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Abstract

Aims: To evaluate the effect of the type of crop residues on the colonization dynamic of Fusarium
graminearum in soil.

Methods and Results: The ability of F. graminearum to survive in the presence of various crop

residues was assessed on Petri dishes and in microcosms. These microcosms comprised
or had not been previously disinfested with or without amendment with various ¢ s. The
colonization dynamic of F. graminearum was monitored through real—tlme 6

Fusarium graminearum development was higher in disinfested soil thanfin smfested one. The

fungal growth was enhanced to various extents according to the t of crop residues, except for

mustard residues which inhibited it. The biochemical and ropertles of the residues were
likely to account for the differences in the survival of F* earum.
Conclusions: F. graminearum is a poor comp in soil but it can use maize, wheat, and rape

residues to ensure its survival. Converse@ hich is assimilated by microorganisms very

easily, avoids long-lasting survival of%

be used as an intermediate crop \@ e the inoculum amount.

Significance and Impac@

graminearum saproto@ilities and proposes interesting paths to limit its survival in soil.

v

. And finally mustard producing glucosinolates could

This study is contributing to the knowledge about F.

Keyw

Saprotrophic development, primary inoculum, soil microbial interactions, plant pathogenic fungus,

Fusarium head blight.
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Introduction

Fusarium diseases affect crop production worldwide (Turkington et al. 2014). They mainly infects
wheat (Triticum aestivum L. subsp. aestivum and Triticum turgidum L. subsp. durum (Desf.) Husn.;

Fusarium Head Blight (FHB)), but also maize (Zea mays L.; Fusarium ear rot) and barley (Hordeum

vulgare L.; Parry et al. 1995). Their development affect grain quantity due to important losses,
and also grain quality due to mycotoxins produced by the fungi respon51ble for “These
mycotoxins are of major concern for human and animal health as they ar durmg the

storage (Joint FAO/WHO Expert Committee on Food Additives 2001).

Several Fusarium species as well as Microdochium nivale (Fr) S Is & 1.C. Hallet (var. nivale
and var. majus) are involved in the development of the dis Fusarium graminearum Schwabe,

the anamorph phase of Gibberella zeae (Schwein.) Petc\& most prevalent species in many parts
of the world (Goswami and Kistler 2004). Li er Fusarium species within the complex, F.
graminearum survives saprotrophically on t p residues (maize stalks, wheat straw and other
host plants; (Sutton 1982). These res heved to harbour the primary inoculum responsible
for the infection on wheat head erell et al. 1990).

Both the quantity and the 1@ s affect pathogen survival. Field observations showed that
increases in inoculuni amount and in disease severity are correlated with increasing quantities of

residues (Bland@. 2010). The residues quality is also a significant factor since F. graminearum

survivaltappgéssste be better ensured by wheat kernels than by other parts of the plant (Pereyra and

Dill-Macky,2005). This can be partly explained by the composition of residues, especially by their
C:N ratio (Khonga and Sutton 1988). This ratio depends on the plant species, on the plant organ, and
on the decomposition stage of residues (Nicolardot et al. 2001). The C:N ratio influences fungal
growth, as well as the production of asexual (macroconidia) and sexual structures (Pereyra and Dill-

Macky 2005), the latters being the main survival structures of the fungus on residues (Fernando et al.

2000).
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Agricultural practices, and mainly crop residues management, play an important role in the control
of primary inoculums (Bailey and Lazarovits 2003). For instance, using FHB—susceptible plant
cultivars before wheat in the rotation scheme can dramatically favour the survival of the primary
inoculum, while non—susceptible host plants can hinder it (Schaafsma et al. 2005). Variations exist
among host plants: the disease is more severe after maize than after wheat or barley, as it depends on
the quantities of residues produced and on the differences in plants sensitivity (Champeil etal. 2004).

Unfortunately, the effects of other plants used as intermediate crops in rotations as J/alfalfa

(Medicago sativa L.) and oilseed mustard (Brassica juncea (L.) Czern’ aveen studied
ine

precisely enough within the framework of a possible control of F. (aﬁ m, especially as
e th

mustard incorporation have already been used successfully to re urvival of other plant

therefore increase or reduce F. graminearum survival. s rich in nitrogen and mustard is rich

pathogens (Friberg et al. 2009). These plants have paﬁ emigal compositions, which could
in glucosinolates (Fahey et al. 2001). Soil tillage 1 o important for the development of the disease.
No tillage or minimum tillage practices in isease risk as compared to ploughing which
decreases it (Dill-Macky and Jones 2 )@ues left on the surface favour ascospores discharge
and macroconidia splash dispe ul et al. 2004; Manstretta and Rossi 2015). Moreover, the
decomposition of residues i ter a ore complete in soil than on the surface (Pereyra et al. 2004).
The decomposition stage of, crop residues determines the nutritive quality of the substrate available
for the pathogeén (Hrankland 1998). The modification of this nutritive quality during the
decom rocess could be both a cause and a consequence of the successive colonizations of
the residugs by fungal populations as previously shown in forest litters as well as in various arable
ecosystems (Hattenschwiler et al. 2005). The ability of a specific species to keep growing on the
residues depends on its ability to use available nutrients from a specific stage of decomposition as
well as to compete for them with other organisms (Naef et al. 2006). From this outlook, F.

graminearum quantities rapidly decrease as residue decomposition increase (Pereyra and Dill-Macky

2008).
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Therefore, a promising alternative for preventing FHB would be to control the development of F.
graminearum primary inoculum in its natural habitat. There is still a need to improve knowledge
about this topic as it is difficult to understand the complex interactions between the parameters
affecting it. Until the 90’s, the detection and the quantification of plant fungal pathogens were based
on plating techniques onto selective media (Singleton et al. 1992). PCR-based molecular techniques,
which are usually more sensitive, more specific and much faster than conventional technigues, have
been used for about twenty years to detect and quantify the causal agents of FHB , an articular
F. graminearum (Nicholson et al. 1998). Such techniques have mostly beefused @ t pathogens
on plant material (Brandfass and Karlovsky 2006) and on crop residues hl et%al. 2007). When F.
graminearum is studied in soil, plate count is still frequently used A8teink&1ner and Langer 2004),
mostly because of the difficulty to work with DNA in soil env'r@ (Sanzani et al. 2014). To date,
few studies have been including the notion of F. gra m dynamic in soil and crop residues

using real-time PCR measurement (Palazzini et @k, 2013). They rather focused on a situation at a

given time than on monitoring (Lukas et al,
The aim of this study was to bringhett wledge about the saprotrophic competence of F.

graminearum in soil and in crop by focusing on the notion of colonization dynamic. Besides,
the control of soil-borne 8 olonization dynamic of F. gaminearum was also tested. In
order to do so, the colgnization dynamic of F. graminearum was monitored for several weeks through
real-time PCR i‘ mic,)cosms containing disinfested or natural soil amended or not with various crop

residue

Materials and methods
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Fungal strain
The strain of Fusarium graminearum (number MIAE(00376) was provided by the collection
‘Microorganisms of Interest for Agriculture and Environment’” (MIAE, INRA Dijon, France,

http://wwwb6.dijon.inra.fr/umragroecologie/Plateformes/ERB/Microorganismes-du-Sol).

This strain was chosen because it has been successfully used as inoculum for field experiments
(unpublished). It was isolated from infested maize residues. Its morphological characterization was
done using phenotypic features assessed through macroscopic and microscopic obser s and its
genetic identification was carried using molecular tools by sequencing thé™ TS ( % k accession

number KU885384; White et al. 1990; Gardes and Bruns 1993) and the regions (KU885385;

Macia-Vicente et al. 2008). The 280-bp product specifically amp by%primers Fgl6NF (ACA

was also sequenced (KU885386; Nicholson et al. 1998} rain chemotype was identified as 15-

GAT GAC AAG ATT CAG GCA CA) and Fgl6NR E GAC ATC TGT TCA ACC CA)
ADON type.

The strain was preserved on Potato Dextro ium (PDA) at room temperature and was also
stored at a temperature of —80 °C by op®ation in glycerol.

Fungal inoculum was produced j t bran liquid medium (distilled water complemented by 1 %
wheat bran, autoclaved at 120/°Cy20%min) adapted from Hassan and Bullerman (2009) and placed on
a rotary shaker (150 gpm) at 25 °C. After seven days of growing, the cultures were filtered through
sterile cheesecl@)roximately 50—um mesh size) to remove mycelium and remaining pieces of
bran. T idial concentration was assessed within the aid of a 1-mm?® Malassez counting chamber

(Preciss, ce). The concentration was then adjusted by dilution in sterile distilled water according

to the experimental requirements.

In vitro radial growth of F. graminearum on medium amended with various crop residues
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Crop residues of wheat (7. aestivum subsp aestivum), grain maize (Z. mays), rape (Brassica napus
L.), alfalfa (M. sativa) and mustard (B. juncea) were picked at the INRA Experimental Unit of
Epoisses (Cote d'Or, France [5°05"E; 47°14"'N]). Wheat and rape straws were collected from remains
left in the field after harvest in July 2009. Maize stalks were collected from remains left in the field
after harvest in November 2009. Entire plants of alfalfa and mustard were harvested during plant

growth in October 2010. The samples were air—dried, coarsely chopped and ground using

=]
2z
o
w2
o
=
o

coffee grinder (SEB, France). Thes preparations were then sifted through 200—um

then y—irradiated [SKGy; Ionisos, Dagneux, France] to sterilise them withoflt affe @ eir physical
>

and chemical properties. The C:N ratios of the residues were assessed method (Dumas

1831) by SAS laboratory (Ardon, France). Duplicated analyses performed for each type of

residue. 6
To estimate the radial growth of F. graminearum on Adues, water agar medium (2 %) was

autoclaved 20 min at 120 °C and then was su ented with crop residues (1 1 of water agar
containing 25 g of dry y-irradiated cro@ Ten microliters of titrated suspension of F.

graminearum spores (10> conidia.ml A w ced in the centre of each Petri dish. Five replicates

were included for each residue

growth was measured dail)@o 0
six days. ‘ )

Effect isinfestation (biotic factor) and of wheat straw presence (trophic factor) on the

ell as for the water—agar residue—free control. Fungal radial

hogonal diameters of the fungal colony for each Petri dish for

colonizatign dynamics of F. graminearum in microcosms

The four treatments were: (i) residue—free disinfested soil; (ii) residue—free natural soil; (iii)
disinfested soil with wheat straw; and (iv) natural soil with wheat straw. The total incubation time of
the experiment lasted twelve weeks. The first sampling was made on the first day of the experiment,
and then the sampling was done twice a week during the first two weeks, once a week from week two

to week four, and finally every two weeks until the twelfth week (eleven samplings). For each
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treatment and each sampling date, three microcosms were prepared. The soil was picked at the INRA
Experimental Unit of Epoisses. It had a silty—clayey texture (sand 6.1 %, silt 57.7 %, clay 36.2 %), a
pH of 7.1, 2.5 % of organic matter, a C:N ratio of 9.7 and a Cation Exchange Capacity of 20.1
cmol(+).kg™! soil. The soil (4 % moisture content) was sifted through 2-mm mesh sieves. Forty grams
(dry weight) of soil were distributed into tinplate boxes (5 cm diameter, 6 cm height). According to
the treatments, microcosms were autoclaved 1 hr at 105 °C for three consecutive times and left one

week to allow the evaporation of remaining toxic gas.

Wheat straw was prepared as previously described. According to the treaﬂnentcosms were

supplemented with 1 g of y—irradiated wheat straw. The mixture was pre%%nual shaking for
terl

30 sec. The moisture content in each microcosm was adjusted un&

Water Holding Capacity of the soil (maximal quantity of S@d by the soil) with a titrated

conditions to 80 % of

suspension of F. graminearum conidia. The final ration was 10° conidia.g™! of soil.

Microcosms were covered with tinplate lids to eastiee sterile conditions and avoid drying, and then

were incubated at 20 °C in a thermostatic @
At each sampling date three microcox& treatment were randomly and definitely taken away

from the group of available mi @ s and were manually checked during 30 s to ensure there

homogeneity. For each san@i

Effect of the typ‘ of c?p residue (trophic factor) on the colonization dynamics of F. graminearum in

osm, 1 g of soil was stored at —20 °C for DNA extraction.

microc

The six treafments of natural soil were: (i) residue—free or amendment with residues of (ii) wheat,
(iii) maize, (iv) rape, (v) alfalfa, and (vi) mustard. The total incubation time of the experiment lasted
six weeks. The first sampling was made on the first day of the experiment, and then the sampling
frequency was once a week until week four, and a final sampling on the sixth week (six samplings).

The microcosms were prepared as previously described.
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DNA extraction

Two grams of acid—washed glass beads with a diameter of 106 um, eight sterile glass beads with a
diameter of 2 mm and 4 ml of lysis buffer containing 50 mmol.I"' Tris—HCI (pH 8.0), 20 mmol.I"!
EDTA (pH 8.0), 100 mmol.I"! NaCl and 1 % (w/v) sodium dodecyl sulphate were added to each
sample. Samples were shaken for 30 sec at 4 m.s™' in a FastPrep®-24 Instrument (MP Biomedicals,

LLC, USA) to physically disrupt the matrix. Then DNA was extracted as described preyiously by

Edel-Hermann et al. (2004). Briefly, after chemical DNA extraction at 70 °C, sample
twice using polyvinylpolypyrrolindone spin columns to remove co—extracf®d huf @ ds, and then

once using Geneclean® Turbo kit (Q-BIOgene, Inc., USA). DNA sampl ed at 4 °C before

their use. &
Real-time PCR 4

Primers
Primers Fgl6NF (ACA GAT GAC AAG CA CA) and Fg16NR (TTC TTT GAC ATC
TGT TCA ACC CA) specifically amplityi raminearum were used to obtain a 280—bp product

(Nicholson et al. 1998). Pri re purchased lyophilised with UltraPureGold™ quality

(Eurogentec S.A., Belgiun@y ¢ dissolved to a 10—-umol.I"" concentration in DNase/RNase

free water. ‘ '

Standar roduction

The specific fragment amplified by Fg16NF/Fg16NR was cloned through Kit pPGEM®-T easy vector
systems II (Promega, USA) following the manufacturer’s instructions. Then the plasmid was purified
with QIAfilter Plasmid Midi Kit (QIAGEN, Germany) and linearised using Sal I restriction enzyme
(Promega, USA). The concentration of linearised plasmid solution was adjusted to 10° copies.ul™ of
the specific fragment. Dilutions were performed to obtain solutions whose concentrations ranged

from 10° down to 10?> DNA copies.ul™.
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PCR reaction conditions and cycling parameters

PCR reactions were performed in an ABI PRISM® 7900HT Sequence Detection System (Applied
Biosystems™, USA) in a final volume of 25 ul. Each sample contained 12.5 ul of Absolute QPCR
SYBR Green ROX MIX 2X (Thermo Fisher scientific Inc., USA), 0.5 ul of each primer, 1 ul of either
sterile water (control) or DNA sample, and 10.5 ul of sterile water. Two series of the standards (10?

to 10° copies) were assessed during each experiment.
All PCR reactions were run using the following protocol: initial denaﬁlrati polymerase

activation at 95 °C for 15 min, followed by 45 cycles of 95 °C for 15 s, 65(%0 s, 72 °C for 30

s, and a final 5 min extension at 72 °C. During the process, ﬂuore& ection was carried out

during the annealing step. A melting curve analysis followed, the”Cycling protocol: the samples were
heated at 95 °C for 1 min, cooled to 55 °C for 1 min a emperature was increased from 70 to
90 °C at the rate of 1.75 °C.min"!, with continu measurement of the fluorescence to check the
amplified fragment purity. Three technical i ere performed for each biological sample.
The detection limit of the PCR reacti@ned as the minimal number of DNA copies needed
to surely distinguish it from the nd noise measured in the negative control sample. This limit
varies with each PCR reac@w et to ten times the quantity of copies detected in the negative
sample.

The presence of PCR) inhibitors was checked by spiking 10* copies of F. graminearum specific
fragme ifferent samples of each modality. Spiked and non—spiked samples were compared to

check for‘inhibitory effects.

Statistical analyses
The data were logarithmically transformed to satisfy conditions of normality and of variance equality,

and then the three sets of experiments (i.e. in vitro radial growth of F. graminearum and the two sets

10
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of experiment in microcosms) were analyzed by three models of analysis of variance (ANOVA;

Cohen 1988).

Model 1: In vitro radial growth of F. graminearum on medium amended with various crop residues.

The residue type and the incubation time were used as independent variables.

Fungal radial growth;; = u + Residue type; + Incubation time; + Residue type*Incubationiimes; + €ij

ey o

where u is a constant, Residue type is the effect of the type of resiz&j: t, vy 3), Incubation time
is the effect of the incubation duration (j = 1, ..., 5), Residueit@u ation time 1s the interaction

effect and ¢ is the residual error.

Model 2: Effect of soil disinfestation and o@ presence on the colonization dynamics of F.

tion, the presence of wheat straw and the sampling

graminearum in microcosms. The soﬁ
date were used as independent va . The starting time of the experiment was not included in the

model. O@

Number of fungdl DNA copiesijk = u + Soil disinfestation; + Presence of straw residues; + Sampling

dater + isinfestation*Presence of straw residues; + Soil disinfestation*Sampling dateir +
Presence § of straw residues*Sampling datejx + Soil disinfestation*Presence of straw

residues*Sampling datejx + eiju (2)

where u is a constant, Soil disinfestation is the effect of the soil disinfestation (i = 1, 2), Presence of
straw residues is the effect of the presence of straw residues (j = 1, 2), Sampling date is the effect of

the incubation duration (k =1, ..., 10), Soil disinfestation*Presence of straw residues, Soil

11
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disinfestation*Sampling  date, Presence of straw residues*Sampling date and Soil
disinfestation*Presence of straw residues*Sampling date are the interactions effects and ¢ is the

residual error.

Model 3: Effect of the type of crop residue on the colonization dynamics of F. graminearum in

microcosms. The residue type and the sampling date were used as independent variables. starting

' O
Number of fungal DNA copies;; = u + Residue typej + Sampling date; + @*Sampling datejj
3)

e 6&

where u is a constant, Residue type is the effect of the Aesidue (i=1, ..., 6), Sampling date is

time of the experiment was not included in the model.

the effect of the incubation duration (j =1, ..., 5), idue type*Sampling date is the interaction effect

and ¢ is the residual error. @

Significance of differences bet

aeans was assessed using the Newman—Keuls method (Zar

1999). The ANOVA fgh and

(Addinsoft™, France‘ w1thr =5 %.

he, Newman—Keuls tests were carried out using XLSTAT

Results

In vitro radial growth of F. graminearum on medium amended with various crop residues.

12
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The radial growth of F. graminearum varied according to the type of crop residue, and so did radial
extension speed (Table 1). Three types of residues, i.e. wheat, maize and rape, allowed a statistically
greater growth than the control (Figure 1), but no statistical difference was noticed among them. The
measurements were stopped after six days because the fungus had reached the edges of the Petri
dishes for these three treatments. No growth was observed on medium complemented with mustard
residues after six days, which provoked a significant interaction between Residue type and Iucubation

time. A contamination in the medium supplemented with alfalfa residues made the resulgs untisable

Effect of soil disinfestation (biotic factor) and of wheat straw ence¥trophic factor) on the

colonization dynamics of F. graminearum in microcosms E 6

for this kind of residue. o

Although the curves displayed similar shapes in respo e different treatments, four clear and
significantly distinct patterns of DNA amount observed (Figure 2). Fusarium graminearum
established at a higher density in the disir@ than in the natural soil, which meant that the

indigenous microflora could slow dowad th opment of F. graminearum. In either disinfested or

natural soil, development and fi jities increased when sterile wheat straw was added to the soil.
The three studied factors,
date, as well as the 1¢vel 2 interactions, were statistically significant (Table 2). Thus, the highest
number of F. graminegrum DNA copies was found in the disinfested soil supplied with wheat straw,
while t t was found in the natural, residue—free soil. Between these two values, more DNA
copies wete recovered in the disinfested, residue—free soil than in the natural soil supplied with wheat
straw. These results highlighted the role of natural soil-borne microflora in the regulation of F.
graminearum development, as well as the stock of resources supplied by the presence of wheat straw.

Finally, the final decrease in the number of DNA copies observed for each curve was statistically

significant.

13
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Effect of the type of crop residue (trophic factor) on the colonization dynamics of F. graminearum in
microcosms

The curve shapes for this experiment were the same as for the previuos one. The supply of different
types of crop residues in natural soils led to the establishment of F. graminearum at significant various
densities in the amended soils (Table 3; Figure 3). The sampling date showed no significant effect on
the amount of DNA copies, unlike the interaction between residue type and sampling.date. The
number of recovered DNA copies was higher in soil amended with maize, wheat, rdp&and /alfalfa

residues than in non—amended soil. The number of DNA copies recovef@d in &@r ended with

mustard residues was lower than in non—amended soil, which proved tl%} residues did not
to

enhance the development of F. graminearum, and moreover see& uce its survival. The

evolution of the DNA copies number was quite the same in s@ds amnended with maize, wheat and
rape residues. It was higher in soils amended with mai wheat residues than in soil amended
with rape residues during the first two weeks of théexperiment, but not at the end. The soil amended
with alfalfa residues displayed a different e s F. graminearum colonization dynamic. The
quantity of F. graminearum DNA copi€s @amended with alfalfa residues was significantly the

highest after three weeks of exp , but dropped dramatically to a lower value than the ones in

soils amended with maize, @a ape residues at the last sampling date.
C:N ratios of thé residues

The C: i@s, of the residues varied from 14 for alfalfa to 116 for rape with respective ratios of 22,

33 and 76 for mustard, maize and wheat.

Discussion

General shape of the colonization dynamic of F. graminearum

14
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The shapes of the curves were similar for all treatments in the first set of microcosms. First a priming
effect was observed. It could be due to the activation of fungal growth, during which F. graminearum
grows from inoculated spores to active mycelium through the use of resources directly available from
its environment (Harris 2005). At the beginning of the experiment, a bias was observed in soil
amended with straw residues since the quantity of fungal DNA copies was high compare to soil

without residue. Wheat straw was contaminated before the disinfestation process. L=rays kill

organisms without completely destroying DNA, but it is assumed that such residual DNA peared
rapidly during the experiments (Romanowski et al. 1992). However, the reSults o @ st sampling
time had not been included in ANOV A models (2) and (3), which were tl‘%: re relevant. After
the priming effect, the subsequent kind of stagnation in DNA copy n ers @uld match to the period
of adaptation to the habitat, during which fungal enzymatic a@ targeting the complex trophic

resources was activated (Debeire et al. 2014). Eventua final decrease of the curves could be

due to the exhaustion of available resources, durtggwhich F. graminearum evolves from mycelium

to new conidia and ascospores (Bateman e@

Effect of soil disinfestation on the

ization dynamic of F. graminearum
The soil disinfestation was tor influencing the colonization dynamics of F. graminearum:
the quantities of fungdl DNA copies in the disinfested soil, whether supplied with wheat residues or
not, were one—@d— old higher than in the natural soil. We can therefore conclude that F.
gramin evelopment was regulated by soil-borne communities. This result was expected
because raminearum is known to be not highly persistent in soil, and particularly in comparison
with other Fusarium species such as F. oxysporum (Pereyra and Dill-Macky 2008). The fungal
abundance in the soil used in this study had been count through plating method around 10° colony

forming unit.g"! of soil (Friberg et al. 2009), among which F. oxysporum strains were abundant while

F. graminearum strains were not (Edel-Hermann et al. 2015). The development of pathogen
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populations on residues could be reduced by managing the indigenous microbial communities of the
soil in order to increase soil suppressiveness (Weller et al. 2002).

Moreover, all residues tested in this study had previously been disinfested, but the initial residue—
borne communities would probably have increased the regulatory effect. Trying to promote the
growth of indigenous or introduced microorganisms which are able to outcompete plant pathogenic
fungi within the crop residues was recently suggested (Lakhesar et al. 2010). Particular spgcies were
found to suppress the sporulation of F. graminearum macroconidia and ascospo e ell as
perithecia production on wheat straw and maize stalks under controlled condftions ia etal.2001;
Luongo et al. 2005). However, their efficiency under field conditions re%

In this present experiment, the effect of macrofaunal (earthworms faunal (nematodes...)
communities on the colonization dynamic of F. graminearu been tested, but it would also
have an effect under natural conditions. Lumbricus terre Aphelenchoides saprophilus Franklin
and Folsomia candida Willem impacted signific the decomposition rate of Fusarium—infested
wheat straw into the soil and also the degradati Fusarium—produced mycotoxins (Oldenburg
et al. 2008; Wolfarth et al. 2013). Th @titrophic interactions within the soil could regulate

and control such soil-borne and —borne pathogenic inoculums.

Effect of the presencefof wheat straw on the colonization dynamic of F. graminearum

In both disinfested soil natural soil, the presence of wheat residues provided a favourable habitat for
fungal ent. The residues could constitute either trophic resources by providing nutrients, or
structural fesources by altering soil environments. Fusarium graminearum produces a wide range of
enzymes in the presence of plant material, and several of them degrade cellulose, hemicelluloses and
pectin (Debeire et al. 2014). Therefore Fusarium graminearum owns the enzymatic machinery to
degrade compounds of plants primary cell walls and to use residues as nutrients, as revealed by the

fungal radial growth on media supplied with crop residues. The final significant decrease of DNA
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copies number observed in each treatment confirmed the poor ability of F. graminearum to remain at

high amount in soil over time.

Effect of the C:N ratio of the residues on the colonization dynamic of F. graminearum

On Petri dishes as well as in the second set of microcosms, the fungal growth was higher in presence
of crop residues than in the controls without residues, except for mustard residues. No diffgrence was
observed on Petri dishes between the effects of maize, wheat and rape residues. Conve , daize,
wheat and rape residues were top down ranked for the number of recovefd D @ ies after the
starting time of the experiment in microcosms, but the differences w%)x’gnificant at each
sampling day. Maize and wheat are hosts of the disease. As a result/aving'hese crops as preceding
crops increases disease risks (Champeil et al. 2004). Surprisi g@, which is not a host plant, also
favoured fungal growth. The survival of F. graminearunfisginiproved by increased residues amounts
(Blandino et al. 2010). However, this last parame{&is not an explanation of the differences observed

in this study since all residues were @ e same proportion to the soil (1 g dry

matter.microcosm™!). Champeil et al& iced that wheat and durum wheat produce similar
amounts of residues, but the 1 infection of wheat after these crops is different. Inoculum
production varies with the ecles. It is not the same on a given plant over time, and it depends
on the plant organ ({honga and Sutton 1988; Pereyra and Dill-Macky 2008). This can be partly
explained by thg/C:N satio of the residues. This ratio varies depending on the decomposition stage of

uences fungal growth as well as the production of macroconidia and sexual

Rich residues (low C:N ratio) provide a favourable habitat, allowing longer saprotrophic
development before perithecia production as compared to poor residues (high C:N ratio; Khonga and
Sutton 1988). In this study, maize, wheat and rape were ranked depending on their C:N ratio value.
The low C:N ratio of maize (33) best promoted fungal growth, while the high C:N ratio of rape (116)

least promoted it. The ratio of maize was particularly low in the experiment mainly because maize
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leaves were used for technical reasons. The results could have been different if more maize stalks

(C:N ratio around 130) had been used (Nicolardot et al. 2001).

Effect of the mustard residues on the colonization dynamic of F. graminearum
Maize, wheat and rape were first chosen for this study since they are major rotational crops in the
region (Burgundy, France; Agreste 2015). Rape was also tested because it is a member of

Brassicaceae family. This family is known for its deleterious action on microbia nities

through the release of allelopathic molecules in its rhizosphere (Morr#® and aard 2002).
‘e&@

However, growth in water agar medium supplied with rape residues @;w clear action of
ize

antifungal products since no difference was noticed between rap a d wheat. Conversely,
when water medium agar was supplied with mustard resid e@owth of F. graminearum was
observed. The presence of such deleterious seconda bolites was therefore highlighted in
mustard. Fusarium graminearum growth was alsgignificantly lower in soil amended with mustard

residues than in non—amended soil alth(z ratio was favourable (22), confirming the

rowth. This result was consistent with the effect of

inhibition effect the mustard had got%
incorporated mustard on other at ogens (Friberg et al. 2009). This inhibition could only

originate from mustard sin eye

es were disinfested. Sinigrin is the main glucosinolate found
in mustard (Bellostas gt al. 2007). Some studies showed that among several cereal root pathogens, F.
graminearum was moderately sensitive to isothiocyanates resulting from the hydrolysis of
glucosi ngd particularly to sinigrin (Kirkegaard et al. 1996). The type and the amount of
glucosinolates produced depend on Brassicaceae species, on the variety within these species, on plant
maturity, on the part of the plant considered and on environmental plant growth conditions (Bellostas
et al. 2007). This could explain why the colonization dynamics of F. graminearum differed in the soil
with the mustard residues, which contain high levels of sinigrin, as compared to the soil with the rape

residues, which contain low levels of glucosinolates.
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Effect of the alfalfa residues on the colonization dynamic of F. graminearum

Finally, the effect of C:N ratio was confirmed by the experiment in alfalfa—supplied soil. Fusarium
graminearum growth in soil amended with alfalfa residues was significantly the highest of the set at
the beginning of the experiment. Alfalfa had the lowest C:N ratio (14) of all types of tested residues.
However, the number of DNA copies decreased twenty—one days after inoculation, and reached a
lower value than those observed with the other promoting residues at the end of the experiment. These
observations were consistent with the contention that the substrate had been “eXhausted or

decomposed. Alfalfa was expected to mineralise faster than mature wheat & rap hich had a

higher C:N ratio (Pascault et al. 2010). Therefore, the rapid exhaustion D%tro ic resource could
sh

lead to a drastic decrease in F. graminearum density. Further stu d focus on the role of

legumes and their subsequent crop remains on F. graminear m@a .

In conclusion, due to the saprotrophic phase of raminearum life cycle, there is a real need to
understand better how it survives in soil andd . Fusarium graminearum appears to be a poor
competitor over time, particularly co arm other Fusarium species, e.g. F. oxysporum. Yet, it
seems to overcome this difficult can still cause FHB. This study showed that F. graminearum
development was under cgngrol,of¥goil-borne community, but was buffered by the presence of
residues. Crop residugs promoted the fungal development to different extents depending on their type.
Consequently, s¢veralitechniques should be combined to control primary inoculum production by the
phytop ic fungus: i.e. the crop residues management through rotations and soil tillage, the
stimulation of the antagonistic microflora, and the use of preventive preceding crops. For this last
parameter, mustard could be used as it produces antifungal compounds as well as legumes for which

the fast mineralization destroys F. graminearum habitat.
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Table 1: In vitro radial growth of F. graminearum on medium amended with various crop residues -

ANOVA table for the model 1.

Fungal radial growth
Source of variation daf MS F
Residue type 4 1.46 T171.64%*%*
Incubation time 4 0.76 3707.94%*%*
Residue type*Incubation time 16 0.05 240.50%**
df: degrees of freedom, MS: Mean Square, F: Fisher’s F
*p <0.05, ** p <0.01, *** p <0.001 \
Table 2: Effect of soil disinfestation and of wheat straw pre e colonization dynamics of F.

graminearum in microcosms - ANOVA table fog the model

ber of F. graminearum DNA copies

Source of variation daf MS F

Soil disinfestation 1 87.91 1735.02%*%

Presence of wheat strawsie 1 21.41 422 51 %%*
Sampling date @ 9 0.26 5.09%**
Soil disinfes, n* nce of wheat straw 1 0.37 7.37%*
Soil disi eseSampling date 9 0.16 3.18%*
Pres heat straw*Sampling date 9 0.06 2.48%
infestation*Presence of wheat
9 0,06 1.26

traw*Sampling date

df: degrees of freedom, MS: Mean Square, F: Fisher’s F

*p < 0.05, ** p < 0.01, *** p < 0.001
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663  Table 3: Effect of the type of crop residue on the colonization dynamics of F. graminearum in

664  microcosms - ANOVA table for the model 3.

Number of F. graminearum DNA

copies
Source of variation daf MS F
Residue type 5 30.83 430.71%%*
Sampling date 4 0.10 1.35
Residue type*Sampling date 20 0.32 4 424k

665  df: degrees of freedom, MS: Mean Square, F: Fisher’s F

666  *p <0.05, **p <0.01, *** p <0.001 @\
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Figures captions

Figure 1: In vitro radial growth of F. graminearum on media amended with various crop residues.
The control was provided by the radial growth of F. graminearum on water agar medium without
any type of residue. Each measure was obtained by the average of five independent experimental
runs. For each one, the value was obtained by the average of two measurements of the fungal

colony diameter on two orthogonal axes.

L
Type of residue: ([J) rape, () mustard, (®) wheat, (X) maize and (O) c@ut residue

Statistical groups based on Newman—Keuls test with a=0.05 for t u¢ type: maize, wheat

and rape: a; control: b, mustard: c. Treatments are signifi@ erent when followed by

different letters. i E

Figure 2: Effect of soil disinfestation and of @ aw presence on the colonization dynamics
of F. graminearum in microcosms. @
Each measure was obtained by thesave of three independent experimental runs. The value of

each one was obtained by @ of three successive measurements by real-time PCR.
cerof

Soil disinfestation/ptese wheat residues: (M) disinfested soil/wheat residues, ([J)

disinfgsted soi@zut residue, (@) natural soil/wheat residues and (O) natural soil/without

residue.

Statistical groups based on Newman—Keuls test with a=0.05 for the Soil disinfestation*Presence
of wheat straw interaction: disinfested soil / wheat residues: a; disinfested soil / without residue:
b; natural soil / wheat residue: c; .natural soil / without residue: d. Treatments are significantly

different when followed by different letters.
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Figure 3: Effect of the type of crop residue (trophic factor) on the colonization dynamics of F.
graminearum in microcosms.
Each measure was obtained by the average of three independent experimental runs. The value of

each one was obtained by the average of three successive measurements by real-time PCR.

Type of residue: ([1) rape, () mustard, (®) wheat, (X) maize, (A) alfalfa and (O) control

without residue
Statistical groups based on Newman—Keuls test with a=0.05 for the Resigu ty@\pling date

interaction at the end of the experiment: maize: ab; wheat: ab; rape: bc: *no amendment:

d and mustard: e. Treatments are significantly different when foll&

y different letters.
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