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Abstract: This research evaluates biological control agents (BCAs) and fungicide alone and in
combination for the management of decline caused by multiple fungi on milkwort (Polygala myrtifolia).
Four experiments were performed in a greenhouse within a nursery located in Catania province
(southern Italy). The activity of fungicides and biological control agents was evaluated by calculating
the plant mortality (%) and recovery frequency (%) of different fungi associated with symptomatic
tissue. Comprehensively, boscalid + pyraclostrobin and fosetyl-Al showed the best results in
managing disease complex on milkwort. Biological control agents provided, on average, the lowest
performances; nevertheless, in most cases, they were able to significantly reduce multiple infections
and sometimes when combined with fungicide enhanced the effectiveness. The molecular analysis of
86 isolates obtained from symptomatic tissue allowed to identify the fungi involved in the disease as
Calonectria pauciramosa, C. pseudomexicana, Fusarium oxysporum, Neocosmospora solani (syn. F. solani)
and binucleate Rhizoctonia AG-R. Calonectria pseudomexicana never reported on milkwort and in
Europe was inoculated on P. myrtifolia potted healthy cuttings and produced crown and root rot after
40 days. Our findings represent the first worldwide report about disease complex of milkwort caused
by several fungi (Calonectria spp., Fusarium spp. and binucleate Rhizoctonia) and on the effects of
integrated control strategies to manage this disease in the nursery.

Keywords: Calonectria; Fusarium and Rhizoctonia species; disease control; fungicides;
microbiological formulates

1. Introduction

Milkwort (Polygala myrtifolia L.) is a widespread, evergreen shrub belonging to Polygalaceae family
and native to the South African regions. Generally, the use of this ornamental crop is concentrated
in open gardens and parks in southern Italy, whereas it is mainly cultivated as a potted plant in
northern Italy. This species can be affected by several fungal diseases. Among these, crown and root
rot caused by Calonectria pauciramosa C.L. Schoch & Crous (=Cylindrocladium pauciramosum C.L. Schoch
& Crous) [1], web blight, crown and root rot caused by binucleate Rhizoctonia (BNR) AG-R (teleomorph:
Ceratobasidium Rogers) [2] and decline and crown and root rot caused by Fusarium oxysporum Schltdl.:
Fr. and Neocosmospora solani (Mart.) L. Lombard & Crous (sin. Fusarium solani (Mart.) Sacc. [3] were
reported in Italy. In Sicily (southern Italy), Calonectria species are the primary pathogens and cause
heavy losses on milkwort in nursery. Diseased plants show wilting, stunting, chlorosis or loss of foliage
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and the rotting of the basal stem as well as crown and root rot. Calonectria spp. are pathogens of a broad
range of ornamental and forestry crops and widespread in Italy [4–18]. The management of Calonectria
infections in nursery should involve the development of integrated control strategies aimed at reducing
both the level of the primary inoculum in contaminated soil or substrate used for cultivation [19–21]
and the rate of infection [22–25]. Although the use of some fungicides such as benzimidazoles and
sterol demethylation inhibitors is effective against Calonectria species, their use should be limited
due to the selection of resistant isolates [26–28]. Besides, some biological control agents (BCAs) are
effective to reduce Calonectria infections [23,29,30]. However, based on our results on Myrtaceae and
Sapindaceae ornamental species, BCAs applied alone were less effective than fungicides or combined
treatments [23]. Moreover, the efficacy of BCAs is variable depending on different factors such as the
host species, the application modes and timing of biological agents, the fungal species and isolate and
the commercial formulations used [30–32]. Thus, an effective integrated control strategy of Calonectria
diseases in nursery can be achieved by testing both different combination of BCAs and fungicides and
different modes and times of application.

Therefore, the aims of this research were to evaluate BCAs and fungicides alone and in combination
to management of decline of milkwort in nursery and identify the fungal species involved in the disease.

2. Results and Discussion

2.1. Effectiveness of Treatments

Data on treatment efficacy and relative to four experiments (I, II, III and IV) performed under
conditions of both artificial and natural disease pressure are reported in Tables 1–4. Nevertheless, it was
not possible to relate plant mortality data with the relative recovery frequency of the single fungal
pathogen retrieved.

Table 1. Efficacy of treatments in reducing milkwort decline in experiment I under artificial inoculation
with Calonectria pauciramosa after 4 months.

Treatments
Plant z Recovery Frequency (%)

Mortality (%) Calonectria spp. Fusarium spp.

Fosetyl-Al 56.6 ± 1.6 e 14.6 ± 8.2 ns 8.8 ± 3.2 ns

Propamocarb & fosetyl-Al mixture 77.2 ± 3.8 bc 28.6 ± 14.3 9.5 ± 4.8
Boscalid + pyraclostrobin mixture 31.0 ± 2.6 f 4.2 ± 4.2 10.6 ± 0.6

B. amyloliquefaciens D747 71.1 ± 3.8 cd 11.1 ± 4.05 4.6 ± 2.0
B. amyloliquefaciens QST713 64.6 ± 1.5 de 19.5 ± 11.7 23.4 ± 7.7

T. gamsii + T. asperellum 65.8 ± 2.7 d 19.5 ± 5.5 17.9 ± 5.8
Streptomyces K61 80.1 ± 1.6 ab 1.2 ± 1.2 21.0 ± 5.8

B. amyloliquefaciens D747 & fosetyl-Al 81.4 ± 3.3 ab 30.2 ± 11.4 4.9 ± 3.7
B. amyloliquefaciens QST713 & fosetyl-Al 67.4 ± 2.3 d 42.9 ± 11.0 6.35 ± 4.2

T. gamsii + T. asperellum & fosetyl-Al 68.6 ± 3.3 d 31.1 ± 7.5 16.5 ± 8.3
Streptomyces K61 & fosetyl-Al 68.4 ± 2.4 d 26.8 ± 19.3 10.1 ± 10.1

Untreated control 84.9 ± 1.9 a 43.8 ± 7.40 27.1 ± 3.0
z Mean data± standard error of the mean (SEM) from three replicates are presented although analysis was performed
on angular transformed values. Means followed by different letters within the column are significantly different
according to Fisher’s least significance differences test (α = 0.05). ns = not significant data.
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Table 2. Efficacy of treatments in reducing milkwort decline and agronomic parameters of plants in experiment II under artificial inoculation with Calonectria pauciramosa
after 4 months.

Treatments
Plant z Recovery Frequency (%) Mean Shoot Mean Shoot Mean

Mortality (%) Calonectria spp. Fusarium spp. Binucleate
Rhizoctonia Number Length (cm) Weight (g)

Boscalid + pyraclostrobin mixture 45.1 ± 4.2 cd 19.0 ± 12.6 ns 66.7 ± 33.3 ns 0.0 ns 5.7 ± 0.5 ns 9.1 ± 0.7 ns 80.8 ± 13.4 ns

T. harzianum T22 and 908 77.2 ± 3.3 ab 45.2 ± 2.4 35.7 ± 14.3 21.4 ± 8.2 5.2 ± 1.0 9.0 ± 1.0 64.4 ± 8.4
Streptomyces K61 66.2 ± 6.5 bc 38.1 ± 21.2 50.0 ± 27.0 26.2 ± 14.5 5.4 ± 0.8 8.4 ± 0.7 60.6 ± 5.6

T. atroviride & T. asperellum 67.0 ± 15.9 bc 28.6 ± 7.1 83.3 ± 10.4 11.9 ± 11.9 4.9 ± 0.2 8.9 ± 0.3 65.8 ± 5.3
B. amyloliquefaciens QST713 69.1 ± 6.1 bc 33.3 ± 19.5 42.9 ± 18.9 19.0 ± 12.6 5.3 ± 0.2 9.2 ± 0.4 73.1 ± 6.6

Boscalid+pyraclostrobin & T. harzianum T22 and 908 47.6 ± 4.0 cd 21.4 ± 10.9 38.1 ± 8.6 2.4 ± 2.4 5.3 ± 0.5 8.0 ± 0.1 61.8 ± 4.1
Boscalid+pyraclostrobin & Streptomyces K61 54.0 ± 7.1 bcd 31.0 ± 11.9 61.9 ± 14.5 35.7 ± 12.4 6.3 ± 0.7 10.4 ± 0.6 92.2 ± 11.6

Boscalid+pyraclostrobin & T. atroviride + T. asperellum 48.0 ± 8.6 cd 19.0 ± 8.6 88.1 ±11.9 0.0 6.2 ± 0.4 9.6 ± 0.4 80.4 ± 4.2
Boscalid+pyraclostrobin & B. amyloliquefaciens QST713 39.7 ± 6.8 d 11.9 ± 6.3 59.5 ± 15.6 14.3 ± 14.3 6.0 ± 0.5 10.1 ± 0.8 84.5 ± 9.1

Untreated control 90.9 ± 4.7 a 45.2 ± 8.6 52.4 ± 9.5 11.9 ± 6.3 4.9 ± 0.1 7.8 ± 0.9 62.7 ± 8.9
z Average data ± standard error of the mean (SEM) from three replicates are presented although analysis was performed on angular transformed values. Means followed by different
letters within the column are significantly different according to Fisher’s least significance differences test (α = 0.05). ns = not significant data.

Table 3. Efficacy of treatments in reducing milkwort decline and agronomic parameters of plants in experiment III under natural infection after 5 months.

Treatments
Plant y Recovery Frequency (%) Mean Shoot Mean Shoot Mean Mean

Mortality
(%) Calonectria spp. Fusarium spp. Binucleate

Rhizoctonia Number Length (cm) Weight (g) Diameter
(cm)

Fosetyl-Al & B. amyloliquefaciens D747 7.1 ± 0.9 c 0.0 ns 65.2 ± 6.9 ns 8.3 ± 4.3 ns 3.9 ± 0.1 ns 13.3 ± 0.2 ns 47.5± 2.1 ns 0.4 ± 0.01 ns

Fosetyl-Al & T. gamsii + T. asperellum 12.6 ± 3.0 bc 0.0 64.8 ± 2.1 9.0 ± 3.7 3.2 ± 0.2 16.6 ± 0.1 49.3 ± 1.4 0.4 ± 0.03
Fosetyl-Al & T. asperellum ICC012, T25, TV1 11.3 ± 3.3 bc 16.1 ± 8.2 60.9 ± 8.4 4.7 ± 1.3 2.4 ± 0.04 13.1 ± 0.1 37.0 ± 3.7 0.4 ± 0.02

Fosetyl-Al & P. chlororaphis 6.8 ± 0.7 c 5.2 ± 3.92 22.9 ± 2.2 6.7 ± 2.4 3.5 ± 0.2 14.2 ± 0.3 50.8 ± 3.6 0.4 ± 0.01
Fosetyl-Al & Streptomyces K61 7.2 ± 0.7 c 0.0 ± 0.0 52.5 ± 4.1 5.2 ± 1.3 3.2 ± 0.03 14.6 ± 0.3 42.3 ± 0.9 0.4 ± 0.01

Fosetyl-Al 13.9 ± 1.0 b 14.7 ± 11.2 38.8 ± 6.4 1.9 ± 0.5 2.6 ± 0.01 12.0 ± 0.5 33.0 ± 3.2 0.4 ± 0.02
Propamocarb + fosetyl-Al mixture 17.2 ± 2.6 ab 5.7 ± 3.00 44.3 ± 12.1 3.8 ± 2.1 2.8 ± 0.2 13.2 ± 0.5 34.7 ± 0.6 0.4 ± 0.02
Thiophanate-methyl & prochloraz 18.4 ± 4.2 ab 5.2 ± 5.2 17.6 ± 5.6 11.9 ± 4.2 2.4 ± 0.2 12.6 ± 0.1 37.0 ± 3.0 0.4 ± 0.02

Untreated control 20.6 ± 3.5 a 20.4 ± 10.3 72.0 ± 8.4 6.6 ± 3.3 2.8 ± 0.1 13.0 ± 0.8 35.8 ± 1.4 0.4 ± 0.01
y Average data ± standard error of the mean (SEM) from three replicates are presented although analysis was performed on angular transformed values. Means followed by different
letters within the column are significantly different according to Fisher’s least significance differences test (α = 0.05). ns = not significant data.
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Table 4. Efficacy of treatments in reducing milkwort decline in experiment IV under natural infection
after 5 months.

Treatments
Plant z Recovery Frequency (%)

Mortality (%) Calonectria spp. Fusarium spp. Binucleate
Rhizoctonia

Boscalid + pyraclostrobin & fosethyl-Al (trts1) 8.9 ± 0.4 ef 7.9 ± 4.2 ns 86.9 ± 5.2 ns 1.2 ± 1.2 ns

Boscalid + pyraclostrobin & propamocarb + fosetyl-Al 15.9 ± 1.1 cd 22.2 ± 10.4 86.9 ± 4.3 1.2 ± 1.2
Scheduled trts1 & B. amyloliquefaciens D747 11.6 ± 0.5 ef 51.2 ± 4.3 79.8 ± 7.2 2.4 ± 2.4

Scheduled trts1 & B. amyloliquefaciens QST713 5.6 ± 0.3 g 34.9 ± 3.2 41.7 ± 6.3 3.6 ± 3.6
Scheduled trts1 & Streptomyces K61 8.7 ± 0.4 fg 11.5 ± 7.3 82.1± 10.9 1.2 ± 1.2

Scheduled trts1 & T. gamsii + T. asperellum 17.4 ± 0.7 bc 27.8 ± 14.3 52.4 ± 6.6 0
Scheduled trts1 + P. chlororaphis 18.9 ± 0.9 bc 26.6 ± 4.6 79.8 ± 6.6 3.6 ± 2.1

Scheduled trts1 + T. harzianum T22 and 908 12.4 ± 0.9 de 31.3 ± 10.6 57.1± 14.4 0
Untreated control 35.8 ± 3.1 a 54.4 ± 1.4 88.1 ± 6.6 1.2 ± 1.2

Standard trts (thiophanate-methyl & prochloraz) 21.9 ± 4.1 b 46.0 ± 5.7 19.1 ± 1.2 0
z Average data ± standard error of the mean (SEM) from three replicates are presented although analysis was
performed on angular transformed values. Means followed by different letters within the column are significantly
different according to Fisher’s least significance differences test (α = 0.05). ns = not significant data.

2.2. Experiment I

Results from experiment I were carried out under artificial Calonectria disease pressure and are
reported in Table 1. Based on these results, it was found that plant mortality is due not only to inoculated
C. pauciramosa but also to Fusarium spp. natural infections as shown in the recovery frequency column.
However, almost all treatments significantly reduced milkwort seedlings’ mortality values if compared
with those of untreated control. Commercial formulate containing boscalid + pyraclostrobin was the
most effective treatment for controlling mixed fungal infections in milkwort. Moreover, this latter
finding was partially confirmed by relative lowest C. pauciramosa recovery frequencies (although not
significant data). Also, fosetyl-Al applied alone consistently reduced seedlings mortality when
compared with most of the remaining treatments. Although with lower performances, tested BCAs,
applied alone or in combinations with fosetyl-Al, significantly reduced infections of collar and
root rot complex caused by C. pauciramosa and Fusarium spp. except for those of milkwort treated
with Streptomyces K61 and Bacillus amyloliquefaciens D747 + fosetyl-Al combination, respectively.
Conversely, data regarding fungal recovery among tested treatments did not always significantly differ
among them and from untreated control (Table 1).

2.3. Experiment II

In experiment II performed under artificial C. pauciramosa disease pressure, commercial fungicide
boscalid + pyraclostrobin mixture, when applied alone or in combination with tested BCA formulates
always, provided a significant reduction of multiple disease infections if compared to those of untreated
control and treated with BCAs alone (Table 2). However, all boscalid + pyraclostrobin-based treatments
showed averagely the same performances among them in disease complex management. These findings
are in full accordance with the data obtained in the previous experiment and with those recently
reported by Cinquerrui et al. [23]. It is worth noting that the application of Streptomyces K61 and
T. atroviride & T. asperellum, in this disease pressure context, resulted in a statistically significant
decrease of plant mortality on their own, and observed data were not statistically different from the
relative combination of these biocontrol agents with boscalid + pyraclostrobin. However, it was
not possible once again to observe significant recovery frequency differences for involved fungal
genera (Calonectria, Fusarium and Rhizoctonia) in crown and root infections among all tested treatments.
Nevertheless, Calonectria recovery values from symptomatic tissues of milkwort treated with boscalid
+ pyraclostrobin were averagely the lowest among treatments thus partially confirming data of
previous experiment. Otherwise, data regarding the mean recovery frequency of Fusarium spp. from
infected tissues was very variable among tested treatments whereas BNR colonies were on average
recovered with the lowest frequency among all three fungal genera. Comprehensively, better agronomic
parameters (shoot number, length and weight) were almost better in all treated milkwort seedlings if



Plants 2020, 9, 1682 5 of 13

compared to those of untreated ones although it was not always possible to detect significant differences
among treatments (Table 2).

2.4. Experiment III

In experiment III, performed under natural disease pressure conditions, fosetyl-Al, applied alone
or in combination with BCAs, showed the best performances (significant data) among all treatments in
being able to significantly reduce plant mortality caused by crown and root rot disease complex (Table 3).
These data are in agreement with those recovered in experiment I. Otherwise, thiophanate-methyl and
propamocarb + fosetyl-Al mixture revealed ineffective in significantly reducing mixed infections caused
by Calonectria spp., Fusarium spp. and BNR fungi. The breakdown of efficacy of thiophanate-methyl &
prochloraz (and in general for MBC fungicides) could be probably related to widespread occurrence
of fungal resistance phenomena [26–28] whereas the failure of propamocarb + fosetyl-Al mixture in
controlling Calonectria infections alone was also previously reported by Aiello et al. [22]. Although
Calonectria and Fusarium recovery frequencies detected in treated plots were always numerically lower
than those detected in controls once again the data were not significantly different. Rhizoctonia recovery
frequency from infected tissues of milkwort seedlings was always lesser than other fungal pathogens
and very variable among all treatments. Regardless of agronomic parameters, no significant differences
were detected among tested treatments (Table 3).

2.5. Experiment IV

In experiment IV, scheduled application of a boscalid + pyraclostrobin (Signum™) mixture
and fosetyl-Al alone and combined in alternation with BCAs was effective in controlling attacks of
crown and rot disease complex incited by Calonectria, Fusarium and Rhizoctonia species, being always
significantly different from untreated control (Table 4). Although without significant differences,
all treatments including scheduled fungicide applications combined with BCAs employment, provided
a good reduction of infection amount due to C. pauciramosa (see fungal recovery data) and not always
for Fusarium spp. Moreover, Rhizoctonia spp. was occasionally recovered from infected tissues.
Overall, standard fungicide program (alternations of thiophanate methyl with prochloraz) showed the
worst performances in managing mixed fungal infections in the nursery (Table 4). This latter finding
should be probably related to spread resistance phaenomena to methyl benzimidazole carbammates
(MBCs) and decreased sensitivity to prochloraz reported in south Italy [22,26–28].

2.6. Recovery Frequency and Identification of Isolates

According to the morphological and molecular analysis, 86 representative isolates single-conidium
recovery from symptomatic tissue were identified as follows: 31 Fusarium species (12 isolates belong to
F. solani species complex and 19 to F. oxysporum species complex), 45 Calonectria spp. (named with
acronym CP followed by number) and 10 binucleate Rhizoctonia AG-R.

Translation elongation factor 1-alpha (EF-1α) gene (TEF) sequences of one representative
isolate for both Fusarium species showed 100% and 99.8% homology with a strain of F. oxysporum
(GenBank accession no. LS420072) and a strain of F. solani (GenBank accession no. CBS131775),
respectively. F. solani and F. oxysporum were already reported by Vitullo et al. [3] and cause crown
and root rot in this species. According to the new taxonomic classification, F. solani is a name given
to a complex “Fusarium solani Species Complex” (FSSC) of over 45 morphologically cryptic species
è [33] and a recent study showed that FSSC is actually another genus of the Nectriaceae family named
Neocosmospora [34]. Also F. oxysporum is a species complex (FOSC) with different species and formae
specialis. The FOSC includes soil-borne pathogens responsible for vascular wilt, cankers, rot and
damping-off of a wide range of agronomical and horticulturally important crops [35] and widely
spread in Sicily, Italy [36–39].

Analysis of the internal transcribed sequence spacer region of rDNA and 5.8S (ITS) revealed that
the isolates of binucleate Rhizoctonia belonged to binucleate Rhizoctonia AG-R. One representative
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isolate of binucleate Rhizoctonia showed a sequence similarity of 99% with an AG-R isolate from
Genbank (accession no. JX514382). Binucleate Rhizoctonia AG-R was recovered with lower frequency
compared to the other fungi but still it showed a role in the disease complex of milkwort confirming its
ability to cause crown and rot root as reported by Aiello et al. [2].

The identification of the Calonectria strains is evident from the tree shown in Figure 1, in which the
phylogenetic tree of the Calonectria species is closely related to the 45 strains clearly evidenced, with a
high bootstrap, that 43 strains belong in the clade of C. pauciramosa and two strains in the clade of C.
pseudomexicana L. Lombard, G. Polizzi & Crous. Among Calonectria species, C. pauciramosa was already
reported on milkwort by Polizzi & Crous [1], while C. pseudomexicana was recovered for the first time
from this species. The isolates of C. pseudomexicana (CP7 and CP14) were pathogenic to the inoculated
cuttings of milkwort and produced crown and root rot after 40 days. All plants show wilting, basal
stem rot and crown and root rot with 100% of disease incidence while plant mortality was 64% and 71%
for CP7 and CP14, respectively. The pathogen was re-isolated from the artificially inoculated plants
and were identified as previously described, fulfilling Koch’s postulates. No symptoms were observed
on control plants. This work shows the pathogenicity and the presence of C. pseudomexicana in Italy for
the first time. This species was first described in Tunisia from Callistemon sp. by Lombard et al. [40].
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Thus, the data related to the recovery frequency of pathogens in the four experiments confirmed the
presence of Calonectria, Fusarium and Rhizoctonia species in disease complex of milkwort. The frequency
of Calonectria spp. and Fusarium spp. from infected tissues was very variable among the experiments
and tested treatments whereas binucleate Rhizoctonia were averagely recovered with the lowest
frequency among all three fungal genera.

3. Materials and Methods

3.1. Biological Control Agents and Fungicides

Four experiments were performed in a greenhouse within a nursery located in Carruba, Riposto,
Catania province, Italy. In Experiments I and II, the efficacy of BCAs and fungicides, applied alone
or in combination to control crown and root rot caused by artificial inoculations of C. pauciramosa on
milkwort was evaluated. In Experiments III and IV, the efficacy of BCAs and fungicides, applied alone
or in combination to control natural infections caused by C. pauciramosa on milkwort was evaluated.
Moreover, when other pathogens affected milkwort, the effect on them were also evaluated. Fungicides
and microbiological formulates tested are listed in the Table 5. Some of these already tested previously
against Calonectria infections on other ornamental species [22,23] were chosen to confirm their activity
on milkwort.

3.2. Effectiveness of Treatments

In all experiments (I, II, III and IV) performed under natural and artificial disease conditions,
the effectiveness of treatments was always related to plant mortality values. In addition, it has been
determined the recovery frequencies of involved fungal species associated to the decline and crown
and root rot complex disease.

3.3. Experiment I

The experiment consists of 12 treatments replicated three times in a randomized complete block
design (RCBD) with 50 to 70 cuttings of milkwort for replicate (Table 1). The same number of untreated
cuttings served as control. Fungicide were applied 48 h (when in association with BCAs) and 24 h
(when alone) before pathogen inoculation (with CP1) and BCAs were applied 24 h before inoculation.
The treatment was performed with 100–140 mL of suspension for each replicate as a soil drench.
Fungicides and BCAs were applied every 15 days. The crown area of each cutting was inoculated
with approximately 0.5 mL of conidial suspension (105 CFU) of C. pauciramosa in the same way.
After inoculation, the cuttings were covered with plastic tunnel for 3 days and then maintained in a
greenhouse at approximately 25 ◦C. The activity of fungicides and BCAs to control crown and root rot
was evaluated 4 months after pathogen inoculation by calculating the plant mortality (%) and recovery
frequency (%) of one pathogen species or more than one from symptomatic tissue. Plant mortality was
calculated as percentages of cuttings death out of the total number of cuttings × 100. The recovery
frequency was calculated as percentage of fragments from which colonies developed out of the total
number of fragments examined (from 21 to 63 for replicate).

3.4. Experiment II

In this experiment, 10 treatments to control crown and root rot were tested (Table 2). Each replicate
consisted of 72 cuttings of milkwort. Plant mortality, recovery frequency (on 14 fragments for replicate)
and mean of number, length (cm) and weight (gr) of shoots on 50 plants for replicate were evaluated.
The experiment was conducted as described above.
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Table 5. Fungicides and biological control agents selected in the experiments.

Active ingredient Trade Name Manufacturer Rates (g or mL/100 L) Formulation x Experiment

Boscalid + pyraclostrobin mixture Signum™ Basf Italia S.p.A. 100 26.7 + 6.7 WG I, II, IV
Propamocarb + fosetyl-Al Previcur Energy™ Bayer Crop Science S.r.l. 250 47.3 + 27.7 SL I, III, IV

Fosetyl-Al Aliette™ Bayer Crop Science S.r.l. 300 80 WG I, III, IV
Thiophanate-methyl Enovit Metil FL™ Sipcam Oxon S.p.A. 100 41.7 FL III, IV

Prochloraz Sportak 45 EW™ Basf Italia S.p.A. 100 39.8 EW III, IV
Bacillus amyloliquefaciens subsp. plantarum strain D747 Amilo-X™ CBC (Europe) S.r.l. 250 25 WG I, II, III

Bacillus amyloliquefaciens (formerly B. subtilis) strain QST713 Serenade Max™ Bayer Crop Science S.r.l. 400 15.67 WP I, II, III
Streptomyces K61 (formerly S. griseoviridis) Mycostop™ Danstar Ferment AG 25 33 WP I, II, III, IV

Trichoderma gamsii (formerly T. viride) strain ICC080 + T. asperellum
(formerly T. harzianum) strains ICC012, T25 and TV1 Radix Soil™ Isagro S.p.A. 250 2 + 2 WP I, III, IV

Trichoderma harzianum strains T-22 and Item 908 Trianum-P™ Koppert B.V. 250 1.15 WP II, IV
T. atroviride (formerly T. harzianum) strains T11 and IMI206040 + T.

asperellum (formerly T. harzianum) strains ICC012, T25 and TV1 Tusal™ Newbiotechnic S.A. 300 0.5 + 0.5 WG II

Pseudomonas chlororaphis strain MA312 Cedomon (Cerall™) Koppert B.V. 400 9 AL III, IV
Trichoderma asperellum (former T. harzianum) strains ICC012, T25 and TV1 Xedavir™ Xeda International S.A. 400 2.8 WP III

x Percentage of active ingredient; AL = any other liquid; WG = water dispersible granule; WP = wettable powder; SL = soluble concentration; SC = suspended concentration;
EC = emulsifiable concentration.
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3.5. Experiment III

In this experiment, 9 treatments to control natural infections of milkwort were tested (Table 3).
Each replicate consisted from 800 to 960 cuttings. Fungicides were applied every 15 whereas BCAs
were applied every 30 days. Plant mortality, recovery frequency (on 70 fragments for replicate) and the
mean of number, length (cm), weight (gr) and diameter of shoots (cm) on 50 plants for replicate were
evaluated. The activity of fungicides and BCAs was evaluated after 5 months. The experiment was
conducted as described above.

3.6. Experiment IV

In this experiment, 10 treatments to control natural infections of milkwort were tested (Table 4).
Each replicate consisted of 1567 cuttings. Plant mortality was calculated as described above and
recovery frequency (%) on 21–28 fragments for replicate were evaluated. The experiment was conducted
as described above.

3.7. Recovery Frequency (%) and Identification of Isolates

Cuttings showing wilt and crown or root rot symptoms, were randomly collected from each
treatment for evaluate the recovery frequency of pathogens. Fragments (each 5 × 5 mm) of
symptomatic tissue (variable number depending on the experiment) were cut from the margins
of lesions, surface-sterilized in a sodium hypochlorite solution (10%) for 20 s, followed by 70% ethanol
for 30 s and rinsed three times in sterilized water. Tissue fragments were dried in sterilized filter paper,
placed on 2% potato dextrose agar (PDA) amended with streptomycin (PDA) and were incubated at
25 ◦C. After 5–7 days, the different fungal species were counted. Subsequently, isolates single-conidium
of each species recorded were identified. Characterization of fungal species was performed by molecular
analysis. Anastomosis group (AG) of Rhizoctonia species was characterized by sequencing of the
internal transcribed spacer region of rDNA and 5.8S (ITS) with primers ITS5 and ITS4 [41], whereas for
Fusarium species was used the sequence of translation elongation factor 1-alpha (EF-1α) gene with
primers EF1-728F and EF1-986R [42]. Genomic DNA was extracted using the Wizard Genomic DNA
Purification Kit (Promega Corporation, WI, USA). The polymerase chain reaction (PCR) products were
sequenced in both directions by Macrogen Inc. (South Korea). The DNA sequences generated were
analyzed and consensus sequences were computed with Mega X [43]. BLAST searches were used to
compare the sequences obtained with other sequences in the NCBI database. For the identification of
Calonectria at species level, DNA sequencing of β-tubulin (benA), histone H3 (HIS3) and translation
elongation factor-1α (TEF-1a) and a phylogenetic analysis of the multiloci concatenated genes was
performed. Forty-five strains of Calonectria isolated from the cutting were characterized in this study,
the sequences from 16 type strains of a closely related species were retrieved from a gene bank database
(NCBI). Fungal growth and DNA extraction was performed as described previously in Vitale et al. [21].
Amplification of part of the β-tubulin gene (benA) was performed using the primers T1 [44] and
CYLTUB1R [45]; for the Histone 3 region (HIS3) primers CYLH3F and CYLH3R [45] were used; and
for the translation elongation factor-1α (TEF-1α) the primers EF1-728F [42] and CylEF-R2 [45] were
used. Primers and relevant temperature used in the PCR analysis are the same used in Vitale et al. [21].
The preliminary alignment of the three sequenced loci (benA, HIS3, TEF-1α) was performed using the
software package BioNumerics version 5.1 (Applied Maths) and manual adjustment for improvement
was made by eye where necessary. The phylogenetic analysis was conducted firstly on the three
single locus alignments and successively the combined alignment of the three loci was analyzed for
inferring the organismal phylogeny. The multilocus alignment was conducted using the Clustal W
algorithm in MEGA version X [43]. The best substitution model was calculated in MEGA software
and then the evolutionary history was inferred by using the Maximum Likelihood method and the
Hasegawa-Kishino-Yano model [46]. Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using
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the Maximum Composite Likelihood (MCL) approach and then selecting the topology with superior
log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences
among sites (5 categories (+G, parameter = 0.4736)). The rate variation model allowed for some sites
to be evolutionarily invariable ([+I], 32.00% sites). The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. This analysis involved 61 nucleotide sequences.
All positions with less than 80% site coverage were eliminated, that is, fewer than 20% alignment
gaps, missing data and ambiguous bases were allowed at any position (partial deletion option).
There were a total of 1467 positions in the final dataset. Evolutionary analyses were conducted in
MEGA version X [46].

3.8. Pathogenicity Test

The pathogenicity test was performed on potted healthy cuttings of milkwort inoculating the CP7
and CP14 isolates of C. pseudomexicana. For each isolate three replicates were used with 14 plants per
replicate. Conidial suspensions of two isolates were obtained from 14-day-old colonies on carnation
leaf agar (CLA) and inoculated at the crown of each plant. Un-inoculated plants served as control.
After inoculation, plants were covered with a plastic bag for 48 h and maintained at 25 ± 1 ◦C and 95%
relative humidity (RH) under a 12 h fluorescent light/dark regime until the symptoms were observed.
Disease incidence (DI%) and plant mortality (PM%) was determined for each isolate 40 days after
pathogen inoculation. Fungi were re-isolated from symptomatic tissues and identified as described
above, to fulfil Koch’s postulates.

3.9. Statistical Analysis

Data about effectiveness of chemical, biological and combined treatments through four experiment
were analysed by using the Statistica package software (version 10; Statsoft Inc., Tulsa, OK, USA).
The arithmetic means of tested parameters were calculated, by averaging the values determined for
the single replicates of each treatment. In the post-hoc analysis, the mean separation was conducted
on all variables using post-hoc Fisher’s least significant difference test at α = 0.05. Prior to analysis,
percentage values were transformed as arcsine square root (sin−1 square root x) to improve homogeneity
of variances [47].

4. Conclusions

Our findings represent the first worldwide report about mixed infections caused by several fungal
phytopathogenic genera, that is, Calonectria, Fusarium and Rhizoctonia, on milkwort in nursery although
each of these fungi alone is well known as a causal agent of infections on stem, collar and root portions.
Therefore, it should not be surprising as similar disease complexes will be detected in the future in
other ornamental hosts. This paper clearly demonstrates that C. pseudomexicana, also involved into this
disease complex, is already established in Italian ornamental nurseries probably imported on infected
propagation material by trade exchanges from north Africa, where it was initially reported from
other ornamental hosts [40]. Our findings also provide useful indications for management of these
multiple infections in nursery. Comprehensively, boscalid + pyraclostrobin and fosetyl-Al (including
their scheduled alternate application) partially confirmed their performances if compared to those
previously reported for Calonectria infections alone [22,23]. Although BCAs provided averagely the
lowest performances in managing this disease complex, they were able alone in most cases to reduce
significantly multiple infections and sometimes when combined with fungicide to enhance the effects
of active ingredients in nursery. Unlike previous research, this is mainly due to well-known factors
in the differentiated effects exerted by single BCAs on one or the other pathogen involved in the
disease complex.

Author Contributions: D.A. performed the experiments, collected the isolates, write the original manuscript; A.V.
analyzed and interpreted data and contributed to the writing of original manuscript; G.P. (Giancarlo Perrone)
performed the molecular and phylogenetic analysis; M.T. contributed to molecular characterization and G.P.



Plants 2020, 9, 1682 11 of 13

(Giancarlo Polizzi) designed the research and critically revised the manuscript. All authors have read and
approved the final manuscript.

Funding: Authors thank the grants which supported this work: ‘Programma Ricerca di Ateneo UNICT 2020-2022
linea 2—University of Catania (Italy); “STARTING GRANT 2020”—University of Catania (Italy); Fondi di Ateneo
2020–2022—University of Catania (Italy), linea Open Access.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Polizzi, G.; Crous, P.W. Root and collar rot of milkwort caused by Cylindrocladium pauciramosum, a new record
for Europe. Eur. J. Plant Pathol. 1999, 105, 407–411. [CrossRef]

2. Aiello, D.; Guarnaccia, V.; Formica, P.T.; Hyachumachi, M.; Polizzi, G. Occurrence and characterisation of
Rhizoctonia species causing diseases of ornamental plants in Italy. Eur. J. Plant Pathol. 2017, 148, 967–982.
[CrossRef]

3. Vitullo, D.; De Curtis, F.; Palmieri, D.; Lima, G. Milkwort (Polygala myrtifolia L.) decline is caused by Fusarium
oxysporum and F. solani in Southern Italy. Eur. J. Plant Pathol. 2014, 140, 883–886. [CrossRef]

4. Polizzi, G.; Vitale, A.; Castello, I.; Groenewald, J.Z.; Crous, P.W. Cylindrocladium leaf spot, blight, and crown
rot, new diseases of mastic tree seedlings caused by Cylindrocladium scoparium. Plant Dis. 2006, 90, 1110.
[CrossRef] [PubMed]

5. Polizzi, G.; Vitale, A.; Aiello, D.; Parlavecchio, G. First record of crown and root rot caused by
Cylindrocladium pauciramosum on California lilac in Italy. Plant Dis. 2006, 90, 1459. [CrossRef] [PubMed]

6. Polizzi, G.; Grasso, F.M.; Vitale, A.; Aiello, D. First occurrence of Calonectria leaf spot on Mexican blue palm
in Italy. Plant Dis. 2007, 91, 1052. [CrossRef]

7. Polizzi, G.; Vitale, A.; Aiello, D.; Dimartino, M.A.; Parlavecchio, G. First report of damping-off and leaf spot
caused by Cylindrocladium scoparium on different accessions of bottlebrush cuttings in Italy. Plant Dis. 2007,
91, 769. [CrossRef]

8. Polizzi, G.; Vitale, A.; Aiello, D.; Castello, I.; Guarnaccia, I.; Parlavecchio, G. First record of crown and root
rot caused by Cylindrocladium pauciramosum on brush cherry in Italy. Plant Dis. 2009, 93, 547. [CrossRef]

9. Polizzi, G.; Aiello, D.; Castello, I.; Parlavecchio, G.; Vitale, A.; Nigro, F. First report of crown rot caused by
Cylindrocladium pauciramosum on scarlet honey myrtle in Italy. Plant Dis. 2009, 93, 1217. [CrossRef]

10. Polizzi, G.; Aiello, D.; Guarnaccia, V.; Parlavecchio, G.; Vitale, A. First report of leaf spot and shoot blight
caused by Cylindrocladium scoparium on mallee honey myrtle in Italy. Plant Dis. 2009, 93, 1078. [CrossRef]

11. Polizzi, G.; Vitale, A.; Aiello, D.; Guarnaccia, V.; Crous, P.W.; Lombard, L. First report of Calonectria ilicicola
causing a new disease on Laurus (Laurus nobilis). J. Phytopathol. 2012, 160, 41–44. [CrossRef]

12. Vitale, A.; Polizzi, G. First record of the perfect stage Calonectria pauciramosa on mastic tree in Italy. Plant Dis.
2007, 91, 328. [CrossRef] [PubMed]

13. Vitale, A.; Polizzi, G. First record of leaf spots and stem lesions on Pistacia lentiscus caused by Cylindrocladium
pauciramosum and C. scoparium in Italy. Plant Pathol. 2008, 57, 384. [CrossRef]

14. Vitale, A.; Aiello, D.; Castello, I.; Parlavecchio, G.; Polizzi, G. First report of crown rot and root rot caused
by Cylindrocladium pauciramosum on Feijoa (Feijoa sellowiana) in Italy. Plant Dis. 2008, 92, 1590. [CrossRef]
[PubMed]

15. Vitale, A.; Aiello, D.; Castello, I.; Dimartino, M.A.; Parlavecchio, G.; Polizzi, G. Severe outbreak of crown rot
and root rot caused by Cylindrocladium pauciramosum on strawberry tree in Italy. Plant Dis. 2009, 93, 842.
[CrossRef] [PubMed]

16. Schoch, C.L.; Crous, P.W.; Polizzi, G.; Koike, S.T. Female fertility and single nucleotide polymorphism
comparisons in Cylindrocladium pauciramosum. Plant Dis. 2001, 85, 941–946. [CrossRef]

17. Alfenas, R.F.; Pereira, O.L.; Jorge, V.L.; Crous, P.W.; Alfenas, A.C. A new species of Calonectria causing leaf
blight and cutting rot of three forest tree species in Brazil. Trop. Plant Pathol. 2013, 38, 513–521. [CrossRef]

18. Vitale, A.; Crous, P.W.; Lombard, L.; Polizzi, G. Calonectria diseases on ornamental plants in Europe and the
Mediterranean basin: An overview. J. Plant Pathol. 2013, 95, 463–476.

19. Aiello, D.; Vitale, A.; Alfenas, R.F.; Alfenas, A.C.; Cirvilleri, G.; Polizzi, G. Effects of sublabeled rates of
dazomet and metam-sodium applied under low-permeability films on Calonectria microsclerotia survival.
Plant Dis. 2018, 102, 782–789. [CrossRef]

http://dx.doi.org/10.1023/A:1008759230180
http://dx.doi.org/10.1007/s10658-017-1150-8
http://dx.doi.org/10.1007/s10658-014-0514-6
http://dx.doi.org/10.1094/PD-90-1110B
http://www.ncbi.nlm.nih.gov/pubmed/30781321
http://dx.doi.org/10.1094/PD-90-1459B
http://www.ncbi.nlm.nih.gov/pubmed/30780921
http://dx.doi.org/10.1094/PDIS-91-8-1052A
http://dx.doi.org/10.1094/PDIS-91-6-0769B
http://dx.doi.org/10.1094/PDIS-93-5-0547A
http://dx.doi.org/10.1094/PDIS-93-11-1217A
http://dx.doi.org/10.1094/PDIS-93-10-1078A
http://dx.doi.org/10.1111/j.1439-0434.2011.01852.x
http://dx.doi.org/10.1094/PDIS-91-3-0328A
http://www.ncbi.nlm.nih.gov/pubmed/30780585
http://dx.doi.org/10.1111/j.1365-3059.2007.01669.x
http://dx.doi.org/10.1094/PDIS-92-11-1590B
http://www.ncbi.nlm.nih.gov/pubmed/30764460
http://dx.doi.org/10.1094/PDIS-93-8-0842B
http://www.ncbi.nlm.nih.gov/pubmed/30764339
http://dx.doi.org/10.1094/PDIS.2001.85.9.941
http://dx.doi.org/10.1590/S1982-56762013000600007
http://dx.doi.org/10.1094/PDIS-05-17-0713-RE


Plants 2020, 9, 1682 12 of 13

20. Polizzi, G.; Aiello, D.; Guarnaccia, V.; Cinquerrui, A.; Formica, P.T.; Vitale, A.; Myrta, A. Effects of label and
sub-label rates of dazomet and metham-sodium on survival of Calonectria microsclerotia. Acta Hort. 2014,
1044, 389–393. [CrossRef]

21. Vitale, A.; Castello, I.; D’Emilio, A.; Mazzarella, R.; Perrone, G.; Epifani, F.; Polizzi, G. Short-term effects of
soil solarization in suppressing Calonectria microsclerotia. Plant Soil 2013, 368, 603–617. [CrossRef]

22. Aiello, D.; Cirvilleri, G.; Polizzi, G.; Vitale, A. Effects of fungicide treatments for the control of epidemic and
exotic Calonectria diseases in Italy. Plant Dis. 2013, 97, 37–43. [CrossRef] [PubMed]

23. Cinquerrui, A.; Polizzi, G.; Aiello, D.; Vitale, A. Integrated management for the reduction of Calonectria
infections in ornamental nurseries. Plant Dis. 2017, 101, 165–169. [CrossRef] [PubMed]

24. La Mondia, J.A. Fungicide efficacy against Calonectria pseudonaviculata, causal agent of boxwood blight.
Plant Dis. 2014, 98, 99–102. [CrossRef]

25. La Mondia, J.A. Management of Calonectria pseudonaviculata in boxwood with fungicides and less susceptible
host species and varieties. Plant Dis. 2015, 99, 363–369. [CrossRef]

26. Polizzi, G.; Vitale, A. First report of the prevalence of benzimidazole-resistant isolates in a population of
Cylindrocladium pauciramosum in Italy. Plant Dis. 2001, 85, 1210. [CrossRef]

27. Guarnaccia, V.; Aiello, D.; Polizzi, G.; Perrone, G.; Stea, G.; Vitale, A. Emergence of prochloraz resistant
populations of Calonectria pauciramosa and Calonectria polizzii in ornamental nurseries of Southern Italy.
Plant Dis. 2014, 98, 344–350. [CrossRef]

28. Vitale, A.; Aiello, D.; Castello, I.; Polizzi, G. First report of benzimidazole-resistant isolates of Cylindrocladium
scoparium in Europe. Plant Dis. 2009, 93, 110. [CrossRef]

29. Polizzi, G.; Vitale, A. Biological control of Cylindrocladium root and collar rot of the myrtle-leaf milkwort by
Trichoderma harzianum strain T-22. Biol. Cult. Tests Rep. 2002, 17, O14.

30. Vitale, A.; Cirvilleri, G.; Castello, I.; Aiello, D.; Polizzi, G. Evaluation of Trichoderma harzianum strain T22 as
biological control agent of Calonectria pauciramosa. Biocontrol 2012, 57, 687–696. [CrossRef]

31. Daughtrey, M.L.; Benson, D.M. Principles of plant health management for ornamental plants.
Ann. Rev. Phytopathol. 2005, 43, 41–169. [CrossRef] [PubMed]

32. Harman, G.E. Myths and dogmas of biocontrol, changes in perceptions derived from research on
Trichoderma harzianum T-22. Plant Dis. 2000, 84, 377–393. [CrossRef] [PubMed]

33. O’Donnell, K.; Sutton, D.A.; Fothergill, A.; McCarthy, D.; Rinaldi, M.G.; Brandt, M.E.; Zhang, N.; Geiser, D.
Molecular phylogenetic diversity, multilocus haplotype nomenclature, and in vitro antifungal resistance
within the Fusarium solani species complex. J. Clin. Microbiol. 2008, 46, 2477–2490. [CrossRef] [PubMed]

34. Lombard, L.; Van der Merwe, N.A.; Groenewald, J.Z.; Crous, P.W. Generic concepts in Nectriaceae. Stud. Mycol.
2015, 80, 189–245. [CrossRef]

35. O’Donnell, K.; Gueidan, C.; Sink, S.; Johnston, P.R.; Crous, P.W.; Glenn, A.; Riley, R.; Zitomer, N.C.; Colyer, P.;
Waalwijk, C.; et al. A two-locus DNA sequence database for typing plant and human pathogens within the
Fusarium oxysporum species complex. Fungal Genet. Biol. 2009, 46, 936–948. [CrossRef]

36. Polizzi, G.; Aiello, D.; Guarnaccia, V.; Vitale, A.; Perrone, G.; Epifani, F. First report of Fusarium wilt on
Eremophila spp. caused by Fusarium oxysporum in Italy. Plant Dis. 2010, 94, 1509. [CrossRef]

37. Polizzi, G.; Aiello, D.; Guarnaccia, V.; Vitale, A.; Perrone, G.; Stea, G. First report of Fusarium wilt of paper
flower (Bougainvillea glabra) caused by Fusarium oxysporum in Italy. Plant Dis. 2010, 94, 483. [CrossRef]

38. Polizzi, G.; Aiello, D.; Guarnaccia, V.; Vitale, A.; Perrone, G.; Stea, G. First report of Fusarium wilt on
Philotheca myoporoides caused by Fusarium oxysporum in Italy. Plant Dis. 2011, 95, 877. [CrossRef]

39. Guarnaccia, V.; Aiello, D.; Polizzi, G.; Crous, P.W.; Sandoval-Denis, M. Soilborne diseases caused by Fusarium
and Neocosmospora spp. on ornamental plants in Italy. Phytopathol. Mediterr. 2019, 58, 127–137.

40. Lombard, L.; Polizzi, G.; Guarnaccia, V.; Vitale, A.; Crous, P.W. Calonectria spp. causing leaf spot, crown and
root rot of ornamental plants in Tunisia. Persoonia 2011, 27, 73–79. [CrossRef]

41. White, T.J.; Bruns, T.; Lee, S.; Taylor, J.L. Amplification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In PCR Protocols: A Guide to Methods and Applications; Innes, M.A., Gelfand, D.H.,
Sninsky, J.J., White, T.J., Eds.; Academic Press: New York, NY, USA, 1990; pp. 315–322.

42. Carbone, I.; Kohn, L.M. A method for designing primer sets for speciation studies in filamentous ascomycetes.
Mycologia 1999, 91, 553–556. [CrossRef]

43. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

http://dx.doi.org/10.17660/ActaHortic.2014.1044.52
http://dx.doi.org/10.1007/s11104-012-1544-5
http://dx.doi.org/10.1094/PDIS-03-12-0266-RE
http://www.ncbi.nlm.nih.gov/pubmed/30722257
http://dx.doi.org/10.1094/PDIS-06-16-0801-RE
http://www.ncbi.nlm.nih.gov/pubmed/30682292
http://dx.doi.org/10.1094/PDIS-04-13-0373-RE
http://dx.doi.org/10.1094/PDIS-02-14-0217-RE
http://dx.doi.org/10.1094/PDIS.2001.85.11.1210B
http://dx.doi.org/10.1094/PDIS-04-13-0425-RE
http://dx.doi.org/10.1094/PDIS-93-1-0110A
http://dx.doi.org/10.1007/s10526-011-9423-1
http://dx.doi.org/10.1146/annurev.phyto.43.040204.140007
http://www.ncbi.nlm.nih.gov/pubmed/16078880
http://dx.doi.org/10.1094/PDIS.2000.84.4.377
http://www.ncbi.nlm.nih.gov/pubmed/30841158
http://dx.doi.org/10.1128/JCM.02371-07
http://www.ncbi.nlm.nih.gov/pubmed/18524963
http://dx.doi.org/10.1016/j.simyco.2014.12.002
http://dx.doi.org/10.1016/j.fgb.2009.08.006
http://dx.doi.org/10.1094/PDIS-08-10-0597
http://dx.doi.org/10.1094/PDIS-94-4-0483A
http://dx.doi.org/10.1094/PDIS-03-11-0243
http://dx.doi.org/10.3767/003158511X615086
http://dx.doi.org/10.1080/00275514.1999.12061051
http://dx.doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887


Plants 2020, 9, 1682 13 of 13

44. O’Donnell, K.; Cigelnik, E. Two divergent intragenomic rDNA ITS2 types within a monophyletic lineage of
the fungus Fusarium are nonorthologous. Molec. Phylogenetics Evol. 1997, 7, 103–116. [CrossRef] [PubMed]

45. Crous, P.W.; Groenewald, J.Z.; Risède, J.-M.; Simoneau, P.; Hywel-Jones, N.L. Calonectria species and their
Cylindrocladium anamorphs, species with sphaeropedunculate vesicles. Stud. Mycol. 2004, 50, 415–430.

46. Hasegawa, M.; Kishino, H.; Yano, T. Dating the human-ape split by a molecular clock of mitochondrial DNA.
J. Mol. Evol. 1985, 22, 160–174. [CrossRef]

47. Vitale, A.; Alfenas, A.C.; De Siqueira, D.L.; Magistà, D.; Perrone, G.; Polizzi, G. Cultivar resistance against
Colletotrichum asianum in the world collection of mango germplasm in southeastern Brazil. Plants 2020, 9, 182.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1006/mpev.1996.0376
http://www.ncbi.nlm.nih.gov/pubmed/9007025
http://dx.doi.org/10.1007/BF02101694
http://dx.doi.org/10.3390/plants9020182
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Effectiveness of Treatments 
	Experiment I 
	Experiment II 
	Experiment III 
	Experiment IV 
	Recovery Frequency and Identification of Isolates 

	Materials and Methods 
	Biological Control Agents and Fungicides 
	Effectiveness of Treatments 
	Experiment I 
	Experiment II 
	Experiment III 
	Experiment IV 
	Recovery Frequency (%) and Identification of Isolates 
	Pathogenicity Test 
	Statistical Analysis 

	Conclusions 
	References

