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Abstract: The identity of the fungi responsible for fruitlet core rot (FCR) disease in pineapple has been
the subject of investigation for some time. This study describes the diversity and toxigenic potential
of fungal species causing FCR in La Reunion, an island in the Indian Ocean. One-hundred-and-fifty
fungal isolates were obtained from infected and healthy fruitlets on Reunion Island and exclusively
correspond to two genera of fungi: Fusarium and Talaromyces. The genus Fusarium made up 79% of
the isolates, including 108 F. ananatum, 10 F. oxysporum, and one F. proliferatum. The genus Talaromyces
accounted for 21% of the isolated fungi, which were all Talaromyces stollii. As the isolated fungal
strains are potentially mycotoxigenic, identification and quantification of mycotoxins were carried out
on naturally or artificially infected diseased fruits and under in vitro cultures of potential toxigenic
isolates. Fumonisins B1 and B2 (FB1 -FB2 ) and beauvericin (BEA) were found in infected fruitlets
of pineapple and in the culture media of Fusarium species. Regarding the induction of mycotoxin
in vitro, F. proliferatum produced 182 mg kg−1 of FB1 and F. oxysporum produced 192 mg kg−1 of BEA.
These results provide a better understanding of the causal agents of FCR and their potential risk to
pineapple consumers.
Keywords: Fusarium ananatum; Talaromyces stollii; beauvericin; fumonisin; Ananas comosus
Key Contribution: Fusarium spp. and Talaromyces stollii are responsible for pineapple fruitlet core rot.
Climate influences the distribution of causal agents in production areas. Fumonisin B1 , fumonisin
B2 , and beauvericin were found in infected pineapple fruitlets. In vitro phenolic acid amendment
reduces mycotoxin accumulation.

1. Introduction
Fruitlet core rot affects pineapple fruit until it becomes unfit for consumption. The earliest
reference to investigations of fruitlet core rot (FCR) in pineapples dates back to 1898 in Australia [1].
The symptoms were described as “well-defined dark brown markings immediately beneath the surface,
and passing inwards to a depth of 14 ” to 12 —the malady commencing in separate fruitlets, the central
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core of the fruit remaining quite healthy”. This description agrees with the symptoms referred to as
“black spot”.
Penicillium sp. Link was isolated from blossom cups as well as infected fruitlets on the cultivar
“Smooth Cayenne” [1]. Since this first description, numerous attempts have been made to identify
the causal pathogens. In the first half of the 20th century, the majority of investigators around
the world attributed the disease to Penicillium sp. [2–5]. Penicillium funiculosum belongs to the
subgenus Biverticillium. Phylogenetic analysis revealed that the Penicillium subgenera Biverticillium
and Talaromyces form a monophyletic clade. With the recent adoption of the “one fungus, one
name” concept, the Penicillium subgenus Biverticillium was transferred to Talaromyces. Penicillium
funiculosum was renamed Talaromyces funiculosus [6,7].
In the same period, other studies associated the disease with the Fusarium genus. In Hawaii,
a brown discoloration in pineapples fruitlets of the “Smooth Cayenne” cultivar was attributed to
the genus Fusarium [8]. Fusariosis caused by Fusarium guttiforme (formerly Fusarium moniliforme var.
subglutinans, Fusarium subglutinans) appeared in Brazil in the 1960s and became the major concern for
producers in that region [9–13]. The name “Fusarium guttiforme” brought about confusion, and some
articles dealing with FCR used it to describe the pathogen [14,15]. More recently, molecular tools led to
the identification of F. ananatum as responsible for FCR and to differentiate it from F. guttiforme, the
agent responsible for pineapple fusariosis [16]. Fusarium ananatum was also identified on commercial
pineapples from Costa Rica, Ecuador, Hawaii, and Honduras [17]. This new species was later observed
on pineapple in China [18]. The gene encoding translation elongation factor 1 alpha (TEF-1α) was
amplified and sequenced to confirm the identity of the causal fungus in the previous studies. TEF-1α
is commonly used to infer phylogenetic relationships between closely related genotypes, particularly
in the genus Fusarium [19–21].
Finally, some studies associated FCR with a combination of Penicillium and Fusarium [22–24].
In Queensland, T. funiculosus and F. verticillioides were, respectively, recovered from 67% and 25% of
isolations from pineapple [25]. An FCR control program conducted in Hawaii showed a predominance
of Talaromyces [26]. In South Africa, Talaromyces was isolated in all parts of the fruit, while Fusarium
was found only in deep lesions. Talaromyces funiculosus was considered the primary causal agent of
FCR but later the situation reversed, with a majority of Fusarium observed in pineapples [14,15].
FCR is widespread in all pineapple-producing regions but different fungal communities are
associated with the disease [27,28]. Obtaining a better knowledge of the causal pathogen is an essential
step in the development of a disease management strategy.
Moreover, the fungal contaminants isolated from pineapples in various studies are possible
producers of mycotoxins, such as species of the genus Fusarium. The fumonisins B1 , B2 , and B3 (FB1,
FB2 , and FB3 ), moniliformin (MON), and beauvericin (BEA) were found in pineapple juice and the
skin of commercial pineapple [17]. The Fusarium spp. isolated from pineapple fruits, especially F.
ananatum and F. proliferatum, were able to produce those mycotoxins in vitro. Fusarium oxysporum was
found to produce MON and BEA only. Fusarium proliferatum was also described as a producer of
fumonisins in different studies [19]. Fusarium verticillioides (syn. F. moniliforme), one of the two fungi
historically associated with FCR, is one of the producers of mycotoxins in cereals, especially fumonisins
in wheat [29]. Penicillium funiculosum, renamed Talaromyces funiculosus, often associated with the FCR
disease [24,30,31], was found to produce patulin, especially in fruit [32,33] and sorghum [34].
The early symptoms of FCR are a browning of the flesh under the blossom cup of mature fruit.
The black spot can spread to the core but remains confined to the fruitlet. This browning is the result of
the oxidation of phenolic compounds into quinones by the enzymes polyphenol oxidase and laccase [35].
Soluble and cell wall-bound phenolic acids are found in the pineapple fruit parenchyma [36,37] and
increase dramatically after the onset of the first symptoms of FCR [38,39]. These compounds provide
antifungal activity on several species of fungi. Coumaric and ferulic acids inhibit the in vitro mycelial
growth of F. ananatum and slow the in vivo development of the fungus by co-inoculation in the
fruit [40]. In addition to their antifungal properties, some of these compounds interfere with the

Toxins 2020, 12, 339

3 of 16

accumulation of mycotoxins. A previous report indicated that ferulic acid supplementation led to a
reduction in mycotoxin production by F. graminearum [41]. Phenylpropanoids have the capacity to
reduce mycotoxin produced by Fusarium spp. in cereals into less toxic compounds and to inhibit toxin
biosynthesis [42,43]. In practice, the application of phenolic-rich plant extract and tannic acid allows
the control of Fusarium head blight in wheat and prevents mycotoxin contamination [44]. However,
hydroxycinnamic acids can also increase the mycotoxin accumulation [45].
In order to establish the safety of the diseased fruit, it is essential (i) to know which species of fungi
are the causal agents of the pineapple black spot disease and in what proportions, (ii) to verify whether
the fungi are capable of producing mycotoxins in vitro and especially in vivo, and (iii) to determine
whether pineapple produces key metabolites or enzymes that are able to inhibit this toxigenicity.
2. Results
2.1. Morphological Identification
One-hundred-and-fifty fungal isolates were collected from pineapple fruits in Reunion Island and
classified into in two genera based on their morphological comparison (Figure 1). The 119 isolates of the
Fusarium genus were characterized by fusiform macroconidia, usually with 2–3 septa on carnation leaf
agar medium and formed two distinguishable groups; the first group of 108 strains had saffron-colored
colonies and the second group had white to pale violet-colored colonies on potato dextrose agar (PDA).
The 31 isolates belonging to Talaromyces were characterized by fast growth and colonies with floccose
or loosely funiculose textures on PDA, with white, green, and red mycelia. Conidiophores were
biverticillate with acerose phialides. The conidial shape was ellipsoidal (2.5–4 × 2–2.5 µm).

Figure 1. Scanning electron microscopy images of natural fungal colonization of the blossom cup of
pineapple fruitlet. (A) Represents the mycelial network and spores with a fusiform shape characteristic
of Fusarium sp. (B) Displays mycelium and spores with ellipsoidal shapes belonging to Talaromyces sp.

Both genera of pathogenic fungi could be found on the same fruit. The morphological data are
supported by the phylogenetic results, as discussed below.
2.2. Distribution of Isolated Fungi
The genus Fusarium represented 79% of the isolates, and the genus Talaromyces accounted for
21% of the isolates. Fusarium isolates were collected from fruits grown at an average altitude of 310 m,
while Talaromyces isolates were collected from fruits grown at an average altitude of 399 m. Figure 2
shows the distribution of locations in Reunion Island from which fungi were isolated. The Fusarium
isolates were found in all production areas, as shown on the map. The Talaromyces isolates were found
in the eastern and southern regions, which are also the rainiest parts of the island.
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Figure 2. Distribution of isolated fungi species across Reunion Island. The size of the pie chart is
proportional to the number of fungi isolated per geographical area.

2.3. Phylogenetic Analysis
TEF analysis was used in this study to define relationships among the isolates belonging to
the Fusarium clade. The isolates were compared to the reference sequences deposited in the NCBI
GenBank using BLASTN [46]. The aligned dataset, which includes a subset of species classified in
Fusarium, had a total length of 709 bp. The model TN93 with a gamma distribution (+G) was the most
suitable model for the ML distribution [47]. Neocosmospora solani (syn. F. solani) was selected as the
outgroup (DQ247710 TEF barcode) [48,49]. Three species of Fusarium were identified: F. ananatum,
F. oxysporum, and F. proliferatum (Figure S1). In the majority of cases, the identification corresponded to
Fusarium ananatum (108 isolates), followed by F. oxysporum (10 isolates), and F. proliferatum (one isolate).
For example, the selected strains clp028, clp101, clp103, and clp117 showed 100% sequence identity
to the F. ananatum type strain DQ282171 and DQ282171 [16], confirming the phylogenetic position
of this strain in the TEF tree. Fusarium ananatum strains clp152, clp153, and clp154 isolated from
healthy blossom cups ranked in the same clade as strains isolated from infected fruitlets. Fusarium
oxysporum (JF740878 TEF barcode) [50] showed 99% sequence identity with selected isolates clp076,
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clp105, and clp003. Fusarium verticillioides (KT716244 TEF barcode) [51] and F. guttiforme (DQ282170,
DQ282166, and DQ282165) [16] were distinct clades of F. ananatum. Only a single occurrence of
F. proliferatum was observed: the clp081 sequence had a 99% match with AF160280 and AF336913 type
strain sequences [52,53].
The Talaromyces genus accounted for 21% of the isolates, and among these 31 strains, five
were used in phylogenetic analysis (Figure S2). The ITS gene region defined relationships within
Talaromyces. The aligned dataset had a total length of 709 bp. The model TN93 was the most suitable
model for the ML distribution. Talaromyces dendriticus was selected as the outgroup (JX091486 ITS
barcode) [6]. Based on the ITS dataset, the isolates from infected pineapple grouped together with T.
stollii (JX315670 and JX315676 ITS barcode) [54] type strains formed a distinct clade from T. funiculosus
(KM066193, KM066195 ITS barcode) [7] type strains with 99% bootstrap support. Some differences
were found in the sequences of the Reunion pineapple isolates, which most likely indicates genetic
variation in this population.
2.4. Mycotoxins Synthesized In Vitro
The ability of the isolates to produce mycotoxins was quantified on a pineapple medium (Table 1).
This culture medium was selected to mimic natural conditions. Of the 141 fungi tested, 12 were
producers of mycotoxins, all of which belonged to the Fusarium genus. Nine strains of F. ananatum
were producers of fumonisin B1 and B2 , up to 0.13 and 0.24 mg kg−1 , respectively. Fusarium oxysporum
produced up to 36.9 mg kg−1 beauvericin (BEA). The F. proliferatum isolate was able to produce the
highest concentrations of FB1 , FB2 , and BEA of any of the isolates for each type of mycotoxin, with 96.7
mg kg−1 FB1 , 11.2 mg kg−1 FB2 , and 103.2 mg kg−1 BEA.
Table 1. Amount of fumonisins (FB1 and FB2 ) and beauvericin (BEA) produced in pineapple juice agar
(PJA) for mycotoxin-producing isolates.
Species

Collection No.

FB1 (mg kg−1 )

FB2 (mg kg−1 )

BEA (mg kg−1 )

Fusarium ananatum

clp019
clp079
clp082
clp091
clp096
clp103
clp116
clp119
clp136

0.02
0.1
0.01
0.12
0.01
0.12
0.01
0.03
0.13

0.01
0.24
0.02
0.24
0.03
0.24
0.05
0.03
0.13

0
0
0
0
0
0
0
0
0

Fusarium oxysporum

clp076
clp105

0
0

0
0

23.68
36.92

Fusarium
proliferatum

clp081

96.7

11.2

103.2

The pineapple juice agar (PJA) medium was enriched with phenolic compounds or enzymatic
complexes at 0.5 g L−1 (Figure 3). This addition resulted in a reduction in toxin accumulation compared
to the control for the F. proliferatum isolate. Caffeoylquinic acid was the least effective compound for
reducing the level of mycotoxins and actually promoted the accumulation of toxins compared to the
control for the F. oxysporum strain. However, all other compounds decreased the levels of mycotoxins
by at least sevenfold compared to the levels in the control. Ferulic acid, sinapic acid, and bromelain
even prevented the synthesis of BEA in the strain F. proliferatum. Caffeoylquinic acid promoted the
accumulation of BEA compared to the control for the F. ananatum strain.
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Figure 3. Amounts of fumonisins (FB1 and FB2 ) and beauvericin (BEA) produced in PJA medium with
the addition of the different compounds (0.5 g L−1 ), as indicated, for the growth of different isolates of
Fusarium proliferatum, F. oxysporum, and F. ananatum. Different letters indicate that data are significantly
different at p < 0.05 between compounds (according to Tukey’s multiple comparison test). A gray
colored dot is assigned to each measurement, with darker regions indicating overlap.

The amounts of FB1 , FB2 , and BEA produced in FYM (fructose yeast malt), GYAM (glucose
yeast asparagine malic acid), and PDA by three Fusarium species (F. proliferatum, F. oxysporum, and
F. ananatum) are presented in Figure 4. The F. proliferatum isolate presented the highest levels of FB1
and FB2 for all isolates regardless of the medium. The GYAM medium was the most favorable of all
the media for fumonisin production. The PJA medium was the most favorable for the production of
BEA by the clp081 isolate. Both strains of F. oxysporum produced BEA in all media. The PDA medium
induced the highest levels of BEA for both F. oxysporum and F. proliferatum compared to their levels in
the other media; the average content of BEA reached 191.3 mg kg−1 for the clp076 isolate. F. ananatum
produced more mycotoxins in the FYM medium, a broth that induces fumonisin [55], compared to the
other media. Some strains of F. ananatum produced both fumonisins and beauvericin. Talaromyces stollii
did not produce any of our referenced mycotoxins regardless of the medium. Data concerning yeast
extract broth (YEPD) were removed from the table due to the absence of detectable mycotoxin content.
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Figure 4. Amounts of fumonisins (FB1 and FB2 ) and beauvericin (BEA) produced in different media
(fructose yeast malt (FYM), glucose yeast asparagine malic acid (GYAM), and potato dextrose agar (PDA))
for different isolates of Fusarium proliferatum, F. oxysporum, and F. ananatum. Different letters indicate
that data are significantly different at p < 0.05 between media (according to Tukey’s multiple comparison
test). A gray colored dot is assigned to each measurement, with darker regions indicating overlap.

2.5. Mycotoxins in Pineapple Fruit
The analysis carried out on artificially infected pineapples revealed the in plant production
of mycotoxins by F. oxysporum and F. proliferatum (Figure 5). The black spots with the highest
mycotoxin levels were found in the artificially inoculated fruitlets with the mixture of F. proliferatum
and F. oxysporum. Mycotoxin levels reached 0.36 mg kg−1 FB1 , 0.12 mg kg−1 FB2 , and 0.31 mg kg−1
BEA, on average, in the infected fruitlets of fruits 1 and 2. The toxin concentrations generally increased
between the healthy part of the fruit and the point of inoculation. There were some exceptions though,
where concentrations in the different sampling areas were not statistically different. The artificially
inoculated strains of F. ananatum could not produce mycotoxin in planta. Mycotoxin contamination
was also observed in natural fruitlet core rot with 0.01 mg kg−1 FB1 , 0.005 mg kg−1 FB2 , and 0.02
mg kg−1 BEA, on average, of the five sampled fruitlets (Figure 6). The fungi present in the naturally
infected fruitlets were isolated and cultivated on PDA medium. Morphological identification of the
isolates allowed classification of the fungi as belonging to Fusarium and Talaromyces.
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Figure 5. Amounts of fumonisins (FB1 and FB2 ) and beauvericin (BEA) produced in the healthy, adjacent,
and inoculated fruitlets of pineapple fruits artificially infected with Fusarium oxysporum (clp076), Fusarium
proliferatum (clp081), and a mixture of F. oxysporum and F. proliferatum (clp105/clp081). Different letters
indicate that data are significantly different at p < 0.05 between sampled areas (according to Tukey’s
multiple comparison test). The different colors of the shapes correspond to a different pineapple fruit.

Figure 6. Amounts of fumonisins (FB1 and FB2 ) and beauvericin (BEA) produced in healthy and
naturally infected fruitlets of pineapple. Differences between sampled areas were either significant
at p < 0.05 (*), P < 0.001 (***), or nonsignificant (-). The different colors of the shapes correspond to a
different pineapple fruit.
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3. Discussion
The phylogenetic analysis shows that two genera of fungi are the causal agents of fruitlet core rot
disease. The Fusarium genus was the most frequently occurring, with 79% of isolates represented by
three species: F. ananatum, F. oxysporum, and F. proliferatum. Recent studies have identified F. ananatum
as a new fungal species responsible for fruitlet core rot. Our results are in agreement with these
observations, as F. ananatum was the most widespread species in Reunion Island (91% of Fusarium
isolates). In fact, F. verticillioides, one of the two fungi historically associated with FCR, was not isolated
in our collection of 150 strains [24,31,56]. The descriptions of F. ananatum are recent, but it is likely to
have been the causal agent for many years. For example, an isolate described from pineapple as F.
guttiforme turned out to be F. ananatum (NRRL 2294, CBS 184.29) [16,57]. Based on the phylogenetic
analysis of TEF, the clades of F. guttiforme and F. ananatum are separate, with a high bootstrap value.
Our work shows that F. oxysporum and F. proliferatum, 8% and 1% of Fusarium isolates, respectively,
can also produce FCR symptoms. These two fungi have already been isolated in pineapples [17,21],
but this is the first time they have been directly related to FCR disease. The four fungi isolated from
healthy blossom cups all belong to the genus Fusarium: three were F. ananatum and one F. oxysporum.
They rank on the same clade as their pathogenic counterparts on the phylogenetic tree. Further work
on blossom cup isolates could determine the level of contamination by the pathogens and whether the
proportion of a particular species is the same between a healthy and an infected area.
This study shows that the Talaromyces genus represents 21% of the isolates collected from diseased
pineapple, all of which are T. stollii. This species can be distinguished from T. funiculosus based on
DNA sequence comparisons and morphology. T. stollii isolates were supported as being monophyletic,
with high bootstrap values. T. stollii and T. funiculosus are morphologically close. Both species grow
fast on general media, with white, green, orange, and red mycelia and the same micromorphological
characteristics: biverticillate conidiophores and ellipsoidal conidia. However, T. stollii produces
colonies that are strongly floccose with more marked red mycelia than T. funiculosus, which produces
colonies with a stringy funiculose texture. The analysis of ITS, β-tubulin, calmodulin, RPB1, and
RPB gene regions was necessary to distinguish P. funiculosum from T. stollii [58]. Talaromyces stollii
(CBS 624.93) was previously identified from pineapple without specifying the area of the pineapple
from which the strain was isolated [54]. Nonetheless, this work confirms the possibility of finding T.
stollii in pineapple.
The fungi were collected from pineapples harvested from several producing regions of Reunion.
This island offers a wide variability of temperature and rainfall based on its topography. This diversity
allows growers to produce pineapples throughout the year. Interestingly, pineapples produced at
lower altitudes had a higher Fusarium/Talaromyces contamination ratio than those produced at
higher altitudes. Similarly, the Fusarium/Talaromyces ratio was higher in the driest parts of the
island. Temperature and humidity are factors that influence the growth of fungi [59]. It appears that
Fusarium isolates prefer warm temperatures with little rainfall, and Talaromyces isolates prefer cooler
temperatures with more moisture.
These pathogens found on pineapple fruitlets develop when the fruit is ready to be consumed.
This timing raises the question of the toxigenic potential of our strains, knowing that both genera
can produce a wide range of mycotoxins. The fumonisin B1 and B3 , moniliformin, and beauvericin
were monitored in vitro from Fusarium species isolated from pineapple [17]. Talaromyces stollii isolates
can produce austins and chromophore group “HHH” [54], but this species has never been described
as a mycotoxin producer in pineapple. To validate the potential risk of pineapple contamination,
mycotoxin contents were measured in naturally and artificially infected fruitlets. Mycotoxins were
found in our infected fruit samples. Mycotoxin contamination was also observed in fruits with natural
fruitlet core rot, with FB1 , FB2 , and BEA occurring at non-negligible levels. Identification of fungi on
the naturally infected fruitlets revealed the presence of Talaromyces stollii and Fusarium, especially
F. ananatum and F. proliferatum. Higher amounts of mycotoxins were found in inoculated fruitlets
compared to naturally infected fruitlets. The time between inoculation and sampling of the infected
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fruitlets was optimal for producing the highest levels of mycotoxin. We could not predict the stage of
the infection in its natural state; mycotoxins may not have been synthesized yet or already degraded.
A larger sampling of infected fruit should be carried out to ensure safety of pineapple for consumers.
In addition, a pineapple medium (PJA) was developed to establish the mycotoxigenic potential of
our isolates under controlled conditions close to natural conditions. The fumonisins B1 and B2 were
detected from twelve strains of F. ananatum and F. proliferatum. Our results are in agreement with those
of St˛epień et al. [17], who showed that F. proliferatum produced the highest levels of mycotoxins in vitro.
Fusarium oxysporum produced only beauvericin. Mycotoxin levels were close to the detection limit of
the device for F. ananatum strains, which may explain why mycotoxin production was detected in a
low number of isolates, i.e., this may be underestimated and accurate determination may require more
sensitive detection.
Phenolic acids have a variable effect on fungal growth and mycotoxin production, depending on
the strain as well as the concentration and type of phenolic acid assayed [60–62]. Natural phenolic
acids from wheat bran inhibit in vitro trichothecene biosynthesis in Fusarium culmorum by repressing
Tri gene expression [41]. Inhibition of Fusarium graminearum growth and mycotoxin production by
phenolic extract from Spirulina sp. was also observed [63]. Our results show variability in the in vitro
accumulation of mycotoxin due to metabolites naturally found in pineapple fruits. The PJA medium
was enriched with phenolic compounds or enzymatic complexes at 0.5 g L−1 , a concentration close
to that naturally found in infected fruits [40]. Toxin accumulation was reduced in the presence of
each supplemented compound compared to the control for F. proliferatum. Only caffeoylquinic acid
enhanced the level of BEA for F. oxysporum. However, while the contaminating strains are toxigenic
in vitro, it seems that their toxigenicity is limited in vivo because of the metabolites produced by the
fruit during the infection.
With food and health security being major issues, it is therefore important to produce food with
the least possible mycotoxins. In the case of the fruitlet core rot disease, it would be interesting to
put non-toxigenic strains in competition with F. ananatum. For example, we know that T. stollii and
F. ananatum coexist in the blossom cups. If it is confirmed that T. stollii is not toxigenic, its presence
could be positive in case it has a detrimental effect on Fusarium spp. The result would be even more
interesting with non-pathogenic species of fungi naturally present on pineapple.
4. Materials and Methods
4.1. Determination of Fungal Diversity
4.1.1. Fruit Sampling and Fungal Isolation
Reunion Island (21.1◦ S, 55.5◦ E) is located in the Indian Ocean. The climate in Reunion is tropical,
but the temperature varies with elevation. Precipitation levels vary greatly within the island, with
the east being much wetter than the west. The pineapple crops are spread all over the island. Fifty
mature fruits were harvested from 10 farms on the island during the last quarter of 2015. One to
eight spots were isolated from naturally infected pineapples. Four healthy looking blossom cups
were also sampled. Samples of approximately 6 mm3 were deposited on Sabouraud chloramphenicol
medium. Daily observations made it possible to transfer the mycelium to potato dextrose agar (PDA)
medium. Single conidial cultures were performed after seven days at 25 ◦ C and then stored using a
cryopreservation method at −75 ◦ C in 15% glycerol aqueous solution [64]. All isolates used in this
study are maintained in the Fusarium culture collection of the CIRAD La Reunion, Ligne Paradis,
France, and at the Université de Montpellier, Qualisud, France.
4.1.2. Morphological Comparisons
Preliminary morphological identification work was performed on the pathogens present in
the fruits. Isolates were grown on carnation leaf agar (CLA) and PDA for 7 days at 25 ◦ C [65].
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Fungal structures produced on these media were mounted on microscope slides and used in the
morphological comparison of the Reunion isolates. Colony color was assigned using the color charts
of Rayner for isolates grown on PDA for 7 days at 25 ◦ C [66].
Scanning Electron Microscopy allowed the differentiation of fungi genera. Small pieces of fruit in
the blossom cup region were observed with a Hitachi S4000 SEM.
4.1.3. DNA Extraction, PCR, Sequencing, and Alignment
The fungi were grown on PDA plates for five days, and genomic DNA was then extracted from
fresh aerial mycelia using the Promega Wizard® SV Genomic DNA Purification System (Anatech
Instruments (Pty) Ltd., Randburg, South Africa) according to the manufacturer’s recommendations.
The extracted DNA was quantified using a Nanodrop spectrophotometer (NanoDrop, Wilmington,
NC, USA) and stored at −20 ◦ C until further use.
The primers EF1 (50 -CGAATCTTTGAACGCACATTG-30 ) and EF2 (50 -CCGTGTTTCAAG
ACGGG-30 ) were used to amplify a region corresponding to the translation elongation factor-1α
(TEF) gene of Fusarium sp. isolates [67]. The PCR consisted of 1× Roche Taq reaction buffer with MgCl2 ,
dNTPs (250 mM each), primers (0.2 mM each), template DNA (25 ng), and Taq polymerase (0.5 U).
The conditions for the amplification of the TEF gene were an initial denaturation at 95 ◦ C for 5 min
followed by 30 cycles of denaturing at 94 ◦ C for 45 s, annealing at 58 ◦ C for 45 s, and elongation at 72
◦ C for 1 min, followed by a final elongation step at 72 ◦ C for 7 min. The resulting PCR amplicons were
purified using a QIAquick PCR Purification kit (QIAGEN, Hilden, Germany).
Primers ITS1 (50 -TCCGTAGGTGAACCTGCGG-30 ) and ITS4 (50 -TCCTCCGCTTATTGATATGC-30 )
were used to amplify the internal transcribed spacer (ITS) region of the remaining strains (White et al.
1990). The PCR assay was carried out in a total volume of 20 µL comprising 1 × KAPASYBR® FAST,
2 µL DNA (10 ng µL−1 ), and 200 nM of each primer. PCR cycling conditions consisted of an initial
denaturation step at 94 ◦ C for 5 min followed by 30 cycles at 94 ◦ C for 45 s, 52 ◦ C for 30 s, and 72 ◦ C for
60 s, and a final extension step at 72 ◦ C for 5 min.
Sequencing of both strands was performed using the ABI 3700 DNA Sequencer (Applied
Biosystems, Waltham, MA, USA) according to the manufacturer’s instructions in the Genomic Unit of
the Universidad Complutense of Madrid (Madrid, Spain). Sequences were edited and aligned using
Geneious (Biomatters) [68]. Sequences were deposited in the EMBL database [69], and the accession
numbers are shown in Figures S1 and S2.
4.1.4. Phylogenetic Analysis
The alignments of TEF and ITS sequences were performed using MUSCLE as implemented in the
MEGA7 program [70]. PhyML was used for maximum likelihood (ML) analysis [71]. The robustness
of trees in the ML analyses was evaluated by 100 bootstrap replications. The phylogram based on TEF
sequences was rooted with N. solani (GenBank accession number: DQ247710). T. dendriticus (GenBank
accession number: JX091486) was selected as the outgroup in the ITS analysis. The output tree files
were visualized in FigTree v.1.3.1.
4.2. Toxigenic Potential
4.2.1. Pineapple Medium (PJA)
The ability of fungi from the collection to produce mycotoxins was assessed on a pineapple
medium optimized for the study. The optimized pineapple juice agar was made from a solution of
water agar (5%) mixed with commercial pineapple juice at a ratio of 20/80 with a final agar concentration
of 1.25%. Five microliters of a conidial suspension (concentration 106 conidia mL−1 ) of each fungal
strain was deposited in the middle of the pineapple medium. Petri dishes were incubated for seven
days at 25 ◦ C before mycotoxin extraction. One gram of agar corresponding to 3 plugs in the fungal
colony was used for mycotoxin extraction. The toxigenic potential of the collection strains was tested
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on PJA. Two technical repetitions of the liquid chromatography–mass spectrometry (LC–MS) analyses
were performed.
4.2.2. Optimal Medium for Mycotoxin Production
Fungal strains of F. ananatum (isolates clp028, clp101, clp103, and clp117), F. oxysporum (clp076 and
clp105), F. proliferatum (clp081), and T. stollii (clp023 and clp042) were subcultured on solid and liquid
media. For PDA and PJA, spore suspensions were deposited on solid media and then incubated at
25 ◦ C for seven days. Three liquid media were tested: YEPD (yeast extract 10 g L−1 , peptone 20 g L−1 ,
dextrose 20 g L−1 ), GYAM (glucose 43 g L−1 , yeast extract 0.5 g L−1 , L-asparagine 1.06 g L−1 , malic acid
0.7 g L−1 , NaCl 0.1 g L−1 , K2 HPO4 0.766 g L−1 ; MgSO4 0.24 g L−1 ; CaCL2 1 g L−1 ), and FYM (fructose
20 g L−1 , yeast extract 1 g L−1 , malt extract 0.5 g L−1 , peptone 1 g L−1 , KH2 PO4 1 g L−1 , MgSO4 ·7H2 O
0.3 g L−1 , KCl 0.3 g L−1 , CuSO4 ·5H2 O 0.01 g L−1 , ZnSO4 ·7H2 O 0.05 g L−1 ). One mycelium plug was
deposited in an Erlenmeyer flask with 50 mL of broth. The liquid media were incubated at 30 ◦ C and
stirred at 100 rpm for 10 days. Each modality was repeated four times.
4.2.3. Culture Supplementation with Phenolic Acids and Enzymatic Complex
The isolates clp101 (F. ananatum), clp081 (F. proliferatum), clp076 (F. oxysporum), and clp120 (T. stollii)
were subcultured on PJA with the addition of secondary metabolites that are commonly observed in
pineapple fruits, especially those observed in black spots. Standards of coumaric acid, caffeoylquinic
acid, ferulic acid, sinapic acid, and bromelain purchased from Sigma-Aldrich (France) were added at
concentrations of 0.25, 0.5, and 1 g L−1 . The control contained only PJA. The compounds were initially
dissolved in 0.25% methanol solution to facilitate their dissolution in PJA at 44 ◦ C. The same volume of
methanol was added to the controls. Fungal inoculations were made as in previous cultures. After
seven days of growth at 25 ◦ C, mycotoxins were extracted, and three independent extractions were
performed. Each modality was repeated three times. Two technical repetitions of the LC-MS analyses
were performed.
4.2.4. Inoculated and Naturally Infected Fruitlets
Inoculations were performed on mature fruits harvested at the CIRAD Experimental Research
Station on Reunion Island. The inoculated fruitlets were originally healthy. Fruitlets were inoculated
with 50 µL of a conidial suspension at 103 conidia mL−1 of isolates of F. ananatum (clp101, clp117),
F. oxysporum (clp076, clp105), F. proliferatum (clp081), and T. stollii (clp120) using a 0.25 mm diameter
needle. Four fruitlets representing the “infected fruitlet” were inoculated on one side of the fruit,
whereby two of the fruitlets were inoculated on the upper part while the others were inoculated on
the lower part. The syringe was pushed through the peel in the fruitlet perpendicular to the fruit
axis. The flesh between infected fruitlets represented the “adjacent fruitlet”. The other side of the fruit
represented the ‘healthy fruitlet’. After an eight-day incubation at 24 ◦ C away from direct sunlight, the
pineapples were sampled according to the different areas of interest.
Naturally infected fruitlets were obtained from commercially available pineapples originating
from Mauritius Island. The inconsistent sample size for healthy and infected fruit is due to the fact that
not all pineapples sampled had multiple naturally black spots. Adjacent and healthy areas were also
sampled to measure the mycotoxin dispersion in the parenchyma.
4.2.5. Mycotoxin Extraction and Quantification
The extraction of mycotoxins was carried out according to the same protocol for all experiments.
Plugs of 1 g of solid media, 10 g of fresh fruit, and 1 g of supernatant and pellet from the broth
were used after centrifugation for five minutes (8000 rpm). Samples were mixed with 20 mL of
acetonitrile/water/acetic acid (50:50:1). After agitation, salts (modified roQTM QuEChER EN 15562)
were added to allow phase separation. Then, the supernatant was diluted 100-fold with mobile phase
A (water + 0.5% acetic acid) and the internal standard mix was added. The HPLC analysis was
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carried out on a LCMS-8040 Shimadzu (Kyoto, Japan). The separation was performed at 50 ◦ C using a
50 × 2 mm, 2.6 µm particle size, end-capped reversed-phase Phenomenex Kinetex XB® . The injection
volume was 50 µL, and the flow rate was 0.4 mL min−1 . The mycotoxins were analyzed using the
following gradient; 10–55% B (isopropanol + 0.5% acetic acid) in 1.5 min, 55–85% B in 1.5 min, 80–85%
B in 0.5 min, and 2–80% B in 7 min, after which the column was washed and equilibrated to the initial
conditions. Standards of aflatoxins (AFB1 , B2 , G1 , G2 ), ochratoxin A, fumonisins B1 and B2 , zearalenone
(ZEA), trichothecenes (DON, HT-2, nivalenol, 3ADON, 15ADON, DAS, fusarenon-X) (R-Biopharm),
and beauvericin (BEA) (Libios) were used to detect and quantify mycotoxins.
4.3. Statistical Analysis
All statistical analyses were conducted in R [72]. The graphics were realized with ggplot2 [73].
For the in vitro data, mycotoxin concentrations were estimated with nine independent linear
mixed models for each toxin and strain/species combination [74]. The compounds and media were
fixed effect. The residuals are independent and their normality was verified graphically.
For the artificial inoculation data, mycotoxin concentrations were estimated with nine independent
linear mixed models for each toxin and strain combination. The sampling area (healthy, adjacent, or
inoculated) is a fixed effect, whereas the fruit is a random effect (measurements on the same fruit are not
independent). Therefore, the residuals are independent and their normality was verified graphically.
In each model, the three sampling areas were compared two by two in a post hoc test following
the Benjamini–Hochberg procedure [75,76].
For data concerning naturally infected fruits, the mycotoxin concentrations were estimated using
three independent linear mixed models for each toxin. As above, the sampling area (healthy or infected)
is a fixed effect and the fruit is a random effect. The residuals are independent and their normality was
verified graphically.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/5/339/s1:
Figure S1: Maximum likelihood tree calculated using PhyML as based on translation elongation factor 1α (TEF-1α)
gene sequences showing the relationships among Fusarium ananatum and related species. Fusarium solani was
chosen as the outgroup. Bootstrap values (percentages of 100 bootstrap replicates) are indicated in brackets
above the branches of the tree. Model selected: TN93 +G, alignment 709 bp, Figure S2: Maximum likelihood tree
calculated using PhyML as based on internal transcribed spacer (ITS) sequences showing the relationships among
Talaromyces stollii and related species. Talaromyces dendriticus was chosen as the outgroup. Bootstrap values
(percentages of 100 bootstrap replicates) are indicated in brackets above the branches of the tree. Model selected:
TN93, alignment 623 bp.
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St˛epień, Ł.; Koczyk, G.; Waśkiewicz, A. Genetic and phenotypic variation of Fusarium proliferatum isolates
from different host species. J. Appl. Genet. 2011, 52, 487. [CrossRef]
Johnson, M.O. The Pineapple; Paradise of the Pacific Press: Honolulu, HI, USA, 1935; p. 300.
Pole-Evans, I.B. Report No. VI. Botany and Plant Pathology. Brown spot in pineapples. J. Dep. Agric. 1924, 9,
544–546.
Edmonstone-Sammons, C. The Fungal Flora Associated with Black Spot of Pineapples. Some Aspects of the
Microflora of Citrus Soils; Rhodes University: Grahamstown, South Africa, 1955.
Oxenham, B. Etiology of fruitlet core rot of pineapple in Queensland. Qld. J. Agric. Sci. 1962, 19, 27–31.
Rohrbach, K.G.; Namba, R.; Taniguchi, G. Endosulfan for Control of Pineapple Inter-fruitlet Corking, Leathery Pocket
and Fruitlet Core Rot; The American Phytopathological Society: Saint Paul, MN, USA, 1981; pp. 1006–1007.
Guerout, R. Les taches noires de l’ananas. Fruits 1974, 29, 489–499.
Py, C.; Lacoeuilhe, J.-J.; Teisson, C. L’ananas: Sa Culture, Ses Produits; Maisonneuve et Larose: Paris, France,
1984; p. 562.
Nguyen, P.-A.; Strub, C.; Fontana, A.; Schorr-Galindo, S. Crop molds and mycotoxins: Alternative
management using biocontrol. Biol. Control 2017, 104, 10–27. [CrossRef]
Mourichon, X. Contribution à l’etude des taches noires (Fruitlet core rot) et leathery pocket de l’ananas
causés par Penicillium funiculosum Thom. en Côte d’Ivoire. Fruits 1983, 38, 209–224.
Rohrbach, K.G.; Schmitt, D.; Ploetz, R.C. Diseases of pineapple. In Diseases of Tropical Fruit Crops; CAB
International: Wallingford, UK, 2003; pp. 443–464.
Vismer, H.F.; Sydenham, E.W.; Schlechter, M.; Brown, N.L.; Hocking, A.D.; Rheeder, J.P.; Marasas, W.F.O.
Patulin-producing Penicillium species isolated from naturally infected apples in South Africa. S. Afr. J. Sci.
1996, 92, 530–534.

Toxins 2020, 12, 339

33.
34.

35.
36.
37.

38.
39.

40.

41.

42.
43.

44.

45.

46.
47.
48.

49.
50.

51.

52.
53.

15 of 16

Samson, R.A.; Houbraken, J.; Thrane, U.; Frisvad, J.C.; Andersen, B. Food and Indoor Fungi; Westerdijk Fungal
Biodiversity Institute: Utrecht, The Netherlands, 2019; Volume 2, p. 481.
Yassin, M.A.; El-Samawaty, A.-R.; Bahkali, A.; Moslem, M.; Abd-Elsalam, K.A.; Hyde, K.D.
Mycotoxin-producing fungi occurring in sorghum grains from Saudi Arabia. Fungal Divers. 2010, 44,
45–52. [CrossRef]
Avallone, S.; Guiraud, J.P.; Brillouet, J.M.; Teisson, C. Enzymatic browning and biochemical alterations in
black spots of pineapple [Ananas comosus (L.) Merr.]. Curr. Microbiol. 2003, 47, 113–118. [CrossRef]
Smith, B.G.; Harris, P.J. Ferulic acid is esterified to glucuronoarabinoxylans in pineapple cell walls.
Phytochemistry 2001, 56, 513–519. [CrossRef]
Steingass, C.B.; Glock, M.; Schweiggert, R.; Carle, R. Studies into the phenolic patterns of different tissues of
pineapple (Ananas comosus [L.] Merr.) infructescence by HPLC-DAD-ESI-MSn and GC-MS analysis. Anal.
Bioanal. Chem. 2015, 1–17. [CrossRef]
Barral, B.; Chillet, M.; Léchaudel, M.; Lugan, R.; Schorr-Galindo, S. Coumaroyl-isocitric and caffeoyl-isocitric
acids as markers of pineapple fruitlet core rot disease. Fruits 2019, 74, 11–17. [CrossRef]
Barral, B.; Chillet, M.; Léchaudel, M.; Lartaud, M.; Verdeil, J.-L.; Conéjéro, G.; Schorr-Galindo, S. An Imaging
Approach to Identify Mechanisms of Resistance to Pineapple Fruitlet Core Rot. Front. Plant Sci. 2019, 10,
1065. [CrossRef]
Barral, B.; Chillet, M.; Minier, J.; Léchaudel, M.; Schorr-Galindo, S. Evaluating the response to Fusarium
ananatum inoculation and antifungal activity of phenolic acids in pineapple. Fungal Biol. 2017, 121, 1045–1053.
[CrossRef] [PubMed]
Boutigny, A.L.; Atanasova-Penichon, V.; Benet, M.; Barreau, C.; Richard-Forget, F. Natural phenolic acids from
wheat bran inhibit Fusarium culmorum trichothecene biosynthesis in vitro by repressing Tri gene expression.
Eur. J. Plant Pathol. 2010, 127, 275–286. [CrossRef]
Atanasova-Penichon, V.; Barreau, C.; Richard-Forget, F. Antioxidant secondary metabolites in cereals: Potential
involvement in resistance to Fusarium and mycotoxin accumulation. Front. Microbiol. 2016, 7. [CrossRef]
Gauthier, L.; Atanasova-Penichon, V.; Chéreau, S.; Richard-Forget, F. Metabolomics to decipher the chemical
defense of cereals against Fusarium graminearum and deoxynivalenol accumulation. Int. J. Mol. Sci. 2015, 16,
24839–24872. [CrossRef]
Forrer, H.; Musa, T.; Schwab, F.; Jenny, E.; Bucheli, T.; Wettstein, F.; Vogelgsang, S. Fusarium Head Blight
Control and Prevention of Mycotoxin Contamination in Wheat with Botanicals and Tannic Acid. Toxins 2014,
6, 830–849. [CrossRef] [PubMed]
Ponts, N.; Pinson-Gadais, L.; Boutigny, A.-L.; Barreau, C.; Richard-Forget, F. Cinnamic-derived acids
significantly affect Fusarium graminearum growth and in vitro synthesis of type B trichothecenes.
Phytopathology 2011, 101, 929–934. [CrossRef] [PubMed]
Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol.
1990, 215, 403–410. [CrossRef]
Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial
DNA in humans and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526.
Zhang, N.; O’Donnell, K.; Sutton, D.A.; Nalim, F.A.; Summerbell, R.C.; Padhye, A.A.; Geiser, D.M. Members
of the Fusarium solani species complex that cause infections in both humans and plants are common in the
environment. J. Clin. Microbiol. 2006, 44, 2186–2190. [CrossRef]
Sandoval-Denis, M.; Crous, P. Removing chaos from confusion: Assigning names to common human and
animal pathogens in Neocosmospora. Persoonia 2018, 41, 109–129. [CrossRef] [PubMed]
O’Donnell, K.; Humber, R.A.; Geiser, D.M.; Kang, S.; Park, B.; Robert, V.A.; Crous, P.W.; Johnston, P.R.; Aoki, T.;
Rooney, A.P. Phylogenetic diversity of insecticolous fusaria inferred from multilocus DNA sequence data and
their molecular identification via FUSARIUM-ID and Fusarium MLST. Mycologia 2012, 104, 427–445. [PubMed]
Zhang, H.; Brankovics, B.; Luo, W.; Xu, J.; Xu, J.; Guo, C.; Guo, J.; Jin, S.; Chen, W.; Feng, J. Crops are a main
driver for species diversity and the toxigenic potential of Fusarium isolates in maize ears in China. World
Mycotoxin J. 2016, 9, 701–715.
Kwon, S.-I.; Dohlen, C.D.v.; Anderson, A.J. Gene sequence analysis of an opportunistic wheat pathogen, an
isolate of Fusarium proliferatum. Can. J. Bot. 2001, 79, 1115–1121.
O’Donnell, K.; Nirenberg, H.I.; Aoki, T.; Cigelnik, E. A multigene phylogeny of the Gibberella fujikuroi
species complex: Detection of additional phylogenetically distinct species. Mycoscience 2000, 41, 61–78.

Toxins 2020, 12, 339

54.
55.

56.
57.
58.
59.
60.

61.
62.

63.

64.
65.
66.
67.
68.

69.
70.
71.
72.
73.
74.
75.
76.

16 of 16

Yilmaz, N.; Houbraken, J.; Hoekstra, E.S.; Frisvad, J.C.; Visagie, C.M.; Samson, R.A. Delimitation and characterisation
of Talaromyces purpurogenus and related species. Mol. Phylogeny Evol. Fungi 2012, 29, 39–54. [CrossRef]
Jimenez, M.; Mateo, J.; Hinojo, M.; Mateo, R. Sugars and amino acids as factors affecting the synthesis of
fumonisins in liquid cultures by isolates of the Gibberella fujikuroi complex. Int. J. Food Microbiol. 2003, 89,
185–193. [CrossRef]
Rohrbach, K.G.; Pfeiffer, J.B. Susceptibility of pineapple cultivars to fruit diseases incited by Penicillium
funiculosum and Fusarium moniliforme. Phytopathology 1976, 66, 1386–1390.
O’Donnell, K.; Cigelnik, E.; Nirenberg, H.I. Molecular systematics and phylogeography of the Gibberella
fujikuroi species complex. Mycologia 1998, 465–493.
Raper, K.B.; Thom, C. Manual of the Penicillia; Williams & Wilkins: Baltimore, MD, USA, 1949.
Fournier, P.; Benneveau, A.; Hardy, C.; Chillet, M.; Léchaudel, M. A predictive model based on a pluviothermic
index for leathery pocket and fruitlet core rot of pineapple cv.‘Queen’. Eur. J. Plant Pathol. 2015, 142, 449–460.
Ferruz, E.; Atanasova-Penichon, V.; Bonnin-Verdal, M.; Marchegay, G.; Pinson-Gadais, L.; Ducos, C.; Loran, S.;
Arino, A.; Barreau, C.; Richard-Forget, F. Effects of Phenolic Acids on the Growth and Production of T-2 and
HT-2 Toxins by Fusarium langsethiae and F. sporotrichioides. Molecules 2016, 21. [CrossRef]
Wu, H.; Wang, Y.; Bao, W.; Liu, D.; Raza, W.; Huang, Q.; Mao, Z.; Shen, Q. Responses of Fusarium oxysporum
f. sp niveum to exogenously added sinapic acid in vitro. Biol. Fertil. Soils 2009, 45, 443–447. [CrossRef]
Kulik, T.; Stuper-Szablewska, K.; Bilska, K.; Busko, M.; Ostrowska-Kolodziejczak, A.; Zaluski, D.; Perkowski, J.
trans-Cinnamic and Chlorogenic Acids Affect the Secondary Metabolic Profiles and Ergosterol Biosynthesis
by Fusarium culmorum and F-graminearum Sensu Stricto. Toxins 2017, 9. [CrossRef]
Pagnussatt, F.A.; Del Ponte, E.M.; Garda-Buffon, J.; Badiale-Furlong, E. Inhibition of Fusarium graminearum
growth and mycotoxin production by phenolic extract from Spirulina sp. Pestic. Biochem. Physiol. 2014, 108,
21–26. [CrossRef] [PubMed]
Leslie, J.F.; Summerell, B.A.; Bullock, S. The Fusarium Laboratory Manual; Wiley Online Library: Hoboken, NJ,
USA, 2006; Volume 2.
Nelson, P.M.; WFO Toussoun, T. Fusarium Species: An Illustred Manual for Identification; The Pennsylvania
State University: Pennsylvania, PA, USA, 1983.
Rayner, R.W. A Mycological Colour Chart; CAB International: Wallingford, UK, 1970.
Carbone, I.; Kohn, L.M. A method for designing primer sets for speciation studies in filamentous ascomycetes.
Mycologia 1999, 553–556.
Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Thierer, T.; Ashton, B.; Meintjes, P.;
Drummond, D. Geneious Basic: An integrated and extendable desktop software platform for the organization
and analysis of sequence data. Bioinformatics 2012, 28, 1647–1649.
McWilliam, H.; Li, W.; Uludag, M.; Squizzato, S.; Park, Y.M.; Buso, N.; Cowley, A.P.; Lopez, R. Analysis tool
web services from the EMBL-EBI. Nucleic Acids Res. 2013, 41, 597–600.
Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870–1874.
Guindon, S.; Dufayard, J.-F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to
estimate maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307–321.
R Core Team R. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2019.
Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2016.
Kuznetsova, A.; Brockhoff, P.; Christensen, R. lmerTest Package: Tests in Linear Mixed Effects Models. J. Stat.
Softw. 2017, 82, 1–26.
Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B Stat. Methodol. 1995, 57, 289–300.
Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in General Parametric Models. Biom. J. 2008, 50,
346–353. [CrossRef] [PubMed]
© 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/).

