 to 32 dai (Fig. 1; and Fig. 7 in the Appendix). In the
susceptible clone, fungal hyphae rapidly colonized the stem
tissue, whereas in the resistant clone, colonization was slow
and essentially restricted to specific areas surrounding the inoc-
ulation point (Fig. 3e, f). At 1 dai, fungal hyphae were observed

in a few cells in the stem tissue of the resistant clone (Fig. 7a in
the Appendix). In contrast, in the susceptible clone, the process
of colonization initiated in the xylem vessels and in several cells
of the adjacent tissues (Fig. 7b in the Appendix). At 2 and 4 dai,
fungal colonization was restricted to the xylem vessels of the
resistant clone (Fig. 7c and e in the Appendix), whereas in the
susceptible clone, fungal hyphae colonized the xylem vessels
and tissues adjacent to vessels and ray cells (Fig. 7d and f in the
Appendix). At 6 and 8 dai, in the resistant clone, fungal colo-
nization remained restricted to the xylem vessels, with few
fungal structures within the xylem vessels and aleuroconidia
appeared as empty shells (Fig. 7g and i in the Appendix). In
contrast, in the susceptible clone, fungal hyphae colonized all
tissues of the stem and several aleuroconidia, hyphae, and co-
nidia within the xylem vessels were observed (Fig. 7h and j in
the Appendix). At 16 dai, the fungus colonized the tissues ad-
jacent to the xylem vessels of the resistant clone (Fig. 7k in the
Appendix), while for the susceptible clone, the xylem vessels
were completely colonized by the fungus, causing obstruction
and tissue degradation (Fig. 7l in the Appendix). At 32 dai,
reduced fungal colonization in the tissues of the resistant clone
was noted (Figs. 1 and 3e; and Fig. 7m in the Appendix).
Intense fungal colonization and degradation of all stem tissues
were observed in the susceptible clone (Figs. 1 and 3f; and Fig.
7n in the Appendix).

A plant reaction to C. fimbriata infection was also observed
(Fig. 1). A more rapid host response to fungal colonization was
observed in the tissue of the resistant clone compared with the
susceptible clone (Fig. 1). At 24 hai, amorphous material was
observed in contact with fungal hyphae in the resistant clone
(Figs. 1 and 3a), and at 48 hai, fungal hyphae appeared as
empty shells in the resistant clone (Figs. 1 and 2e) but not in
the susceptible clone (Figs. 1, 2f, and 3d). The observations of
xylem vessels in the resistant clone showed that amorphous
material also accumulated in areas surrounding fungal hyphae
at 24 hai (Fig. 6a in the Appendix), and 12 h later, the fungal
hyphae appeared as empty shells (Fig. 2i). The hyphae did not
cross over the vessel pits to reach the parenchyma tissue, most

�Fig. 3 Histochemical and structural reactions in stem tissue sections of
the CLR212 (resistant) (a, c, e, g, i, and k) and CLR240 (susceptible) (b,
d, f, h, j, and l) clones of Eucalyptus urophylla × E. grandis. The samples
were collected 24 (a, b, i, j, k, and l), 36 (c), and 48 (d, g, and h) h after
inoculation and 32 days after inoculation (e and f) with Ceratocystis
fimbriata. The tissues were stained with toluidine blue (g and h), ferric
chloride (e, f, i, and j), and lugol (k and l). Black arrows show amorphous
material in contact with fungal hyphae (a), closed vessel pits with
deposited amorphous material (c), and low fungal colonization and high
deposition of phenolic compounds in the colonized tissues (e) in the
resistant clone, the formation of tyloses and gels in xylem vessels in
both clones (g and h), high deposition of phenolic compounds in the
colonized tissues in the resistant clone compared to the susceptible
clone (i and j), and the deposition of starch and of oxalate crystals
mainly in resistant clone (k and l). ti = tyloses, ge = gels, fu = fungus,
co = calcium oxalate, and st = starch. Scale bars = 2 (c), 10 (a, b, and d),
20 (e, f, i, and j), and 100 (g, h, k, and l)
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likely due to closure of the vessel pits and the deposition of
amorphous material (Fig. 3c). Accumulation of calcium oxalate
and the formation of vesicles in the vessel pits, which most
likely contained phenolic compounds, were also observed
(Fig. 6d in the Appendix). The analysis of the susceptible clone
showed that at 48 hai, amorphous material started deposition
and hyphae appeared as empty shells (Fig. 1; and Fig. 6e in the
Appendix); however, their levels were lower than those ob-
served in the resistant clone (Fig. 1; and Fig. 6b and d in the
Appendix). Fungal penetration through the vessel pits and sub-
sequent colonization of the parenchyma tissue were noted at
48 hai (Fig. 3d). In uninoculated cuttings of the resistant clone,
the vessel pits were apparently closed, and the accumulation of
amorphous material and the presence of calcium oxalate in the
vessel pits and the xylem were observed (Fig. 1; and Fig. 6g in
the Appendix). In contrast, in uninoculated cuttings of the sus-
ceptible clone, the vessel pits were partially closed, and less
accumulation of amorphous material and calcium oxalate was
detected (Fig. 1; and Fig. 6h in the Appendix).

The formation of tyloses in the xylem vessels of inoculated
and wounded uninoculated cuttings was observed at 1 dai
(Figs. 1 and 3; and Figs. 7 and 8 in the Appendix). Tylose
formation was not observed in the xylem vessels of the un-
wounded cuttings of both clones at any sampling time (Fig. 1;
and Fig. 8e, f, k, l, q, and r in the Appendix). The formation of
gels in xylem vessels was observed in cuttings of both inocu-
lated clones starting at 2 dai (Figs. 1 and 3; and Fig. 8g, h, m,
and n in the Appendix), whereas no gels formed in the vessels
of the wounded uninoculated cuttings and in the unwounded
cuttings (Fig. 1; and Fig. 8c–f, i–l, and o–r in the Appendix).

Deposition of phenolics was also observed in the stem tis-
sues of both clones after wounding and inoculation, but in-
creased accumulation was detected especially in the resistant
clone (Figs. 1 and 3i; and Figs. 7, 9, and 10 in the Appendix).
At 1 dai, phenolics deposition was intense in the resistant
clone, primarily in the periderm, in the rays, and near the pith,
and the accumulation level remained high throughout the
evaluation time (Fig. 9a, c, e, g, i, and k in the Appendix).
Phenolics deposition was also observed around the coloniza-
tion sites of the fungus in this clone (Fig. 3e, i; and Fig. 9c, e,
g, i, and k in the Appendix). Even though phenolics deposition
was noticed in inoculated plants of the susceptible clone, their
deposition was lower in comparison to inoculated plants of the
resistant clone (Figs. 1 and 3j; and Fig. 9b, d, f, h, j, and l in the
Appendix). The phenolics deposition was also observed after
wounding in the wounded uninoculated cuttings, and higher
accumulation was detected in the resistant clone compared
with the susceptible clone (Fig. 10 in the Appendix). The
deposition of phenolics in unwounded cuttings of both clones
was lower than that in wounded uninoculated or inoculated
cuttings, particularly in the susceptible clone, where the depo-
sition was concentrated in the periderm (Fig. 1; and Fig. 11 in
the Appendix).

Calcium oxalate and starch were also observed in the stem
tissue regardless of the clone and sampling time (Fig. 1). At 1–
4 dai, increased deposition of starch in the periderm and phlo-
em and of calcium oxalate was observed in both inoculated
and wounded uninoculated clones compared with unwounded
cuttings, although increased accumulation levels were ob-
served in the resistant clone (Figs. 1 and 3k; and Figs. 12a–f,
13a–f, and 14a–f in the Appendix). At 8 and 16 dai, starch
deposition was observed in the ray cells near the fungal struc-
tures in the resistant clone (Fig. 12g and i in the Appendix),
and no accumulation was observed in the susceptible clone
(Fig. 12h and j in the Appendix). Wounded cuttings of the
resistant clone accumulated starch in the ray cells and in the
periderm as well as calcium oxalate in the periderm, whereas
in the susceptible clone, starch and calcium oxalate deposition
was observed in the periderm (Fig. 13g–j in the Appendix).
Unwounded cuttings of both clones showed calcium oxalate
and starch deposition in the periderm (Fig. 14g–j in the
Appendix). At 32 dai, starch deposition was observed in the
rays and near the pith in the resistant clone, but the accumu-
lation of starch in the susceptible clone could not be observed
due to massive tissue degradation (Fig. 12k and l in the
Appendix). Wounded plants of the resistant clone showed
starch deposition in the rays (Fig. 13k in the Appendix), but
in the susceptible clone, starch deposition was primarily ob-
served in the periderm (Fig. 13l in the Appendix). In un-
wounded cuttings, starch and calcium oxalate deposition oc-
curred only in the periderm, although the accumulated levels
were lower than those found in wounded uninoculated and
inoculated cuttings of both clones (Fig. 14k and l in the
Appendix).

4 Discussion

The results obtained in the present study confirmed that de-
fense reactions of the two clones to wounding and in response
against fungal infection were essentially the same, although
cuttings from the resistant clone exhibited rapid and intense
defense mechanisms that efficiently impaired the colonization
of C. fimbriata in the stem tissues, which can involve closure
of the vessel pits; intense formation of tyloses and gels; the
accumulation of amorphous material, starch, phenolic com-
pounds, and calcium oxalate; and lignification. In contrast,
the fungus colonizes all stem tissues of the susceptible clone,
resulting in rapid wilting, as previously observed in other re-
sistant and susceptible clones of eucalypt to Ceratocystis wilt
(Acelino Couto Alfenas, personal information, 2018; Oliveira
et al. 2015). Eynck et al. (2009) investigated the Verticillium
longisporum–oilseed rape interaction and observed that resis-
tant and susceptible genotypes exhibited the same reactions to
fungal infection and that the intensity of the response in the
resistant genotype was higher than that of the susceptible
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genotype. The efficacy of plant defense mechanisms against
vascular disease-causing pathogens depends on the ability of
the plant to rapidly activate mechanisms that limit vascular
colonization by the pathogen (Hammond-Kosack and Jones
1996). Rapid and intense defense reactions have also been
observed for plants of Platanus acerifolia and Theobroma
cacao after infection with Ceratocystis spp. (Clérivet et al.
2000; Santos et al. 2013).

Fungal colonization in the resistant clone was mostly re-
stricted to the xylem vessels, and colonization of the parenchy-
ma tissues occurred only at advanced stages of fungal infection.
In the resistant clone, the closure of vessel pits and the deposi-
tion of phenolics and amorphous substancesmight have formed
physical and biochemical barriers to prevent invasion of the
fungus in the parenchyma tissue. Other studies have also re-
ported the limited colonization of fungi to a specific site in
xylem vessels (Clérivet et al. 2000; Chen et al. 2004; Santos
et al. 2013). Unlike the resistant clone, the vessel pits of the
susceptible clone were open, which allowed fungal hyphae to
reach the parenchyma and adjacent tissues. According to the
results obtained in the present study, C. fimbriata hyphae colo-
nized all stem tissues of the susceptible clone cuttings and
should not be considered a pathogen that exclusively targets
the vascular system. Hyphae of C. fimbriata f. sp. platani,
Leptographium guttulatum, Ophiostoma olivaceapinii, and
Ceratocystis smalleyi also passed through the vessel pits to
colonize the axial and radial parenchyma cells due to their
being nutrient-rich (Clérivet and El Modafar 1994; Park and
Juzwik 2014; Pérez-Vera et al. 2011). Stria-like lesions (char-
acteristic symptom of the presence of C. fimbriata) might be
due to the presence of the fungus in the rays and to the accu-
mulation of oxidized phenolic compounds in this area. The
intercalated (noncontinuous vertically) browning of the inner
stem tissues of the susceptible clone was most likely due to the
translocation of reproductive structures of the fungus in the
xylem vessels via water flow to specific locations, where the
structures then initiate new infections. It is likely that the bar-
riers in the xylem vessels in the susceptible clone were unable
to prevent pathogen colonization from the site inoculation.

Many conidia of C. fimbriata were observed in the stem
tissues of the susceptible clone at the beginning of the fungal
infection process. The production of conidia during the early
stages of colonization might be the key to the rapid dispersion
of the fungus in plant tissues (Duncan and Himelick 1988;
Firmino et al. 2015). In the resistant clone, many
aleuroconidia were observed, which indicated their role as
resistance structures that allow the fungus to survive under
adverse conditions. Nevertheless, the highest production of
aleuroconidia was observed in xylem vessels of both clones
most likely because this type of cell is composed of raw sap
(Ioannou et al. 1977). In contrast to the results obtained in the
present study, abundant hyphae of C. smalleyi were found in
the axial and radial parenchyma, fibers, and xylem of

C. cordiformis plants, but no fungal sporulation was detected
(Park and Juzwik 2014). Another important fact observed was
that the defense mechanisms of both clones were not lethal to
the pathogen, probably due to the formation of fungal resis-
tance structure (aleuroconidia) increasing the amount of path-
ogen inoculum for a new culture cycle.

Regarding host defense responses against C. fimbriata infec-
tion, increased tylose formation in vessel elements with intense
staining indicating the inclusion of phenolic compounds and
amorphousmaterial was also observed in inoculated and wound-
ed uninoculated cuttings of both clones. Tyloses constitute a
response to wounding or infection with fungi or bacteria
(Kuroda 1991; Sun et al. 2007), and their formation is a nonspe-
cific reaction of plants that forms a physical barrier to restrict
pathogen colonization. In vascular diseases, tyloses are consid-
ered a primary defense mechanism that involves partial or total
occlusion of the xylem vessels to limit pathogen spread (Clérivet
et al. 2000; Rioux et al. 1998). The contribution of tyloses to the
host defense strategy against vascular pathogens is associated
with the production of occlusionmaterials such as gels and gums
(Beckman 1987; Kpémoua et al. 1996). In the present study, the
presence of gel in xylem vessels was only observed in the stem
tissues of both inoculated cuttings. In another study, gel accumu-
lation was not observed in the vessels of Carya cordiformis
plants that were only injected with water (Park and Juzwik
2014). The formation of gels in xylem vessels of plants infected
with vascular pathogens might be induced by the swelling of
vessel pits, materials secreted by parenchyma cells adjacent to
the vessels, and the action of pectinolytic enzymes produced by
pathogens (Ouellette and Rioux 1992; Rioux et al. 1998).

In addition to the production of tyloses and gels in xylem
vessels, the resistant clone showed intense deposition of amor-
phous material in adjacent parenchyma cells, which were
densely stained with toluidine blue. The composition of this
material was not determined in the present study, but other
studies have identified these compounds as phytoalexins and
terpenoids, which were found to be accumulated in xylem
vessels and adjacent parenchymal cells of a cotton cultivar
resistant to Fusarium oxysporum f. sp. vasinfectum (Hall
et al. 2011) and in mango plants colonized by C. fimbriata
(Araujo et al. 2014).

In the present study, the deposition of phenolics was ob-
served mainly in the stems of the resistant clone. Pimenta
et al. (2017) reported higher accumulation of phenolics in re-
sistant compared with susceptible clone of eucalypt infected
with C. fimbriata. In our study, histopathological examinations
of stem sections showed the accumulation of phenolics in the
parenchyma and adjacent xylem cells, in the periderm, in the
rays, in tissues near the marrow, and in areas surrounding the
fungal structures. Phenolics deposited in parenchyma cells act
as a barrier against the colonization of pathogens as reported for
the Fusarium oxysporum f. sp. vasinfectum–cotton,
C. fimbriata–mango, and C. manginecans–acacia (Araujo
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et al. 2014; Araujo et al. 2016; Hall et al. 2011; Shi et al. 1992;
Trang et al. 2018) interactions. In addition to their antimicrobial
action, phenolics are associated with cell wall strengthening
(Tuncel and Nergiz 1993), the modulation of plant hormones
involved in defense signaling, the catalysis of reactive oxygen
species (Dixon and Paiva 1995), and the synthesis of lignin
(Eynck et al. 2009). The deposition of phenolics in the bark
might constitute a preformed response to restrict the penetration
of C. fimbriata in the sapwood considering that this reaction
was also observed in unwounded and noninoculated cuttings.
However, it is induced and strongly intensified in wounded and
inoculated cuttings compared with the control cuttings.

The rapid production of phenolics and the consequent syn-
thesis of lignin increase the host’s efficiency to limit pathogen
colonization (Eynck et al. 2009) as noticed for plants from the
resistant clone in the present study. Lignin is an important
structural component of plant tissues that plays a key role in
mechanical support, solute conductance, and disease resis-
tance (Harakava 2005; Humphreys and Chapple 2002;
Whetten and Sederoff 2004). Additionally, lignin deposition
likely hinders the diffusion of lytic enzymes and nonselective
toxins produced by the pathogen (Vance et al. 1980). Other
studies have also observed higher lignin deposition in the
tissues of resistant cultivars of lentil (Lens culinaris), carna-
tion (Dianthus caryophyllus), and oilseed rape colonized by
Fusarium oxysporum f. sp. lentis, Fusarium oxysporum f. sp.
dianthi, and Verticillium longisporum, respectively, compared
with what was found in susceptible cultivars (Eynck et al.
2009; Niemann et al. 1990; Pouralibaba et al. 2017).

Calcium oxalate was observed in the periderm in the stems
of both clones, but these crystals were abundantly observed in
the xylem specimens, particularly in the resistant clone at the
initial stages of infection. According to Datnoff et al. (2007),
an increase in the accumulation of calcium in plant tissues
might increase resistance to infection with vascular pathogens.
Araujo et al. (2014) found increased calcium deposition in the
stem tissues of mango plants of cultivars resistant to
C. fimbriata, which delayed the wilting of the plants.

Another response to C. fimbriata infection was starch ac-
cumulation over time, particularly in the resistant clone that
showed high starch deposition, primarily in the ray cells lo-
cated near the fungal structures. Silva et al. (2018) reported
that plants from a resistant eucalypt clone showed a rapid
increase in sugar concentration (e.g., erythritol, arabinose,
isomaltose, cellobiose, gentiobiose, maltitol, melibiose,
xylulose, and turanose) in their tissues after inoculation with
C. fimbriata compared with the susceptible clone. The ability
of plants to respond to infection by pathogenic fungi is asso-
ciated with the amount of carbohydrates allocated to the acti-
vation of defense mechanisms (Viiri et al. 2001). Phenolics are
derived from carbohydrates via the shikimate pathway,
through which approximately one fifth of all carbon is fixed
by plant flows (Matsuki 1996).

The results of the present study are of extreme importance
to advance our understanding of the Eucalyptus–C. fimbriata
interaction. This study was the first to present broader results
of the C. fimbriata colonization process in resistant and sus-
ceptible eucalypts clones over time and the defense responses
presented by these clones. Moreover, the information provide
here can be used in a breeding program to obtain clones of
eucalypts more resistant to Ceratocystis wilt considering the
remarkable difference existing between resistant and suscep-
tible cuttings in terms of defense strategies orchestrated by
them to respond against fungal infection.

5 Conclusions

The results of the present study allow us to conclude the
following:

(a) The resistance of eucalypts plants to Ceratocystis wilt
was not only related to the ability of the plant to accu-
mulate lignin in its tissues, as previously reported.
Instead, the resistance of eucalypt to Ceratocystis wilt is
based on rapid and intense defense responses that limit
the colonization ofC. fimbriata in host tissues, which can
involve closure of the vessel pits; intense formation of
tyloses and gels; the accumulation of amorphous materi-
al, starch, phenolic compounds, and calcium oxalate; and
lignification.

(b) The defense mechanisms of plants from the resistant
clone were not lethal to the fungus.

(c) Ceratocystis fimbriata is not a pathogen that exclusively
colonizes the vascular system, and stem lesions in the
form of striations are due to fungal colonization and the
response of the ray tissues in the cuttings.

(d) The high number of aleuroconidia found in the stem
tissues of the resistant clone might be important for fun-
gal survival under adverse conditions and cause new
infections in the field.
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Appendix

Fig. 4 Scanning electron
micrographs of stem tissues of
plants of the CLR212 (resistant)
(R) and CLR240 (susceptible) (S)
Eucalyptus urophylla ×
E. grandis clones colonized by
Ceratocystis fimbriata. The
micrographs were obtained 12 (a
and b), 24 (c and d), 36 (e and f),
48 (g and h), and 60 (i and j) h
after inoculation. Arrows show
the conidia germination (a and b),
the formation of conidiophores in
the susceptible clone (h), the
formation of perithecia in the
resistant clone (i), and fully
formed perithecia in the
susceptible clone (j). Scale bars =
10 (a, b, and i), 20 (c, h, and j), 30
(d), and 100 μm (e–g)
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Fig. 5 Scanning electron
micrographs of stem tissues of
plants of the CLR212 (resistant)
(R) and CLR240 (susceptible) (S)
Eucalyptus urophylla ×
E. grandis clones colonized by
Ceratocystis fimbriata. The
micrographs were obtained 24 (a
and b), 36 (c and d), 48 (e and f),
and 60 (g and h) h after
inoculation. Black arrows show
amorphous material in contact
with fungal hyphae in the resistant
clone (a), the formation of
perithecia (d) and conidiophores
(f) in the susceptible clone, fungal
hyphae that appeared as empty
shells in the resistant clone (e),
and abundant aleuroconidia (g)
and fully formed perithecia (h) in
the resistant and susceptible
clones, respectively. Scale bars =
10 (a–c) and 20 μm (d–h)
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Fig. 6 Scanning electron
micrographs of xylem tissues of
the CLR212 (resistant) (a–d and
g) and CLR240 (susceptible) (e, f,
and h) clones of Eucalyptus
urophylla × E. grandis. The
micrographs were obtained 24
(a), 36 (b–d), and 48 (e and f) h
after inoculation with
Ceratocystis fimbriata and from
uninoculated plants (g and h).
Black arrows show amorphous
material in contact with fungal
hyphae (a and e), hyphal wilting
(b and e), crystal deposition and
vesicle formation in vessel pits (b
and d), and closed vessel pits with
deposited amorphous material (c).
am = amorphous material, ve =
vesicles, and co = calcium
oxalate. Scale bars = 10 (a, b, d–
h) and 2 μm (c)
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Fig. 7 Colonization of stem
tissues of the CLR212 (resistant)
(R) and CLR240 (susceptible) (S)
clones of Eucalyptus urophylla ×
E. grandis at 1 (a and b), 2 (c and
d), 4 (e and f), 6 (g and h), 8 (i and
j), 16 (k and l), and 32 (m and n)
days after inoculation with
Ceratocystis fimbriata. The
tissues were stained with ferric
chloride (a, b, g, h,m, and n) and
toluidine blue (c–f, i–l). Black
arrows show fungal colonization
(a–k) and gel formation within
xylem vessels (c–j), and black
circles show high deposition of
phenolic compounds in the
colonized tissues in the resistant
clone. fu = fungus and ge = gels.
Scale bars = 20 (a–d, g, h, j, k,m,
and n) and 50 μm (e, f, i, and l)
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Fig. 8 Histochemical reactions in stem tissue sections of the CLR212
(resistant) (R) and CLR240 (susceptible) (S) clones of Eucalyptus
urophylla × E. grandis. The samples were collected 1 (a and b), 2 (g
and h), and 32 (m and n) days after inoculation (dai) with Ceratocystis
fimbriata; 1 (c and d), 2 (i and j), and 32 (o and p) days after wounding;

and from unwounded plants subjected to the same treatments (e, f, k, l, q,
and r) and stained with toluidine blue. Black arrows show the formation
of tyloses and gels in xylem vessels. ti = tyloses and ge = gels. Scale
bars = 100 (a–l, q, and r) and 50 μm (m–p)

Fig. 9 Histochemical reactions in stem tissue sections of the CLR212
(resistant) (R) and CLR240 (susceptible) (S) clones of Eucalyptus
urophylla × E. grandis. The samples were collected 1 (a and b), 2 (c
and d), 4 (e and f), 8 (g and h), 16 (i and j), and 32 (k and l) days after
inoculation with Ceratocystis fimbriata and stained with ferric chloride.

Red circles show phenolic compounds accumulated in the periderm (a
and b), around the pith (c), in the rays (d), and in the fungal colonization
sites (f, i, and k). Scale bars = 100 (a–d and f), 50 (e and g–k), and 20 μm
(l)
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Fig. 10 Histochemical reactions in stem tissue sections of the CLR212
(resistant) (R) and CLR240 (susceptible) (S) clones of Eucalyptus
urophylla × E. grandis. The samples were collected 1 (a and b), 2 (c
and d), 4 (e and f), 8 (g and h), 16 (i and j), and 32 (k and l) days after

wounding and stained with ferric chloride. Red circles show phenolics
deposition in the periderm (a, g, h, and j), around the pith (c and d), and in
the rays (i). Scale bars = 100 (a–d) and 50 μm (e–l)

Fig. 11 Histochemical reactions in stem tissue sections of the CLR212
(resistant) (R) and CLR240 (susceptible) (S) clones of Eucalyptus
urophylla × E. grandis. The samples were collected from unwounded
plants at 1 (a and b), 2 (c and d), 4 (e and f), 8 (g and h), 16 (i and j),

and 32 days (k and l) and stained with ferric chloride. Red circles show
phenolics deposition in the periderm (a and b) and in the rays (i). Scale
bars = 100 (a–d and j–l) and 50 μm (e–i)
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Fig. 13 Histochemical reactions in stem tissue sections of the CLR212
(resistant) (R) and CLR240 (susceptible) (S) clones of Eucalyptus
urophylla × E. grandis. The samples were obtained 1 (a and b), 2 (c
and d), 4 (e and f), 8 (g and h), 16 (i and j), and 32 (k and l) days after
wounding and stained with lugol. Black arrows show the deposition of

starch in the periderm (a–h, j, and l) and in the rays (i, k, and l) and the
deposition of oxalate crystals in the periderm (a–h, j, and l). co = calcium
oxalate and st = starch. Scale bars = 100 (a, b, and d) and 50μm (c and e–
l)

Fig. 12 Histochemical reactions in stem tissue sections of the CLR212
(resistant) (R) and CLR240 (susceptible) (S) clones of Eucalyptus
urophylla × E. grandis. The samples were collected 1 (a and b), 2 (c
and d), 4 (e and f), 8 (g and h), 16 (i and j), and 32 (k and l) days after
inoculation with Ceratocystis fimbriata and stained with lugol. Black

arrows show the deposition of starch in the periderm (a–f), in the rays
(g, i, and k), and near the fungal colonization site (g) and the deposition of
oxalate crystals in the periderm (a–f). co = calcium oxalate, st = starch,
and fu = fungus. Scale bars = 100 (a–d, g, and i) and 50μm (e, f, h, and j–
l)
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