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Abstract

Fusarium species are known to be major producers of mycotoxins, causing Fusarium head
blight (FHB) disease, which reduces wheat yield and quality. To complete this study, 60
samples of durum wheat with symptoms of the disease, belonging to six varieties, were
collected randomly from seven provinces in northeastern Algeria during the years 2017 and
2018 to determine the pathogens prevalence and their importance, the association of the
pathogens with nutritional and climatic factors, as well as the effectiveness of fungicides to
their control. Eighteen fungal isolates were isolated and then identified as belonging to seven
different species of Fusarium, namely F. clavum, F. culmorum, F. microconidium, F
avenaceum, F. tricinctum, F. solani, and F. acuminatum using polyphasic analysis. The
results showed that F. clavum was the most abundant, found in 33.3% of the samples. This
study also indicates the presence of F. clavum, F. microconidium, and F. tricinctum, for the
first time in durum wheat ears in Algeria, and F. microconidium in durum wheat worldwide.
The pathogenicity of isolates on three durum wheat cultivars (GTAdur, Cirta, and Waha) was
evaluated using in vivo and in vitro tests, which showed a significant difference between
isolates and between species, with F. avenaceum (FusBi7) being the most aggressive, and
Cirta variety as the most tolerant. Regarding mycotoxins production, all isolates tested were
able to produce deoxynivalenol (DON), zearalenone (ZEA), and T-2 toxin (T-2), with the
distinction of F. culmorum (FusB059) as being the most productive. In addition, the results
showed that the DON is the most abundant with 7.128 pg.kg™ recorded by ELISA and
373196.19 pg.kg?! by LC-MS/MS, exceeding the European Commission limits (1750
ug.kgh). On the other hand, the analysis of the toxins presents in the durum wheat samples
revealed that 15-ADON was more present (63.6%) than DON (18.2%) and 3-ADON (9.1%).
The study also showed that physical and chemical factors, as well as nutritional factors,
greatly affect the growth ability of the isolates. Laboratory studies using a one-factor method
at a time to understand the physiological aspect of Fusarium isolates indicated that Czapek
Dox Agar, at 25°C, 95% relative humidity, pH 7, 2.5 g. L of salinity, cellulose as a carbon
source, peptone as a nitrogen source and a 10:1 ratio of C:N, recorded optimal fungal growth
for the Fusarium isolates. Antifungal activity assays also demonstrated that the fungicide
tebuconazole (Raxil and Tebuzol) and the combination of fludioxonil + difenoconazole
significantly inhibited the fungal growth of the isolates by 84.31%, 82.94%, and 81.33%,
respectively, compared to difenoconazole alone (73.16%) at the recommended dose after
five days of exposure. Tebuconazole (Tebuzol 73.46%, Raxil 69.75%) had a greater effect
on spore germination than fludioxonil + difenoconazole (62.16%) at the recommended dose
leading to conidial deformation and fragmentation.

Keywords: Epidemiology, wheat, Fusarium spp., mycotoxins, fungicides.
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Résumé

Les espéces de Fusarium sont connues pour étre d'importantes productrices de mycotoxines,
provoquant la brilure de I'épi (FHB), qui réduit le rendement et la qualité du blé. Pour
compléter cette étude, 60 échantillons de blé dur présentant des symptémes de la maladie,
appartenant a six variétés, ont été collectés de maniere aléatoire dans sept Wilayas du nord-
est de I'Algérie au cours des années 2017 et 2018 afin de déterminer la prévalence des
pathogenes et leur importance, I'association des pathogenes avec les facteurs nutritionnels et
climatiques, ainsi que l'efficacité des fongicides pour leur contréle. Dix-huit isolats
fongiques ont été isolés puis identifies comme appartenant a sept especes différentes de
Fusarium, a savoir F. clavum, F. culmorum, F. microconidium, F. avenaceum, F. tricinctum,
F. solani et F. acuminatum par analyse polyphasique. Les résultats ont montré que F. clavum
était le plus abondant, présent dans 33.3% des échantillons. Cette étude indique également
la présence de F. clavum, F. microconidium et F. tricinctum, pour la premiére fois dans les
épis de blé dur en Algérie, et de F. microconidium dans le blé dur dans le monde. La
pathogénicité des isolats sur trois variétés de blé dur (GTAdur, Cirta et Waha) a été évaluée
a l'aide de tests in vivo et in vitro, qui ont montré une différence significative entre les isolats
et entre les especes, F. avenaceum (FusBi7) étant le plus agressif, et la variété Cirta comme
la plus tolérante. Concernant la production des mycotoxines, tous les isolats testés étaient
capables de produire du déoxynivalénol (DON), de la zéaralénone (ZEA) et de la toxine T-
2 (T-2), avec la distinction de F. culmorum (FusBo59) comme étant le plus productif. De
plus, les résultats montrent que le DON est le plus abondant avec 7.128 ug.kg? enregistrés
par ELISA et 373196.19 pg.kg? par LC-MS/MS, dépassant les limites de la Commission
Européenne (1750 pg.kg?). D’autre part, l'analyse des toxines présentes dans les
échantillons de blé dur a montré que le 15-ADON était le plus présent (63.6%) que le DON
(18.2%) et le 3-ADON (9.1%). L'étude a également montré que les facteurs physiques et
chimiques, ainsi que les facteurs nutritionnels, affectent significativement la capacité de
croissance des isolats. Des études en laboratoire ont indiqué qu’a travers l'utilisation d'une
méthode a un facteur a la fois pour comprendre l'aspect physiologique des isolats de
Fusarium, le Czapek Dox Agar, & 25°C, 95% d'humidité relative, pH 7, 2.5 g. L de salinité,
cellulose comme source de carbone, peptone comme source d'azote et un rapport C:N de
10 : 1, enregistraient une croissance fongique optimale pour les isolats de Fusarium. Les
tests d'activité antifongique ont également montré que le fongicide tébuconazole (Raxil et
Tebuzol) et I'association fludioxonil + difénoconazole inhibaient de maniére significative la
croissance fongique des isolats de 84.31%, 82.94% et 81.33%, respectivement, par rapport
au difénoconazole seul (73.16%) a la dose recommandée apreés cing jours d'exposition. Le
tébuconazole (Tebuzol 73.46%, Raxil 69.75%) a eu un effet plus important sur la
germination des spores que le fludioxonil + difénoconazole (62.16%) a la dose
recommandée, entrainant une déformation et une fragmentation des conidies.

Mots clés : Epidémiologie, blé, Fusarium spp., mycotoxines, fongicides.



15-ADON
3-ADON
4ANIV
acll
ACU

AE
AFB1
AFB2
AFG1
AFG2
Afs
AHBWP
AHDWP
ANOVA
AT
AUDPC1
BCAs
BEA
BLAST
BLAST-N
BS

BUT
BW
BWPP
CaM
CAMP-PKA
CDA
CHL

CL

CLA
CMA
CNCC
CUL
CYA
DAS

Dc

DMI
DON
DPI
DPPTC
Dt

DW
DWPP
EC

EHP
ELISA
ENNs
EU

ABBREVIATIONS

15-acetyldeoxynivalenol
3-acetyldeoxynivalenol

4 Acetylnivalenol

ATP citrate lyase

Acuminatopyrone

Anther extrusion

Aflatoxin-B1

Aflatoxin-B2

Aflatoxin-G1

Aflatoxin-G2

Aflatoxins

Area harvested for bread wheat in each province
Area harvested for durum wheat in each province
Analysis of variance

Aminotransferase

Area under disease progress curve
Biological control agents

Beauvericin

Basic local alignment search tool

Basic local alignment search tool nucleotide
Bootstrap

Butanolide

Bread wheat

Bread wheat production by province
Calmodulin

Cyclic AMP-protein kinase A

Czapek dox agar

Chlamydosporol

Coleoptile length

Carnation leaf agar

Corn meal gar

National center for certification and control of seeds and plants
Culmorin

Cezapec yeast agar

Diacetoxyscirpenol

Diameter of colony in control
Demethylation inhibitors

Deoxynivalenol

Days post inoculation

Direction of plant protection and technical controls
Diameter of colony in treatment

Durum wheat

Durum wheat production by province
European commission

Eastern high plains

Enzyme-linked immunosorbent assay
Enniantins

European union



FAO
FB1
FB2
FBs
FCR
FCs
FHB
FOL
FRR
FTF
FUMS
FUNG
FUS
FWVS
GR
HPLC
HT-2
IMP
IPM
ITS
LC-MS/MS
LOD
LONG
LOQ
LSU
MAPK
MARD
MGl
ML
MLST
MON
MRM
MS
NCBI
NIV
OHCUL
ORFs
OTA
PCR
PDA
PDB
PH
PHI-base
PKS
PP
PSA
Qol
gPCR
QTLs
QUEChERS

Food and agriculture organization of the United Nations
Fumonisin-B1

Fumonisin-B2

Fumonisins B

Fusarium crown rot

Fumonisins C

Fusarium head blight

F. oxysporum f. sp. Lycopersici
Fusarium root rot

Fusarium transcription factor

Fumonisins

Fungerin

Fusaproliferin

Fresh weight of vegetative system
Germination rate

High-performance liquid chromatography
HT-2 toxins

Integrated management program

Integrated pest management

Internal transcribed spacer

Liquid chromatography coupled to tandem mass spectrometry
Limits of detection

Longiborneol

Limit of quantitation

28S large subunit of the nrDNA
Mitogen-activated protein kinase

Ministry of agriculture and rural development
Mycelial growth inhibition

Maximum likelihood

Multilocus sequence typing

Moniliformin

Multiple reactions monitoring

Mass spectrometric

National center for biotechnology information
Nivalenol

Hydroxy culmorin

Open reading frames

Ochratoxin A

Polymerase chain reaction

Potato dextrose agar

Potato dextrose broth

Plant height

Pathogen—host interactions Database
Polyketide synthase

Phenylpyrroles

Potato sucrose agar

Quinone outside inhibitors

Quantitative polymerase chain reaction
Quantitative trait loci

Quick, easy, cheap, effective, rugged and safe



RH
RPB1
RPB2
RSD
RSL
RSW
SAB
SBI
SDHIs
SDR
SIX
SNA
SP chromosomes
SRN
STB
T-2
TCA
TCT
TCTA
TCTB
TEFl-a or TEF1
TLC
TRI
tub2
UAA
uv
VSL
VSW
WB
WGEA
714G
Z14S
716G
ZEA
o-ZAL
o-ZEL
B-ZAL
B-ZEL

Relative humidity

RNA polymerase | large subunit 1
RNA polymerase 11 large subunit 1
Relative standard deviation

Root system length

Root system weight

Sabouraud dextrose agar

Sterol biosynthesis inhibitors
Succinate dehydrogenase inhibitors
Short-chain dehydrogenase reductase
Secreted in xylem

Spezieller nahrstoffarmer agar
Supernumerary chromosomes
Seminal root number

Septoria tritici blotch

T-2 toxins

Tricarballylic acid

Trichothecenes

Trichothecenes type A
Trichothecenes type B

Translation elongation factor 1-alpha
Thin layer chromatography
Trichothecenes

Beta-tubulin

Useful agricultural area

Ultraviolet

\Vegetative system length
\Vegetative system weight

Wheat blast

Wheat grain extract agar
Zearalenone-14-Glucoside
Zearalenone-14-sulphate
Zearalenone-16-[3-D-glucopyranoside
Zearalenone

a-Zearalanol

a-Zearalenol

B-Zearalanol

B-Zearalenol

Vi



LISTE OF TABLES

Table 1.1. World total grains (wheat and coarse grains) production in Million Tons
during the period 201910 2023... .. ... in i e e e e
Table 1.2. Mycotoxins produced by FUSarium SPP........c.vvereeeiiiiiiiee e eeeinnne
Table 1.3. Substituent patterns of different type A and B trichothecenes..............
Table 1.4. Allowable limits of Fusarium mycotoxins in cereals and its derivatives...
Table 2.1. List of Fusarium strains isolated from FHB durum wheat samples.........
Table 2.2. Macro- and micro-conidia size and septation of 18 Fusarium isolates on

Table 2.3. Variability in the sporulation rates of Fusarium isolates in different
oL U0 (300 T=To [ -
Table 3.1. Optimized parameters for mycotoxins analysis by LC-MS/MS............
Table 3.2. Standard concentrations used in mycotoxin dosage analysis...............
Table 3.3. Mean of in vitro pathogenicity on germination parameters..................
Table 3.4. Mean of in vVivo pathogeniCity..........coeuiiiii i e
Table 3.5. Mycotoxins detection by ELISA in the culture extracts.........c...ccccoveueeee.
Table 3.6. Mycotoxins detection by LC-MS/MS in the culture extracts...............
Table 3.7. Types and levels of mycotoxins detected by LC-MS/MS in cereal
SAIMIPIES. ..ttt e et e e e e e ———
Table 3.8. Pearson correlation matrix of in vitro pathogenicity on growth
parameters and mycotoxin types (ELISATESE).......coviiieiii i e,
Table 3.9. Pearson correlation matrix of in vivo pathogenicity on growth parameters
and mycotoxin types (ELISA test)...

Table 5.1. Fungicides tested in colony grovvth and conldlal germmatlon assays Wlth
Fusarium spp... :

Table 5.2. Varlance anaIyS|s of fung|C|de effects dependlng on Fusarlum |solates
doses and exposure periods...

Table 5.3. Mean effects of fung|C|des on mycellal grovvth of Fusarlum |solates
depending 0N dOSES tESTEU. .. ... uu ittt et e e e e e
Table 5.4. Mean effects of fungicides on mycelial growth of Fusarium isolates
depending 0N eXPOSUIe PEIIOM. .. ... .cou ittt et et
Table 5.5. Average results of fungicide effects on spore germination of Fusarium
1510 L

vii

18
21
32
44

47

53

63
65
69
72
74
74

75

76

77

109

111

113

115

117



LISTE OF FIGURES

Figure 1.1. Map showing the main durum wheat cultivating countries................
Figure 1.2. Importance of wheat cultivation in Algeria during the period 1998-
2019.. .

Flgure 1 3 Map showmg the global dlstrlbutlon of Fusarlum head bllght assouated
PALNOGENS . . . e s
Figure 1.4. Disease cycle and symptoms of FHB on wheat spikes and kernels.......
Figure 1.5. Symptoms of Fusarium head blight of wheat.................................
Figure 1.6. Fusarium phylogram inferred from exon sequences of 19 full- length
protein-coding genes totalling 55.1 Kb.........coo oo,
Figure 1.7. Taxonomical position of the genera Fusarium and Microdochium based
on MycoBank database, 2023.........cue it
Figure 1.8. Backbone structure of trichothecene toxXins..............ccoovviiin i
Figure 1.9. Trichothecene biosynthetic pathway... e

Figure 1.10. Schematic representation of the TRI cluster and the two I00| grouping
the TRI genes in F. graminearum.............ccoouuiiiiiiii e e e e e e e e
Figure 1.11. Chemical structures of fumonisins.............c.ccoviiiiiiiii i,
Figure 1.12. Organization of genes in FUM gene cluster................c.cooveviiiennns
Figure 1.13. Schematic of ZEA contamination pathways...

Figure 1.14. Structures of ZEA and its derivatives.. .. .
Figure 1.15. Genomic organization of the ZEA gene cluster and flanklng region in
Fogramin@arUm ... ...t e e e e e e e e e
Figure 1.16. Zearalenone biosynthesis pathway.............cc.ocoiviii i,
Figure 1.17. Flow diagram of common steps involved in mycotoxins analysis in
FOOO COMMOUITIES. ...ttt e e e e e e e e e e e e ees
Figure 1.18. Structures of inhibitors of 14a-demethylase (IDM)........................
Figure 2.1. Geographical distribution of Fusarium strains isolated in the north-
eastern region of Algeria ..
Figure 2.2. Morphologlcal characterlstlcs of morphotype of Fusarlum species
isolated from diseased durum wheat..............cooviiiiiiiiii e e e e
Figure 2.3. Appearance of sporodochia produced by Fusarium species on SNA and
CLA media.. .

Figure 2.4. ElectrophoreS|s product of ampllfled DNA of |solates of Fusarlum

Figure 2.5. Maximum-likelihood phylogenetic tree inferred from the combined data
set of ITS and TEF-1a loci of 11 Fusariumisolates..........ccooeviviiiiiiiiiiieeens
Figure 2.6. Prevalence of Fusarium species complexes, phylogenetically identified
by combined data set of ITS and TEF-la loci, in Algerian FHB durum

Figure 2.7. Sporulation rates of Fusarium isolates in different culture media..........
Figure 3.1. Symptoms on seedlings of durum wheat cv “GTA dur” inoculated with
mycelial plugs of Fusarium spp. after 6 days..........cocoovi i,

viii

9
11
12
13
14
20
23
24
24
25
26
26

28
29

30
34

43

45

49

50

51

52

52

68



Figure 3.2. Pathogenicity test on seedlings durum wheat of three varieties
inoculated with Fusarium spp... . :
Figure 4.1. Effect of culture medla on the growth klnetlcs of Fusarlum |solates (n =

Figure 4.2. Effect of culture media on mycelial growth of Fusarium isolates on day
7 of incubation .
Figure 4.3. Effect of carbon sources on the growth klnetlcs of Fusarlum |solates (n

Figure 4.4. Effect of carbon sources on mycelial growth of Fusarium isolates on
day 7 0f INCUDALION ... .ot e e e e e
Figure 4.5. Effect of different nitrogen sources on pigments production observed in
F. acuminatum (FusBil5 isolate) COIONIES ......... ...
Figure 4.6. Effect of nitrogen sources on the growth kinetics of Fusarium isolates
(n=54)...

Figure 4. 7 Ef'fect of n|trogen sources on mycellal growth of Fusarlum |solates on
day 7 0f INCUDALION ... oo e e
Figure 4.8. Effect of carbon to nitrogen (C:N) ratio on the growth kinetics of
Fusarium isolates (n = 54)... VT

Figure 4.9. Effect of carbon to n|trogen (C: N) ratio on mycellal growth of Fusarlum
isolates on day 7 of incubation . :

Figure 4.10. Effect of temperature on the growth klnetlcs of Fusarlum |solates (n
=54)... e

Figure 4 11 Effect of temperature on mycellal growth of Fusarlum |solates on day
7 of incubation .

Figure 4.12. Effect of relatlve hum|d|ty (RH) on the growth klnetlcs of Fusarlum
1SOIALES (N = 54 et e e e e e e e
Figure 4.13. Effect of relative humidity (RH) on mycelial growth of Fusarium
isolates on day 7 of incubation..

Figure 4.14. Effect of different relatlve humldlty (RH) Ievels on mycellal growth of
F. clavum, (FUSB0O25 iS0late).........cov i e e e e e,
Figure 4.15. Effect of pH on the growth kinetics of Fusarium isolates (n =54).......

Figure 4.16. Effect of pH on mycelial growth of Fusarium isolates on day 7 of
incubation..
Figure 4.17. Effect of sallnlty on the growth klnetlcs of Fusarlum |solates (n 54)

Figure 4.18. Effect of salinity on mycelial growth of Fusarium isolates on day 7 of
incubation..

Figure 4. 19 H|erarch|cal ascendlng classmcatlon of Fusarlum strains accordlng to
the climatic and trophic parameters studied.. e

Figure 4.20. Profile of the classes of Fusarlum strains accordlng to the cllmatlc and
trophic parameters studied.. ..

Figure 5.1. Effect of fungmdes at O 1D on the mycellal growth of Fculmorum
(FUSBOBO 1SOIATE) ... .. et ettt e e e e et e e e e e e e e e e e ea e

71

88

88

89

90

90

91

91

92

93

94

94

95

96

96
97

97
98

99

100

101

112



Figure 5.2. Effect of Dividend fungicide at different dose on the mycelial growth
of F.culmorum (FusBo59 isolate)... e . 112
Flgure 5.3. Effects of fung|C|des on the morphology of F avenaceum conldla



Xi

TABLE OF CONTENTS

RSUMI G . .. e e e e e e e iii
AN o] o] VA= 1 1] o 1T ETRRUR Y/
LISt Of tADIES ..o vii

I 1Y 0 T 11 P V4 | |

TabIE Of CONTENTS . ..o e e e i X

General INTrOdUCTION. .. ..o e e e e e e e, 1
L. L atUNE FOVIBW .. e e e e e e e e e e e e e e e e e, 4
1.1. Host plant: durum wheat (Triticum durum)...........ccooveiiniii i e 4

1.1.1. Economic importance of the durum wheat crop............cccccvvevviiivecennn. 4
1.1.1.12. Onaworldwide SCale.........ceveiniie s e e e 4
0 0 [ I [ =] o - U ORI
1.1.2. Biotic and abiotic constraints of the durum wheat crop..................ccevnne 5
1.2. Fusarium head blight of wheat...............cooi i, 7
1.2.1. ECONOMIC IMPOITANCE. .. ... ettt e e et e et e et e et e e e e e 8
1.2.2. Aetiological COMPIEXItY.......c.one i e e 8
1.2.3. Geographical distribution of FHB pathogens..................ccoeeeviiiivievie.. 8
1.2.4. Disease epidemiolOgy ... .....oovuuiriiriie it et e e e e 9
1.2.5. DiSEASE SYMIPLOMIS. .. ettt et ettt et et e et e e et e e e e e e et e eaeaeaa 10
1.3. The GeNUS FUSAITUM ...ttt e e e e e et 11
1.3.1. Pathogen taXONOmMY ... ...c. it et e e et e e et e e e e e 14
1.3.2. Identification of Fusarium SPecies............ccovviiiiiiieiiiiicie e e e eeeen. 14
1.3.2.1. Morphological identification..............cooiiiiii i 15
1.3.2.2. Molecular identification............c.ouuiiie i e e 15
1.3.3. Diversity of pathogeniCity........c.ccove i i e, 16
I AV Y o0 (0 ) q 1 1 17
1.4.1. Trichothecenes (TCT)....vvviie i e eeien e 20
1.4.1.1.Chemical StrUCTUIE.........ovveie e e e ne e e e eee e neneeen 20
1.4.1.2.Trichothecene biosynthesis pathway.............cooiieiii i, 21



Xii
1.4.2. FUMONISINS (FUMS) ... .ttt e e e e e e e e e 22

1.4.2.1. Chemical STIUCTUIE. .. ... et e e e e e e e e e e aens 22
1.4.2.2. Fumonisins biosynthesis pathway.............ccccoviiiiiiiiiiiiic e, 22

1.4.3. Zearalenone (ZEA)......o.i oot e 25
1.4.3.1. ChemiCal SITUCTUIE. .. ... eu e e e e e e e e e e 25
1.4.3.2. Zearalenone biosynthesis pathway..............cooviiiii i, 27
1.4.4. Emerging Fusarium tOXINS. .. ......uei ettt e et e e e e, 27

1.4.5. Analysis of Fusarium mycotoxins............ccceeveiviiiieiie e cie e venienenn. 30

1.4.6. Regulation and legislation................coooiii i e 31

1.5. Control strategies Of FHB ........coi i e, 31
1.5.1. Chemical control............oooiii i e e 3D
1.5.2. CUltUral CONMIOL. .. ... e e e e e 33
1.5.3. Biological CONtrol........oeuie e e 34
1.5.4. Resistant plant cultivars.............cooooii i e 3D
1.5.5. Integrated cONtrol StrategiesS. .. ......vve et e e e e e e 36
2. Diversity of the Fusarium species complexes, the causal agent of FHB disease

of durumwheat in Algeria..........oooi i 37
0 R 3 1 o O 1
22 101 0o [ £ ) o 37
2.3. Material and Methods. ........couuie i 39
2.3.1. Durum wheat sampling and fungal isolation.............c.ccocoe i s 39
2.3.2. Purification and conservation of isolates.............coovvi i, 39
2.3.3. Morphological characterization..................cooiiiiiii e, 40
2.3.4. Biometric charaCterization .............o.eieiiieiie e e e 40
2.3.5. Sporodochium charaCterization.............ocoiiuiie s e e 40
2.3.6. Molecular charaCterization .............oeieiieoieis i e e e e e 41
2.3.7. Phylogenetic analysSis ........c.coviiriiiiii i s 42

2.3.8. Sporulation pattern characterization................coovevii i e, 42
2.3.9. Statistical analysis.........ocouieiii i, 42
2.4, RESUIS... ..o e e 43
2.4.1. FUNQal 1S0IatioN. .. ...t 43

2.4.2. Morphological characterization................oviiiiiiii e, 43



Xiii
2.4.3. Biometric CharaCterization.............oovvuuieie i e e 46
2.4.4. Sporodochium charaCterization ..............co.oeiieiiiiniie e e 47
2.4.5. Molecular characterization and phylogenetic analysis............................ 48

2.4.6. Sporulation pattern characterization....................cccooeeiviiiici i e eee e, 50

A T B T Yo 0 1] o] o VO o '

120 0] o] 131 L] o P 57
3. Pathogenicity and mycotoxin profile of Fusarium spp. inducing wheat head

o] T | T 12N Lo T=T o 58
B F0 L o111 T R < -
3.2, INTrOTUCTION. .. .. e et e e e e e e e e e e 58
3.3. Material and Methods. ........couuie i 60

33 L Plantmaterial..........cooiiiii i e e, 00
3.3.2. Fungal material...........cccoeiii i e, O

3.3.3. Reagents and chemicalS............oooiiie i 61
3.3.3 L EL S A ESES . ettt e et e e e 61
3.3.3.2. LC-MS/MS @NalYSIS ... vt ittt e e e e e e e e e 61
3.3.4. Instrument and analytical conditions................c.ccooviii i, 62
3.3.5. Pathogenicity of Fusarium isolates.............coviiiiiiiiiii e e, 64
3.3.5.1. Pathogenicity towards wheat seedlings.............cooviiiiiiiiiiiie e, 64
3.3.5.2. INVIVO pathOgeniCity .......ccoeiri it e e e e e 64
3.3.6. Mycotoxin production ability of Fusarium isolates in culture medium 65
3.3.6.1. Determination by ELISAKIt.......ouuiiit e 65
3.3.6.2. Determination by LC-MS/MS technique..............ccevvvvieeiiiiiiiiiennen.. 66
3.3.7. Mycotoxin analysis in wheat grains ..............cccoiii i 66

3.3.7.1. Determination by LC-MS/MS technique...............covveeieeiiiiiviiiennn.. 66
3.3.8. Statistical analysis..........coueeiii i e, BT
BB -1 1 < Y 4
3.4.1. Pathogenicity of Fusarium isolates towards wheat seedlings..................... 67
3.4.2. Pathogenicity of Fusarium isolates in vivo....................ccoeevvevenen. 10
3.4.3. Mycotoxin production ability of Fusarium isolates in culture medium......... 73
3.4.4. Mycotoxin analysis in Wheat grains ............coooeuieiiiiiiineie e 73
3.4.5. Correlation between pathogenicity and mycotoxins production................. 76

R T B U] (o] DU &



K I ©70] o] 131 o] o H PP
4. Multiple trophic and climatic factors' impacts on Kinetics Fusarium spp.
growth involved in Fusarium wiltinwheat..................cooco i,
I 01 1 - T P
o 111 0o [ od 1 o]
4.3. Material and methods. .. .......ouuirie e
4.3.1. Fungal material..........c.ooriir i
4.3.2. Effect of various trophic factors on mycelial growth of Fusarium isolates.....
4.3.2.1. CUIUIE MEAIA. .. ..t e e e e e e e e e e e ee e
A O g 1] T 10| o1
4.3.2.3. NItTOQEN SOUMCES ... ettt et et et et et e e eae e e e e e e e e e e eaeeens
4.3.2.4. Carbon to nitrogen (C:N) ratio..........covviiiiiiiiiie e i e e e e eeas
4.3.3. Effect of various climatic factors on mycelial growth of Fusarium isolates...
4.3.3.1. TEMPEIAtUIE FEOIMES . .. . et ee ettt et e e et e e et e e e e e e e e e eas
4.3.3.2. Relative humidity..........coooii i
4.3.3.3. PH VRIS, ..o
4.3.3.4. SAlINITY ...t
4.3.4. Measurement of mycelial growth and data analysis......................c.ooee.
A4 RESUITS. .. et e e e e e e
4.4.1. Effect of various trophic factors on mycelial growth of Fusarium isolates.....
g N O U 1 (0= 03 T=To |-
I O g 1) T 10| o1
I T N 010 1= IS U o1
4.4.1.4. Carbon to nitrogen (C:N) ratio...........cooeiiiiiiiiiee e e e e eeas
4.4.2. Effect of various climatic factors on mycelial growth of Fusarium isolates....
4.4.2.1. TEMPEIALUIE FEOIMES. .. ..evieiie ettt et e et e e e e
4.4.2.2. Relative NUMIITY ... ...
4423 PHIRVEIS. ...
4424, SaliNItY. ..o e
4.4.3. Ascending hierarchical classification of Fusarium isolates........................
S 19 o1 B £S1] o]

4.0, CONCIUSION. .. e

Xiv



5. Fusarium species associated with wheat head blight disease in Algeria:
effects of triazole fUNGICIAES. .........oe i e
o T0 I o 11T
5.2, INrOAUCTION. .. .. e e e e e e e e e
5.3. Material and Methods. .. .......ouuie i
5.3.1. Fungal material..........o.uoeie i
5.3.2. Fungicides used in iN VILIO @SSAYS. .. ... v e ere e veienieneneeee e e aneenn e
5.3.3. Effect of fungicides on mycelial growth of Fusarium isolates....................
5.3.4. Effect of fungicides on conidia germination of Fusarium isolates...............
5.3.5. Statistical @analysiS. .........ouie i
D, RESUIES. ..t e e
5.4.1. Effect of fungicides on mycelial growth of Fusarium isolates...................
5.4.1.1. Efficiency of fungicides against Fusarium isolates..............................
5.4.2. Effects of fungicides on spore germination of Fusarium isolates...............
TSI B 1T XS] o] o PP
5.6, CONCIUSION. ...ttt e e e e e e e e e e e e e e e
General conclusion and PerspPeCtiVES. .. .......ov v e e
RETEIENCES. .. ettt e

Appendices

XV



General introduction




General introduction

Wheat is one of the most important staple food crops worldwide and one of the
cornerstones of global food security. The crop ranks second place in cereal production after
coarse grain, with a production of 785 million tons (MT) on a harvested area of 219
million hectares (Mha) in 2023 (FAO, 2023).

In Algeria, wheat occupies a strategic place in the country's diet and economy, currently
cultivated on about 2 Mha nationwide, with production forecast of 2.7 MT in 2023/24. In
light of rising demand for wheat, Algeria is suffering from a production shortfall. Each
year, this shortfall is supplemented by imports to meet national consumption demands,
wheat imports in 2023-2024 are expected to reach 8.7 MT (MARD, 2023).

Wheat production is affected by biotic (pathogens and pests) and abiotic (drought and heat)
stresses. Among biotic stresses, diseases caused by pathogens, which include fungi,
bacteria and viruses, may be responsible for an average global loss of 21.5% of wheat

production (Savary et al., 2019).

Fusarium head blight (FHB) is an economically important fungal disease of various food
and feed crops, like wheat and is well known in wheat-growing areas in Algeria and
worldwide (Abdallah-Nekache et al., 2019). It is caused by a complex of diverse Fusarium
species that are spread over different geographical regions and have responded to various
climates (Xu et al., 2008). These fungi are also facultative saprophytes that survive and
overwinter on crop residues and debris from previous years (Schmale and Bergstrom,
2010), which serve as the initial source of inoculum for new epidemics. Other sources of

inoculum involve the soil, infected seeds, and numerous host plants.

When environmental factors are conducive, such as moderate to high temperatures, high
humidity, and light during wheat anthesis, Fusarium infection occurs, the disease spreads
within the ears, and mycotoxins accumulate. Fusarium spp. contamination is an extremely
significant problem for global agriculture, reducing grain quality and yield, as evidenced
by size, weight loss, discoloration, shrivelling, carbohydrate and protein composition
changes, and mycotoxins occurrence (Magliano and Kikot, 2013). Mycotoxins
accumulating in infected grains act as virulence factors that exhibited undeniable
toxicological impacts on human and animal health (Gong et al., 2015). The major fusarial
toxins are trichothecenes, zearalenones, fumonisins, and the emerging toxins include

enniatins, beauvericin, fusaproliferin, and moniliformin (Ferrigo et al., 2016).
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FHB pathogen species can be classified based on the profile of toxic secondary metabolites
produced, which can result in diverse chemotype profiles that can cause different forms of
grain infection depending on the occurrence of each species in the crop. Recently, several
reports indicated that Fusarium culmorum was the most common and harmful species of
the FHB complex recovered in Algerian wheat (Abdallah-Nekache et al., 2019; Hadjout et
al., 2022) and has produced multiple mycotoxins like deoxynivalenol (DON), 3-
acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-ADON), zearalenone
(ZEA), and nivalenol (NIV) (Belabed et al., 2023; Hadjout and Zouidi, 2023). Due to
detrimental impact on consumer health, several countries have set thresholds for toxin
levels in feed and food items, and even more worryingly, no strict regulation has yet been
established in Algeria.

FHB is also known as a "complicated" disease for many reasons, including diversity of
Fusarium species associated with this disease in addition to two Microdochium species,
mycotoxin content, huge yield losses, reduction in seed quality, lack of a fully effective
control methods, lack of FHB-resistant wheat varieties, pathogen's ability to attack
different parts of the wheat plant (head, crown and root), pathogen population dynamics,
and climate change. Given the extreme toxicity of Fusarium mycotoxins and the impact of
FHB on wheat vyields, it is critical that control measures for this disease be figured out.
Recommended approaches to controlling FHB disease include the use of FHB-resistant
wheat varieties, biological control, fungicides, appropriate cultural practices, and crop
rotation (Mesterhazy et al., 2015), rather, an integrated management strategy is a better
option to protect wheat crops from the pathogen. The most widely used control method
involves using a correct application of fungicide combined with moderately resistant
varieties; nonetheless, severe disease severity is frequently observed when there is intense
pathogen invasion and suitable environmental conditions. Further research is therefore

required to develop new and enhanced approaches.

Despite the increasing occurrence of these pathogens in wheat fields and their potential to
cause severe losses in both yield and quality, knowledge of their distribution, importance,
ecophysiology profile, and mitigation measures is lacking in Algeria. FHB of wheat
surveys carried out in several wheat-growing regions of Algeria have shown that the
disease appears to be an important constraint on wheat production (Hadjout et al., 2022).
Therefore, promptly resolving the problem of this emerging disease would support

attempts to overcome Algeria's food security challenges. That is why this prospective study
2



General introduction

was designed to obtain data which will help to address these research gaps by meeting the
following objectives:

e Assessment of the phylogenetic diversity and phenotypic variability of different
isolates related to FHB of durum wheat in Algeria.

e Evaluation of Fusarium isolate pathogenicity profiles using in vitro and in vivo
tests.

e Evaluation of mycotoxin levels in culture of toxigenic Fusarium spp. as well as in
several durum wheat grain samples using ELISA kit and LC-MS/MS methods.

e Studying the correlation between pathogenicity and mycotoxins production.

e Assessment of pathogen growth under different ecophysiological conditions
corresponding to potential climate change scenarios, with the aim of gathering
empirical knowledge to improve prevention and control strategies of mycotoxin
and yield loss risks in Algerian wheat crops.

e Studying the efficacy of triazole fungicides in vitro on mycelial growth and spore

germination of FHB isolates.
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1.1. Host plant: durum wheat (Triticum durum)

1.1.1. Economic importance of the durum wheat crop

1.1.1.1. On a worldwide scale

Wheat is the second most cultivated cereal in the world after corn (FAO, 2023). Durum
wheat (DW) (Triticum turgidum L. subsp. durum (Desf.) Husn.) plays a major role for
agro-economy development with over 16 million hectares planted and 38 million tonnes of
grain produced annually (Martinez-Moreno et al., 2020), representing for less than 7% of

the worldwide wheat production (Martinez-Moreno, 2022).

Table 1.1. World total grains (wheat and coarse grains) production in Million Tons during
the period 2019 to 2023.

Crops 2019/2020 2020/2021 2021/2022 2022/2023
Wheat 761 773 781 796
Maize (corn) 1132 1136 1219 1161
Soybean 341 370 356 385
Rice 500 510 516 504
Total grains 2193 2227 2290 2256

Source: International Grains Council (IGC, 2023).

Indeed, the countries of the Mediterranean basin (Algeria, Turkey, Italy, Morocco, Syria,
Tunisia, France, Spain, and Greece) cover about 50% of the world's area and production
(Martinez-Moreno, 2022). Moreover, Canada, Mexico, the USA, Russia, Kazakhstan,
Azerbaijan, and India are substantial to considerable DW producers, with the first three are
the most prominent DW exporters (Martinez-Moreno, 2022) (Figure 1.1).

1.1.1.2. In Algeria

Cereal agriculture, dominated by durum wheat, holds a pivotal place in the food system
and the national economy of Algeria, by the importance of the acreages which accounts for
85% of the useful agricultural area (UAA) and is situated in the high plains region,
distinguished by semi-arid climate (Kourat, 2021). Due to climate change, the water cycle
has been modified, leading to degradation of agricultural land, a decrease in agricultural
production and yields, and a failure in biodiversity (Bessaoud et al., 2019). In light of the
drop in oil prices, Algeria's economic balance and food security may now be seriously
threatened by the country's failure to fulfill its national wheat demand (Harrag and
Boulfred, 2019).
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Figure 1.1. Map showing the main durum wheat cultivating countries (Ranieri, 2015).

According to statistical data provided by MARD (2020), the eastern high plains (EHP)
provinces including Batna, Constantine, Khenchla, Setif, Oum EI Bouaghi, Tebessa ...as
well as the central plains province of Medea, the western plains province of Chlef, and the
western high plains provinces including Tiaret and Relizane, place a high value on the
areas harvested in wheat (bread and durum). Except for the provinces of Mascara, Saida
and Sidi Bel Abes, where the AHBW5 is greater than the AHDWS5, the AHBW? keeps
going to be lesser than the AHDWp (Figure 1.2a).

Following that of the harvested regions is the distribution of the average production of DW
(DWPp) and BW (BWPp). The East of the country's provinces, particularly those in the
EHP like, Guelma, Souk Ahras and Setif, are where one may find the best DWPp (Figure
1.2b).

1.1.2. Biotic and abiotic constraints of the durum wheat crop

The requirement for durum wheat grains will increase daily, however due to multiple biotic
and abiotic factors, both its quality and yield may drastically deteriorate causing a threat
for the world’s food security. Abiotic stresses primarily drought and heat (Dettori et al.,
2022), salinity stress (Soni et al., 2022), heavy metals (Shah T et al., 2018), chilling and
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other factors can arise through various wheat growth phases leading to substantial yield

losses. Biotic stresses can also greatly reduce durum wheat productivity through several
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Figure 1.2. Importance of wheat cultivation in Algeria during the period 1998-2019. (a)
Variability of harvested areas, and (b) Variability of durum and bread wheat production
(Kourat, 2021).

fungal pathogen species inducing severe diseases worldwide like leaf rust (Puccinia
recondita; synonym Puccinia triticina), stripe rust or yellow rust (Puccinia striiformis
Westend. f. sp. tritici Erikss), Powdery mildew (Blumeria graminis f.sp. tritici), Septoria
nodorum blotch (Parastagonospora nodorum; synonym Septoria nodorum), and Septoria
tritici blotch (STB) (Zymoseptoria tritici; synonym Septoria tritici) are the most prevalent
foliar wheat diseases in Europe (Willocquet et al., 2021), wheat blast (WB) (Magnaporthe
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oryzae pathotype Triticum (anamorph Pyricularia oryzae pathotype Triticum)) (Islam et
al., 2019; Singh et al., 2021), Stem rust (Puccinia graminis f. sp. tritici) (Marone et al.,
2022), Fusarium head blight (Fusarium spp.) (Goswani and Kistler, 2004).

Acknowledging how biotic and abiotic factors affect the Algerian durum wheat production
can help us better comprehend their agro-economic outcomes for the country's food
security. So, with respect to abiotic factors, are climatic (increased temperatures, decreased
precipitation, and net solar radiation) (Kourat et al., 2022) or edaphic (soil acidity).
Unfortunately, recent climatic changes have worsened these detrimental effects on durum
wheat yield. Additionally, the biotic factors are exhibited in several aggressions of various
nature which are typically weeds (wild oats, brome, Phalaris, poppy, medicago), pests
(insects, birds and rodents), pathogens (fungi, bacteria, viruses and nematodes). Durum
wheat in Algeria is susceptible to several diseases, which can greatly decrease grain output,
including fungal diseases could be categorized based on the symptoms they produce and
the parts they damage (Aouali and Douici-Khalfi, 2009). Therefore, we distinguish
diseases causing:

e Localized symptoms on the leaves: leaf rust (Puccinia recondita; synonym
Puccinia triticina), stripe rust or yellow rust (Puccinia striiformis), Oidium
(Erysiphe graminis f.sp. tritici) (Aouali and Douici-Khalfi, 2009), Septoria leaf
blotch (Zymoseptoria tritici) (Harrat et al., 2017), septorian spot (Mycosphaerella
graminicol) (Ayad et al., 2011), helminthosporium spot (Pyrenophora tritici-
repentis (Died) Drechs) (Benslimane et al., 2011).

e Root rot: Fusarium crown rot (FCR; also known as foot and root rot) (F. culmorum
and F. pseudograminearum) (Yekkour et al., 2015); Foot rot — scalding
(Gaeumannomyces graminis) (Aouali and Douici-Khalfi, 2009).

e Symptoms on the heads: Fusarium head blight (FHB) (F. culmorum) (Touati-
Hattab et al., 2016), caries (Tilletia foetida) (Aouali and Douici-Khalfi, 2009).

Noteworthy, FCR and FHB are the most harmful crop diseases in the country (Yekkour et
al., 2015).

1.2. Fusarium head blight of wheat
Fusarium head blight (FHB) is a fungal disease targeting predominantly host plant species
include wheat (Triticum spp.), barley (Hordeum spp.), rice (Oryza spp.), maize (Zea spp.),

rye (Secale cereale), triticale (xTriticosecale spp.) and oats (Avena spp.) (Chen et al.,
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2022). It is due to several Fusarium species and is known as the “cancer” of wheat (Hu et
al., 2022).

1.2.1. Economic importance

FHB is typically rated as the fourth most significant plant fungal disease worldwide in
terms of both science and economic (Dean et al., 2012). FHB has an adverse economic
impact, because of lost production, mycotoxin contamination, human health costs, and
decreased livestock productivity (Bacon and Hinton, 2007; Matny, 2015). In China, FHB
yearly harmed upwards of 4.5 million hectares of wheat fields, amounting for nearly 20%
of the total wheat acres during 2000, and yield losses due to this disease amounted to more
than 3.41 million tons annually (Chen et al., 2019). Losses in United States by FHB in
wheat and barley during 1990’s were over 3 billion $ (Windels, 2000). Up to 70% of
Argentina's output losses were attributed to FHB in 2012, while from 2000 to 2010, yield
losses in southern Brazil fluctuated from 11.6% to 39.8% (Reis and Carmona, 2013).

1.2.2. Aetiological complexity

The disease complex is associated with at least nineteen Fusarium species, and two
causative agents of Microdochium, while F. culmorum, F. graminearum, and F.
avenaceum, are the most hazardous and prevalent species globally (Teli et al., 2020).
Nevertheless, when environmental conditions are unfavorable for the growth of the
primary FHB casual agents, further species, such as Fusarium sporotrichioides Sherb.,
Fusarium crookwellense, Fusarium roseum Link (syn. F. cerealis (Cooke) Sacc.),
Fusarium equiseti (Corda) Sacc., Fusarium tricinctum (Corda) Sacc., Fusarium oxysporum
Schltdl., and Fusarium langsethiae, might contribute significantly to disease development
(Mielniczuk and Skwaryto-Bednarz, 2020). There are three new species that can induce
FHB, including F. dactylidis (Aoki et al., 2015), F. praegraminearum (Grafenhan et al.,
2016), and F. subtropicale (Pereira et al., 2018) have recently been reported.

1.2.3. Geographical distribution of FHB pathogens

Occurrence and severity of FHB as well as Fusarium species populations fluctuate
throughout geographic locations (Doohan et al., 1998), host plant (Van der Lee et al.,
2015) and years attributed to differences in agriculture techniques and climatic patterns
(Klix et al.,, 2008). The most important climate change impacts are shifts in the
geographical distribution of pathogens (Panwar et al., 2016), as well as the creation of
optimal conditions for further population shifts like replacement of F. graminearum by F.

8
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poae in the Czech Republic (Sumikova et al., 2017), in Italy (Valverde-Bogantes et al.,
2020), replacement of F. culmorum by F. graminearum in USA (Bissonnette et al., 2018),

in Europe (Valverde-Bogantes et al., 2020).
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Figure 1.3. Map showing the global distribution of Fusarium head blight associated
pathogens. The predominance of F. graminearum from tropical to temperate climate is
indicated. Fpa: F. pallidoroseum, Fg: F. graminearum, Fc: F. culmorum, Fo: F.
oxysporum, Fe: F. equiseti, Fa: F. asiaticum, Fsa: F. semitectum, Fcr: F. cortaderiae, Fb:
F. boothii, Fv: F. vorosii, Fp: F. poae, Mv: M. nivale; W: Wheat, B: Barley, M: Maize, R:
Rice (Teli et al., 2020).

1.2.4. Disease epidemiology

FHB is a monocyclic disease. The overall disease cycle and symptoms of FHB on wheat
spikes and kernels, are depicted in Figure 1.4. The pathogen survives mainly in crop
wastes or soil as ascospores, which are sexual structures called perithecia, or as asexual
spores called macroconidia or microconidia for species with only an anamorphic stage
(Alisaac and Mahlein, 2023).

The spores are the initial inoculum of the disease. Conditions which promote inoculum
production are warm temperatures and high relative humidity (Saharan et al., 2021).
Ascospores are generated at temperatures between 13 and 33°C, while macroconidia can

produce in the range of 16 to 36°C, with 32°C considered optimal (Leslie and Summerell,
9
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2008; Saharan et al., 2021). The pathogen afterwards begins to produce globose, asexual,
thick-walled spores known as chlamydospore, and also produces perithecia, which are dark
purple or black sexual fruiting structures in its teleomorphic stage, from which forcefully
releases mature ascospores into the air (Teli et al., 2020).

At wheat anthesis, which is the infection-prone stage, and under suitable climatic
conditions, airborne spores are disseminated to healthy plants by wind or rain-splash after
overwintering and land on spikelets. On the spikelet tissue, the spores germinate and form
germination tubes. Following germination, the fungal hyphae expand on the ovary, palea,
and lemma's surface and begin to secrete mycotoxins without penetrating the spikelet
tissue. the pathogen then penetrates the host tissue and initiates a biotrophic infection with
an intercellular growth in the spikelet before progressing to a necrotrophic stage with inter-
and intracellular growth laterally and vertically within the spike (Alisaac and Mahlein,
2023) (Figure 1.4).

Due to the accumulation of mycotoxins at this stage of pathogenicity in both the spike
tissue and the kernels, crop yield and quality are decreased (Kang and Buchenauer, 1999;
Brown et al., 2010; Divon et al., 2019).

1.2.5. Disease symptoms

Initial FHB disease symptom is emergence of water-soaked spots in the middle of glumes,
rachis, or on the first floret and progressively propagates throughout the head everywhere
the pathogen develops from the origin of infection, leading to spike drying up, which is
reflected as a prematurely whitened or bleached head (partial or complete) (Teli et al.,
2020) (Figure 1.5A and B). Under humid conditions, pathogen grows as a white or pinkish
mycelia (Figure 1.5C) with pink or orange conidia masses (Figure 1.5D) on edges of the
glumes of infected spikelets (Murray et al., 2013; Mills et al., 2016). Moreover, the
pathogen progressively colonizes the growing grain, causing what are known as "Fusarium
damaged kernels" (Figure 1.5E), which are frequently shriveled, discolored, rough-
surfaced and lightweight kernels with pinkish chalky white appearance (Loughman et al.,
2004). In the late season, small bluish-black spherical structures called as perithecia
(Figure 1.5F) are produced on the surface of the damaged spikelet (Teli et al., 2020).
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Figure 1.4. Disease cycle and symptoms of FHB on wheat spikes and kernels (Alisaac and
Mahlein, 2023).

1.3. The genus Fusarium

Fusarium species have a widespread geographic distribution throughout the world, most
frequently found in soil or plant debris, although they can also be found in water, air,
plants, and insects. The main determinants of Fusarium distribution and pathogenic
activity are climate, soil physicochemical parameters, and vegetation type (Nilsson et al.,
2019). Currently, Fusarium encompasses more than 400 phylogenetically distinct species,
partitioned into 23 clades referred to as species complexes (Figure 1.6) (Geiser et al., 2021;
Torres-Cruz et al., 2022). Most members of the genus Fusarium are recognized as
phytopathogens of more than 200 crop species triggering rots, wilts, blights, and cankers in
agricultural and natural ecosystems, which generate multi- billion U.S. dollar losses
annually to the global agricultural economy.

Some Fusarium species often produce harmful secondary metabolites (i.e., mycotoxins)
that constitute a global threat to food and feed safety and to the health of humans and other
livestock. Additionally, many Fusaria are regarded as a valuable source of a variety of
bioactive secondary metabolites, including anti-cancer, antibiotics, and antioxidants
compounds (Abdel-Azeem et al., 2019), can also produce several key enzymes for

industries.
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N/ |
\ o/ pikelet

Figure 1.5. Symptoms of Fusarium head blight of wheat. A. Partial bleaching of spikelet,
B. Complete bleaching of spikelet, C. Infected spikelets with white, pinkish fungal
mycelia, D. Orange spores, E. Fusarium wheat seeds (on the left) and healthy wheat grains
(on the right), F. Black perithecia. A and B (Scherm et al., 2013), C, D and F (Shude et al.,
2020), E (Wise et al., 2015).
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1.3.1. Pathogen taxonomy

The genus Fusarium (from Latin Fusus, given the typical banana-shaped conidia) was first
described by Heinrich Friedrich Link in 1809, and in1821, Fries added it to the taxonomy
(Nikitin et al., 2023). Furthermore, in 2005, the subspecies of the genus Microdochium
were reclassified as species and adopted as accepted taxonomy. The taxonomic positions of
the genera Fusarium and Microdochium are depicted in the subsequent scheme based on
the MycoBank database, 2023 (Figure 1.7) (MycoBank, 2023; Alisaac and Mabhlein, 2023).
The genus Fusarium still has a complex taxonomy, and a number of its species may exhibit
quite divergent morphological, ecological, and physiological traits (Abdel-Azeem et al.,
2019; Manganiello et al., 2019), while additional members of this genus, have similar
morphology, metabolism, ecology, and spectrum of afflicted crops, called "species

complex", e.g., the species complex of F.incarnatum-equiseti (FIESC).
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Figure 1.7. Taxonomical position of the genera Fusarium and Microdochium based on
MycoBank database, 2023 (Alisaac and Mahlein, 2023).

1.3.2. Identification of Fusarium species

Due to the extreme heterogeneity of the genus Fusarium in terms of physiological,
morphological, and genetic features, the identification of its species implies the combined
use of many methods, especially morphological and phylogenetic. Accurate species
identification of a pathogen is extremely crucial for quick and efficient diagnosis and

management of illnesses and toxins production.
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1.3.2.1. Morphological identification

Morphological identification of Fusarium species is essentially based on a combination of
macroscopic and microscopic observations of several traits. Key macroscopic traits
include: growth rate, presence/absence and characteristics of sporodochia and sclerotia, as
well as colony characters like colony morphology, type of aerial mycelium, and
pigmentation. Microscopic traits include: dimensions and characteristics of aerial
conidiophores and conidiogenous cells (mono- or polyphialides), types of conidia
produced, e.g., aerial and sporodochial macroconidia, aerial microconidia, as well as
presence or absence, type and arrangement of chlamydospores (Leslie and Summerell,
2008).

Sporodochial macroconidia are more homogeneous in size and shape than aerial
macroconidia. The overall shape, features of their apical and basal cells, and septation
number are key characters in the identification of some species. The microconidia usually
have 0 or 1 septations, although some species have been found to produce conidia with 2
septa, their typical shapes are: fusiform, reniform, pyriform, napiform, obovoid, globose,
and oval. They can be positioned on the phialides singly, in chains, or in false heads.
Chlamydospores may be formed singly, doubly, in clumps and in chains, they may be
terminal or intercalary in aerial mycelia or incorporated in agar (Leslie and Summerell,
2008).

The macroconidia are the primary characteristic that distinguishes the Fusarium genus.
However, phylogenetic analyses indicate that this morphological criterion is either still
seen in other genera of ascomycetes or has disappeared in other Fusarium species, like F.
neocosmosporiellum (Gréfenhan et al., 2011; O’Donnell et al., 2013). Some species are
difficult to identify using phenotypic methods since their macroscopic and microscopic
culture traits are fairly similar. Given this, molecular biology methods are required for the

accurate identification of Fusarium species.

1.3.2.2. Molecular identification

Molecular genetic methods apply a series high-throughput sequencing, such as PacBio
SMRT (Karlsson et al., 2016; Walder et al., 2017) and Illumina MiSeq technology
(Boutigny et al., 2019), have been used to identify the species composition of Fusarium in
natural substrates. The gPCR is additionally recognized as an effective tool for the
detection of Fusaium spp. The choice of primer pairs is particularly crucial since they

should specifically amplify a region of the gene within the Fusarium genus to properly
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identify Fusarium species. In routine diagnosis, the following PCR primers for Fusarium
genes amplification have proven the best outcomes: 28S large subunit of the nrDNA
(LSU), ATP citrate lyase (acll), Beta-tubulin (tub2), Calmodulin (CaM), Internal
transcribed spacer region of the nrDNA (ITS), RNA polymerase | largest subunit 1
(RPB1), RNA polymerase Il largest subunit 1 (RPB2), and translation elongation factor 1-
alpha (TEF1-a) (Crous et al., 2021). TEF1, RPB1, and/or RPB2 are the most useful for
species-level identifications, given its great discriminatory potential and are well
represented in databases. TEF1 was chosen as the main Fusarium identification primer as
it has only one copy of this gene (Geiser et al., 2004). Whereas the RPB2 affords better
discriminating across closely related species. On the other side, the success of PCR
amplification and sequencing is frequently higher for TEF1 than for RPB2. When
employed for phylogenetic analysis, given that RPB2 has a more favourably low fraction
of introns compared to TEFL1, its sequence alignments are substantially more reliable and
unambiguous (Crous et al., 2021).

In addition to the Fusarium sequences found in the GenBank database, two specific
Fusarium databases are currently accessible: FUSARIOID-ID (https://www. fusarium.org/
(accessed on 15 February 2023)) and Fusarium MLST (https://fusarium.mycobank.org
(accessed on 15 February 2023)). These databases advised using the TEF1 gene like a
marker to identify Fusarium and sequencing the RPB1 and RPB2 genes to validate this
identification (Geiser et al., 2004; O’Donnell et al., 2010; Park et al., 2010).

Fusarium molecular biology investigations are currently primarily devoted to the analysis
of full genomic sequences of the pathogen in order to identify the genes and their
regulators linked to virulence and pathogenicity, primary and secondary metabolism, and
potential genetic targets for the chemical control of pathogens (Summerell, 2019).
Therefore, this research may disclose the complex dynamics of host-microbe interactions
that cause diseases like Fusarium head blight in wheat, as well as the complexity of the
genes regulating mycotoxin synthesis. This is helping to reduce mycotoxin levels in
cereals, in addition to establishing strategies for breeding and fostering crops resistant to

Fusarium and mycotoxin contamination.

1.3.3. Diversity of pathogenicity
The genus Fusarium has a number of virulence factors, such as mycotoxins, enzymes, and
effectors. Pathogenicity genes can be distinguished into two broad classes: basic

pathogenicity genes, which are common by Fusarium and other pathogenic fungus, and
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specialized pathogenicity genes, which are often specific to particular Fusarium species on
specific hosts (Rampersad, 2020).

Basic pathogenicity genes encode fundamental components of pathways that are
responsible for detecting external or internal signals, such as those encoding different
components of mitogen-activated protein kinase (MAPK) and cyclic AMP-protein kinase
A (CAMP-PKA) (Ma et al., 2013), and mutations occurring in these genes typically impact
the pathogenicity of mutants. Moreover, all Fusarium genomes encode a wider range of
cell wall-degrading, e.g., proteases, cellulolytic enzymes, cutinase and other hydrolytic
enzymes postulated to be used during infection to acquire access to nutrients. Except for
the secreted lipase FGL1, which increases the virulence of F. graminearum on barley,
wheat, and corn (Voigt et al., 2005; llgen et al., 2008). Additionally, the virulence of a
non-pathogenic mitogen-activated kinase mutant on wheat was recovered by
overexpression of the FGL1 gene (Salomon et al., 2012).

Diverse specialized pathogenicity genes are closely implied in host-pathogen interactions
(Ma et al., 2013). These comprise secreted in xylem (SIX) genes (which code for small
effector proteins that are secreted by F. oxysporum f. sp. lycopersici (FOL) throughout
plant infection) and Fusarium transcription factor (FTF)-encoded genes (FTF1 and FTF2)
(which are associated with the transcription of these SIX genes), whose PHI-base

(http://www.phi-base.org/) describes with “reduced virulence” mutant phenotype in F.

oxysporum in host plants Phaseolus vulgaris (kidney bean) (Rampersad, 2020).

Additional specialised virulence factors include mycotoxins, which are produced by some
Fusarium species and can induce differential virulence against both wheat (Triticum spp.)
and maize (Zea mays) (Proctor et al., 1995; Bai et al., 2002; llgen et al., 2008), but not
barley (Hordeum vulgare) (Jansen et al., 2005). Various mycotoxin profiles can be
identified in single isolates of Fusarium species.

Evolution of virulence through the horizontal transfer of supernumerary (SP) chromosomes
between genetically isolated strains of F. oxysporum and F. solani species complexes

(Coleman et al., 2009; Ma et al., 2010) led to the emergence of new pathogenic lineages.

1.4. Mycotoxins

Fusarium mycotoxins are a huge family of secondary metabolites (trichothecenes,
zearalenone, fumonisins, moniliformin, beauvericin, fusarin et di acetyl scirpenol)
produced by several Fusarium species with diverse structures and chemical composition

(Table 1.2), which contaminate cereal grains, human food and animal feeds products.
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Fusarium mycotoxins' fumonisins (FUMS), zearalenone (ZEA), and trichothecenes (TCT)
are the most toxicologically significant classes for both human and animal health
(Munkvold, 2017). It is imperative to highlight that several Fusarium species can produce
the same toxin, and that each strain is capable of producing several toxins simultaneously.
Furthermore, within the same species, the ability to produce a toxin both in vitro and in
vivo fluctuates between isolates (Yli-Mattila and Gagkaeva, 2010). Fusarium toxins have
been implicated with Fusarium head blight in various crops. As well, these mycotoxins can

have adverse body effects that are either acute and/or chronic toxicities.

Table 1.2. Mycotoxins produced by Fusarium spp. (Gurikar et al., 2022).

Mycotoxin Structure of mycotoxins Fungal specie
Deoxynivalenol F. graminearum,
F. culmorum
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Table 1.2. Cont.

Mycotoxin Structure of mycotoxins Fungal specie
Nivalenol F. cerealis,
F. poae,
F.culmorum,

F. graminearum

Moniliformin

F. acuminatum,

F. avenaceum,
F.chlamydosporum,
F. oxysporum,

F. subglutinans

Fusarin

. hivale,

. graminearum,

. OXysporum,

. semitectum,

. sporotrichioides,
F.sambucinum

MM mTm
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F. graminearum,
F. culmorum

Beauvericin
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. avenaceum,
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. dlamini,

. longipes,
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Di acetylscirpenol
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1.4.1. Trichothecenes (TCT)

Trichothecenes (TCT) are a vast family (over 200 different types of trichothecenes
identified currently) of fungal secondary metabolites produced primarily, but not
exclusively, by Fusarium species (24 different Fusarium species). Further TCT producing
genera encompass Trichoderma, Verticimonosporium, Trichothecium, Mycothecium,
Cephalosporium, and Stachybotrys (Wu et al., 2017). They have been encountered to

mostly contaminate cereal crops (such as wheat, barley, maize, oats, and rye) globally.

1.4.1.1. Chemical structure

Trichothecenes are sesquiterpenoid compounds belong to a class of terpenes with three
isoprene units, and are composed of 9,10 double bonds and 12,13 epoxyalkylene groups
that are cytotoxic (McCormick et al., 2011) (Figure 1.8). They were classified into four
types (A, B, C, and D) according to their functional groups and fungus producing them, of
which type A (TCTA) and/or B classes (TCTB) are produced by Fusarium species and are
the most toxic (Shank et al., 2011; Wu et al., 2011). They differ from each other by
substituting in five positions along the structure (Cs, Cs, C7, Cg, and Cis). Hydrogen (-H),
hydroxyl (-OH), ester-linked acetyl (-OC(=0) CHzs), or ester-linked isovalerate (-
OC(=0O)CH2CH(CHs)2) groups are frequent substitutes for Fusarium trichothecenes
(Foroud et al., 2019). The main Fusarium trichothecenes and their functional groups are

shown in Table 1.3.
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Figure 1.8. Backbone structure of trichothecene toxins (Foroud et al., 2019).
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Table 1.3. Substituent patterns of different type A and B trichothecenes (Foroud et al.,
2019).

G Cy G G Cis
Type A
diacetoxyscirpenol (DAS) -OH -0OAc H -H -OAc
trichodermin -H -OAc H -H -H
trichodermol -H -OH H -H H
T-2 toxin -OH -OAc -H -Olsoval OAc
HT-2 toxin -OH -OH -H -Olsoval -OAc
NX-2 -OAc -H OH H -OH
NX-3 -OH -H OH H -OH
Type B
nivalenol (NIV) -OH -OH -OH =0 -OH
4-O-acetyl-NIV (4ANIV) -OH -OAc -OH =0 -OH
4-deoxy-nivalenol (DON) -OH -H -OH =0 -OH
3-O-acetyl-DON (3-ADON) -OAc -H -OH =0 -OH
15-O-acetyl-DON (15-ADON) -OH -H -OH =0 -OAc
trichothecin -H -Olsoval -H =0 -H

OACc = O-acetyl, Olsoval = O-isovalerate.

A ketone (=0) at C8 differentiates TCTB from TCTA. More recently, a novel TCTA
called NX-2 and its derivatives (NX-3 and NX-4) were detected in F. graminearum (Varga
et al., 2015). These emerging mycotoxins share structural similarities with the TCTB 4-
deoxynivalenol (DON) and 3-O-acteyl-DON (3-ADON), respectively, just the C8 ketone's
presence distinguishing them. Within type B, two chemotypes have been identified,
chemotype | producing DON and its two acetylated derivatives (3-ADON and 15-ADON),
and chemotype Il producing NIV and/or 4 acetylnivalenol (4ANIV) (Mielniczuk and
Skwaryto-Bednarz, 2020).

1.4.1.2.Trichothecene biosynthesis pathway

Biosynthesis of Fusarium trichothecenes is carried out by TRI cluster of 15 genes which
located at three different loci on different chromosomes: the "TRI5 cluster” locus includes
12 TRI genes, the two genes TRI1- TRI16 locus and the single gene TRI101 locus (Figure
1.10). The cluster includes also further genes TRI6 and TRI10 that encode regulatory
proteins, the TRI12 transporter and unidentified proteins (Kimura et al., 2007; Alexander et
al., 2009). The first biosynthetic step involves trichodiene synthase encoded by the TRI5
gene in the cyclization of farnesyl pyrophosphate to form trichodiene (Nozoe and Machida,
1970; Hohn and Beremand, 1989). This step is followed by a series of cyclization,
isomerization, oxygenation, and acetylation reactions and finishes by the formation of one

of the TCT (Figure 1.9) (Kimura et al., 2007; Alexander et al., 2009; McCormick et al.,
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2011). The production of DON and NIV chemotypes is controlled by TRI cluster genes
TRI13 and TRI7 (Lee et al., 2002). TRI7 and TRI13 genes activity defines isolates with the
NIV chemotype, whereas their inactivity results in isolates with the DON chemotype. The
TRI8 gene controls the biosynthesis of 3-ADON and 15-ADON.

1.4.2. Fumonisins (FUMS)

Fumonisins (FUMS) are the most significant mycotoxins in contaminated maize and its
products, though reports of their occurrence in a diverse range of cereals and other
important crops have also been recorded (Scott, 2012). This toxin is produced by Fusarium
verticillioides, Fusarium proliferatum, Fusarium sacchari, Fusarium subglutinans,
Fusarium fujikuroi, and several other species (Perincherry et al., 2019). Contrarily,
fumonisin B2 (FB2) production by Aspergillus niger has been revealed (Frisvad et al.,
2007). They are recognized to be somewhat heat stable and are slightly degraded by food
processing techniques.

1.4.2.1. Chemical structure

FUMS have a relatively simple chemical structure similar to that of sphingosine, which
characterized by a long chain (20 carbon atoms) of polyhydroxy alkylamines with two
propane tricarboxylic acid moieties (tricarballylic acid, TCA) that are esterified to
hydroxyl groups on adjoining carbon atoms (Ocampo-Acuna et al., 2023). To date, 28
distinct structures of FUMS have been identified, which are categorized into the following
four series based on their chemical structure (Figure 1.11): series-A refers to amides,
series-B includes a free amine group and a terminal methyl, series-C corresponds to a
terminal amine group, and series-P integrated a 3-hydroxypiridinium residue in their
structures (Yazar and Omurtag, 2008; Braun and Wink, 2018).

Fumonisins B (FB1, FB2, FB4 and FB5) are the most pertinent given their prevalence on

many foodstuffs and crops. FB1 is the most abundant and most toxic FBs.

1.4.2.2. Fumonisins biosynthesis pathway

The biosynthesis pathway for FUMS, which are polyketides, is controlled by the FUM
gene cluster (Figure 1.12). In the first step of FUMS biosynthesis, a full straight chain of
18 carbons with methyl groups at C12 and C16 is formed by a polyketide synthase (PKS)
(Kim et al., 2020). Second, the polyketide is condensed with alanine by an
aminotransferase (AT), forming a linear 20-carbon chain containing the two methyl

groups, an amine group at C2, and a keto group at C3 (Proctor et al., 2008). Third, the C3
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Figure 1.9. Trichothecene biosynthetic pathway (McCormick et al., 2011).
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Figure 1.10. Schematic representation of the TRI cluster and the two loci grouping the TRI
genes in F. graminearum. Tri8: trichothecene-3-O-esterase, Tri7: trichothecene-4-O-
acetyltransferase, Tri3: trichothecene-15-O-acetyltransferase, Tri4: trichodiene oxygenase,
Tri6: transcription factor, Tri5: trichodiene synthase, Tril0: regulatory gene, Tri9:
unknown, Trill: isotrichodermin 15-oxygenase, Tril2: trichothecene membrane
transporter, Tril3: calonectrin 4-oxygenase, Tril4: virulence factor, Tril: C-8 or C-7,8
oxygenase, Tril6: C-8 acetyltransferase, Tril01: C-3 acetyltransferase, Tril5: regulatory
gene (Merhej et al., 2011 ; Alexander et al., 2009).
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Figure 1.11. Chemical structures of fumonisins (Ocampo-Acuna et al., 2023).
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keto group is reduced to a hydroxyl by a short-chain dehydrogenase reductase (SDR)
(Butchko et al., 2003). FB1, FB2, FB3, and FB4 are derived from
subsequent hydroxylation of the polyketide backbone at positions C4, C5, C10, C14, and
C15, as well as esterification of tricarboxylate molecules to the hydroxyls at C14 and C15
(Alexander et al., 2009). The structural differences between fumonisins C (FCs) and FBs
relate to the presence (FBs) or absence (FCs) of a terminal methyl group adjacent to the
amine. This structural difference is due to the condensation of the precursor polyketide
with two various amino acids: alanine in FB biosynthesis and glycine in FC biosynthesis
(Branham and Plattner, 1993; Proctor et al., 2008). The choice of amino acid used in
biosynthesis is defined by the specificity of the AT (Fum8) in FB versus FC-producing
species' amino acid substrates (Proctor et al., 2008).

PKS AT SDR
Fumonisin {21 X 7 X6 K7 X8 K a J 0 X1 f 2 M x4 15 X 16 Kia 19 -

Figure 1.12. Organization of genes in FUM gene cluster. The numbers in the arrows
represent the number of the FUM gene (e.g., 21 indicates the FUM21 gene) (Kim et al.,
2020).

1.4.3. Zearalenone (ZEA)

Zearalenone (ZEA), previously known as F-2 toxin, is a non-steroidal estrogenic
mycotoxin frequently contaminates maize but can also affect other cereal crops worldwide
(Figure 1.13). Occurrence of ZEA has also been reported in food of plant and animal (Bai
et al., 2018). Toxin production by a number of Fusarium species, include F. graminearum,
F. culmorum, F. cerealis (syn. F. crookwellense), F. equiseti and F. semitectum has mostly
been described (Nahle et al., 2021). ZEA is thermostable and is not degraded during

storage, heating, or milling processing.

1.4.3.1. Chemical structure

ZEA is part of the xenoestrogens, has the general formula CigsH220s and is a 6-(10-
hydroxy-6-oxy-trans-1-undecenyl-beta-resorcylic acid lactone) (Urry et al., 1966), which
exhibits similarities with natural estrogens in Animalia, like 7(3-estradiol and can therefore
link to estrogen receptors exerting its hormonal action which is superior to any other
natural non-steroidal estrogen. The structures of