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Fusarium graminearum is the primary causal agent of Fusarium head blight of wheat in Argentina. This disease
affects crop yields and grain quality also reducing the wheat end-use, and causing mycotoxin contamination.
The aim of this work was to analyze the phenotypic characteristics associated with phenotypic diversity and ag-
gressiveness of 34 F. graminearum sensu stricto isolates recovered from Argentinean fields in the 2008 growing
season using the Fourier Transform Infrared (FTIR) dried film technology. We applied this technique also to
search for spectral specific markers associatedwith aggressiveness. The combination of FTIR technologywith hi-
erarchical cluster analysis allowed us to determine that this population constitutes a highly diverse and hetero-
geneous group of fungi with significant phenotypic variance. Still, when the spectral features of a set of these
isolates were compared against their aggressiveness, as measured by disease severity, thousand grains weight,
and relative yield reduction, we found that the more aggressive isolates were richer in lipid content. Therefore,
we could define several spectroscopic markers (NC\\H stretching modes in the 3000–2800 window, NC_O
and\\C\\O vibrational modes of esters at 1765–1707 cm−1 and 1474–900 cm−1, respectively), mostly assigned
to lipid content that could be associated with F. graminearum aggressiveness. All together, by the application of
FTIR techniques and simplemultivariate analyses, it was possible to gain significant insights into the phenotypic
characterization of F. graminearum local isolates, and to establish the existence of a direct relationship between
lipid content and fungal aggressiveness. Considering that lipids have a major role as mediators in the interaction
between plants and fungi our results could represent an attractive outcome in the study of Fusarium
pathogenesis.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Fusarium head blight (FHB) is a major devastating fungi disease of
wheatworldwide. It causes a decrease in grain quality, weight, carbohy-
drate and protein content; thus affects the yield and quality of grain pro-
duction. It can also lead to severe health problems in consumers due to
the production of associated mycotoxins (Matny, 2015). FHB is caused
by different species within Fusarium graminearum species complex
(FGSC), F. graminearum sensu stricto (teleomorph Gibberella zeae)
being the main pathogen reported in South America (Alvarez et al.,
(T.M. Alconada).
2011; Castañares et al., 2014; Ramírez et al., 2007). Its incidence has in-
creased over the past several decades worldwide (Goswami and Kistler,
2004; Ortega et al., 2016). The International Maize andWheat Improve-
ment Centre has identified this disease as the major factor limiting
wheat production (Xu, 2003).

Aggressiveness of a fungal pathogen is measured by the quantity of
disease induced by a pathogenic isolate on a susceptible host. Aggres-
siveness levels particularly among isolates of F. graminearum, were pre-
viously studied by point inoculating spikes of field grown wheat
evaluating the disease severity during the 3-week-period after inocula-
tion, among other methods (Malbrán et al., 2012; Talas et al., 2012).
Studies performedwith isolateswithin FGSC showed that the variability
in aggressiveness levels was not correlated with the species, but it was
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strain dependant (Goswami and Kistler, 2004; Malbrán et al., 2014).
The mycotoxins most associated with members of the FGSC are
deoxynivalenol (DON) and nivalenol (NIV), which have several adverse
effects on animal and human health (Pestka, 2007). In South America,
and particularly in Argentina, the DON chemotype seems to be predom-
inant in the wheat-cropping area (Astolfi et al., 2012; Castañares et al.,
2014; Malbrán et al., 2014; Umpiérrez-Failache et al., 2013). Latin
American countries in general and mainly Brazil and Argentina are
important wheat producers, Argentina being among the major wheat
exporters worldwide (Bolsa de Comercio de Rosario, 2014; Reynoso et
al., 2011). At least 20 FHB epidemics of wheat were registered in the
last 50 years in Argentinawith variable intensity, which produced alter-
ations in the harvested wheat quality (Kikot et al., 2011; Malbrán et al.,
2014).

Different phenotypic and molecular approaches have been applied
for the characterization of F. graminearum populations recovered from
different agricultural regions in the world (Alvarez et al., 2011; Carter
et al., 2002; Cumagun and Miedaner, 2004; Goswami and Kistler,
2004; Leslie et al., 2007; Malbrán et al., 2012, 2014; Ortega et al.,
2016; Ramírez et al., 2007; Somma et al., 2014; Wang et al., 2011). Re-
garding their phenotypic features, the studies were focused mainly on
the analysis of aggressiveness and expression of virulence factors.
They ranged from visual evaluation of parameters of disease severity
to the interpretation of the role of enzyme activities and mycotoxins
in the infection process, including the study of the genes that regulate
these mechanisms (Cumagun and Miedaner, 2004; Malbrán et al.,
2012, 2014). However, an in depth study on phenotypic heterogeneity
of F. graminearum local population and aggressiveness has not been ac-
complished, so far.

Fourier transform infrared spectroscopy (FTIR) provides a spectro-
scopic fingerprint of the total biochemical and structural composition
of the material under study. In the last decades, it has widely been ap-
plied for the detection, identification and phenotypic characterization
of bacteria, yeast and filamentous fungi (Lecellier et al., 2015; Mariey
et al., 2001). Once the cultivation conditions, sampling and measure-
ment parameters are well standardized this physicochemical approach
enables the creation of reference librarieswhich can be applied for iden-
tification of unknown microorganisms. FTIR spectroscopy technology
has been extensively used in food microbiology and agriculture (Bosch
et al., 2006; Mariey et al., 2001; Wenning et al., 2014). Nevertheless, it
has been only occasionally applied in the study of fungal contamination
of cereals or agricultural commodities (Hossain and Goto, 2014; Salman
et al., 2011), or in the discrimination or characterization of different spe-
cies of Fusarium genus (Levasseur et al., 2010; Nie et al., 2007b; Salman
et al., 2011).

The aim of this work was to use FTIR spectroscopy to evaluate the
phenotypic diversity of a population of 34 F. graminearum sensu
stricto isolates recovered from Argentine fields in the 2008 growing
season, and to analyze a possible association between phenotypic
heterogeneity and aggressiveness. Furthermore, we aimed to apply
this technology to search for spectral specific markers associated
with aggressiveness.
2. Materials and methods

2.1. Biological material

Twenty wheat samples obtained during the 2008 wheat growing
seasonwere provided by theArgentine experimental stations belonging
to Instituto Nacional de Tecnología Agropecuaria (INTA) from Paraná
(31° 44′ 40″S 60° 31′ 03″ O), Pergamino (33° 53′ 00″ S 60° 34′ 00″ O)
and Oliveros (32° 34′ 00″ S 60° 51′ 00″ O) locations situated at Entre
Ríos, Buenos Aires and Santa Fe provinces, respectively. The fields
weremanaged by conventional tillage operations according to standard
production practices.
2.2. Isolation of fusarium graminearum

For F. graminearum isolation, 200 grains of wheat from each sample
were surface-sterilized applying 10% v/v sodium hypochlorite solution
for 10 min, and washing thoroughly with sterile distilled water three
times. Next, they were plated onto Petri dishes containing wet filter
paper, and incubated in darkness at 25 °C for 7 days. Grains that showed
fungal growthwere transferred to PotatoDextrose Agar (PDA)medium.
The mycelial biomass recovered was subcultured on synthetic nutrient
agar (SNA) medium for 15 days and the conidial suspension obtained
was transferred to water agar (WA) medium for 16 h. Single
macroconidial isolates of Fusarium spp. were characterized by their
growth rate on PDA medium, and by visually assessment of pigmenta-
tion and aerial mycelium aspects (Nelson et al., 1994). For microscopic
characterization, the isolates were grown on CLA. Microscopic observa-
tions were carried out at ×100 magnification (Leica 2500, Germany).
Macroconidia morphology, presence/absence of microconidia and peri-
thecium production was determined. The identification was carried out
bymeans of the different taxonomic keys previously described (Gerlach
and Nirenberg, 1982; Burgess et al., 1994; Leslie and Summerell, 2006).

2.3. Molecular identification

Total genomic DNA from presumptive F. graminearum isolates was
extracted using the cetyltrimethylammonium bromide (CTAB) method
(Stenglein and Balatti, 2006), and DNA concentrations were calculated
using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). A PCR assay was performed using Fg16F
and Fg16R primers as described by Nicholson et al. (1998). Although
these primers are not completely specific to F. graminearum s.s., they
give products of different sizes depending on the species: Fusarium
graminearum s.s. gives a product of about 400 bp, F. asiaticum, NRRL
13818 strain, used as control, yields a PCR product of 550 bp; F.
meridionale, NRRL 28436 strain, yields a product of 500 bp; and no am-
plification was expected for F. boothii, NRRL 26916 strain (Castañares et
al., 2014). The species used as controlswere selected according to Fusar-
ium species incidence in South America (van der Lee et al., 2015). Sixty
isolates were identified as Fusarium graminearum s.s. from which 34
were selected for this investigation. Isolates were named from 1 to 34
as follows: isolates number 1 to 16 belonged to Oliveros, Santa Fe Prov-
ince, isolates number 17 to 26 to Pergamino, Buenos Aires, and isolates
number 27 to 34 to Paraná, Entre Ríos Province.

2.4. Fourier transform infrared spectroscopy (FTIR)

2.4.1. Sample preparation
A stock culture of each isolatewas grownon SNA. After 10 days of in-

cubation at 27 °C, agar plugs containing the funguswere transferred to a
500 mL-flask with 10% potato dextrose broth (PDB, DIFCO, USA) and
grown at 27 °C with continuous shaking at 160 rpm for 3 days. Subse-
quently, three samples of 5 mL each were withdrawn and centrifuged
at 2000 rpm for 5 min. Pellets were washed 4 times with distilled
water, suspended in 1 mL, and homogenized using water bath sonica-
tion at room temperature, for 30 min, at 200 watt (Cleanson sonicator,
Argentina). Aliquots of 100 μL of the fungal suspensionwere transferred
to ZnSe optical plates (13 mm diameter, Korth Kristalle GMBH, Germa-
ny) and dried under vacuum to obtain transparent films (Helm and
Naumann, 1995; Naumann, 2000).

2.4.2. Experimental set up and spectral acquisition
For a stock culture of each of the 34 Fusarium graminearum s.s. iso-

lates here studied, three fungal pellets were recovered from the PDB
cultures as indicated in sample preparation section in order to evaluate
three technical replicates. Besides, three independent runs were per-
formed for each isolate over a 6-month period to account for possible bi-
ological sources of variance (3 biological replicates). Then, 306 samples
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were prepared for spectral acquisition (three technical replicates ob-
tained from three biological replicates for 34 isolates).

FTIR absorption/transmission (A/T) spectra in the 4000 to 600 cm−1

range were acquired with a FTIR spectrometer (Spectrum One,
PerkinElmer, USA) with 6 cm−1 spectral resolution and 64 scan co-ad-
ditions. To avoid interference with spectral water vapour bands, spectra
were measured under a continuous purge of dried air.

2.4.3. Spectral data pre-processing
Before data analysis, a quality test (QT) was performed on thewhole

set of 306 spectra, using OPUS software (Helm and Naumann, 1995;
Naumann, 2000). This test included i) a check for absorbance in the
Amide I region (1700–1600 cm−1), ii) for the noise signal (calculated
from the first derivative between 2100 and 2000 cm−1) and iii) for
the water vapour content (determined from the first derivatives be-
tween 1847 and 1837 cm−1). All spectra that passed the QT were sub-
ject to a pre-processing procedure: Firstly, the three technical
replicates were averaged (for some samples only two technical repli-
cates were included due to few spectra that did not pass the QT analy-
sis). Hence, the number of spectra for data analysis was reduced to
102. Then, second derivatives were calculated on these average spectra
using the Savitzky-Golay algorithmwith 9-point smoothing to increase
the number of discriminative features present in the spectra and tomin-
imize problems with baseline shifts. Finally, to avoid interference from
biomass variations among the different samples, the second derivatives
were vector normalized in the full range (Helm and Naumann, 1995;
Naumann, 2000; Bosch et al., 2008). OPUS software (versions 4.2; and
7.0 Bruker Optics GmbH, Ettlingen, Germany) was used for spectral
pre-processing.

2.4.4. Data analysis

2.4.4.1. Analysis of the FTIR phenotype variability. In order to determinate
the variability among the FTIR phenotypes obtained for each isolate we
calculated the variability among biological replicates as previously de-
scribed by Rebuffo and co-workers for Listeria isolate discrimination
(Rebuffo et al., 2006). Briefly, the variability among biological replicates
of every isolate was calculated for three spectral regions: 3000–
2800 cm−1, 1800–1500 cm−1 and 1200–700 cm−1, as the average
plus or minus 2 standard deviations of the so-called spectral distance
(D), which is a measure of dissimilarity. D is equal to (1-r) × 1000 and
r is Pearson's correlation coefficient (Kohler et al., 2015; Bosch et al.,
2008; Naumann, 2000; Helm and Naumann, 1995).

2.4.4.2. Hierarchical cluster analysis (HCA). A non-supervised discrimi-
nant analysis among the FTIR phenotypes of the 34 isolates was per-
formed by HCA. For this purpose, the second-derivative vector
normalized of the 102 average spectra (see Spectral data pre-
processing section)was used as input data. Scaling to first rangewas se-
lected for the calculation of distances among spectra in the spectralwin-
dows: 3000–2800, 1700–1500, 1550–1200 and 1250–650 cm−1, and
Ward's algorithm was used to construct the dendrogram (Helm et al.,
1991; Naumann, 2000).

2.4.4.3. Evaluation of lipid content in F. graminearum isolates. Semi-quan-
titative parameter of lipid content was determined calculating the band
areas at the two main picks assigned to lipids: 2853 cm−1 (2865–
2835 cm−1 region, due to C\\H stretching in methylene NCH2) and
1742 cm−1 (1763–1696 cm−1 region, due to NC_O stretching vibra-
tion of ester groups) in the vector normalized spectra for the nine iso-
lates in which the aggressiveness was analyzed. Statistical analysis
was performed by a mixed model analysis of variance (ANOVA; p =
0.05, InfoStat version 2015).

2.4.4.4. Principal component analysis (PCA). A PCAwas applied using sec-
ond derivatives vector normalized spectra in the wavenumber regions
associated to lipids absorbance (3000–2800, 1750–1740, 1470–1455
and 1200–1100 cm−1) (Naumann, 2000). The nine isolates used for
the aggressiveness assays were included in the PCA study and a Score-
plot was obtained.

All the FTIR data analysiswasperformed bymeans of OPUS software,
versions 4 and 7.0 (Bruker Optics GmbH, Ettlingen, Germany).

2.5. Greenhouse aggressiveness test

Aggressiveness was assessed in 9 F. graminearum isolates by single-
floret spore-inoculation (Engle et al., 2003) on an Argentinean suscepti-
ble wheat cultivar (Buck Halcon). These isolates were selected for their
different FTIR phenotype (belonging to different clusters), and for their
sporulation extent (isolates with a sporulation level sufficient to permit
a successful infection were chosen). The fungal inoculum used in this
assay was obtained in 50 mL of wheat bran-agar medium (40 g of
wheat bran, 20 g agar, 1000 mL of water; the wheat bran was boiled
for 1 h) in 250 mL Erlenmeyer flasks. Cultures were kept 2 days at
22 °C and then for 10 days at room temperature (25 °C) under fluores-
cent light. Conidia were extracted from each flask with sterile distilled
water, washed with Tween 20 suspension (1 drop in 100 mL of water)
and filtered with sterile gauze (methodology used by the Instituto
Nacional de Tecnología Agropecuaria Marcos Juárez, INTA) (Galich,
1997). Three plants were planted per pot with four replicates per treat-
ment. Inoculation was performed at early anthesis, into a central spike-
let of the spike, using 20 μL of inoculum at a concentration of 1 × 105

conidia/mL (Kang et al., 2008). The control plants were inoculated
with distilled water. A growth chamber was used to incubate the plants
at 90% relative humidity and 20 °C for 72 h after inoculation, before tak-
ing them to the greenhouse. The aggressiveness was estimated accord-
ing to the data of disease severity (DS), whichwas evaluated on 12 total
spikes per treatment, at 6, 14 and 21 days after inoculation and
expressed at the percentage of symptomatic spikelets per spike
(Mesterházy et al., 2005). At maturity the spikes of each replicate
were harvested and threshed separately for grain weight measurement
in order to calculate the parameters thousand grainsweight (TGW) and
relative yield reduction, considering the weight of controls as 100%
(Chrpova et al., 2013). Statistical analysis was performed using a
mixed model analysis of variance (ANOVA; p = 0.05, InfoStat version
2015).

3. Result and discussion

3.1. Phenotypic diversity of F. graminearum local isolates

We here explored the global phenotype of 34 well-identified F.
graminearum isolates obtained fromwheat samples recovered from dif-
ferent geographic location of Argentina by FTIR spectroscopy. As a phe-
notypic approach, IR spectroscopy gives information of the whole cell
composition and reflects the biochemical changes induced by alter-
ations in cultivation conditions such as the type of culture medium
used, and temperature and time of incubation, among other environ-
mental factors (Bosch et al., 2006; Grunert et al., 2013; van der Mei et
al., 1996; Büchl et al., 2008). Several studies have applied ATR-FTIR tech-
nique (Salman et al., 2010, 2011, 2012) or the Transition/Absorbance
approaches, using lyophilized mycelium, milled with KBr into powder
and pressed to pellets (Nie et al., 2007a,b). In this work we applied
the simple FTIR dried film technology, which has widely been used for
identification of bacteria and yeasts, and not yet applied to the analysis
of filamentous fungi (Bosch et al., 2006; Fischer et al., 2006; Naumann,
2000).

In order to study the phenotypic heterogeneity or the diversity of F.
graminearum local isolates a sampling protocol was first optimized to
guarantee high reproducibility levels among technical and biological
replicates. A significant reduction in the variance among them was
achieved working with homogenous fungal suspensions obtained after



Fig. 1. Reproducibility levels among biological replicates for three different F. graminearum isolates. Dendrograms representing the spectral distances among biological replicates for 3
different isolates, built with vector-normalized second derivatives as input data in the spectral range 3000–2800, 1500–1400 and 1200–900 cm−1. Calculations were performed using
Normal to reprolevel and the dendrograms were constructed by Average Linkage according to the OPUS FTIR software (Bruker, Optics, Germany). (A) Isolate 13, (B) Isolate 30, (C) Isolate 34.
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culturing in commercial PDB for 3 days and sonicating the fungal sus-
pension as indicated in Methods.

The variability or reproducibility levels obtained among biological
replicates in the whole population varied from D = 10.1 ± 3.15 to a
maximum value of D = 25.2 ± 11.85 (Fig. 1). Taking into account this
D value two F. graminearum isolates were considered as indistinguish-
able by FTIR spectroscopy when D1200–900 values calculated with their
replicates were b40. Isolates with spectral distances lower than the
cut-off number of D=40were assigned to the same phenotype or spec-
tral type.

The FTIR absorption spectra of F. graminearum local isolates investi-
gated in this study, showed an overall spectral feature similar to those
previously reported for this species (Fig. 2) (Nie et al., 2007a; Salman
Fig. 2.Overlaid of two A/T FTIR replicate spectra belonging to 2 different F. graminearum isolates
W4), and main band assignments are indicated.
et al., 2012). Spectra were dominated by a large absorption band at
1200–900 cm−1, the so-calledwindow4 (W4),mainly attributed to car-
bohydrate vibrations (Naumann, 2000). The chitin band, which is spe-
cific to fungi, was detected at 1151 cm−1 and 1076 cm−1 due to its
C\\O and C\\C stretching vibrations (Nie et al., 2007a; Salman et al.,
2012), and the glycogen C\\O stretching vibrations were detected at
the band 1028 cm−1 (Naumann, 2000). The infrared spectra associated
with the fungal protein absorptions exhibited the typical amide I and
amide II bands at 1640 cm−1 and 1546 cm−1, respectively, with rela-
tively low intensity as previously observed for Fusarium genus by Nie
et al. (2007a) and Salman et al. (2011). The main spectral features in
the high wavenumber region W1 (between 2800 and 3000 cm−1),
were the bands detected at 2922 and 2853 cm−1, assigned to the anti-
acquired by FTIR dried-film technology (isolates 1 and 27■). Spectral windows (W1 to
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symmetric and symmetric stretching vibrations of NCH2 (Naumann,
2000). Moreover, there was a typical lipid band observed at
1742 cm−1 due to NC_O stretching vibration of ester groups (included
in Amide I atW2 window) which derives mainly from phospholipid ab-
sorbance (Naumann, 2000). In accordance with previously published
results (Salman et al., 2011) spectra of the majority of local Fusarium
isolates exhibited a relative increase in the intensity of the bands associ-
ated with lipids (NC_O assigned to esters at 1742 cm−1), with respect
to the bands of Amide I and Amide II. These spectral features are de-
scribed as distinctive for the genus Fusarium compared to other genera
such as Rhizoctonia, Colletotrichum and Verticillium with greater pre-
dominance of Amide I and II against the NC_O of ester (Salman et al.,
2010).

We applied the spectral second derivatives as input data in an unsu-
pervised cluster analysis to assess the phenotypic heterogeneity among
the F. graminearum local isolates (Fig. 3). Taking into account the maxi-
mum value of the variance obtained for biological replicates of the indi-
vidual isolates (D b 40), a cut-off linewas drawn at level of fusion of 200
(heterogeneity = 200) which produced a discrimination of the isolates
into twomain clusters (A and B, indicated by a line in Fig. 3). Taking into
consideration that the spectra which grouped with a heterogeneity
Fig. 3. Phenotypic diversity among 34 F. graminearum isolates based on A/T FTIR spectra.
The dendrogram was obtained using vector-normalized second derivatives (9-point
Savitzky-Golay filter). Spectral distances were calculated with Scaling to first range in
the following spectral windows: 3000–2800 cm−1, 1800–1700 cm−1, and 1250–
750 cm−1, and dendrograms were obtained using Ward's algorithm according to the
OPUS software (Bruker Optics, Germany).
value less than the cut-off valuewere assigned to the same spectral phe-
notype, 10 spectral phenotypeswere found amongwhich 3were repre-
sented by only one isolate (isolates 1, 6 and 8). These findings indicated
a significant phenotypic variance among isolates. These results are in
agreement with previous research performed by our and other groups
working with F. graminearum isolates recovered from Argentina, in
which a high diversity in mycotoxin producing capability was detected
(Alvarez et al., 2011; Ortega et al., 2016; Ramírez et al., 2007). These re-
sults together may be indicating that the phenotypic diversity encoun-
tered could be one of the strategies acquired by this pathogen to
adjust to the changing environmental conditions, being therefore po-
tentially responsible for the periodical emergence of this population in
our region.
3.2. F. graminearum aggressiveness

In order to determine if there was any association between the fun-
gal FTIR phenotype and fungal aggressiveness parameters, the latter
were assessed on susceptible wheat inoculated independently with 9
isolates selected as indicated in Methods. The aggressiveness of the iso-
lates estimated by DS % during plant growth showed disease progres-
sion over time, reaching stable values toward the end of the
assessment period. All isolates here assayedwere able to infect and col-
onizewheat seedlings, meaning that all of the inoculated spikes showed
symptoms of the disease, observed for its white colour and dryness.
However, as previously reported in other studies carried out with F.
graminearum populations (Aamot et al., 2015; Talas et al., 2012), signif-
icant differences in DS % values were detected. As indicated in Table 1, a
significant variance among the estimated values of aggressiveness ac-
cording to DS % was found. Considering the evaluation of this assay at
21 days after inoculation, the aggressiveness of the isolates here studied
ranged from a minimum of 16.29% for isolate number 1 to a maximum
of 100% for isolates number 14 and 32. Once the spikes were harvested
and threshed, the values of TGW and yield reduction were obtained
from weighing the grains, showing variability ranges from 40 g (isolate
1) to 5 g (isolate 6) and from 20% (isolate 1) to 86% (isolate 6), respec-
tively (Table 1). As it was expected, these analyzed variables also
showed high variability among isolates compared to the control plants,
with significant statistical differences. Likewise, in another study per-
formed with local F. graminearum isolates on aggressiveness analyzed
by wheat spike colonization andmycotoxin production, a high variabil-
ity of responses among isolates was also encountered (Malbrán et al.,
2012; Malbrán et al., 2014). Although the association between disease
severity and weight loss has been reported to be controversial,
(Alvarez et al., 2010; Brennan et al., 2005), our results showed a direct
correlation, which is in agreement with Lemmens et al. (2004) and
Mentewab et al. (2000).
Table 1
Aggressiveness of different Fusarium graminearum isolates on wheat measured by disease
severity progression percentage along time (DS %), thousand grains weight (TGW), and
yield reduction percentage.

Isolates FTIR
phenotype

DS (%)* TGW(g) Yield reduction
(%)

T1 T2 T3

1 A5 9,11bcd 12,42ef 16,29e 40b 20
6 B7 18,71a 86,76a 98,96ab 5f 89
13 A3 11,59b 50,31d 79,80cd 17cd 67
14 A1 9,62bcd 67,72bc 100a 8e 82
18 A1 7,81cd 47,66d 99,12ab 10de 79
26 A4 9,66bcd 76,58ab 99,01ab 7e 84
27 B8 10,81bc 59,28cd 87,21bc 10e 78
30 A1 7,62cd 25,01e 68,57d 24c 53
32 B8 12,16b 86,51a 100a 6ef 86

*T1, T2 and T3 correspond to disease severity (DS) evaluation after 6, 14 and 21 days of in-
oculation respectively. a,b,c,d,e,f different letters means significant differences.



Table 2
Semi-quantitative values of lipid content for different Fusariumgraminearum isolatesmea-
sured by FTIR spectroscopy.

Isolates Band Area at 2853 cm–1* Band Area at 1742 cm–1**

1 0.023e 0.26d

6 0.063b 0.37ab

13 0.048cd 0.32c

14 0.054c 0.33bc

18 0.054c 0.3 4bc

26 0.055bc 0.35bc

27 0.055bc 0.35bc

30 0.042d 0.33bc

32 0.084a 0.43a

a,b,c,d,e different letters means significant differences.
* Band assigned to lipids (C\\H symmetric stretching of NCH2 in fatty acids).
** Band assigned to lipids (to NC_O stretching vibration of ester groups).

Fig. 4. PCA Score-plot based on FTIR regions assigned to lipids for F. graminearum isolates
with different aggressiveness levels: almost not aggressive (isolate 1 ●), low
aggressiveness (isolates 30 and 13 ), medium aggressiveness (isolates 14, 18, 26 and
27 ) and high aggressiveness (isolates 6 and 32 ). PCA was carried out with vector-
normalized second derivative spectra of three independent replicates of each isolate in
the spectral range of 3000–2800 cm−1, 1765–1707 cm−1 and 1474–900 cm−1.
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3.3. Spectral spectroscopic markers associated with aggressiveness

It is interesting to note that among the assessed fungal population,
the more aggressive isolates as measured either by DS % or yield reduc-
tion %, were included in cluster B of the FTIR phenotype characterization
(isolates 6 and 32), while the less aggressive oneswere grouped in clus-
ter A (isolates 1 and 30) (Fig. 3, Table 1). As the fungal phenotypic diver-
sity is studied in the whole spectral range (4000 to 650 cm−1), we
decided to search for particular

spectral markers related to aggressiveness. Interestingly, we found
that spectra of the more aggressive isolates presented a significant in-
crease in absorption intensities at the lipid regions (C\\H stretching
modes associated to in CH2 and CH3, and C _O and C\\O stretching
modes associated to esters in lipids). The relative lipid content of the
isolates was then estimated through the band areas at 2853 cm−1 and
at 1742 cm−1 in vector normalized spectra. The result presented in
Table 2 confirmed that there was a relative association between the
values of the areas and the values of aggressiveness measured by both
DS % and yield reduction %. To better visualize the correlation between
lipid content and aggressiveness we performed a principal component
analysis (PCA), an unsupervised multivariate statistical method using
the secondderivatives vector normalized spectra of three biological rep-
licates for each isolate considering not only the band areas at 2853 and
1735 cm–1, but the three spectral windows associated to lipid content:
spectral range of 3000–2800 cm−1 (NC\\H stretching modes in lipids),
1765–1707 cm−1 (NC_O in esters) and 1474–900 cm−1 (\\C\\O in es-
ters). The Score-plot for PC2 and PC4 at these particular regions revealed
discrimination among spectral data according to aggressiveness levels
without any previous classification procedure. As shown in Fig. 4, the al-
most non aggressive isolate (isolate 1) clearly clustered separately from
those characterized by low (isolates 30 and 13), medium (isolates 14,
18, 26 and 27) and high (isolates 6 and 32) aggressiveness values. This
interesting association between lipid content and aggressiveness
might be related to previously reported results obtained for Fusarium
verticillioides where tricarballylic ester formation was demonstrated to
be important during biosynthesis of fumonisin mycotoxin (Li et al.,
2013). Furthermore, it is widely recognized that lipids play vital roles
in numerous physiological processes in living organisms, which include
those related to the interaction between hosts and pathogens. There is
evidence that certain lipids such as endogenously-produced fungal
oxylipins, metabolites derived from lipid peroxidation, are known for
their roles in carrying out pathogenic strategies to successfully colonize
their host, reproduce, and synthesize toxins (Christensen and
Kolomiets, 2011; Borrego and Kolomiets, 2012; Walley et al., 2013). In
conclusion, FTIR dry film technology in combination with simple multi-
variate analyses represent valuable tools to study the phenotypic vari-
ability among local F. graminearum isolates and allowed us to find an
interesting association between lipid content and aggressiveness in F.
graminearum s.s isolates. These results may be of interest for the novel
studies in the area of lipid-mediated signal communication between
fungi and plants which is a new and fast growing field of study relative
to the interactions between organisms.
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