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Abstract Fusarium proliferatum (Matsushima) Nirenberg
is a common pathogen infecting numerous crop plants and
occurring in various climatic zones. It produces large
amounts of fumonisins, a group of polyketide-derived
mycotoxins. Fumonisin biosynthesis is determined by the
presence and activity of the FUM cluster, several co-
regulated genes with a common expression pattern. In the
present work, we analyzed 38 F. proliferatum isolates from
different host plant species, demonstrating host-specific
polymorphisms in partial sequences of the key FUM1I gene
(encoding polyketide synthase). We also studied growth
rates across different temperatures and sample origin and
tried to establish the relationships between DNA sequence
polymorphism and toxigenic potential. Phylogenetic anal-
ysis was conducted based on FUMI and fef-1x sequences
for all isolates. The results indicated the greatest variations
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of both toxigenic potential and growth patterns found
across the wide selection of isolates derived from maize.
Fumonisin production for maize isolates ranged from 3.74
to 4,500 pg/g of fumonisin B;. The most efficient producer
isolates obtained from other host plants were only able to
synthesize 1,820-2,419 ng/g of this metabolite. A weak
negative rank correlation between fumonisin content and
isolate growth rates was observed. All garlic-derived isolates
formed a distinct group on a FUMI-based dendrogram. A
second clade consisted of tropical and sub-tropical strains
(isolated from pineapple and date palm). Interestingly,
isolates with the fastest growth patterns were also grouped
together and included both isolates originating from rice.
The sequence of the FUM1 gene was found to be useful in
revealing the intraspecific polymorphism, which is, to some
extent, specifically correlated with the host plant.

Keywords FUM genes - Fumonisin biosynthesis -
Fusarium proliferatum optimal growth temperature -
Phylogeny

Introduction

Fusarium proliferatum (Matsushima) Nirenberg occurs
worldwide as a moderately aggressive pathogen of multiple
plant species. The pathogen can also survive as an
endophyte-like organism, without visible disease symptoms
in the host. Apart from F. verticillioides (Saccardo)
Nirenberg, the species is considered as the most common
maize pathogen, as well as the most effective producer of
the polyketide-derived fumonisin mycotoxins (Rheeder et
al. 2002). The fumonisins produced are usually B group
analogs, with fumonisin B; (FB;) being the most prevalent.
The compound is toxic to both animals and humans due to
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inhibiting sphingolipid metabolism and cell cycle regula-
tion. In past studies, it has been already associated with
esophageal cancer, liver cancer, and neural tube defects
(Desjardins 2006). The FUM gene cluster is responsible for
the entire fumonisin biosynthetic pathway with the key
enzyme, polyketide synthase, encoded by the FUMI gene.
It is responsible for synthesizing the fumonisin backbone
subsequently modified by other enzymes. The cluster of the
model species, F. verticillioides, has been thoroughly
studied and found to consist of 17 co-regulated genes
exhibiting a common expression pattern during fumonisin
biosynthesis (Brown et al. 2005; Proctor et al. 2003).
Notably, the FUM cluster of F. proliferatum was identified
and comparative analysis with F. verticillioides was per-
formed, but the sequence of the cluster was not published
(Waalwijk et al. 2004).

Among the many molecular markers used for phylogeny
reconstruction (e.g., internal transcribed spacers [ITS1/2]
region, (3-tubulin, calmodulin, and H3 histone genes), the
translation elongation factor (fef~1x) sequences appear to
be the most useful in taxonomic studies of fungi, especially
in the Gibberella fujikuroi species complex, as well as in
other members of the Fusarium genus (Geiser et al. 2004;
Kristensen et al. 2005). Recently, genes and other sequen-
ces directly involved in secondary metabolism gained more
attention in phylogenetic studies, as those have the
advantage of possible usage in combined approaches to
the diagnostics of mycotoxin production abilities (Proctor et
al. 2009). Therefore, genes from the FUM cluster merit
investigation as a good additional marker for phylogenetic
studies of fumonisin-producing Fusarium species (Baird et
al. 2008; Gonzalez-Jaén et al. 2004; Stepien et al. 2011).

The aim of this study was to assess the variability of
F. proliferatum isolates coming from different host species on
three levels: (i) phylogenetic relationships implied by transla-
tion elongation factor 1 (tef~1x) and FUM1 genes sequences,
(ii) differences in growth rates at four different temperatures,
and (iii) fumonisin B synthesis and accumulation.

Materials and methods
Fusarium strains, media, and growth rate measurement

Thirty-eight F. proliferatum isolates, collected from vari-
ous host plant species, were chosen for the analyses of
growth speed in relation to the temperature and fumonisin
B;—B3 content. All isolates were stored in the KF
Fusarium collection at the Institute of Plant Genetics,
Polish Academy of Sciences, Poznan, Poland. The isolates
are summarized (including data on fumonisin content and
growth) in Table 1. The colony measurements were
performed at four different temperatures, 20°C, 25°C,
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30°C, and 35°C, on 90-mm plates with potato dextrose
agar (PDA) medium (Oxoid, Basingstoke, Hampshire, UK),
with growth measured as the colony diameter in 24-h
intervals. Two replicates were done for each isolate/
temperature combination.

PCR primers, cycling profiles, and DNA sequencing

For the amplification of tef-1o« and FUM1 gene fragments,
Ef728M (CATCGAGAAGTTCGAGAAGG)/TeflR
(GCCATCCTTGGAGATACCAGC) and FumlFl1
(CACATCTGTGGGCGATCC)FumlR2 (ATATGGCCCCA
GCTGCATA) primers were used, respectively, designed and
tested in the previous work (Stepien et al. 2011). The
polymerase chain reaction (PCR) was done in 25-ul
aliquots using PTC-200 thermal cycler (MJ Research,
Watertown, MA, USA). Each sample contained 1 unit of
Platinum HotStart Tag DNA polymerase (Invitrogen,
Carlsbad, CA, USA), 2.5 ul of 10x PCR buffer, 12.5 pmol
of forward/reverse primers, 2.5 mM of each dNTP, and
about 20 ng of fungal DNA. The PCR conditions were as
follows: 15 min at 95°C, 35 cycles of (30-60 s at 94°C, 30—
60 s at 58-63°C, 1-2 min at 72°C), and 10 min at 72°C.
Amplicons were electrophoresed in 1.5% agarose gels
(Invitrogen) with ethidium bromide.

For sequence analysis, PCR-amplified DNA fragments
were purified with exonuclease I (Epicentre, Madison, WI,
USA) and shrimp alkaline phosphatase (Promega, Madison,
WI, USA) using the following program: 30 min at 37°C,
followed by 15 min at 80°C. In the case of multiple
amplification fragments, the bands were cut out of the 0.8%
agarose gels and purified using PureLink® Quick Gel
Extraction Kit (Invitrogen). We labeled both strands using
the BigDyeTerminator 3.1 kit (Applied Biosystems, Foster
City, CA, USA), according to Btaszczyk et al. (2005) and
the manufacturer’s instructions. To remove the remains of
the reagents, labeled fragments were precipitated with
ethanol. Sequence reading was performed using Applied
Biosystems equipment.

Sequence analysis and phylogeny reconstruction

The sequences were initially aligned with ClustalW and
subsequently realigned separately for intron and exon
regions using MUSCLE (Edgar 2004). Phylogenetic
relationships were reconstructed using MEGA4 (Tamura
et al. 2007). Both fef-1x and FUM1 gene sequences were
analyzed using the maximum parsimony approach
(closest neighbor interchange heuristics set to level 3)
for phylogeny reconstruction. No positions containing
gaps were considered in the phylogeny analysis. All
reconstructions were tested by bootstrapping with 1,000
replicates.
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Table 1 Fusarium proliferatum isolates used in this study: their host plant species, year of isolation, geographical origin, and amounts of
fumonisin B,—B; synthesized in rice

Isolate Host plant Year Origin FB; (ng/g) FB, (ng/g) FB; (n1g/g)
KF 380 Zea mays 1984 Italy 6.79 2.45 0.72
KF 391* Saccharum officinarum India (NRRL 13286) 4.48 0.92 0.26
KF 422 1.1 Otyza sativa 1973 Taiwan (NRRL 13620) 13.31 7.86 3.89
KF 496* Zea mays 1983 Italy (ITEM 382) 4,500.00 n/a n/a
KF 497 Triticum aestivum 1987 Portugal 3.34 0.73 0.11
KF 925% Zea mays 1986 Poland 694.00 95.00 33.00
KF 1326 1987 0.02 0.01 0

KF 1327 1987 6.41 2.77 2.20
KF 1329 2 Otyza sativa Japan 116.73 45.19 10.39
KF 2118 Laboratory cross 1993 USA (FGSC 7614) 783.33 287.64 53.12
KF 2119 Laboratory cross 1993 USA (FGSC 7615) 24.94 4.13 6.08
KF 2221 Zea mays Italy 15.63 5.41 0.95
KF 2224 Zea mays Italy 140.72 49.76 10.00
KF 2227 Zea mays Canada 3.74 2.70 2.12
KF 3301* Ananas comosus 2008 Costa Rica 1,353.00 496.00 133.00
KF 3315* Ananas comosus 2008 Hawaii 1,820.00 534.00 113.00
KF 3341* Asparagus officinalis 2009 Poland 1,203.00 572.00 140.00
KF 3355 Asparagus officinalis 2009 Poland 1,235.00 501.23 119.05
KF 3357 Asparagus officinalis 2009 Poland 1,536.00 657.09 123.72
KF 3360 Asparagus officinalis 2009 Poland 1,312.00 542.89 118.65
KF 3361%* Asparagus officinalis 2009 Poland 1,822.00 748.00 179.00
KF 3362* Asparagus officinalis 2009 Poland 1,496.00 614.00 147.00
KF 3363* Allium sativum 2009 Poland 1,732.00 789.00 139.00
KF 3366* Allium sativum 2009 Poland 1,810.00 188.00 90.00
KF 3369 Allium sativum 2009 Poland 505.98 97.25 69.47
KF 3372 Allium sativum 2009 Poland 408.81 108.10 76.07
KF 3377* Allium sativum 2009 Poland 1,205.00 163.00 108.00
KF 3383* Ananas comosus 2009 Hawaii 930.00 204.00 79.00
KF 3385%* Ananas comosus 2009 Vietnam 7.01 2.16 0.79
KF 3404 Ananas comosus 2010 Costa Rica 856.39 330.03 109.07
KF 3407 Ananas comosus 2010 Costa Rica 2,419.32 379.86 139.77
KF 3409 Cambria sp. 2010 668.72 170.07 70.19
KF 3416 Phoenix dactylifera 2010 Tunisia 46.34 26.11 6.53
KF 3440 Zea mays 2006 Poland 840.50 402.01 84.87
KF 3441 Zea mays 2006 Poland 162.12 52.00 69.15
KF 3442 Zea mays 2006 Poland 1414.73 288.37 75.72
KF 3444 Ananas comosus 2010 Ecuador 1,568.18 210.93 140.35
KF 3503 Allium sativum 2010 Poland 1,186.87 185.54 66.24

n/a not analyzed

*Results for fumonisin biosynthesis already published in Stgpien et al. (2011)

Fumonisin content analysis

Fumonisin By, B,, and B; standards and all reagents were
purchased from Sigma (St. Louis, MO, USA). Water for the
high-performance liquid chromatography (HPLC) mobile

phase was purified using a Milli-Q system (Millipore,
Bedford, MA, USA).

For toxin quantification, rice cultures were prepared for
individual Fusarium isolates (Stgpien et al. 2011). Long-
grain white rice samples were used (50 g per flask, with the
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addition of 12.5 pl of sterile water), left overnight, and
sterilized by autoclaving the next day. The rice samples
were subsequently inoculated with 4 cm? of 7-day-old
mycelium on PDA medium. The culture humidity was kept
around 30% for 14 days. Then, the cultures were dried at
room temperature and samples (5 g) of each strain were
homogenized for 3 min in 10 ml of methanol-water (3:1, v/v)
and filtered through Whatman no. 4 filter paper according to
the method described by Sydenham et al. (1990). A detailed
description of procedure of the extraction and purification of
FB; was reported ecarlier (Waskiewicz et al. 2010). The
fumonisin B, B,, and Bj standard (5 pl) or extracts (20 ul)
were derivatized with 20 or 80 ul of the OPA reagent. After
3 min, the reaction mixture (10 ul) was injected onto an
HPLC column. Methanol-sodium dihydrogen phosphate
(0.1 M in water) solution (77:23, v/v) adjusted to pH 3.35
with o-phosphoric acid, after filtration through a 0.45-pum
Waters HV membrane, was used as the mobile phase with a
flow rate of 0,6 ml min . A Waters 2695 apparatus (Waters
Division of Millipore, Milford, MA, USA), with a C-18
Nova Pak column (3.9x150 mm) and a Waters 2475
fluorescence detector (Agx=335 nm and Ag,,=440 nm), were
used in the metabolite quantitative determination. The
detection limits were 10 ng gfl for FB;, FB,, and FB;.
Positive results (on the basis of retention time) were
confirmed by HPLC analysis and compared with the relevant
calibration curve (the correlation coefficients for FB;, FB,,
and FB; were 0.9967, 0.9983, and 0.9966, respectively).
Recoveries for FB, FB,, and FB; were 93, 96, and 87%
respectively, which were measured in triplicate by extracting
the mycotoxins from blank samples spiked with 10—
100 ng g ' of the compound. The relative standard
deviations were less than 8%.

Results
Growth rates

The observed growth curves for isolates from different species
are presented in Fig. 1. The optimal growth temperature for
all isolates was found to be 25°C, with marked (reversible)
inhibition of growth observed at both 30 and 35°C. The
relationship between total fumonisin content and colony
diameter at 25°C is summarized in Fig. 2. Four isolates
proved to be notable outliers, capable of moderate growth,
even at 35°C. The same isolates, two isolates from rice (KF
422 1.1 and KF 1329 2), one from maize (KF 925), and one
from asparagus (KF 3662), displayed the fastest growth at all
of the temperatures tested. Although the temperature of 35°C
limited the growth rates severely, after decreasing to 20-25°C,
high speed of growth of the analyzed isolates was restored
(results not shown).
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Fumonisin biosynthesis levels

The fumonisins B1—B; content was assayed in controlled
conditions using rice cultures (Kostecki et al. 1999). Based
on the results of the analysis, three groups can be
distinguished among 38 analyzed isolates: low-producers
(nine isolates yielding below 20 pg/g of FB;), medium-
producers (five isolates yielding between 20 and 200 pg/g
of FB), and high-producers (24 isolates yielding over
200 ng/g FBy). Sixteen isolates produced more than 1 mg/g
of fumonisin B; and no relationship was found between
host species and the amount of toxin produced, as the most
effective FB-producing isolates originated not only from
maize, but also from asparagus, pineapple, and garlic. The
fumonisin biosynthesis by individual isolates is summa-
rized in Table 1 and (in relation to the growth rate and host
plant) in Fig. 2.

Phylogenetic analysis

The partial sequences of the translation elongation factor
tef~lx and FUMI genes from 38 isolates studied were
amplified by PCR using Ef728M/TeflR and FumlF1/
FumIR2 primers, respectively. PCR products were used
directly for sequencing the fragments. In one case (KF
1327), we were not able to obtain an expected amplicon
and in another sample (KF 3404 isolated from pineapple),
we were not successful in obtaining the FUM1 sequence of
good quality, despite having the fragment amplified (results
not shown). Obtained sequences were used for phylogeny
reconstruction (Figs. 3 and 4). Regarding the comparison of
cladograms based on tef~1x and FUMI sequences, boot-
strapping of the latter yields clearer separation between
isolates coming from different hosts. The fef-1x-based tree
relied on 15 parsimony informative residues (out of 250)
with consistency and retention indices for the most
parsimonious tree equal to, respectively, 0.791 and 0.921.
The FUM1 reconstruction relied on 15 parsimony informa-
tive residues (out of 428), yielding consistency and
retention indices of, respectively, 0.857 and 0.969. The
FUM]I region used for analysis was mapped to the
reference F. verticillioides gene and was found to corre-
spond to the coding sequence (partial linker region between
dehydratase and methyltransferase domains).

Discussion

FE. proliferatum is a common pathogen infecting multiple
crop plants from various climatic zones. However, little is
known about its variability at the phenotypic, metabolic,
and genetic levels, especially in the context of the host.
Also, intraspecific differences in the mycotoxigenic abilities
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Fig. 1 Growth rate curves based on the mean colony diameter of all
strains of Fusarium proliferatum originating from one host plant.
Potato dextrose agar (PDA) medium was used, and measurements
were performed in 24-h intervals. Four temperatures were tested: 20,

of individual isolates from different hosts have not been
extensively studied. Besides several polymorphic regions,
mycotoxin biosynthetic genes have gained significant

25, 30, and 35°C. Abbreviations of host species: Ac Ananas comosus,
Ao Asparagus officinalis, As Allium sativum, Ca Cambria sp., Os
Oryza sativa, Pd Phoenix dactylifera, So Saccharum officinarum, Ta
Triticum aestivum, Zm Zea mays, NA unknown host

attention as useful tools for studies of the diversity and
phylogenetic relationships among Fusarium species. There-
fore, apart from the fef~l1x gene, we decided to use the
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Fig. 2 The relationship between
total fumonisin content (B; +
B, + B3) and colony diameter
after 7 days at 25°C for 37
isolates of Fusarium prolifera-
tum (the logarithmic scale was
used, see Table 1 for details of
the fumonisin biosynthesis for
individual isolates). The host
origin has been marked by
symbols. Abbreviations of host
species: Ac Ananas comosus, Ao
Asparagus officinalis, As Allium
sativum, Ca Cambria sp., Os
Oryza sativa, Pd Phoenix
dactylifera, So Saccharum
officinarum, Ta Triticum
aestivum, Zm Zea mays,

NA unknown host

Growth [mm)]

sequence of the FUM]I gene in our study. The fef-1x gene
has been used successfully in numerous studies of fungal
molecular taxonomy, also concerning Fusarium species
(Geiser et al. 2004; Kristensen et al. 2005; Stgpien et al.
2011). The limited intraspecies divergence of the tef-1o
sequences did not allow for distinguishing clear clades of
individual isolates in relation to different countries of
origin/host plant (Fig. 3); however, there were groups of
several more closely related groups of isolates. It applies
specifically to garlic-derived isolates, which formed a separate
branch on the dendrogram (Fig. 3). The remaining isolates
were dispersed across all groupings with no clear correlation
to the host origin. This stays in good agreement with
previous studies with a number of F proliferatum strains
from different hosts. Especially when comparing maize- and
asparagus-derived strains, remarkable sequence similarities
in the fef~1o region were recorded (Jurado et al. 2010).

The comparison of the partial FUM1 sequences of 36
isolates studied originating from different hosts allowed to
differentiate the host-related groups more clearly than in the
case where the fef-1o sequences were used (Fig. 4). The
group of isolates characteristic for tropical/subtropical
climatic zones, i.e., recovered from hosts like pineapple
(Ananas comosus (L.) Merr.) or date palm (Phoenix
dactylifera L.) formed a separate well-established clade of
the consensus phylogenetic tree (Fig. 4). Similar results
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were reported for F. proliferatum strains isolated from date
palm and banana, even when based on the analysis of the
tef-1 o gene, but using a significantly longer fragment of the
gene (Jurado et al. 2010). On the other hand, genes from
the FUM cluster (particularly FUM1) were already accepted
as good targets for phylogenetic studies and also for
designing markers useful in the diagnostics of the fumoni-
sin production ability of species from the G. fujikuroi
species complex (Baird et al. 2008; von Bargen et al. 2009;
Gonzalez-Jaén et al. 2004), as well as for distinguishing
individual species belonging to the G. fujikuroi species
complex (Stepien et al. 2011). Of all of the isolates we used
in the FUMI analysis, the best distinguished group
consisted of all six strains originating from garlic (4/lium
sativum L.). All of them were also classified into the group
of high-producers of fumonisins (Table 1 and Fig. 4).
Interestingly, three of the four fastest-growing isolates
(regardless of the temperature used), i.e., KF 422 1.1, KF
925, and KF 1329 2, were found to share FUMI poly-
morphisms and formed a separate clade (marked on Fig. 4
with a vertical line), along with an additional maize isolate
of lower toxigenic ability and growth speed (KF 2227).
Like that observed while analyzing the fef-1« dendro-
gram, in the case of the FUMI analysis, maize- and
asparagus-derived isolates formed a common group
(Fig. 4). Recently, similar regularity was reported by other
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Fig. 3 Consensus phylogenetic
tree for 38 Fusarium prolifera-
tum isolates, based on the trans-
lation elongation factor 1
(tef~1x) sequences. As an out-
group, an F. verticillioides strain
was included. The tree was
reconstructed using the maxi-
mum parsimony approach and
tested by bootstrapping (1,000
replicates). Only branches with
50% and above support from
bootstrapping were shown. The
letters L, M, and H stand for low,
medium, and high content of
fumonisins, respectively (see the
Results section). Abbreviations
used for pathogen/host code:
Fp F. proliferatum, Fv F. verti-
cillioides, Ac Ananas comosus,
Ao Asparagus officinalis, As
Allium sativum, Ca Cambria
sp., Os Oryza sativa, Pd Phoe-
nix dactylifera, So Saccharum
officinarum, Ta Triticum aesti-
vum, Zm Zea mays

KF380 Fp/Zm
KF3372 Fp/As
KF3363 Fp/As

61

KF3503 Fp/As

66 KF3377 Fp/As

L

H

H

H
KF3366 Fp/As H
H

H
KF496 Fp/Zm H
L

KF2221 Fp/Zm

KF1329.2 Fp/Os M

KF422_1.1 Fp/Os L

KF925 Fp/Zm H

KF497 Fp/Ta

KF2227 Fp/Zm
KF1326 Fp/
KF3440 Fp/Zm

KF3409 Fp/Ca
KF1327 Fp/
KF3441 Fp/Zm

€6

KF3407 Fp/Ac

KF3416 Fp/Pd

KF3385 Fp/Ac

KF3444 Fp/Ac

62 KF3315 Fp/Ac

KF3362 Fp/Ao

KF3442 Fp/Zm
KF2118 Fp/Zm

KF3341 Fp/Ao

KF2119 Fp/Zm

KF3404 Fp/Ac

KF3301 Fp/Ac

KF3383 Fp/Ac

L
L
L
H
H
L
M
H
M
L
H
L
H
KF3361 Fp/Ao H
M
H
H
H
H
H
M
H
H
H
KF3355 Fp/Ao  H
H

KF3357 Fp/Ao
FVEG02381 FV/

research groups (Jurado et al. 2010). The possible explana-
tion for such a wide distribution of maize isolates across the
whole species variability is the fact of systemic colonization
of the plant by the pathogen without visible infection
symptoms. A similar phenomenon was already observed for
closely related F. verticillioides (Desjardins et al. 2007). The
abundance of maize as a crop plant and its worldwide

distribution, along with the ease of seed transfer (possibly
infected with pathogens from the G. fujikuroi species
complex, like F. proliferatum), justifies enough the fact that
maize isolates are diverse to such extent (de Oliveira Rocha
et al. 2011).

Unsurprisingly, the highest variability in both fumonisin
content and growth rates occurred among 11 isolates
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Fig. 4 Consensus phylogenetic
tree for 36 Fusarium prolifera-
tum isolates, based on the partial
sequence of the FUMI gene. As
an outgroup, an F. verticillioides
strain was included. The tree
was reconstructed using the
maximum parsimony approach
and tested by bootstrapping
(1,000 replicates). Only
branches with 50% and above
support from bootstrapping were
shown. The letters L, M, and H

KF3301 Fp/Ac
KF3407 Fp/Ac
75— KF3383 Fp/Ac
KF3444 Fp/Ac
KF3416 Fp/Pd
KF3315 Fp/Ac
KF1329_2 Ff/Os
KF2227 Fp/Zm
78— KF422_1.1 Fp/Os

75

63

stand for low, medium, and high
content of fumonisins, respec-
tively, and the vertical bar
marks the clade of fastest-
growing isolates (see the Results
section). Abbreviations used for
pathogen/host code: Fp F
proliferatum, Fv F. verticil-
lioides, Ac Ananas comosus,

Ao Asparagus officinalis, As
Allium sativum, Ca Cambria
sp., Os Oryza sativa, Pd Phoe-
nix dactylifera, So Saccharum
officinarum, Ta Triticum
aestivum, Zm Zea mays

KF925 Fp/Zm
KF3369 Fp/As
KF3366 Fp/As
KF3363 Fp/As
98— KF3372 Fp/As
KF3377 Fp/As
KF3503 Fp/As
KF3360 Fp/Ao
KF3355 Fp/Ao
KF2118 Fp/Zm
KF3442 Fp/Zm
KF2224 Fp/Zm

83— KF3361 Fp/Ao
KF2119 Fp/Zm
KF3362 Fp/Ao
KF3341 Fp/Ao
KF3357 Fp/Ao
KF496 Fp/Zm

el KF2221 Fp/Zm
g5 KF3400 Fp/Ca

L KF3441 Fp/Zm

KF3385 Fp/Ac

KF380 Fp/Zm

KF1326 Fp/

KF497 Fp/Ta

KF3440 Fp/Zm
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KF391 Fp/So
FVEG 00316

derived from maize (Fig. 2). Similar variability was not
observed in either pineapple- and asparagus-derived sam-
ples (seven isolates each), characterized by both high
fumonisin content and stable growth rates (with the
exception of the fast-growing KF 3362 isolate from
asparagus). Having analyzed all 38 isolates, we observed
only weak negative rank correlation between fumonisin
accumulation and growth speed (see Fig. 2 for a graphical
presentation of those two traits combined, wherein for the
growth rate, we mean the colony diameter after 7 days at
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25°C). The correlation hypothesis was finally rejected
based on the rank test of Spearman’s correlation coefficient
p=-0.304 with a significance of p=0.06. While it should
be expected that secondary metabolite synthesis in vitro
comes at some cost to primary metabolic processes (Chen
et al. 2011; Jurado et al. 2008; Marin et al. 1995) and,
hence, growth speed, the observed relationship between
fumonisin content and growth rates at 25°C suggests that
this cost in the case of in vitro fumonisin production by
F. proliferatum isolates is relatively low.
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In the present study, using a method of polymorphism
detection inside the FUMI sequence among a number of
strains from different hosts, we did not find the correlation
between the diversity of fumonisin biosynthesis and the
structure of the FUMI gene and, in some cases, in one
clade grouped isolates of high and low fumonisin produc-
tion (Fig. 4). This stays in agreement with the results of our
previous studies, where some non-producing mutants were
identified, despite having at least a part of the FUM cluster
present (Stepien et al. 2011). Remarkably, F. proliferatum is
a species with relatively strong (if varied) mycotoxin
biosynthetic potential, regardless of the host plant and year
of isolation (see Table 1 for details). The widespread and
variable toxigenic potential possibly results from naturally
occurring genetic variance in the fungal population (non-
producing mutants were recorded) and not yet clearly
known directions of selection pressure, although the role of
fumonisin in the process of plant infection by F. verticil-
lioides has already been proven (Glenn et al. 2008; Proctor
et al. 2006). Another reason for this variation is, undoubt-
edly, a vast number of regulatory factors affecting the
mycotoxin production in natural conditions. The analysis of
the FUM gene transcription level could be used as a
complementary analysis for future studies focused on
establishing a link between fumonisin content and activity
of the cluster in different isolates and conditions. This
approach has already been utilized for collections of F.
verticillioides and F. proliferatum isolates, relating the
increased level of the FUMI gene transcript with high
amounts of mycotoxin produced; however, not all isolates
gave a clear, well-supported correlation (Jurado et al. 2008
and 2010; Lopez-Errasquin et al. 2007). This suggests the
possible incidence of the additional level of regulation that
still remains to be confirmed.
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