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ABSTRACT
Ceratocystis fimbriata causes wilt and death of plants in several
important crops and native vegetation in Brazil. Ceratocystis wilt
was recently found to be causing substantial mortality in kiwifruit
(Actinidia deliciosa and A. chinensis) in the Farroupilha region of
Rio Grande do Sul. The aim of this study was to describe the
symptomatology of the new disease and characterise isolates of
C. fimbriata obtained from kiwifruit plants. Affected plants showed
substantial discoloration of the woody xylem and wilt-type
symptoms of the foliage, with eventual death of the whole plant.
Phylogenetic analysis of ITS rDNA of 39 isolates from kiwifruit
identified five haplotypes, which were placed in the Latin
American clade of C. fimbriata. The ITS haplotypes were
morphologically similar to isolates of C. fimbriata from other hosts
in Brazil. Eight isolates of four ITS haplotypes varied somewhat in
aggressiveness to three kiwifruit cultivars (Monty, Hayward and
Elmwood), but all isolates were pathogenic and all three cultivars
were susceptible.

ARTICLE HISTORY
Received 1 April 2015
Accepted 8 September 2015

KEYWORDS
Ceratocystis wilt; Elmwood;
Hayward; ITS haplotypes;
kiwifruit; Monty

Introduction

Ceratocystis wilt, caused by Ceratocystis fimbriata Ellis & Halsted, was first observed in
kiwifruit plants (Actinidia deliciosa [A. Chev] C. F. Lianget A. R. Ferguson) in Rio
Grande do Sul, where it is causing extensive mortality (Sonego et al. 2010; Ferreira
et al. 2013a; Piveta et al. 2013). The pathogen has a very broad host range, including
woody and herbaceous plants of economic importance to Brazil, such as Acacia
mangium (Santos & Ferreira 2003), Colocasia esculenta (Harrington et al. 2005), Ficus
carica (Harrington et al. 2011), Hevea brasiliensis (Valdetaro et al. 2015), Tectona
grandis (Firmino et al. 2012) and Carapa guianense (Halfeld-Vieira et al. 2012).

The kiwifruit is native to China; in Brazil, commercial orchards are concentrated in the
states of Rio Grande do Sul and Santa Catarina. Since its first report in Farroupilha, Rio
Grande do Sul, kiwifruit mortality in some orchards has varied from 10%–30% per year,
according to local growers (A.C. Alfenas, pers. comms. 2014). Considering a production of
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30,000 kg/ha at a price of US$1.00/kg and a mortality rate of 30% per year, losses may
reach as much as $9,000/ha/year.

Kiwifruit is a climbing and dioecious plant that needs staking and pruning biannually
(summer and winter), which may facilitate the spread of C. fimbriata (Simão 1998). The
pathogen is soil-borne and can spread to neighbouring plants by root grafting (Accordi
1986). It can also be moved to new sites in infected plant material (Ferreira et al. 2010,
2011, 2013b; Harrington 2013). Another possible means of spread is by insect vectors;
ambrosia beetles are known to expel the frass from diseased trees that contain aleurioco-
nidia of the pathogen (Viégas 1960; Iton & Conway 1961; Harrington 2013). Different
strains of the fungus may vary greatly in aggressiveness to different hosts or even cultivars
of the same host, but strains of C. fimbriata are generally not host-specialised (Zauza et al.
2004; Engelbrecht & Harrington 2005).

The aim of this work was to describe more fully the epidemic of ceratocystis wilt on
kiwifruit and to characterise the isolates causing the disease, including phylogenetic ana-
lyses, morphological characteristics and pathogenicity tests.

Materials and methods

Symptoms, survey and isolations

Eight orchards in the region of Farroupilha were visited in 2010 to collect material for iso-
lation and six orchards were visited in 2014 to characterise the disease symptomatology. In
2010, 200 samples were collected from soil, roots and stems of symptomatic kiwifruit
plants of three cultivars (Monty, Elmwood and Hayward) (Table 1). Samples of plant
material in paper bags and soil samples in plastic bags were sent to the Laboratory of
Forest Pathology, Federal University of Viçosa, where isolations were carried out by
carrot baiting (Moller & Devay 1968). Of the 200 samples collected, 80 isolates of
C. fimbriata were recovered, all from discoloured stems, and 46 isolates were randomly
selected for further study. Ascospore masses from the top of perithecia forming on the
carrot slices were transferred to plates of YEMA (0.2% yeast extract, 2% malt extract
and 2% agar) with the antibiotic (rifamycin) at a concentration of 100 µL/L added after
autoclaving.

Table 1. Locations and number of Ceratocystis fimbriata isolates obtained from eight orchards of
kiwifruit in Farroupilha, Rio Grande do Sul.

Orchard (code) Varietiesa

Number of
isolates
recovered

Number of isolates
with ITS rDNA
sequenced

Geographic location

Latitude Longitude

Althoraus (PA) Bruno, Elmwood and MG06 23 6 29°15.235′ 51°26.393′
Miguel (PM) Bruno, Elmwood, Monty, MG06,

Yellow Queen and Golden King
14 6 29°14.242′ 51°23.187′

Girelli (PG) Bruno, Yellow Queen, Golden King
and MG06

12 5 29°07.407′ 51°24.009′

Bohn (PB) Bruno, Elmwood, Monty and MG06 10 6 29°09.022′ 51°24.805′
Colussi (PC) Bruno and Elmwood 10 6 29°09.505′ 51°22.783′
Contini (PCT) Bruno e Monty 10 4 29°10.571′ 51°24.009′
Pasa (PP) Bruno and MG06 7 4 29°11.751′ 51°24.118′
Lodi (PL) Bruno and Elmwood 5 2 29°07.469′ 51°24.438′

80 39
aThe isolates were not separated by cultivar, since the cultivars were mixed up in the orchards.
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DNA extraction and PCR amplification

For ITS rDNA analyses, isolates were grown on YEMA at 28 °C for 14–21 days, and
genomic DNA was extracted using the WizardGenomic® DNA Purification Kit
(Promega Inc) with minor modifications (Valdetaro et al. 2015). Sequences were gener-
ated using PCR and direct DNA sequencing with primers ITS1F and ITS4 (Harrington
et al. 2014) and an AB 3730xl sequencer (Applied Biosystems Inc) at the Iowa State Uni-
versity DNA Facility. Out of 46 isolates tested, readable sequences of 39 kiwifruit isolates
were obtained and used for phylogenetic analyses. The sequences of the other seven iso-
lates were unreadable, apparently because of variation in short regions of indels (short
regions of insertions or deletions) among the rDNA repeats (Harrington et al. 2014).

Phylogenetic analyses

The ITS sequences of kiwifruit isolates were manually aligned with those of the
C. fimbriata data set of Harrington et al. (2014), which included representatives of the
ITS haplotypes of C. fimbriata in the Latin American clade (LAC) and the other recog-
nised species in the LAC: C. colombiana M. van Wyk & M.J. Wingf.; C. cacaofunesta
Engelbrecht & T.C. Harr.; and C. platani (J.M. Walter) Engelbrecht & Harrington.
Isolate C1963 of C. variospora (R. W. Davidson) C. Moreau from the North American
clade (Johnson et al. 2005) was used as the outgroup taxon. The sequences were manually
aligned, with some ambiguity in the alignment of the ITS sequences due to indels. Includ-
ing representatives of each of the other ITS haplotypes and the 39 new sequences from
kiwifruit isolates, there were 65 aligned sequences analysed for maximum parsimony
(MP) using PAUP v.4.0b10 (Swofford 2002). Gaps were treated as a fifth base, all charac-
ters had equal weight, and the heuristic searches utilised simple stepwise addition and tree-
bisection-reconnection. Because of the large number of most parsimonious trees found
with the ITS data set, the maximum number of trees in the ITS bootstrap analysis was
set to 100 and only 100 bootstrap replications were run.

Morphological characterisation

Microscopic characters were measured for four representative isolates of the four most
common ITS haplotypes found in kiwifruit orchards: PM08 (ITS haplotype KiwiA);
PP08 (KiwiB); PC03 (KiwiC); and PB01 (KiwiD). Isolates were grown on YEMA contain-
ing 100 µL/L of rifamycin at 25 °C for 20 days. Thirty structures were analysed for each
measured trait using an Olympus BX53 microscope with the Olympus Q-Color 5 software
image capture and Imagen-Pro Plus 7.0 (Media Cybernectics Inc).

Pathogenicity

Two-year-old grafted kiwifruit plants of cultivars Monty, Elmwood and Hayward were
inoculated with eight kiwifruit isolates from different orchards (PCT01, PC03, PG01,
PL01, PB01, PA50, PP08 and PM08). The fungus was grown YEMA at 25 °C for 10
days, 10 mL of sterile distilled water was added to each plate, the surface of the colony
was scraped and filtered through a double layer of gauze, and the inoculum was adjusted
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to 2.5 × 106 spores/mL (Laia et al. 2000). An angled cut of approximately 2 cm in length
was applied with a scalpel to the main stem at 5 cm above ground, an aliquot of 500 µL of
the spore suspension was deposited in the wound, and the inoculated area was covered
with Parafilm. Plants treated with sterile distilled water were used as control. The exper-
iment was repeated. In the first test, the inoculated plants were maintained in a growth
chamber (26 ± 3 oC, 12 h photoperiod and 40 µM photons/s/m2). The second experiment
was conducted in a greenhouse in Santa Maria, Rio Grande do Sul during the summer,
when greenhouse temperatures ranged from 18–35 °C. Each experiment used a completely
randomised design with three and five replicate plants of approximately 40 and 70 cm
height, respectively. After 60 days of incubation or at the time of death, the length of
xylem discoloration was measured. A multifactorial ANOVA was conducted with both
experiments combined and with each experiment separately. For each experiment, the
means of the length of xylem discoloration in each cultivar were compared by the
Tukey’s test (P < 0.05).

Results

Symptomatology

Eight and six orchards were visited in 2010 and 2014, respectively, to characterise the
symptomatology. The disease was found scattered throughout the orchards, although
patches of symptomatic and dead plants were commonly seen (Figure 1A). Initially, the
leaves of affected plants lost turgor and brightness, curled up, dried and fell off the vines
(Figure 1B–D). Based on the xylem discoloration in the symptomatic plants, infections gen-
erally started in the roots (Figure 1E–F) and then moved upwards in the stem (Figure 1G),
ultimately reaching the upper branches of the entire plant, and the plants ultimately died.
Root infections were likely to arise from soil-borne inoculum, but the spread to adjacent
plants through grafted root systems would explain the expanding pockets of infection.

In cross sections of the stem and roots, radial discoloration of the host tissue was
observed and often included the entire woody xylem (Figure 2A). Dark-brown lesions
in the cambium/inner bark region were observed (Figure 2B). In the initial stage of
plant infection, the fruits appeared normal (Figure 2C), but as the infection progressed,
the fruits of affected plants were smaller, shrivelled and wrinkled (Figure 2D–E).
However, the pathogen did not appear to colonise the inner tissue of the fruit (Figure
2F). Most of the diseased plants were infested with ambrosia beetles after they died.

Phylogenetic analysis

The amplified products of the ITS rDNA region of the 46 tested isolates were approxi-
mately 680 bp. An attempt was made to directly sequence the products with the same
primers used in PCR, but the electropherograms of two isolates (PP03 and PP06) were
not readable, and five others (PCT05, PCT27, PG07, PL06 and PP02) gave short reads
that turned into overlapping peaks, which is typical for sequences of C. fimbriata isolates
that have mixtures of ITS sequences among the tandem rDNA repeats (Harrington et al.
2014).
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The alignment of the ITS1, 5.8S and ITS2 sequences of the 39 kiwifruit isolates and 26
other representative isolates of the C. fimbriata complex was 604 characters long (includ-
ing gaps), with 461 characters constant and 85 parsimony uninformative, leaving 58 par-
simony informative characters. The analysis resulted in a total of 29 trees of 281 steps, and
one of those trees is shown in Figure 3. Consistent with other studies of the ITS rDNA
sequences of the C. fimbriata complex (Harrington et al. 2011, 2014), the homoplasy
index (HI) was high (0.4235 with all characters and 0.6198 excluding uninformative char-
acters; consistency index was 0.5765 and 0.3802, respectively), the retention index (RI) was
0.8566, and the rescaled consistency index (RC) was 0.4939. There was little or no boot-
strap support for most of the branches.

There were five ITS haplotypes found among the 39 sequenced isolates from kiwifruit.
One sequence (KiwiB haplotype, from isolate PP08) was identical to a previously reported
C. fimbriata haplotype (ITS3) that had previously been recorded on Eucalyptus spp. and
Mangifera indica in Bahia and Rio de Janeiro in Brazil and in Pakistan, Thailand and
Uganda (Harrington et al. 2014). The KiwiC haplotype (isolates PB67, PC03 and PL01)
and the KiwiD haplotype (common in orchards PB and PP) were related to the ITS5

Figure 1. Symptoms of ceratocystis wilt caused by Ceratocystis fimbriata in kiwifruit (Actinidia deliciosa).
A, Patches of dead plants; B, wilted, curled leaves; C, plants with attached dried leaves; D, dead and
defoliated plant; E, F, radial xylem discoloration in roots; G, xylem discoloration moving up the stem
from roots.
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haplotype, which is common on Eucalyptus spp. and Acacia spp. in Brazil and other parts
of the world (Harrington et al. 2014). The most common kiwifruit haplotype (KiwiA) was
unique and found in seven of the eight orchards, while the related KiwiE haplotype was
found in one isolate (PM30) (Figure 3).

Morphological characterisation

Representative isolates of ITS haplotypes A, B, C and D were morphologically indistin-
guishable. At 4–8 days of incubation at 25 oC on YEMA, cultures were pale brown to
dark brown and produced a banana-like odour. Perithecia bases were submerged or on
the agar surface, globose, dark, 90–260 µm wide, with straight necks, 100–825 µm long,
terminating in ostiolar hyphae that were divergent, hyaline, 28–114 µm long. Asci were

Figure 2. Symptoms of ceratocystis wilt caused by Ceratocystis fimbriata in kiwifruit (Actinidia deliciosa).
A, Xylem discoloration in a branch; B, dark-brown lesions in the cambium region; C, normal fruits pro-
duced in plants at early stages of infection; D, shrivelled and wrinkled fruits produced in plants at late
stage of infection; E, deformed fruits to be discarded; F, healthy inner tissue of a deformed fruit from an
infected plant.
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not seen. Ascospores were hyaline, ovoid, with a hat-shaped brim, 4–6 × 3–5 µm. Most
endoconidiophores were wider at the base, tapering towards the apex, 25–185 µm long
and 2–10 µm width at the apex, producing catenulate, cylindrical, straight, hyaline to
pale brown, aseptate conidia 9–24 × 2–4 µm. All isolates also produced a second endoco-
nidiophore type that was wider, straight, 35–140 µm long, producing catenulate, doliform

Figure 3. One of 29 most parsimonious trees of 281 steps based on the ITS rDNA sequences of repre-
sentative haplotypes of the Latin American clade (LAC) of the Ceratocystis fimbriata complex
(C. fimbriata, C. colombiana, C. cacaofunesta and C. platani) and 39 isolates from kiwifruit. All isolates
are considered to be in the LAC, except the outgroup taxon, C. variospora. The ITS haplotype designa-
tions for C. fimbriata follow the designations of Harrington et al. (2014), with four new kiwi haplotypes
designated as A, B, C and D. Host genera and countries or states (Brazil) of origin are given for the iso-
lates. Bootstrap values greater than 50% are indicated on appropriate branches. The vertical bar sep-
arates haplotype ITS3 from different host species.
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Table 2. Length of xylem discoloration (XD) and number of dead plants (NDP) in three cultivars of kiwifruit (Monty, Hayward and Elmwood) inoculated with eight
isolates of Ceratocystis fimbriata representing four ITS haplotypes.

ITS Haplotype Isolate Number

Experiment 1 Experiment 2

Monty Hayward Elmwood Monty Hayward Elmwood

XD (cm) NDP XD (cm) NDP XD (cm) NDP XD (cm) NDP XD (cm) NDP XD (cm) NDP

A PCT01 12.0 a* 2 14.0 a 1† 14.3 a 0 68.4 a 5† 21.8 ab 1 23.0 ab 1
PG01 14.2 a 2 13.0 a 2 11.8 a 0 65.0 a 5 47.8 a 5 40.6 a 1
PA50 8.7 a 0 7.7 a 0 13.3 a 0 10.8 c 2 34.0 ab 0 23.4 ab 0
PM08 10.5 a 0 14.3 a 1 11.2 a 0 20.0 bc 0 16.4 b 0 24.2 ab 0

B PP08 9.1 a 1 13.5 a 1 9.3 a 0 37.6 b 2 30.8 b 1 21.2 ab 0
C PC03 14.8 a 1 13.8 a 1 10.4 a 1 53.2 ab 5 35.4 ab 4 42.8 a 3

PL01 13.5 a 1 14.6 a 1 11.2 a 1 23.8 bc 1 45.8 a 4 27.4 ab 3
D PB01 12.0 a 0 7.7 a 1 13.8 a 1 14.4 c 1 14.6 b 1 25.2 ab 0
Control 2.0 b 0 2.0 b 0 2.0 b 0 2.0 c 0 2.0 b 0 2.0 b 0

*Means within a column followed by the same letter are not significantly different from each other using Tukey’s test (P < 0.05).
†Number of dead plants out of three inoculated plants in experiment 1 or five inoculated plants in experiment 2.
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(barrel-shaped), hyaline to pale brown conidia, 6–9 × 3–5 µm. All isolates also produced
aleurioconidia that were catenulate, dark brown, 8– 17 × 6–12 µm.

Pathogenicity

Each of the eight tested isolates caused more xylem discoloration than the control
inoculations in each of the three kiwifruit cultivars, and at least one of the plants inocu-
lated with each isolate died (Table 2). Reisolations of the pathogen from the discoloured
xylem of inoculated plants yielded typical colonies of C. fimbriata. Uninoculated
plants showed no foliar symptoms and only limited discoloration in the vicinity of
the wound.

The multifactoral ANOVA found highly significant differences in the linear extent of
xylem discoloration between the two experiments (P < 0.001) and among the treatments
(eight isolates and the control, P < 0.001). In the greenhouse experiment (experiment
2), where temperatures were considerably greater and the plants more likely stressed,
there was more xylem discoloration and more inoculated plants died than in the
growth chamber experiment (Table 2). In the combined ANOVA, the three cultivars of
kiwifruit did not differ significantly in the extent of xylem discoloration (P < 0.132), but
there was significant isolate × cultivar × experiment interaction (P < 0.016).

In the ANOVA of the growth chamber study (experiment 1) only, the treatments varied
significantly in the extent of xylem discoloration (P < 0.001), but the isolates did not differ
from each other (Table 2). The ANOVA of extent of xylem discoloration in experiment 2
found that both the treatments (P < 0.001) and the isolate × cultivar interaction (P < 0.004)
were significant. In general, isolates PCT01, PG01 and PC03 were the most aggressive
isolates in experiment 2, but there did not appear to be obvious differences in aggres-
siveness among isolates representing the four tested ITS haplotypes (Table 2). In exper-
iment 2, cultivar Monty appeared to be somewhat more susceptible than cultivars
Hayward and Elmwood based on the extent of xylem discoloration and number of
dead plants (Table 2). Combining both experiments, 29 of 64 inoculated plants of cul-
tivar Monty died, 24 plants of cultivar Hayward died and 10 plants of cultivar Elmwood
died.

Discussion

All of the isolates obtained from kiwifruit morphologically matched C. fimbriata and had
ITS rDNA sequences that placed the pathogen in the Latin American clade, along with
other Brazilian isolates from Gmelina arborea, Colocasia esculenta, Ficus carica, Eucalyp-
tus spp. and Mangifera indica (Ferreira et al. 2010; Harrington et al. 2011, 2014; Oliveira
et al. 2015). Use of ITS rDNA sequences for delimiting species in the C. fimbriata complex
has been problematic, both because of the abundance of indels among and within popu-
lations of the pathogen and because many isolates in some introduced populations have
variation in these indels among the rDNA repeats of single ascospore isolates (Harrington
et al. 2014; Oliveira et al. 2015). Fourie et al. (2015) suggested that some of the recently
described species within the Latin American clade of the C. fimbriata complex could be
delimited by sequences of other gene regions, and thus the population on kiwifruit
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could be considered to be three or more undescribed species. However, Harrington et al.
(2014) and Oliveira et al. (2015) concluded that such ITS rDNA sequence variation cor-
responds to differences among populations of C. fimbriata. More phylogenetic analyses
are needed, but a single species (C. fimbriata) appears to be causing the epidemic on
kiwifruit.

The kiwifruit isolates varied substantially in ITS sequences, so the pathogen on kiwifruit
is not likely to be due to an introduction of a single genotype. The eight tested isolates
varied in aggressiveness, but each isolate was pathogenic and isolates representing the
different ITS haplotypes did not appear to differ substantially in aggressiveness. Other
studies (Baker et al. 2003; Harrington et al. 2011) have also found variation among Bra-
zilian isolates of C. fimbriata in aggressiveness to various hosts, and Zauza et al. (2004)
and Mafia et al. (2011) found variability in aggressiveness of C. fimbriata to different euca-
lyptus clones. Similarly, there was significant isolate × cultivar interaction in the second
experiment using the eight kiwifruit isolates and the three tested cultivars of kiwifruit.
The three cultivars of kiwifruit were all highly susceptible, but cultivar Elmwood
showed somewhat less mortality than cultivars Monty and Hayward. However, it
appears that kiwifruit is highly susceptible to a wide variety of haplotypes of
C. fimbriata, and with the abundance and diversity of the pathogen in Brazil, the future
of kiwifruit production in the area is severely threatened.

Ceratocystis wilt is currently considered the most important pathogen on kiwifruit in
Brazil because it has caused significant losses in production, and many growers have aban-
doned their plantings. The pathogen is soil-borne and probably native in the main kiwi-
fruit-growing area of Brazil (Ferreira et al. 2013a), so disease-resistant material may be the
best management option, as it has proven to be for ceratocystis wilt in eucalyptus in Brazil
(Alfenas et al. 2009). The three planted cultivars in the region all appear to be highly sus-
ceptible, but it may be possible to develop resistant rootstocks. However, highly aggressive
isolates should be used to select resistant rootstocks.

Strains of C. fimbriata and related species have been moved frequently in infected
nursery stock of vegetatively propagated crop plants (Ferreira et al. 2011, 2013b; Harring-
ton 2013), and it appears that some of the ITS haplotypes may have been moved in
infected kiwifruit plants (Ferreira et al. 2013a). Thus, great care should be taken in
moving kiwifruit plants and cuttings from Rio Grande do Sul and from other regions
where the pathogen is known to be common in nurseries, such as São Paulo (Ferreira
et al. 2010). The pathogen can also be moved on tools used for pruning and other prac-
tices, so sanitation measures may aid management where the disease levels and soil-
borne population levels are relatively low (Harrington 2013).
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