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INDIGENOUS BACTERIAL POPULATIONS IN BGUPPRESSIVENESS RYUSARIUM
GRAMINEARUM

EXTENSIVE ABSTRACT
Background

Crop plants are exposed to a wide range of sdiborne phytopathogens, particularly oomycetes
and fungi, which are difficult to control. Species from the fungal genu&usariumare typical
soil microorganisms which are among the most destructive phytopathogens. They produce a
wide variety of mycotoxins, which may be present in feed and food products. The
mycotoxicogenic pathogenFusariumgraminearum is causingsignificant economic losesin
wheat crops throughout the world, with limited efficient control methods available.

However, certain soil microorganisms may successfully inhibit phytopathogens, thus
impeding their development and consequently reducing subsequent plant infection, all of
which leads to defining soils that are suppressive to disease. Although abiotic factors, such as
soil physicochemical properties, may contribute to the suppression of a given pathage
suppressiveness is essentially a phenomenon mediated by soil moorganisms, since
sterilization processes turn suppressive soils into norsuppressive. Additionally, agronomic
practices that increase microbial activity,such asthe use of organic amendments, may
enhance suppressiveness, while the use of pesticides in agricultural production diminishes
the soil's ability to control diseaseslIn suppressive soils, disease suppression occurs despite
the presence of the host plant, phytopathogen and environemtal conditions favorable for
disease development. Two types of $losuppressiveness have been described: general
(involving the entire soil microbiota that restrict pathogen(s) growth or development, and in
the case of affected fungal propagules, referred to as fungistasis) and specific (involving one
or several specific microbial populations that restrict pathogercaused disease), contrary to
non-suppressive(conducive) soils,where disease regularly develops.

Suppressive soils represent a reservoir opromising biocontrol agents which could
provide effective plant protection against various soitborne phytopathogens. This potential is
of great importance when considering phytopathogens liké-. graminearum that are causing
increasing damage to crops in the ogoing climate change context. It is known thasoils
suppressive toFusariumdiseases affecting various crops exist worldwide, and that there are
biocontrol agents isolated from such suppressive soild-urthermore, representatives of a
range of bacerial groups carry out functions that lead to the suppression dfusarium-caused
diseases. For example, species from the genegacillus Paenibacillusand Streptomycesare
well known to play a role in the suppression ofFusariungcaused diseases through various
biocontrol mechanisms {.e.,antagonism, competition, parasitism and induction of systemic
resistance in plant). In addition, these bacteria also exhibit a number of plargrowth
promoting properties, such as phosphorus solubilization, indole-3-acetic acid (IAA)
production or l-aminocyclopropanel-carboxylate (ACC)deaminase production, therefore
facilitating plant growth. Apart from the aforementioned species, it is known that species from
the genusPseudomonasave a wide range of phytobeneficial functions and play an important
role in the rhizosphere. For example, varioud®?seudomonasspecies possessthe ability to
induce systemic resistance in plants, compete with pathogens througtihe production of
siderophores and produce a large panel of antifungl substances, such as pyoluteorin,
pyrrolnitrin, 2,4 -diacetylphloroglucinol, phenazine, 2zhexyl-5-propyl-alkylresorcinol or
hydrogen cyanide (HCN), that could inactivate or inhibitFusarium growth. Moreover,
Pseudomonaspecies may modulate plant growth through phytohormones production, and
alter the bioavailability of nutrients, by producing ACC deaminase, solubilizing phosphates,
fixing nitrogen and denitrifying. To reveal these different modes of action of phytobeneficial
bacteria, genome analysis is @wul because not only does it allow characterization of these



beneficial functional traits, but also bacterial identification. However, beyond these specific
bacterial groups that affect pathogen and disease development, it has been shown that the
higher functional and genetic diversity of the whole microbial community in soil positively
contributes to soil suppressiveness.

Efficient management of plant diseases caused Bysariumspecies is crucialin
attemptsto avoid crop losses and reduce mycotoxin pragttion in food products. Research on
suppressive soils, coupled wit data about the agronomic practices applied, provides useful
information on how to maintain or achieve greater level of suppressiveness in already
suppressive soils, or how to establish suppressive character of soils at other sites. The
prevalence of soilborne pathogens in cereal crops is difficult to control due to their
persistence in soil and the inefficiency of chemical treatments, therefore biological control
becomes a very promisingalternative for disease prevention. Insight into dynamics of soils
suppressive toFusarium diseases, combined with the understanding of miabial modes of
action, are needed in order to develop safe, effective, and stable tools for disease management.

Objectives

Given the importance of suppressive soils (that have not yet been identified in Serbia) and the
emerging pathogenF. graminearum the general objective of this project was to gain a better
understanding of fungistasis and suppressiveness phenomenand to assess usefulness of
suppressive and fungistatic soils asources of bacteria with biocontrol potential.

In this context, the first objective of this research was to identify soils that are
fungistatic and suppressive toF. graminearumin Serbia, investigate the relationship between
manure amendments and the occurrence of fungistasis/suppressiveness, and compare chosen
fungistatic and suppressive soils based on their fungal and prokaryotic rhizosphere diversity.

The second objective was to asseghe potential of soils fungistatic toF. graminearum
as sources of biocontrol agents. This involved isolation of bacteria of contrasted taxonomy,
their characterization based on genomic and functional traits, and assessment of their wheat
phytoprotective capacity againstF. graminearum

The third objective of this work was to identify the genomic and functional
particularities of Pseudomonasacteria in suppressive vs. nossuppressive soils. This was
motivated by the fact thatPseudomonasnay contribute to plant protection againstFusarium
diseases and play a role in sbisuppressiveness to these diseaseslthough biocontrol
Pseudomonabave also been documented in nesuppressive soils.

Methods

To achieve the first objective, 26 fields were sampled from five locations northern and
western/central Serbia (i.e.,locations near Sombor (SO), Novi Karlovci (NK), Valjevo (VA),
“ETTEAA j-)q AT A 1A6AE j#'qqh AEIETC O EAC
application histories for each location. Eaclsoil sample was divided into two parts,one that
was sterilized, while the other remained non-sterilized. Subsequently, both sterilized and
non-sterilized soils were inoculated with Fusarium graminearum MDC Fgl (F. graminearum
Fgl) inoculum and incubated under controlled conditions. The control group consisted of
non-sterilized, non-inoculated soils. To assess the fungistatic (fungtishibiting) potential of
these soils, after the incubation period, a wpntitative PCR (qPCR) approach with F.
graminearum-specific primers was used to quantify the amount oF. graminearumFgl DNA
present in both sterilized and nonsterilized soils. Additionally, to investigate whether
fungistatic soils might also exhibit suppressiveness to dampingff disease in wheat, four soils
in which fungistatic potential was associated with the addition of manure amendments were
selected. These soils were resampled, and a greenhouse suppressiveness assaas



conducted where one half of bread wheat Triticum aestivumL.) seeds was inoculated withF.
graminearum Fgl spore suspension, and the other halvas not. After 14 days, the number of
germinated seeds was recorded, and at 28 days, thember of surviving plants, shoot length
(cm), dry shoot biomass (mg), and dry shoot density were measured. Finally, rhizospheres of
wheat plants from the greenhouse experiment were used to perform 16S rRNA and ITS
metabarcoding. This allowed comparison of soils based on prokaryotic and fungal taxonomic
composition and diversity.

To accomplish the second objective, wheat plants were cultivated in selected
fungistatic and non-fungistatic soils for 28 days. After harvesting the plants, representatives
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selective plating media. A total of 244 isolates were randomly picked, purified and subjected
to an initial in vitro confrontation assay with F. graminearumFgl. This screening procedure
enabled to select bacteria for genome sequencing. Following lllumina NovaSeq sequencing
and assembly, genomes of the chosen bacteria were annadf specifically searchingfor
genes known to be involved in biocontrol and plant gwth promotion. These selected
bacteria were also functionally characterized throughin vitro assays, including the
assessmentof HCN and lytic enzymes production, ACC deaminase activity, phytohormones
production, siderophores production and phosphate solubilization. Furthermore, bacterial
ability to inhibit F. graminearumFg1 conidia germination was tested, as well as the bacterial
ability to produce volatile organic compounds (VOCSs) that inhibit Fg1 mycelial growth. Based
on the results of the latter two assays and then vitro confrontation assay with F.
graminearum Fgl, a subset of isolates was tested in greenhouse conditions to assess their
capacity to protect wheat from crownrot disease caused by. graminearumrFgl. Additionally,
putative biosynthetic gene clusters were identified in their genomes using the antiSMASH tool
and were manually curated.

To achieve the third objective, firstly the rhizospheres of noninoculated wheat plants
grown in selected suppressive and norsuppressive soils were used. The rhizospheric DNA
was extracted and metabarcoding analysis was performed, targeting thgpoD gene of the
Pseudomonas fluorescenkneage, aiming to compare diversity and composition of the
fluorescent pseudomonads in suppressive vs. nesuppressive soils. Then, bothF.
graminearum Fgl-inoculated and nortinoculated rhizospheres of wheat grown in suppressive
and non-suppressive soils were used to isolat®seudomonasTheir DNA was extracted, and
these isolates were characterized based ahe rpoD gene, orthe rrs gene,when the rpoD gene
amplification was unsuccessful. Out of these, 2Pseudomonasvere chosen from all soil
conditions, comprising the combination of four different soils with and without F.
graminearum Fgl inoculation. The genomes of these chosdtseudomonasvere sequenced
using lllumina NovaSeq technique.Following whole-genome sequencing and assembly,
Pseudomonagienomes were annotatedand genes known to be mvolved in biocontrol and
plant growth promotion were predicted. These chosen bacteria were also functionally
characterized, by performing in vitro assays, which included production of HCN, Iytic
enzymes, ACC deaminase, phytohormones, siderophores and phosphate solubilization. They
were also assessed for their ability to inhibitF. graminearumFg1l conidia germination, as well
as for their ability to produce VOCs that inhibitF. graminearumFgl mycelial growth. From
this phase of research, a subset of isokd was tested in greenhouse conditions to assess their
capacity to protect wheat from crownrot disease caused byF. graminearumFgl. Finally,
putative biosynthetic gene clusters found in the 29Pseudomonagienomes were identified
using the antiSMASH and manually curatedll obtained results were analyzed with standard
statistical methods, using the analysis of variance and mean comparison tests.



Results

During this research, 10 fungistatic soils were found in Serbigeven of which had previously
received manure, and their distribution was restricted to the western/central parts of the
country. At locations near Mionica (soils MI2, MI3, MI4 and MI5), manure was identified as a
significant factor promoting fungistasis. Soils MI2 and MI3 which had receivedhanure,
exhibited fungistasis, while soils MI4 and MI5 which were nomanured, did not show
£O0T CEOOAOEO8 ! OEIi EI AO OOAT A xAO T AOGAOOGAA EI
the addition of manure amendments in soils near Sombor, Novi Karlovand Valjevo was not
associated with fungistasis. The four soils from Mionica were chosen foin planta
suppressiveness assay, revealing that soils M2, MI3 and MI5 were suppressive, while soil M14
was nonsuppressive. Fungistasis and suppressiveness assay damabled defining of the
three soil categories: (i) soils MI2 and MI3 were fungistatic and suppressive, (ii) soil Ml4 was
non-fungistatic and nonsuppressive, while (iii) soil MI5 was nonfungistatic but suppressive
Metabarcoding data analysis ofthese three soil categories indicated that microbial
communities in these soils were influenced by their respective field origins, while only several
taxa were soilspecific.

The isolation of 244 bacteria from fungistatic and noffungistatic soils and anin vitro
confrontation assay with F. graminearumFgl, led to the identification of 23 isolates with
potential biocontrol activity against this fungal pathogen. Among these 23 isolates, 10
originated from fungistatic and 13 from nonfungistatic soils. Wholegenome sequencing
revealed that, in the fungistatic soils, three strains belonged to the genu8seudomonasone to
the genusKosakonia four strains to the genusBacillus and two to the genusPriestia. In the
non-fungistatic soils, seven strainsbelonged to the genusPseudomonastwo strains to the
genusBurkholderia, two strains to the genusBacillus oneto the genusBrevibacillus and one
to the genus Chryseobacterium Wholegenome sequencing also revealed eight novel
genomospecies. Genome annotationogether with functional assays, revealed that isolates
from both fungistatic and nonfungistatic soils possessed genes and functions involved in
biocontrol or plant-growth promotion. The distribution of these phytobeneficial traits was
largely taxaspecific. It was also observed that only VOCs produced by strains from non
fungistatic soils inhibited mycelial growth of F. graminearum Fgl, while exudates from
isolates from both fungistatic and nonfungistatic soils had the ability to inhibit fungal conidia
germination. Finally, seven strains selected based dhe results of confrontation assay, ability
of strains to inhibit fungal mycelial growth through the production of VOCs or the ability of
bacterial exudates to inhibit fungal conidia germination,were used in a greenhouse
phytoprotection plant assay, and the biosynthetic gene clusters found in their genomes were
manually curated. Results indicated that only one strain, namelf’seudomonasGS5 IT-
194M14 (from non-fungistatic soil) enhanced wheat germination and mvided protection
from crown-rot disease. However, this came at the expense of shoot biomass and chlorophyll
rate. All seven strains displayed BGCs coding for siderophores and antibiotics.

In the next phase, metabarcoding analysis of the soils near Mionica, targeting tip®D
gene of theP. fluorescengroup, indicated thatPseudomonasubcommunity differed between
different soils. A total of 406 putativePseudomona®btained from al eight conditions (four
soils that have or have not beennoculated with F. graminearumFgl) were characterized
based onrpoD (or rrs) gene.rpoD gene characterization succeeded with 185 isolates, yielding
65 different rpoD sequences. Altogether 2®Pseudomonagom all four Ml soils and conditions
(inoculated or non-inoculated with F. graminearumFgl) were subjected to wholegenome
sequencing, thus confirming their affiliation to thePseudomonagenus and revaling 16 novel
genomospecies. Two of these novel genomospecies (each with two strains from different
soils) were formally described andthe namesP. serbicaand P. serboccidentaligsiere proposed
for them. Genome annotation and functional characterization of the 2Bseudomonasevealed



that their phytobeneficial genes and functions are spread evenly among strains, regardlesfs
the experimental conditions (field of origin, inoculation with F. graminearum Fgl,
suppressiveness status and previous manure applicationPseudomonastrains from all four

MI soils had the ability to inhibit F. graminearumFgl mycelia development thragh the
production of VOCs, while only strains from MI5 soil (nofungistatic and suppressive) had
the ability to inhibit fungal conidia germination. None of thePseudomonassolates conferred
wheat protection from F. graminearumFgl. Manual curation of BGCs found in genomes of
these 29 Pseudomonasevealed even distribution of biosynthetic gene clusters potentially
involved in biocontrol.

Conclusions

Soils fungistatic and suppressive td-. graminearumFgl disease were identified for the first
time in Semia, and manure was shown to be a significant factor promoting fungistasis in fields
near Mionica, but not at other locations. Secondly, it was also demonstrated that fungistatic
soils may also be suppressive, and thauppressive and nomnsuppressive soilsshared the
main prokaryotic and fungal phyla as well asthe majority of the most abundant taxa, yet
several taxa were soispecific. Thirdly, it was shown that both fungistatic and norungistatic
soils may be a source of bacteria with antagonistic propges againstF. graminearumand that
whole-genome sequencing is useful approach to gain insight into the biocontrol potential
and taxonomic status of antagonistic strains. Fourthly, two novdPseudomonaspecies were
described, i.e., P. serbicaand P. serboccidentalisFurthermore, it was also shown that
Pseudomonasspecies in both suppressive and nosuppressive soils might display similar
biocontrol functions. In conclusion, the data obtained during this research may serve as
foundation for further r esearch on soils suppressive té¢.graminearum diseases and a basis
for rhizosphere microbiome studies, resulting in a collection of thoroughly characterized
bacterial strains with significant applicative potential.

Keywords: biological control, fungistasis Fusarium graminearum genomics, microbiome,
PGPRPseudomonasrhizosphere, suppressive soils

Scientific field: Microbiology
Scientific subfield: Environmental microbiology
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mikotoksina, koji mogu biti prisutni u hrani i prehrambenim proizvodima. Biljni patogen
Fusarium graminearum koji takodje proizvodi mikotoksine, izaziva zAAé AET A AET T 11
COAEOEA DPOETT OA PHATEAA HEOIiI OOAOAh OU 1 COAI
-Ai OOEih T AOATi ATE T EEOITTOCATEUIE O UAIIE
fitopatogene, ometajdDz1T EEET O OAUOIT E ADzDi GADDE &1l IEAGRALEROD

AT 61 AE AT AAEETI EOAT EA OODPOAOEOI EE UAdnhdmigskaH OA 8

OOTEOOOA UAL] EEROAR 1160 Al GAEKAODOOOROEOE E D
ART T T AT DT OOAAT OAT UAT T EEHI EI i steflizaché prénarajl EUI E |
OOPOAOGEODIT O TAOOPOAOGEOIT UAITEEHOA8 4AET i An

aktivnost, npr. upotreba stajnjaka, mogu pov@aBzsupresivnost, dok upotreba pesticida u
Di 1l ET DOEOOAATTE DPOT EUOT ATEE Oi ATEGEA DOEOT AT C
OOPOAOGEOT EI UAI 1T EEHOEI Ah DPTEAOA OOUAEEAT EA
domalirdz fitopatogena i uslova sredine pogodnih za razvoj bolesti. Opisana su dva tipa
OOPOAOCEOI T OOE UAI I EXIHICA@P ATD HIORAE QTOXEH TEIO e WEIAI EEH
EIl E OAUOI E PAOICATAR E O Ol O6AED PAOI CAT EE C
EAAT O EIE OEHA ODPAAEAZEéT EE 1| EEOIATEE bl Dol /
patogenom), za razliku odl AOODPOAOEOTI EE UAIi 1 EEAOA j OE8 EITT A
razvija.
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AE 1TTCclE AA TAAUAAAA AEZEEAOT O UAHOEOO AEI EA]
bi OAT AEEAT EA T A OAT EEA OALT T OOE. génkink&umbdi O DE
izazivaju sve véd(Dz HOA OO OOAOGEI A O Ei 1 OAEOOO OAOOOGEE
EU OEE UAI 1 EEHOA EUITITT OATE AETETTOOTITE ACGAT
OOHA &£O1 E A EHd sugidsiie Bolegdtiliz&zaAinovom gljivom. Na primer, poznato je
da vrste iz rodova Bacillus Paenibacillusi Streptomycesigraju ulogu u suzbijanju bolesti
izazvanim gljivom Fusarium kroz OAUI E€EOA [ AEAT EUI A AETEITTO
kompeticija, parazitizam i indukcija sistemske otpornosti biljke). Pored toga, ove bakterije
OAEIT i A PTEAUOEO AOIOBEAOOOADBOOAAT EIAEAhDIEAT HO
proizvodnja indol-3-sirfeBe kiseline (IAA) ili proizvodnja 1-aminociklopropan-1-karboksilat
(ACC) deaminaze. Pored pomenutih vrsta, poznato je da vrste iz roBfseudomonasmaju
HEOT E OPAEOAO EI OEOT EE 4&£O01 EAEEA E ECOAfbd OALI
Pseudomonasmaju sposobnost da indukuju sistemsku otpornost biljke, stupaju u kompeticiju
OA PAOT CATEI A EOT U DPOI EUOI ATEO OEAAOI &I OA E
OOPOOAT AEh EAT HOT OO0 -diacetiffloraglGckol, eaazin, 2 dieksds-1 T E OO
propil -alkilresorcinol ili cijanovodonik (HCN), koji mogu da inaktiviraju ili inhibiraju rast
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Fusarium8 £ O A O E H A Rseu@aimonashoguOrhoduAirati rast biljke putem proizvodnje
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delovanja korisnih bakterija, analiza genoma je korisna jer ne samo da omdga
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Efikasna kontrola vrsta rodaFusariumEA EI EOéT A O bBI EOHAEO A
DOETI T OA E AA OA Oi ATEE DOl EUOI ATEA [ EET Ol EOE
OOPOAOGEOI EE UAI T EEHOAh UAEAATT OA bl AAAEI A 1
ET OEOT A ET £l Of AREEA 1 A A bwA sufrdsiiriosti U veOidpleVBimE T E  f
UAI 1 EEAOEI Ah EI E EAET OODPI OOAOEOE OOPOAOGEOIT E
DAOI CAT A BEXOTOAFORIOEEIUIAT ¢ T EEET OA b1 001 EAT T OOE
OOAOI AT Ah 00T CA AET I 1 HABMuADEErWG 1a drevbrcid Bofe&iA O OI
2AUOI AGAT EA AET AI EEA UAI ¢ljiei EFdarlum O GéndiAa0if € EE
razumevanjem mikrobnih mehanizama delovanjaje neophodno kako bi se razvili sigurni,
efikasni i stabilni alati za upravljanje bolestima.

Ciljevi
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supresivna premaF. graminearumu Srbiji, da se ispita povezanost upotrebe stajnjaka i pojave
fungistaze/supresivnosti, i da se uporedi diverzitet gljiva i prokariota u odabranim
£OT CEOOAOEe¢T EI E @©ODPOAOEOIEI UAI T EEHOEI

$O0CE AEIE EA AEIT AA OA DOIT AAT F. geamideArinA EE A |
EAT EUOI OA AEITETTOOTITTEE AcCAT AOGA8 5 OO0 OOOEO
taksonomskim kategorijama, one su okarakterisane na osnovu genomskihfunkcionalnih
I Ol AET A E DOT AAT EAT EA 1 EfEgradinemrinDAT AEEAT O UA
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bakterija roda Pseudomonasbi OAEI 1T I EU OOPOAOGEOIEE E 1AOGO
i T OEOEOAT 1T  éPRdudoddnasAli i A A POET AOE UAHOEOEN AEI E
gliivom Fusariumi igrati ulog0 O OODOAOE O1 E I su bidkénirohEPdeddomdhhs E A E
OAET i A AT EOI AT OT OGATE E O TAOOPOAOGEOT Ei UAIIT EE

Metode

KakoAE OA Dl OOECAT DOOE AEI Eh OUI OET OATT EA ¢
severnoj i zapadno/centralnoj Srbiji (tj. lokacije u blizini Sombora (SO), Novih Karlovaca (NK),
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na kojima je primenjivan i na kojima nije primenjivan stajnjak.Svaki uzorak je podeljen na

dva dela, jedan deo je sterilisan, dok drugi nije. Nakon toga, i sterilisana i nesterilisana

E ET EOCAEOAT A O ET1 0011 EOGATEI OOI T OEI A8 +11 001
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graminearum, EAET AE OA EOAT GEgmmiEdani Fgh DNKI grigtitéeE i A
OOAOEI EOATEI E 1TAOOAOEI EOATEI UAI T EEHOEI A8 0
UAIT T EEAHOA 11cO OAETi A AEOE E AOGD ORAIGERIT A hE A UAQ
bi OAT AEEAI bl OAUAT OA AT AAOAT EAI OOAET EAEA8 |
EA OAOO OOPOAOEOI | TotdEn abstiveni LIQA CAEADAAT REA T AHOI
semena inokulisana suspenzijom spor&. gramnearum Fgl, a druga polovina nije. Nakon 14

dana evidentiran je broj proklijalih semena, a nakon 28 dandd OEAAT OEOAT EA AO]
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diverziteta prokariota i gljiva.

+AET AE OA DiOOGECAI AOOCE AEIER DHRATEAA
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OAl AEOEOT EE DI Al T CA8 . AOOielizépbdvrgnitikdnkadtadijskomE U1 1 A
in vitro testu saF. graminearumFgl. Ova procedura selekcije je omodilpdabir bakterija za
sekvenciranje genoma. Nakon Illumina NovaSeq sekvenciranja i asemblinga, genomi
I AAAOAT EE AAEOAOEMEIR CAO AANIAOEDAAEMAOWAIAA AA OO0
bi OPAHEOAT EA OAOOA AEI EAEA8 |/ OA 1T AAAOAT A AAE
putem in vitro OA O OT OARAD2BOBDO¢E EBAT EA DOT EUOT AT EA (#.
ACC deaminaze, proizvodnje fitohormona, proindnje siderofora i solubilizacije fosfata.
Pored toga, testirana je sposobnost bakterija da inhibiraju germinaciju konidijaF.
graminearum Fgl, kao i sposobnost bakterija da proizvedu isparljiva organska jedinjenja
(VOC) koja inhibiraju rast micelijuma Fgl. Na osnovu rezultata poslednja dva testa i
konfrontacijskog in vitro testa saF. graminearumFgl, deo izolata je testiran u uslovima
OOAEI ATEEA EAET AE OA bDOI AATEI A TEEET OA Obi
izazvane F. graminearum& Cp 8 01 OAA OI CAh AET OET OAOEéEE CA

njihovim genomima pomoXDz AT OE3 -1 3( Al AOA E 00¢élT1T OO AlTT O
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EUOOHATT EA 1 AOA ArhdEdn e Rstuboinonas fldokeécéndaccifem da

se uporedi diverzitet i sastav fluorescentnih pseudomonada u supresivnim i nesupresivnim
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inokulisanim i neinokulisanim fitopatogenom F. graminearum& Cph ET OEH¢ AT A U,

PseudomonasNjihova DNK je izolovana, i ovi izolati su okarakterisani na osnovpoD gena, ili
rrs gena, ukoliko amplifikacijarpoDCAT A 1T EEA AEI A Or3éudombdnAsao j@ A OC
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graminearum Fgl). Genomi odabranihPseudomona®D O OAE OAT Adbjerd lliumineE T OE A
NovaSeq tehnike. Nakon sekvenciranja i asemblinga, genofseudomonassu anotirani,

OO Apdne za koje se zna d®O OEI EO¢ATE O AETETT OOTT1 O E C
EUAAOAT A AAEOAOEEA OO OAET i A AEdilvikdkdsiova kdjilsi 1T E A
OEIl ECéEOAT E DPOIT EUOIATEO (#.h 1 EOEéEEE AT UEI £

Ol 1 OAEI EUAAEEO &I OZAOA8 4AET i A EA DOI AAT EAT A
konidija F. graminearumFg1l, kao i njihovasposobnost da proizvedu VOC kojnhibiraju rast
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micelijuma F. graminearum& Cp 8 ) U T OA EAUA EOOOALEOAMaEAh A
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Rezultati
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dva rodu Bacillus jedan roduBrevibacillusi jedan rodu ChryseobacteriumSekvenciranje celog
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- ET 1T E A A hrpoB Gen lgrifde B.cfllbrescens pokazalo je da se zajednicRseudomonas
OAUI EEOCEA 1T Ai & UAITEEHOEI A 5EODPT I wodap E UT
PseudomonasAT AEEATT EA T A OAI AECEOITE DI AITUE EU (
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njihova pripadnost rodu Pseudomonas otkriveno je 16 novih vrsta. Dve od ovih novih vrsta
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serbicai P. serboccidentalisAnotacija genoma i funkcionalna karakterizacija 2®seudomonas
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su imali sposobnost da inhibiraju razvoj micelijumaF. graminearumFgl putem proizvodnje
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DHAT E AAgramidearum& Cp8 ! 11 OAAEEA AEI OET1 OAOE¢éEEE ¢



genomima ovih 29 Pseudomons otkrila je ravnomernu distribuciju klastera potencijalno
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svojstvima protiv F. gramineaum, da je sekvenciranje celog genoma korisno za sticanje uvida

u potencijalne mehanizme biokontrole, kao i za otkrivanje taksonomskog statusa ovih sojeva.

| AOOGOOT h T PEOAT A Ps€uBomahgsBdnosnb B AerbideD P. Bdrboccidentalis

4 AET i BkazBnA dabrrste rodePseudomona& U OODPOAOEOT EE E 1 AOODPOA

imati O1 E€ AT AET ET T OOITTE bl OAT AEEAI 8 30A O OOAI
iTcd Pi Ol OLEOE EAIT 1 011 OA UA Aésiing prema Bdésrdal E OAT
izazvanim glivom F. graminearumE T OT 1T OA UA DPOiI O AOAT EA [ EEOT A
ET1 AEAEET I OAT AT ET T | EAOAEOAOEOAT EE AAEOQOAOQE
potencijalom.

+1 EOel A EQA §EEA ET 10 QU'sdrinAjrn‘. graxzﬁéaﬁrl@rf_ G2 AnAnikaA ﬁnilfrobiprp,
PGPRPseudomonds OE Ul OZEZAOAh OOPOAOEOI A UAI T EEHOA
. ADGéT A MikrdbiblGydad,

5LA TAOéTBREI AT ABOJI EEOT AET T 1T CEEA

UDK: 631.427:632.937]:582.282.154(043.3)



POPULATIONS BACTERIENNES INDIGENES DAMSRESISTANCEDU SOL CONTRE
FUSARIUM GRAMINEARUM

RESUME SUBSTANTIEL
Introduction

Les plantes cultivées sont exposées a un multitude de phytopathogénes présents dans le sol,
en particulier les oomyceétes et les champignons, difficiles a contrbler. Les espéces du genre
Fusarium des microorganismes fongigques courants dans les sols, comptent parmi les
phytopathogenes les plus destructeurs. lls produisent une grande variété de mycotoxines,
pouvant se retrouver dans les aliments pour animaux et les produits ialentaires. Le
pathogéne mycotoxigéne Fusarium graminearum AT CAT AOA ABEI Bl OOAT
économiques dans les cultures de blé a travers le monde, avec des méthodes de contréle
efficaces limitées.

Cependant, certains microorganismes du sol peuvent réussir a inhiber les
phytopathogénes, entravant ainsi leur développement et réduisant les infections ultérieures
des plantes. Cela conduit a définir des sols résistants aux maladies. Bien que des facteurs
abiotiques, tels que les propriétés physicochimiques du solpuissent contribuer a la
suppression d'un agent pathogéne, la résistance est essentiellement un phénoméne médié par
les microorganismes du sol. En effet, la stérilisation transforme les sols résistants en sols non
résistants (dits sensibles). De plus, les pratiques agricoles qui augmentent l'activité
microbienne, comme l'amendements organiques, peuvent renforcer le pouvoir résistamaiu
sol, tandis que l'utilisation de pesticides danda production agricole diminue s capacité a
contrbler les maladies. Dan les sols résistants, la maladie est supprimée malgré la présence
de la plante hote, du phytopathogene et des conditions environnementales favorables au
développement de la maladie. Deux types de résistance des sols ont été décritsrésistance
générale, impliquant I'ensemble du microbiote du sol qui limite la croissance ou le
développement d'agents pathogenes (cas de la fongistase, sol dans lesquels les propagules
fongiques sont affectées) et la résistance spécifique, impliquant une ou plusieurs popidas
microbiennes spécifiques qui limitent les maladies causées par des agents pathogénes. Cela
contraste avec les sols sensibles, ou les maladies se développent régulierement.
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qui pourraient fournir une protection efficace aux plantes contre divers phytopathogénes
présents dans le sol. Ce potentiel revét une grande importance, surtout face a des
phytopathogénes tel queF. graminearum qui causent des dommages croissangix cultures
dans le contexte actuel du changement climatigue. On sait que des sols résistants aux
maladies causées paFusariumexistent dans le monde entier affectant diverses cultures, et
gue des agents de lutte biologique sont isolés de ces sols. En outre, des représentants de
divers groupes bactériens remplissent des fonctions qui conduisent a la résistance aux
maladies causées par I&usarium Par exemple, les espéeces des genigscillus Paenibacillus
et Streptomycessont bien connues pour jouer urrdle dans la résistance contre des maladies
causées par Fusarium grace a divers mécanismes de contréle biologique tel que
1 6AT OACI T EOIi Ah Al i Pi OEOEITh DAOAOEOEOI A AO E
plantes. Ces bactéries présentent également un certain nombre de propriétés favorisant la
croissance des plantes, telles que la solubilisation du phosphore, la production d'acide indole
3-acétique (AIA) ou la production de iaminocyclopropane1-carboxylate (ACC) désaminase.
Outre les espéces menbnnées cidessus, il est établi que les espéces du gerfPleseudomonas
possedent une multitude de fonctions phytobénéfiques et jouent un réle important dans la
rhizosphéere. Par exemple, diverses espéces deéseudomonassont capables d'induire une
résistance systémique chez les plantes, de rivaliser avec les agents pathogénes par la
production de sidérophores et de générer une variété de substances antifongiques, telles que



la pyolutéorine, la pyrrolnitrine, le 2,4-diacétylphloroglucinol, la phénazine, le zhexyl-5-
propyle-l'alkylrésorcinol ou le cyanure d'hydrogene (HCN), pouvant inactiver ou inhiber la
croissance deFusarium De plus, les especes deseudomonapeuvent moduler la croissance
des plantes en produisant des phytohormones et elles peuvent modifier la biodisponibilité
des nutriments, par example en produisant de I'ACC désaminase, en solubilisant les
phosphates, en fixant l'azote et/ou en dénitrifiant. Pour élucider ces divers modes d'action des
bactéries bénéfiques pour les plantes, I'analyse génomigq est précieuse. Elle permet non
seulement de caractériser ces traits fonctionnels bénéfiques, mais également d'identifier les
bactéries ellesmémes. Cependant, adela de ces groupes bactériens spécifiques qui influent
sur le développement des agents pathogénes et des maladies, il a été démontré que la plus
grande diversité fonctionnelle et génétique de I'ensemble de la communauté microbienne du
sol contribue positivement a la résistance du sol.

Une gestion efficace des maladies des plantes causées pardspéces dé-usariumest
cruciale pour tenter de minimiser les pertes de récoltes et de réduire la production de
mycotoxines dans les produits alimentaires. La recherche sur les sols résistants, associée aux
données sur les pratiques agronomiques appliquées, offre des informations précieuses sur la
maniére de maintenir ou d'atteindre un niveau plus élevé de résistance dans des sols déja
résistants, ou sur la maniére d'établir le caractere résistant des sols sur d'autres sites. La
prévalence des agents patbgénes du sol dans les cultures céréalieres est difficile & maitriser
en raison de leur persistance dans le sol et de l'inefficacité des traitements chimiques. La lutte
biologique devient donc une alternative trés prometteuse pour la prévention des maladies.
Une compréhension approfondie de la dynamique des sols résistants aux maladies causées
par Fusarium combinée a la connaissance des modes d'action microbiens, est nécessaire pour
développer des outils sdrs, efficaces et stables pour la gestion des madssd

Objectifs
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de mieux comprendre les phénoménes de fongistase et de résistance, et d'évaluer l'utilité des

sols résistants et fongistatiques comme les sources de bactéries ayant un potentiel de
biocontrole.

Dans ce contexte, le premier objectif de cette recherche était d'identifier les sols
fongistatiques et résisgants de F. graminearumen Serbie, d'étudier la relation entre les
amendements du fumier et l'apparition de fongistase/résistance, et de comparer les sols
fongistatiques et résistants choisis en fonction de leur diversité des rhizosphéres fongiques et
procaryotes.

Le deuxieme objectif était d'évaluer le potentiel des sols fongistatiques envers.
graminearum comme sources d'agents de biocontréle. Cela impliquait I'isolement de bactéries
de taxonomies contrastées, leur caractérisation basée sur des traitgénomiques et
fonctionnels, et I'évaluation de leur capacité phytoprotectrice du blé contrE. graminearum

Le troisieme objectif de ce travail était d'identifier les particularités génomiques et
fonctionnelles de la bactérie Pseudomonasdans des sols résistants ou sensibles. Cette
démarche était motivée par le fait quePseudomonageut contribuer a la protection des
plantes contre les maladies causées pdfusarium et jouer un réle dans la résistance aux
maladies par le sol, bien que le contréle biologiquele Pseudomonasait également été
documenté dans des sols sensibles.



Méthodes

Pour atteindre le premier objectif, 26 champs ont été échantillonnés dans cing emplacements
du nord et de l'ouest/centre de la Serbie (c'esa-dire des emplacements prochesle Sombor

i3/ qh .1TOE +AOI T OAE j.+Qqh 6A1I EAOI je6!qgqh -EITE
de sols avec des historiques d'application de fumier contrastés pour chaque emplacement.
#EANOA 1 AEATOEITTT AA OiI1l AT AOCIOCOAEBHEBOT AT AG

stérilisée. Par la suite, les sols stérilisés et nestérilisés ont été inoculés avec l'inoculum de
Fusarium graminearum MDC_Fgl K. graminearum Fgl) et incubés dans des conditions
contrblées. Le groupe témoin était constitué de sols non stérilisés et namoculés. Pour
évaluer le potentiel fongistatique (inhibiteur de champignons) de ces sols, aprés la période
d'incubation, une approche PCR quantitative (QPCR) avec des amorces spécifiquesFde
graminearuma éte utilisée pourquantifier la quantité d'’ADN Fgl deF. graminearumprésente
dans les sols stérilisés et sols nestérilisés. De plus, pour déterminer si les sols fongistatiques
pourraient également présenter un pouvoir résistante contre la fonte des semis chez le blé,
guatre sols dans lesquels le potentiel fongistatique était associé a l'ajout d'amendements de
fumier ont été sélectionnés. Ces sols ont été-gchantillonnés et un test de résistance en serre

a été effectué, ou la moitié des graines de blé tendrér{ticum aestivumL.) a été inoculée avec
une suspension de spore§. graminearumFgl, et l'autre moitié ne I'a pas été. Aprés 14 jours,

le nombre de graines germées a été enregistré et, a 28 jours, le nombre de plantes
survivantes, la longueur des pousses (cm), la biomasse des pousses seches (mg) et la densité
des pousses seéches ont été mesurées. Enfin, des rhizosphéres de plants de blé provenant de
1 6Agpi OEAT AA AT OAOOA 110 i O0i OOEIEOIi A0 DI OO
16)438 #A1 A parerDds BdlsEslr lafbAse delld composition et de la diversité
taxonomiques des procaryotes et des champignons.

Pour atteindre le deuxiéme objectif, des plants de blé ont été cultivés dans des sols
fongistatiques et nonfongistatiques sélectionnés, pendant 28 jours. Aprés la récolte des
plantes, des représentants de divers genres bactériens ont été isolés des rhizosphéres des
bl AT OAOG AT OOEI EOGAT O AAO 1 EIEAO® Adi OAT Ai A1 O
prélevés au hasard, purifiés et samis a un premier test de confrontationin vitro avec F.
graminearum Fgl. Cette procédure de criblage a permis de sélectionner des bactéries pour le
séquencage du génome. Apres le séquencage et I'assemblage d'lllumina NovaSeq, les génomes
des bactéries choisies ont été annotés, recherchant spécifiguement les génes connus pour étre
impliqués dans le biocontrdle et la promotion de la croissance des plantes. Ces bactéries
sélectionnées ont également été caractérisées fonctionnellement par des tests vitro,
notamment I'évaluation de la production de HCN et d'enzymes lytiques, de l'activité de I'ACC
désaminase, de la production de phytohormones, de la production de sidérophores et de la
solubilisation du phosphate. En outre, la capacité bactérienne a inhiber la germination des
conidies Fgl deF. graminearuma été testée, ainsi que la capacité bactérienne a produire des
AT i1 PT Oi O 1T OCAT ENOAOG O1T1 AGEI O j6/#Qq NOE EITEEA.
Oi 001 OAOO AA AAO AAO@ AAOdrEdnaton iA OioAdver FAO A
graminearumFgl, unsousAT OAT AT A ABEOT 1 AOO A i O0i OAOGOT Al
protéger le blé contre la pourriture du collet causée paF. graminearumFgl. De plus, des
groupes de genes biosynthétiques putatifs (BGCs) ont été identifiés dans leurs génomes a
168AEAA AA 1861 OOEI AT OE3-13( AO 1106 0O ATTT1 O

Pour atteindre le troisieme objectif, les rhizosphéres de plants de blé neanoculés
cultives dans des sols résistants et sensibles ont été utéis. L'ADN rhizosphérique a été
extrait et une analyse de métabarcodes a été realisée, ciblant le gepeD, dans le but de
comparer la diversité et la composition des communautés deéseudomonas fluorescemans
des sols Esistants et sensibles. En parallele, des rhizosphéres de blé inoculées et non
inoculées par F. graminearumFgl, cultivées dans des sols résistants et sensibles ont été



utilisées pour isoler desPseudomonasCes isolats ont été caractérisés sur la base du gene
rpoD, ou du génears, lorsque l'amplification du gene rpoD a échoué. Parmi de®seudomonas
isolées, 29 ont été dectionnées en fonctions de leurs espéces et répartition dans toutes les
conditions testées (combinaison de quatre sols différents avec et sans inoculation &e
graminearum Fgl). Les génomes des 2®seudomonasont été séquencés a l'aide de la
technique lllumina NovaSeq. Aprés le séquencage et l'assemblage du génome entier, les
génomes dePseudomona®nt été annotés et les génes connus pour étre impliqués dans le
contrdle biologique et la promotion de la croissance des plantes ont été prédits. Ces bactéries
choisies ont également été caractérisées fonctionnellement en effectuant des testsvitro
comprenant la production de HCN, d'enzymes lytiques, d'ACC désaminase, de phytohormones,
de sidérophores et la solubilisation du phosphate. Ills ont également été évalués pour leur
capacité a inhiber la germination des conidied=. graminearum Fgl, ainsi que pour leur
capacité a produire des VOC qui inhibent la croissance mycélienne EegraminearumFgl. A
partir de cette phase de recherche, un sowsnsemble d'isolats a été testé en serre pour
évaluer leur capacité a protéger le blé contre la pourriture du collet causée pdF.
graminearum Fgl. Enfin, des groupes des BGCs trouvés dans les 29 génomeBsa@eidomonas
ont été identifiés a I'aide de I'antiSMASH et annotés manuellement. Tous les résultats obtenus
ont été analysés avec des méthodes statistiques standards, en utilisant des tests d'analyse de
variance et de comparaison de moyennes

Résultats

Au cours de cette recherche, 10 sols fongistatiques ont été découverts en Serbie, dont sept
avaient déja recu du fumier, et leur répartition était limitée aux régions occidentales et
centrales du pays. Aux endroits proches de Mionica (sols MI2, MI3, MI4 et MI5), le fumier a été
identifi€ comme un facteur important favorisant la fongistase. Les sols MI2 et MI3 qui avaient
recu du fumier était fongistatique, tandis que IAes, sols Mi4 et MI5 qui n'étaient pas fumés
i AEATOET 1T T1T1TiO0 POT O AA | A¢AE8 #ADPAT AAT Oh 1 o AE
Novi Karlovci et Valjevo n'a pas été associé a une fongistase. Les quatre sols de Mionica ont
été choisis pou un test de résistancen planta, révélant que les sols MI2, MI3 et MI5 étaient
résistants, tandis que le sol MI4 n'était pasésistant. Les données des tests de fongistase et de
résistance ont permis de définir les trois catégories de sols(i) les sols MI2 et MI3 étaient
fongistatiques et @sistants, (ii) le sol MI4 était nonfongistatique et nonrésistants, tandis que
(i) le sol MI5 était non-fongistatique mais sistant. L'analyse des données de
métabarcodage de ces trois catégories de sols a ind@&uue les communautés microbiennes
de ces sols étaient influencées par leurs origines respectives sur le terrain, alors que seuls
guelques taxons étaient spécifiques au sol.

L'isolement de 244 bactéries provenant de sols fongistatiques et neongistatiques et
un test de confrontationin vitro avecF. graminearumFgl ont conduit a l'identification de 23
isolats présentant une activité potentielle de biocontrbéle contre ce champignon pathogene.
Parmi ces 23 isolats, 10 provenaient de sols fongistatiques et 88 sols norfongistatiques. Le
séquengcage du génome entier a révelé que, dans les sols fongistatiques, trois souches
appartenaient au genre Pseudomonasune au genreKosakonig quatre souches au genre
Bacillus et deux au genre Priestiaa. Dans les sols noifiongistatiques, sept souches
appartenaient au genrePseudomonasdeux souches au genrBurkholderia, deux souches au
genre Bacillus, une au genreBrevibacilluset une au genreChryseobacteriumlLe séquencage du
génome entier a également révélé huit nouveds especes géenomiques. L'annotation du
génome, ainsi que les tests fonctionnels, ont révélé que les isolats provenant de sols
fongistatiques et nonfongistatiques possédaient des genes et des fonctions impliqués dans le
contrble biologiqgue ou la promotion de la croissance des plantes. La distribution de ces



caractéres phytobénéfiques était en grande partie spécifique aux taxons. Il a également été
observé que seuls les VOC produits par des souches provenant de sols non fongistatiques
inhibaient la croissan@ mycélienne deF. graminearumFg1l, tandis que les exsudats d'isolats
provenant de sols fongistatiques et no#fongistatiques avaient la capacité d'inhiber la
germination des conidies fongiques. Enfin, sept souches sélectionnées sur la base des résultats
d'un essai de confrontation, de leur capacité a inhiber la croissance mycélienne fongique par
la production de VOC ou de la capacité des exsudats bactériens a inhiber la germination des
conidies fongiques, ont été utilisées dans un essai de phytoprotectioesl plantes en serre, et
des BGCs trouvés dans leurs génomes ont été annotés manuellement. Les résultats ont
indiqgué qu'une seule souche,PseudomonasGS5 IT-194MI4 (provenant d'un sol non
fongistatique), a amélioré la germination du blé et a assuré une protection contre la
Ppi OOOEOOOA AO AT 11 AOG8 #APAT AAT Oh AAI A 0O8A0O0
taux de chlorophylle. Les sept souches présentaient des BGC codant pour des sidérophores et
des antibiotiques.

Dans la phase suivante, I'analgsdes métabarcodes des sols prés de Mionica, ciblant le
géene rpoD du groupe P. fluorescensa indiqué que la sousommunauté de Pseudomonas
différait entre les différents sols. Au total, 406Pseudomonagputatifs obtenus dans les huit
conditions (quatre sols ayant ou non été inoculés ave€. graminearum Fgl) ont été
caractérisés sur la base du gengoD (ou rrs). La caractérisation du genepoD a réussi avec
185 isolats, donnant 65 séquencegoD différentes. Au total, 29Pseudomonagrovenant des
quatre soks et conditions MI (inoculés ou non ave€&. graminearumFgl) ont été soumis au
séquencage du génome entier, confirmant ainsi leur affiliation au genr@seudomonaset
révélant 16 nouvelles especes génomiques. Deux de ces nouvelles génomoespeces (chacune
avec deux souches provenant de sols différents) ont été formellement décrites et les nofs
serbica et P. serboccidentalisont été proposés pour elles. L'annotation du génome et la
caractérisation fonctionnelle des 29Pseudomonasnt révelé que leurs génes tefonctions
phytobénéfiques sont répartis uniformément entre les souches, quelles que soient les
conditions expérimentales (champ d'origine, inoculation aved-. graminearumFgl, statut
résistants et application antérieure de fumier). Les souches deseudomonasles quatre sols
MI avaient la capacité d'inhiber le développement des mycéliums Fgl de graminearum
grace a la production de VOC, tandis que seules les souches du sol MI5 {fleogistatiques et
résistants) avaient la capacité d'inhiber la germinatia des conidies fongiques. Aucun des
isolats dePseudomonagse conféere au blé une protection contré-. graminearumFgl. Des BGC
trouvés dans les génomes de ces 2Bseudomonasa révélé une répartition uniforme des
groupes de génes biosynthétiques potentiellement impliqués dans le biocontréle.

Conclusions

Premiérement, des solsdngistatiques et résistants auxnaladies causées par F. graminearum
Fgl ont été identifiés pour la premiére fois en Serbie, et le fumier s'est révélé étre un facteur
important favorisant la fongistase dans les champs proches de Mionica, mais pas ailleurs.
Deuxiemement, il a également été démontré que les sols fongistatiques pouvaient étre
résistants, et que les sols résistants et sensibles partageaient les principaux phylums
procaryotes et fongiques, ainsi que la majorité des taxons les plus abondants, mais que
plusieurs taxons étaient spécifiques a chaque type de sol. Troisiemement, il a été démontré
gue les sols fongistatiques et notfiongistatiques peuvent étre une source de bactéreayant
des propriétés antagonistes contre=. graminearum et que le séquencage du génome entier
est une approche utile pour mieux comprendre le potentiel de biocontrole et le statut
taxonomique des souches antagonistes. Quatriemement, deux nouvelles espéeces de
Pseudomonasnt été décrites, a savoiP. serbicaet P. serboccidentalisEn outre, il a également
été démontré que les espéces dBseudomonagrésentes dans des sols résistants et nen



résistants pourraient présenter des fonctions de biocontrdle sindaires. Pour conclure les
données obtenues au cours de cette recherche peuvent servir de base a des recherches plus
approfondies sur les sols résistants aux maladies . graminearumet a des études sur le
microbiome de la rhizosphere, conduisant a une collection de souches bactériennes
soigneusement caractérisées avec un potentiel applicatif important.
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PGPRPseudomonasrhizosphere, sols ésistants
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1. INTRODUCTION

In 1987, the World Commission on Environment and Development's report defined sustainable
development as "development that meets the needs of the present without compromising the
ability of future generations to meet their own needs"(Report of the World Commission on
Environment and Development: Our Common Future, 1987However, agricultural production
has been facing significant challenges in recent decades. The use of agrochemicals, which is part
of existing agricultural practices, pose a serious threat to the environment and results in soil
pollution. Additionally, rapid urbanization and industrialization have led to a substantial
decrease ofagricultural areas. The excessive use of agrochemicals also contributes to climate
change, specifically the greenhouse effect, through the emission of harmful gases and the
deposition of toxic components into the soil. These issues emphasize the need to adopt
alternative approaches in agriculture to ensure environmental sustainability and food secity.
Furthermore, these approaches aim to protect crops from phytopathogens and increase crop
yields within the limited agricultural areas available. Therefore, research focused on the
rhizospheres of plants, which serve as ecological niches for numerous beneficial microorganisms,
may offer valuable insights into mitigating the consequences of intensive agriculture.

The rhizosphere, a narrow zone of soil surrounding plant roots, serves as a habitat for a
diverse range of phytopathogens and beneficial micarganisms. These microorganisms interact
and are directly influenced by the plant roots' exudates. Conventional agricultural practices
struggle to effectively control soitborne phytopathogens, often focusing solely on the plant
pathogen relationship and disregarding the complex interactions and the involvement of a
diverse soil microbiome that can significantly impact infection outcomes?lant Growth Promoting
Rhizobacteria(PGPR), which are beneficial soil microorganisms, have shown success in inhibiting
phytopathogens and protecting plants from infections. The role of plarprotecting soil
microbiota in promoting plant health is particularly interesting in diseasesuppressive soils. In
these soils, phytopathogens, host plants, and favorable environmental conditions coexist without
disease occurrence. Suppressive soils act as reservoirs of beneficial microorganisms that can
provide effective plant protection against various soHborne phytopathogens through several
mechanisms. These microorganisms can (1)rpduce metabolites that are antagonistic to plant
pathogens, (2) compete with pathogens for resources and space, (3) directly combat plant
pathogens via hyperparasitism, and/or (4) induce plant resistance by stimulating the plant's
defense mechanisms.

The biocontrol potential of suppressive soils is particularly significant when considering
phytopathogens like mycotoxicogenicFusarium graminearum which is increasingly damaging
crops in the context of ongoing climate change. While suppressive soils spedifig targeting F.
graminearum have not been documented thus far, suppressive soils against diseases caused by
other Fusarium species in various crops have been identified. It has been shown that
representatives of several bacterial groups perform functions that contribute to the suppression
of Fusariumcaused diseased-or example, species belonging to the geneBacillus Brevibacillug
Burkholderia, Chryseobacterium and Kosakoniaare well-known for their role in suppressing
diseases caused byrusariumthrough diverse biocontrol mechanisms. Moreover, some of these
bacteria may exhibitPlant Growth Promoting(PGP) properties. They can enhance plant mineral
nutrition by promoting processes such as phosphorus solubilization and nitrogen fixation.
Additionally, they can modify phytohormonal balance by directly producing different
phytohormones, such as auxins, or indirectly, as witthe enzyme Zaminocyclopropane1-
carboxylate (ACC) deaminase, which degrades ACC, a precursor of the plant hormone ethylene.
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Theseactivities ultimately facilitate plant growth. In addition to the aforementioned genera, it is
well-known that fluorescent Pseudomonasspecies play a crucial role in the rhizosphere and
suppressive soils. These bacteria exhibit a wide range of phytobeneficial functions that can
contribute to inactivating or inhibiting the growth of Fusarium or promoting plant growth.
Agricultural practices have been shown to have a significant impact on soil suppressiveness to
Fusariumdiseases by influencing the ecologyfeoil microbiota. Diseasesuppressive soils serve
as valuable models for understanding microbiotebased phytoprotection and developing
sustainable plant protection strategies for soils lacking this property. Despite decades of study,
soils suppressive to Fusarium diseases are still not well understood in terms of microbiota
functioning, and knowledge in this area remains fragmented. Previous research, primarily based
on culture-based methods, aimed to identify the key taxa involved in disease suppressidiut
many questions remain unanswered. However, advancements in negéneration sequencing and
ecological network research are providing new tools to characterize suppressive soils. This opens
up possibilities for using both culturedependent and cultureindependent methods to better
understand the functioning of microbiota in soils suppressive td-usariumdiseases. By studying
microbial modes of action and diversity in suppressive soils, research can contribute to the
development of effective farming practtes for managingFusarium diseases in sustainable
agriculture.



2. BIBLIOGRAPHICAL SYNTHESIS
2.1. Soil suppressiveness

2.1.1. Definition, types and significance of soil suppressiveness

Soil is a dynamic ecosystem, a complex mixture of inorganic and organic matter, inhabited by a
large number of diferent microorganisms, plantsAT A AT EI A1 O j 4AHE¢ AT A
Chandrashekaraet al., 2012). It is widelyacceptedthat soil has a vital role in crop productivity

and health, as it represents fertile ground for microbiatooperation and a battlefield for dynamic
interactions between soildwelling microorganisms and plants, and as such, soil is the foundation

of sustainable agriculture (Raaijmakers et al., 2009). During their lifecycle, crop plants are
exposed to a wide range of sciborne phytopathogens, particularly oomycetes and fungi, which

are difficult to control. However, certain soil microorganisms may successfully inhibit these
phytopathogens, thus disturbing their development and consequently reducing thsubsequent

plant infection, all of which leads to defining soils tat are suppressive to disease(Weller et al.,

2002). Soils that are suppressive to soiborne diseases have been known for more thanO7years
(Vasudeva and Roy, 1950and they were originally defined byBaker and Cook (1974A 0 OOT E1 O
which the pathogen does not establish or persist, establishes but causes little or no damage, or
establishes and causes disease for a while but thereafter the disease is less important, although
thepatE T CAT | AU PAOOEOO ET OEA OI EIl 8esul)dithe@EkOA OI
of phytobeneficial microorganisms (Schlatter et al., 2017)that interact with phytopathogens,

thus affecting their survival, development or infection of the plant (Weller et al., 2002;
Raaijmakers et al., 2009).Abiotic factors, such as soil physicochemical properties.e., clay
content, cation exchange capacity and soil nutrient statugNH4*, NQZ, sodium, calcium,
manganese and iron contents in the soiljnay contribute to the control of a given pathogen

(Kurek and Jaroszukj AEOA ¢mmmonN , ACOAT A AO AThssk abiptic facidis - AT ¢
influence suppressiveness through impacting the soil microbiotaand for example, it was shown

that sterilization of soils with high vermiculite contents did not provide suppression of
Thielaviopsisbasicolablack root rot disease in tobaccqStutz et al., 1986; Ramette et al., 2006)
Therefore, suppressiveness is essentially a phenomenon mediated by beneficial soll
microorganisms, since sterilization processes convert suppressive intaon-suppressive soils
(i.e.,conducive soils)(Garbeva et al., 2004; Jayaraman et al., 202I) suppressivesoils, disease
suppression occurs despite the presence of the host plant, phytopathogen and environmental
conditions conwenient for disease development(Schlatter et al.,, 2017) Suppressive and
conducive soils may be located at small geographic distancesanandscape, and differences in

plant disease incidence between neighbouring fields that share similar climatic conditions and
agronomic practices are attributed by the differences in the resident microbiota in these soils
(Almario et al.,, 2014) Methodology for identification of suppressive soils includes the
introduction of a given pathogen into various soils and obsemig the severity of disease
OuipOT 1T O 11T OOOAADPOEATI A EI OO bpI AT 668 ' O OEA 0O/
differs between the soils, thus showing the various levels of soil suppressiveness to the pathogen
introduced (Alabouvette et al., 1982). The phenomenon of disease suppressiveness has been
described for many soitborne fungal pathogens, includingGaeumannomyces graminigr. tritici

(Shipton, 1973), T. basicola (Stutz et al., 1986),Rhizoctonia solani(Mendes et al., 2011) and
Fusarium (Vasudeva and Roy, 1950; Smith and Snyder, 1971; Rouxel and Sedra, 1989;
Rasmussen et al., 2002; Ossowicki et al., 2020).



Two types of soil suppressiveness have been described: general and specific,ticy to
non-suppressive soilswhere disease regularly develops (Schlatter et al., 2017). General disease
suppression takes place in the bulk soiand it refers to the activity of the entire soi microbiota
that restricts growth or survival of multiple pathogens, thus limiting the subsequent plant
infection and disease, and it cannot be transferred experimentally between the soils (Weller et
al., 2002). Hence, all soils may present some level of general suppressiveness to-tsmihe
diseases, and this level depends ahe soil type, agricultural practices and total microbial activity
(Janvier et al., 2007; Raaijmakers et al., 2009). In the case when fungal propagules in soil are
affected by the entire soil microbiota, the phenomenon is referred to as fungistasis. Contrarily,
specific disease suppression refersot the suppression & pathogencaused diseaseijt usually
takes place in the rhizosphere, and it is related to the activity of one or several specific microbial
populations (Weller et al.,, 2007; Almario et al.,, 2014; Mousa and Raizada, 201&pecific
suppressiveness may be conferred to conducive soils by inoculating them with 0.1940% of
suppressive soil (Garbeva et al., 2004; Raaijmakers et al., 2009pecific suppressiveness is
sometimes an intrinsic property of the soil and persists over years, desjgtvarying ecological
conditions. This natural/long-term suppressiveness is well documented for several
pathosystems, for instance inthe case of soils suppressive to tobacco black root rot disease
caused byT. basicola(Stutz et al., 1986)and in the case oboils suppressive toFusariumdiseases
(Sneh et al.,, 1984; Alabouvette, 1986)Besides natural suppressiveness, pgecific disease
suppressivenessmay be induced bymonoculture farming practices leading to the builtup of a
plant-protecting microbiota. This takes place following crop monoculture, typically after early
disease outbreak,n the presence of the pathogen, and is documented in the casepathogenG.
graminis var. tritici (Weller et al., 2002)and Fusarium(Cha et al., 2016; Shen et al., 2028o0th
general and specific sil suppressivenesscanalso be induced by microbial bofertilizer inoculants
which alter the composition of indigenous microbiota (Xiong et al., 2017; Tao et al., 202Recent
advances in technologyj.e., next-generation seqiencing and ecological networkshave largely
contributed to the discovery of many new taxa and to the understanding of microbial
communities in soils suppressive and conducive to soitborne diseases. Consequently,
comparison of suppressive vs. conducive soilfias evidenced differences in the occurrence or
prevalence of multiple taxa, with species from the phylaPseudomonadota (formerly
Proteobateria), Actinomycetota (formerly Actinobacteria) and Bacillota (formerly Firmicutes)
being frequent in suppressivesoils (Kyselkova et al., 2009; Cha et al., 2016; Latz et al., 2016)

It has beenshown that agronomic practicesthat increase microbial diversity and/or
activity, may enhance suppressiveness (Schlatter et al., 2017), while the use of pesticides in
agricultural production reduces the soil's ability to control diseases (Zhang et al., 202Besides
few caseswhen monoculture induced suppressivenessagricultural management based orcrop
rotation with the non-host plants may result in reduced survival of soHborne pathogen
propagules and positively affect suppressiveness,moreover as the crop diversity may also
promote diverse beneficial microbiota (Winter et al., 2014; Schlatter et al., 2017Practice of cop
rotation is suitable for pathogens that require alive host for their survival or for those with low
capability of saprophytic survival, but it is not suitable in the case of pathogens that have survival
forms or those that have a vast range of hosts (Janvier et al., 200@fyganic amendments like
animal manure, crop residuesand different composts are often used to improve soil health by
delivering nutrients to the soil and also by stimulating beneficial microbiota (Mousa and Raizada,
2016). However, there is evidence that by increasing organic matter content, a pathogen survival
could also be promoted,although this is rare (Termorshuizen et al., 2006).Use of organic
fertilizers supplemented with beneficial microorganisms may alseenhancesuppressiveness, by
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altering indigenous soil microbiota (Montalba et al., 2010; Cretoiu et al., 2013Besides arecent
tendency is to reduce overcultivation and to applyconservationaltillage practices that are more
strategic and less excessivéJnder conservational tillage, crog debris are left on the soil surface,
possibly increasingthe microbial biomass and activity, leading to antagonismand competition
with soil-borne phytopathogens(Janvier et al., 2007) However, many soHborne phytopathogens
are able to overwinter in the crop residues which may present a servoir of pathogen inoculum
over a long time, often surpassing the period when therare no plants in the agrosystemBockus
and Shroyer, 1998) so under such conditions, it is necessary to ensure favorable conditions for
humification processes(Leplat et al., 2013) On the other hand, under conventional tillage, when
crops debrisare buried in the soil, the pathogen inoculum is displaced from its niche, leading to
reduced survival (Janvier et al., 2007)Taken together, the effecs of tillage practices onpathogen
suppression are contrasting and highly dependent on interactions between environment, crop
and the pathogen (Paulitz et al., 2010).

Efficient management of plant diseases is substantial in an attempt to avoid crop losses
(Babadoost, 2018) The prevalence of so#borne pathogens in cereal crops is difficult to control
due to their persistence in soil and inefficiency of available control method@e Coninck et al.,
2015), therefore biological control becomes a very promising alternative for diseasprevention.
Suppressive soils represent a reservoir of promising biocontrol agents which could provide an
effective plant protection against various soidborne phytopathogens (Gémez Expoésito et al.,
2017). Research on suppressive soilstogether with the data about the agronomic practices
applied, provide useful information on how to maintain or achieve greater level of
suppressiveness in already suppressive soils, or how to establish suppressive character of soils at
other sites. Insight into dynamics ofsuppressive soils, together with the understanding of
microbial modes of action is needed in order to develop safe, effective, and stable tools for
disease managemenfGomez Expdsito et al., 2017)

2.1.2. The role of rhizosphere bacteria in soil suppressivenes s

Soil represents the richest known resevoir of microbial biodiversity (Curtis et al., 2002; Wang et
al., 2016) and displag two compartments,i.e.,the bulk soil containing microorganisms that are
not affected by the rootsand the rhizosphere where sol microorganisms are under the influence
of roots (and rootsd rhizodeposits). Besides, the root compartments are also inhabited by
microorganisms, i.e., rhizoplane with adhering microorganisms, and the endosphere for root
tissues colonized byendophytes(SanchezCafiizares et al., 2017]Figure 1). The rhizosphere and
rhizoplane harbor an abundant community of bacteria, archaea, oomycetes and fungihe
collective genome of this microbial community is larger than that of the plant itself, and is often
referAA OT AO OEA DPI AT 060 OAATTA CATTIA j"AOAT AOA
and its associated microorganisms represents a holobiont, which has interdependent, fitwned
and complex functioning (Berendsen et al., 2012; Vandenkoornhuyse et al., 2015; Sanehez
Caiiizares et al., 2017)Bacteria are the most numerous inhabitants of the rhizosphere, so 1g of
rhizosphere soil contains approximately 1871012 bacterial cells (Kennedyand De Luna, 2005)
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Figure 1. Scleme ofmicrobe-inhabited soil and root compartments, adapted fromHassan et
al. (2019).

The "rhizosphere effect”, which was first described by Hiltner in 1904Hiltner, 1904),
explains that plant exudates attract numerous soil microorganisms, so that their number and
activity is increased in the rhizosphereln this system, a plant is a key player, as nearly 40% of all
the photosynthates are released directly by roots into the rhizosphere, serving as a fuel for
microbial communities, thus recruiting and shaping this microbiome (Berendsen et al., 2012;
Tkacz and Poole, 2015). These photosynthates are conditioned by the plant genotype,
developmental stage, metabolism, immune system and its ability to exuda(8anchezCafizares
et al., 2017). Besides carbon compoundsyhich represent a rich source of nutrients for this
microbial community, plant roots secrete attractants, recognized by microorganisms, after which
they start root colonization. Plant root colonization is a key moment in the initiation of{(i)
positive interactions, such as communication between plant roots and phytobeneficial
microorganisms, (ii) negative interactions, such as rootnfection by phytopathogens and (iii)
neutral interactions, which have no effect on either participant(Bais et al., 2006) As both
phytopathogens and phytobeneficial microorganisms ctabit in the rhizosphere, their
interactions largely affectcrop productivity and health (Jayaraman et al., 2021).

Positive interactions include those with mycorrhizal fungi, rhizobia, a well as root
colonization by phytobeneficial bacteria with biocontrol and/or PGPproperties (Vacheron et al.,
2013). These bacteria exert numerous beneficial effects on the plant through direct and indirect
mechanisms, which enable protection from biotic and abiotic stressors, as well as better seed
germination, and root and shoot growth(Glick, 2012). Direct mechanisms employed by beneficial
rhizobacteria involve reducing the harmful effects of phytopathogens by affecting its
growth/survival. These mechaisms include: (i) antagonism based on the production of different
metabolites, (i) competition with the pathogens for space and nutrients, and (iii)
hyperparasitism (Nguvo and Gao, 2019; Morimura et al., 2020n addition to these mechanisms
that affect the pathogen directly, indirect mechanisms, which are mediated by the plard|so
come into play. These includeénduction of plant resistance as well as mechanisms that increase
plant fithess, making it less susceptible to pathogen attack, such as (i)cieasing the
solubilization of phosphates and nitrogen fixation, (i) production of siderophores that enable
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better absorption of iron, (iii) production of ACC deaminase, thus lowering ethylene levels in
plants, as well as (iv) production of phytohormones (Figure 2). Through these indirect
mechanisms, beneficial bacteria assist in providing plants with essa&al nutrients such as
phosphorus, nitrogen and iron, and alter levels of phytohormones in plants, thereby mitigating
the detrimental effects of envirormental stressors(Glick, 2012).
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Figure 2. Schematic representation of PGPR plant growth promoting and biocontrol
mechanisms

On the other hand, egative interactions include infection of plant roots with pathogenic
bacteria or fungi.Before infecting the host plant tissues, pathogens may grow in the rhizosphere
or on the host as saprophytes, managing to escape the rhizosphere battlefield (Raaijmakers et al.,
2009). The outcome is directly influenced bythe host plant and microbial defense mechanisrs,
at the level of the holobiont (Berendsen et al., 2012; Vandenkoornhuyse et al., 2015), so upon the
pathogen attack, both composition and quantity of root metabolites may change (Rolfe et al.,
2019), which can be useful for direct defense against the pathogens (Rizaludin et al., 2021), for
signaling the impending threat to the neighboring plants (Pélissier et al., 2021), or for recruiting
beneficial microorganisms with biocontrol capabilities. The latter pheomenon is referred to as
OEAO® A O EAI b8 OOO0A O Bgsdleciingits thiddsphekeemicroBidbne, Alangsh ¢ T ¢
contribute to the formation of suppressive soils, where diseases caused by pathogens may be
controlled (Tkacz et al., 2015)However, if the pathogen manages to escape from the rhizosphere

battlefield, the infection cycle can begin.
2.2. Significance of pathogenic Fusarium and soils suppressive to Fusarium diseases

Fusariumspecies occur in soils, but they can also grow in and on living and dead plafitaraba
et al., 2021)and animals(Xia et al., 2019) with the ability to live as pathogensor saprophytes
(Smith, 2007; Summerell, 2019) Sometimes,even within the same speciegas in the case of.
oxysporum), there can be both pathogenic and nepathogenic strains, distinguished by the
presence of pathogenicityrelated genes, found on mobile chromosomegTaylor et al., 2016)
Fusarium plant-pathogenic species, which are among the most destructive phytopathogens
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worldwide, are causing diseases on many agultural crops (Burgessand Bryden, 2012). This
genus exhibits high level of variability in terms of morphological, physiological and ecological
properties, which represents a difficulty in establishing a consistent taxonomy oFusarium
species (Burgess et al., 1996). An additional difficulty for classification is the existence of both
asexual (anamorph) and sexual (teleomorph) phases in their life cycle (Summerell, 2019).
However, based on the most widely used classification, the anamorph state of thenges Fusarium

is classified in the familyNectriaceag order Hypocrealesand division Ascomycota(Crous et al.,
2021), and most ofthe teleomorphs are in the genusGibberellg including the economically
important pathogens, such asG. zeag(anamorph F. graminearun) (Keszthelyi et al., 2007).
However, for the sake of taxonomy simplificationthe dual anamorphteleomorph nomenclature
for fungi has been abolished, and the nameusariumhas been retained for these fungi (Geiser et
al., 2013).Diseases caused bifusariumspecies include blights, wilts and rots of various crops in
natural environments and in agroecosystemgNelson et al., 1994; Ma et al., 2013Fusariumare
ubiquitous in parts of the world where cereals and other crops are grown and they produce a
wide variety of mycotoxins, which may be present in feed and food produc{®8abadoost, 2018;
Moretti et al., 2018; Chen et al., 2019)Consumption of products that are contaminated with
mycotoxins may cause acute or chronic effects in both animals and hans, and could result in
immune-suppressive or carcinogenic effectgJard et al., 2011) There are several mycotoxins
produced by Fusariumspecies, such as the trichothecenes deoxynivalenol (DON) and nivalenol
and by inducing necrosis and wilting in plantsFusariumfungi are causingsubstantial economic
losses of cereal crops throughout the worldKhan et al., 2017)Their broad distribution has been
attributed to their ability to develop on different substrates and plant species, and to produce
spores that enable efficient propagation(Desjardins, 2006; Arie, 2019) They are typical soH
borne microorganisms, routinely found in plantassociated fungal communitiefReyes Gaige et
al., 2020).Efficient management of plant diseases caused Bysariumis important to limit crop
losses and to reduce mycotoxin production in alimentary product¢Babadoost, 2018) Because
mycotoxin synthesis can occur not only after harvesting bualso before, one of the best ways to
reduce its presence in food and feed products is to prevent its formation in the crdgard et al.,
2011). Over the years, different methods, such as the use of resistant cultivars and chemical
fungicides, have been undertaken in order to control or prevent crop diseasé€¥Villocquet et al.,
2021). In spite of that,Fusarium continues to causeenormous crop losses, up to 70% in South
America, 54% in the United States and 50% in Europe in the case of Fusarium head blidtiB)
disease of whea(Scott et al., 2021)

2.2.1. Main control methods available

Fungicides are common agrochemicals used in greenhouse cultivation to protect plants from
phytopathogenic infections. However, these chemicals exhibit a low level of specificity, they may
have a detrimental effect on the beneficial microbiota, which could all result in adverse effects on
soil ecosystems(Mousa and Raizada, 2016) The demethylation inhibitor class of fungicides,
consisting of triazoles and imidazoles, is e of the most widely used group of fungicides to
suppressFusariumgrowth. Prothioconazole, a 1,24riazole fungicide, applied before wheat head
emergence, can reduce FHB by up to 97% and DON production by 88Fewards and Godley,
2010). In contrast, Li and Liu (2022) found that prothioconazole enantiomers increased DON
production. However, longterm use of fungicides leads to residual contamination of soils and
potentially harmful effects on end users, both animals and humangZhang et al., 2020)
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Carberdazim and other benzimidazole fungicides used to be very effective agairtst fujikuroi, F.
proliferatum, and F. verticillioides (formerly F. moniliformg, but over time, fungicideresistant
subpopulations of this pathogen have emerged, thus leading to control failurg€hen et al.,
2014).

In the case of FHB in wheat, caused Iy graminearum a few resistant cultivas have been
described, with dfferent types of resistancetaking place(i) during the initial infection, (ii) during
the pathogen disseminaton within the spike, (iii) during the mycotoxin production, (iv) during
kernel infection, as well as(v) resistancethat is preventing the yield loss(Chen et al., 2019; Wu et
al., 2022) These different types of resistance to FHB are quantifiable, and they are controlled by
various quantitative trait loci (QTLS) i.e., more than 550 QTLs located throughout the whole
wheat genome(Venske et al., 2019; Fabre et al., 2020or example, the resistance of the Chinese
wheat cultivar Sumai3 is controlled by the Fhbl QTL on chromosome 3BS, which is the most
stable and efficient resistance locus, allowing a relatively high level of resistance kusarium
spread within the spike (Chen et al., 2019) Although a large number of QTLs have been
documented, only few of them have been successfully used to develop resistant varieffggnske
et al., 2019) Besides resistance traits, certain plant varieties possess susceptibility factors, coded
by susceptibility (S) genes, that promote pathogen proliferation and disease ddegpment (Vogel
et al.,, 2002; Chetouhi et al., 2015; Fabre et al., 20200 the susceptible wheat cultivarRécital,
grain infection by F. graminearumdoes not significantly affect grain development, but affects
primary metabolism by altering starch biosynthesis and storage proteingChetouhi et al., 2015)
Although less studied compared to resistant traits, susceptibility factors may bemportant in
determining the outcome of pathogen attack, opening up the possibility of developing FHB
control strategies based on loss of susceptibility genegFabre et al., 2020) Besides these,
alterations of DNA methylation may be involved in plant defense responses agairfstisarium as
it has beenshown that the removal of cytosine DNA methylation in durum wheat led to an
increased resistance to FHB, compared to susceptible, parental lingkis finding may facilitate
the development of new, FHBesistant plant varieties (Kumar et al., 2020)

Transgenic tools have also been proposed to contrBlusariumdiseases, in particlar host-
induced gene silencing (HIGS). This approach is based on engineering plants to produce
interfering RNAs, that are mobile and able to enter fungal cells. Once inside, they trigger the
degradation of transcripts of essential genes, such as chitin synthetase ab®Nencoding Tri5
genes. Thus, HIGS has the potential to reduEesarium-caused diseases under field conditions
and to minimize mycotoxin contamination of cropgCheng et al., 2015)Besides transgenic tools,
different methods based on genomeediting have been developed. For example, has been
shown that editing the spring wheat genome using th&€RISPRnachinery may reduce expression
of certain genes, for exampleTaNFXL1gene, which is involved in plant resistancetherefore
contributing to disease resistance in wheat plant¢Brauer et al., 2020) In the following years, it
is expected that methods involving genetic engineering (including gene editingyill thrive in
efforts to develop resistant varieties with ideal genetic architecture.

Although the best way of coping with mycotoxins would be to prevent their formation in
crops, another possibility is to develop posharvest processes to detoxify alreachcontaminated
feed and food products. The most promising strategies include (i) adsorption, which involves the
use of adsorbents that bind mycotoxins in the gastrointestinal system and reduce their
absorption and toxicity, (ii) microbial degradation, which involves the removal of the mycotoxins,
and (iii) microbial transformation of mycotoxins into less toxic compounds(Awad et al., 2010;
Vanhoutte et al., 2016).Hsu et al. (2018)suggested thatBacillus licheniformisCK1 could be
formulated as a feed additive, due to its ability to adsorb ZEA, and form a ZEK1 complex,
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has been shown to degrade ZEA using a zearalenone lactonohydrolfiSesawang et al., 2014)A
soil bacterium of the AgrobacteriumRhizobiumgenus complex converts DON to the less toxic 3
keto DON(Shima et al., 1997)Burkholderia ambifaria has the ability to degrade fusaric acid, by
using it as the sole source of carbon and nitrogefSimonetti et al., 2018) However, the
applicability of this strategy is not clear in the case of multiple mycotoxin contamination of food
and feed, and not all transformations lead to less toxic or netoxic products (Vanhoutte et al.,
2016).

Taken together, the shortcomings of all the control methods adopted so famandate the
need to search for alternativestrategies which could provide reliable protection againsFusarium
diseasesz such strategiesmay have foundation in suppressive soils.

2.2.2.Occurrence of soils suppressive to Fusarium diseases

The phenomenon of disease suppressivenessdscumented worldwide, and well established in

the case of severaFusariumpathogenic specieqsuch asF. culmorum F. oxysporumF. udum as

well as F. graminearum in a soil fungistasis context that cause diseases(often wilt, but not
exclusively) of various plants (both monocots and dicot3 (Table 1). In the Republic of Serbia,

however, suppressive soils have not been detected so fareven though plantbeneficial
microorganisms havebeen extensively studiedj * T @EACEG] OE¢ AO Al 8h ¢mponh
*1 OBABOI OE¢c AO Ai8h ¢m¢pn +AOAGEE AO Al 8h c¢mgcl
Table 1. List of locations with soils suppressive toFusarium diseases known to date, with ¢
pathosystem, disease and the underlying suppression mechanism

Pathogen Disease Country Suppression mechanism References
F. culmorum Seedling blight of Denmark Soil microbiota that hasa  Rasmussen et al.
barley more efficient cellulolytic 2002
activity
F. culmorum F. culmorumdisease in Netherlands and No specific taxa, but a guild Ossowicki et al.,
wheat Germany of bacteria working 2020
together
F. graminearum No disease supression Britanny, France Pseudomonaand Bacillus Legrand et al.,
tested, only fungistasis 2019
F. oxysporunf.  Bayoud vascular wilt  Marocco Competition with soil Rouxel and
sp.albedinis of palm tree microbiota Sedra, 1989
F. oxysporunf.  Fusarium wilt of melon Chéateaurenard, France Competition with soil Louvet et al.,
sp.melonis microbiota including non- 1976;
pathogenicFusarium Alabouvette et
al., 1985
F. oxysporuni.  Fusarium wilt of Korea Streptomyceswilt- Chaetal., 2016
sp.fragariae strawberry suppressive soil that was
developed through
monoculture
F. oxysporumi.  Vascular wilting Albenga, Italy Competition with other Garibaldi et al.,
sp.dianthi disease of carnations Fusariumstrains 1983
F. oxysporumi.  Fusarium wilt on California, USA No data Smith and
sp.batatas sweet potato Snyder, 1971
F. oxysporuni.  Bananawilt disease Ayodhya district, India  Bacillus licheniformis Yadav et al., 2021
sp.cubense producing antifungal
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F. oxysporund.

sp.cubense

F. oxysporunt.

sp.cubense

F. oxysporun.

sp.cubense

F. oxysporunt.

sp.cubense

F. oxysporunt.

sp.
cucumerinum

F. oxysporun.

sp.lini

F. oxysporunt.

sp.lini

F. oxysporunt.

sp.lycopersici

F. oxysporun.

sp.lycopersici

F. oxysporunt.

sp.lycopersici

F. oxysporun.

Sp.niveum

F. oxysporunt.

sp.radicis-
cucumerinum

F. udumButl.

Bananawilt disease

Bananawilt disease

Bananawilt disease

Bananawilt disease

Fusaium wilt of
cucumber

Fusarium wilt of flax

Fusarium wilt of flax

Fusarium wilt of
tomato

Fusarium wilt of wheat

Fusarium wilt of
tomato

Fusarium wilt of
watermelon

Cucumber crown and
root rot

Wilt of pigeon-pea

Gran Canaria, Spain

Indonesia

Honduras, Costa Rica,
Panama and Guatemala

Hainan, China

California, USA

California, USA

Carmagnola and
Santena, Italy

Noirmoutier, France

Albenga, Italy

Albenga, Italy

Florida, USA

Israel

Delhi, India

Sodium in soil Dominguez et al.,
1996

Pseudomonasnd Nisrina et al.,

Burkholderia 2021

Clay minerabgy, presence Stotzky and

of montmorillonite -type
clay in suppressive soil

Pseudomonamducing

Torrence Matrtin,

1963

Shen et al., 2015;

jasmonate and salicylic acid Zhou et al., 2019;

pathways and shared core

Shen et al., 2022;

microbiome in suppressive Wang et al.,
soils 2022; Lv et al.,
2023

Pseudomonasiderophores
and lytic bacteria

Sneh et al., 1984

Pseudomonasiderophores  Kloepper et al.,

1980
Competition with other Tamietti and
Fusarium Pramotton, 1990
Non-pathogenicF. Tamietti and
oxysporum Alabouvette,

1986
Non-pathogenicF. Tamietti and
oxysporuminducing plant Matta, 1984
defense
Non-pathogenicF. Tamietti et al.,
oxysporuminducing plant 1993
defense
Wilt-suppressive soil that Larkin et al.,
was developed through 1993

monoculture
Suppresiveness indiced by
mixing sandy soil with wild
rocket (Diplotaxis
tenuifolia) debris under
field conditions

Soil microbiota

Klein et al., 2013

Vasudeva and
Roy, 1950

Natural suppressiveness has been extensively studied in the caseFofsariumdiseases, in
particular with the Fusarium wilt suppressive soils d Salinas Valley (California) and
Chateaurenard (France)ln these soils, plants susceptible td-usarium pathogen(s) show no or
limited symptoms and Fusarium wilt disease remains minor despite the long history of
cultivation of different crops. In both locations, the small level of disease in plants cannot be
attributed to the absence ofFusarium in the soil, but rather to plant protection by the soill
microbiota (Alabouvette et al., 1984; Sneh et al., 1984)he introduction of small amount of these
soils to sterilized suppressive soil orconducive soil significantly decreased Fusarium wilt disease
incidence (Scherand Baker, 1980; Alabouvette, 1986)Soil suppressiveress toFusariumdiseases

is usually natural, but cases of induced suppressiveness are also documented. Thus, soils found in

Hainan island (China)that were grown for years with banana in confontation with pathogenicF.
oxysporum displayed rhizosphere enrichment in microbial taxa conferring protection from
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banana wilt disease (Shen et al.,, 2022) watermelon monoculture in Florida induced
suppressiveness to wilt caused by. oxysporuni. sp.niveum (Larkin et al., 1993), and 15 years of
strawberry monoculture in Korea triggered suppressiveness to wilt caused by. oxysporunt. sp.
fragariae (Cha et al., 2016) Soil addition of wild rocket residues resulted in suppressiveness to
cucumber crown and root rot . oxysporunt. sp.radicis-cucumerinum in Israel (Klein et al.,
2013), whereas suppressiveness to Fusarium wilt can also be induced by microbial biofertilizer
inoculants reshaping the soil microbiome(Xiong et al., 2017) Thus, organic fertilizer containing
BacillusamyloliquefaciendN19 enhanced levels of indigenous Pseudomonasand provided
suppression of Fusarium wilt of banana(Tao et al., 2020) The combined action of
B. amyloliquefaciendaN19 and Pseudomonass thought to cause a decrease iRusariumdensity in
the root zone of banana. Organic fertilizers inoculated witlErythrobacter sp. YHO7 controlled
Fusarium wilt in tomato, as a direct result of the bacteribactivity, and indirectly by altering the
composition of the microbial community (Tang et al., 2023) Organic fertilizers amended with
Bacillus and Trichodermaresulted in an increase in indigenoud.ysobacterspp., thus indirectly
inducing suppression of Fusarium wilt of vanilla(Xiong et al., 2017)

In the case of soils suppressive td-usarium diseases,comparison of suppressive vs
conducive soils has evidenced differences in the occurrence or prevalence of multiple taxso
single phylum was uniquely associated withH-. oxysporunwilt suppressiveness in Korean soils,
even though Actinobacteria was identified as the most prevalent bacterial taa colonizing
strawberry in suppressive soils (Cha et al.,, 2016) Likewise, the bacterial generaDevosia
Flavobacterium and Pseudomonasvere more abundant (and the pathogen less abundant) in
Chinese soils suppressive to banana wilt than imon-suppresive soils, and Pseudomonas
inoculants isolated from suppressive soils could control the diseasgyv et al., 2023) Compared
with conducivesoil, Fusarium wilt suppressive soil from Chateaurenard displayed higher relative
abundance of Adhaeribacter, Arthrobacter, Amycolatopsis Geobacter, Massilia Microvirga,
Paenibacillus Rhizobium Rhizobacter Rubrobacter and Stenotrophomonas(SiegetHertz et al.,
2018). However, differences were ao found in the fungalcommunity, with severalfungal genera
(Acremonium Ceratobasidium Chaetomium Cladosporium ClonostachysMortierella, Penicillium,
Scytalidium, Verticillium, but also Fusarium) detected exclusively in the Fusarium wilt
suppressive soil(SiegetHertz et al., 2018) Data also pointed to a greater degree of icrobial
complexity in suppressive soils, with particular ceoccurrence networks of taxa (Bakker et al.,
2014; Lv et al., 2023).In German and Dutch soils, coccurrence networks showed that the
suppressive soil microbiota involves a guild of bacteriaz a functional group which was
dominated by Acidobacteriain two of four suppressive soils(Ossowicki et al., 2020)

Fungistasiscan also affectFusariumpathogens (deBoer et al., 2019; Legrand et al., 2019),
but its significance in relation to different Fusaium species needs clarification. In the work by
Legrand et al. (2019), soil fungistasis was tested by quantifying growth df. graminearumin
autoclaved vs. norautoclaved soils using gantitative PCR(gqPCR)approach after an incubation
period. It was shown thatF. graminearumgrowth was significantly reduced in norautoclaved
soils compared to the autoclaved soils, and moreover, in neautoclaved soils there was a
gradient in the F. graminearumDNA quanttyh OOCCAOOET ¢ AEAAAOAIO 1 A«
(Legrand et al., 2019). The results also highlighted higher bacterial diversity, a higher prevalence
of Pseudomonasnd Bacillusspecies and a denser network of coccurring bacterial taxa in soils
with fungistasis. These datasuggest the importance of cooperation within bacterial communities
to control F. graminearumin soil (Legrand et al., 2019).
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Figure 3. Geographic location of European field locations (map on the right) with soils
suppressive toFusariumdiseases, i.e.,in France (Noirmoutier island, Chateurenard in SoutfEast
France, and Brittany), Denmark, The Netherlands, Germany, Italy (Albenga, Carmagnola and
Santena) and Gran Canaria Island (Spain, located in the Atlantic ocean), with the corresponding
pathogeni.e., Fusarium oxysporum(red dot), Fusarium culmorum (green triangle), or Fusarium
graminearum (blue square). Soils suppressive td-usarium oxysporumwere also found outside
Europe (map on the left),i.e.,in North America: in California and Florida;Central America: in
Honduras, Costa Rica, Panama and Guatemala; in Asia: in Korea, China, India, Israel and
Indonesia; and in Africa: in Marocco. Soils suppressive teusariumudum were found in India
(black pentagon).! AADOAA £OI I 41 A).O1 OE¢ AO Al 8 j¢mngaoA

It appears that suppressiveness td-usarium diseaseshas been studied andoccurs in
numerous parts of the world (Figure3). However, many studies focused on a few, geographically
close soils, which does not provide a global view on the importance of microbial diversitywo
studies have considered geographically diverse agricultural soils suppressive to Fusarium wilt.
Various Chinese soils suppressive to banana wilt mediated By oxysporunwere shown to share
a common core microbiota, specific to supm@ssive soils, which included the genuBseudomonas
(Shen et al., 2022). In a wider range of soils from the Netherlands and Germany, soils suppressive
to F. culmorummediated wilt of wheat did not display a specific bacterial species that correlated
with suppressiveness (Ossowicki et al., 2020). There was no relation either with soil
physicochemical composition {.e.,soil type, pH, contents in C, N, or bioavailable Fe, K, Mg, P) or
field history, yet suppressiveness was microbial in nature, as sterilizinguppressive soils made
them become conduciveTaken together, this might be explained by the fact that protection of
wheat from F. culmorummediated wilt corresponds to a case ofatural suppressiveness, where
biogeographic patterns are probably important, whereas bananavilt diseasesuppressive soils
are induced by monoculture, with convergent effects resulting from similar banana recruitment
across different soil types.However, more research is needed in order to better understand
microbial diversity patterns in soils with natural and induced suppressiveness.

13



2.2.3. Effects of farming practices on soils suppressive to Fusarium diseases

As many other soitinhabiting pathogenic fungi, Fusariumcan overwinter as mycelium in plant
debris or dormant structures in the soil, which causeg the initial infection of plants in the
following season(Leplat et al., 2013; Xu et al., 2021)Therefore, cultural practicesinvolving the
removal of the overwintering inoculum of the pathogen from soils are useful to preventuture
infection (Voigt, 2002). However, farming practices also influence soil suppressiveness by
shaping the rhizosphere microbial community(Campos et al., 2016and stimulating the activity
of beneficial rhizosphere microorganisms (Janvier et al., 2007) In this context, various
agricultural practices, suchas crop rotation/monocropping, organic amendments tillage and
fertilizers, are important considerations when developing suppressivenessbased control
methods in farm fields(Janvier et al., 2007)

In rare cases, cropmonoculture may induce suppressiveness toFusarium diseases by
leading to an increase in indigenous plambeneficial microbiota, usually after a disease outbreak
(Larkin et al., 1993; Weller et al., 2002; Shen et al., 202Hlowever, copping systems based on
rotation of different plant species usually result in reduced survival of soitborne pathogen
propagules over the short term(Winter et al., 2014). Crop rotation may reduce severity and
incidence of diseases caused yusarium(Wang et al., 2015; Khemir et al., 2020)For example,
compared with the tomato monoculture, soil management under wheabmato rotation changes
soil microbial composition by increasing the abundance of microbial taxa such a@acillus
Paenibacillus PseudomonasStreptomyces Aspergillus Penicillium and Mortierella, which may
control Fusarium wilt of tomato (De Corato et al.,, 202Q) Reduced incidence ofF.
pseudograminearunmand F. culmorumcaused diseasef the soils under cereaglegumes rotation
management mg be due to the norhost character of the legumegEvans et al., 2010) However,
not all crop rotations lead to reduced disease pressur@Ranzi et al., 2017) In the case of the FHB,
it was initially advocated to rotate wheat andmaize with crops like soybean, until it was shown
that F. graminearumcan also cause disease in soybean, as it has a wide range of hddesburger
et al., 2015) This suggests thathere is a lack of clear correlationbetween crop rotation and
Fusariumdisease incidence.

Crop resdues of high cellulose content promoted the activity of beneficial cellulolytic
microorganisms and limited the development of.culmorum (Rasmussen et al., 2002)as organic
amendments represent a favorable environment for beneficial microorganisms that are able to
combat phytopathogenicFusariumspecies(Maher et al., 2008; Cuesta et al., 201.2Jhus, soils
with added organic amendments exhibited inhibitory effects againsk. verticillioidesby reducing
the production of fungal pigment and sporulation, cosequently disabling fungal spreadNguyen
et al., 2018) Addition of vermicompost reduced tomato infection byF. oxysporuni. sp.lycopersici
(FOL) (Szczech, 1999)and mulched straw contributed to the suppression of seedling blight
caused byF. culmorum(Knudsen et al., 1999) Soils supplemented wth coffee residue compost or
rapeseed meal exhibited suppressiveness . oxysporurrmediated wilt, and microorganisms
isolated from supplemented soils inhibitedF. oxysporungrowth on agar plates(Mitsuboshi et al.,
2018). Carbon addition to soil influenced the soil microbiome, enhancingusariuminhibitory
populations from the Streptomycesgenus (Dundore-Arias et al., 2020) One study tested the
effects of 18 composts (made from different mixtures of manure, domestic biowaste and green
waste) on Fusariumwilt disease suppression, caused b¥. oxysporunt. sp.lini, demonstrating
that only one compost did not positively affect the disease suppressiaif ermorshuizen et al.,
2006). The efficiency of organic amendments in controlling plant diseases is determined by the
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pathosystem, the application rate, the kind of amendment and the level of maturity of composts
or disintegration phase of crop residuegJanvier et al., 2007)

Tillage, which is one factor influencing organic matter decomposition, appears to hav
contrasting effects on soil suppressiveness. Under conventional tillage, tillage depth appears to
play a crucial role in soil survival ofFusarium such that the deeper the tillage, the lower the
abundance ofFusariumspecies(Steinkellner and Langer, 2004) This can be partly explained by
the fact that the pathogen is displaced from its niche, reducing its ability to survivd@ailey and
Lazarovits, 2003), and the rate of decomposition of buried residues is faster than at the soil
surface (Leplat et al., 2013). The carbon released during these decomposition processes
increases the activity of the soil microbiota, thereby improving the overall functioning of the soil
(Bailey and Lazarovits, 2003) Under conservation tillage, surface residues persist and can act as
a longterm source of inoculum for plant infection byF. verticillioides, F. proliferatum and F.
subglutinans as they carcolonize crop residues and producespores that often survive the period
when plants are absent from the agrosysteniBockus and Shroyer, 1998; Cottenand Munkvold,
1998; Pereyra et al., 2004) This is consistent with results suggesting that conservation tillage
and leaving crop residuesn situ increaseFusariumabundance(Govaerts et al., 2008; Wang et al.,
2020a). For example, spores dfusariumspeciescanbe recovered from plant residues more than
two years after harvest(Pereyra et al., 2004) However, n certain cases, lower occurrence of
plant infection by F. culmorum F. equiseti(Weber et al., 2001)and F. pseudograminearm
(Theron et al., 2023)was detectedunder conservation tillage compared with conventional tillage.
These contrasting results might be due to differences in environmental factors, cropping patterns
and soil types, which could modulate interactions between soil conditiong;usariumecology and
plant physiology (Sturz and Carter, 1995). The use of simplified tillage practices was proposed to
reduce F. culmorumabundance, by mixing crop residues with the topsoil layer to promote the
growth of beneficial straw-decomposing microorganismgWeber and Kita, 2010).

Concerning fertilizers, it has generally been shown that nitrite reduced the population of
F. oxysporum(Loffler et al.,, 1986) and that the addition of phosphorus fertilizer, significantly
reducedF. oxysporurrcaused wilting in chickpea, lentil and lupingElhassan et al., 2010)Organic
fertilizers can lead to an increase in indigenous microbial populations, thus contributing to
suppression of Fusarium wilt diseas€Montalba et al., 2010; Raza et al., 28). When grown with
the addition of organic N fertilizer, highbush blueberry exhibited increased tolerance t6. solan;
in parallel to increased soil microbial activity and mycorrhizal colonization(Montalba et al.,
2010).

2.2.4. Fusarium graminearum

F. graminearum is the fourth-ranked fungal phytopathogen in terns of economic importance
(Dean et al., 2012; Legrand et al., 20174y is distributed worldwide (Babadoost, 2018), and it is
responsible for rotting, necrosis, kernel damage and mycotoxin prduction (Ma et al., 2013)in
small grain cereals such aswheat, barley, rice and oat{Goswamiand Kistler, 2004). Wheat, a
worldwide staple food and an important cereal for human civilization, is severely affected by.
graminearum diseases This funguscauseswheat yield losses of 20% to 70%, andontaminates
the wheat kernels with mycotoxins, therefore causing additionaleconomic losses (Bai and
Shaner, 1994) F. graminearumproduces spores which enable efficient propagationj.e.,sexual
spores (ascospres), as well as two types of asexual sporesg.,(i) macroconidia, which are often
found on the surface of diseased plants, and (ii) chlamydospores (survival structures), which are
thick walled and produced from macroconidia or older mycelium (Leslieand Summerell, 2006;
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Ma et al., 2013).In Serbia, agroecological conditions are favorable fothe development of
phytopathogenic and toxicogenid=. graminearumj / AOAAT OE¢ AO Al 8h ¢mpxQd8
Plant infection by F. graminearumoccurs infew successive stage&igure 4) and diseases
caused by this fungal pathogen include dampingff, root and crown rot, and FHB in small grain
cereals (BessetManzoni et al., 2019) This pathogengrows saprophytically on crop debris, which
represents anoverwintering reservoir of the pathogen (Brown et al., 2010) Seeds infected with
F. graminearumin the previous season can also serve as disease initiedqJiménezDiaz et al.,
2015). Smetimes, seed infection byF. graminearummay lead todamping-off disease,which is
manifested as reducedseed germinability and post-emergence seedling blight (Dal Bello et al.,
2002). Soilborne inoculum of F. graminearummay also infect roots and causedamage to the
collar (Ares et al., 2004) causing root and crown rot Symptoms of root and crown rot include
browning and rotting of roots, crowns,and lower stem tissues followed by necrosis (Fernandez
and Conner, 2011; Taheri, 2018)During the crop anthesis and under warm and humid weather
conditions, asexual conidia, sexual ascospores or chlamydospores are dispersed by rain or wind
and reach the outer anthers and outer glumes of the plant. After spore germination, hyphae
penetrate the host plant throudh the cradked anthers, followed by inter and intracellular
mycelial growth, resulting in damage to host tissues and especialtausing theFHB (Brown et al.,
2010). Typical symptoms of FHB begin soon after flowering, as diseased spikelets gradually
bleach, leading to bleaching of the entire head. After this stage, black spherical structures called
perithecia may appear on the surface of diseased spikelets. Later, as the disease becomes more
severe, the fungus begins to attack the kernels inside the headusing them to wrinkle and
shrink (Schmaleand Bergstrom, 2003).
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Besides damaging the plants and causing substantial yield loss&s, gramnearum also
contaminatesthem with mycotoxins. F. graminearumproduces several types of mycotoxins, such
as trichothecenes DON and NIV, ZEA and fusarins. #& Bt al., 2014) It has beenreported that
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trichothecenes even play a key role in pathogenesis ah that the aggressiveness oFusarium
depends on itsDON and NIVproducing capacity (Mesterhazy, 2002) DON production byF.
graminearum has beenreported asessential for disease development in wheat spike€uzick et
al., 2008), while sikes treated with DON or NIV led to yield losses even in the absence of the
pathogen, indicating a strong negative effect of thesmycotoxins on wheat growth (Ittu et al.,
1995). In order to prevent yield losses andcereal mycotoxin contamination due to F.
graminearum, biological control seens to be a promising solution. Several bacterial species were
found to have an antagonistic effect on this fungal pathogen, includirfgseudomonasBacillus
Brevibacillus ChryseobacteriumKosakoniaand Burkholderia, through different modes of action
(Petti et al., 2010; Tyc et al., 2015; Chen et al., 2018a; Xu et al., 2020; Masri et al., 2021; Singh et
al., 2021) Soils suppressive todiseases caused byhis pathogen may provide a clue on the

functioning of these soils andindigenous microbial community, however, o OEA AOOET O

knowledge, soils suppressive td~. graminearumdiseaseshave only been identified in the soil
fungistasis contextso far(Legrand et al., 2019)

2.3. Biocontrol agents against Fusarium and their modes of action

Plant-beneficial microorganisms present in the rhizosphere may protect plants fronfrusarium
pathogens, through different modes of actionincluding: (i) antagonism based on the production
of different metabolites, i.e., secondary metabolites, VOC¢Volatile Organic Compounds)and
enzymes (ii) competition with the pathogens for space and nutrients, (iii)hyperparasitism or
(iv) induction of resistance in the plant(Figure 5) (Nguvo and Gao, 2019; Morimura et al., 2020).
Some of them are also able to inhibit mycotoxin synthesis or to enhance their detoxification
(Legrand et al., 2017; Morimura et al., 2020)Certain biocontrol microorganisms have multiple
modes of action, which may be expressed simultaneously or sequentiaflyegrand et al., 2017).
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When searching for potential biocontrol agentsa logical choice would be toexplore the
pathogen and/or diseasesuppressing habitats with high microbial biomass.For example, sich
habitats include suppressive compost (Pugliese et al.,, 2011; De Corato, 2020healthy plants
grown in suppressive soils (where the pathogen is presentfungistaticor suppressive soils(Kohl
et al., 2011) So far, here are biocontrol strains that originate from suppressive soils, and they
have beeninvestigated asmeans to understand disease suppressiveness. In the caseFafsarium
diseases, examples includ®seudomonasp. Q287 (P. corrugatasubgroup) (Weller et al., 2007)
isolated from wheat in takeall decline soils,but that protects tomato from Fusarium oxysporuni.
sp. radicis-lycopersici,Pseudomonasp. C7 (P. corrugatasubgroup) (Lemanceau and Alabouvette,
1991) and non-pathogenic F. oxysporunto47, both isolated from soils suppressive to Fusarium
wilt disease of tomato, inChateurenard(Fuchs et al., 1997, 1999; Duijff et al., 1998; Zhang et al.,
2018b). Efficient biocontrol strains are able to restrict pathogen growth and/or development by
different mechanisms, while the most successful ones exhibit multiple modes of actiorfor
example, Pseudomonasp. Q287 produces anantifungal metabolite 2,4-diacetylphloroglucinol
(DAPGQ (Weller et al., 2007) while Pseudomonassp. C7 andF. oxysporumFo47 are better
competitors for nutrients than pathogenic Fusarium (Lemanceau and Alabouvette, 1991; Zhang
et al., 2018b)

2.3.1. Antagonism

An important microbial mechanism to suppress plant pathogensis the secretion of various
antifungal metabolites. They include antifungal secondary metabolites sometimes termed
antibiotics (e.g.,fengycin, iturin, surfactin (Chen et al., 2018a)fusaricidin and polymyxin (Zalila-
Kolsi et al., 2016) DAPG(coded by thephlABCDgene cluster;Bangera and Thomashow, 1999;
Kang, 2012) pyrrolnitrin (coded by theprnABCDgene cluster;Kirner et al., 1998; Huang et al.,
2018), phenazing(s) (coded by thephzABCDEF@ene cluster;Dar et al., 2020; X et al., 2020), as
well asVOCg(Zaim et al., 2016; Legrand et al., 201 )rable 2). Extracellular Iytic enzymes such
as cellulase, chitinase, pectinase, xylanaséKhan et al.,, 2018) protease and glucanase
(Saravanakumar et al., 2017)an also interfere with Fusarium growth or activity (Table 2).
Besides these enzymes, it is known that there are other enzymes produced by microbes that can
break down complex carbohydrates, such as gluconjugates degrading enzymes, cellobiases and
xylobiases, peptidoglucanaes caragenases and agarases, lytic polysaccharide monoxygenases,
arabinogalactanases, mannanases and xyloglucanagespez-Mondéjar et al., 2022) All of these
enzymes are classified in severafjroups, i.e., glycoside hydrolases (GHs), glycosyltransferases
(GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs) and auxiliary activities (AAS),
according to the type of reaction that they catalyze, andach consisting of several families
(Carbohydrate Active Enzymes databasdttp://www.cazy.org/ ; Drula et al., 2022) For example,
GH group consists offamilies involved in breaking down the glycosidic bonds in complex
carboxydrates, such as cellulose, chitin, xylan, mannans, glucans, #t#enrissat, 1991), and AA
group includes ligninolytic enzymes and lytic polysaccharide mooxygenasegwith AA10 family
potentially targeting chitin) (Drula et al., 2022)
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Table 2. Biocontrol agents,Fusariumpathogensand biocontrol enzymes and metabolites

Biocontrol agent Pathogen Biocontrol enzymes and References
metab olites
Bacillus subtilis F. oxysporum Cellulase, chitinase, pectinase, Zhao et al., 2014; Zalila
F. graminearum xylanase, protease, fengycins and Kolsi et al., 2016; Khan et
surfactins al., 2018
Bacillus velezensis F. graminearum Fengycin B, iturin A, surfactin A and Chen et al., 2018; Adeniji
F. culmorum siderophores etal., 2019
Bacillus pumilus F. oxysporum Chitinolytic enzymes and antibiotic Agarwal et al., 2017
surfactin
Bacillus F. graminearum Iturin and surfactin Zalila-Kolsi et al., 2016
amyloliquefaciens
Brevibacillusfortis F. oxysporum Edeine Johnson et al., 2020
Brevibacillus reuszeri F. oxysporum Chitinolytic enzymes Masri et al., 2021
Burkholderia sp. F. oxysporum Phenazinel-carboxylic acid Xu et al., 2020
Chryseobacteriunsp. F. solani VOCs Tyc et al., 2015
Gluconacetobacter F. oxysporum Antibiotic (pyoluteorin) and VOCs Logeshwarn et al., 2011
diazotrophicus
Kosakonia arachidis F. verticillioides Chitinase, protease, cellulase and Singh et al, 2021
F. oxysporum endoglucanase
Lysobacter F. graminearum VOCs Kim et al., 2019
antibioticus
Paenibacillus F. graminearum Cellwall degrading enzymes, He et al., 2009; Raza et al.,
polymyxa F. oxysporum fusaricidin, polymyxin and VOCs 2015; Zalila-Kolsi et al.,
2016
Paenibacillus F. oxysporum VOC Hydrogen cyanide Xu and Kim, 2014
polymyxa
P. chlororaphis F. graminearum Pyrrolnitrin Huang et al., 2018
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Pseudomonadotarepresentatives (formerly Proteobacterig are known for disturbing
Fusariumgrowth or activity. Thin layer chromatography analysis showed thaGluconacetobacter
diazotrophicusproduces pyoluteorin, which is involved in the suppression of F
oxysporum(Logeshwarn et al., 201}, while Burkholderia sp. HQB1 produces phenazinel-
carboxylic acid, which is efficient at controlling Fusarium wilt of banana, caused Wy oxysporum
f. sp. cubense(Xu et al.,, 2020) DAPGproducing Pseudomonassp. NJ134 was successful in
suppressing Fusarium wilt caused by FOL(Kang, 2012). Pseudomonasp. EM85 wasable to
suppress disease caused byF. verticillioides and F. graminearum by producing antifungal
antibiotics and fluorescent pigments (Pal et al., 2001) P. chlororaphis GO5 inhibited F.
graminearum mycelial growth and germination of conidia by producing pyrrolnitrin (Huang et
al., 2018).Bacillota representatives (formerly Firmicutes), i.e.,Bacillusand Brevibacillusspecies
are highlighted in several studies as candidates fdfusarium biocontrol through production of
antifungal metabolites (Palazzini et al., 2007; Zhao et al., 2014; Chen et al., 2018a; Johnson et al.,
2020). Brevibacillus fortis NRS1210 produces edeine, a compound with antimicrobial actity,
which inhibits chlamydospore germination and conidia growth inF. oxysporumf. sp. cepae
(Johnson et al., 202Q)Bacillus subtilisSG6 has the ability to produce fengycins and surfactins
acting againstF. graminearum(Zhao et al., 2014) whereasBacillus velezensiEM2303 exhibited
strong antagonistic activity againstr. graminearumand significantly reduced FHB severity under
field conditions (Chen et al., 2018a) Genome mining ofB. velezensit M2303 identified 13
biosynthetic gene clusters encodingecondary metabolites and chemical analysis confirmed their
presence. These metabolites included three antifungal metabolites (fengycin B, iturin A, and
surfactin A) and eight antibacterial metabolites (surfactin A, butirosin, plantazolicin and
hydrolyzed plantazolicin, kijanimicin, bacilysin, difficidin, bacillaene A and bacillaene B,-&*
malonyl macrolactin A and 7o-succinyl macrolactin A) (Chen et al., 2018a)Besides bacteria,
Trichoderma fungi synthesize a number of secondary metabolites such as pyrmes (which
completely inhibit spore germination of F. oxysporury koningins (which affect the growth ofF.
oxysporum) and viridin (which prevents the germination of spores off. caeruleun) (Reino et al.,
2008). In soils suppressive to Fusarium wilt of strawberry, in Koreasoil suppressivenesswas a
result of enrichment of Streptomycesthat produce antifungal secondary metabolite named
thiopeptide (Cha et al.,, 2016) while phenazineproducing Pseudomonascontributed to soil
suppressivenes to Fusarium wilt n Chateurenard(Mazurier et al., 2009)

VOCs have recently received more attention, as they can enable interactions between
organisms in the soil ecosystem through both water and air phase@le Boer et al., 2019)
Paenibacillus polymyx&VR-2 produced VOCs when cultivated in the presence of organic fertilizer
and root exudates. Among them, benzothiazole, benzaldehyde, undecanal, dodecanal,
hexadecanal, 2ridecanone and phenol inhibited mycelial growth and spore germination ofF.
oxysporumf. sp.niveum (Raza et al., 2015) Similarly, hydrogen cyanide (HCNJproducing P.
polymyxa SC0921 suppressed Fusarium crown and root rot disease of tomato, caused by
Fusarium oxysporunf. sp.radicis-lycopersicj for 80%, under the greenhouse conditions (Xu and
Kim, 2014). Chryseobacteriunsp. AD48inhibited growth of F. solanithrough the production of
VOCs(Tyc et al., 2015) Du et al. (2022) found that acetoin and Zeptanol, produced byB.
subtilis, reduce Fusarium crown and root rot disease in tomatd/OCs produced by ysobacter
antibioticus HS124 enhanced mycelial development, but theysimultaneously reduced
sporulation and spore germination ofF. graminearum(Kim et al., 2019) In addition, testing the
antagonistic mechanismsf Aspergilluspseudocaelatusnd Trichodermagamsii revealed the
presence of the VOCs 2,3dimethoxyphenylethylamine, 3-methoxy-2-(1-methylethyl)-5-(2-
methylpropyl) pyrazine, (Z)-9- octadecenamide, pyrrolo [1,2a] pyrazine-1,4-dione, hexahydre3-
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(2-methylpropyl) -, thieno [2,3-c] pyridine-3-carboxamide,4,5,6,Aetrahydro-2-amino-6-methyl-
and hexadecanamide, which have an inhibitory activity againgt. solaniZohair et al., 2018)

Regarding extracellular lytic enzymes,B. subtilis30VD-1 antagonized FOL by prodcing
cellulase, chitinase, pectinase, xylanase and protea@¢han et al., 2018) while Bacillus pumilus
synthesized a chitinolytic enzyme that reduced severity of disease caused By oxysporunmon
buckwheat under gnotobiotic conditions (Agarwal et al., 2017) Brevibacillus reuszeriinhibited
growth of F. oxysporumby producing chitinolytic enzymes (Masri et al.,, 2021) Kosakonia
arachidis EF1 produced different celwall degrading enzymes, such as chitinases, proteases,
cellulases and endoglucanases, whidhhibited growth of F. verticillioidesand F. oxysporunf. sp.
cubense Scanning electron microscopy revealed broken fungal mycelia surface and hyphae
fragmentation when pathogens were grown in the presence oK. arachidisEF1 (Singh et al.,
2021). In the case ofF. graminearum two P. polymyxa isolates, Wt14-3 and CZ18-b, both
producers of fungal cellwall degrading enzymes, reduced the severity of FHB, caused by this
fungal pathogen, by56,5% and 55,4 %, respectivelyHe et al., 2009) The role of extra@llular
lytic enzymesin suppressive soilscan be significant, as soil microbiota may protect barley from
Fusarium culmorumcaused diseaseyia a more efficient cellulolytic activity than the pathogen,
which is, consequently, outcompeted for nutrients (Rasmussen et al., 2002)In soils suppressive
to bananawilt diseasein China,suppressiveness results in part from chitinolytic effects of the
soil microbiota against the pathoger(Lv et al., 2023)

2.3.2. Competition for space and nutrients

In the case & competition, biocontrol of pathogens occurs when another microorganism is able to
colonize the environment faster and use nutrient sources more efficiently than the pathogen
itself, especially under limiing conditions (Maheshwari, 2013; Legrand et al., 2017)Bacteria and
fungi have the ability to compete withFusarium, but the underlying mechanisns of competition
are sometimes unclear.Competition may involve bacteria such a$®seudomonas capeferrurgex
putida) strain WCS358, which suppresses Fusarium iof radish by competing for iron through
the production of its pseudobactin siderophore(Lemanceau et al., 1993)in P. putida(Trevisan)
-ECOI A EOT T AGA #1 OOAI 1 EOh Aii PAOEOETT &I O 01160
and P. putidamutants lacking the ability to agglutinate with this plant glycoprotein showed
reduced levels of rhizosphere colonization and suppression of Fusarium wilt of cucumbéFari
and Anderson, 1988) In addition to bacteria, the fungusTrichoderma asperellunstrain T34 can
control the disease caused b¥¥OLon tomato plants by competing for iron(Segarra et al., 2010)
while a nonaflatoxigenic Aspergillus flavusstrain was found to outcompete a mycotoxin
producing F. verticillioidesduring colonization of maize(Reis et al., 2020)

In the case of soils suppressive tdrusarium diseases, competition with pathogenic
Fusarium species is considered important, involving the entire soil microbiota qr more
specifically, non-pathogenic Fusarium strains in Chateaurenard sds (Louvet et al., 1976;
Alabouvette, 1986) and fluorescent Pseudomonagiron competition) in soils of Salinas Valley
(Sneh et al., 1984)

2.3.3. Hyperp arasitism

Mycoparasitism is a lifestyle,dating back to more than 400 million years agoduring which one
fungus parasitizes another fungugKubicek et al., 2011) It involves direct physical contact with
the host mycelium (Pal and McSpadden Gardener, 2006)secretion of cell waHdegrading
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enzymes and subsequent hyphal penetratiofViterbo et al., 2009. Mycoparasitic relationships
can be biotrophic, where the host remains alive and the mycoparasitic fungus obtains nutrients
from the mycelium of its partner, or necrotrophic, where the parasite contacts and penetrates the
host, resulting in the death of the host and allowing the mycoparasite to use the remains of the
host as a nutrient source(Jeffries, 1995) Several species of fungi are mycoparasitic, of which
Trichodermais the best described. Contact between the mycoparasitiangi Gliocladium roseum
Penicillium frequentans T. atroviride, T. longibrachiatum or T. harzianum and their
phytopathogenic targetsF. culmorum, F. graminearumand F. nivale triggers the formation of
various mycoparasitic structures, such as hooks and pincers, which lead to cell disruption in the
phytopathogensj 0O EOE A O Al 8h ¢ mm When T Aspdrefiunand T. Aatrianirh 8 h
were grown in the presence ofF. solanicell wall, they secreted several cell waldegrading

AT UUIT AOh -Iayldanask B-acetylglucosaminidases chitinase, acid phosphese, acid
proteases and alginate lyas¢Qualhato et al., 2013) and similarly, Clonostachys roseproduced
2009). Sphaerodes mycoparasiticas a biotrophic fungus that parasitizes F. avenaceumF.
oxysporumand F. graminearumhyphae and forms hooks as parasitic structureg 6 OE A&ntl OE ¢
Goh, 2009) However, the direct contribution of mycoparasitism to biological control is difficult

to quantify, as mycoparasiticfungi typically exhibit a number of different biocontrol mechanisms
(Pal and McSpadden Gardener, 2006)

2.3.4. Induced systemic resistance

Induced systemic resistance ISR is the phenomenon whereby a plant, once appropriately
stimulated by biological or chemical inducers, exhibits enhanced resistance when challenged by a
pathogen (Walters et al., 2013) ISR in plants is usually activated via signaling pathways
regulated by jasmonate and ethylene, and in certain caséy salicylic acid, pyoverdin, and/or
cyclic lipopeptides surfactants(Gamalero and Glick, 2011)ISR involves (i) the plant perception

of inducing signals, (ii) signal transduction by plant tissues, and (iii) expression of plant
mechanisms inhibiting penetration of the pathogen into the host tissue@Viagotra et al., 2016) A
wide variety of microorganisms, including the bacteriaPseudomonas, Bacillus, Streptomycewd
the fungi Trichoderma and non-pathogenic F. oxysporumcan induce ISR(Fuchs et al., 1997;
Choudhary et al., 2007; Zhao et ak014; Galletti et al., 2020)in plants againstFusarium (Table

3). ISR in the plantFusarium system is based on microbial induction of the activity of various
defenserelated enzymes in plants, such as chitinag@mer et al., 2014) lipoxygenase(Aydi Ben
Abdallah et al., 2017) polyphenol oxidase (Akram et al., 2013) peroxidase phenylalanine
ammonia-lyase (Zhao et al., 2012)r -1,3-glucanase, catalaséSundaramoorthy et al., 2012) and
also the accumulation of phytoalexins, defense metabolites against fungi+ O¢ h . @ydiouv q
lipopeptide antibiotics, e.g.,fusaricidin (Li and Chen, 2019)and surfactin (Chen et al., 2018a)
external cell components,e.qg. lipopolysaccharides(Leeman et al., 1995)and VOCYChen et al.,
2018a) can also trigger ISR. Some biocontrol agents can lead to ISR in different plant species,
while other biocontrol agents show plant species specificity, suggesting specific recognition
between microorganisms and receptors on the root surfacdChoudhary et al., 2007) An
important determinant of biocontrol efficacy is the population density of ISRriggering
microorganisms. For example, ~18 CFU ofPseudomonasiefensor(ex fluoresceny WCS374 per g
of root are required for significant suppression of Fusarium wilt of radish(Raaijmakers et al.,
1995). Another important feature of ISR in plants is that its effects are not only expressed at the
site of induction but also in plant parts that are distant from the site of inductior{Pieterse et al.,
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2014). For example, rootcolonizing Pseudomonas simiaéex fluoresceny WCS417r induced
resistance in carnation, with phytoalexin accumulation in stems, and protected shaotfrom F.
oxysporum(Van Peer et al., 1991)Priming of barley heads withP. fluorescensMKB158 led to
changes in the levels of 1203 transcripts (including some involved in host defense responses),
upon inoculation with pathogenicF. culmorum(Petti et al., 2010)

Table 3. Biocontrol agents, plantFusariumsystems and ISR mechanisms

Biocontrol agent Plant Pathogen Mechanism References
Bacillusamyloliquefac Tomato F. oxysporum Induction of genes coding for Aydi Ben
iens lipoxygenaseor pathogenesisrelated Abdallah et al.,

(PR) proteins,i.e.,acidic protein PR1 2017
and PR3 chitinases

Bacillus thuringiensis  Tomato F. oxysporum Increase in polyphenol oxidase, phenyl Akram et al.,
ammonia lyase and peroxidase in plant 2013

Bacillus megaterium  Tomato F. oxysporum Induction of chE O E 1 A ,@dlutangse, Ameretal,
peroxidase and polyphenol oxidase 2014
activities in plant

Bacillus subtilis Tomato F. oxysporum Increased activities of phenylalanine Akram et al.,

ammonia-lyase, polyphenol oxidase, and 2015
peroxidase enzymes in plant

Bacillus velezensis Wheat F. Production of surfactin and VOCs, Chen et al.,

graminearum  activating defense response in plant 2018
Bacillus subtilisand Chilli F. solani Increased activities of peroxidase, Sundaramoort
Pseudomonas polyphenol oxidase, pheglalanine hy et al., 2012
protegens(in AT T 11T EA -13plcadase, 1
combination and chitinase enzymes and phenol
alone) compounds involved in the synthesis of

phytoalexins

Bacillussp., Chickpea F. oxysporum Increase in peroxidase, polyphenol Kumari and
Brevibacillus brevis oxidase, phenylalanine ammonia lyase, Khanna, 2019
and Mesorhizobium phenols and total proteins in plants
ciceri(in
combination)
Brevibacillus Cumin F. oxysporum Increase in peroxidase and polyphenol Abo-Elyousr et
parabrevis oxidase in plants al., 2022
Burkholderia gladioli ~ Saffron F. oxysporum Increased levels of endogenous Ahmad et al.,

jasmonic acid (JA) and expression of JA 2022
regulated and plant defense genes

Pseudomonas Tomato F. oxysporum Bacterial production of 3-hydroxy-5- Fatima and
aeruginosa methoxy benzene methanol Anjum, 2017
Pseudomonas simiae Tomato F. oxysporum Bacterial production of Duijff et al.,
lipopolysaccharides 1997
Pseudomonas defensc Radish F. oxysporum Bacterial production of Leeman et al.,
lipopolysaccharides 1995
Paenibacillus Cucumber F. oxysporum Bacterial production of fusaricidin, Li and Chen,
polymyxa which induces ISR via salicylic acid 2019
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P. fluorescens Barley F. cuimorum  Changed transcript levels of lipid Petti et al,

transfer proteins and protease 2010
inhibitors
Streptomyce€nissoca Tomato F. oxysporum Increased catalase activity in plant Abbasi et al.,
esilis 2019
Streptomycesochei Tomato F. oxysporum Increased catalase and peroxidase Abbasi et al.,
activity in plant 2019
Streptomyces Cucumber F. oxysporum Increased activities of peroxidase, Zhao et al.,
bikiniensis phenylalanine ammonial UAOA R /2012
1,3-glucanase in plant
Trichoderma gamsii Maize F. Enhanced transcript levels of ISR Galletti et al.,
verticillioides  marker genes 2020
Trichoderma Onion F. oxysporum Accumulation of 25 stressresponse Abdelrahman
longibrachiatum metabolites etal., 2016
Non-pathogenic Tomato F.oxysporum ) 1T AOAAOAA AAOEOE3XE Fuchsetal,
Fusarium oxysporum cl OAAT AQAglubdsidaser 1997

B.amyloliquefecienssubsp.plantarum strain SV65 was assessed on tomato plants infected
or not with FOL The expression of genes coding fdipoxygenaseor pathogenesisrelated (PR)
proteins, i.e., acidic protein PR1 and PR3 chitinases was induced by
B.amyloliquefaciensubsp.plantarum SV65 in both FOLlnoculated and unnoculated plants,
suggesting its ability to induce ISRAydi Ben Abdallah et al., 2017)Inoculation of chilli plants
with B.subtilisEPCO16 and EPC5 ari®l protegen$fl, separately or in combination, induced ISR,
with enhanced phytoalexin activities, and protected plants againgdt. solani(Sundaramoorthy et
al., 2012) Inoculation of chickpea plants with a combination oBacillus sp., Brevibacillus brevis
and Mesorhizobium ciceriled to the accumulation of peroxidase, polyphenol oxidase,
phenylalanine ammonia lyase and phenols in plants as well as resistance ko oxysporunfKumari
and Khanna, 2019)P.polymyxaWLY78 controls Fusarium wilt, caused byrusarium oxysporuni.
sp.cucumernum, through the production of fusaricidin, which can induce ISR in cucumber via the
salicylic acid pathway(Li and Chen, 2019) Tomato showed increased catalase and peroxidase
activities when treated with Streptomycessp. IC10and Y28, or with Y28 alone, respectively,
outlining a strain-specific ISR in tomato againgtusarium wilt mediated by FOL(Abbasi et al.,
2019). Streptomyces bikiniensigncreased the activities of peroxidase, phenylalanine ammonia
I UA OA-1,AdluBangse in cucumber leave§Zhao et al., 2012)In the case ofF. graminearum it
was shown thatB. veleensisLM2303 induces systemic resistance in whedty surfactin and VOCs
production (Chen et al., 2018a)Non-pathogenicF.oxysporumFo47 can triger induced resistance
to FOL and protect tomato from Fusarium wilt(Fuchs et al., 1999) T. gamsii IMO5 increased
transcript levels of ISRmarker genes ZmLOX10ZmAOS&nd ZmHPLin maize leaves, thereby
protecting the plant from F. verticillioides(Galletti et al., 2020) In soils suppressive to Fusarium
wilt of banana, in China it was shown thatPseudomonasnay be a key taxa involved in this
suppression, as it stimulated immunity in banana, by increasing the levels of jasmonate and
salicylic acid, and activities of polyphenol oxidas@.v et al., 2023)

2.3.5. Inhibition and detoxification of mycotoxins

Biocontrol research often focuses on pathogen inhibition, and effects on mycotoxin synthesis or

detoxification are often neglectedPellan et al., 2020) It can be expected thaFusariuminhibition

will diminish mycotoxin synthesis, but one comprehensive study fond that B. amyloliquefaciens
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FZB42 inhibited growth of F. graminearum while simultaneously stimulating biosynthesis of
DON toxin(Gu et al., 2017) Conversely, DON production df. graminearum(on wheat kernels)
was reduced by more than 80% withB. amyloliquefaciensVPS41 and WPP9(Shi et al., 2014)
and P. polymyxaW1-14-3 and C18-b (He et al., 2009) whereasPseudomonastrains MKB158
and MKB249 significantly reduced DON production ifr. culmoruminfected wheat seedgKhan
and Doohan, 2009) Pseudomona sp. MKB158 lowered expression of the gene coding for
trichodiene synthase (an enzyme involved in the production of trichothecene mycotoxins in
Fusarium) by 33%, in wheat treated with F. culmorum(Khan et al., 2006) DON production in
both F. graminearumand F. verticillioideswas also inhibited by the fungusT. asperellumTV1 and
the oomycete Pythium oligandrum M1/ATCC (Pellan et al., 2020) Other mycotoxins may be
targeted, asTrichodermaharzianum Q710613,T. atroviride Q710251 andT. asperellunQ710682
decreased ZEA production in a duatulture assay with F. graminearum(Tian et al., 2018) and
Streptomycesp. XY00dowered the synthesis of fusaric acid irF. oxysporumf. sp.cubensgWang
et al., 2023)

2.4. Plant-growth promoting modes of action of beneficial bacteria

Besidesconferring plant protection from the phytopathogens, bacteria are able to promote plant
uptake of essential nutrients (nitrogen fixation, phosphate solubilization and siderophores
production) and to alter plant hormonal status(production of phytohormones), through different
indirect modes of action(Glick, 2012). In such a way, PGPR facilitaseplant growth, contributes
to plant fitness, and indirectly enhances tolerance to abiotic and biotic stressors.

Nitrogen fixation. Nitrogen is indispensable for plant growth and development, and &
availability significantly affectsthe plant yield and quality. However, it is estimated that 7879%
of nitrogen is found in the atmosphere in gaseous form @), which is unavailable for plars that
have the ability to use nitrogen in the form ohitrate and ammonia (Franche et al., 2009)Certain
bacteria and archae have the ability to fix atmospheric nitrogen and to reduce it to ammonia, in
a process catalyzed by enzyme nitrogenasevhose production is coded by thenif gene cluster
(Bruto et al., 2014) These bacteria, termed diazotrophscan bein associative symbioses with
woody plants and grasses, in nodule symbioses with legume roots or frdiging in soils and
water. For over a century, scientists have been fascinated by nitrogefixing microbial
associations in nonlegumes, especially cereal§Mus et al., 2016) Setaria viridis and Setaria
italica have beenfound to acquire nitrogen through associations withAzospirillum brasilense
(Okon et al., 1983; Pankievicz et al., 20155imilar associations were discovered in plants like
Kallar grass, rice, maize and whegBoddey et al., 1991; Hurek et al., 2002; Iniguez et al., 2004,
Deynze et al., 2018) Among the freeliving, nitrogen-fixing bacteria, it was shown that P.
protegensPf-5 X940 significantly raised nitrogen contentin wheat and positively affected its
growth under the greenhouse conditions (Fox et al., 2016)Eleven strains of Azotobacter
chroococumwere tested for their impact on wheat,demonstrating that all of them augmented
plant N contents and yield ¢ g Uag | E A Dwhife the mitragpi@fixing Azospirillum strains were
able to increase N content in wheat plants, even under the conditions of salinity stress-{&thdar
et al., 2019).

Phosphate solubilization. Phosphorus is limiting nutrient for plants, as it is an essential
component of many biological moleculessuch as ATP, nucleic acids, enzymes and phospholipids
(Schachtman et al., 1998)in the soil, it is present in insoluble mineral and organic form.Plants
can take phosphorus only in dissolved form, and since most of the phosphorus in the soil is
bound in stable chemical compounds, only a small amount of phosphorus is available to the plant
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(Hariprasad and Niranjana, 2009) Plants take phosphorus from the soil in the form of
orthophosphate ions: éther HPQ:2 or H2PQy, and absorb it through root hairs, thereby
incorporating phosphorus into organic matter (Schachtman et al., 1998) A large number of
microorganisms have the ability to mineralize oganic forms of phosphous with the help of
enzymesacid phosphatasesand phytases (Duff et al., 1994) Besides, majority of soil bacteria
have the ability to solubilize phosphatedrom its insoluble mineral forms. These nicroorganisms
produce organic acids of low molecular weightthat attack the phosphate structure and
transform phosphorus into a form that can be absorbed by the planResearch shoved that the
solubilization of phosphates is a consequence of the decrease in pH due to the production of
organic acids, which are the source of Hions responsible for the dissolution of mineral
phosphates (Alori et al., 2017). Organic acids that solubilize phosphates argluconic and 2
ketogluconic acids, whose production is coded by the geneagcd and gad, respectively (Miller et
al., 2010), as well as other acig, such a®xalic, maleic, tartaric, acetic,citric and lactic acid (Alori

et al., 2017) Inoculation of wheat plants with two phosphate solubilizingPseudomona&3 and P2
(separately and in consortia), capable of producing citric and maleic acid, respectively,
contributed to longer shoot and root, as well as to better vigor parameters of inoculated wheat
plants, compared to non-inoculated control (Dasila et al., 2023) Fhosphate-solubilizing and
siderophore-producing B. subtilis1 significantly increased wheat shoot and root length, even
under saline conditions (Jabborova et al., 202Q) while wheat seed coating with phosphate
solubilizing BacillusRhizobiumconsortia led to improved P uptake, growth parameters and yield
(Akhtar et al., 2013) Additionally, it was shown that Bacillus altitudinis WR10 produces
phosphatases and phytasesand in such a way, it reduces wheat stress in the presence of
unavailable phosphates(Yue et al., 2019) Acinetobactersp. WR922 produced gluconic acid and
contributed to an increase in P content and dry matter in wheatOgut et al., 2010)

Production of siderophores . Besides having a role in competition foiron with different
phytopathogens, siderophores promote plant growth by helping plants to acquire iron. Iron is a
micronutrient, whic h is essential for plant growth, ad in the soil, it is found in an inaccessible
form, Fe3* (Ahmed and Holmstrom, 2014) Siderophores are small organiccompounds that are
produced by microorganisms in conditions of iron deprivation. In these conditions,
microorganisms synthesize siderophores that have a high affinity foFe3* iron, bind it, and
transport it into the cell. In the cell, Fe3* is converted to Fe2* form, which is accessible to the
microorganisms (Saha et al., 2015)Microorganisms produce a wide variety of siderophores,
which are classified based on the functional group, into the following categories: catecholates,
hydroxamates and carboxylategAhmed and Holmstrom, 2014) Besides, there are siderophores,
such as pyoverdine (whose pduction is encoded by the gengvdL; Schalk and Guillon, 2013)
and pyochelin (whose production is encoded by the gene clustgrch; Reimmann et al., 2001)
which contain a combination of main functional groups. This abundance of siderophore types
(for example more than 50 different pyoverdine siderophores inthe Pseudomonagenus each
with different peptide side chain), enables characterization of microorganisms based on the type
of siderophores they produce, this characterization being called siderotypm(Fuchs et al., 2001)
For example,P. putidaproduced an efficient siderophore complex that significantly affected the
wheat uptake of labelecP®Fe (RasoukSadaghiani et al., 2014) while P. stutzeri produced
desferrioxamine E siderophore that help the increase of Fe in wheat plants (Mahajan et al., 2021)
Study onBacillussp. WR13, a wheat endophyte, showed that it has the ability to activate genes
coding for siderophore synthesis under Fdimiting conditions (Yue et al., 2023) and genomic
analysis ofB. subtilisshowed the presence of genes involved in synthesis of several siderophores,
such as bacillibactin, enterochelin and mixochelin (Dunyashev et al., 2021).
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Production of phytohormones . Phytohormones produced by bacteria include auxins,
cytokinins, gibberellins, ethylene, and abscisic acidp which plants are capable of responding.
Various types ofauxins have been identified, and it has been demonstrated that they enhance
plant growth and development by influencing cell division, elongation, antissue differentiation
(Goswami et al., 2016) One extensively studied auxin is indolk8-acetic acid (IAA). More than
80% of rhizosphere bacteria are capable of producing IAA through different synthesis pathways.
Some pathways are dependent on the presence oftlyptophan, which serves as a precursor for
IAA synthesis, while others are independent of this amino acid (ldris et al., 2007). Certain
microorganisms, such asAzospirillum, can produce IAA through a dtryptophan-independent
pathway (Goswami et al.2016). The more common Ltryptophan-dependent synthesis can occur
through pathways such as the tryptamine pathway, indok8-acetamide pathway (encoded by
iaaMH genes Bellés-Sancho et al., 2022)indole-3-pyruvate decarboxylase pathway (encoded by
ipdC or ppdC gene), tryptophan sidechain oxidase pathway, and the indolk3-acetonitrile
pathway (Gruet et al., 2022)

Similarly to auxins, plants respond to exogenousytokinins by exhibiting enhanced hair
root formation, shoot initiation, root development, andcell division (Goswami et al., 2016) Over
30 cytokinins have been documented so far, with adenintype cytokinins being the most
common. These cytokinins have an isoprenoid (as found in zeatin) or an aromatic side chain (as
found in kinetin) on the N6 position instead of adenine (Maheshwari, 2013For example, it was
shown that cytokinin-producing Pseudomonag$520-18 promoted growth of radish and wheat
plants (Garcia de Salamone et al., 2001), whike fluorescen8K1 andP. aeruginosaAK2 produced
cytokinins in the presence of rice exudates (Karnwal and Kaushik, 2011).

Gibberellins, diterpenoid acids synthesized by higher plants and certain microorganisms
(Maheshwari, 2013), also play a role in cell division, elongation, seed germination, root growth
promotion, flowering, and fruit setting (Hedden and Phillips, 2000)Production of gibberellins is
documented in microbial species belonging to gener®acillus Rhizobium Azospirillum and
Acetobacter(Goswami et al., 2016).

Ethylene, a volatile phytohormone pimarily produced in plants, exhibits increased levels
when plants face various environmental stresses such as salinity, drought, flooding, pollutants,
pathogens, and pests. In addition to serving as a stress marker, ethylene regulates flower
senescence, fruit ripening, and leaf and petal abscission (Etesami et al., 2015). When plants
experience stress, ethylene production peaks, initiating the transcription of PR genes and
inducing acquired resistance in plants. If the stress persists, ethylene productionay affect
abscission, chlorosis, and senescence, significantly impacting plant grow@amalero and Glick,
2011). In bacteria, ghylene synthesis is encoded by thefegeng and when produced by certain
pathogenic bacteria,i.e.,P. syringaeethylene acts as a virulence facto(Van Loon et al., 2006;
Wang et al., 2010)On the other hand, bacterial ethylene is considered as an elicitor 8Rin
plants (Gamalero and Glick, 2011) The precursor of ethylene synthesis is ACQCCertain
microorganisms have the aility to produce ACC deaminas€acdSgene Shah et al., 1998) an
AT UUIT A xEEAE Al AAOAkétobitytate ardiamdohi) thekebyGrihibiting the
production of ethylene in plants. ACC deaminaseroducing microorganisms such as
Pseudomonas Burkholderia, Acinetobacter Stenotrophomonas facilitate plant growth and
development under the stessful conditions (Honma and Shimomura, 1978; Ahemad and Kibret,
2014).

Abscisic _acidis a phytohormone involved in plant responses tovarious environmental
stresses Increasedlevels ofabscisic acid have been observead plants subjected todrought, cold,
salt and wounding conditions (Mehrotra et al., 2014) Under such conditions, abscisic acid
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modulates physiological processes thatregulate plant response to these stresses It affects
stomatal closure, modifes cell wall elasticity, improves water uptake and enhance transpiration
efficiency (Cohen et al., 2015)

Many bacteria have the ability to produce multiple phytohormonesFor instance, P.
fluorescens and Burkholderia caryophylli which produce ACC deaminase and IAA have
demonstrated significant enhancement in wheat yield and growth under field conditions
(Shaharoona et al., 2007)Similarly, P. aeruginosaB. subtilis B. lichenibrmis, B. pumilusB. ceres
and Azospirillum brasilenséoy producing cytokinins and IAAhave led toincreased levels of these
phytohormones in wheat (Hussain and Hasnain, 2011)B. subtilisHG 15 produced IAA, abscisic
acid, gibberellins andthe ACC deaminasegontributing to enhanced wheat plant growth, even
under elevated salinity conditions(Ji et al., 2022) Chryseobacterium gleunSUK produdng I1AA
and ACC deaminase positively affected wheat growth parameters, such as weight and shoot and
root length (Bhise et al., 2017)

Collectively, these examples highlight the diverse PGP mechanisms employed by different
bacterial species to protect plants from phytopathogens and enhance their growth, with species
from the Pseudomonagenus being particularly notable in this regard.

2.5. The importance of Pseudomonasin biological control and plant -growth promotion

The proteobacterial genusPseudomonasncompassesspecies with versatile metabolism and
physiology that inhabit diverse aquatic, terrestrial and biotic environments.Pseudomonaspecies
display different lifestyles: some are opportunisticpathogens ofhumans, insecs or plants, some
are used in bioremediation, while othersfunction as PGPR by providing phytostimulation and/or
phytoprotection (Silby et al., 2011).Since itsinitial discovery by Migula (1894), numerous new
species have been added to this genus, now comprisioger 315 validly published species (List
of Prokaryotic Names with Standing in Nomenclature;
https://lpsn.dsmz.de/genus/pseudomonas, accessed onSeptember 10t, 2023). MultiLocus
Sequence Analysis (MLSA) of four housekeeping genes (the 16S rRNA gesegyrB, rpoB and
rpoD) and comparisons of Average Nucleotide Identity (ANI) revealed three distinct lineages
within the Pseudomonasgenus referred to as the P. aeruginosa P. fluorescensand P.
pertucinogenalineages(Peix et al., 2018) However, this classificatiorhas showninconsistencies,
as the genusPseudomonasvas not monophyletic and included genera such a&zotobacterand
AzomonagqNikolaidis et al., 2020;Rudraand Gupta, 2021; SaatBantamaria et al., 2021)In 2021,
two articles published one month apart developed a phylogenomic analysis of the genus
Pseudomonasnd proposed a reclassification of the monophyletic lineage of. pertucinogena
which forms a distinct clade from the main Pseudomonaslade and consists of halotolerant
OPAAEAORh ET.0HT PARALD A(ShdliSadtad@ria et al., 2021)r Halopseudomonas
(Rudra and Gupta, 2021) They also repositioned the deeﬂnranchlng species Pseudomonas
hussaini ET OT A 1T Ax CARA OOP CROGSdaiishn@ddia et al.,, 2021)or
Aptomonas(Rudra and Gupta, 2021) Another phylogenomic study reclassified theP stutzer
nitrogenZ AE GET C  Astadlighdd thé helv genus Stutzerimonas (Lalucat et al., 2022)
Alongsidethe P. aeruginosdineage,the P. fluorescensneage persistsin the Pseudomonagenus.
The P. fluorescen$ineage (the mostdiverse and complex) is usually subdivided into subgroups,
represented by the specie$. fluorescens”. fragi P. gessard, P. mandelij P. koreensisP. jessei,
P. aspleniiP.corrugata, P. kielensis, P. protegeasd P. chlororaphis(Figure 6; Mulet et al., 2010;
Garrido-Sanz et al., 2016; Hesse et al., 2018; Girard et al., 2021.})s known that theP.fluorescens
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group includes a few phytopathogens (such a$. corrugataor P. mediterranea Trantas et al.,
2015), as well asvarious phytobeneficial species.
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Figure 6. Phylogenetic tree ofPseudomonagenus (left) and phylogenetic tree of Pseudomonas
fluorescenggroup (right). Trees were constructed based on the concatenated partial sequences of
the 16S rRNA geners, gyrB, rpoB and rpoD genes.Taken from Mulet et al. (2010).

P. fluorescens group contains species with diverse PGP properties, incuding
phytostimulati on or phytoprotection, and as such, species of this grolfave an important role in
the rhizosphere (Loper et al., 2012; Sarma et al., 2014; Vacheron et al., 2016grtain species
within this group have the ability to produce a largerange of antifungal substances that an
inhibit or deactivate the growth ofFusarium(Vacheron et al., 2016)These antifungal substances
encompass varioussecondary metabolites with antimicrobial properties, such as pyoluteorin,
pyrrolnitrin, DAPG, phenazine2-hexyl-5-propyl-alkylresorcinol (HPR) or HCN Additionally, they
produce lytic enzymessuchas chitinasescellulasesor proteases(Nowak-Thompson et al., 2003;
Loper et al., 2012; Sarma et al., 2014; Vacheron et al., 2016; Kumar et al., 20Which could
directly impede pathogens. Pseudomonasmay also elicit ISR in plants by producing
lipopolysaccharides or flagella, DAPG or siderophores (Bakker et al., 200This diverse array of
mechanisms has positionedspecies within the P. fluorescensgroup as prime candidates for
biological control since the 1970s (Weller et al., 2007)ndeed, fluorescent Pseudomonastrains
with biocontrol properties, isolated from soils suppressiveto take-all disease of wheat andbarley
caused by the fungal pathogenG. graminis var. tritici (Cook and Rovira, 1976) or soils
suppressive to T. basicolamediated black root of tobacco (Stutz et al., 1986)effectively
protected plants from disease (Almario et al., 2014)In soils suppressive toF. oxysporumin
Salinas Valley it was shavn that the suppressiveness is attributed to the presence of
siderophore-producing, fluorescent Pseudomonaswhich are more competitive andexhibit faster
iron complexation compared tothe pathogen (Kloepper et al., 1980; Sneh et al., 1984. China,
Pseudomonagresent in soils suppressive td-. oxysporumnduced ISRin banana, by increasing
jasmonate and salicylic acidevels, andby enhancingthe activity of polyphenol oxidase(Lv et al.,
2023). In addition to their phytoprotective role, species of theP. fluorescengroup have the
ability to modulate plant growth by producing phytohormones (Vacheron et al., 2016) by
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solubilizing phosphates (Meyer et al., 2010) by fixing nitrogen (Fox et al., 2016),by
denitrification (Almeida et al., 1995) and by producing ACC deaminas€Glick et al., 1998;
Prigent-Combaret et al., 2008) Consequently fluorescent Pseudomonasare among the most
extensively studied PGPRsgapable of promotingplant health through both direct and indirect
mechanisms(David et al., 2018) Genome analysis is a valuable tool for understanding different
modes of action of these bacteria as it enables the characterization of plant growpinomoting
functional traits and bacterial identification (Van Elsas et al., 2008)lt was also shown that
certain Pseudomonasnay posses protein secretion systems, such as type Il (T3SS), type IV
(T4SS) and type VI (T6SS) secretion systenhocated on the bacterial cell membranes, with
purpose of secreting different compounds(Loper et al., 2012) T3SSis found in many Gram
negative speciesincluding certain non-pathogenicPseudomonasand itmay alter plant immunity
(Mavrodi et al., 2011)and enhancephytoprotective properties of these bacteria(Rezzonico et al.,
2005; Marchi et al., 2013) T4SS is present in many bacterial species, and it was shown thatin
putida, it acts as a defense mechanism and protects tomato plants fropathogenic Ralstonia
solanacearum(Purtschert-Montenegro et al., 2022)T6SS, also found if°. putida mediatesinter -
bacterial compdition, secretes toxic metabolites against phytopathogens and protecidicotiana
benthamianaplant from pathogen Xanthomonas campestriBernal et al., 2017) Considering all
of this, research onPseudomonaspecies, their genomic potential and their modes of action in
soils suppressive toF. graminearumis of high importance, as these microbes may provide
insights into the functioning of these soils andoffer potential solutions for combating
mycotoxicogenicF. graminearum
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3. OBJECQIVES

Crop plants are exposed to a wide range of sddborne phytopathogens, particularly oomycetes
and fungi, which are difficult to control with conventional strategies as they are often inefficient.
However, certain microorganisms present in soil maynhibit these pathogensdirectly, through
competition or antagonism, or they can indirectly stimulate other plant-associated
microorganisms or induce plant immune responses providing soil suppressivess to fungal
disease(s). Fungistasis ia form of soil sugpressiveness that isaking place in the absence of the
Pl AT 0h Ag@bil A @mbilif Ao inAilik th® gednin&ibnEot hypbae growth, and it is a result
of competition or antagonism of the entire microbial community present in the soilSuppressive
soils represent the best example of natural microbé&ased plant defense, but despite the fact that
suppressive soils have been known for more than 70 years, they have not been discovered at
many sites, and the microbial basis of suppressiveness remains pdounderstood.

Taking all of this into account, he general objective of this project was to gain a better
understanding of fungistasis and suppressiveness phenomena, and to assess usefulneks
suppressive and fungistaticsoils as sources of bacteria with biocontrol potentialTo this end, we
focused on mycotoxiogenic pathogenF.graminearum, as soils suppressive to diseases caused by
different Fusarium species have been documented in different geographic regiorfbut not in
Serbia), and because this pditogen can be influenced by fungistasis.

In this context, the first objective was to identify soils fungistatic and suppressive t6.
graminearum, as well as toinvestigate the relation between manure amendments and the
occurrence of fungistasis/suppressiveness.

The second objective aimed to assess the potential I6f graminearumfungistatic soils as a
source of biocontrol agents. This involved isolation of bacteria ofliverse taxonomy, their
characterization based on genomic and functional traits, and assement of their wheat
phytoprotective capacity againstF. graminearum

The third objective of this work was to identify the genomic and functional particularities
of Pseudomonasacteria in suppressive vs. norsuppressive soils. This was motivated by the fact
that Pseudomonasnay contribute to plant protection againstFusariumdiseases and play a role in
soil suppressiveness to these diseaseslthough biocontrol Pseudomonashave also been
documented in nonsuppressive soils. To achieve this comparison, thdiversity of fluorescent
Pseudomonasn the rhizosphere of wheat grown in suppressive and nosuppressive soils was
analyzed using a metabarcoding approachargeting the rpoD gene of theP. fluorescengroup.
Subsequently,Pseudomonasepresentativeswere isolated from the rhizospheres of wheat plants
grown in these soils and characterized based on genomic and functional traits.
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4. MATERIAL AND METHODS
4.1. Soil sampling

A total of 26 agricultural fields were selected and sampled in Serbia, ktcations near Sombor
(SO), Novi Karlovci (NK), Valjevo (VA), Mionica (MAT A | Aé AE 4)#At edch jodatloA, 1 A
wheat was grown in a crop rotation and fields with orwithout manure added regularly were
sampled. For each location, farmers filled in guestionnaire about the recent cropping history,
fertilizers and pesticides application, management of postharvest residues and the observed
presence of wheat fusariosis. During the samplinghe first few cm of the top soil were removed,
and samples were taken from 820 cm depth. Roots, stones and animals were manually removed
and all the soils were sieved (0.5 cm). After the sampling, water content was measured by drying
at 105°C for 24h. These soils were used in the experiments describedsictions4.2.,,4.3. and 4.4
First sampling (for experiment described insection4.2.) was performed in autumn 2020, and the
second sampling for experiments described insections4.3. and 4.4.) was performed in spring
2021.

Additionally, soil located in La CoéteSaintAndré (LCSA; Isére, France) (Table) 4vas
sampledin spring 2022, according to the protocol described abovend used fo the experiment

within section4.10.

Table 4. Soil samples- locations, sample ID and its GPS coordinates.

Location Sample ID GPS oordinates

Sombor SO1 45758696 N  19.1840320 E
S0O2 45746168 N  19.159358 E
SO3 45750012 N 19.170019 E
S04 45750839 N 19.172977 E

Novi Karlovci NK1 45.060182 N 20.215013 E
NK2 45.060066 N 20.215213 E
NK3 45.088806 N  20.102067 E
NK4 45.088011 N 20.099312 E

Valjevo VAl 44.33050 N 19.968102 E
VA2 44330491 N 19.966663 E
VA3 44330466 N 19.969106 E
VA4 44.330110 N 19.968102 E
VA5 44.351892 N 19.981415 E
VA6 44.351155 N 19.978144 E
VA7 44355395 N 19.977465 E
VA8 44.355012 N 19.977650 E

Mionica MI2 4424611 N 20.10431 E
MI3 4424540 N 20.10350 E
Mi4 4424745 N 20.10012 E
MI5 4424759 N 20.09931 E

| Aé AE CA1l 43.89897 N  20.54435 E
CA2 43.89910 N  20.54450 E
CA3 43.89905 N 20.54312 E
CA4 43.89930 N 20.54315 E
CA5 43.8867833 N 20.5462167 E
CAGb6 43.8878667 N 20.5475167 E

La CoteSaintAndré LCSA 45.37861 N 5.26722 E
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4.2. Soil fungistasis to Fusarium graminearum

4EA AEI xAO O AOAI OAGAgradingaiu®ice. fufidal g@EdsOniv@lEnd O

different soils. For this purpose,soils were sampled as described isection 4.1., and fungistasis
was exanined for each of these soils, previously autoclaved and neautoclaved, in order to
assess the impact of the biotic component of these soils &ngraminearumsurvival/growth.

4.2.1. Fusarium graminearum Fg1 strain and inoculum preparation

The highly virulent and toxin-producing isolate Fusarium graminearumMDC_Fgl (hereafter
termed F. graminearumFgl) used during the experiments was provided by Dr. Thierry Langin
(GDEC Joint Research Unit, INRA Center AuvergRigone-Alpes, ClermontFerrand, France). The
strain was isolated from naturally infected cereal grains in the North of Franc@Alouane et al.,
2018). F. graminearumFgl was grown on PDA (Potato Dextrose Agar, Condalab, Madrid, Spain)
at 20-22°C foreight days when actively growing cultures were needed.

F. graminearum Fgl inoculum was prepared according to a protocol adapted from
Legrand et al. (2019) In brief, 300g of maize kernels was soaked in 750 ml of tap water in a 2
liter Erlenmeyer flask and left for 72h at room temperature. Afterwards, thé mixture of water
and kernels was grounded into homogenous media (82 mm), poured into a 2liter Erlenmeyer
flask and autoclaved for 20 min at 121°C for two consecutive days. After autoclaving, the
prepared maize media was left to cool down, and it was inoculated with disks (87 mm) from the
edges ofeight days-old cultures of F. graminearumFgl grown on PDA plates. Flasks were kept at
room temperature for 10 days, and vigorously shaken every other day to ensure even
colonisation of the ground maize byF.graminearumFgl mycelium.

4.2.2. Fusarium graminearum Fgl genomic DNA extraction

For F. graminearumFgl DNA extraction, 8ays old fungal mycelium grown on PDA was scraped,
transferred to a 1.5 ml Eppendorf tube and lyophilized (for 24h;50°C, 1.25 mbar; freezalryer,
Lyophilizator, Alpha 1-4LSC, Christ, Germany). Lyophilized mycelium was grounahd 0.5 ml of
the extraction buffer (5 M NaCl, 10 ml; 1 M Tri$iCl (pH=7.5), 1 ml; 0.5 M N&DTA (pH=8), 2 ml;
10% SDS, 10 ml and #@, 100 ml), previously heaéed to 65°C,was addedand incubated for 10
min at room temperature. After adding 0.5 ml of phenol (pH=8) and 0.5 ml of SEVAG (96 ml of
chloroform and 4 ml of isoamyl alcohol), the cotent was centrifuged (EppendorfCentrifuge
Minispin plus, Hamburg, Germany) atl4500xg for 20 min. Supernatant was transferred to a
clean 1.5 ml centrifuge tubeone volume of SEVAG was added, the tube was shaken a few times
by inversion and centrifuged again ai4500xg for 10 min. Supernatant was transferred taa clean
1.5 ml centrifuge tube, one volume of cold isopropanol was added, the tube was shaken a few
times by inversion, incubated at-20°C for 10 min and centrifuged at14500xg for 10 min.
Supernatant was discardedthe DNA pellet was rinsed by adding 0.5 ml of 70% ethanol and
centrifuged at 1450(«g for 5 min. Supernatant above the DNA was discarded, andettibNA was
left for 10 min at OT T 1T OAI PAOAOOOAh AAAI OA ipE@ED.ONAE O
concentration was determined using a UV Sgtrophotometer (NanoPhotometer NP80, Implen
Munich, Germany) andthe extracted DNAstored at4°C for further use.
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4.2.3. Evaluation of soi |l fungistasis to Fusarium graminearum Fgl

Prior to inoculation, four 1-g autoclaved samples and four -fj nonrautoclaved samples of each
soil, as well as four iml samples ofF. graminearumFgl inoculum were collected and stored at
20°C before quantifyingF. graminearumrFgl. The experiment was done in 2@l vials containing

15 g soil, which wasautoclaved (for 20 min at 121°C on twaconsecutive days) or not, and then
ET T AOI AOA hyceligednl AQI 0im 1O 110 jonmm t1 T &£ xAOAOC
4 inoculated, autoclaved vials, (ii) 4 inoculated, nofutoclaved vials, and (ii) 4 norinoculated,
non-autoclaved viak, i.e., 26 x (4 + 4 + 4) = 312 vials. The vials were arranged following a
randomized block design and incubated in the dark at 60% air humidity and 20°C. Every three
days, vials were weighted to estimate water loss, and the corresponding amount was added back.
After 15 days, all soil samples were lyophilized (Lyophilizator, B8ha 1-4LSC, Christ, Germany)
for 48 h, 1 g soil was sampled from each vial and stored -&0°C until DNA extraction.

Total DNA was extracted from 0.5 g soil for each of the 520 sarapl(208 samples before
inoculation and 312 samples at 15 days) and from 1 ml of each Fgl inoculum sample (4 samples),
using FastDNA Spin Kit for Soil (MP Biomedicals, IIIkireGraffenstaden France) according to
RealTime PCR System (Bi®kad, Hercules, CA, USA). qPCR wasformed in a total mix ofc T, {1
AT TOAETET C pm {1 -REXniadier E(RidlitedMeBdrt Bloscierice, Cincinnati
/' (h 531 Qqh p t1 -& AACKGHGACOAGATECAGGECACACQ AT A2 & Qudp .
TTCTTTGACATCTGTTCAACO@,&NlchoIson et al., 1998)A O A EETAI AT T AAT OOAC
of DNAse£OAA xAOAO AT A ¢ 1 T &£ $.! OAIiDBPI A8 4EA N
denaturation at 98°C, and 40 cycles of denaturation at 98°C for 3 s and annealing/extension at
60°C for 3 s. All samples were run in triplicate, andegative controls were included to each run.
Melting curve and Melting temperature (Tm) were determined using the Tm Calling Analysis
module of LightCycler Software (v.1.5; Roche Applied Science, Meylan, France), and Cycle
threshold (Ct) of each sample was determined with the second derivative maximum method in
the LightCycler Software (v.1.5; Roche Applied Sciencé). melting curve was generated at the
end of each gPCR run with a temperature gradient of 0.5 °€.&om 60°C to 95°C (melting
temperature of F. graminearumFgl amplicons was at 80°CYOnly the amplicons with Tm ~ 80°C
were considered as positive, while for all the amplicons with Tm different from 80°C,
concentration of F. graminearumFgl in the sample was replaced by the quantification limit of
4.95 x 106 gene copies.¢ dry soil. The standard curve was generated by plotting the mean Ct
value of the three replicates (per DNA concentration) against DNA concentratioAmplification
efficiency (E), calculated as E 10(/slore) M1, and the Mean §uared Error (MSE) of the standard
curve were determined. Quantification of amplicons was achieved using a standard curve
generated from serial dilutions (in three replicates) of previously extracted~. graminearumFgl
genomic DNA rangig from 1.77 x 168 C 87td 1.77 x 1011 C 8% Results obtained in g.ut were
transformed into numbers of copies.g soil using the formula [DNA (g)x! OT CAAOT 6 0 1 O
(molecules.mot?)] / [number of DNA matrix bp in amplified fragments x 660 (g.mot1)], based on
an average of 660 g.mdl per base pair. They were normalized to the total DNA quantity
extracted from 0.5 g of soil and expressed into a number of copies.dry soil as previously done
(Bouffaud et al., 2016) The amount in the Fgl inoculum was calculated for 1 ml (same
calculation as for 1 g of soil), extrapolated to the 600 ul used to inoculate 15 g of soil, and
expressed per g of soil. This amount was subtracted from the DNA quantity found in each sample
of 1 g of soil. All results were logio-transformed for subsequent analysis.Mean values and
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standard deviation were calculated. The fungistasis level was computed according to a formula
adapted fromLegrand et al. (2019)

Aday15 = logl10(FgDNA in soil at day 15 after inoculation) — log10(FgDNA in the inoculum)
4.3. In planta suppressiveness assay

Soils from location near Mionica, Serbiae.,MI12, MI3, MI4 and MI5 (Table ¥, were chosen for a

greenhouse, in planta suppressiveness assay withF. graminearum& Cp 8 ) ) Al j OO0AO(
£O01T CEOOAOEOh xEEAE EO A OAOGOI O 1T &£ AEOAAO i A}
growtEF OOOOEOAT AU OEA OTEI 1 EAOI AET OAh OTEI 08 O

indirect mechanisms e.g.,induced systemic resistance, phytohormone production, etc., when a
plant is present in the system examined. Therefore, the aim of tlsectiont 8 0 8 xAO Ol AOC
suppressiveness to pathogen in the presence of the wheat plant.

4.3.1. Preparation of Fusarium graminearum Fgl spore suspension

F. graminearumFg1l spore suspension was prepared by growing the fungus in Mung Bean Broth
(MBB) (Evans et al., 2000) MBB was prepared by adding 40g of organic mung bean seeds in 1l of
boiling water and leaving to infuse and cool down for 10 min. After that, beans were discarded
and 50 ml of the resulting media was poured into 250 ml Erlenmeyer flasks and autoclaved for
20 min at 121°C. After completely cooling down, prepared MBB was inoculated from ard8ys
old F. graminearumFgl PDA plate (10 patches x @7 mm culture in each 250 ml Erlenmeyer flask)
and incubated for six days at 22°C with 180 rpm agation (Incubator Shaker Seried26, New
Brunswick Scientific Co., Inc., EdisoiNew Jersey, USA After six days of inclbation, a volume of
preculture was taken and diluted to one tenth in fresh MBB medium and incubated under the
same conditions for 10 days. Obtained culture was shaken, filtered using sterile Miracloth to
discard mycelium and centrifuged at 4700g for 10 min at room temperature (Avanti JE Series,
Beckman Coulter, Fullerton, USA). Supernatant was discarded and the resulting pellet was
washed twice with sterile water. Titration of spores in the suspension was estimated using a
Thoma counting chamber(Marienfeld, Germany)

4.3.2. Suppressiveness assay

Suppressiveness assay witl. graminearumFgl was performed in the plant growth chamber
(FitoClima, 10.000 EH, ARALAB, Rio de Mouro, Portugal), with the following conditions: 16h day
at 20°C/8 h dark at 18°C and relative humidity 80%Seeds ofvinter wheat (Triticum aestivumL.)
variety Récital were provided by Dr. Thierry Langin (GDEC JoifResearch Unit, INRA Center
Auvergne-Rhone-Alpes, ClermontFerrand, France) For each MI soil, sampled as described in
section 4.1., 100 wheat seeds were distributed in 20 pots (12 x 10 x 10 cm) filled with 250 g of
soil mixed with sterile siliceous sand (granulometry 0.61.6 mm, Gedimat, Dagneux, Frange
autoclaved twice, at 24 h interval) in a 50:50 ratioHalf of the seeds were inoculated with 10QuL
of the prepared F. graminearumFgl spore suspension (1®spores per seed), while half were
inoculated with 100 pyL of water. The experiment followed a randomized block design with 10
blocks (n = 10).Plants were watered everythree days maintaining soil close to 226 w/w water
content. After 14 days,the number of germinated seeds was recorded, and (i) the number of
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plants alive, (ii) shoot length (cm), (iii) dry shoot biomass (mg), and (iv) dry shoot densityi.€.,
shoot length divided by dry shoot biomass; mg/cm) were measured at 28 days.

4.4. Analysis of prokaryotic and fungal rhizosphere diversity through metaba  rcoding
approach

4.4.1. Separation of r hizosphere and DNA extraction

Both F. graminearumFgl-inoculated and noninoculated wheat plants grown for 28 days during

the experiment from section4.3.2. were sed to sample the root systemrbm six blocks, with one

plant per pot. Looselyadhering soil was discarded by shaking. Roots and tightlgdhering soils

were frozen in liquid nitrogen, lyophilized for 48 h and then stored at20°C. Rootadhering soill

was mechanically separated (using sterile tweezers) and 0.5 g il was used for DNA extraction

with the FastDNA SPIN kit for Soil and the FastPrep instrument (MP Biomedicals), following

i AT OEAAOOOAOGO ET OOOOAOQET T Odree $vater and Auantifidd WSiapA A  E |
Qubit dsDNA High sensitivity Assay Kit with an Invitrogen Qubit 4.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA)DNA quality was assessed using &V spectrophotometer

(NanoPhotometer NP80, Implen, Munich, Germany).
4.4.2. 16S rRNA gene and ITS sequencing from rhizospheric DNA

A PCR readon amplifying the V36 1 OACEI T 1T £ OEA pe3 02.! CATA
##41 9" 2" H#1 3 # cxeq AT A 51 EyYme2 (FYwetal, 2005# 4! # (
Caporaso et al., 2011; Sundberg et al., 2018ns performed in a GeneTouch Plus Thermal Cycler

j "ETUOUI 3AEAT OEZEAh (AOOGEOAE /1 AAT AT O&h ' AOIi A

molecula-COAAA xAOAOh ¢8u t1 T &£ pn p OOAT AAOA OARAAA
-1 h 531 qh p t1 |1 A& cu Bovine Sem Alqumin;p régonb?; New Englald " 3 !
"ET, AA6bgh <¢8v t1 1T &£ ¢ 1- A.400h p 1 1TA&# AAAE

Pi 1 Ul AODAGR jAx 58It¢1 ATA "ET, AAOQhp 7A1 ADIRd tdtal mixi £ $ .
I £ ¢qu t18 4EA 0#2 OAAAadaistep aE¥°L foOAMin follawed iy 13E OE A
cycles of 94°C for 20 s, 56°C for 20 s, 72°C for 40 s, and a final extension step at 72°C for 5 min.
The same PCR process and conditions were used to generate libraries from the 16S rRNA gene
amplicons, using primers Uni341F/UniB06R with Illumina adaptors (Nextera XT Index Kit,
lllumina, San Diego, CA, USA) at Novogene (Cambridge, UK), using lllumina MiS&@2vx 250
bp) chemistry, following the manufacturer's instructions (lllumina).

The fungal ITS2 region we@® Al Bl EEEAA OOET ¢ OEA D (
"4 1 24# ) A# VL 4#444 006QqQ AT A ) 431 (Gawés asd#BiudsH # ' # 4
1993; lhrmark et al., 2012) Primers were equipped with lllumina adaptors (Nextera XT Index
Kit, lllumina). To obtain high-fidelity amplification, PCR was performed using Kapa Hifi HotStart
ReadyMix (KAPA Biosystems, Wilmington, MA, USA). The PCR was done in triplicate in a S1000
Thermal Cycler (BicRad), with an initial denaturation at 95°C for 5 min, followed by 33 cycles of
95°C for 1min, 55°C for 1 min, 72°C for 75 s and a final elongation step at 72°C for 10 min. PCR
products were purified using AMPure XP beads. To assign the sequences to the respective
samples, an index PCR was performed using the Illumina Nextera XT Index Kit and Kapa Hifi
HotStart ReadyMix (KAPA Biosystems)according to OEA | AT OEAAAOOOAO0C8 O EI
products were purified again with AMPure XP beads and quantified with Quanfl PicoGreen
dsDNA Assay Kit (Invitrogen) following the manufacturer's instructionsFor sequencing, samples
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were pooled, and the pools were checked with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). Pairedd lllumina MiSeq sequencing (2 x 300 bp) was
performed at the Department of Soil Ecology, UFAelmholtz Centre for Environmental Research

in Halle (Saale, Germany).

4.4.3. Sequence data processing

Amplicon sequencing datasets from 16S rRNA gene and ITS were handled independently.
Sequences from the 16S rRNA gene dataset were processed and classified using thecRapa
DADA2 (Divisive Amplicon Denoising Algorithm) v.1.12.1 pipelin¢Callahan et al., 2016) Using
the "FilterAndTrimmed" function, quality filtering and trimming stages were executed. Reads
shorter than 100 bp were removed, allowing two errors per read. ITS sequences were processed
using dadasnake v.1qWeil3becker et al., 2020 https://github.com/a -h-b/dadasnake), with the
DADA2 package in R (v.3.6.Lallahan et al., 2016)Only reads with the expected amplification
primers were kept, and primer sequenes were cut using cutadapt v.1.1§Martin, 2011). The
amplicon reads were truncated to a minimum base quality of 7, with a minimum length of 70
nucleotides for the forward and reverse reads. For both datasets, read pairs were merged with
zero mismatches, and exact sequence variants were determined as ASVs (Amplicon Sequence
Variants). Chimeric reads were removed using the DADA2 "consensus" algorithm. For the 16S
rRNA gene dataset, the ASVs were assigned taxonomically using the SILVA database YQa38&st

et al., 2013), while the UNITE database v.9 was used to assign the ITS2 gene amplicon sequences
taxonomically using the mothur implementation of the Bayesian ClassifigiSchloss et al., 2009)
During this process, ASVs identified as chloroplasts, mitochondria, or eukaryotes in théS rRNA
gene sequences were excludedrom the analysis. The phyla nomenclature was maintained as
suggested by the Silva database v.13Quast et al., 2013) The 16S rRNA gene primers have been
designed to target both the archaeal rad bacterial domains; hereafter, this subset of the
microbiota is reffered to as the prokaryotic community.For ITS, all ASVs assigned tarfgi were
kept. Prokaryotic and fungal taxa were identified at the genus level when possibletherwise at

the family or the order level. For 16S rRNA gene and ITS, the raamplicon data were deposited
into the NCBI Sequence Read Archive (SRA).

4.5. Formation of indigenous biocontrol bacterial collection

The goal of this partof the experiment was to assess the usefulness déingistatic and non
fungistatic soils as sources of biocontrol agents againgt. graminearumFgl. Aiming to isolate
rhizosphere bacteria with potential biocontrol activity againstF. graminearumFgl, rhizosphere
extract of Ml and CA soils was plated on different media, grown bacteria were picked and purified
andin vitro confrontation test with F. graminearumFgl was performed.

4.5.1. Preparation of the rhizosphere soil extract

Wheat plants(Triticum aestivumL.), variety Récital,were grown in soils from a site near Mionica
(M), Serbia,i.e.,MI2, MI3, MI4 and MI5, andnear | Aé AE | # !i@1CAI3 G2 Ard ACA3
(Table 4), for 28 days. Wheat plants were harvested, their roots were separated,shaken
vigorously and, afterwards, rhizosphere was sampled usin@n adapted protocol fromBulgarelli
et al. (2012), and rhizosphere extract was used for bacterial isolationln brief, for each soil
wheat root systems with adhering soil were put in 50 mL of phosphate buffered salindN@Cl, 8 g;
KCI, 0.2 g; KEPQy, 0.24 g; NaHPQO, 1.42 g; HO, 1000 mb and shaken for one hour at 160 rpm
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(Innova 42R, New Brunswick Scientific, Edison, New Jersey, USAJhe roots were discarded, the
suspension was centrifuged at 4000y for 20 min (Avanti JE Series, Beckman Coulter, Fullem,
USA), after which the supernatant was discarded. The resulting pellet was mixed with 20 mL of
0.8% NacCl, vortexed, and the obtained suspension represented the rhizosphere soil extract.

4.5.2. Isolation of indigenous rhizosphere bacteria on different media

Isolation of diverse bacterial isolates was done by plating serially diluted rhizosphere extract of
wheat plants grown in soils Ml and CA (prepared as described section 4.5.1.) on different
general media,i.e.,Nutrient Agar (NA; Carl Roth, Kadruhe, Germany) and Tryptone Soya Agar
(TSA; Carl Roth, Karlsruhe, Germany), as well as on selective media: Citrimide Agar (Merck,
$A0I OOAAOh ' AOi ATuq AT A +ET C60 Pseudo@dngsFigderdvi AAT /
agar (Anderson, 1958) forAzotobacter and Starch Ammonia Agar (SAA, starch, 10 g; (NESQO,

1 g; MgS@ x 7H20, 1 g; NaCl, 1 g; KNO1 g; CaC§ 3 g; agar, 20 g; #0 up to 1L) for
ActinomycetesAdditionally, one part of the rhizosphere extract was pasteurized at 80°C for 10
min and plated on NA, aiming to isolate representatives from the genuBacillus All plates were
incubated at 28°C in the dak until the bacterial growth hadoccurred, single colonies were picked
and purified until pure cultures were obtained. Bacteria were checked for purity and
differentiated as Grampositive or Gramnegative, using the Gram staining technique, and stored
at-80°C in 25% glycerol.

4.5.3. Confrontation test of indigenous rhizosphere bacteria and Fusarium graminearum
Fgl

Confrontation test with isolated rhizosphere bacteria and~. graminearumFglwas performed on
PDA plates. PDA plates were inoculated with discs (87 mm) taken from the edges -afa§s oldF.
graminearum Fgl colony and a streak of each bacterium from the bacterial collection was made 3
cm apart from the pathogen. In the case @&ctinomycetesbacteria werefirstly inoculated on PDA
plates, and after 5 days, fungal discs were added 3 cm apart from the bacteria. Control plates
were inoculated with F. graminearumFgl discs only. Each confraation was performed in
triplicates. Plates were incubated in the dark at 22°C fasevendays, when observed changes in
pathogen growth were noted, and for 14 days, when changes in colony morphology were noted.
Percentage of pathogen growth inhibiton was calculated according to theformula by
Siripornvisal (2010), i.e.,1% = (ro-r)/r o X 100, where 1% is percentage of growth inhibition; & is
the radius of F. graminearumFg1 colony on a control dish and r is the radius df. graminearum
Fgl inhibited by thebacteria.

4.5.4. |dentification of indigenous rhizosphere bacteria

The most promising isolates from section 4.5.3., i.e., those that changed pathogen growth
morphology or those that inhibited F. graminearum Fgl growth for more than 50%, were
identified.

DNA of theisolates was extracted from overnight cultures grown in TSBTfyptone Soya
Broth; Carl Roth, Karlsruhe, Germany), using NucleoSpin R 96 Tissue kit (Macherey Nagel,

Germany), accordingto OEA | AT OEAAOOOAOSE O ET OO OO AdeErinkdd $.
using a UV Sectrophotometer (NanoPhotometer NP80, ImplepMunich, Germany).
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Strains were further identified by amplifying the rrs gene encoding for 16S rRNA, using
DOEI AOO -AGAGTTTGATCCTGGCTGAG q AT A -AABGAGGTGATCCAGCC®TAQ
(Edwards et al., 1989) Each PCR reaction was done on a thermocycler Mastercycler (Eppendorf,
Germany), in a volume of 50 pL, which contained: 5 pL of the buffer (10x DreamTaq Green Buffer
with 20 mm MgCh; Thermo Fisher Scientific, USA), 5 pL of dNTP (2mMYHermo Fisher
Scientific, USA), 0.25 uL of DreamTag DNA polymerase (5 U/pL) (Thermo Fisher Scientific, USA),
2.5 pL of each primer (10 uM) (Thermo Fisher Scientific, USA), 50 ng of DNA and Rrase
water up to 50 pL. Reaction conitions for primer pair pA/pH were as follows: 94°C for 3 min,
followed by 35 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 35 s, with a final elongation step
at 72°C for 3 min A mix of all the PCR reagents with Rnasieee water instead of DNAvas used as
a negative contro| while a mix of all the PCR reagents with 50 ng &f. fluorescen$113 DNA
served as a positive contral All of the PCR products were checked on 2% agarose gel (prepared
with 0.5 x TBE buffer) to determine amplification success and relative band intensity. The
amount of 5 uL of DNA Loading Dye (6x TriTrack, Thermo Fisher Scientific, USA) was mixed with
1 uL of each PCR product and deposited in agarose gel wells, and electrophoresis was run for 30
min at 100 V (Mupid-One,AdvanceCo. Ltd., Tokyo, JapanPQR products were visualized under
the UV lamp and compared toa DNA ladder (GeneRuler DNA Ladder Mix, Thermo Fisher
Scientific, USA) and to the positive control which has the length of ~1500 bp fdine rrs gene.
Amplified fragments were sequenced with Sanger sequencing at Microsynth (Vatgx-Velin,
France), in forward direction. Obtainedrrs sequences were compared to the sequences available
at the GenBank database (National Centre for Biotechnology Information, Bethesda, Maryland,
USA) viaBasic Local Aligment Search Tool BLAST).

4.6. Analysis of rhizosphere Pseudomonasdiversity through metabarcoding approach

As the genusPseudomonass known for its numerous mechanisms of pathogen suppression, as
well as for its beneficial effects on the plant growth, the goal of this padf the experimentwas to
assess the diversity of fluorescenPseudomonasn the rhizosphere of wheat plants grown in
suppressive and norsuppressive Ml soils. This analysis was done in two ways: through culture
independent method ard through culture-based method. The first method was based on a
metabarcoding approach, targeting therpoD gene of theP. fluorescengroup and the other
method, explained in thesection 4.7, was based orthe isolation of putative Pseudomonasising
the standard plating technique.

4.6.1. Isolation of rhizosphere DNA

The norrinoculated plants harvested at 28 day$rom section4.3.2.were also used to assess roet
associated Pseudomonagopulations, using sx rhizosphere replicates for eachsoil. Each root
system was shaken to dislodge looselgpdhering soil and was flaskrozen in liquid nitrogen,
followed by lyophilisation (for 24h, -50°C, 1.25 mbar; Lyophilizator, hpha 1-4LSC, Christ,
Germany). The rootadhering soil (i.e., rhizosphere soil) was separated from the rots using

N~ o~ 20X

Biomedicals, lllkirch-Graffenstaden, France)DNA was extracted and eluted in 50 uL sterile ultra
pure water, AAAT OAET ¢ O OEA | A%, GaragA BNA OoonkedtBations Ener® O O O A
determined using a UV Sgctrophotometer (NanoPhotometerNP80, Implen, Munich, Germany).

39



4.6.2. rpoD sequencing from rhizospheric DNA

The rpoD gene coding for RNA polymerase sigma 70 (sigma D) factor was chosen to visualize
diversity within the Pseudomonasgenus. Primers with specific Illumina tails (rpoD_F:
TCGCCAAGAAGTACACCAAC and rpoD_R: CCATGGAGATCQ@@awiguez, 2021) were used

to amplify a 356 bp fragment ofrpoD. PCR was done under the following conditions: 94°Gr 1
min, followed by 35 cycles of 94°C for 30 s, 59°C for 40 s and 72°C for 45 s, with a final elongation
step at 72°C for 10 min. PCR product purification, amplicon library construction, and lllumina
MiSeq sequencing (2 x 300 bp paireend reads) were performed by Microsynth.

4.6.3. Sequence data processing

Total reads obtained were demultiplexed Reads quality was assessed using the software fastp
v.0.23.2 Chen et al., 2018and primers were removed using the software cutadapt v.4.1IMartin,
2011) with the default parameters. Then, the sequencing pairednd reads were processed using
R software v.4.2.2 and th®ADA2 package v.1.26Callahan et al., 20163hrough a workflow step
including filtering, trimming, denoising, dereplicating, merging and finally chimera removing. In
the end, 928,217 reads were kept and distributed in 823 amplicon sequence variants (ASVs).
Next, taxonomy was assigned using thBADA2 native implementation of the naive Bayesian
classifier method (Wang et al., 2007)and a homemade rpoD sequence database specific to the
primer pairs. In conclusion,a total of43 genera were identified in the microbial community, with
41 ASVs belonging to th€®seudomonagenus. TherpoD metabarcoding datawere deposited into
the EBI/EMBL database

4.7. Formation of Pseudomonascollection
4.7.1. Isolation of Pseudomonas

Isolation of Pseudomonaswvas done in 96well microplates, using the rhizosphere extracts
(prepared as described insection4.5.1.) of inoculated and norinoculated soilsi.e.,MI2, MI3, MI4

and MI5 [i.e., 4 soils x 2 (inoculated/not with F. graminearumFgl)], from the experiment
described in section 4.3.2., according to a protocol byacheron et al.(2016). In brief, 20 pL of

AAAE DPOADPAOAA OTEI ABOOAAOQ ikl EIlEBIOA "x BXAD bol YAn A
ampicillin (40 pg.mL1), chloramphenicol (13 pg.mt) and cycloheximide (100 pg.mtl)] in
microplates and then serially diluted, following a most probable number (MPN) design with five

wells per dilution. Microplates were incubated at 28C for 24h, and then 1 pL from the most

AEI OOAA bPi OEOEOA xAl1l xAO bPIAGAA 11 +ETC8O0 " A
eight conditions, purified and stored at-80°C in 25% glycerol.

4.7.2. |dentification of Pseudomonas

Genomic DNA of alPseudomonassolates was extracted from overnight cultures grown in TSB,
using NucleoSpin R 96 Tissue kit (Macherey Nagel, Germany), accordiad® EA | AT O EAAAOO
instructions. DNA concentration was determined using a UV 8ptrophotometer
(NanoPhotometer NP80, ImplenMunich, Germany).

Identification was performed by sequencing the housekeeping gempoD, using primers
0Pl $ ACTTOTGGCACGGTTGABEAQ Al A -UEBAGADGCGACGGTTGATETE(
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targeting the rpoD alleles of bacteria from theP. fluorescengroup (Frapolli et al., 2007) When
rpoDAT D1 EAEAAOCEIT T ALCAITSAO AGOWAMEAIACh AIER po3 02. 1  x/
AGAGTTTGATCCTGGCTGAG 0 AT A-AABGAGGETGATCCAGCC®EAQ DHAEO 1T £ £
(Edwards et al.,1989) and sequenced. Each PCR reaction wpsrformed on a thermocycler
Mastercycler (Eppendorf, Germany), in a volume of 50 pL, which contained: 5 pL of the buffer
(10x DreamTaq Green Buffer with 20 mm Mg&l Thermo Fisher Scientific, USA), 5 uL of dNTP
(2mM) (Thermo Fisher Scientific, USA), 0.25 pL of DreamTag DNA polymerase (5 U/uL) (Thermo
Fisher Scientific, USA), 2.5 pL of each primer (10 uM) (Thermo Fisher Scientific, USA), 50 ng of
DNA and Rnasdree water up to 50 pyL. Reaction conditions for primepair rpoDr/rpoDf were as
follows: 94°C for 150 s, followed by 30 cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 1 min,
with a final elongation step at 72°C for 10 min, and for primer pair pA/pH as follows: 94°C for 3
min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 35 s, with a final elongation
step at 72°C for 3 min. As a negative control, a mix of all the PCR reagents with R+isse water
instead of DNAwas used while a mix of all the PCR reagents with 50 ng &f. fluorescen$113
DNA served as a positive contral All of the PCR products were checked on 2% agarose gel
(prepared with 0.5 x TBE buffer) to determine amplification success and relative band intensity.
The amount of 5 uL of DNA Loading Dye (6x TriTrack, Thermo Fisher Scientific, USA) was mixed
with 1 pL of each PCR product and deposited in agarose gel wells, and electrophoresis was run
for 30 min at 100 V (MupidOne,AdvanceCo. Ltd., Tokyo, JapanPCR products were visualized
under the UV lamp and compared t@ DNA ladder (GeneRuler DNA Ladder Mix, Thermo Fisher
Scientific, USA) and to the positive control which has the length of ~700 bp and ~1500 bp for
genesrpoD and rrs, respectively. Amplified fragments were sequenced with Sanger sequencing at
Microsynth, in forward direction.

Obtained sequences were compared to the sequences available at the GenBank database
(National Centre for Biotechnology Information, Bethesda, Maryland, USA), using BLAST.
Analysis of sequences was done using the SeaView multiplatfor(@ouy et al., 2010) The
obtained sequences were aligned with MUSCLE3v8.31 (Edgar, 2022) they were manually
filtered to discard gaps and aligned regions of low qualityGblock software (Castresana, 2000;
Talavera and Castresana, 2007)was used to eliminate poorly aligned positionsas well as
divergent regions to prepare for phylogenetic analysis, and lladuplicated sequences were
discarded with seqgkit software (Shen et al., 2016) The phylogenetic tree was constructedvith
Distance method and 1000 bootstrapsand visualized using iTol(Letunic and Bork, 2021)
Obtained genesequences were deposited intthe EBI/EMBL database

4.8. Genome sequencing and genome annotation of selected biocontrol and Pseudomonas
isolates

As genomic analysis of microbial isolates from fungistatic and nefungistatic, suppressive and
non-suppressive soils is useful to explore the underlying mechanisms of these phenomenad
considering that Pseudomonasisolates with biocontrol potential can also occur innon-
suppressive soils(Ramette et al., 2006; Frapolli et al., 2010), the aim of this padf the studywas
to sequence the genomes of selected biocontrol afltseudomonassolates and to search for genes
potentially involved in fungistasis and suppressiveness.
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4.8.1. DNA extraction, genome sequencing and assembling

Genomic DNA extraction from chosen isolates was done from an overnight culture grown in TSB

for 24h at 28°C, with 200 rpm (nnova 42R, New Brunswick Scientific, Edison, New Jersey, USA)

using a Nucleospin tissue kit(Macherey-Nagel, France), accordingo OEA | AT OEAAQOD
instructions. DNA quality and concentration were determined by agarose gel electrophoresis (1%

gel concentration, 100 V, 30 min) (MupidOne,AdvanceCo. Ltd., Tokyo, Japanand with Qubit

2.0 Fluorometer (Invitrogen, Carlsbad, CA, USAJzenomic DNA was sequenced and library
preparation was done at Novogene (England), using lllumina NovaSeq 6000 technologyhne

genomic DNA was randomly sheared into short fragments. The obtained fragments were end
repaired, Atailed and further ligated with lllumina adapter, generating a 2x150bp paired-end

library . The fragments with adapters were PCR amplified, size selected, purified and sequenced.

The original data from Illumina platform were recorded in a FASTQ file, which contains
sequencing reads and sequencing quality informatiorfiastp software v.0.23.1(Chen et al., 2018b)

with default settings was used for trimming sequences and Unicycler software v.0.5W/ick et al.,

2017) with default settings for de novoassembly.ldentification and construction of phylogenetic

tree was performed with the Type Strain Genome Server (TYGS) (http&ygs.dsmz.de/; Meier-

Kolthoff and' EEAOh ¢npwn - AEA O Zedomi©edtuEsEof hdisolatesswere ¢ 1 ¢ ¢
obtained using the MicroScope platform (v.3.15.4; Vallenet et al.,, 2020) Whole-genome
sequenceqraw and assembled)were deposited intothe EBI/EMBL database.

4.8.2. Genome annotation

Genome annotation was done automatically with the MicroScope platform. DIAMOND blastp
(v.2.0.8.146; Buchfink et al., 2015) was used to search for genes involved in biocontrol and plant
growth promotion (query sequences are available irSupplementary material Chapter 3; Table
S1) within genome protein sequencesusing the options --query-cover 80 --id 70, in order to
filter the hits with minimum 80% query coverage and minimum 70% amino acid identity.

The searched functions included (i) production of antimicrobial compounds phenazine
(phzABCDEFG (Dar et al.,, 2020), HPR darABQ (Nowak-Thompson et al.,, 2003), 2.4
diacetylphloroglucinol (phlABCD (Bangera and Thomashow, 1999), pyrrolnitrin prnABCD
(Kirner et al., 1998), HCN ticnABGQ (Ramette et al., 2003) and pyoluterin (pItABCDEFGLM
(Nowak-Thompson et al., 1999), (ii) production of isect toxin FitD (itD) (Loper et al., 2012) and
alkaline metalloproteinase AprA @prA) (Loper et al.,, 2012) involved in biocontrol, (iii)
production of siderophores pyoverdine @vdl) (Schalk and Guillon, 2013), pyochelin
(pchABCDEF(Reimmann et al., 2001) and pseudomoninegpnsABCIE (Matthijs et al., 2009), (iv)
signaling and modulation of plant hormonal balance by deamination of ethylene precursor ACC
(acdg (Shah et al., 1998), ethylene productionefe) (Wang et al., 2010), auxin biosynthesis
(iaaMH, ipdd ppdQ (Loper et al., 2012 Gruet et al., 2022, auxin catabolism {acABCDEFGHiI
(Loper et al.,, 2012), acetoin synthesisbudB ilvNB/ als§ budA alsD) (Blomqvist et al., 1993;
Loper et al.,, 2012), 2,3butanediol synthesis pudQ ydjL in addition to the acetoin synthesis
genes) (Nicholson, 2008), 2,3utanediol conversion to acetoin &dh bdhA ydjL) (Huang et al.,
1994; Nicholson, 2008), acetoin catabolismacoABCX(Huang et al., 1994), (v) transformation of
P and N sources by phosphate solubilizationg€d, gad) (Miller et al., 2010), nitrogen fixation
(nifHDK) (Bruto et al., 2014) and denitrification (irK, nirS) (Coyne et al., 1989; Bruto et al.,
2014). In case where presence of more than one gene is necessary to achieve a functog.,(
presence of bothiaaM and iaaH genesfor the synthesis of auxin via the indole3-acetamide
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pathway), but only some of the necessary genes were found in the genome, the presence of the
missing genes was checked with less stringe®LASTresult filtering criteria ( --query-cover 80 --
id 30). Putative biosynthetic gene clusters were further identified usinghe antiSMASH (Blin et
al., 2019) within the MicroScope platform and the annotations were manually curated.
Carbohydrate-active enzymes (CAZymes) were predicted using dbCAN2 v.3 (Zhang et al.,
2018) and compared with the CAZy database using HMMER v.3.3 (Eddy, 2011). Prediction of
function and substrate specificity of CAZyme families or subfamilies was performed based on a
review of activities assigned to CAZymes with known strtures (characterized enzymes) in the
CAZy database (http://www.cazy.org) (Lombard et al., 2014) and manually curated, as
previously described (LépezMondéjar et al., 2022). A heatmap based on CAZyme counts was
generated by pheatmapr.1.0.12 package (Kolde, 2019).

4.9. Pant growth promoting (PGP) characterization of biocontrol and Pseudomonas
isolates

Functional characterization of isolates included the assessment of both direct biocontrol and
indirect PGP mechanisms. Biocontrol mechanisms included: sidghore production, production

of HCN and production of Iytic enzymes (proteases, chitinases and cellulases), while PGP
mechanisms included: phytohormones production, ACC deaminase production and solubilization
of phosphates. Additionally, the inhibitory effect of VOCs produced by rhizosphere isolates
towards F. graminearum Fgl, as well as the ability of bacterial isolates to inhibitonidia
germination of F. graminearumFg1l in liquid medium, were tested.

4.9.1. Siderophores production

Siderophores produdion was tested on Chrome Azurol S (CAS) agar according to an adapted
protocol by Lakshmanan et al. (2015) In brief, 60.5 mg of CAS was dissolved in 50 ml of water
and mixed with 10 ml of FeC solution (1 mM FeC} x 6H0 in 10 mM HCL). Then, 72.9 mg of
hexadecyltrimethylammonium (HDTMA; SigmaAldrich, St Louis, MO, USA) was added to 40 ml
of water, slowly mixed with CASFeC} solution and then autoclaved for 20 min at 121°C.
Separately, 15% agar solution was prepared and autoclaved for 20 min at 121°Coleal down to
50°C and mixed with CA%eCs-HDTMA media. As HDTMA often inhibits growth of Gram
positive bacteria, QCAS (overlaid CAS) method developed BérezMiranda et al. (2007) was
further used. Isolates were firstly grown in triplicates on LB agar (pH 6.5) (LuridBertani;
tryptone, 10 g; NaCl, 10 g; yeast extract, 5 g; agar, 15 gDHLOOO ml) by inoculating 2 pL of each
bacterial suspension and incubating for 24 h at 28°C. After the incubation period and
development of colonies, 10 ml of the prepad CAS agar was overlayed on top of LB plates with
grown colonies. After 24h,the change of media colar around the colonies from blue to orange
was assessed as andication of the siderophores production.

4.9.2. Production of hydrogen cyanide
)y Ol 1 AOAOGSG AAEI EOU O bDOi AOAA ( # BakkerAaBd SOhpeGA A
(1987). Bacterial isolates were plated in triplicates on TSA plates supplemented with 4.4 g

glycine.L:* and the plates were inverted. Sterile filter paper was impregnated ith 0.5% picric
acid and 2% NaCQ and it was placed in the lid of each plate. Plates were firmly sealed with
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parafilm and incubated at 28°C for 96 h. Change of the catoof the filter paper from yellow to
orange-brown after incubation indicated production of HCN by the isolates.

4.9.3. Production of lytic enzymes (proteases, chitinases and cellulases)

Protease activity was tested on sterile Milk agar, prepared by mixing one volume of pasteurized
skim milk with one volume of 2 % agar solution previouslyautoclaved for 20 min at121°C.
Medium was inoculated with 2 pyL of each bacterial suspension, previously grown in TSB
overnight, in triplicates, and incubated at 28°C for 48h. After the incubation period, presence of
halozones around the colonies indicated the production of proteases by the isolates.

Chitinase activity was tested on Minimal media (KKHPQ,, 0.7 g; KHPQ, 0.3 g; NaCl, 4 g;
MgSQ x 7TH0, 0.5 g; FeSIX 7H0, 1 mg; ZnSOx 7H0, 0.1 mg; MnSOx 7H20, 0.1 mg)Kim et
al., 2003) supplemented with 10 % colloidal chitin solution, prepared as described byurthy
and Bleakley (2012) Prepared media were inoculated with 2 pL of each bacterial suspension,
previously grown in TSB overnight, in triplicates, and incubated at 28°C fageven days. After
seven days, the appearance of colonies indicated their possibility of using chitin as a carbon
source, showing the chitinase activity.

Production of extracellular cellulases was tested on media containing Carboxymethyl
cellulose (CMC; Sigma Aldrich, USA), tife following composition: CMC, 10 g; &PQ, 5 g;
MgSQ x 7H:0, 0.25 g; Ca@] 0.2 g; MnS@ 0.1 g; NaN@ 2 g; FeS® 0.01 g; agar, 20 g; 49, 1000
ml. This assay was performed in triplicates, by inoculating 2 pL of each bacterial suspension,
previously grown in TSB overnight, on CMC media and incubating for 48 h at 28°C. After the
incubation period, plates were flooded with 0.1% Congo red solution in 1M NacCl. After 10 min,
the dye was rinsed with 1M NaCl. The appearance of halozones around the colonisdidated
cellulose activity.

4.9.4. Production of phytohormones

Screening forthe production of (i) seven auxin phytohormones,i.e., IAA, indole-3-lactic acid,
indole-3-carboxylic acid, indole3-pyruvic acid, indol-3-butyric acid (IBA), tryptophol and indole-
3-propionic acid, (ii) five cytokinins, i.e., trans-zeatin, transzeatin riboside (ZR), kinetin, 6
benzylaminopurine (BAP) and isopentenyl adenosine (IPA), (iii) two gibberelling,e.,gibberellin

Al (GA1) and gibberellic acid (GA3), (iv) abscisiaccal (ABA) and (v) kynurenic acid was done by

Ultra High Performance Liquid Chromatography (UHPLCat the CESN platform (UMR5557,
University Lyonl). Briefly, all isolates were grownthree days at 28°C (300 rpm) in 2 mL of M9

minimal medium (Miller, 1972) supplemented with 0.4 mM of tryptophan and 0.1 mM of
adenine. The cultures were centrifuged at 450¢y AOOET ¢ ¢ [ ET AT A ££EEI O
Supernatants were lyophilized (for 24h,-50°C, 1.25 mbar; freezalryer, Lyophilizator, Alpha 1-

4L.SC, Christ, Germany)the powder obtained was extracted two times with methanol, drying

with speed-vac (Centrivap Cold Tap Concentrator LABCONCO, Kansas City, MO, U3A{

UHPLC separation was performed with an Agilent 1290 Series instrument (Agilent Technologies
France,Les Ulis, Francpusing a 100 x 3 mm reverse phase column (Agilent Poroshell 120 EC
#puwh ¢8x ti DBAOOEAI A OEUAQ8 3AIPIAO jo t,qQ xAO.
A (water + 0.4% formic acid) and solvent B (acetonitrile) in a 98:2 ratio. Compounds were eluted

by increasing the acetonitrile concentration to 40% over a 6 min period, then t@¢00% over 4

min, followed by an isocratic step of 2 min, at a flow rate of 0.5 mL.min Hormones were
detected with a diode array detector (DAD) and an Agilent 6530 -QOF mass spectrometer in
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positive and negative electrospray ionization, based on comparison with commercial standards
on both mass and UV (between 190 and 600 nm) chromatograms, along with accurate mass and
UV spectra.

4.9.5. 1-aminocyclopropane -1-carboxylate deaminase production

Production of ACC deaminase was tested according to a moekfiprotocol by Penrose and Glick
(2003)h x EEAE -kétdolrykate(pdduged when the enzyme ACC deaminase cleaves ACC.
Bacterial cultures were firstly grown in 15 ml of TSB for 24h at 28°C, shaking at 200 rpm
(Innova 42R, New Brunswick Scientificc Edisan, New Jersey, USA). After the incubation, the
cultures were centrifuged at 8000xj for 10 min (Avanti JE Series, Beckman Coulter, Fullerton,
USA), supernatant was removed and bacterial cells were washed twiavith DF salts minimal
medium (Dworkin and Foster, 1958 KHPQ, 4 g; NaHPGQ,, 6 g; MgS©x 7H0, 0.2 g; glucose, 2 g;
gluconic acid, 2 g and citric acid, 2 g with trace elements: FeSO7H0, 1 mg; HBGs, 10 mg;
MnSQ x H0, 11.19 mg; ZnSOX 7H0, 124.6 mg; CuSKx 5H0, 78.22 mg; Mo€) 10 mg; HO,
1000 ml; pH 7.2), and finally resuspended in 7.5 ml DF salts minimal medium, with addition of 45
puL of 0.5 M ACC solution (0.5 M ACC solution was filsterilized at 0.2 um, aliquoted, frozen at

20 °C and thawed prior to the addition). Bacterial cultures were incubated once again for 24h at
28°C, with shaking at 200 rpm, cells were harvesteldy centrifugation at 8000xg for 10 min and
washed twice with 0.1 M TrisHCI, pH=7.6. The pellet was resuspended in 600 puL of 0.1 M Tris
HCI, pH=8.5, lysed with 30 plof toluene and shaking for 1 min in a MM200 Retsch mixer mill
(Bioblock, Vaulx Milieu, France) to ensure complete cell lysis. Then, 200 pL of the toluenized cells
were transferred to fresh 1.5ml microcentrifuge tubes and 20 uL of 0.5 M ACC was added to the
suspension, vortexed, and then incubated at 30°C for 15 min. Following the addition of 1 ml of
0.56M HCI, the mixture was vortexed and centrifuged for 10 min at 800@xat room temperature.
One millilitre of the supernatant was vortexed together with 800uL of 0.56 M HCI and 300 pL of
the 2,4-dinitrophenylhydrazine reagent (0.2% 2,4 dinitrophenylhydrazine in 2 M HCI) and then
incubated at 30°C for 30 min, duringx EEAE O E-kefobutfraidd wag transformed to
phenylhydrazone. The colour of the phenylhydazone wa developed by the addition of 2 ml of 2

M NaOH and compared to the colour of assay reagents in the presence of ACC, without the
bacterial extracts. Colour of the control was pale yellow, and bacterial isolates positive for the
production of ACC deaminase developed browred colour.

4.9.6. Phosphate solubilization

)y O 1 AOAOGG AAEI EOU O1F Oiil OAEI EUA ETT OCATEA PDEI
"T OAT EAAT 2 AOAAOAE Nyuiysd, Q%9 6 (ha fldwiry EdmAoBittok Gldcokse,

10 g; MgCl x 6H:0, 5 g; MgS®@x 7H:0, 0.25 g; KCI, 0.2 g; (NhtSQ, 0.1 g; CPOu)2, 5 g; agar, 20

g; HO, 1000 ml; pH=7. Each assay was performed in triplicates by inoculating 2 uL of each
bacterial suspension, previously grown in TSB overnight, on NBRIP media, and incubating for 14

days at 28°C in the darkAfter the incubation period, presence of halozorearound the colonies

indicated the solubilization of phosphates by the isolates.
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4.9.7. The effect of bacterial volatile organic compounds (VOCs) on Fusarium graminearum
Fgl growth

The inhibitory effect of VOCs produced by bacterial isolates towards. graminearumFgl was
assessed in a system of two Petri dishes sealed together with parafiim. For this assay, each
bacterial isolate was grown in TSB at 28°C/24h/200 rpm (Innoval2R, New Brunswick Scientific,
Edison, New Jersey, USA). Aftvards, the optical density of obtained suspension was adjusted to

1 (i.e., 108 cells.mL1) at 600 nm (OD600nm, Ultrospec 10 Cell Density Meter; Amersham
Biosciences Little Chalfont, UK) and then 30 pL of this prepared suspension was spread oo
TSA plate. PDA plates were centenoculated with discs (87 mm) taken from the edges of-8ays

old F. graminearumFgl colony. After 24 h of bacterial and fungal growth, at 28°C and 22°C,
respectively, the lid of TSA plate with bacteria was replaced with DA plate containing F.
graminearum Fgl and the two plates were firmly sealed together with parafilm. Each assay was
done in triplicate. Control plates were prepared in thesame way, but without the bacteria in the
bottom plate. Such sealed plates were incubated at 22°C, and the observations were recorded
after 72 h. The mycelial growth inhibition (%) of the fungus was determined according torivedi

et al. (2008), using the formulaj prir1) x 100, whereri represents the radial growth of F.
graminearum Fgl in control plates, andz in plates with bacteria.

4.9.8. Fusarium graminearum Fgl spore germination inhibition test in liquid medium

Antagonism potential of bacterial isolateson F. graminearumFgl spore germination, was tested
in a microplate test, according to a protocol byBessetManzoni et al. (2019) Each tested bacteria
was grown in TSB for 24h, with shaking at 200 rpm I(nova42R, New Brunswick Scientific,
Edison, New Jersey, USA), centrifuged at 60@pfor 10 min (Avanti JE Series, Beckman Coulter,
Fullerton, USA) and supernatants were filtered at O-pm. F. graminearumFgl macroconidia
were prepared by growing the fungus in MBB. For each assay, 100 pL of the preparedtbeaal
supernatant, 100 puLof PDB (Potato Dextrose Broth, Condalab), and 50 pLfgraminearumiFgl
spores at 1@ spores.mL! were added in microplate wells, in triplicates. For positive control, 100
uL of TSB was used instead of bacterial supernatants, and for negative control, 50 uL of PDB was
used instead ofF. graminearumFgl spore suspension. After incubating microplates for 5 days at
28°C, the turbidimetry was measured at 492 nm using an Infinite M200 Pro microplate reader
(TECAN, Mannedorf, Switzéand), the value of negative control was subtracted from each
bacterial treatment and compared to the positive control.

4.10. In planta protection assay with chosen biocontrol and Pseudomonasisolates

In this part of the study, chosen indigenous rhizosphere bacteria with biocontrol properties and
Pseudomonasvere used to performin planta biocontrol assay, in the presence df. graminearum
Fgl, aiming to assess the phytoprotective capacity of these isolates.

4.10.1. Preparation of Fusarium graminearum Fg1l spore suspension and bacterial
suspensions

F. graminearumFglspore suspension was prepared by growing the fungus in MBB, as described
in section 4.3.1., and adjusted to 1®spores.mL1. For eachin vivo test, 24h-old bacteria were
prepared by growing in TSB at 28 °C/200 rpm Ionova 42R, New Brunswick Scientific, Edison,
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New Jersey, USA)XCultures werecentrifuged at 6000xg for 10 min (Avanti JE Series, Beckman
Coulter, Fullerton, USA), supernatant was discarded and bacterial cells were washed twicighw
10 mM MgSQ. Finally, bacterial suspension was prepared by resuspending bacterial pellets in 10
mM MgSQ@ and adjusting optical density at 600 nm to 1 Wltrospec 10 Cell Density Meter,
Amersham Biosciences, Little Chalfont, UK).

4.10.2.In planta protection assay

The in planta protection assay was carried out in a plant growth chamber (FitoClimal0.000 EH,
ARALAB, Rio de Mouro, Portugal), under the following conditions: 16h day at 20°C/8 h dark at
18°C and 80 % relative humidity Chosen biocontrol andPseudomonassolateswere tested in soll
without documented suppressiveness, taken in La Coét®aintAndré, France (sampled as
described in section 4.1.; Bouffaud et al., 2016) For each treatment, 30 seeds of wheat cultivar
Sumai 3 were distributed in 10 pots (8 x 6 x 6 cm), each filled with 150 g of sterileCSAsoil
(autoclaved twice at 121T for 20 min, 24h interval) Bacteria were inoculated directly onto each
seed (10 AAT 1 O PAO OAAAQ xEOE pnmn t, T &£ DPOAPROAA
graminearum Fgl spores (10 spores per seed) were added directly onto seeds. As a negative
control, 30 uninoculated seeds were used, while 30 seeds inoculated only wikh graminearum
Fgl spores served as a positive controPlants were watered everythree days by adding the
water under the pots (watering by capillary movement of water).

At 14 days, the number of germinated seeds was counted. After 45 days of the plant
growth, the plants were harvested and measurements were performed, such as: (i) shoot
biomass (mg), (ii) the chlorophyll rate of each wheat plant containing three measurements of the
5th, 6h and 7h grown leaf using theSPAD 502 plus device (Minolta Camera CosdRa, Japanand
(i) the disease symptoms of crownrot on each wheat collar usinga 1 to 7 notation index,as
follows: 1 = no symptoms, 2 = several neoonnected, dark spots only at the collar base, 3 =
several nonconnected, dark spots, rising up the collar base, 4 = several connected, dark spots, 5 =
several connected, dark spots, rising up to several cm, 6 = collar covered with necrosis, collar
base very fragile, and 7 = dead plant.

4.11. Methods used for identifying novel species

TYGS wholegenome phylogenetic analysis of Pseudomonadgsolates (from the section 4.7.),
whose genomes were fully sequenced (as described section4.8.1.), pointed to the existence of

novel species.As required when describing novel species, ANI analysis was performed, to
confirm that the obtained ANI values between novel species and the closest described species
present in the public databases are below 95%Chun et al., 2018) The selected strainswere
described phenotypically and phylogenetically, and were deposited irhtee culture collections,

i.e., Collection Francaise de Bactéries associées aux Plantes (CFBP), Belgian Coordinated
#1 11 AAGETT O T £ -EAOI T OCATEOGI O j"##-7T ,-"QqQ AT A
2A01 OOAA #AT1T OOA | %-, Z" 2ftbicWdbSadd & tedhdréne) fas iEduiee D A OO
by International Journal of Systematic and Evolutionary Microbiology
(microbiologyresearch.org). Their whole-genome sequences(raw and assembled) were
deposited intothe EBI/EMBL database
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4.11.1. Phylogenetic analyses

49' 3 xAO OOAA OF AT 1 O0O0O0AO DPEUI I Crisisdydeicds ofat@A A O
DPEPAT ET A OAI AAOO OEA Al 1T OAOO OUPAZOOOAET CATI
CATT 1T AO OEAO xAOA AOOAOOAA j ONOAOUBQq xAOA Ali P
the TYGS datahse using the MASH algorithm, a fast approximation of intergenomic relatedness
(Ondov et al., 2016) and the type strains with tre lowest MASH distances per requested genome

were selected. Second, thes OANOAT AAO xAOA OOAA OF EAAT OEAU Al
type strains. rrs sequences were extracted from the studied genomes using RNAmn{eagesen

et al., 2007)and eah rrs sequence was therblasted (Camacho et al., 2009against the 18,799

type strains available in the TYGS database. This dual approach was used to find the 50 best
matching type strains (based on the binary score) for each user genome, and then to calculate
accurate distances using the Genome BLAST Distance Phylogeny (GBDP) method based on the
coverage algorithm and the d5 distance formulgdMeier-Kolthoff et al., 2022) These distances
xAOA OEAT OOAA Oi AAOAOI ET A OEdh query garorheOh&®sd OUD
phylogenetic tree was inferred with FastMEv.2.1.6.1 (Lefort et al., 2015) based on GBDP
distances (Meier-Kolthoff et al.,, 2022) However, as oly poor resolution of strains is often
achieved with rrs sequences(RodriguezR et al., 2018h A DEUI | CAT AOEA OOAA
sequences was also inferred, using FastME 2.1.Glefort et al., 2015) and GBDP distances
calculated from whole genome segences. The trees were visualized using iTOL software
(Letunic and Bork, 2021) The genomic relatedness of the studied strains to the type strains
available in public databases was ascertained by calculating the ANI and digital DNDNA
Hybridization (dDDH) values. ANI by BLAST (ANIb) was calculated using the JSpecies server,
based on BLAST(Richter et al., 2016) and dDDH values were -calculated using the
CATTTAZOT zcATT 1T A AEOOAT AA AAI AOI AOT (MeiexkblthaiE OA O
and Goker, 2019; MeieiKolthoff et al., 2022) using the recommended BLAST method. The GGDC
results were based on formula 2, which is independent of the genome length and is
OAAT I T AT ARAA &£ O ETAT I DI AOA AOAEO CATTi AOG8 2AAT
prokaryotic species differentiation are 9596% and 70%, respectively(Chun et al., 2018)
Percentage of 16S rRNA ge identity of studied strains with the closest type strains available in

the public databases was calculated using the EzBioCloud sery¥oon et al., 2017) Additionally,

PDAT ZzCATTT A AT ATUOEO xAO DPAOA Oi AA xEOE >60A - EA
alignment coverage > 80%)Vallenet et al., 2020)to visualize the core and unique genes between

strains of the same species presented in this study.

4.11.2. Morphological, biochemical and physiological characterization

Gram staining of the chosen isolates was done with standard methods. Temperature range was
determined by growing strains on TSA at 4, 10, 37 and 4C for 48 h. The range of pH suitable for

growth was determined by inoculating Nutrient Broth (Condalab, Madrid, Spain) with pH
adjusted to 3, 4, 5, 6, 7, 8 anfl and incubating for 48 h at 28C. Oxidae activity was assessed

using Oxidase ¢st strips (Sigma Aldrich, St Louis, MO, USA) and catalase activity by resuspending

one colony in a drop of 3% hydrogen peroxide and monitoring bubbl production. Fluorescent
PECI AT O POI ABAOEIT xAO OAOOAA i1 +ETC80O " ACAC
MD, USA) and PDA. Swimming, swarming and twitching motilites were checked by
OOAAZETT AOI AGET ¢ T AAEA AT 1 OAded, E5%NaGt 8sonell as R38O A @
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0.5% and 1.5% agar (pH 7), respectively, in triplicates. In brief, bacterial strains were grown
overnight in TSB, 2 mL of cell suspension was transferred to 2 mL tube, centrifuged at 80§0ar

10 min, after which the supernatant was discarded. The pellet was stabbed with the tip of a

sterile toothpick, inoculated in the middle of the plates containing different concentrations of

agar and incubated for 48 h at 28C. Physiological characterization was performed with Biolog

GEN Ill MicroPlates (Biolog, Hayward, CA, USA), APl 20 NE and API ZYM strips (BioMérieux,

- AOAUZI 6001 E1 Ah &OAT AAQh AAAT GARonhe tefing inbliéd | AT ¢
phenotypic characteization described insection4.9.

4.11.3. Antibioti c susceptibility

Strains in this study were tested for their susceptibility to 10 different antibiotics using the disc
diffusion method (Bauer et al., 1966) The antibiotic discs (BioRad, Marnesla-Coquette, France)
included imipenem (10 pug), cefepime (30 pg), amikacin (30 pg), ticarcilin (75 pg),
ticarcillin/clavulanic acid (75 + 10 ug), tobramycin (10 pg), meropenem (10 pg), aztreonam (30
Hg), ciprofloxacin (5 pg) and levofloxacin (5 pg)ln brief, the antibiogram was done by plating
bacterial suspenson (density at 625 nm adjusted to 0.5 McFarland units with sterile saline
solution) on Mueller Hinton medium (MH; Condalab) and firmly applying antibiotic disks on the
agar surface. Inverted plates with antibiotic discs were incubated for 24 h at 3@ (as
recommended by EUCAST and SFM, Manuall¥®. May 2022,CASFM2022 V1.0.pdf; sfm
microbiologie.org). After incubation, antibiotic sensitivity or resistance was evaluated by
measuring zones of inhibition and comparing to critical values folPseudomonas aerugosa
available at European Committee on Antimicrobial Susceptibility Testing (EUCAST,
www.eucast.org).

4.12. Statistical analyse s
All the data were analyzed aP < 0.05, using the R 4.2.1. software (https://www.fproject.org).

4.12.1. Fungistasis assay

&1 O No#2 AAOAh 1 001 EAOO x A @drubisA1068;B0rds/et ah @0 C OE
and discarded. gPCR data are presented as means + standard errors. Firstly, these data were
DOl AAOGOGAA OOGET ¢ AT ' . /6! h A& IlIdagkdae patkag&@OE A O
Mendiburu, 2023), to assess differences in fungistasis levels for 26 fields. Secondly, a -tweyy

ANOVA was performed to assess the effects of field location x manure amendments. Thirdly,
differences between manured vs. nomanured fields at all five locations were tested with

ANOVA and LSD tests. Finally, Chests were used to assess the relationship between manure
amendments and fungistasis.

4.12.2. Suppressiveness assay

The greenhousesuppressivenessexperiment followed a randomized block design with 10
replicates (i.e.,10 pots). When the datadid not display normal distribution and homogeneity of
variance, based on Shapiro and Levene tests, respectively, Kruskéallis and postET A $ OT 1 8 ¢
tests were used.When the data displayed normal distribution and homogeneity of variance, an
1./6! A 11T xAA AU 40EAUBO (33 OAOGOO xAO OOAAs

49



biomass and density, t tests were performed to compare plants grown in manured vs. non
manured soils. For shob length, biomass and density, the plants that did not germinate were
regarded as missing data (NA). Results are presented as means * standard errors. For each plant
growth parameter, letters ac show the statistical relationship between the soils and treatments.

4.12.3. 16S rRNA gene and ITS sequencing

For the microbial communities in suppressive vs. norsuppressive soils samples with low
number of reads or ASVs were discarded. Specialized R package functions were used to
determine taxa relative abundares, alpha and beta diversities and to perform statistical tests.
Alpha diversity was computed, and sequences were rarefied based on the lowest number of
sequences identified among samples, with a minimum dfl,961sequencedor 16S rRNA
geneand 34,482 sequences for ITS. Alpha diversity indices were computed for each rarefied
sample using the phyloseqMcMurdie and Holmes, 2013) microbiome (Lahti et al., 2018) or
vegan(Oksanen et al., 2022packages. KruskaWallis tests were used to assess changes ilpha
diversity with 10,000 permutations. If the KruskakWallis test led to rejecting the null hypothesis
(P < 0.05), LSD tests with Bonferroni correction were conducted to compamategories using
agricolae package(de Mendiburu, 2023). KruskakWallis tests were also used to assess the effect
of inoculation on the relative abundance of phyla.

Beta diversity analysisin suppressivevs. nonsuppressive soilswas carried out using the
rarefied datasets andthe ASVdor both 16S rRNA gene and ITS. The dissimily among samples
was determined by calculating the BrayCurtis distance. The statistical significance of the
comparisons was assessed using a permutation analysis of variance (PERMANOVA) with 10,000
permutations using the adonis2 function of the vegaOksanen et al., 2022package. Noametric
multidimensional scaling (NMDS) was employed to visually represent the microbial communities
with the ggplot2 (Wickham, 2011) package.Analysis of similarities (ANOSIM) (with 10,000
permutations) was used to comparemicrobial communities of the three soils (MI2, MI4 and MI5),
while pairwise comparisons were used for pairwise comparisons of microbial communities (for
MI5 vs. MI4, MI5 vs. MI2, and MI4 vs. MI2).

A negative binomial Wald test implemented in DESeq21.18.1 within the phyloseq R
package was employed to identify taxa with significant differences to test for differential
abundance (DA) on unrarefied readgLove et al., 2014)in suppressive vs. norsuppressive soils
After the BenjaminiHochberg correction mnethod, the taxa were considered differentially
abundant when the adjustedP value was below 0.05.Control was tested against Fusarium
inoculation (Fgl samples)or each soil.

For the analysis ofFusarium diversity in suppressive vs. norsuppressive soils all ASVs
affiliated with the genus Fusariumwere kept. When possible, the taxonomic identification at the
species level was used, based on the UNITE databdbdilsson et al., 2019) In each soil and
inoculation condition, the proportion of Fusariumreads among the total number of fungal reads
was computed, as well as the proportion of reads for each identifideusariumspecies among the
total number of Fusariumreads. To assess the impact of Fgl inoculation on the abundance of
each identified Fusarium species, ASV data from the eleven retrieveBusarium species were
treated with Kruskal-Wallis tests, followed by posthoc LSD tests with BenjaminHochberg
correction (P< 0.05).
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4.12.4.rpoD sequencing

For rpoD microbiota analysis, the packages phylosegqMcMurdie and Holmes, 2013) vegan
(Dixon, 2003) and ade4 (Dray and Dufour, 2007) were used. Alpha diversity analysis was
performed by computing the index of observed richness and Chaol for richne§Shao, 1987)
and Shannon(Shannon, 1948)and inverse SimpsonSimpson, 1949)for diversity and evenness.
Relationships between soil and the presence/absence &seudomonasvere evaluated using the
envfit procedure of the package vegan. Graphs and figures were plotted using the packag
ggplot2 (Wickham, 2011).

4.12.5. Greenhouse phytoprotection assay with chosen biocontrol and  Pseudomonas
isolates

The greenhousephytoprotection experiment followed a randomized block design, with 10
replicates (i.e.,10 pots). When the data did not display normal distribution and homogeneity of
variance, based on Shapiro and Levene tests, respectiveKruskal-Wallis tests and posthoc
$01TT60 OAOOO xAOA OO Avkendé dath tispByadndrmaD dskibudon Anid O O 8
ET 11T CAT AEOU 1T £ OAOEAT AAh tést was uséd6Por bidhabs| dympfods A U
and chlorophyll content, the plants that did not germinate were regarded as missing data (NA).

All results were presented as mean + standard error. For each plant growth parameter, letters a

d are used to show the statistical relationship between the treatments.
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5.RESULTS
5.1. Field survey

The first objective of this research was to identify soils fungistatic and suppressive t6.
graminearum, to investigate the relation between manure amendents and the occurrence of
fungistasis/suppressiveness and to compare chosen soils based on their prokaryotic and fungal
rhizosphere diversity.

To achieve the first objective, 26 agricultural fields (with or without manure
amendments) were sampled from two contrasting regions in Serbia: (i) in the northern plains
region of Serbia (near Sombor (SO) and Novi Karlovci (NK)), where the agriculture is more
intensive, and (ii) in the western and central hilly region of Serbia(near Valjevo (VA), Mionica
(M) anA | A é A BvhereftHe Ggtjculture is less intensive (Figur@ AB).

A B

1 500 km—

60 km —

Figure 7. Soil sampling locations in Serbia(A) Five locations in Serbia,i.e.,Sombor (SO), Novi
+AOI T OAE j.+qh 6A1 EAOI | 6! @dre the BollsIfrBnA2S figlds wete AT A
sampled. (B) Aerial picture of the four samplingfields MI2, MI3, MI4 and MI5 nearMionica,

Serbia, visualized in Google MagMap data ©2023, Google].

At each of these fields, wheat was grown in rotation, and at each location, soNgere
sampledfrom fields in a closeproximity, that previously had or had notreceived manure. At each
of these locations, the farmerdilled in the questionnaire about themanure amendments (type
and quantity, if applicable), recent cropping history, fertilizers and pesticides application,
management of postharvest residues and the observed presence of wheat fusarioSismmary of
AAOT AOOS N O 2pbndds bre presén@diin Talle Soil type at each of these fields was
determined according to the pedological mapbdy 4 AT AOE E A O E ¢ andN@jgehdued etjplp w @ 1 C
(1971).
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Table 5. Locations, sample IDsoil type, type and quantity (t/ha) of manure, recent cropping field history, use of fertilizes and
pesticides, postharvest residues management and the observed pence of wheat fusariosis of 26 Serbian soils.

_ Type of Recent cropping Use of Postharvest Observed presence
, Sample Soil type* ) Manure , . Use of : L
Location animal ; history mineral . residues of wheat fusariosis
ID guantity L I pesticides .
manure (most recentis first) fertilizers management  in recent years
Sombor gny  Cherozem : i Wheﬁ:&ﬁbea” Yes Yes  Ploughing Yes
S02 Chernozem - - Wheatsoybeary Yes Yes Ploughing Yes
maize
S03 Chernozem Beef 35 t/ha Wheatmaize- Yes Yes Ploughing Yes
wheat-maize
S04 Chernazem Beef 35 t/ha Wheatmaize Yes Yes Ploughing Yes
wheat-maize
Novi k1 Chernozem Beef 14.5 t/ha Wheatmaize Yes Yes Ploughing No
Karlovci sunflower-beetroot
NK2 Chernozem Beef 14.5 t/ha Wheatmaize- Yes Yes Ploughing No
sunflower-beetroot
Wheat- sunflower-
NK3 Chernozem - - beetroot-maize- Yes Yes Ploughing No
beetroot
Wheat- sunflower-
NK4 Chernozem - - beetroot-maize- Yes Yes Ploughing No
beetroot
Valievo y;  Eutric cambisol  Sheep, beef 24 o) Wheatmaize- Yes Yesg* Ploughing No
and chicken wheat-maize-wheat
VA2 Eutric cambisol _ _ Wheat'malze' Yes Yes** Burning No
wheat-maize-wheat
vaz  Eutric cambisol - - Oatwheat-maize Yes Yes** Ploughing No
wheat-maize-wheat
vA4  Eutric cambisol Sheep, beef ;4 o), Maizemaizewheat- o Yes*  Ploughing No
and chicken maize-wheat
VAS Pseudogley ) i Wheat-_malze Yes Yest* PIoughlng No
wheat-maize-wheat and burning
VAG Pseudog|ey Beef 80 t/ha Wheat-ma]ze' Yes Yes*t PIOUghlng No
wheat-maize-wheat and burning
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VA7 Pseudogley Beef 80 tha Ma'\fvi“’a";‘f%t;gg'ze Yes Yes*  Ploughing No

vAag  Pseudogley i : Wheatmaize- Yes  Yes*  Ploughing No
wheat-maize-wheat

Mionica ;o Vertisol Sheep 80 t/ha Alfalfa-wheat- Yes Yes** Ploughing No
maize-wheat-maize

MI3 Vertisol Sheep 80 t/ha Sunflower-wheat- Yes Yes** Ploughing No
maize-wheat-maize

MI4 Vertisol . - Wheatmaize- Yes Yes** Ploughing No
wheat-maize-wheat

MI5 Vertisol - - Meadow-wheat- Yes Yes** Ploughing No
maize-wheat-maize

PACAT cpp Vertisol - - Wheatmaize Yes Yes** Ploughing Yes
wheat-maize-wheat

CA2 Vertisol Beef 30-40 t/ha Wheatmaize Yes Yes** Ploughing No
wheat-maize-wheat

CA3 Vertisol ] ] Wheatmaize- Yes Yes* Ploughing Yes
wheat-maize-wheat

CA4 Vertisol Beef 30-40 t/ha Wheatmaize Yes Yes** Ploughing No
wheat-maize-wheat

CAS Vertisol ) ] Wheatmaize Yes Yes** Ploughing Yes
wheat-maize-wheat

CAG Vertisol Beef 30-40 t/ha Maize-wheat-maize- Yes Yes Ploughing No

wheat-maize

* Soil type was determined according to pedological maps By AT A OE E A O E candNéjgelaueBet ql. glevg)t q

** Only herbicides used, no fungicides
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Valjevo, Mionica andl Aé AE Qh

" AOAA 01

AA O A (hé® guestoAraie|(TalddeAS), it @& obgerved that the
guantity of manure amendments added to fields (where applicable) ranges fro 14.5 t/ha at
fields near Novi Karlovci, up to 80 t/ha at fields near Valjevo and Mionica. At all fields, mineral
fertilizers were used, as well as pesticides. However, at fields fromestern/central Serbia (near

N A Lo~ s

Management of postharvest residues is mainly ploughing at all locations, exceptthtee fields
near Valjevo,i.e.,field VA2 (burning), and fields VA5 and VA6 (ploughing and burning). Finally,

bagegl on‘farmerﬁ ) AOO
I AOCAOOAA DPOAOAT AA

I A

I AOCAOOAOEIT 1T Oh

AO Z£EAI AO 1T AAO

there were fields with observed presence of wheat fusariosis.

5.2. Soil fungistasis to Fusarium graminearum

.1 OE
xEAAO AEOOAOET OEO EI

OAA

In the fungistasis experiment,the aim was to assess the impact ad biotic component on soll
fungistasis to F. graminearum by testing changes of. graminearumabundance in autoclaved
and non-autoclaved soils Results showed that lefore soil inoculation (day 0),as well as in non
autoclaved, noninoculated soils (day 15), F. graminearumFgl was not found in any of the 26
soils analyzed. Whennoculated, autoclaved soils were used, growth oF. graminearumFgl took
place in dl soils during the 15 days of soil incubation, to a magnitude of 2 lagunits or more
(Figure 8A). Wheninoculated, non-autoclaved soils were used, levels ¢f. graminearumFgl were
always lower than with autoclaved soils. The pathogelevels werestable, or evenincreasedin 16
of 26 nonautoclaved soils while, interestingly, the amount of Fgl DNA decreased in the
remaining 10 (i.e.,38%; soils MI3, MI2, VA7, VA5, VA4, VA2, CA6, CA4, VAl and, @~A%om
western/central Serbia), indicating a fungistas potential.
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Figure 8. Amount of Fusarium graminearum Fgl DNA present in the soilsafter 15 days of
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non-autoclaved soils, after 15 days of incubation under controlled conditions. Results are
presented as means with standard errors. Stripedbars indicate soils without manure
amendments and nonstriped bars indicate soils withmanure amendments Differences between
individual soils were assessed with ANOVA and LSD tesR< 0.05; letters ae are used to show
statistical differences). (B) Comparison of manured vs. non manured soils at each location.
Results are presented as meanwith standard errors. Striped bars are used for soils without
manure amendments and norstriped bars for soils with manure amendments.Differences
between manured vs. noamanured soils at all locations were tested with ANOVA and LSD tests
(P< 0.05; leters ac are used to show statistical differences).

Two-way ANOVA P < 0.05) showed that field location and manure amendments were
significant factors, but the interaction between them was not significantWhen considering
manure amendments,seven of 10 non-autoclaved soils (70%) displaying fungistasis had been
amended, whereas onlysix of 16 nonautoclaved, nonfungistatic soils (37%) had received
manure (Hgure 8A). When bcations were compared (FigureBA), fungistasis was found for the
three western/central Serbia locations (Valjevo, MioniceAT A | A é A E q-amEhded sbild, 7 OO A
AOGO TT1 U A& O 6AIl EhdiredAdilsAThisgbaliré&atiofshi@ betwbeeh manure
amendments and fungistasisvas not significant atP < 0.05 (Ch? = 1.463), but comgrison of all
manured and norrmanured soils from each location showed that manure amendment was
associated with fungistasis insoils from Mionica (P < 0.01), with a similar trend (butP > 0.05) in
soilsfroml Aé AE BR.ECOOA

In summary, fungistasis wasobserved for 38% of the 26 soils, and manure amendment
was identified as a factor determining fungistasis in some (especially Mionicaput not all
geographic locations.Considering the impact of manure amendments at location near Mionica
(soils MI2, MI3, MI4 and MI5),these soils werere-sampled andin planta suppressiveness assay
was performedin the next phase of reseata.

5.3. Suppressiveness of soils from Mionica against Fusarium graminearum - induced wheat
damping -off

Based on the contrastingfungistasis results and the link with manure amendments found at
Mionica, these soils (.e.,soils MI4 and MI5 were non-manured and nonfungistatic, while soils
MI2 and MI3 were manured and fungistatit were selected for a wheat dampinepff
suppressiveness assay withF. graminearum Fgl. At 14 days after sowing, the number of
germinated seeds was statistically lower upon pathogen inoculation in soil MI4, whereas the
difference was not significant in sils MI12, MI3, and MI5 (Figure9A). Similarly, atfour weeks, he
number of plants alive was statistically lower inF. graminearum Fgl-inoculated vs. non
inoculated M4 soils, while the difference was not significant ithe three other soils (Figure9B).

56



8]
W
(9]

ab

S
S

[ Manured
[4 Non-manured

w

Number of germinated seeds per pot I
w

Number of plants alive at 4 weeks

N
N

MI4_C -
MI4_Fgl-
MI5_C -
MI5_Fgl -
MI2_C 1
MI2_Fgl.
MI3_C -
MI3_Fgl
Mid_C 1
MI4_Fgl
MI5_C 1
MI5_Fgl 1
MI2_C 1
MI2_Fgl
MI3_C |
MI3_Fgl1

Soil/Condition Soil/Condition

Figure 9. Wheat suppressiveness assay with M| MI5, MI2 and MI3 soils, non-inoculated (shown

as Mli_C) or inoculated withFusariumgraminearum Fgl (shown as Mli_Fg1)Soils that did not

receive manure amendments are represented with stripesSoils MI2 and MI3 are represented

with the same colour, as they are both fungistatic and suppressivall results are presented as

means+ standard errors (n = 10). Data wereanalyzed usingKruskal-7 A1 1 EO AT A BxO1 1 8 C
0.05). For each soil, statistical differences are shown with letters a and. BA) Number of
germinated wheat seeds per pot (out ofive) at two weeks. (B)Number of wheat plants alive per

pot at four weeks.

Inoculation with F. graminearumFgl did not significantly impact wheat shoot length
(Figure 10A), but it resulted in lower dry shoot biomass (Figurel0B) and shoot density (Figure
10C) in soil MI2. In addition, dry shoot biomass, shoot length and shoot density were higher
overall (t tests, allP < 10'2) in manured soils (MI2 and MI3) than in noAmanured soils (MI4 and
MI5), when both F. graminearumFgl-inoculated and noninoculated soilswere taken together.
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Figure 10. Wheat suppressiveness assay wittMI4, MI5, MI2 and MI3 soils norinoculated

(shown as Mli_C) or inoculated withFusariumgraminearum Fgl (shown as Mli_Fg1)Soils that

did not receive manure amendments are represented with stripesSoils MI2 and MI3 are
represented with the same colour, as they are both fungistatic and suppressival results were

obtained atfour weeks and are presented as meansstandard errors (n = 10). Nongerminated

plants were regarded as missing data (NA). Data wemnalyzed using! . / 6! AT A 4 O0EAUGE
test (P < 0.05). Statistical differences are shown with letters a to ¢A) Shoot length (cm). (B) Dry

shoot biomass (mg). (CBhoot density (mg/cm).

In summary, based on fungistasis and suppressiveness assayt#ee soil categories were
observed:

0] Soil M14 (nonrmanured) wasnon-fungistatic and alsonon-suppressive

(i) Soil MI5 (nonrmanured) wasnon-fungistatic but suppressive, whereas

(i)  Soils MI2 and MI3 (manured) werefungistatic and suppressive to wheat dampingoff
caused byF. graminearumFgl
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Based on these results, one soil from each of the three categorieas choseni.e.,soil Mi4
(non-fungistatic and nonsuppressive), MI5 (nonrfungistatic and suppressive) and MI2
(fungistatic and suppressive) toperform the metabarcoding analysisof prokaryotic and fungal
diversity, using the rhizospheres of wheaplants (both inoculated and nonrinoculated with F.
graminearum Fgl) grown during the suppressiveness assaetween soils MI2 and MI3, il MI2
was chosenat random. In both datasets, the rarefaction curves tended to reach a plateau,
indicating that the sequencing method supplied sufficient sequences to cover most of the
diversity (Supplementary material; Chapter 2; Figure S1)

5.4. Diversity of the prokaryotic and fungal rhizospheric communities in soils from
Mionica

When assessing the link between rhizosphere microbial diversity and diseaseippressiveness
status ofsoils from Mionica, metabarcoding data for the 16S rRNA gene (prokaryotic community)
pointed to similar diversity levels for the three soils (Figure LABC). This was found whether
soils were inoculatedwith F. graminearumFgl or not, except that Pielou index § measure of
speciesevenness)was significantly higherin the fungistatic, suppressive soil MI2 (also the only
manured soil), than in non-fungistatic soils MI4 (conducive) and MI5 (suppressive)when
inoculated with Fgl (Figure 1LC). Besides that, the effect of Fgl inoculation on alpha diversity
was not significant, regardless of the soil and the diversity index.

With ITS metabarcoding data fungal community) from the rhizosphere, the Shannon
(species diversity; Figure 11D) and Pielou €pecies evenness; Figure 1F) indices were
statistically higher (i) in soils MI4 (non-fungistatic, nonsuppressive) and MI2 (fungistatic,
suppressive) than in MI5 (nonfungistatic, suppressive) in the absence of inoculation, and (ii) in
soil MI4 than in MI5 whenF. graminearumFgl had been inoculated. Inoculation itself resulted
only in a lower Pelou index in soil MI4 (Figure 1LF). There were no statistical differences in the
Chaol index ¢peciesrichness; Figure 11E) between different soils and inoculation conditions.
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Figure 11. Alpha diversity of prokaryotic (A, B, C) and fungal (D, E, F) rhizosphere communities
in soils MI4 (nonfungistatic and nonsuppressive), MI5 (nonrfungistatic and suppressive) and
MI2 (fungistatic and suppressive),inoculated with Fusarium graminearum Fgl (shown as
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Mli_Fg1) or nortinoculated (shown as MIiC). Data were compared using KruskaWallis tests,
Ai1T1TxAA AU &EOEA08O0 , AAOO 3ECI EEAEAAT O $EAEAOA
a-d indicate statistical relations (P < 0.05) between soils x inoculation Fusarium graminearum

Fgl or not) combinations.

NMDS plots based on Bragurtis distances showed that microbial communitiesare
clustered largely according to the field of origin, for the prokaryotiqFigure 12A) and especially
the fungal community (Figure12B). ANOSIM (10,000 permutations) indicated that the between
groups difference was larger than the withingroups difference @ = 104 for prokaryotes and 104
for fungi). All pairwise comparisons (for MI5 vs. N4, MI5 vs. MI2, and MI4 vs. MI2) for
prokaryotes were P= 1023 and P = 103 for fungi.
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Figure 12. Non-Metric Multidimensional Scaling (NMDS) ofoils MI4 (non-fungistatic and non
suppressive), MI5 (nonfungistatic and suppressive) and MI2 (fungistatic and suppressive),
inoculated with Fusarium graminearum Fgl Shown as MIiFgl) or noninoculated (shown as
Mli_C) based on rhizosphere metabarcoding of prokaryotic (A) and fungal (B) communitieBhe
shorter the distance between the samples (dots), the greait the similarity between the microbial
communities.

Indeed, PERMANOVA results indicated thaindividual soils accounted for 42.6% (for
prokaryotes) and 60.0% (for fungi) of the variations in community structure (both atP < 0.001),
whereas merely 3.7% (prokaryotes;P = 0.048) and 4.0% (fungi;P = 0.023) of the differences
were attributed to the inoculation (Table 6). When considering each soil separately, the effect of
F. graminearumFg1l inoculation was significant in most casespecifically for MI4 (P = 0.004 for
prokaryotes but P > 0.05 for fungi), MI5 (P = 0.004 for prokaryotes andP = 0.048 for fungi)and
MI2 (P = 0.009 for prokaryotes andP = 0.004 for fungi).
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Table 6. PERMANOVA performed on (A) 16S rRNA and (B) ITS Illlumina MiSeq datas
based on BrayCurtis distances, with 1@ permutations. Results are presented for all soils
and conditions together, and for each soil separately.

A. All treatments B. All treatments

Source of variation R? F Pvalue Source of variation R2 F Pvalue
Soll 0.42 1487 <0.001  Soil 0.6 2491 <0.001
Inoculation 0.03 2.26 0.048 Inoculation 0.04 3.3 0.023

Soil x Inoculation 0.05 1.53 0.11 Soil x Inoculation 0.03 1.1 0.316

MI4 M14
Source of variation R? F Pvalue Source of variation R2 F Pvalue
Inoculation 0.14  1.53 0.004 Inoculation 0.14 0.63 0.065
MI5 MI5

Source of variation R? F Pvalue Source of variation R2 F Pvalue
Inoculation 0.21 2.23 0.004 Inoculation 0.17 1.9 0.048
MI2 MI2

Source of variation R? F Pvalue Source of varation Rz F Pvalue
Inoculation 0.15 1.67 0.009 Inoculation 0.18 2 0.004

In summary, most differences in prokaryotic alpha diversity were not significant, whereas
fungi in soil MI5 (non-fungistatic, suppressive) displayed lower Shannon and Pielou indices. In
addition, microbial community structure depended mostly on the field of origin, with a modest
but significant, effect of inoculation.

5.5. Taxonomic rhizosphere community composition in soils from Mionica

5.5.1. Taxonomic composition of the proka ryotic rhizosphere community in soils from
Mionica

Taxonomic composition of the prokaryotic community insoils from Mionica showed that te
most abundant rhizosphere phyla in soils MI4MI5 and MI2 were the same,i.e.,Proteobacterig
Actinobacteriota, Firmicutes, Chloroflexi, Verrucomicrobiotand Crenarcha®ta. The 20 most
abundant taxa(the lowest likely taxonomic information available for an ASV, often at the genus
level) in the prokaryotic community represented53.2% (for non-inoculated M4 soil), 57.7% (for
F. graminearumFgl-inoculated MI4 soil), 55.7% (for noninoculated MI5 soil), 60.5% (for F.
graminearum Fgl-inoculated MI5 soil), 55.3% (for noninoculated MI2 soil) and 53.9% (forF.
graminearum Fgl-inoculated MI2 soil) of the reads in rhizosphere sampleg¢Figure 13ABC).Some
of these most abundant taxa were evidenced in all three soils,g.,the Actinobacteriota, Gaiella
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and a taxon affiliated to the orderGaiellales Some were found in specific soil(s), as for (i) the
Proteobacteriagenus Sphigomonasin soil M14, (ii) an Elsterales(Proteobacterig genus in soil
MI5, (ii) an Acidobacteriota taxon from the order Vicinamibacterales and various
Actinobacteriota, i.e., the genera Microlunatus and Rubrobacter a Microtrichales genus and a
llumatobacteraceaegenus, which were evidenced only in soil MlZand (iv) the Actinobacteriota
generaConexibacterMarmoricola, Intransporangium and Acidothermusin soils Mi4 and MI5.
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Figure 13. Top 20 most abundant prokaryotic (A, B, C) and fungal taxa (D, B, in the wheat
rhizosphere of soils from Mionica, Ml4, MI5 and MI2. MI_C, control (norinoculated soils);
Mli_Fgl,Fusariumgraminearum Fgl-inoculated soils.

As for the prokaryotic community and impact of moculation with F. graminearumFg1, it
resulted in a significant increase P < 0.05) in the rhizosphere relative abundance of the phylum
Firmicutes in the non-fungistatic soils MI4 (from 10.8% to 15.8%) and MI5(from 10.1% to
14.4%) (Figure 14AB). In the fungistatic MI2 soil, pathogen inoculation cawesl a modest but
significant increase P < 0.05) in the relative abundance ofActinobacteriota (from 48.0% to
50.9%) and Proteobacteria (from 13.7% to 17.1%), but led to somewhat lower levels of
Crenarchaeotgfrom 5.4% to 1.5%) andChloroflexi(from 5.4% to 4.9%) (P < 0.05) (Figure 14C).
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MIi_Fg1,Fusariumgraminearum Fgl-inoculated soils. Asterisks indicatesignificant differences in
the relative abundance of phyla ineach inoculated vs. nofinoculated soil based on Kruskal
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Subsequently, dferential analysis was also used to identify individual taxa that differed
significantly (P < 0.05) in relative abundance betweert. graminearumFgl-inoculated and non
inoculated samples, at the scale of the wholprokaryotic rhizosphere community. Among the
1493 identified prokaryotic taxa, this concerned 17 taxa in soil MI4 (nofungistatic, non
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suppressive), 45 taxa in soil MI5 (norfungistatic, suppressive), and 17 taxa in soil MI2
(fungistatic, suppressive)(Figure 15). Most of the taxa were found exclusively in one of the three

soils, but Gemmatimonas(Gemmatimonadota was evidenced in all three soils, with a lower
abundance in inoculated than in norAnoculated samples (by 0.51.2, and 0.8logz units for soils

MI4, MI5 and M2, respectively). In both soils MI4 and MI5, a taxon belonging to the candidate

group SCI-84 (Proteobacterig was present more abundantly in non-inoculated than in
inoculated samples (by 0.8 and 1.2 legunits, respectively), aswas a Myxococota taxon from the

candidate group Blrii4l (by 0.6 and 1.2 log units, respectively), whereas the opposite was

detected for Bacillus (by 0.7 and 0.9 log units, respectively), Paenibacillus(by 0.8 and 0.9 log
units, respectively) and Pelosinus (Firmicutes) (by 1.2 and 2.0 log units, respectively).
Sphingobium(Proteobacterig was more abundant in inoculated than in nofinoculated samples
of soils MI2 and MI5 (by 7.0 and 8.0 lagunits, respectively). These inoculation effectsvere also
evident for some of the 20 nost abundant prokaryotic taxa, such asolirubrobacterin soil Mi4,

CandidatusUdaeobacterand Bacillusin soil MI5 andNitrososphaeraceaén soil MI2.
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Figure 15. Differential abundance analysis of prokaryotic taxa in the wheat rhizosphere of soils MI(A), MI5 (B) and MI2 (C)
following inoculation with Fusarium graminearum Fgl. The X axes are shown with legand logio changes. Negative log changes
(significantly more abundant in nonrinoculated soils); positive log changes (significantly more abundant iRusarium graminearum

Fgl-inoculated soils). All taxa shown were affected by inoculation R < 0.05), and those repesenting more than 0.1 % of althe
sequences are indicated with an asterisk.
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In summary, the wheatrhizosphere of thethree soils shared the mainprokaryotic phyla
and the majority of the most abundant taxaalthough several taxa weresoil-specific. Additionally,
soil inoculation with F. graminearumFgl impacted the rhizosphere microbial community, but
often with soil-specific effects.

5.5.2. Taxonomic composition of the fungal rhizosphere community in soils from Mionica

As for the fungal community in soils from Mionica, in each soAscomycotaBasidiomycota and
Mortierellomycoota were the phyla harboring the most abundant taxa. However, differences were
found between soils, as in soils MI4 and MI5 the phylur@hytridiomycotawas also present. The
20 most abundant fungal taxa (considered at the genus level or higher rank) represented 61.1%
(for non-inoculated MI4 soil), 64.8% (forF. graminearumFgl-inoculated MI4 soil), 70.7% (for
non-inoculated MI5 soil), 76.9% (forF. graminearumFgl-inoculated MI5 soil), 65.2% (for non
inoculated MI2 soil), and 66.1% (for F. graminearumFgl-inoculated MI2 soil) of the reads in
rhizosphere samples (Figure BDEF). Distinctive features were evidenced in particular soil(s), as
(i) Schizothecium Sordariales Tetracladium and Minimedusawere found only in soil Mi4, (ii)
ClonostachysMicroscyphaand Paracremoniumonly in soil MI5, (iii) Podila (a Mortierellaceae
genus; representing 10% of the reads)Hypocreales Apiospora Pleosporalesand Enterocarpus
were found only in soil MI2, (iv) PseudeurotiumHelotiales,Humicolaand Saitozymaonly in soils
MI4 and MI5, (v)ApiosporaceaeChaetomium Trichodermaand Oidodendrononly in soils MI4 and
MI2, and (vi) Neocosmosporand Didymellaceaeonly in soils MI5 and MI2.

At the phylum level, inoculation with F. graminearumFgl resulted into a significant
increase P < 0.05) in the rhizosphere relative abundance of th&hytridiomycotain the non-
fungistatic soil Ml4 (from 5.4% to 7.8%) (Figure ¥D), and a decrease of th&lortierellomycota
(from 8.7% to 6.6%) in the fungistatic soil MI2 (Figure #F), whereas thee were no observed
differences in the relative abundance of any fungal phyla in the soil MI5 upon pathogen
inoculation (Figure 14E).

Similarly as with the prokaryotic community, when differential analysis was performed to
assess inoculation effects at the scale of thehole fungal community (Figure ), decreased
levels were foundin F. graminearumFgl-inoculated soils for: (i) AscomycotageneraBeauvaria
(by 5.8 log units) and Collarina (by 4.9 log units) and Mortierellomycota genus Podila (by 1.8
logz units) in soil MI4 (non-fungistatic, nonsuppressive), for(ii) four genera (of distinct phyla)
including Waitea (Basidiomycota by 24 log units), Microscypha(Ascomycota by 2 log units),
Paraglomus(Glomeromycotaby 7 log units) and Rhizophlyctis(Chytridiomycota by 4 log units)
in soil MI5 (non-fungistatic, suppressive), and(iii) the four Ascomycotagenera Septoria (by 23
logz units), Purpureocilium (by 2 log: units), Scedosporiungby 6 log units) and Exophiala(by 2.5
logz units) in soil MI2 (fungistatic, suppressve). Significantly higher levels were foundin F.
graminearum Fgl-inoculated MI2 soilfor Atractium (by 2.5 log units) and Scutellinia(by 3.0 log
units). Inoculation effects were also observed (Kruskat A1 1 EQO OAOOO AT A
Bonferroni correction) for some of the 20 most abundant fungal taxa, but these effects weaeP
> 0.05,when the differential analysiswas employed

65

&EO



A .
Beauveria- ® Mig

Collarina- ®
* Podlila-
Iy 4 2 0
log, —fold change
T I I I
-1.5 - -0.5 o
log,o— fold change
B .
*Waitea- M5
Paraglomus-
* Rhizophlyctis Phylum
. Basidiomycota
*Microscypha ® Glomeromycota
25 20 15 10 5 0 Chytridiomycota
log, - fold change ® Ascomycota
— i \ T 1 Mortierellomycota
-8 -6 - -2 0
log,o—fold change
¢ *Septoria- ® MI2
*Scedosporium- ®
*Exophiala- ®
*Purpureocillium- ®
* Atractium- ®
*Scutellinia ®
-25 -20 -15 -10 -5 0 5
log, —fold change
T | I T T I
-8 -6 0 2

-4 -
log,o—fold change

Figure 16. Differential abundance analysis of fungal taxa in the wheahizosphere of soils Mi4
(A), MI5 (B) and MI2(C) following inoculation with Fusarium graminearum Fgl.The X axes are
shown with logz and logio changes.Negative log changes (significantly more abundant in nen
inoculated soils); positive log changes (significantly more abundant ifFusarium graminearum

Fgl-inoculated soils). All taxa shown were affected by inoculation B < 0.05), and those
representing more than 0.1 % of all sequences are indicated with an asterisk.

In summary, for the fungal community,the three soils harbored repesentatives from the
phyla Ascomycota Basidiomycota and Mortierellomycota, while taxa from the order
Chytridiomycotawere found only in soils M4 and MI5For the fungal community, soil inoculation
with F. graminearumFgl impactedthe rhizosphere community.

5.5.3. Composition of the Fusarium community in soils from Mionica

After analyzing diversity and taxonomic composition of prokaryotic and fungal community of
soils from Mionica MI4, MI5 and MI2, the composition of Fusarium populations in these sois
(both inoculated and norrinoculated with F. graminearumFgl) was also assessedt was shown
that in the absence of. graminearuminoculation, the Fusariumgenus represented 9.4% of all
rhizosphere fungi in nonsuppressive soil MI4 (also norfungistatic), vs. only 5.9% and 6.6% in
suppressive soils MI5 (nonfungistatic) and MI2 (fungstatic), respectively (Table 3. The
Fusarium genus was more prevalent in Fgdnoculated vs. nonrinoculated rhizosphere for soil
MI4 (up to 11.8%) and MI2 (up to 8.8%), buhot for soil MI5.
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Table 7. Relative abundance of the~usarium genus among fungi and of individualFusarium
species among thd-usariumgenus.Mli_C,non-inoculated soils; Mli_FglFusarium graminearum
Fgl-inoculated soils Asterisks indicate significant difference in the relative abundance of
individual Fusarium species in inoculated vs. no#inoculated soil based on KruskaWallis tests
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Mi4 C 0.00 0.00 228 263 6.29 011 375 057 7698 0.71 6.68 9.41

MI4_Fgl 0.03 0.00 1.45* 25.48* 540 119 258 054 5709 116 508 11.82

MI5_C 0.04 000 086 094 1023 000 299 0.31 78.02 235 4.27 5.93

MI5_Fgl 0.00 0.00 0.60 29.36* 5.54 0.01 209 0.00 58.81 0.24 3.37 5.71

Mi2_C 0.00 0.00 1926 053 0.26 000 187 0.23 6696 3.31 7.58 6.59

MI2_Fgl 0.00 0.03 17.68 19.98* 0.07 0.00 1.78 0.14 54.07 1.81 4.45* 8.83

Within the genus, inoculationsignificantly increased @ < 0.05) rhizosphere levels offF.
graminearum from 2.6% to 25.0% of allFusariumsequences for Ml4, 0.9% to 29.0% for MI5, and
0.5% to 20.0% for MI2 {Table 7; Figure 17). In addition, a small decrease in levels d&f. equiseti
was detectedin soil MI4 after inoculation (Table7; Figure 17).
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Figure 17. Proportion of the different Fusarium species inthe wheat rhizosphere of soils Mi4,
MI5 and MI2 inoculated MIi_FgJ) or not inoculated (Mli_Q with FusariumgraminearumFgl.
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All the raw amplicon datafor 16S rRNA gene and ITS have been deposited iritee NCBI
Sequence Read Archive (SRA)nder the BioProjectPRINA1010537.

5.6. Fungistatic soils as a source of rhizosphere bacteria with biocontrol properties against
Fusarium graminearum

Aiming to assess the usefulness of fungistatic soils as a source of biocontrol ageagsinst F.
graminearum, isolation, characterization, genome sequencing and planta assay of diverse taxa
from both fungistatic and nonfungistatic soils,were performed.

5.6.1. Antagonistic activity of rhizosphere bacteria against Fusarium graminearum Fgl

In this phase of research 244 bacteria of contrasted taxonomy were isolated from the
rhizospheres of wheat plants grown in Mi(near Mionica) or CA(near | A é AdisF specifically,
118 from fungistatic soils (MI2, MI3 and CA3) and 126 from nofungistatic soils (MI4, MI5, CAl
and CA2) (Table §, and subjected to dual culture test withF. graminearum Soils Ml and CAave
beenchosen for bacterial isolation, based on the following criteria:

(i) Both of these soils are of the same soll typeertisol (Table 5), and

(i) At both of these locations, there are soils from fields that are fungistatic and ndangistatic
towards F. graminearumFgl (FigureS8AB).
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Table 8. Number of isolates obtained from each fungistatic soil (MI2, MI3 and CA3) and no
fungistatic soil (MI4, MI5, CA1 and CA2), with the corresponding isolation medidA: Nutrient
agar; NAsp: Nutrient agar plated with pasteurized soil sample, aiming to ilste sporogene
AAAOAOEAN 43!'d 40UPOITA OI UA AcCAoOn +"d +
Starch ammonia agar.

Soll Total number of isolates
NA NAsp TSA KB C F SAA Total
Fungistatic soils

MI2 12 8 10 8 3 5 6 52
MI3 11 8 9 3 5 4 2 42
CA3 6 5 2 4 5 2 24
Non-fungistatic soils

Ml4 7 6 8 8 4 5 3 41
MI5 10 7 8 9 2 4 1 41
CAl 7 4 6 2 4 5 28
CA2 2 3 4 2 5 16
Total 55 41 47 36 28 18 19 244

Tests based on their ability to inhibit mycelial growthfor more than 50% or alter colony
morphology of F. graminearumFgl in vitro resulted in the selection of 12 and 11 antagonistic
isolates (none exhibiting both effects) respectively, accounting toa total of 23 isolates (9.4%)
(Table 9). These 23 antagonistic isolates included 10 isolates from fungistatic soils and 18rfr
non-fungistatic soils, and 13of the 23 originated from MI soils 6ix from the fungistatic and
suppressive soils MI2, MI3 andfour from the non-fungistatic and suppressive soilMI5, versus
threefrom the non-fungistatic and non-suppressive soil MI4) while 10 originated from CA soils

Table 9. Isolates from each fungistatic and norfungistatic soil with the ability to inhibit

Fusarium graminearum Fgl mycelial growth (indicated with number; %) or alter colony
morphology (indicated wth +), with the corresponding isolation media. Taxonomic affiliation of
isolates based on 16S rRNA is also indicatedA: Nutrient agar; NAsp: Nutrient agar plated with
pasteurized soil sample, aiming to isolate spagene bacteria; TSA: Tryptone soya agar; Kl
+ETC60 "n #d #AOOEIi EAA ACAON &d &EI AT O O A

. . . 16S rRNA taxonomic Antagonistic
Saoll Isolate name  Isolation media identification activity
Fungistatic soils
MI2 IT-210MI2 NAsp Priestiasp. +
IT-79MI2 TSA Bacillussp. 83
MI3 IT-74MI3 NAsp Bacillussp.
IT-91MI3 TSA Kosakoniasp.
IT-180MI3 TSA Priestiasp.
IT-162MI3 C Pseudomonasp. 70
CA3 IT-19CA3 NA Bacillussp. 53
IT-40CA3 KB Bacillussp. 68
IT-51CA3 C Pseudomaassp. 68
IT-53CA3 C Pseudomonasp. +
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Non-fungistatic soils

Mi4 IT-93MI4 KB Pseudomonasp.
IT-194MI4 NA Pseudomonasp.
IT-158M14 C Burkholderia sp. 70
MIS IT-111MI5 KB Burkholderia sp. 68
IT-196MI5 NA Pseudomonasp. +
IT-232MI5 C Pseudomonasp. 63
IT-133MI5 TSA Bacillussp. 75
CAl IT-13CA1 NAsp Bacillussp. 59
IT-43CA1 C Pseudomonasp. +
CA2 IT-7CA2 NAsp Brevibacillussp. 95
IT-36CA2 KB Chryseobacteriunsp.
IT-47CA2 C Pseudomonasp.
IT-48CA2 C Pseudomonasp. 75

Taxonomic affiliation of antagonistic isolates based on 16S rRNs&quencesaffiliated them
to the generaBacillus (six isolates), Priestia (formerly Bacillus two isolates), Pseudomonag10
isolates), Kosakonia (one isolate), Burkholderia (two isolates), Brevibacillus (one isolate) and
Chryseobacterium(one isolate) (Table 9). Isolates belonging to generaPseudomonasBacillus
Burkholderia and Brevibacillusinhibited growth of F. graminearumFgl from 53 to 95 %, while
isolates belonging to generd@riedia, Bacillus Kosakonig Pseudomonaand Chryseobacteriunhad
the ability to alter fungal colony morphology. For example, isolateBrevibacillus sp. IT-7CA2
inhibited the growth of F. graminearumFgl by 95% and isolateChryseobacteriunsp. IT-36CA2
altered fungal sporulation (Figure 18AB). In summary, antagonistic bacterial isolates were
obtained in similar numbers from fungistatic and nonfungistatic soils.

IT-7CA2

-

Figure 18. Antagonistic activity of bacterial isolates Brevibacillus sp. IT-7CA2 (A) and
Chrysetbacterium sp. IT-36CA2 (B) towardsFusarium graminearum Fgl in a dualculture assay.
Left: control plate with Fusarium graminearumFgl. Right: plate withFusarium graminearum Fg1l

and the bacterial isolate. The white dot on Petri disks represents the place of inoculation of
Fusarium graminearumFgl and the white line represents the point of bacterial inoculation
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In summary, out of 244 isolates obtained from both fungistatic (MI2, MI3 and CA3) and
non-fungistatic (MI4, MI5, CAl1 and CA2) soils, 23 had antagstic activity against F.
graminearum Fgl, and either inhibited fungal mycelial growth or altered fungal colony
morphology. These 23 isolates belonged to the geneBacillus Priestia, Pseudomona¥osakonia
Burkholderia, Brevibacillusand Chryseobacterium

5.6.2. Identification of antagonistic bacterial isolates through genome sequencing

After the 23 bacterial isolates with antagonistic activity against. graminearumFgl have been
obtained, all of their genomeshave beensequenced andassembled Whole genome sequences
(raw and assembled) are deposited intadhe EBI/EMBL database under the accession number
PRJEB59762All 23 genomesequenced antagonistic isolatestaxonomically differed from one
another and they were distributed across threephyla and seven genera (Table0). The 10
strains from fungistatic soils belonged to the phylaPseudomonadotgformerly Proteobacterig
(three strains from the genusPseudomonasand one from the genus Kosakonig or Bacillota
(formerly Firmicutes (four strains from the genusBacillusand two from the genusPriestia). The
13 strains from non-fungistatic soils belonged to the phylaPseudomonadota(seven from
Pseudomonasand two from Burkholderia), Bacillota (two from Bacillus and one from
Brevibacillug, as well asBacteroidota (formerly Bacteroidete3 (one from Chryseobacterium In
summary, most antagonistic bactgal strains from fungistatic and non-fungistatic soils belonged
to the Pseudomonadotar Bacillota phyla, although with differences in species composition and
their abundance and their genomic £atures are presented in Tabld.0.

Table 10. Genomic features of th@3 antagonistic bacteria whose genomelsave beensequenced
in this study.

Species nhame from Isolate name _Field_ of C_;enome Plasmid GCcontent Nq. CSZ(;ISSnEeNsA

TYGS isolation  size (bp) (%) contigs (CDS)
Isolates from fungistatic soils

Bacillota (formerly Firmicutes)
B. licheniformis IT-74MI3 MI3 4,240,635 - 45.92 18 4619
Bacillus GSL IT-79MI12 MI2 5,465,265 + 35.44 139 6013
B. pseudomycoide IT-19CA3 CA3 4,323,109 + 35.75 79 4603
B. pseudomycoides IT-40CA3 CA3 3,061,249 + 35.83 36 3223
Priestia megaterium IT-180MI3 MI3 5,635,521 + 37.87 44 6194
Priestia megaterium IT-210MI2 MI2 5,379,042 + 37.85 28 5699
Pseudomonadota (formerly Proteobacteria )
gj;;';‘;gfhan IT-91MI3 MI3 5073466 - 53.48 70 4744
P.donghuensis IT-53CA3 CA3 5,663,148 - 62.45 59 5408
P. chlororaphis IT-51CA3 CA3 6,957,669 - 62.92 29 6655
P. chlororaphis IT-162MI3 MI3 6,686,366 - 63.10 21 6340
Isolates from no n-fungistatic soils
Bacteroidota (formerly Bacteroidetes)

Chryseobacterium IT-36CA2 CA2 5012043 - 35.62 27 4631

GS2
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Bacillota (formerly Firmicutes)

BrevibacillusGS3 IT-7CA2 CA2 6,478,916 + 47.11 55 6303
B. licheniformis IT-13CAl1 CAl 4,332,481 - 45.75 54 4751
B. velezensis IT-133MI5 MI5 3,857,335 - 46.57 38 3742
Pseudomonadota (formerly Proteobacteria )
Burkholderia G IT-111MI5 MI5 7,802,089 - 66.69 73 7775
Sx]rl')‘i?g%e”a IT-158MI4 M4 7,617,524 - 66.61 75 7516
P. soli IT-47CA2 CA2 5,708,236 - 63.78 72 5500
P. chlororaphis IT-48CA2 CA2 6,818,347 - 62.98 60 6537
P. brassicacearum IT-43CA1 CAl 6,737,027 - 60.86 70 6361
Pseudomona& S5 IT-194M14 Mi4 6,582,923 - 59.39 77 6261
Pseudomona& S6 IT-196MI5 MI5 6,303,596 - 59.61 84 6018
Pseudomona&S7 IT-93MI4 Mi4 6,106,124 - 60.32 58 5645
Pseudomona& S8 IT-232MI5 MI5 6,512,142 - 59.15 61 6073

Furthermore, digital DNA-DNA hybridization values (computed with GGDC 3.0 and
formula 2) of the 23 strains with their closest describd type strains (available at the TYGS
database; Meier-Kolthoff and Goker, 2019; MeieiKolthoff et al., 2022) revealed eight novel
genomospecies (hereafter termedsS1 to GS8; Table 11) based on dDDH values below the 70%
threshold for species delineation(Chun et al., 2018) Strains with dDDH values >70% were the
following: Bacillus licheniformis IT-74MI3, Bacillus pseudomycoidesIT-19CA3, Bacillus
pseudomycoidesiT-40CA3, Priestia megaterium IT-180MI3, Priestia megaterium IT-210MI2,
Kosakonia quasisacchari IT-91MI3, Pseudomonas donghuensidT-53CA3, Pseudomonas
chlororaphis IT-51CA3, Pseudomonas chlororaphi$T-162MI13, Bacillus licheniformisIT-13CA1,
Bacillus velezensisT-133MI5, Burkholderia ambifaria 1T-158MI14, Pseudomonas soliT-47CA2,
Pseudomonas chlororaphi§-48CA2 andPseudomonas brassicacearulf-43CA1.

Table 11. Digital DNADNA hybridization (dDDH) values of theeight sequenced
antagonistic strains and their closest described species (available in the TY@&&abase),
whose dDDH values werebelow the 70%, a recommended cut-off value for bacterial
species delineation. dDDH values were calculated using the genoiteegenome distance
calculator website service from DSMZ (GGDC 3Meier-Kolthoff and Goker, 2019; Meier
Kolthoff et al., 2022) using the recommended BLAST method, and formula 2.
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Isolates from fungistatic soils
Bacillus GSL IT-79MI12 MI2 68.4
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Isolates from non -fungistatic soils

ChryseobacteriunGS2 IT-36CA2 CA2 35.1

BrevibacillusGS3 IT-7CA2 CA2 58.7

BurkholderiaGS4 IT-111MI5 MI5 61.7

Pseudomona&Ss IT-194M14 Mi4 43.2

Pseudomona&S6 IT-196MI5 MIS 48.3
Pseudomona&S7 IT-93M14 Mi4 43.5
Pseudomona& S8 IT-232MI5 MIS 48.0

5.6.3. Presence of genes involved in biocontrol and plant gr owth promotion in antagonistic
rhizosphere bacteria

After the genome sequencinggenomes of the 23 strains were annotated, searching for genes
involved in biocontrol and plant-growth promotion.

The 13 genomesequenced antagonistic Pseudomonadotaincluded 10 Pseudomonas
strains. Genes encoding the production of HCN, pyoverdine, extracellular alkaline protease,
ethylene, auxin,the conversion of 2,3butanediol to acetoin and further acetoin catabolism, and
the phosphate solubilization and denitrification were evidenced inall 10 Pseudomonastrains,
regardless of whether they originated from fungistatic or norAfungistatic soils (Table 12). P.
brassicacearumlT-43CA1 (from nonfungistatic soil) carried genesencoding the production of
DAPG (the presence of the whole operon was confirmed by antiSMASH) and ACC deaminase,
whereas the three P. chlororaphisstrains (from fungistatic or non-fungistatic soils) displayed
genes which encode the production of phenazine, 2hexyl-5-propyl-alkylresorcinol and
pyrrolnitrin.  In addition, P. chlororaphisIT-48CA2 (from nonfungistatic soil) had the gene
encoding the insecttoxin FitD. In the two Burkholderia strains (both from a nonfungistatic soil),
genes for synthesis of pyrrolnitrin, ACC deaminase, conversion of ZB8tanediol to acetoin,
acetoin catabolism and phosphate solubilization, were found.

Nine Bacillota strains were sequenced. GenalsSDencoding acetoin biosynthesis was
found in Bacillus licheniformisIT-74MI3 (from fungistatic soil), Bacillus licheniformis IT-13CA1
and Bacillus velezensidT-133MI5 (both from non-fungistatic soil), whereas geneydjL which
encodesacetoin reductase/2,3butanediol dehydrogenase was detected iBacillus velezensiT -
133MI5 and Brevibacillus GS IT-7CA2 (both from nonfungistatic soils). The Bacteroidota
ChryseobacteriumGS2 IT- 36CA2 (from nonfungistatic soil) did not possess any of the genes
investigated.
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Table 12. Distribution of genes involved in biocontrol and plantgrowth promotion in the 23 bacterial isolates
studied. Presence of the property (the whole gene cluster) is marked with +, and when for certain property the
are several possible pathways to achieve a function, names of the genes foundh@ genome are indicated. Gene
were found with DIAMOND blastp (\2.0.8.146;Buchfink et al., 2019, using the options--query-cover 80 --id 70

(query coverage >80%; amino acid identity >70%), if not spec#d otherwise.

Isolate name

)Alkaline metalloproteinase

2,3-butanediol conversion td
production

Phenazine production
HPR production
2,4-DAPG production
Pyrrolnitrin produc tion
HCN production
Pyoverdine production
Ethylene production
IACC deaminase

IAuxin biosynthesis
IAcetoin biosynthesis
2,3-butanediol biosynthesis
acetoin

IAcetoin catabolism
Phosphate solubilization
Nitrogen fixation
Denitrification
Insect-toxin FitD

Isolates from fungistatic soils

Bacillus licheniformis

IT-74MI3 alssD
Bacillus GS1

IT-79MI2

Bacillus pseudomycoides

IT-19CA3

IT-40CA3

Priestiamegaterium(formerly Bacillus megateriun)
IT-180MI3

IT-210MI2

Kosakonia quasisacchari
budB

- *
IT-91MI3 budBA AC +

Pseudomonas donghuensis

IT-53CA3 +* ipdC adh + gcd nirS

Pseudomonas chlororaphis

bdhA, + gcd,
adh gad

bdhA, gcd,
adh gad

IT-51CA3 + + + + + + iaaMH nirk +

IT-162MI3 + + + + + + iaaMH nirk +
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Isolates from non -fungistatic soils

ChryseobacteriunGS2

IT-36CA2

Brevibacillus GS

IT-7CA2 ydjL

Bacilluslicheniformis

IT-13CA1 alsSD

Bacillus velezensis

IT-133MI5 alssp ASSD. gy

ydjL

Burkholderia G4

IT-111MI5 + + adh + gad

Burkholderia ambifaria

IT-158MI14 + + adh + gad

Pseudomonas soli

IT-47CA2 +* ipdC gad nirk

Pseudomonas chlororaphis

IT-48CA2 + o+ + o+ o+ o+ iaaMH bdhA g‘;‘é’ nirk  + +

Pseudomonas brassicacearum

IT-43CA1 + + + iaaMH* adh + nirS +

Pseudomonas

GS5 IT-194MI4 + o+ o+ adh  + 3‘;‘3’ nirs  +

GS6 IT-196MI5 + adh gcd

GS7IT-93MI4 + o+ o+ ged, +
gad

GS8 IT-232MI5 + o+ o+ ged, +
gad

Genes (and functions) that were searched for in the 23 bacterial isolates, but were rtiscovered pltABCDEFGLM
(production of pyoluteorin), pchABCDERproduction of pyochelin), pmsABCHproduction of pseudomonine) and
iacABCDEFGH#Auxin catabolism).

*hcnAfound with <70 % identity (63 % for isolate IT-47CA2 and 69 % for isolate 1753CA3);iaaH found with only

33 % identity for isolate IT-43CA1;acoXand acoRfound with 49 % and 57 % identity, respectively, for isolates 1T
158MI14 and IT-111MI5; nifD and nifK found with 66 % and 49 % identity, respectively, in isolate T91MI3, but
whole nif operon found in the genome.
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Annotation of CAZymes showed that all th&seudomonagenomes had genes encoding
potential chitinases (exceptPseudomona&S6 IT-196MI5), as many adive in P. chlororaphisT-
51CA3 and IF162M3 (from fungistatic soils) (Figure 20). P. donghuensisiT-53CA3, P.
chlororaphis IT-51CA3 and IF162MI3 (from fungistatic soils) and P. soli IT-47CA2, P.
chlororaphisIT-48CA2,PseudomonasS6 IT-196MI5, GS7 IT-93MI4 and GS8 IT-232MI5 (from
non-fungistatic soils) contained copies of the AA10 family, which includelytic polysaccharide
monooxygenases (LPMOs) that potentiallyarget chitin (Figure 19). Genes coding for beta
glucanases were detected in four strains (from both fungistatic and nefungistatic soils) and
cellulase genes irPseudomona&S6 IT-196MI5 and GS5 1T-194MI14 (from non-fungistatic soils),
but mannanase genes were not detectedlhe two Burkholderia strains (both from a non
fungistatic soil), displayed genes for potential chitinases (Figur@0), and Burkholderia G$ IT-
111MI5 exhibited genes for leta-glucanases and genes of the AA10 family (Figui®). Kosakonia
guasisaccharilT-91MI3 (from fungistatic soil) had a complete set of genes for synthesis of 23
butanediol, acetoin and nitrogenase, as well as genes encoding chitinases and especially
cellulases (Figure20). All the Bacillota strains presented genes encoding potential chitinases, up
to six genes inBrevibacillusGS3 IT-7CA2 (from nonfungistatic soil) (Figure 19). B. licheniformis
IT-74MI3 (from fungistatic soil), as well asBrevibacillusGS3 IT-7CA2,B. licheniformisIT-13CA1
and B. velezensi$T-133MI5 (from non-fungistatic soils), contained genes from theAA10 family
(Figure 19). Genes coding for betalucanases were detected only irB. velezensidT-133MI5
(from non-fungistatic soil), while cellulase genes were found in four strains, especially iB.
licheniformisIT-74MI3 (from fungistatic soil) and B.licheniformisIT-13CA1 (from nonfungistatic
soil). Mannanase genes were detected B. licheniformisliT-74MI3 (from fungistatic soil), and in
B. licheniformis IT-13CAl1 and B. velezensisIT-133MI5 (from non-fungistatic soils). The
Bacteroidota ChryseobacteriumGS2 IT-36CA2 (from nonfungistatic soil) harbored genes
encoding potential chitinases (Figure20), genesbelonging tothe AA10 family and genes coding
for potential beta-glucanases, but it did not possess any genes involved in cellulasenmannanase

production (Figure 19).

Chryseobacterium IT-36CA2
Brevibacillus IT-7CA2
IT-74MI13

IT-13CA1

IT-133MI5

IT-79M12

IT-19CA3

IT-40CA3

Priestia IT-180M13
IT-210MI2

Kosakonia | IT-91MI3
Burkholderia ~ IT-111MI5
IT-158Mi4

Pseudomonas  IT-47CA2
IT-53CA3

IT-48CA2

IT-51CA3

IT-162MI3

IT-43CA1

IT-194M14

IT-196MI5

IT-93M14

IT-232MI5

Cellulose GH1
GH3
GH39
m GH43_11
m GH5_2
m GH5_4
m GH5_25
® GH5_46
= GH8
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GH12
Chitin GH3
GH5_48
u GH18
® GH19
m GH20
® GH46
u AA10
B-glucans and GH16
mannans GH17
GH144
® GH5_7
u GH26

Figure 19. Abundance of genes belonging to CAZyme families potentially targeting cell wall

combi T AT 60 EI

£OT CE Al A

genomes ofsequencedbacterial isolates.

76

I T-dluceAsAadd @annang)folnd @itie O A h



Chryseobacterium GS5-2IT-36CA2

Brevibacillus GS-3 1T-7CA2 I
Bacillus licheniformis IT-74MI3 4
Bacillus licheniformis IT-13CA1

Bacillus velezensis IT-133MI5

| ] Bacillus GS-11T-79MI2 3
| Bacillus pseudomycoides IT-19CA3
| - Bacillus pseudomycoides IT-40CA3
. T Priestia megaterium IT-180MI3 2
Priestia megaterium [T-210MI2
[ Kosakonia quasisacchari IT-91MI3
| Burkholderia GS-41T-111MI5 1
- Burkholderia ambifaria IT-158MI4
| Pseudomonas soli IT-47CA2 .
Pseudomonas donghuensis IT-53CA3 0
Pseudomonas chlororaphis IT-48CA2
Pseudomonas chlororaphis IT-51CA3
Pseudomonas chlororaphis IT-162MI3
| Pseudomonas brassicacearum IT-43CAL
| Pseudomonas G5-5 IT-194MI4
_ Pseudomonas GS-6 IT-196MIS
Pseudomonas GS-7 IT-93MI4
| Pseudomonas GS-81T-232MI5

Figure 20. Heatmap showing the abundance of CAZyme genes annotated for each function found
in the genomes of the 23 bacteriaLegend shows transformed counts.

sase[n|[2d

S3SEUINIRd

saseuean|§o|Ax pue saseue|Ax
S3SEUBUUEN

saseuepejedouigely

saseuedn|s-g

saseuadAxouow aprieyaaesijod a13A7
saselede pue saseudele)
S3SE|N|[AJNWAY 12YI0
saseueon|Fopndad

saseuean|§-n

sajnpow Sulpuig-ajelpAyoqie)
53SE|GO|AX PUE SB5EI(O||2D
saseullyD

sawAzua Suipesdap saednfuodoon|o

In conclusion, isolates from both fungistatic and noifungistatic soils possessed genes
involved in biocontrol or plant-growth promotion. Distribution of phytobeneficial traits was, to a
large extent, taxaspecific.

5.6.4. In vitro biocontrol and plant growth promoting activity of antagonistic rhizosphere
bacteria and c orrespondence between gene presence and in vitro activities

After the genome annotation, functional characterization of biocontrol and plargrowth
promoting activities of all of the sequened strains was performed.This included the assessment
of in vitro siderophore production, production of HCN, production of lytic enzymes (proteases,
chitinases and cellulases), phytohormones production, ACC deaminase production and
solubilization of phosphates(Figure 21).

In vitro production of HCN and siderophores was recorded in strains from both fungistatic
and nonfungistatic soils, while solubilization of phosphates was recorded only iPseudomonas
and Burkholdeia strains from non-fungistatic soils (Table 13). ACC deaminase activity was found
in Burkholderiastrains IT-111MI5 and IT-158MI4, andP.brassicacearunT-43CA1 (all from non
fungistatic soils). Protease activity was detected irthe majority of the strains tested, while
cellulase activity was observed in only two fungistatiesoil strains (B. licheniformisIT-74MI3 and
P. megateriumT-210MI2) and one nonrfungistatic-soil strain (B. velezensiklr-133MI5). Chitinase
activity and production of IAA were, sinilarly to the protease activity, detected in almost all
strains. Production of indole 3-pyruvic acid was found inB. pseudomycoidd3-40CA3 and that of
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tryptophol in P.megateriumIT-180MI3 and K. quasisacchariT-91MI3 (all three from fungistatic
soils), and none of the strains produced indol8-butyric acid, trans-zeatin riboside, kinetin, &
benzylaminopurine, gibberellin Al, gibberellic acid or abscisic acid. All the remaining
phytohormones tested,i.e.,indole-3-lactic acid, indole3-carboxylic acid, ndole-3-propionic acid,
trans-zeatin, isopentenyl adenosine and kynurenic acjdvere produced by strains from both
fungistatic and nonfungistatic soils.

| —

IT-194M14

© IT-210M12

! IT-51CA3 i IT-158M14

ey ©

Figure 21. In vitro characterization of rhizosphere biocontrol strains. (A)Pseudomonas GSIT-
194M14 producing siderophores. (B)Priestia megateriumIT-210MI2 producing proteases. (C)
Right: Pseudomonas chlororaphis IT-51CA3 producing HCN; Left: Negative control. (D)
Burkholderia ambifarialT-158MI4 with phosphates solubilizing activity.

Production of HCN was confirmedn vitro in eight of nine Pseudomonastrains (from both
fungistatic and nonfungistatic soils) carrying hcnABCgenes (Table B). Siderophore production
was evidenced in allPseudomonastrains, six of which (from both types of soils) carrying the
pvdL pyoverdine gene, but the twoBacillus strains (from fungistatic or non-fungistatic soil), the
two Burkholderia isolates and Chryseobacteriumsp. IT-36CA2 (all three from nonrfungistatic
soils) produced siderophores despite lacking thepvdL gene Phosphate solubilzation was
confirmed in strains originating only from non-fungistatic soils,i.e.,six Pseudomonastrains and
two Burkholderia strains, but only some of them had glucose dehydrogenase gegad and/or
gluconate dehydrogenase gengcd, while four Pseudomonastrains (three from fungistatic soils
and one from nonfungistatic soil) had the genes but did not solubilize phosphate under the
conditions tested. ACC deaminase activity was found in aBurkholderia strains and P.
brassicaearum IT-43CA1 (all from nonfungistatic soils and carrying acdS gene). Protease
activity was detected in almost all strains (from both types of soils), including the seven
Pseudomonasstrains carrying the aprA gene. Cellulase activity was observed in only two
fungistatic-soil strains (B. licheniformisIT-74MI3 and P. megateriumiT-210MI2) and one non
fungistatic-soil strain (B. velezensibl-133MI5). Chitinase activity was confirmedn vitro for 20 of
23 strains with genes encoding chitinases (and/or genesf the AA10 family, as inPseudomonas
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GS6 IT-196MI5) and originating from fungistatic and non-fungistatic soils. As many as 18 strains
(from both types of soils) produced IAA, even though thmaMH or ipdCgenes were found in only
six Pseudomonastrains.

In summary, phosphate solubilization and ACC deaminase were recorded in strains from
non-fungistatic soils, while production of indole3-pyruvic acid and tryptophol was recorded only
in strains originating from fungistatic soils,while the remaining tested traits were demonstrated
in strains from both fungistatic and nonrfungistatic soils.
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Table 13. Correspondence between gene presence arl vitro activities involved in plant-growth promotion and

biocontrol in 23 isolates, according to the soil fungistasis status. Activity is marked with a green calo Gene
corresponding to a given activityin vitro (when found in the genomes) is indicated. Cellulaseand chitinases were

predicted using dbCAN2 (\3; Zhang et al., 2018and compared with the CAZy database using HMMER3\3; Eddy,

2011). Prediction of function and substrate specificity of C&yme families or subfamilies was performed based on
review of activities assigned to CAZymes with known structures (characterized enzymes) in the CAZy datab.
(http://www.cazy.org) (Lombard et al., 2014)and manually curated, as previously describedLopez-Mondéjar et
al., 2022)
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Isolates from fungistatic soils
Bacillus licheniformis
IT-74MI3 A +
Bacillus
GS1IT-79MI2 + o+
Bacillus pseudomycoides
IT-19CA3 +
IT-40CA3 +
Priestiamegaterium(formerly Bacillus megaterium
IT-180MI3
IT-210MI2
Kosakonia quasisacchari
IT-91MI3 + o+
Pseudomonas donghuensis
IT-53CA3 +* ged + ipdC
Pseudomonas chlororaphis
IT-51CA3 + + gcd,gad + + iaaMH
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IT-162MI3 |+ + god, gad

Isolates from non -fungistatic soils
Chryseobacterium

GS2IT-36CA2 |
Brevibacillus

GS3IT-7CA2

Bacilluslicheniformis

IT-13CAL B
Bacillus velezensis

IT-133MI5
Burkholderia

GS41T-111MI5
Burkholderia ambifaria

IT-158MI14
Pseudomonas soli

IT-47CA2
Pseudomonas chlororaphis

IT-48CA2
Pseudomonas brassicacearum

IT-43CA1

Pseudomonas

GS51T-194M14
GS6 IT-196MI5
GS71T-93MI14 gcd, gad
GS81T-232MI5

I | I I

+

+

*hcnAfound with <70 % identity (63 % for isolate IT-47CA2 and 69 % for isolate IT53CA3);iaaH found with only 33 % identity in isolate

IT-43CA1
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5.6.5. Inhibitory effect of bacterial volatile organic compounds (VOCs)on growth and
inhibitory effect of bacterial exudates on sporulation of  Fusarium graminearum Fgl

In this part of the study, the inhibitory effect of VOCs produced by rhizosphere isolates
towards F. graminearumFg1, as well as the ability of bacterial isolates to inhibit sporulation
of F. graminearumFg1 in liquid medium, were tested Ability of bacterial isolates to inhibit
mycelial growth of F. graminearumFg1lby VOCs was only seen iiour antagonistic strains,i.e.,
P. solilT-47CA2 (by 47.1%) (Figure 22), PseudomonasGS5 IT-194M14 (by 23.5%), and
Burkholderia ambifaria IT-158MI14 (by 41.2%) andBurkholderia GS4 IT-111MI5 (by 11.8%).
All four originated from non-fungistatic soils.

IT-47CA2

control

Figure 22. Ability of Pseudomonassoli IT-47CA2 to inhibit mycelial growth of Fusarium
graminearum Fgl through production of VOCs. RighPseudomonassoli IT-47CA2 inhibiting
growth of Fusarium graminearum Fg1l; Left: Negative controlj.e.,Fusarium graminearum Fg1l
only.

Additionally, a microplate assaywas used to test the ability of bacteriakexudatesto
inhibit conidia germination of F. graminearumFgl Conidia germination was inhibitedby
exudates ofP. donghuensi$T-53CA3 (from fungistatic soil) by 75 %, andBurkholderia GS4
IT-111MI5 (from non-fungistatic soil) by 26.6 %.The following nine strains (from fungistatic
or non-fungistatic soils) also inhibited conidia germination, but at levels <20% i.e.,
ChryseobacteriunGS2 IT-36 CA2(17.2%), Brevibacillus GS3 IT-7CA2(13.7%), B. licheniformis
IT-74MI3 (11.1%), B. licheniformis IT-13CA1 (11.2%), Bacillus GS1 IT-79MI2 (16.3%), B.
pseudomycoide$T-19CA3(14.4%) and IT-40CA3(11.3%), P. megateriumIT-210MI2 (10.8%)
and B.ambifaria IT-158MI14 (18.7%).

In summary, VOCs of certain antagonistic strains (from noffiungistatic soils only)
affected mycelial growthof F. graminearumFgl. In contrast, exudates of seval strains from
fungistatic and non-fungistatic soils inhibited conidia germination.

5.6.6. Additional genomic analyses of the most promising antagonistic rhizosphere
bacteria

Besides genomic andh vitro characterization of rhizospheric strains,total number of putative
biosynthetic gene clusters (BGCsin each rhizospheric strainwas also identified, using the
antiSMASH(BIin et al., 2019)within the MicroScope platform. Therefore,up to 20 BGCsn B.
ambifaria IT-158MI4 and 19 inB. velezensisl-133MI5 (both from non-fungistatic soils) were
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identified (Table 14). The highest number of compleed BGCs was 11 (irB. velezensidT-
133MI5 from non-fungistatic soil). The highest number of BGCs in isolates from fungistatic
soils was respectively 16 and 15 foP. chlororaphisT-51CA3 and IT162MI3, both with three
completed BGCs.

Table 14. Number of putative biosynthetic gene clusters (BGCs) and number of BGCs w
completion 1 or 1%, in the 23 studied bacterial isolates, found using thentiSMASH(BIin et
al., 2019)within the MicroScope platform.

Species name from TYGS Bacterial Numberof Number of BGCS with Number of BGCS
isolate putative BGCs completion 1 with completion 1*
Isolates from fungistatic
soils
Bacillus licheniformis IT-74MI13 12 3 0
Bacillus GSL IT-79MI2 13 2 0
Bacillus pseudomycoides IT-19CA3 5 1 0
Bacillus pseudomycoides IT-40CA3 2 1 0
Priestia megaterium IT-180MI3 6 0 0
Priestia megaterium IT-210MI2 7 0 0
Kosakonia quasisacchari IT-91MI3 6 1 0
Pseudomonas donghuensis  IT-53CA3 5 0 0
Pseudomonas chlororaphis  IT-51CA3 16 1 2
Pseudomonas chlororaphis  IT-162MI3 15 1 2
Isolates from non -fungistatic soils

ChryseobacteriunGS2 IT-36CA2 9 0 0
BrevibacillusGS3 IT-7CA2 15 1 0
Bacillus licheniformis IT-13CA1 12 3 0
Bacillus velezensis IT-133MI5 19 11 0
BurkholderiaG$4 IT-111MI15 16 3 0
Burkholderia ambifaria IT-158MI14 20 3 0
Pseudomonas soli IT-47CA2 14 3 3
Pseudomonas chlororaphis  1T-48CA2 16 2 2
Pseudomonas brassicacearur 1T-43CAl 11 2 0
Pseudomona&Ss IT-194M14 12 0 0
Pseudomonas G& IT-196MI5 9 0 0
Pseudomonas GB IT-93MI4 10 0 1
Pseudomonas G&% IT-232MI5 11 0 1

* When two or more genes in a single MIBiGThe Minimum Information about a Biosynthetic Gene clustel
database)curated region were similar, the same gene iMicroScope databasean hit on these MIBIG genes
When this happens, the completion can be higher than 1 (represented by 1%).

Subsequently, he most promising antagonistic bacteria,.e., those that inhibited F.
graminearum Fgl mycelial growth in a dualculture assay, those that altered fungal colony
morphology, and thosethat produced VOCs inhibiting fungal mycelial growth and/or whose
exudates inhibited conidia germination (Figure 8) were chosen for further analysis. They
included BrevibacillusGS3 IT-7CA2,B. velezensi$T-133MI5, B. ambifaria 1T-158MI4, P. soli
IT-47CA2,P. chlororaphisiT-48CA2 andPseudomona$sS5 IT-194Ml14 from non-fungistatic-
soils, but onlyP. donghuensi$T-53CA3 from fungistatic soil. On one handGCs found in their
genomeswere analyzed and manually curated On the otherhand, in planta assayin the
presenceof F. graminearumFgland bacterial strains was performed
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Figure 23. Whole genomebased phylogenetic tree for23 antagonistic bacteria from
fungistatic (green) and nonfungistatic soils (red), and their ability to affect Fusarium
graminearum Fgl colony morphology (black circle),inhibit Fusarium graminearum Fgl
conidia germination (black bars),inhibit Fusarium graminearum Fgl viaVCOCs (orange bars),
and inhibit Fusarium graminearum Fgl mycelial growth in a dualculture assay(blue bars).
Black stars indicate isolates chosen foin planta assay and those whose BGCs found in the
genome were manually curated.The tree was inferred with FastME 2.1.6.XLefort et al.,
2015) from Genome BLAST Distance Phylogeny (GBDP) distances calculated from genome
sequences, andisualized using iTOL softwargLetunic and Bork, 2021) Branch numbers are
GBDP pseuddootstrap support values from 100 replications, with an average branch
support of 56.9 %. Chlorobium phaeovibrioides?hvTcws14 (BioSample accession number:
SAMN09466660) was used as the outgroup.

Manual curation of BGG found in the sevengenomes of chosen biocontrol bacteail
strains showed that Brevibacillus sp. GS3 IT-7CA2 harbored gene clusters coding for
antibiotics, such as edeine, tyrocidin (surfactin), lipopeptide antibiotic, linear gramicidin,
bacillaenelike antifungal product, and siderophores (Table &). In the genome oB. velezensis
IT-133MI5, BGCs were foundinvolved in the production of antibiotics (mycosubtilin,
macrolactin, plipastatin, difficidin, mersacidin, surfactin, bacilysin, lanthipeptides and
bacillibactin), while B. ambifaria IT-158MI4 had the potential of producing phenazindike
compound, pyrrolnitrin (as confirmed by BLAST), noriibosomal antifungal oligopeptides, as
well as the siderophores enterobactin and ornibactinP. chlororaphisIiT-48CA2 possessed
genes for phenazine, pyrrolnitrin (as confirmed by BLAST), putative bacitracin/enterobactin,
mangotoxin and different siderophores.P. donghuensi$T-53CA3 had BGCs for pyoverdine
and mangotoxin biosynthesis, whileP. solilT-47CA2 had BGCs for production of cyclic
lipopeptide xantholysin, dapdiamides, mangotoxin and siderophores. FinallfPseudomonas
GS5 IT-194MI4 had the potential of producing mangotoxin and different siderophores. In
summary, the genomes of these seven strains displayed BGCs putatively coding tfoe
production of siderophores and antibiotics, potentially involved in biocontrol.
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Table 15. List of secondary metabolites identified using the antiSMASH (Blin et al., 2019
and manually curated in Brevibacillus GS3 IT-7CA2, Bacillus velezensisIT-133MI5,
Burkholderia ambifaria IT-158MI4, Pseudomonaschlororaphis 1T-48CA2 Pseudomonas
donghuensidT-53CA3,Pseudomonasoli IT-47CA2 andPseudomona$S5 IT-194Ml4. The
start, end, length and region type of the predicted biosynthetic gene cluster are show
Abbreviations: transAT-PKS (transacyltransferase polyketide synthases), NRPS (ner
ribosomal peptide synthetases), T3PKS (type Il polykale synthases), LAP (lineai

azol(in)e-containing peptides), T1PKS (type | polyketide synthases), hserlactor
(homoserine lactone), PpySKS (PPYlike pyrone) and NAGGN  (N-
acetylglutaminylglutamine amides).
Isolate Start End Length Region type Pathway manually curated
transAT-PKS, .
49394 126050 76657 NRPS Edeine
145711 204801 59091 NREﬁ’;IriiQSAT Subtilisin-like alkaline serine protease
453835 494899 41065 T3PKS Spore germination factor
602938 624920 21983 terpene L|popolysaqhar|de syn_thesus, terpene
2:, synthesis, sporulation related
NRPS, transAT . . .
U l
~ 750927 867046 107120 PKSlike, Bac'”aea”nii ]!'ukne :Iat%aler:trig:uct with
= transAT-PKS gal prop
% LAP Maturation of compound from a
n 1389577 1413147 23571 . ribosomally produced precursor
S bacteriocin .
= polypeptide
@ 1522244 1591382 69139 NRPS Tyrocidin (surfactin) synthesis
-'E 2279275 2346852 67578 NRPS Lipopeptide antibiotic synthesis
r% 2926082 2936930 10849 bacteriocin Encapsulins
3197643 3258150 60508 NRPS Siderophore orantibiotic
4892513 4915134 22622 lanthipeptide Lanthipeptide involved in spore
germination
4989239 5042547 53309 NRPS Anabaenopeptin NZ 857 / nostamide A
5119171 5187480 68310 Iantf:\ll%elfgde, Linear gramicidin synthetase
5361405 5375121 13717 siderophore Petrobactin siderophore
6316909 6319581 2673 NRPS Unknown
betalactone,
1 79202 79202 NRPS, transAT Mycosubtilin
PKS
transAT-PKS
like, transAT- . . .
143184 252423 109240 PKS, NRPS, Bacillaene/alkaline serine proteaseaprX
T3PKS
o 474237 562458 88222 transAT-PKS Macrolactin
020 865867 886607 20741 terpene Unknown
“ 969936 1011180 41245 PKSlike Polyketide
5 1075641 1113576 37936 NRPS
@ 3824989 3834225 9237 NRPS Plipastatin
Q 3834326 3842245 7920 NRPS
% 1138866 1160749 21884 terpene Sesquarterpenes
> 1222008 1263108 41101 T3PKS Antibiotic
m transAT-PKS
1378699 1484878 106180 like, transAT- Difficidin
PKS
2319521 2342709 23189 lanthipeptide Mersacidin
2694377 2719769 25393 NRPS
3815603 3824888 9286 NRPS Surfactin
2941791 2969557 27767 NRPS
2738042 2779460 41419 other Bacilysin synthesis
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3068358 3090973 22616 lanthipeptide Lanthipeptide
3336546 3374388 37843 NRPS Bacillibactin
3484796 3495134 10339 bacteriocin Circular bacteriocjns, antimicrobial
peptides
246251 293810 47560 T1PKS Putative heparinase II/1ll family protein
782932 827843 44912 T1PK”|S(,eNRP-S Unknown
1195618 1216259 20642  hserlactone AcyFhomoserine-lactone synthase,
involved in quorum sensing
1361820 1408642 46823 NRPS Enterobactin like siderophore
1623867 1644856 20990 terpene Unknown
2304168 2345853 41686 phosphonate Unknown
< 2380170 2425048 44879 arylpolyene Unknown
2 2480012 2501976 21065 terpene Non-heme iron decarboxylase, involved in
L0 antibiotic novobiocin synthesis
= 2707158 2748381 41224 arylpolyene Cardiolipin synthase C
.f_g 3554068 3574496 20429 phenazine Phenazine like compound
T 3934141 3944956 10816 bacteriocin Nanocompartment encapsulin Linocin M8
c‘% 4441363 4485247 43885 T1PKS Adhesin bpacf’o‘;::gteigﬁe factor, biofilm
o 4643983 4654369 10387 ectoine Partial ectoine synthesis pathway
6250299 6260697 10399 ectoine Partial ectoine synthesis pathway
4708504 4732599 24096 terpene Squalene biosynthesis
4918184 4972895 54712 NRPS Siderophore ornibactin synthesis
5778732 5819817 41086 other Pyrrolnitrin
5941856 5963904 22049 terpene Unknown
6000086 6020691 20606 hserlactone Unknown lipopeptides
6555814 6641248 85435  NRPS, TIPKS Non-ribosomal oligopeptides with
antifungal activity
409268 428234 18967 siderophore Polycarboxylate sideophore staphyloferrin
B, lucA/lucC
648898 675789 26892 terpene Beta-caryophyllene-like sesquiterpenoid
967567 1011187 43621 arylpolyene Lipoprotein
1778015 1809062 31048 NRPS Pyoverdine synthesis
~ 1997392 2020639 23248  betalactone  Dotn synthesis pathway, fatty acid (long
< saturated)
Q 3632874 3643770 10897 bacteriocin Unknown
i 4180078 4190971 10894 bacteriocin Unknown lipoprotein
2 4613843 4636461 22619 phenazine, Phenazine
= hserlactone o
5 4691104 4711784 20681 hserlactone Quorum sensing involved pathway sy
S 5140419 5161078 20660 hserlactone Quorum sensing involved pathway Xhi
S 5313688 5372696 59009 NRPS Putative bacitracin/enterobactin
o 5885184 5938200 53017 NRPS Pyoverdine synthetase
6073140 6119367 46228 NRPS, Pyoverdine synthetase
resorcinol
6689686 6720468 30783 NRPSlike Mangotoxin biosynthesis
6720569 6749771 29203 other Pyrrolnitrin
6790107 6793135 3029 NRPS Massetolide, orfamide, _syringopeptin like
synthesis
@ S:; 1138554 1206048 67495 NRPS Pyoverdine
© o 3059651 3112613 52963 NRPS Pyoverdine
a 5 8 3550188 3593025 42838 NRPSlike Secondary metabolite
SE 5009796 5053409 43614 arylpolyene Lipoprotein
© Y 5583820 5605556 21737 NRPSlike Mangotoxin biosynthesis
— « 1814889 1842944 28056 NRPS
3 o 5 1843049 1880909 37861 NRPS Xantholysin (cyclic lipopeptides)
o — 5 2525370 2598975 73606 NRPS
2012633 2078210 65578 NRPS Pseudomonine heterocylic siderophore
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2201021 2242208 41188 T3PKS Mevalonate pathway isoprenoide synthesis

2278901 2331848 52948 NRPS Pyoverdine synthetase A
2495147 2516196 21050 PpySKS Pseaudopyronines A and B
2701819 2712640 10822 bacteriocin Unknown
4017294 4049445 32152 NRPS Lipopeptide siderophores
5549990 5559838 9849 NAGGN Dapdiamides, tripeptide antibiotics
5611199 5626725 15527 NRPSlike Mangotoxin biosynthesis
5654779 5666507 11729 NRPS
5666608 5672935 6328 NRPS Siderophore
5681332 5684101 2770 NRPS
23130 36540 13411 butyrolactone Unknown
< 517198 528034 10837 bacteriocin Cellular processes, signalling transduction
= 2172527 2181555 9029 bacteriocin Unknown
S 2209373 2221343 11971 bacteriocin Unknown
E 2376537 2388459 11923 siderophore Unknown
% 2984871 3061145 76275 NRPS Pyoverdine synthesis
s 3186077 3213173 27097  betalactone  Diotin like synthesis pathway, fatty acid
© (long saturated)
g 3511162 3564145 52984 NRPS Pyoverdine synthetase A
S 3719392 3734144 14753 NAGGN N-acetylglutaminylglutamine
2 synthetase/cell wall synthesis
L 3932490 3976095 43606 arylpolyene Lipoprotein
5315442 5326287 10846 bacteriocin Cardiolipin synthase A
6372519 6389175 16657 NRPSlike Mangotoxin biosynthesis

5.6.7.In planta effects of selected antagonistic bacteria on wheat inoculated with
Fusarium graminearum Fgl

The same antagonistic bacterial strains whose BGCs found in genomes were manually
curated, were dso chosen forin planta phytoprotection assay. They includedBrevibacillus
GS3 IT-7CA2, B. velezensisIT-133MI5, B. ambifaria 1T-158MI14, P. soli IT-47CA2, P.
chlororaphis IT-48CA2 PseudomonassS5 IT-194MI4 and P. donghuensisT-53CA3 (Figure
24).In the plant assayperformed with the soil LCSAthe addition ofF. graminearumFglalone
resulted in a significantly lower number of germinated seeds at 14 days (Figured42), high
disease symptoms (Figure24B), lower biomass (Figure 2C) and lower chlorophyll rate at 45
days (Figure 2D), in comparison with noninoculated seeds. In comparison with seeds
inoculated with F. graminearumFgl, there was a trendof a higher number of germinated
seeds when inoculation was carried out withthree of seven bacteria, i.e., B. ambifaria IT-
158MI14 and Pseudomona&Sh IT-194M14 (trend significant at P < 0.05) from non-fungistatic
soils, and P. donghuensidT-53CA3 from fungistatic soil. In addition, bacterial inoculation
resulted in lower disease symptoms withB. velezensidT-133MI5, P. soli IT-47CA2, P.
chlororaphis IT-48CA2, Pseudomonassp. GS5 IT-194MI4 and P. donghuensidT-53CA3.
Finally, biomass was lower withB. ambifariaIT-158MI4 and the four Pseudomonastrains,
and chlorophyll rate of germinated plants was lower with B. ambifaria IT-158MI4 and
Pseudomonasp.GS5 IT-194M14.
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Figure 24. Results of thein planta protection assay.(A) Number of germinated seeds atwo

weeks after inoculation with antagonistic bacteria andFusarium graminearum Fgl. Results

are presented as mean + standard errarData wereanalyzed usingKruskal-7 AT 1 EO AT A $ ¢
test (P < 0.05). Statistical differences are shown with letters a to d. (B) Disease symptoms of
crown-rot at 45 daysafter inoculation with antagonistic bacteria andFusariumgraminearum

Fgl. Non-germinated plants were regarded as missing data (NAResults are presented as

mean + standard error. Data wereanalyzed usingKruskal-7 AT 1 EOQ AT A P£005).6 0 O
Statistical differences ae shown with significance letters a to c. (C) Shoot biomass of wheat

plants at45 daysafter inoculation with antagonistic bacteria andFusariumgraminearum Fgl.
Non-germinated plants were regarded as missing data (NAResults are presented as mean +
standard error. Data wereanalyzed usingkruskal-7 AT 1 EO AT A P& @05) SialsticAlA OO
differences are shown with letters a to d. (D) Chlorophyll rate of wheat plants @5 daysafter
inoculation with antagonistic bacteria andFusariumgraminearum Fgl. The chlorophyll rate of

each wheat plant was the average of three measurements, taken on the, ®h and 7h grown

leaf. Nongerminated plants and plants without grown leaves were regarded as missing data

(NA). Results are presented as mean + standard error. Data weaealyzed usingANOVA and

4 OE A UG6REx 00RA @ statistical differences are shown with letters a to c.
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In summary, PseudomonasGS5 IT-194MI4 enhanced wheat germination and
conferred protection from crown-rot disease, but at the expnse of shoot biomass and
chlorophyll rate. The three otherPseudomonastrains and B. velezensi$T-133MI5 conferred
some protection, but without improving seed germination, while the three Pseudomonas
strains also affected theshoot biomass.

5.7. Indigenous Pseudomonasin soils suppressive to Fusarium graminearum

Besides isolating bacteria of contrasting taxonomy with biocontrolactivity against F.
graminearum Fgl from fungistatic vs. norfungistatic soils, he third objective of thisresearch
was to identify the genomic and functional particularities ofPseudomonadacteria isolated
from suppressive vs. norsuppressive soils.This was motivated by the fact thatPseudomonas
has an important role in suppressive soils, harbors genes potentially involved in biocontrol, as
shown in section 5.6.3., nevertheless comparison &seudomona$rom suppressive andnon-
suppressive soilshas not been extensively studiedo far, although it may provide insight into
the functioning of suppressive soilsFor this phase & research,rhizospheres of wheat plants
grown in soils from Mionica (MI4 (non-suppressive), MI5, MI2 and MI3 (suppressivg)were
used, inoculated or not inoculated with F. graminearum Fgl, harvested after the
supressiveness assayreviously described insection5.3.

5.7.1. Microbiota diversity in soils from Mionica analyzed through rpoD metabarcoding

Snce Pseudomonassubcommunities may be different in suppressive vs. nesuppressive
soils, in this part of the study,rpoD metabarcodingof four soils from Mionicawas performed.

In these datasets, the rarefaction curves tended to reach a plateau, indicating that the
sequencing method supplied sufficient sequences to cover most of the diversity
(Supplementary material; Chapter 4B; Figure S2Metabarcoding data are deposited intdhe
EBI/EMBL database under the accession number PRIEB614%fie differences inChaolindex

(a measure of species richnesshetween the four soils were not significant, however, there
were differences in the inverse Simpsonla measire of species diversity and eveness),
Shannon (a measure of species diversity)and Observed(a measure of species richness)
indices between the MI2 and MI3 soils, that were both fungistatic and suppressivéP<0.05)
(Figure 25). Inverse Simpson index was significantly different in soils MI5 and MI3, compared
to soils MI4 and MI2, and the situation was similar with Shanon index, while the Observed
index was significantly different in soils M4, MI5 and MI3, compared teoil MI2. Altogether,
species diversty was higher in soils MI5 and MI3 than in soils MI4 and MI2 (as measured with
inverse Simpson and Shannon indices), while species richness was similar in all four soils,
when measured with Chaol indexput it was lower in soil MI2 when measured with Observed
index, whichdoes not takeinto the account the rare species.
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The Pseudomonasubcommunity consisted offour to 12 species, depending on the soil,
and their genotypic profiles varied from one soil to the next(Figure 26). In summary, the
Pseudomonasubcommunity differed between the individual soils.

5.7.2. Taxonomic characterization of Pseudomonasisolates

Atotal of 406 putative Pseudomonassolates were obtainedfrom eight tested conditions- four
MI soils, inoculated or not inoculated with F. graminearum Fgl The taxonomic
characterization of isolates using the rpoD primers specific for the P. fluorescengroup was
successful for 185 of them, yielding 65 differentpoD sequences rpoD-sequenced isolates
belonged tosevenout of 11 subgroups of theP. fluorescengroup that are outlined in Girard et
al. (2021), specifically the subgroups P. fluorescensP. kielensisP. manetlii, P. jessen;jiP.
koreensis P. corrugata and P. chlororaphis while none of the isolates belonged to the
subgroups P. protegensP. aspleniiP. gessardior P. fragi (Supplementary material, Chapter
4B; Figure S3. rpoD and rrs gene sequences of putative fluorescenPseudomonaswvere
deposited intothe EBI/EMBL database under the accession number PRJEB64203

Gblock (Castresana, 2000; Talavera and Castresana, 200&hd seqgkit (Shen et al.,
2016) softwares were used to identify one isolate for each of # 65rpoD sequences, and 29 of
them were chosen for genome sequencindsolates were chosen from alfour soils, i.e.,eight
from soil MI2, five from soil MI3, nine from soil MI4 and seven from soil MI5, from both
inoculated and noninoculated wheat, i.e., 16 from inoculated wheat and 13 from non-
inoculated wheat. Phylogenetic analysis of the 29 isolatesonfirmed that they were
phylogenetically diverse(Figure 27). The putativePseudomonassolates not amenable tapoD
sequencing were characterized by se@ncing the 16S rRNA genars (Supplementary
material; Chapter 8; Figure S4), yielding 52 more Pseudomonassolates, however, future
studies are needed in order to phylogenetically describe therat the species level
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Figure 27 . Phylogenetic tree of the 65Pseudomonaswith different rpoD gene sequences,
including 14 Pseudomonastype strains (Garrido-Sanz et al., 2016)and Pseudomonas
aeruginosaATCC 10145, used for tree rooting. The tree was constructed using the SeaView
multipl atform (Gouy et al., 2010) with Distance method and 1000 bootstraps, and visualized
using iTol (Letunic and Bork, 2021) Strains chosen forthe whole genome sequencing are
framed. For each strain, the soil of origin is indicated (M|2MI3, MI4 or MI5), and the
inoculation status of wheat (grayrectangles when Fusarium graminearum Fgl was used).
When two sequenced isolates belonged to the same species-g01P and IT-373P, IT-P366
and IT-194P, IT-4P and IT-P258, IT-P374 and IT-215P), but came from different fields, this
occurrenceis indicated with blackrectangles When one isola¢ of the same species originated
from non-inoculated wheat and the other from inoculated wheatthis is indicated with a
rectangle half coloured in gray.
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5.7.3. Identification of Pseudomonasisolates from soils from Mionica through genome
sequencing

The genomes of the29 genomesequencedPseudomonassolates were assembled and it was
shown that they corresponded to 29 distinct strains. Whole-genome sequences (raw and
assembled) ofthe 29 Pseudomona$ave been deposited intahe EBI/EMBL database under
the accession numbePRJEB59762Their affiliation to the Pseudomonagenus was confirmed
by genome sequencing data. Digital DNBNA hybridization values (computed with GGDC 3.0
and formula 2) of the 29 sequenced strains and their closest describéeseudomonadype
strains (available & the TYGS database) revealed 16 novel genomospecies fora2@he strains
(Table 16), and their dDDH values wre below the threshold of 70%,as recommerded for
species delineation(Chun et al., 2018)Strains with dDDH values >70% werd®. siliginisIT-1P,
P. jesseniiT-43P,P. chlororaphidT-196P,P. chlororaphidT-201P,P. brassicacearunil-228P,
P. zeadT-265P,P. chlororaphidT-324P,P. marginalisIT-357P andP. chlororaphidT-373P.

Table 16. Digital DNADNA hybridization (dDDH) values of the 20 sequenceBseudomonas
strains and their closest described species (available in the TYGS databasehose dDDH
values are below70%, a recommended cut-off value for bacterial species delineation. dDDF
values were calculated using the genomt-genome distance calculator website service fron
DSMZ (GGDC 3.QMeier-Kolthoff and Goker, 2019; MeieiKolthoff et al., 2022) using the
recommended BLAST method, and formula 2.
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Pseudomonasp. IT-2P 58.2
Pseudomonasp.IT-4P 54.6
% Pseudomonasp.IT-12P 28.9
Pseudomonasp.T-44P 41.8
Pseudomonasp. IT-74P 52.3
Pseudomonasp. IT-100P 50.4
»  Pseudomonasp. IT-171P 50.9
= Pseudomonasp. IT-176P 57.4
Pseudomonasp.IT-194P 41.1
Pseudomonasp. IT-215P 48.5
Pseudomonasp. IT-218P 41.8
< Pseudomonasp. IT-253P 33.2
s Pseudomonasp. IT-P258 53.5
Pseudomonasp. IT-260P 43.4
Pseudomonasp. IT-291P 48.4
Pseudomonasp. IT-294P 61
Pseudomonasp. IT-347P 42.8
w  Pseudomonasp.IT-P366 41
=  Pseudomonasp. IT-P374 48.6
Pseudomonasp. IT-395P 47.3
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5.7.4. Dexription of the new Pseudomonasspecies

Since the wholegenome sequencing data enabledncovering 16 novel genomospecieshithe
next phase of this research, two novePseudomonaspecieswere formally described, with
proposed names P. serbicaand P. serboccidentaligOren and Goker, 2023; Todorow et al.,
2023a). These two species were chosen to be described becausatbcontained two strains
that originated from different fields in Mionica, i.e.,P. serbicacontained strainsIT-P366" (=
CFBP 9060 = LMG 32732 = EML 1791T) and IT-194P, while P. serboccidentali€ontained
strains T-P374T (= CFBP 9061 = LMG 32734 = EML 1797) and IT-215P (Table 16). Whole-
genome sequences ofype drains IT-P366" and T-P374T were deposited intothe EBI/EMBL
database, under the accession numbeBRINA863439 andPRINA859669respectively.

5.7.4.1. Phylogenetic and genomic analyses of Pseudomonas serbica and Pseudomonas
serboccidentalis

The phylogenetic analysis of the two novel species and construction of the phylogenetic tree
inferred from rrs sequences (Figure 2B showed that P. serbicalT-P366" and IT-194P
clustered together with P. mohnij while P. serboccidentalisT-P374" and IT-215P formed a
cluster close toP. gozinkensisP. granadensisP. monsensjsP. allokribbensisP. glycinae P.
fitomaticsaeand P. kribbensis
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Figure 28. Phylogenetic tree of housekeepingrs gene showing therelation of Pseudomonas
serbicastrains IT-P366" (in bold) and IT-194P and Pseudomonaserboccidentalisstrains IT-
P374T (in bold) and IT-215P with representative strains of Pseudomonas The tree was
constructed using TYGS server, inferred with FastME 2.1.§llefort et al., 2015)from Genome
BLAST Distance Phylogeny (GBDP) distances, calculated framigene sequences. Numbers at
the branching points are GBDP msudo-bootstrap support values %60% from 100 replications.
The tree was visualized using iTOL d$tware (Letunic and Bork, 2021) Cellvibrio japonicus
Ueda 107 was used as the outgrop. Accession numbers for althe type strains used to
construct the tree are given inSupplementary material Chapter 4A; Table S4

However, when the phylogenetic tree was inferred from wholeggenome sequences
(using TYGS) (Figure 2B the closest species t®. serbicastrains IT-P366" and IT-194P was in
fact P. umsongensjsand the closest species tB. serboccidentalistrains IT-P374T and IT-215P
was P. koreensisAccession numbers for all the strains used to construct the tree are givan
Supplementary material Chapter 4ATable $4.
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Figure 29. Phylogenetic tree using wholegenome sequences showing the relation of
Pseudomonas serbica strains IT-P366" (in bold) and IT-194P and Pseudomonas
serboccidentalis strains IT-P374" (in bold) and IT-215P with representative strains of
PseudomonasThe tree was constructed using TYGS server, inferred with FastME 2.1.6.1
(Lefort et al., 2015)from GBDP distances, calculated fromenome sequences. Numbers at the
branching points are GBDP pseudbootstrap support values > 60% from 100 replications.
The tree was visualized using iTOL softwaréLetunic and Bork, 2021) Cellvibrio japonicus
Ueda 107 was used as the outgroup. Accession numbers for all of the type strains used to
construct the tree are givenin Supplementary material Chapter 4ATable $4.

The proposition of two new species was based on dDDH values (computed with GGDC

3.0 and formula 2) for strains I'FP366" (proposed type strain for P. serbicd and IT-P3747
(proposed type strain for P. serboccidentaljs which were lower than the threshold of 70%
when comparing with the closest type strains aailable in the database (Table 7 and Table
18). Furthermore, ANIb values with the closest related strains were 89.52% for strain T
P366T and 91.86% for strain IT-P374T, which is below the specieglelimiting threshold of 95-
96%. These criteria were also passed by the strain3-194P (proposed P. serbicaTable 17)
and IT-215P (proposedP. serboccidentalisTable 18). On thecontrary, dDDH and ANIb values
were 95.10 and 98.74 for straindT-P366" and IT-194P, respectively (within the proposedP.
serbicg), and 88.10 and 98.45 for ITP374T and IT-215P, respectively (within the proposedP.
serboccidentali¥, thus confirming that these pairs of strains belonged to the same two species.
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Table 17. Average nucleotide identity (ANI) and digital DNADNA hybridization (dDDH)
values ofPseudomonaserbicalT-P366" and IT-194P with the closesttype strains (as seen
in Figure 29). dDDH values were calculated using the genomre-genome distance
calculator website service from DSMZ (GGDC 3Jeier-Kolthoff and Goker, 2019; Meier
Kolthoff et al., 2022) using the recommended BLAST method. For ANIb calculatior
genomes fromPseudomonasmsongensi®SM 1661T, Pseudomonaszerbaijanoccidentalis
SWRI74, Pseudomonageinekei MT1T, Pseudomonasnohnii DSM 18327, Pseudomonas
moorei DSM 12647 and PseudomonasuensislzPS43 3003 were available at theJSpecies
server (Richter et al., 2016) Calculation of % of 16S rRNA identity off-P366" and the
closest type strains was done using the EzBioCloud servgfoon et al., 2017)

% 16S rRNA identity IT-P366T [T-194P

with type strain IT-P366" ANI dDDH ANI dDDH
P.umsongensi®SM 1661T 99.63 89.52 41 89.61 41.10
P. azerbaijanoccidentalis
SWRI74 ) 98.31 86.14 33.30 86.05 33.30
P. reinekeMT1T 98.36 86.37 33.50 86.38 33.50
P. mohniiDSM 18327 100 85.93 33 85.93 33.10
P. mooreiDSM 12647 99.81 85.92 33 85.94 33
P. izuensis&zPS43_3003 99 85.53 33.20 85.63* 33.20
P. serbicdT-P366T 98.70 95.10
P. serbicdT-194P 100 98.74 95.10

a Genome coverage for ANIb calculations between each comparison was > 69%, excef
the case ofP. izuensi$zPS43 3003 andP. serbicastrains IT-P366" and IT-194P, where the
genome coverage betweer. izuensidzPS43 3003 and these strains was 67.95 and 68.C
respectively.

Table 18. Average nucleotide identity (ANI) and digital DNADNA hybridization (dDDH)
values of Pseudomonas serboccidentali§-P374" and IT-215P with the closest type strains
(as seen in Figure 29). dDDH values were calculated using the genetaggenome distance
calculator website service from DSMZ (GGDC 3. )eier-Kolthoff and Goker, 2019; Meier
Kolthoff et al., 2022) using the recommended BLAST method-or ANIb calculations,
genomes fromPseudomonas koreendisiG21318 and Pseudomonas monsen$®$SB 8459
were available at the JSpecies servegRichter et al., 2016) and the genomecoverage
between each comparison was > 69%. Calculation of % of 16S rRNA identitylBfP3747
and the closest type strains was done using the EzBioCloud sery¥oon et al., 2017)

. %.168.rRNA IT-P3747 IT-215P

Idsl?[:"l;::]ylv_l\_ll_tg?;[)?ﬁs ANI dDDH ANI dDDH
Pseudomonag&oreensid MG 21318 99.79 91.86  48.60 91.88 48.50
Pseudomonas monsen$t&SB 8459 99.34 88.58 38.70 88.48 38.40
P. serboccidentali§T-P3747 98.47 88.10
P. serboccidentaligT-215P 100 098.45  88.10

The main genomic features ofP. serbicdT-P366" and P. serboccidentali$T-P374" are
their genome sizes of respectively 7602 and 5997 kb, with respectively 7592 and 5580
protein-coding genes, and a GC content of regpieely 59.5% and 60.4% (Table 19 The
genome size ofP. serbicdT-P366" is almostone Mbp above that of the closest type strairP.
umsongensiDSM 1661T. A megaplasmid of 1,059,298 bp identified in strain FP366T is
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absent from the genome of the second strain ¥I94P of the proposed specie®.serbica The
presence of this plasmid partly explains the large size difference between the genomes of the
two strains (792,935 bp). In contrast, the genome sizes &f. serboccidentali$T-P374" and IT-
215Pare similar. The GC content is compable in all the strains (Tablel9).

Table 19. Genomic characteristics of Pseudomonasserbica IT-P366" and Pseudomonas
serboccidentalisT-P374" and their closest type strains. Genomic features of strains #3667
and IT-P374T were obtained from the MicroScope platorm (Vallenet et al., 2020)and those
from species Pseudomonaskoreensis LMG21318, PseudomonasmonsensisPGSB 8459
Pseudomonasumsongensis DSM 16611, Pseudomonasazerbaijanoccidentalis SWRI74,
Pseudomonageinekei MT1T, Pseudomonasnohnii DSM 18327, Pseudomonagnoorei DSM
126477 and PseudomonaguensisizPS43 3003 from the GenBank database.

GG Protein-
. GeneBank Genome No. Plasmid coding
Strains . . : . content
BioProject ID size (bp) contigs (bp) (%) genes
(CDS)
IT-P366" PRJINA863439 7,601,897 93 1,059,298 59.5 7592
IT-P3747 PRJINA859669 5,997,322 39 0 60.4 5580
P.koreensid MG 21318 PRJDB10510 6,064,848 41 0 60.5 5435
P. monsensiBGSB 8459 PRJINAG639797 6,422,728 2 0 60 5533
P.umsongensi®SM 1661T PRJINA390488 6,701,403 14 0 59.7 5865
P. azerbaijanoccidentalis
SWRI74 PRJINA639797 6,742,611 29 0 59.3 6015
P. reinekeMT1T PRJINA359931 6,249,573 63 0 59.1 5566
P. mohnii DSM 18327 PRJEB16418 6,592,588 2 0 59.6 5882
P. mooreDSM 12647 PRJINA563568 6,546,438 59 0 59.6 5877
P. izuensi&zPS43_3003 PRJINA594796 6,857,708 129 0 59.6 6093

Pangenome analysis indicated thatP. serbicastrains IT-P366" and IT-194P shared
5553 genes, andP. serboccidentalistrains IT-P374" and IT-215P shared 5115 genesBesides,
the numbers of unique genes per strain were as follows913 in IT-P366T, 946 in IT-194P,
408 in IT-P374T, and 602 in I'F215P.

5.7.4.2. Morphological, physiol ogical and biochemical f eatures of Pseudomonas serbica
and Pseudomonas serboccidentalis

P. serbicaand P. serboccidentalisspecies cell morphology revealed that theyare Gam-
negative. Their colonies appearcircular, beige, and 2z3 mm in diameter after 48 h of
incubation at 28°C on TSA medium. They are catalase and oxidase positive, and do not
produce £1 O1T OAOAAT O PECIi AT O 11 +ETC8O0 " 10 0!& 1A
strains show growth at 4°C, 10°C and 37°C, but not at 41°C, and they grvwH 5 to 9, with

an optimum at pH 7. All strains are strictly aerobic. All strains are motile by swimming
movements, on plate with 0.3% agar. Results for APl 20 NE and APl ZYM strips are given in
Table 20 and those for Biolog GEN lll in TableRand in Supplementary material Chapter 4A,;
Table S2 in comparison with literature data for P. koreensidMG21318 (Morimoto et al.,
2020) and P. umsongensiBSM1661T (Furmanczyk et al., 2018) Strains ofP. serbicaspecies
have the ability to grow using Dmannitol, but cannot grow on pectin, Bgalacturonic acid, L
CAT AAOT 1T EA A-RyErdxybutyid £oid,Tard inlth® presence of 8% NacCl, in contrary
to P. umsongensi®SM1661T. Strains ofP. serboccidentalispecies have the ability to grow
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OOET ¢ OOAOI Gketoglutaric laddlFbutkanmoluseythistidine as a source of carbon,
contrarily to P. koreensisLMG21318. All strains share features that are typical for
PseudomonagFurmanczyk et al., 2018) such as the use of simple sugars (fructose and
glucose), amino acids (kalanine, L-arginine, L-aspartic acid and Lglutamic acid) and
carboxylic acids (such as ilactic acid, citric acid, kmalic acid and acetic acid) as sources of
carbon. However, none of the four strains studied are able to use-dtri- or tetrasaccharides
(such as Dcellobiose, Dturanose, stachyose, BD A A£/EE IDjlaGdsé), on Dsalicin, N-acetyl-
D-mannosamine, N-acetyl-neuraminic acid, Dsorbitol, D-glucose6-phosphate, Daspartic

Table 20. Phenotypic claracteristics of Pseudomonasserbica and Pseudomonas
serboccidentalis For each species, data were obtained from the type strain and o
related strain.

P. serbica P. serboccidentalis
General properties
Fluorescence on PDA + +
&1 O1T OAGAAT AA 11 +EI - -
Fluorescence on PAF agar - -
Oxidase + +
Catalase + +

Enzyme activities (APl ZYM)

Alkaline phosphatase +
Esterase (C 4) +
Esterase Lipase (C 8) +
Lipase (C 14) - -
Leucine arylamidase + +
Valine arylamidase - -
Cystine arylanmidase - -
Trypsin - ;
1 -Chymotrypsin - -
Acid phosphatase
Naphthol-ASBI-phosphohydrolase
1 -Galactosidase - -
[ -Galactosidase -

r -Glucuronidase - -
1-Glucosidase - -
r -Glucosidase - -
N-Acetyl-r -glucosaminidase - -
1-Mannosidase - -
1-Fucosidase - -
Metabolism (APl 20 NE)

Nitrate reduction + -
Indole production from L-tryptophane - -
D-Glucose fermentation - -
L-Arginine dihydrolase - -
Urease - -
Esculin ferric citrate hydrolysis -

Gelatin hydrolysis - +
[ -galactosidase - -
Growth on C sources (APl 20NE) - -



D-Glucose assimilation
L-Arabinose assimilation
D-Mannose assimilation
D-Mannitol assimilation
N-Acetyl-glucosamine assimilation
D-Maltose assimilation

Potassium gluconate assimilation
Capric acid assimilation

Adipic acid assimilation

Malic acid assimilation +
Trisodium citrate assimilation +

Phenylacetic acid assimilation + -
-, hegative; +, positive; d, depends on the tested strain

D+ o0+ + + o+
o+ o+ + 4+ 4+ + +

+ o+

Table 21. Selected differental phenotypic characteristics ofPseudomonaserbicaand
Pseudomonasserboccidentalis determined by Biolog GEN Il microplates. For eac
species, data were obtained from the type strain and one related strain. Literatur
data are shown forPseudomonasimsongensiDSM1661T (Furmanczyk et al., 2018)
and PseudomonaskoreensisLMG21318 (Morimoto et al., 2020). A complete list of
phenotypic characteristics is presented irSupplementary materiat Chapter 4A; Table
S2

Biolog GEN il PllDléTﬂsl%%gleI? > P. serbica I_P'\./Iléozrigggs serboczaentalis
Carbon sources
Sucrose - d - +
D-Fucose - d - W
Inosine - d - +
D-Mannitol - + + w
D-Serine - d - w
L-Histidine + + + -
Pectin + - - -
D-Galacturonic acid + - -
L-Galactonic acid lactone + - - -
Glucuronamide + w - W
1 -Ketoglutaric Acid + + - +
Tween 40 + w - W
1 -Hydroxybutyric acid + - - ;
Other Biolog GEN lll tests
8% NaCl + - - W
Minocycline - d - +
Sodium bromate + d - w

-, hegative; +, positive; d, depends on the tested straiw, weak

Strains of P. serbicaand P. serboccidentalisspecies are resistat to ticarcillin,
ticarcillin /clavulanic acid and aztreonam (Table22). However, for aztreonama difference in
resistance level was observed betweeR. serbicdT-P366" and IT-194P, strain IT-194P being
fully resistant to aztreonam.
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Table 22. Strains of Pseudomonaserbicaand Pseudomonaserboccidentalisand
their zones of inhibition (mm) when grown in the presence of 10 different
antibiotics, tested using the disc diffusion metho@Bauer et al., 1966)

Antibiotics P. serbica P. serboccidentalis
(amount per disk) IT-P366T  IT-194P IT-P3747  IT-215P
Imipenem (10 pg) 37.8 32.8 28.3 27.4
Ticarcillin (75 pg) 0 0 0 0
Meropenem (10 pg) 40.0 36.9 30.7 31.9
Ciprofloxacin (5 pg) 38.9 40.2 32.3 31.4

Cefepime (30 pg) 32.2 32.8 24.0 24.9

Ticarcillin / clavulanic acid (75+10 pg) 0 0 0 0

Aztreonamj ot [ CQ 14.2 0 121 14.2
Levofloxacin (5 pg) 29.8 34.1 24.3 26.9

Amikacin (30 pg) 32.8 32.0 25.9 25.9
47 AOAT UAET j p1 262 26.8 22.6 23.0

Based on the phylogenetic, genomic and phenotypic characteristiac these two
species, it was onfirmed that they were indeed novel speciesvithin the genus Pseudomonas
for which the namesP. serbica(with the type strain IT-P366") and P. serboccidentaligwith
the type strain IT-P374"T) have beenproposed (Oren and Goker, 2023; Todorow et al.,
2023a). The full protologue descriptions of these novelpecies are presented in Tables2and
24,
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Table 23. Protologue description ofPseudomonas serbicgp. nov.

Genus name Pseudomonas
Species hame Pseudomonas serbica
Specific epithet serbica

Species status Sp. nov.

Species etymology

OAO6AEBAA8 .8,8 £AIi 8 AAE8 OAOAEAAI

Nature of the type material

strain

Description of the new taxon
and diagnostic traits

Gramnegative rods, nonspore-forming and motile, oxidase and catalast
positive. Colonies are circular, beige coloured, withZ8 mm in diameter after
48h of incubation at 28°C on TSA medium. Temperature range for growth
4°C to 37°C with optimum growth at 28°C. Strictly aerobic. The pH range
growth is 5 to 9 with optimum growth at pH 7.0.Positive tests with Biolog
GENIIE B( uvh D( ¢h pkGlucdsé BMannose, DFruktysk
1% Sodium Lactate, Fusidic Acid, 43Serine, DMannitol, Glycerol
Troleandomycin, Rifamycin SV, dAlanine, L-Arginine, L-Aspartic Acid, L
Glutamic Acid, LHistidine, L-Pyroglutamic Acid, Ll-Serine, Lincomycin
Guanidine hydrochloride, Niaproof 4, BGluconic Acid, Mucic Acid, Quin
Acid, DSaccharic Acid, Vancomycin, Tetrazolium Violet, Tetrazolium Blue,
, AAOEA | AE A-KetoglEaficEid, 1-MalicEadidh Potassium Tellurite
r-Amino-N-" O O U O E AHydirdkbityitic Acid, Acetic Acid and Aztreonan
Weak tests with Biolog GEN Il Glucuronamide, Methyl Pyruvate

Bromosuccinic Acid, Tween 40 and Formic acidNegative tests with Biolog
GEN It D-Cellobiose, Gentiobiose, {Furanose, Stachyose, 2 A E/AE D
Lactose, DB Al E A E I-Mekyi-D-Glycoside, DBSalicin, N-Acetyl-D-
Mannosamine, N-Acetyl-Neuraminic Acid, 8% NaCl, 3ethyl glucose, H
Fucose, ERhamnose, BSorbitol, D-Arabitol, D-Glucose6-Phosphate, B
Fructose-6-Phosphate, DAspartic Acid, Pectin, BGalacturonic Acid, kL
Galactonic Acid Lactone, ) AAOEA | AEA -HylrGxigbutyric A6,
| -Ketobutyric Acid and Acetoacetic AcidVariable tests with Biolog GEN It
Dextrin, Maltose, DTrehalose, SucroselN-Acetyl-D-Glucosamne, N-Acetyl-D-
Galactosamine, BGalactose, EFucose, Inosine, mydnositol, D-Serine
Minocycline, Gelatin, GlycyL-Proline, D-Glucuronic Acid, p-Hydroxyphenyl
Acetic Acid, DMalic acid, Nalidixic Acid, Lithium Chloride, Propionic Aci
Sodium Butyrate and Sodium Bromate.

Country of origin Serbia

Region of origin Mionica, Western Serbia

Date of isolation 26/10/2021

Source of isolation Rhizosphere of wheat Triticum aestivumL.)
Sampling date 9/06/2021

Latitude 4424759 N

Longitude 20.09931 E

Altitude 189 m

16S rRNA gene accession nr. OP021714

Genome accession number GenBank accession number: PRINA863439
Genome status Incomplete

Genome size 7,601,897 bp

GC mol% 59.5%

Number of strains in study 02

Source of isolation of non -type
strains

Rhizosphere of wheat Triticum aestivumL.)

Information related to the
Nagoya Protocol

Implementation of Nagoya Protocol is still not fully in place in Serbiaur.
Dusan Ognjanovic (Serbian representative for agreements on biological an
genetic resources) was contacted regarding this issue.

Designation of the Type Strain

IT-P3667

Strain Collection Numbers

CFBP 9060, LMG 32732, EML 179T
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Table 24. Protologue description ofPseudomonas serboccidentap. nov.

Genus name

Pseudomonas

Species hame

Pseudomonas serboccidentalis

Specific epithet

serboccidentalis

Species status

Sp. nov.

Species etymology

serb.oc.ci.den.ta'lis. N.L. fem. n. Serbia, a Balkan country; L. masc. adj.
occidentalis, western; N.L. fem. adj. serboccidentalis, pertaining to viem
Serbia

Nature of the type material

strain

Description of the new taxon
and diagnostic traits

Gramnegative rods, nonspore-forming and motile, oxidase and catalag
positive. Colonies are circular, beige coloured, withZ8 mm in diameter after
48h of incubation at 28°C on TSA medium. Temperature range for growth
4 °C to 37°C with optimum growth at 28°C. Strictly aerobic. The pH range fi
growth is 5 to 9 with optimum growth at pH 7.0.Positive tests with Biolog
GEN IIt Sucrose, pH 5, pH 6, 1%MAN# 1 h 1 b-D-Gldcése, BMapnose, B
Galactose, Inosine, 1% Sodium Lactate, Fusidic Acid, -SBrine
Troleandomycin, Rifamycin SV, Minocycline,-BAlanine, L-Arginine, L-Aspartic
Acid, L-Glutamic Acid, LPyroglutamic Acid, Lincomycin, Guanidin
hydrochloride, Niaproof 4, DGluconic Acid, Mucic Acid, Quinic Acid, -
Saccharic Acid, Vancomycin, Tetrazolium Violet, Tetrazolium Blue;Lactic
| AEAh # E CKotBgh

#EI1 1T OEAAR
Acid, Propionic Acid, Acetic Acid and AztreonariVeak tests with Biolog GE
111: N-Acetyl-D-Glucosamine, 8% NacCl, bructose, DFucose, BMannitol, D-
Serine, L-Serine, Glucuronamide, Sodium Bromate and Tween 4Regative
tests with Biolog GEN IIt Dextrin, Maltose, BTrehalose, DCellobiose

Gentiobiose, BTuranose, Stachyose, 2 A /£/&EE IDiLaxfbde, By A1 EAE
Methyl-D-Glucoside, DBSalicin, N-Acetyl-D-Mannosamine, N-Acetyl-D-
Galactosamine,N-Acetyl-Neuraminic Acid, 3Methyl glucose, LFucose, L
Rhamnose, BSorbitol, D-Arabitol, myo-Inositol, D-Glucose6-Phosphate, B
Fructose-6-Phosphate, DAspartic Acid, Gelatin, GlyeL-Proline, L-Histidine,
Pectin, DGalacturonic Acid, EGalactonic Acid Lactone, fislucuronic Acid,p-
Hydroxyphenyl Acetic Acid, Methyl Pyruvate, Bactic Acid Methyl Ester, B
Malic Acid, BromosucE T EA 4 ABOK @Y A O O KetabAtyric ACE
Acetoacetic Acid, Formic Acid and Sodium Butyrate.

Country of origin Serbia

Region of origin Mionica, Western Serbia

Date of isolation 26/10/2021

Source of isolation Rhizosphere of wheat Triticum aestivumL.)
Sampling date 9/06/2021

Latitude 4424759 N

Longitude 20.09931 E

Altitude 189 m

16S rRNA gene accession nr. OP021715

Genome accession number GenBank accession numbePRJINA859669
Genome status Incomplete

Genome size 5,997,322 bp

GC mol% 60.4%

Number of strains in study 02

Source of isolation of non -type

strains

Rhizosphere of wheat Triticum aestivumL.)

Information related to the
Nagoya Protocol

Implementation of Nagoya Protocol is still not fully in place in Serbiaur.
Dusan Ognjanovic (Serbian representative for agreements on biological anc
genetic resources) was contacted regarding this issue.

Designation of the Type Strain

IT-P3747

Strain Collection Numbers

CFBP 9061, LMG 32734, EML 1792
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5.7.5. Distribution of sequenced Pseudomonasstrains in soils

After formally describing two novel Pseudomonaspecies the study wascontinued to achieve
the third objective of this research, which was to identify the genomic and functional
particularities of Pseudomona®acteria isolated from suppressive vs. norsuppressive soils.
Different Pseudomonagaxa were evidenced in different soils when considering the 29
sequencedPseudomonastrains. ThesePseudomonaselonged to the seven subgroupsi.€.,P.
fluorescensP. kielensisP. mandelij P. jessenjiP. koreensisP. corrugataand P. chlororaphis
subgroups) of theP. fluorescengroup (Figure 30). Besides two novel genomospecies formally
described and namedP. serbicaand P. serboccidentalidDDH hybridization values (computed
with GGDC 3.0 and formula 2) of the 29 sequenced strains and their closest described
Pseudomonagype strains (available at the TYGS database) revealed Hlditional novel
genomospecies (hereafter termed>N1 to GN14) for 16 of the strains, and their dDDH values
were below the threshold of 70% (Table 16)From MI2 soil, five novel genomospeciesGN1
to GN5) were found, together with oneP. siliginisand oneP. jessenistrain. From MI3 soil, two
novel genomospecies were obtained@N6 and GN7), togetherwith one P. serbicaand two P.
chlororaphis strains. From MI4 soil, six novel genomospeciesGN2, also present in MI2, and
GN8 to GN12) were found, one P. zeage one P. brassicacearumand one P. serboccidentalis
strain. From MI5 soil, two novel genomospecies GN13 and GN14) were evidenced, along
with one P. marginalis oneP. serbicaoneP. serboccidentaliand two P. chlororaphisstrains.
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Figure 30. Phylogenetic tree of 29Pseudomonasstrains (in bold) whose genomes were sequenced, includinBseudomonagype strains
(Garrido-Sanz et al., 2016from the TYGS database anH. coliU 5/41T7, used for tree rooting.The tree was constructed using TYGS server,
inferred with FastME 2.1.6.1(Lefort et al., 2015)from GBDP distances, calculated from genome sequences. Numbers at the branching points
are GBDP pseuddootstrap support values from 100 replications. Theree was visualized using iTOL softwaré¢lLetunic and Bork, 2021)
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5.7.6. Genomic comparison of sequenced Pseudomonasstrains

In the P. chlororaphissubgroup (Figure 30, the four P. chlororaphisstrains IT-196P, IT-201P
(from the soil MI3), IT-324P and IF373P (from the soil MI5) had a genome size ranging from
6,532 to 7,133 kb, with 6260 to 6872 coding DNA sequences (CDS) and GC cdrftem 62.78%

to 63.09% (Table %). In the P. koreensisubgroup, genome sizes dP. serboccidentali$T-215P
(from the soil MI4) and IT-P374 (from the soil MI5) were 6,124 kb and 5,997 kbwith 5777 and
5582 CDS and GC contents of 60.29% and 60.36%, respectively. Other strains from Fhe
koreensissubgroup,i.e.,Pseudomona&N1 IT-2P,GN10 IT-260P,GN13I1T-347P,GN14 IT-395P,

P. zeadT-265P andP. siliginisIT-1P had genome size ranging from 5,841 kb to 6,699 kb, 5415 to
6303 CDS, and GC content between 59.10% and 60.51%. The only representative of Rhe
kielensissubgroup, Pseudomona&N7 IT-176P, had genome size of 5,962 kb, 5602 CDS and GC
content of 61.20%. In theP. jessensubgroup, P. serbicdT-P366 from MI5 soil possessed a larger
genome (7,602 kb) than that ofP. serbicaT-194P from MI3 soil (6,942 kb), due to the presence
of a 1,059,298bp megaplasmid in the former,as well as a large number of CDS598 and 6770
CDS, respectively. P. serbicalT-P366 had a GC content of 59.55%, while the GC contentHn
serbicalT-194P was 58.81%.Pseudomonasp. IT-4P from soil MI2 and I'FP258 from soil Mi4
(belonging to genomospecie$GN2 within the P. jessenisubgroup) had genome sie of 6,312 kb
and 6,283 kb, with 5997 and 5915 CDS, and GC content of 59.94% and 59.95%, respectively.
Strain IT-4P also contained a 9,29®p plasmid. Pseudomona$GN5 IT-74P, GN11 IT-291P and
GN8 IT-218P, andP. jesseniiT-43P had comparable genome sizes (6,368,581 kb), CDS (6057
6319) and GC contents (59.6:60.58%). In the P. mandeliisubgroup, Pseudomona&N6 IT-100P

and IT-171P (both from soil MI3) had similar genome sizes (respectively 6,558 and 6,551 kb),
CDS (respectively 6313 and 6272) and GContents (respectively 59.33% and 59.32%).
PseudomonassN3 IT-12P, GN9 IT-253P, GN12 IT-294P and GN4 IT-44P had a genome size
between 6,037 and 6,827 kb, with 5799 to 6487 CDS, and a GC content between 58.53% and
61.43%. In theP. corrugatasubgroup, P. brassicacearuniT-228P had a genome size of 6,701 kb,
with 6361 CDS and GC content of 60.90%. In tlre fluorescensubgroup, P. marginalisIT-357P

had a genome of 6,611 kb, with 6259 CDS and 61.36% GC content.

When considering soils of origin, genomeize was 5,8416,943 kb for the 13 strains from
soils MI2 and MI3 (P. siliginis IT-1P, PseudomonasGN1 IT-2P, PseudomonasGN2 IT-4P,
Pseudomona$N3 IT-12P, P. jessenilT-43P, Pseudomona$sN4 1T-44P, Pseudomona$sN>5 IT-
74P, Pseudomona$sN6 strains IT-100P and IT171P, Pseudomona&sN7 IT-176P, P. serbicdT-
194P, P. chlororaphisIT-196P andP. chlororaphisiT-201P), 6,0236,827 kb for the nine strains
from soil MI4 (P. serboccidentalidT-215P, PseudomonassN8 IT-218P, P. brassicacearumT-
228P, PsewomonasGN?9 IT-253P, Pseudomonas GR IT-P258, Pseudomona$sN10 IT-260P, P.
zeaelT-265P, Pseudomona$sN11 IT-291P and Pseudomona$sN12 IT-294P), and 5,9977,602
kb for the sevenstrains from soil MI5 (P. chlororaphisiT-324P, Pseudomona$sN13 IT-347P, P.
marginalis IT-357P, P. serbicaT-P366, P. chlororaphisiT-373P, P. serboccidentali$T-P374 and
Pseudomona&N14 IT-395P) (Table &5). GC content was 59.383.09% for the 13 strains from
soils MI2 and MI3, 58.53-60.90% for the nine strains from soil MI4 and 59.1962.99% for the
sevenstrains from soil MI5. In summary, genome size and GC content of the 29 sequenced strains
depended on the species or subgroup, regardless of the soil of origin.
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Table 25. Genomic features of sequencedseudomonagegtrieved from TYGS.

. Species name from Isolate Genome . GC content No. Coding DNA
Sall ; Plasmid . sequences
TYGS name size (bp) (%) contigs

(CDS)
P.siliginis IT-1P 5,841,413 - 60.07 37 5415
Pseudomonas Gl IT-2P 6,478,735 - 60.51 49 6041
Pseudomonas Gig IT-4P 6,312,045 + 59.94 111 5997
% Pseudomonas GR IT-12P 6,341,720 - 61.43 28 6001
P. jessenii IT-43P 6,413,346 - 59.66 75 6124
Pseudomonas GM IT-44P 6,569,010 - 59.57 101 6263
Pseudomonas GH IT-74P 6,304,484 - 59.87 93 6057
Pseudomonas GB IT-100P 6,558,007 - 59.33 59 6313
Pseudomonas GB IT-171P 6,551,484 - 59.32 60 6272
) Pseudomonas GN IT-176P 5,962,660 - 61.20 123 5602
= P. serbica IT-194P 6,808,962 - 59.81 94 6770
P. chlororaphis IT-196P 6,635,492 - 63.09 29 6284
P. chlororaphis IT-201P 6,532,202 - 62.84 23 6260
P. serboccidentalis IT-215P 6,124,801 - 60.29 67 5777
Pseudomonas GR IT-218P 6,581,279 - 60.58 96 6319
P. brassicacearum IT-228P 6,701,129 - 60.90 74 6361
< Pseudomonas GR IT-253P 6,037,596 - 58.53 84 5799
= Pseudomonas GR IT-P258 6,283,203 - 59.95 109 5915
Pseudomonas GO IT-260P 6,023,190 - 60.33 44 5566
P. zeae IT-265P 6,699,764 - 59.10 126 6303
Pseudomonas GHil1 IT-291P 6,322,035 - 59.61 103 6098
Pseudomoas GN12 IT-294P 6,827,290 - 58.98 59 6487
P. chlororaphis IT-324P 7,133,109 - 62.78 56 6872
Pseudomonas G113 IT-347P 6,284,985 - 59.46 60 5743
o P. marginalis IT-357P 6,611,256 - 61.36 a7 6259
s P. serbica IT-P366 7,601,897 + 59.55 93 7598
P. chlororaphis IT-373P 6,801,379 - 62.99 16 6486
P. serboccidentalis IT-P374 5,997,322 - 60.36 39 5582
Pseudomonas G4 IT-395P 6,472,514 - 59.19 61 5965

5.7.7. Presence of genes involved in biocontrol or plant growth promotion
After the genone sequencing and assembling, genomes of the P8eudomonasvere annotated.

BLAST revealed the presence of genes for biosynthesis of antimicrobial compounds in most of the
29 Pseudomonastrains sequenced (Table 8).
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Table 26. Distribution of genes involved in biocontrol and plantgrowth promotion in Pseudomonasstrains.
Presence of the property (the whole gene cluster) is marked with +, and when for certain property there are seve
possible pathways to achieve a function, names of the genes found in the genome are indicated. Genes were f
with DIAMOND blastp (v2.0.8.146;Buchfink et al., 2015) using the options--query-cover 80--id 70 (query coverage
>80%; amino acid identity >70%), if not specified otherwse. Origin of each strain is indicated based on soil (Ml
MI3, MI4 or MI5) and inoculation status of wheat used for isolation (i for inoculation withHFusarium graminearum

Fgl and c for norinoculated wheat).
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i P.siliginisIT-1P + + gad’ + 4
i Pseudomona&N1 + + o+ gcd, + 5
IT-2P gad
. Pseudomonas GR .
i + + iaaMH* cd 4
IT-4P g
A
= . Pseudomonas GR . .
= i + iaaMH* nirS 3
IT-12P
i P.jesseniiT-43P + o+ iaaMH* gcd 4
. Pseudomona&N4 . .
i + + + iaaMH* nirS + 6
IT-44P
Pseudomona§&N5
(o] + + gcd + 4
IT-74P
i Pseudomonas GH + + nirS + 4
™ IT-100P
=
c Pseudomona&N6 + + nirs + 4
IT-171P
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Pseudomonas GN

c IT-176P adh + gcd 3
c P.serbicdT-194P + + iaaMH* 3
P. chlororaphidT- . bdhA, ged, .
c 196P + + + + + + iaaMH adh + gad nirk + 12
P. chlororaphidT- . bdhA, ged, .
c 201P + + + + + iaaMH adh + gad nirk + 11
P. serboccidentali$T- gcd,
€ o15p T gad : )
Pseudomona&N8
€ T-218pP + o+ gad 3
P. brassicacearunir - . . .
c 98P + + + jaaMH adh + nirS + 8
c Pseudomonas GN 0
IT-253P
= Pseudomona§&N2
= © |r-p2s8 * ged 2
Pseudomona&N10 gcd,
' T-260P o+ 4 oad 4
i P.zeadT-265P + o ged, + 5
) gad
. Pseudomona&N11
i IT-291P adh gcd 2
. Pseudomona&N12 .
L T204pP gad nirS + 3
P. chlororaphidT- . bdhA, ged, .
C 3o4p + + + + + o+ laaMH " "+ gad nirk + + 13
Pseudomona&N13 gcd,
€ IT-347P oot gad * 5
i P. marginalisIT-357P + adh + gad nirS + 6
v | P.serbicdT-P366 + iaaMH* 2
= P.chlororaphidT- . bdhA ged,
i 373p + + + + + + iaaMH adh + gad nirk + 12
. P. serboccidentali$T - gcd,
' p374 ot gad + 4
. Pseudomona&N14 gcd,
' |I7-305P oot gad * 5

Genes (and functions) that were searched for in the 2®seudomonassolates, but were not found: pltABCDEFGLMproduction of
pyoluteorin), pchABCDEF(production of pyochelin), pmsABCE (production of pseudomonine), iacABCDEFGHKauxin catabolism),
bud® ilvNB/ alsS budA alsD (acetoin biosynthesis),budG ydjL (2,3-butanediol biosynthesis) andnifHDK (nitrogen fixation).

* jaaH found with only 30-40 % identity
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In the P. chlororaphissubgroup (Figure 30, Table %), the four P. chlororaphisstrains, i.e.,
IT-196P, IT-201P (from the soil MI3), IT-324P and IT373P (from the soil MI5), harbored genes
involved in the production of phenazine, pyrrolnitrin, HCN, pyoverdine, ethylene, auxin, 2,3
butanediol conversion to acetoin, acetoin catabolism, phosphate solubilization, denitrification
and aprA genes for production of alkaline metalloproteinase. AlP. chlororaphisstrains harbored
genes for HPR production but strainT-201P lackeddarC. Additionally, P. chlororaphisiT-324P
had the fitD insect-toxin gene, involved in control of insect pestsin the P. koreensisubgroup
(Figure 30, Table &), P. serboccidentalistrains IT-215P (from the soil MI4) and IFP374 (from
the soil MI5) harbored genes forthe production of HCN, pyoverdine, alkaline metalloproteinase
and gcd gad genes for phosphate solubilization. Strain®seudomona&N1 IT-2P (from MI2), GN
10 IT-260P (from MI4), GN13 IT-347P (from MI5), GN14 IT-395P (from MI5), P. zeadT-265P
(from MI4) and P. siliginis IT-1P (from MI2) harbored gcd gad genes for phosphate
solubilization. These strains contained genes for HCN, pyoverdine and ethylene production
(except P. siliginisIT-1P, which harbored only genes for HCN and ethylene production). Gene
aprA for production of alkaline metalloproteinase was harbored byPseudomona&N1 IT-2P,GN
13 IT-347P, GN14 IT-395P, P. zeadT-265P andP. siliginisIT-1P. In theP. kielensissubgroup
(Figure 30, Table &), Pseudomona&N-7 IT-176P (from MI3) possessed genes for 2;Butanediol
conversion to acetoin, for acetoin catabolism andcd gene for phosphate solubilization. In theP.
jesseniisubgroup (Figure 30, Table &), P. serbicdT-P366 (from MI5 soil) and IT-194P (from MI3
soil) possessed genes involved in the modulation of plant hormonal levelsg.,auxin biosynthesis
and ethylene production. Moreover,P. serbicalT-194P harbored pvdL gene for pyoverdine
production. PseudomonasGN2 strains IT-4P (from soil MI2) and IT-P258 (from soil MI4)
harbored gcd (phosphate solubilization) and efe (ethylene production), and strain IT-4P has the
potential of producing pyoverdine and auxin.Pseudomona$N>5 IT-74P (from MI2), GN11 IT-
291P (from MI4) and GN8 IT-218P (from MI4), andP. jessenilT-43P (from MI2) harbored gcd
and all four but IT-291P possessed genes for pyoverdine and ethylene production. Moreover; IT
43P contained genes for auxin biosynthesis, {T4P displayed genes for alkaline
metalloproteinase production and IT-291P mntained genes for 2,3butanediol conversion to
acetoin. In theP. mandeliisubgroup (Figure 30, Table &), Pseudomonas$sN6 IT-100P and I'F
171P (both from soil MI3) exhibited the potential of producing pyoverdine, ACC deaminase,
alkaline metalloproteinase and for denitrification. Pseudomona&N3 IT-12P (MI2 soil) hadnirS
and genes for ACC deaminase and auxin productiddlseudomona&N4 strain IT-44P, also from
the MI2 soil, harbored the same three gendsut also genes for pyoverdine, ethylene and alkale
metalloproteinase production. PseudomonasGN12 IT-294P (soil MI4) had genes for P
solubilization, denitrification and alkaline metalloproteinase production. Pseudomona$sN9 IT-
253P (from MI4) harbored none of the genes investigated. In thé. corrugatasubgroup (Figure
30, Table &), P. brassicacearumT-228P (from soil MI4) was the only one harboring gene for
DAPG production, besides genes for HCN, ACC deaminase, auxin and alkaline metalloproteinase
production, and genes for 2,dutanediol conversion to acetoin, acetoin catabolism and
denitrification. Finally, in the P. fluorescensubgroup (Figure 30, Table &), P. marginalisIT-357P
(from soil MI5) had genes for ethylene and alkaline metalloproteinase production, phosphate
solubilization, denitrification, and genes for 2,3butanediol conversion to acetoin and acetoin
catabolism.

Altogether, HCN genes were the most common (in 13 strains from all soils), followed by
those for pyrrolnitrin and phenazine (each present in four strains from soils MI2MI3 and MI5),
HPR (three strains from soils MI2 MI3 and MI5) and DAPG (one MI4 strain). None had
pyoluteorin genes. Many strains (18 of 29, from all soils) alsead an aprA protease gene and one
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MI5 strain had the fitD insect-toxin gene. The pyoverdine gengvdL was found in 19 strains
(from all soils), and all genomes shared partial homologies with siderophore BGCs known from
Pseudomonas(pyoverdine) as well as nonPseudomonasbacteria. Genes for secondary
siderophores pyochelin and pseudomonine were not detded. Most of the strains (from all soils)
had the potential for interfering with plant hormonal levels,i.e., 18 harbored efe six possessed
acdS 11 displayediaaM and iaaH (though sevenstrains had only30-40% identity with the query
iaaH from PseudomonagV395A), but none had auxin catabolism genes. Eight strains (from all
soils) had adh and four of them alsohad bdhA but none of them harbored genes for acetoin or
2,3-butanediol synthesis. In addition, seven strains (from all soils) ha@dco genes for &etoin
catabolism. Many strains (from all soils) displayed genes influencing plant nutritional status, via
phosphate solubilization (@cd and/or gad in 21 strains) and denitrification (nirK/nirS in 11
strains), while nifHDKwere not found.

Annotation of CAZymes showed thatni the P. chlororaphis subgroup, the four P.
chlororaphis strains, i.e.,IT-196P, IT-201P (from the soil MI3), IT-324P and IT-373P (from the
soil MI5), harbored genesencodingchitinasesand betaglucanases (except FRO1P) (Figure 32),
and genes of the AA10 family (which includes lytic polysaccharide monooxygenases that
potentially target chitin) (Figure 31), but none of them harbored geneshat code for cellulases
and mannanases (Figre 32). In the P. koreensisubgroup, P. serboccidentalistrains 1T-215P
(from the soil MI4) and IT-P374 (from the soil MI5) contained genes involved ithe production
of chitinases and genes of the AA10 family. Straifdseudomona$&N1 IT-2P (from MI2), GN10
IT-260P (from MI4), GN13 IT-347P (from MI5), GN14 IT-395P (from MI5), P. zeaelT-265P
(from MI4) and P. siliginisIT-1P (from MI2) also had the potential of producing chitinases and
lytic polysaccharide monooxygenases, and some of them {IP, IT-2P and IT347P) also had the
potential of producing betaglucanases. In thé. kielensisubgroup, Pseudomona&sN7 IT-176P
(from MI3) could potentially produce chitinases and betaglucanases, as shown by the annotation
of CAZymes. In theP. jessenisubgroup, both P. serbicalT-P366 (from MI5 soil) and IT-194P
(from MI3) contained genes for chitinases and betaglucanases production, and genes of the AA10
family, but only IT-194P possessed genes for cellulase productioRseudomona&N2 strains IT-
4P (from soil MI2) and IT-P258 (from soil MI4) harbored genes of the AA10 family, and 1P258
contained chitinases genesPseudomonasstrains IT-218P and IT291P (both from MI4) had
genes for cellulases, 1974P (from MI2) and IT-218P had genesthat code for chitinases, IT-43P
(from MI2) and IT-218P had genesncoding betaglucanases while all but IT-74P had genes of
the AA10 family. In theP. mandeliisubgroup,Pseudomona&N6 IT-100P and IF171P (both from
soil MI3) had genesencoding chitinases and betaglucanases, as well as genes of the AA10 family.
Inspection of CAZymes showed that the four straing,e.,Pseudomonas$sN3 IT-12P (MI2 soil),
Pseudomona&N12 IT-294P (soil Mi4), Pseudomonas GB IT-253P (soil MI4) andPseudomonas
GN4 IT-44P (soil M12), harbored genes for betaglucanases, all but 1Z53P harbored genes &6 the
AA10 family and chitinases, and only IFA4P and IT253P harbored cellulases genedn the P.
corrugata subgroup, P. brassicacearumiT-228P (from soil MI4) has the potential of producing
chitinases. Finally, in theP. fluorescensubgroup, P. marginalisiT-357P (from soil MI5) had genes
for the production of chitinases, cellulase and genes of the AA10 family
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Figure 31. Abundance of genes belonging to CAZyme families potentially targeting cell wall
components in fungi aad oomycetes (cellulose, chin and [ -glucans), found in the genomes of
sequencedPseudomonassolates.
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Figure 32. Heatmap showing the abundance of CAZyme genes annotated for each function found
in the genomes of the 2%seudomonasLegend shows transformed couts.
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In summary, genes involved in phytobeneficial functions were spread quite evenly among
Pseudomonastrains regardless of the experimental conditions (field of origin, suppressiveness
status, prevous manure application; Table 2§. Yet, the biosynthetic genes for antnicrobial
compounds phenazine HPR and pyrrolnitrin were restricted to four P. chlororaphisstrains from
MI3 (manure used; fungistatic and suppressive) or MI5 (no manure; nefungistatic and
suppressive) soils. Pseudomonastrains from all four soils possessed from 0 to 13 genes (iR.
chlororaphis) coding for phytobeneficial functions, which were evenly distributed, regardles of
the soil of origin (Table 26.

5.7.8. Additional genomic analyses of Pseudomonasstrains

In this part of the study, putative BGCsfound in the genomes of 29Pseudomonasvere further
analyzed and manually curated. The highest number ofputative BGCswas found in P.
chlororaphis strains, up to 16 from soil MI5; Table 27). The highest number of completed BGCs
was three (in P. chlororaphidrom soils MI3 and MI5(both suppressive soils).

Table 27. Number of putative biosynthetic gene clusters (BGCs) and number of BGCs w
completion 1 or 1*, in Pseudomonasstrains, found using theantiSMASH(BIin et al., 2019)
within the MicroScope platform.

Soil Species name from B.acterial Number of putative Number qf BGCs with
TYGS isolate BGCs completion 1 or 1*
P.siliginis IT-1P 8 0
Pseudomonas G IT-2P 11 1
Pseudomonas GR IT-4P 8 0
% Pseudomonas GR IT-12P 10 1
P. jessenii IT-43P 8 0
Pseudomonas GN IT-44P 8 0
Pseudomonas GB IT-74P 10 0
Pseudomonas GHB IT-100P 8 0
Pseudomonas GH IT-171P 9 0
o Pseudomonas GN IT-176P 0
= Pp.serbica IT-194P 12 0
P. chlororaphis IT-196P 15 3
P. chlororaphis IT-201P 14 3
P. serboccidentalis IT-215P 9 0
Pseudomonas GR IT-218P 11 0
P. brassicacearum IT-228P 13 1
< Pseudomonas GN IT-253P 7 1
= Pseudomonas GR IT-P258 8 0
Pseudomonas GHI0 IT-260P 11 1
P. zeae IT-265P 11 1
Psudomonas GN.1 IT-291P 9 0
Pseudomonas GHI2 IT-294P 10 1
o P. chlororaphis IT-324P 16 2
= Pseudomonas GII3 IT-347P 12 1
P. marginalis IT-357P 14 2
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P. serbica IT-P366 11 0
P. chlororaphis IT-373P 15 3
P. serboccidentalis IT-P374 11 0
Pseudomonas Gli4 IT-395P 11 1

* When two or more genes in a single MIBiGThe Minimum Information about a Biosynthetic Gene clustet
database) curated region were similar, the same gene in MicroScope database can hit on these MIBIG ge
When this hgppens, the completion can be higher than 1 (represented by 1%).

Manual curation of putative BGCs found ifPseudomonagenomes using the antiSMASH
revealed an operon controlling type VI secretion system in allP. chlororaphisstrains, and an
operon controlling type lll secretion system in strain 1'F324P (Table 28). In the P. koreensis
subgroup, antiSMASH revealed ra operon controlling type VI secretion system in bothP.
serboccidentalisstrains. StrainsPseudomona&N1 IT-2P (from MI2), GN10 IT-260P (from MI4),
GN13IT-347P (from MI5), GN14 IT-395P (from MI5), P. zeadT-265P (from MI4) andP. siliginis
IT-1P (from MI2) contained an operoncontrolling type VI secretion system, whildP. zeadT-265P
also contained an operon controlling type lll secretion system In the P. kielensissubgroup,
Pseudomona§&N7 IT-176P (from MI3) harbored an operoncontrolling type VI secretion system
In the P. jessenisubgroup, P. serbicdT-P366 (from MI5 soil) and IT-194P (from MI3 soil) host an
operon controlling type VI secretion, and the megaplasmid of FP366 displays an operon
controlling type IV secretion swtem. PseudomonassN2 strains IT-4P (from soil MI2) and IT-
P258 (from soil MI4) contained an operoncontrolling type VI secretion systemStrains GN5 IT-
74P,GN111T-291P andGN8 IT-218P also contained an operon involved iontrolling type VI
secretion system In the P. mandeliisubgroup, PseudomonassN6 IT-100P and ITF171P (both
from soil MI3) displayed an operoncontrolling type Il and type VI secretionsystems antiSMASH
revealed a type VI secretion systerg controlling operon in IT-44P, IT-294P and IF253P, and a
type Il secretion system z controlling operon in IT-253P. In the P. corrugata subgroup, P.
brassicacearumlT-228P (from soil MI4) had operonscontrolling type 1l and type M secretion
systems Finally, in the P. fluorescensubgroup, P. marginalisIT-357P (from soil MI5) contained
operonsinvolved in controlling type 11l and type VI secreion systems
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Table 28. Putative biosynthetic gene clusters (BGCs) identified using antiSMAS$BIin et al., 2019)and manually curated. Dark green
square shows the presence of BGC, pale green square shows the presence of BGC, but with different gene synteny, dark gaegtet
shows the partial presence of BGC and pale pink circle shows the absence of BGGC compared to the one present in {I96P, b

compared to IT-324P, ¢ compared to IT-373P,d compared to IT-P258, ¢ compared to IT-P4,f compared to IT-215P,9 compared to IT-

P374,h compared to IT-P366, compared to 1T-194P,i compared toPseudomonasgaraeF113 andk as described inCosta et al. (2021)
Annotation was completed on April 18, 2023.
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Reference strains
P. ogarae F113 D O D ‘ (] [ ‘ .
P. protegens CHAO D . ‘ (] ‘ .
MI2 soil
P. siliginis IT-1P O O @0 A @ 4 O O
Pscudomonas IT-2P g O 0O 48008 y 84 @ O
GN1
Pseudomonas T-4P ®0 0O ® 08 4 @ 4 O
GN2
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