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ARTICLE INFO ABSTRACT

Keywords: Fusarium proliferatum produces fumonisins B not only on maize but also on diverse crops including wheat. Using
Fumonisin a wheat-based medium, the effects of abiotic factors, temperature and water activity (ay), on growth, fumonisin
Fusarium proliferatum biosynthesis, and expression of FUM genes were compared for three F. proliferatum strains isolated from durum
g)\ia;ene wheat in Argentina. Although all isolates showed similar profiles of growth, the fumonisin production profiles

were slightly different. Regarding FUM gene transcriptional control, both FUM8 and FUM19 expression showed
similar behavior in all tested conditions. For both genes, expression at 25 °C correlated with fumonisin
production, regardless of the a,, conditions. However, at 15 °C, these two genes were as highly expressed as at
25 °C although the amounts of toxin were very weak, suggesting that the kinetics of fumonisin production was
slowed at 15 °C. This study provides useful baseline data on conditions representing a low or a high risk for

Gene expression
Abiotic stress

contamination of wheat kernels with fumonisins.

1. Introduction

Fusarium proliferatum, which belongs to the Fusarium fujikuroi
species complex (FFSC) is an important pathogen of maize that
produces a number of mycotoxins. In addition to maize, this fungus is
able to colonize a wide range of other plants as diverse as pine trees,
asparagus, fig, garlic, pea, onion, tomato, pineapple or palm trees, as
well as dietary crops such as wheat, barley and rice (Abdalla et al.,
2000; Aliakbari et al., 2007; Kenényi et al., 2002; Stankovic et al., 2007;
Stepien et al., 2011; von Bargen et al., 2009; Waskiewicz et al., 2013).
This wide spectrum of hosts together with a worldwide geographical
distribution provides evidence of the extraordinary adaptation ability of
this species to enable it to colonize new environments in diverse
climatic conditions.

F. proliferatum produces various mycotoxins, including fumonisins
B, moniliformin, beauvericin, fusaric acid and fusaproliferin
(Desjardins, 2006). Fumonisins B are of high concern as they can
interfere with sphingolipid metabolism, leading to adverse effects on

human and animal health. Epidemiological studies have associated
fumonisins with human esophageal cancer and neural tube defects
(Marasas et al., 2004; Missmer et al., 2006). Fumonisin B; (FB;), the
most frequently occurring form, has been classified by the International
Agency for Research on Cancer (IARC) in Group 2B as “a possible
carcinogenic to humans” (IARC, 2002). Because of the health risk
associated with the consumption of contaminated crops, occurrence of
fumonisins is currently under regulation in many countries.
Phylogenetic studies of a large number of F. proliferatum strains
isolated from different hosts has revealed a high genetic variability and
showed that the ability to produce fumonisins was widely distributed
suggesting that this species can represent a risk for health similar to that
associated with F. verticillioides (Jurado et al., 2010; Palacios et al.,
2015). Moreover, Jurado et al. (2010) concluded that although there is
no evidence that fumonisins play a role in pathogenesis, the high
proportion of F. proliferatum strains able to produce fumonisins
indicates that fumonisin production can be considered a widely
distributed feature within this species that might play some ecological
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role during colonization. Therefore, the occurrence of F. proliferatum on
commodities may lead to the contamination of grains with fumonisins B
as occurs with F. verticillioides, this being of particular relevance in
crops that have not been considered so far as a potential source of
dietary exposure to these mycotoxins. Several papers reported the
contamination of wheat by F. proliferatum (Amato et al., 2015; Conner
et al., 1996; Moretti et al., 1999; Palacios et al., 2011). In addition,
some recent studies reported the occurrence of wheat harvests con-
taminated with fumonisins (Amato et al., 2015; Cendoya et al., 2014b;
Mendes et al., 2015; Palacios et al., 2011; Stankovic et al., 2012). As
wheat is an important crop in the human diet, its quality and safety is of
major concern and presence of the potentially carcinogenic fumonisin
must be avoided.

Fusarium growth and fumonisin production result from the complex
interaction of several biotic and/or abiotic factors where water stress
and temperature are the most relevant. Deciphering this complex
process is essential to be able to predict and prevent plant diseases
and mycotoxin production (Charmley et al., 1994). Thus, depending on
the combination of abiotic factors, the biosynthetic pathway for
fumonisin B will be activated or inhibited. Extensive work has been
carried out on the combined effect of temperature and water stress (via
the measure of ay, which determines the amount of available water in a
substrate) on fumonisin production on maize-based media and maize
grains (Marin et al., 2004). In addition, we recently provided the first
detailed study on fumonisin production as affected by ay and tempera-
ture on a wheat-based media (Cendoya et al., 2014a).

The fumonisin biosynthetic genes (FUM) are organized in clusters as
for other toxins produced by filamentous fungi so far described. At least
17 clustered genes encode enzymatic activities responsible for fumoni-
sins. The expression of these genes seems to be co-regulated (Desjardins
and Proctor, 2007; Proctor et al., 1999, 2003). Fumonisin production is
directly linked to the expression of the FUM genes, which in turn is
influenced by ecological conditions. FUMI, encodes a polyketide
synthase required for fumonisin production (Proctor et al., 1999),
which catalyzes the initial step in fumonisin biosynthesis (Bojja et al.,
2004). Significant positive correlations have been observed between the
relative amount of FUMI1 transcripts quantified by real-time RT-PCR
and the amount of fumonisins produced by both F. verticillioides and F.
proliferatum (Lopez-Errasquin et al., 2007). FUM19 is located about
35kb downstream from the FUMI gene and encodes an ABC (ATP-
binding cassette) transporter involved in extracellular export of fumo-
nisins (Proctor et al., 2003), and FUM8 encodes an aminotransferase
required to set up the mature, biologically active FB; molecule (Seo
et al., 2001). To date, there have been few attempts to relate key
environmental factors to the expression of genes involved in fumonisin
production by F. proliferatum, and these studies have been mainly
restricted to maize as a major crop infected by the pathogen (Fanelli
et al., 2012; Kohut et al., 2009; Marin et al., 2010).

The objectives of this study were to compare the effects of
temperature and osmotic stress on growth, fumonisin production, and
FUM8 and FUM19 gene expression in three F. proliferatum strains, in
order to investigate the relationship between FUM gene expression and
fumonisin production by this species cultivated in a wheat-based
medium.

2. Materials and methods
2.1. Fusarium strains

Three F. proliferatum strains ITEM 15654, ITEM 15661 and ITEM
15664 (ITEM: Agri-Food Toxigenic Fungi Culture Collection of the
Institute of Sciences of Food Production, CNR, Bari, Italy; http://www.
ispa. cnr.it/Collection) previously isolated from wheat grains in
Argentina during 2007-2008 harvest season were used. These isolates
have been characterized by morphological, biological and molecular
criteria (Leslie and Summerell, 2006; Nelson et al., 1983). For the

13

International Journal of Food Microbiology 253 (2017) 12-19

molecular characterization, sequences of elongation factor (EF-la),
calmodulin, and FUMS8 genes indicated that these isolates belong to the
F. fujikuroi species complex (FFSC) and allowed confirming the identity
of the three strains as F. proliferatum (Palacios et al., 2015). In order to
determine their mating population (MP) inside the FFSC, crossing
experiments were performed with standard testers as female parents
and the uncharacterized field isolates as male parents (Klittich and
Leslie, 1998). In agreement with the previous identification, all these
isolates belong to the mating population D. Also, all isolates produce
fumonisins (Palacios et al., 2011). The three isolates were used as
working strains and maintained in 15% glycerol at — 80 °C. When
inocula were required, the strains were grown on PDA slants at 25 °C in
the dark for 7 days and spore suspensions were prepared by adding
5 mL of sterile distilled water to the PDA slant with gentle shaking.
Spore suspension concentrations were adjusted to 10° spores/mL after
counting using a Neubauer chamber.

2.2. Medium and culture conditions

Argentinean wheat grains (Biolnta 3004) were finely milled.
Mixtures of 3% (w/v) of milled wheat in water were prepared and
2% (w/v) agar added. The ayy of the basic medium was adjusted to 0.97,
and 0.95 by addition of different amounts of glycerol (Dallyn and Fox,
1980). The control medium was not supplemented with glycerol
(control condition, maximum free water availability, aw ~ 1). The
media were autoclaved at 120 °C for 20 min. Flasks of molten media
were thoroughly shaken, prior to be poured into 9 cm sterile Petri
dishes (15 mL/Petri dish). The ay of two representative samples of
media for each treatment was checked. Additional, non-inoculated
control plates were prepared and a,, were measured at the end of the
experiment in order to detect any significant deviation. Petri plates
were covered with Amersham Hybond N* membranes just before
inoculation in order to facilitate the fungal biomass removal for RNA
extraction.

2.3. Inoculation, incubation and growth assessment

Petri plates were inoculated with 0.1 mL of a fresh spore suspension
containing 10° spores/mL that was deposited in the center of the
membrane. Fungal cultures of each strain were incubated at 25 °C or
15 °C in the dark for 5 days. A full factorial design was used where the
factors were aw, temperature and strain, and the response was growth
(total numbers of plates: 3 aw X 2 temperatures X 3 strains X 3
replicates). Growth assessment was made every day during the incuba-
tion period, by measuring two perpendicular diameters of the growing
colonies. Growth measurements were plotted against time, and linear
regression was applied in order to obtain the growth rate (mm/day) as
the slope of the line. At the end of the incubation period, the mycelium
was removed and immediately frozen at — 80 °C, then lyophilized, and
stored at — 80 °C until RNA extraction. Agar plates were frozen for later
fumonisin extraction and quantification.

2.4. Fumonisin analysis

For fumonisin extraction, five day-old Petri plates of each strain at
different incubation conditions (ay and temperature) were used. Toxins
were extracted with 20 mL of acetonitrile: water (1:1 v/v) by shaking
the whole crushed culture media (~ 15 mL) with the solvent for 30 min
on an orbital shaker (200 rpm). After filtration (0.45 pum), the extracts
were stored at 4 °C until HPLC-MS-MS analysis.

An aliquot of the extracts (1000 puL) was taken and filtered (0.2 pm)
for high performance liquid chromatography (HPLC-MS-MS) analysis.
Fumonisin analysis was performed using a HPLC MS-MS system,
composed of an Agilent G1311 pump, an Agilent G1313 autosampler,
an Agilent G1315 PDA diode array detector interfaced with a Q-Trap
2000 ABSciex with an electrospray ionization (ESI) source operating in
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Table 1
Parameters used to investigate fumonisins by LC-MS/MS.
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Table 3
PCR efficiencies obtained for Fusarium proliferatum strains.

Compound M+ H]* tg (min) Product ions (m/z) CV (V) CE (V)
FB; 722 5.4 334 91 57
3527 55
FB, 706.3 17.6 318.5 96 51
336.3" 59
FB3 706.3 9.3 318.5 96 51
336.3" 59

Primer F. proliferatum strains

ITEM 15661 ITEM 15664 ITEM 15654
B-tubulin 2.012 2.011 1.930
histone3 2.006 2.011 1.991
FUMS8 2.001 2.016 2.011
FUM19 2.004 2.016 2.014

[M + H]™", precursor ion; tg, retention time; Product ions (m/z), daughter ions; CV (V),
cone voltage; CE (V), collision energy.
@ Transition used for quantification.

a positive mode.

For chromatographic separation, a Kinetex C18 2.6 ym column
(4.6 x 150 mm) (Phenomenex) with a guard column of the same
material was used. A gradient elution was performed with mobile
phase A: 0.1% formic acid and methanol:acetonitrile (50:50 v/v), and
mobile phase B: 0.1% formic acid. The flow rate was 0.7 mL/min with a
split guiding 50% of the flow to the ionization source. The column
temperature was maintained at 45 °C and injection volume was 5 pL.
Regarding mass spectrometry, multiple-reaction monitoring (MRM)
was used for toxin determination. The nitrogen flow was adjusted to
40 and 60 (arbitrary units) for cone and desolvation gases, respectively.
The capillary voltage was 4.5 kV. For each compound, two transitions
were monitored either for qualification or quantification. MRM para-
meters, as well as the retention times are collected in Table 1. Trace m/z
722 > 352 was used for the quantification of FB;, while 706 > 336
was used for both FB, and FBs. For quantification purposes, a
calibration curve was obtained injecting different mixed standard
solutions (10; 25; 50; 100; 250; 500; 1000 and 5000 ng/mL). Good
linearity with a correlation coefficient higher than 0.996 was obtained
within calibration range. The calculated instrumental LOD (lowest
concentration presenting a signal with S/N = 3) for FB; and FB, was
2.5ng/mL and LOQ (S/N = 10) was 10 ng/mL.

2.5. Statistical analysis

The growth rates and mycotoxin concentrations were evaluated by
analysis of variance (ANOVA) to determine the effect of ay and
temperature for each F. proliferatum strain and two-way interaction.

When the analysis was statistically significant (p < 0.01), the post
hoc Tukey's multiple comparison procedure was used for separation of
the means (p > 0.05). Statistical analysis was done using SigmaStat for
Windows Version 2.03 (SPSS Inc.).

2.6. Total RNA extraction and cDNA synthesis
Total RNA was extracted from 5-day-old mycelium of the three
strains of F. proliferatum grown in wheat-based medium with or without

glycerol. Three biological replications were prepared for each condi-

Table 2

tion. The biomass was removed from the membrane at the end of the
incubation period. Frozen mycelium (50 mg) was lyophilized and
ground with a TissueLyser System® (Qiagen, France) for 1 min at
30 Hz. Total RNA was extracted following the RNeasy Mini Kit
(Qiagen) manufacturer's instructions. DNase treatment (Ambion®, Life
technologie SAS, France) was performed following manufacturer's
instructions. A qPCR assay with f-tubulin primers (see conditions in
Table 2) was performed to check the lack of genomic DNA contamina-
tion. Quality of the prepared RNA was assessed by agarose gel
electrophoresis (2%), and by measuring absorbance ratios A260/A280
and A260/A230. RNA was quantified by absorbance measurements at
260 nm. RNA (1 pg) was reverse transcribed using the SuperScript® III
First-Strand Synthesis System for RT-PCR (Invitrogen, Life technologie
SAS, France). Reverse transcription was performed with an iCycler®
(Bio-Rad, France) programmed according to the thermal cycling
conditions recommended by the manufacturer (Invitrogen, Life tech-
nologie SAS, France). cDNA samples were stored at — 20 °C until used
for PCR analysis.

2.7. Real-time RT-PCR analysis

Real-time PCR was used to amplify FUM8, FUM19, B-tubulin and
histone3 genes using the primers listed in Table 2. FUM8 primers were
based on FUM8 gene sequence (NCBI GenBank Accession No
KF415158.1) and FUM19 primers were based on FUM19 gene sequence
(NCBI GenBank Accession No KF415190.1). These primers were
designed in our laboratory using the Primer3 software (Koressaar and
Remm, 2007; Untergasser et al., 2012). Primers were used at a final
concentration of 1 mM each. -tubulin and histone3 expression were
used as endogenous references. Real-time RT-PCR analyses were
performed with a LightCycler® 1.5 system and LightCycler Software
3.5.3 (Roche, France). Abundance of the transcripts of the genes FUM8
and FUM19 was evaluated in 1 pL of each cDNA sample (corresponding
to 10ng of RNA) in a final reaction volume of 10 pL, using the
QuantiFast SYBR® Green PCR Kit (Qiagen, France). The expression of
B-tubulin and histone3 genes were stable under all tested conditions.
Real-time RT-PCR amplifications were performed using 40 cycles
according to the thermal cycling conditions recommended by the kit
manufacturer (Qiagen, France). Amplifications were performed in
triplicate for each of the three biological replications. Negative controls
containing no template were performed in the same conditions. The

Primer sequences and conditions used for amplification of FUM8, FUM19, B-tubulin and histone3 genes.

Primer Sequence Amplification Pb Reference
FUMS8 F: 5-TCCAGATCAAAGGCGTGACT-3" 95 °C 5 min-40 cycles (10 s-95 °C and 40 s-60 °C) 149 a
R: 5-CCCCAGGGTACTTCTTGGAC-3’
FUM19 F: 5-TGGCGTTATTGACCGTTGTG-3’ 95 °C 5 min-40 cycles (10 s-95 °C and 40 s-62 °C) 202 a
R: 5-CCTTCTGCACACTCACGATG-3’
B-tubulin F: 5-GGTAACCAAATCGGTGCTGCTTTC-3" 95 °C 5 min-40 cycles (10 s-95 °C and 40 s-58 °C) 295 Glass and Donaldson (1995) (Forward)
R: 5’-GATTGACCGAAACGAAGTTG-3’ Pinson-Gadais et al. (2007) (Reverse)
histone3 F: 5-ACTAAGCAGACCGCCCGCAGG-3’ 95 °C 5 min-40 cycles (10 s-95 °C and 40 s-62 °C) 377 Kohut et al. (2009)
R: 5"-GCGGGCGAGCTGGATGTCCTT-3"

@ Primers designed using Primer3.
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Fig. 1. Effect of water activity (1.0, 0.97 and 0.95) and temperature (25 and 15 °C) on the
growth rate. () and the production of fumonisins production (MFB,, BFB, and [JFB3) by
three Fusarium proliferatum strains cultivated on wheat-based media. Error bars represent
the standard error measured between independent replicates. Means values based on
triplicate data with letters in common for each type of fumonisins (lower case letters) or
for growth rates (capital letters) are not significantly different according to Tukey HSD
Test (p = 0.05).

absence of non-specific PCR amplification products and primer-dimer
formation was checked by running melting curves.

In order to determine PCR efficiencies, a standard cDNA mixture
was prepared by mixing a fraction of each cDNA sample. A range of four
log dilutions was prepared from the standard mixture. For each gene,
PCR efficiency (E) was determined using the serial dilutions as
described by Ponts et al. (2007) (Table 3).
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2.8. Real-time RT-PCR data analysis

Crossing points (Cp) values obtained experimentally for the target
FUM genes were compared in control and treated conditions and
normalized relative to the Cp values obtained for the reference genes
B-tubulin and histone3 using the REST? software REST-384 (Relative
Expression Software Tool). The mathematical model used accounts for
differences in efficiencies for the reference gene and the target gene and
for the mean crossing point deviation between control and treated
conditions (Pfaffl, 2001; Pfaffl et al., 2002).

The expression levels of the target genes, normalized to reference
gene expression, were reported as a regulation factor in the treated
condition relative to the control, with the ratio = (Egarge)* " “&
(control-treated) / (Eref)ACP ref (control-treated).

The expression ratio results were tested for significance by running
Pair Wise Reallocation Randomisation Test* with a p value of 0.001
using the REST? software.

3. Results
3.1. Effect of ay and temperature on growth and fumonisin production

The effect of the interaction of ayw and temperature on growth rate
and fumonisin production by the three investigated F. proliferatum
strains cultivated on a wheat-based medium is depicted in Fig. 1.
Maximum growth rates were reached at the highest ay (control
condition) and at 25°C for the three strains with, however some
differences between the three isolates. The strain ITEM 15654 exhibited
the highest growth rate (6 mm/day), 1.5 times higher than that
determined for the strain ITEM 15661. The three F. proliferatum strains
were able to grow at 15 °C for the highest ayy value. For each strain and
each temperature, the growth was significantly reduced with the
decrease in aw in the media. At 25 °C, the decrease of ay from 1 to
0.95 led to an inhibition of the growth rate by a factor close to 2.
Similarly, at 15 °C, change in ay from 1 to 0.97 had a significant
repressing effect on growth; a 2-fold decrease in growth rate was
highlighted for the ITEM 15654 and 15664 isolates. This decrease was
less pronounced for ITEM 15661, which was also the strain character-
ized by the lowest growth rate in control conditions (25 °C, ayw = 1). It
was noticeable that at 15°C and 0.95 ayw no growth was observed
during the incubation period for the tested strains.

With regard to fumonisin, the production profiles of each strain
were the same as previously described by Palacios et al. (2011) and
Cendoya et al. (2014a). The ITEM 15654 strain produced mainly FB;
and low levels of FB, and FBs, whereas the ITEM 15661 and ITEM
15664 strains only produced FB; and FB,, with higher levels of FB, than
FB;. Actually, the two last strains showed levels of FB, in the same
range as the strain ITEM 15654 but produced very low amounts of FB;.
For each strain, the maximum amounts of fumonisins were obtained in
the control condition (aw = 1) at 25 °C. Only traces of fumonisins were
detected for the F. proliferatum strains cultivated at 15 °C, except for the
ITEM 15664 strain that was shown to produce significant residual levels
of both FB; and FB,. Similarly, decrease in ay from 1 to 0.97 had a
drastic impact on the amounts of quantified toxins, regardless of the
temperature of incubation and strain. When considering the ITEM
15654 strain cultivated at 25 °C, the concentration of toxins declined
from 40 pg/g in control conditions to < 1 ug/g when the ay was set at
0.97. Our data also indicated that the production of FB; and FB, by the
ITEM 15664 strain was less affected by osmotic stress, with a reduction
factor lower than 5.

Altogether, our results demonstrated that abiotic stresses (aw and
temperature) and their combination significantly influenced the pro-
duction of fumonisins and the growth rates of the three F. proliferatum
strains cultivated in wheat based media during 5 days, with tempera-
ture having the strongest impact (Table 4).
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Table 4
Analysis of variance on the effects of water activity (aw), and temperature (T) and their interaction on growth and fumonisin production of Fusarium proliferatum strains on wheat-based
media.
ITEM 15654
S.v? df FB, FB, FBs; Growth rate
MS© F MS© F MS© F MS© F
aw 2 77 x 107 13,1 9 x 10° 7,2 20 x 10° 12,6 5,51 109,1
T 1 12 x 10° 21,2 15 x 10° 12,0 34 x 10° 20,8 16,6 329,5
aw X T 1 12 x 10® 20,2 14 x 10° 11,6 33 x 10° 20,4 0,7 13,6
ITEM 15661
S.v? df® FB, FB, Growth rate
Msc Fd Msc Fd MSc Fd
aw 8 x 10* 55,1 9,4 x 10° 495 0,3 16,4
T 1 4 x 10° 259,4 2,1 x 107 1125 15 815
ay x T 1 5 x 10* 34,2 1,3 x 107 710,1 5E-3 0,3
ITEM 15664
S.v* ar® FB, FB, Growth rate
MSL Fd MSL Fd MsL Fd
aw 2 2 x 10° 9,37 7 x 10° 5,07 3,58 155,64
T 1 3 x 10° 18,38 1 x 107 7,6 17,2 746,11
aw X T 2 x 10* 1,22 2 x 10° 1,47 0,48 21,05

@ Source of variation.

b Degrees of freedom.

¢ Mean square.

9 Snedecor-F test.

* Significant at p < 0.05.

3.2. Effect of ay and temperature on expression of FUM8 and FUM19 genes

The expression of FUM8 and FUM19 of F. proliferatum ITEM 15654,
ITEM 15664 and ITEM 15661 was evaluated at two temperatures (15 °C
and 25 °C) and three ay (control, 0.97, and 0.95) and compared with
the values determined at 25 °C in the control conditions (ayw = 1).
Expression of S-tubulin and histone3 served as reference genes in all
conditions. Results are shown in Fig. 2.

For F. proliferatum ITEM 15654 strain cultivated at 25 °C, the
decrease in ay led to a significant reduction of the expressions of
FUMS8 and FUM19 compared to control conditions (ayw = 1). This was
in agreement with the decrease in fumonisin production reported in
Fig. 1. Surprisingly, at 15 °C, the expression of the two considered FUM
genes was not significantly reduced, compared to the 25 °C condition.
This observation was in contradiction with the significant decrease in
FB; accumulation that was previously highlighted (Fig. 1). The expres-
sion of FUM8 and FUM19 became significantly repressed at 15 °C when
the ay was lowered to 0.97, in agreement with the very low fumonisin
production.

When considering the results obtained for F. proliferatum ITEM
15661 strain, a significant inhibition of the expression of FUM8 and
FUM19 was observed at 25 °C, as a result of the decrease of ay to 0.95.
It was also noted that the repression of FUM19 at ay 0.97 was not
significant whereas a there was major decrease in fumonisin production
(Fig. 1). For the previous strain cultivated at 15 °C, either in the control
condition (aw = 1) or at ay 0.97, again although fumonisin production
was considerably affected, the expression of FUM8 and FUM19 was not
significantly affected.

A similar complex situation was observed for F. proliferatum ITEM
15664 strain. The expression of FUM8 and FUM19 was not reduced by
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decreasing the aw to 0.97 or when the incubation temperature was
15°C instead of 25°C. This down regulation correlated with the
fumonisin production levels that were only partially reduced in
comparison with the levels obtained in the control conditions at
25 °C. Although it was only significant for FUM8, the expression of
FUM genes was reduced at 25 °C/ay = 0.95 in agreement with the
lower fumonisin production.

As a whole, our data showed that responses to ay or temperature
modifications varied according to the considered strain of F. prolifer-
atum. Nonetheless, lowering the temperature from 25 °C to 15 °C led to
a significant reduction in fumonisin production. Surprisingly, lowering
the temperature did not affect significantly the expression of FUM genes
although non-significant trends of lesser expression levels could be
observed, in particular for the strong FB;-producer strain F. proliferatum
ITEM 15654. Our observations suggested also that an osmotic stress
could down-regulate the expression of FUM8 and FUM19 genes.

4. Discussion

This study compared for the first time the impact of ayw and
temperature on growth, fumonisin production, and FUM8 and FUM19
gene expression on a wheat-based medium, for three strains of F.
proliferatum isolated from wheat in Argentina. As expected, both
variables affected growth, and the observed modulation pattern was
similar whatever the considered strain. Among tested conditions, the
highest growth rates were observed at 25 °C in the absence of osmotic
stress for all the evaluated strains. Previous studies related to ayw and
temperature requirements for F. proliferatum have indicated that this
fungus has a minimum aw of 0.90, and temperature range from 4 to
37 °C for growth in maize extract agar media and that the optimal
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Fig. 2. Relative expression of FUM8 and FUM19 genes of three Fusarium proliferatum
strains incubated for 5 days at 15 and 25 °C and three water activities (control, 0.97 and
0.95). The FUM8 and FUM19 ¢cDNA amount was normalized in each experiment using the
Cp values obtained for S-tub and H3 cDNA amplifications. The values represent the
regulation factor obtained for the target gene in the different culture conditions relative to
the control culture (25 °C, aw = 1). The data represent the means of three independent
repetitions. Error bars represent the standard error measured between independent
replicates. Values were calculated using the REST software (Pfaffl, 2001; Pfaffl et al.,
2002). * significant p < 0.001.

condition for growth was at the highest ayy tested (0.994) (Marin et al.,
2004). The results obtained in the present work were similar to those
reported by Marin et al. (2010) for F. verticillioides and F. proliferatum
strains (5-6 mm/day) and confirmed the values that we have assessed
in a previous study (Cendoya et al., 2014a). Nevertheless, in the present
study, growth was analyzed during only five days of incubation for each
strain. In their environment, Fusarium species may be present on a
substrate for very long periods during which ayw may change. For this
reason, it is highly important to precisely know the optimal ay range
for growth and the range enabling only sub-optimal growth. Under field
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conditions, temperature fluctuations, changes in relative humidity, and
rainfall would strongly influence colonization of the developing grains
by F. proliferatum.

For all the strains tested in the present study, the highest amounts of
fumonisins were produced at 25 °C in the control condition in the
absence of osmotic stress (maximum ayw). According to previous data
(Cendoya et al., 2014a) obtained with the same set of F. proliferatum
strains but for 28 days of incubation, maximum amounts of total
fumonisins were observed at 25 °C and 0.99 ay for two of the strains,
and at 15°C and 0.98 ay for the third strain. Different fumonisin
production profiles were found among the analyzed strains. At all tested
temperatures, two of the three strains of F. proliferatum produced almost
exclusively FB, and very low amounts of FB; on wheat based-media.
These results support those previously reported by Palacios et al. (2011)
for the same strains and are in agreement with the reported natural
fumonisin contamination patterns of some wheat samples harvested in
Argentina that were more contaminated with FB, than with FB;
(Palacios et al., 2011).

In a recent study, Medina et al. (2013) have highlighted the
profound effect of temperature and ay on the growth, production of
FB; and FB,, and expression of nine genes of the biosynthetic FUM
cluster, using a F. verticillioides strain as model strain. The reported data
showed the correlation of FUM1, FUM11, FUM13, FUM14 and FUM19
expression with FB; and FB, production and notably, the high expres-
sion of FUMI19 associated with the increased production of both
fumonisins. Similarly, Lopez-Errasquin et al. (2007) suggested a linear
relationship between FUM1 and FUMI9 transcripts and fumonisin
production for a strain of F. verticillioides incubated at 20 °C for 14 days.
Our results support the conclusions of the two studies mentioned above:
when there were no detectable levels of fumonisins, the expression of
the FUM19 gene was repressed. Regarding FUM8 gene expression, our
results are in agreement with those reported by Kohut et al. (2009) who
observed a positive correlation between FUM8 gene expression and
fumonisin production in F. proliferatum. Considering the transcriptional
control of FUM genes, the most surprising finding of the present study
was that although no fumonisin was detected after five days of
incubation at 15 °C in the absence of osmotic stress, no inhibition of
the expression of FUM8 and FUM19 genes compared to the conditions
at 25 °C (aw = 1) was highlighted. One possible explanation could be
that the biochemical process of fumonisin biosynthesis is slower at this
temperature, leading to a delay in the accumulation of fumonisins in
wheat-based media and consequently to the lack of detectable levels of
the toxin after five days of incubation. Indeed, in previous studies,
significant amounts of fumonisins were quantified in wheat-based
media inoculated by the same set of F. proliferatum strains and
incubated for 28 days at 15 °C (Cendoya et al., 2014a). Accordingly,
the results of Ryu et al. (1999) indicated that, compared to F.
verticillioides, F. proliferatum was able to produce greater amounts of
FB; at low temperatures, leading to the hypothesis that F. proliferatum
could show a better adaptation to low temperatures. In addition, Marin
et al. (2010) who have studied the effects of temperature and solute
potential on growth and transcriptional control of FUM1 gene in F.
verticillioides and F. proliferatum, have concluded that the relative
contribution of these two species to fumonisin production on maize
might differ during the course of colonization, depending on the
environmental conditions. The contamination of maize with fumonisins
could be mainly ascribed to F. proliferatum, at the earliest stages of
kernel development, when the temperature is still mild, whereas the
relative contribution of F. verticillioides would increase during the later
stages, when water stress progressively increases. Deciphering the effect
of low temperatures on fumonisin production by F. proliferatum is
essential when addressing natural fumonisin contamination of wheat,
which is a winter crop and requires for cultivation an optimal
temperature range between 10 and 24 °C.

Considering that field conditions are likely to be conducive to F.
proliferatum growth and toxin production in wheat grains, and that
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fumonisin contamination has been reported in wheat and sub-products
in several countries (Amato et al., 2015; Busman et al., 2012; Castoria
et al., 2005; Cendoya et al., 2014b; Chehri et al., 2010; Jaksic et al.,
2012; Kushiro et al., 2009; Mendes et al., 2015; Palacios et al., 2011;
Roscoe et al., 2008; Serrano et al., 2012; Wang et al., 2013); studying
how this fungus can grow and contaminate this crop, as well as how
expression of fumonisin biosynthetic genes are contributing in this
process is of concern. Our results provide useful preliminary informa-
tion for predicting the possible risk factors for fumonisin contamination
of wheat.
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