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ABSTRACT

Onion @Allium cepal.) is one of the most important vegetable crops cultivated around the
world. The production of onion isegatively affectedy fungal and bacterial diseases.
Ascophyllum nodosuextract (ANE) could increase plants' resistance to pathogenic fungi
and bacatria. Plant growthpromoting rhizobacteria (PGPR) have been widely used as
effective biocontrol agentshe presenstudy explored the efficiency of three PGPR strains
(PseudomongsrotegensCHAO, Bacillus subtilis andEnterobacter cloaca€AL?2), ANE,
andthecombinationof ANE and each PGPR stramcontrollingonion Fusarium basal rot
disease caused IRusarium oxysporurh sp.cepae(FOC). Undeiin vitro conditiors, all
PGPR strains showed antagonist activity against FOC, espeEiakijoacae CAL2
displayed the highest antagonistic activignderin vivo conditiors, E. cloacaeCAL?2,
ANE, and their corbined applications had no positive effects on onion biomass
thepresence/absencé pathogerchallenge and0.5% ANE had a negative effect tme
biomass parametershoot and root fresh weighof onion plants. All the treatments
provided no control of the relative biomass of FOC in onion root tisespsciallyANE
application resulted in the highest FOC biomaéeanwhile no significant changes in the
activity of the defece-related enzymes and total phenolics and hydrogen peroxdents
were found.The resuls of the present study provide a basis for better exploring the
combined application dPGPR and seaweed extract or other biocontrol agewtntrol
plant diseases
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CHAPTER 1 : GENERAL INTRODUCTION

1.1 INTRODUCTION

Onion @Allium cepal.) is one of the most important vegetable crops in the world. The
production of onion in Canada is around 256 thousand tonnes, with a market value of $115
million (Statistics Canada, 202@pnion has considerable commerciaporntance due to

its edible and medical values. Onion has a strong characteristic taste and smell and can be
cooked inmany differentways. It also contains many bioactive compounds, such as
flavonoids and organosulphur compounds, which have potential x@lati, anti
inflammatory, anticance(MertensTalcott & Percival, 2005; Iranshahi et aRQ15)

antiplatelef{Goldman et al., 1996and ati-obesity(Moon et al., 2013activities.

The production of onion is generally affected by diseases caused by fungi and bacteria. The
Fusariumbasalrot (FBR) of onion, which is caused liye soil-borre fungusFusarium
oxysporunt. sp.cepagFOC), is one of the most devastating diseases of onion in the world
(Taylor et al., 2019)The disease infection can occur at any growth stage of the onion plant,
causing severe damage both in the field and std@ganer, 2000; Taylor et al., 2019)
Seweral methods have been proposied the management of the disease, such as crop
rotation (Leoni et al., 2013)the use of resistant cultivaf€ramer, 2000; Cramer et al.,
2021; Karaca et al., 201,ndchemicalfungicides application®egani & Kalman, 2021)
However, none of these methods can provide effective control of FBR. Therefore,
developinga new ecefriendly and viable approadior controling onion FBR disease is

an urgent need.



Biological control of plant disease has been receiving more and more attention. Seaweeds
and their extracts have been used in agricultural systems for a long time due to their
beneficial effects on crogrowth and productivityCraigie, 2011; Khan et al., 2009)he

extract of Ascophyllum nodosuma brown seaweedjas been shown to induce plant
resistance to pathogenic fungi and bactéiaukla et al., 2019Research has shown that

the application ofAscophyllun nodosumextractreduced fungal disease in carrot and
cucumber plant¢Jayaraj et al., 2@) Jayaraman et al., 201Blant growthpromoting
rhizobacteria (PGPR) is a group of bacteria that are able to colonize plant roots and improve
plant growth by a wide variety of mechanisms, such as nitrogen fixation, phytohormones
production, siderophore production, and induction of systenigtaesgBasu et al., 2021;
Goswami et al., 2016; Vejan et al., 2018)any studies haveeported different PGPRs
(e.g.,Pseudomonaspp.,Bacillus spp., andenterobacterspp.) showed biocontrol effects

in many cropgGhadamgabhi et al., 2022; Khan et al., 2018; Mohamed et al., 2020)
some of PGPR strains already had been commercialized, such as Nodulator LQ

(Bradyrhizobium japonicuirand Serenade@L (QST 713 strain oBacillussubtilis).

Therefore, it is thought that ANE, PGPR, or their combination have the potential to manage

FBR diseasen onion.

12HYPOTHESIS
The hypothesis for this study was that teenbined applicatioof ANE and PGPRvould

be the most effective in controlling onion FBR disease.



1.3 OBJECTIVES

A To investigate the antagonistic activity

FOC undein vitro conditiors.

A To investigate t homthecbrira of bnioo FBR did¢&se unded P GP

greenhouse conditian



CHAPTER 2 : LITERATURE REVIEW

2.1 ONION

Onion @Allium cepal.) is one of the most significant vegetable crops and isngortant

part of the global human diet due to its pungent limand beneficial compoundMota

etal., 2010Sharma et al., 2016) he onion belongs to tWemaryllidaceadamily of Allium
genuswhichincludes over 800 speciésngiosperm Phylogeny Group, 2009; Fritsch et al.,
2010; Li et al., 2010)it is a shallowrooted, biennial monocot but is usually cultivated as

an anual for the production of its bulbs and as a biennial for the production of its seeds
because inflorescences are formed in the secondYiesntjes et al., 2020) full-grown

onion plant has an inflorescence, leaves, a bulb, and fibrous Fagtsg1). The bulb is
mainly composed of bud(s), a modified compact stem surrounded by fleshy modified scale
leaves, and a tunic that protects the b#igire2). The main edible part @lie onion is

the bulb, with a distinctive flavor and pungent smell. The bulbs usually have three colors
(red, yellow/brown, and white) with sweet and rseweet flavarrs (Albishi et al., 2013;
Shahidi & Nazk, 2003) The formation of the onion bulb is affected by environmental
factors in the growing regions, especially the day lef@drdoso & Costa, 2003pnion
varieties are categorized into ledgy, intermediatelay, and shoftlay according to the
minimum daily duration of light required for bulb formirfGokce et al., 2010)Onion

seeds and transplants are usually used by gra®ensince of British Columbia, 2020)
Fresh onion bulbs and their processed products, such as dried powered, flakes, and essential
oil, can be supplied for consumpti¢arslan & Musa Ozcan, 201&han et al., 2016Ye

et al., 2013)



Inflorescence

Leaves

& Roots

Figure 1. An onion plant with major anatomical features including inflorescence, leaves,
bulb, and roots.

Tunic

Modified scale leaves

Modified stem

Figure 2. Longitudinal section of an onion bulb.

Onion is native to central Asia and has been cultivated for over 4000 years (Ren et al.,
2019). It is now commercially cultivated in more than 170 countries around the world
(Bahr am Par v alris oRe olthe most irBporia& Yyegetables in the world, with

a global plantingarea of about 5 million hectares and a total global production of 100

million tonnes only tomatoes exceed bulb onion in importance based on global vegetable



production(FAOSTAT, 2020a)Asia took the lead in producing dry onion in 20E@(re

3). China (annual production of 25 million tons), India (annual production of 23 million
tons), and the USA (annual prattion of 3 million tons) are the top three onjmmoducing
countries in the worldFAOSTAT, 2020b) In Canada, the total production of onion was
around 256 thousand tons, with a market estimated at $115 million in(30&istics
Canada, 2020)he four topproducing provincedgure4) were Quebec (41.8%), Ontario

(37.9%), andAlberta (11.1%), followed by Nova Scotia (4.34%).

Oceania
i ) Africa
0.3 %

13.5 %

Europe
9.9 % / Americas
9.6 %

Asia
66.8 %

@ Africa @ Americas Asia @® Europe @ Oceania
Source: FAOSTAT (Jun 06, 2022)

Figure 3. Production of onion (dry) by regidnpercent share (adapted from FAOSTAT,
2020Db).
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Figure 4. Fresh Dry Onion production in Cana@aapted from Statistics Canada, 2020).



People enjoy the numerous culinary uses of the onion. It can be eaten fried, cooked, pickled,
or raw in many dishes, such as salads, soups, and @tawsVyk, 2014) Apart from its

edible properties, onion also has many health benefits due to its nutrdé@mnpbsition
(Tablel). It is a good source of protein, sugar, vitamins, minerals, flavonoids, amino acids,
and other nutrientsKwak et al., 2017Sharma et al., 2016Among these, the flavonoids

and organosulphur compoundse the most important compoundikat have potential
antioxidant, antinflammatory, anticanceflranshahi et al., 2015MertensTalcott &
Percival, 200§ antiplatelefGoldman et al., 1996)nd antiobesity(Moon et al., 2013)
properties. Studies have reported that bioactive ingredients in onions have the potential to
prevent cancefSrivastava et al., 2016hflammation(Seo et al., 2019hyperglycemia

(Jiang et al., 2019pnd cardiovascular diseag8sileria et al., 2015)

Table 1. Nutritional composition of onion (Health Canada, 2005).

Nutrients Weight (41g of onion)
Energy 17 Kkcal
Protein trace g
Carbohydrate 4 g
Total Sugar 2 g
Total Dietary Fibre 06 g
Total Fat trace g
Calcium 9 mg
Iron 0.1 mg
Sodium 1 mg
Potassium 58 mg
Magnesium 4 mg
phosphorus 11 mg
Vitamin A 0 RAE
Betacarotene trace mcg
Lycopene 0 mcg
Folate 8 DFE
Vitamin C 3 mg
Vitamin B12 0 mcg




2.2 MAJOR ONION DISEASES

Diseases are one of the major problems in onion production. Onion production and quality
are damaged by many foliar, bulb, and root fungal and bacterial pathogens. The common
diseases of onion are listedTiable2 with their causal agent, effects, andaiiie climatic

conditions.

Table 2. Major onion fungal and bacterial diseases with the causal agent, effects, and
suitable climatic conditions.

Disease Pathogen Effects Suitable
climatic
conditions

Botrytis blight Botrytis squamosa  The leaf infection causes leaf tif Moderate

to die back and eventually leads temperature,
to leaf death and small bulbs  humid

conditions

Purple blotch Alternaria porri The leaf infection results in leaf Wet, humid
death andbulb rot. conditions
Neck rot Botrytis allii Most commonly occurs on store Moderate

onions. The symptoms start temperatures
around the neck of the bulb, with high
causing the bulb diseasgsgsue humidity
collapses and becomes soft anc

spongy.
Fusarium basal  Fusarium oxysporum The fungus infects roots and High soil
rot bulbs, causing plant wilt and temperature
rotting of roots and bulbs. (25-28 )

Infected onions may not show and moisture
symptoms irthe field but may
rot in storage.
Downy mildew  Peronospora The fungus attack onion leaves cool weather
destructor and causes the collapse of the with high
leaf tissue. Bulbs can also be  humidity (>
infected, resulting in storage rot 95%)

Pink root Phoma terrestris Infected roots turn to pink, red, Warm (24
then purple brown. Root mass 2 8 )
can be reduced by the fungal  conditions
infection, causing undersized
bulbs.

Table 2 Major onionfungal and bacterial diseases with the causal agent, effects, and
suitable climatic conditions.




Disease Pathogen Effects Suitable
climatic
conditions

White rot Sclerotium cepivorurr leaves turn yellow, wiltingand Co ol ( 2

dropping. Roots and bulbs rot  conditions
will be observed.

Soft rot Pectobacterium Warm wet
carotovorum subsp. It occurs mainly on mature bulb weather in
carotovorum As the disease progresses, field. Above

infected bulb scales become so 3 I n

and sticky, and eventually, the or transit
entire bulb rot and become soft
andwatery.

2.2.1 FUSARIUM BASAL ROT

The genugusariumcomprises several phytopathogenic and toxigenic fungal species that
are widely distributedMa et al., 2010; ParfRivero et al., 2020)Fusarium oxysporum

one of the most destructive sbibrne pathogens, is pathogenic to over 100 plant species
(e.g., onion, tomato, cucumbegrana, and potato), causing many disease symptoms such
as dampinegpff, root rots, or vascular wilt on plantabdelkhalek et al., 2020; Carmona et

al., 2020; Cha et al., 2016; Fravel et al., 2003; Lastochkina et al., 2020; Mon et al., 2021,
Sasaki et al., 2015DnionFBR s a seriouslisease of onion caused BQC. It can occur
during both the prbarvest growing and pokirvest storage periodS€ramer, 2000;

Taylor et al., 2019)

OnionFBR diseasbas been reported to cause up to 90% loss of seedidfp loss in the

field, and 3840% in the storage of onion croffsupta & Gupta, 2013; Mishra et al., 2014)

In the Annapolis Valley of Nov&cotia, Canada, the increased disease incidence and
severity of FBR has caused an estimated annual loss of up to $600,000 (or 20% of crop
value) for onion grower@unburyBlanchette & Walker, 2019)BR caused3% to 35%

loss in yield and up to 75% of storage logsnionin the USA(Abawi, 1972; Lacy, 1982,
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Straley et al., 2021)The pathogen not only affects all parts of the onion plants but also
affects other cultivated Allium species, suah shallotsWelsh onion, chives, and garlic
(Cramer, 2000; Galvan et al., 200Bhas been reported that FBR has an adverse effect on
the conservation dillium germplasms, as evidenced by the 20% lo#s. giganteunfan
ornamentalAllium species) bulbs at a germplasm resource center in Yunnan Province,
China, in 2013(Zhang et al., 2016)Crop rotation use ofresistant cultivars and seed
treatmentwith chemical fungicidesre the main methods that are applied to control FBR

at presenfConn et al., 2012; Province of British Columbia, 2020)

FBR is caused by the pathogeROC, belonging to phylum Ascomycota, class

Sodariomycetes, and famiNectriaceae

2.2.2 LIFE CYCLE

FOCforms three kinds of asexual spores: 1s@ptate microconidi(5i1 5 ex@i 3 € )n
3-septate macroconidial%2 0 ¢ m 13 € Pnarél chlamydosporegCramer, 2000;
Bektas & Kusek, 2019Microconidia, ovaishaped to kidneghaped, are abundant in the
culture medium. Macroconidia are sicldeaped, slightly tapered at both ends, and short
to medium in length. Chlamydospores, abundantly formed in seik@herical and thiek
walled. They are longerm survival structures that allow the pathogen to survive in the soil
for several years, and they are also the main sourtteepfimary inoculum of basal rot
(Brayford, 1996; Burgess et al., 1988; Cramer, 2000 overwinters as chlamydospores

in soil and infected host plant residv&hen soil temperatures and humidity are optimal,
chlamydospores germinate and the germ tubes penetrate the host plant roots either directly
or through natural openings/wounds. After @ieation, the hyphae spreado the cortex

and then invade xylem tissue. The pathogenprdduce conidia and grow hyphae in the
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xylem tissue, ultimately resulting in necrosis of infected tissues and dethidiofected
plants. The remaining infectedlgnt déoris in the soil stars the diseaseycle again
(Bragard et al., 202Z;ramer, 2000; Kant et.a2011; Le et al., 20214 Yadeta & Thomma,

2013)

FOCpersists in soil for a long time as chlamydospores or as saprophytes on soil or infected
plant residues. The optimum climatic conditions for disease development are high soil
temperature (25°32°C) and moisture. However, the diseases can also occur hehsoilt

temperature is between 15°C and 32°C. The disease rarely occurs when the soil

temperatures are below 12¢Créte et al., 1981; Cramer, 2000)

2.2.3 PATHOGENESIS

FOCis classified as a hemibiotrophic pathogen because it has a biotroph at the beginning
of the infection but eventually changes to a necrot{aybns et al., 2015)The pathogen

can be spread in a variety of ways (e.g., infected plant debris, infected soil, farming
irrigation water, farming equipment, onion seeds, and transplanted onion .plartts
biotrophic phasel-OC can recognize host plant roots through fpehogen signals and
attach to the surface of onion plants, such as basal plate, roots, and wounds. It produces
hyphae and releases pectic enzymes, such apatyxgalacturonase (exPG) and endo
pectintranseliminase (enddTE), which can break the plant cell wg@ramer, 2000)
Therefore, tk hyphae can grow through the cortex and enter the vascular system (phloem
and xylem). The colonization and growth of fungal hyphae in various parts of the plant can
cause the blockage of vessésinivas et al., 2019)The vessel blockage disturbs water

transport in plants and causes plaiiting (Di et al., 2016; Srinivas et al., 2019s the
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infection progresses, the pathogen changes to a necriothégdtyle, causing leaf necrosis

and decaynd eventual plant deathyons et al., 2015)

2.2.4 SYMPTOMS

The initial aboveground symptoms of FBR on mature onion plants are chlorosis of all
leaves. Then, the chlorosis develops into necrosis of the leaf tip and evdetadslyo the
necrosis of the entire leaf and plant death. The underground symptoms include root death
and root abscission, rditown discoloration, total necrosis of the basal plate, and bulb rot.
The separation of roots and bulbs from the basal plagepiominent symptom during
uprooting. Healthy onion bulbs at the harvest stage also can be infected and then rot during

storaggCramer, 2000)

2.2.5 MANAGEMENT PRACTICES
FOC is a soitborne pathogen that is difficult to manage because it can produce
chlamydospores as lofiyed survival structures. At present, cultural and chemical

management methods are thain ways to manage onion FBR.

Cultural control methods include resistant imalts andcrop rotation. It has been found
that some unpopular cultivated species (Affium fistulosum Allium schoenoprasum

and Allium galanthum are consistently resistant to FBR. The genetic resources of these
resistant species can be used to dmyeksistance in onions agaifstisarium spp.
Although some studies reported resistance to FOC in some onion vafieatws3), there

is no complete resistance has been fourfl icepa Crop rotation with notfost crops for

at least four years may reduonion bulb losses to FBfeminis, 202Q)Earlier studies

have found that a sequence of crops (e.g., foxtail millet, wheat, and cowpea) can be
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included in a rotation system to reduce the pathogen inoculum and limit onio(LE&

et al., 2013) The combination of longjme crop rotation and onion cultivars for resistance

to FBR is a more effective methdd@he Ontario Ministry of Agriculture, Food & Rural
Affairs, 2016) However, the resistance is ofteroken down by new pathogenic races;
meanwhile, the cultivation and development of new resistant cultivars aredimsaming
because of the biennial generation time of the qmindit can take up to 20 years to breed
beneficial traits into a commercialltivar (Cramer, 2000; Cramer et al., 2021;r&ea et

al., 2012) Moreover, the use of resistant cultivars is restricted by the production areas and

limited sources of naturally resistant cultiv@iRout et al., 2016)

Table 3. FBR-resistant onion varieties.

Onion varieties Country References

NuMex Dulce USA (Cramer, 2000)

NuMex Vado USA (Cramer, 2000)

NuMex Luna USA (Gutierrez &
Cramer, 2004)

NMSU 0032 USA (Gutierrez &
Cramer, 2004)

NMSU 00131 USA (Gutierrez &
Cramer, 2004)

Rossa Savonese Spain (Galvan et al.,
2008)

NMSU 9930 USA (Gutierrez et al.,
2006)

NuMex Arthur USA (Gutierrez et al.,
2006)

NuMex Jose USA (Gutierrez et al.,

Fernandez 2006)

Ailsa Craig UK (Taylor et al.,

Prizewinner 2013)

White Lisbon UK (Taylor et al.,
2013)

Pl 256326 (Baia Brazil (Mandal &

Periforme) Cramer, 2021)

Pl 656956 $019 Syria (Mandal &

Cramer, 2021)
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Currently, there are no fungicides ragred forthe control of FBR in Canada. Chemical

seed treatments are widely used before planting to control FBR. Onion growers have been
using Thiram, which acts as a seed protectant to prevent seed decay, seedling blight, and
dampingoff, to control FBR.No activity against FBR was detected from using Thiram.
Meanwhile, Thiram is being deregistered. Therefore, F300, a mix of Maxim, Apron, and
Dynasty, will be used by growers to replace Thiram in the near fiRuMadden, Personal
communications, 2020Furthermore, the application of chemicals can also bring many
adverse impacts, such as the development of fungicide resistance in pathogens, the residues
of pesticides in foods and the environment, and the death efanget organisms. The
management of pht disease needs a new -gendly and practical approach to reduce
disease frequency and severity and minimize the use of pesticides. Biological control

would be a possible solution to control FBR.

2.3 SEAWEED EXTRACT

Seaweed (macroalgae) is the gehdemm that describes a group of macroscopic,
multicellular marine alga€Salehi et al., 2019)Seaweeds are divided into three main
categories based on their pigmentatigthan et al., 2009)which are green algae
(Chlorophyta), brown algae (Phaeophyta), and red algae (Rhodof8samjeeds and their
products have many applications in food, fuel, cosmetics, medical, and botanical areas
(Ghaderiardakani et al., 201%) was recently reported that the history of seaweeds as an
important resource dates back to-prstoric times, around 14,000 BPillehay et al.,

2008) Seaweeds and their extracts have a long history of being used baraeswment

to improve crop productivity in coastal agriculture. Growers traditionally use fresh or dried

seaweed as fertilizer or compd@6iraigie, 2011)
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In order to meet the needs of the rapid global population growth, synthetic chemicals
(fertilizers and pegcides) have been used excessively to increase agriculture and livestock
production. At present, people are concerned about the adverse effaetsxaessive use

of synthetic chemicals dmumanhealth andheenvironment. Thus, seaweed extracts have
been widely used to promote plant growth and protect plants. In the meantime, seaweed
extracts can be applied as a soil application, seed treatment, and foligiMpkbgriee &

Patel, 202Q)Seaweed extramtonsist of multiple components, such as carbohydrates (e.g.,
polysaccharides), minerals, plant growth hormones (e.g., auxins, cytokinins, ethylene, and
gibberellins), proteins, amino acids, lipids, and vitam(iNabti et al., 2017)Seaweed
products can be used as4siimulants to enhance nutrient use efficiency, improve yield
and nutritional quality of crops, alleviate abiotic stress, induce plafdgrce response
against biotic stress, and improves soil he@thBoukhari et al., 2020; Mukherjee & Patel,

2020)

The most commonly used seaweed in the production of agricultural biostimulants is brown
algae (Phaeophycea@raigie, 2011Khan et al., 209), such asAscophyllum nodosum
Ecklonia maximaandDurvillea potatorum(Sharma et al., 2014Ascophyllum nodosum

(L.) Le Jolis, or rockweed, is the most studied seaweed among brownAalgadosunis
abundant in the rocky intertidal zone of the North Atlantic coast of Canada and the
estuarine rocky shores of Northern Eurggéan et al., 2012)A. nodosumhas become

one of the most famous commercial seaweed crops in Canada. It is dominant in the
intertidal zone along the coastline of the Manmiis in Atlantic Canada, where it forms

extensive and dense be(Rereira et al., 2020Nova Scotia (mostly the western and
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southern shores) harvests about 20,000 tons of rockweed per year. The harvest in the New

Brunswick Bay of Fundy is about 10,000 tons per y€amvernment of Canada, 2015)

Currently, around 47 companies worldwide are involved irptheduction ofA. nodosum
extract for agricultural and horticultural purpog¥sn Oosten et al., 2017A. nodosum
contains polysaccharides (e.g., alginates), storage carbohydrates (e.g., laminarin, mannitol,
and fucans), plant growth hoomes (e.g., auxins, cytokinins, and lggbdlins), betanes,
proteins, amino acids, lipids, and various minerals (e.g., calcium, magnesium, and
potassium) as well as unidentified compounds with horali@eeactivities(De Saeger et

al., 2020; Khan et al., 2009; Sharma et2014; Yakhin et al., 2017)n addition, it is also

rich in phenols, such as polyphenols (fucol, fucophlorethol, fucodiphloroethol G, and
ergosterol) and phenol group phlorotaniitoldt & Kraan, 2011) A. nodosumhas
numerous beneficial effects in agricultut@ble4), including improving plant growth and
guality, increasing yield, mitigating abiotic stress in plants, improving plant ckefen
against multiple pathogens, and improvsal health(De Saeger et al., 2020; Shukla et

al., 2019)

Table 4. Effects of differenfA. nodosunextracts on various plants and soil systems.

S. No. Extract Crop Function Reference

Improved fruit quality

A. nodosunibased  Sweet cherry (Goncalves et

1 extract (Prunus aviunti..) and nutrient content o al., 2020)
cherry
Improved ece
Non-commercial Grape Vitis physiological (Salvi et al.,
2 . parameters and
A. nodosunextract  vinifera) 2019)
affectedsecondary

metabolism of grape
Promoted root
Maize Zea mays morphology traits and (Ertani et al.,
L.) improved nutrition 2018)
content of maize

Commercially
3 available liquidA.
nodosunextract
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Table 4. Effects of different A. nodosum extracts on various plants andysigms.

S. No. Extract Crop Function Reference
A. nodosunalkaline Tobacco Imoroved cell survival (Zamant
4 extract (Acadian (Nicotiana unger cold stress Babgohari et
Seaplants Limited) tabacumlL.) al., 2019)
Modulated the
A nodosunextract expression of stress
L Arabidopsis responsive genes anc (Jithesh et al.,
5 (Acadian Seaplants . : A
e thaliana(Col-0) induced salinity 2019)
Limited) ;
tolerance in
Arabidopsis
Acadian Marine Improved growth of
6 Plant Extract Powde Arabidopsis Arabidopsis in saline  (Shukla et al.,
(Acadian Seaplants thaliana(Col-0) and phosphorus 2018)
Limited) deprived conditions.
A nodosum Enhanced the
L Mung beanVigna antioxidant activities (Kumari et al.,
7 (Biovita) extract (PI : )
. . radiatal.) in mung beans under 2021)
industries)
salt stress
Rygex (Agriges M(_)dulated amino_
S.R.L.) am Tomato Solanum acids and potassium (Del Il 6A
8 : . levels and improved
Superfifty lycopersicum : et al., 2021)
- . salt tolerance in
(BioAtlantis Ltd.)
tomato
Increased the
Rygex (Agriges accumulation of
9 S.R.L.) and Tomato Solanum macro and micro (Di Stasio et
Superfifty lycopersicum nutrient contents of  al., 2018)
(BioAtlantis Ltd.) tomato under salt
stress
Passion fruit Improved the initial
10  Acadian® (Passiflora edulis growth of pasion fruit (Sa et al., 2018
Sim.) under saline stress
Mitigated salinity
stress in avocado plar
and increased .
11  A. nodosunextract Avocgdo Pe_r sea potassium and (Bonomelii et
americanaMill.) ) al., 2018)
calcium
concentrations in
leaves
Acadian Marine Facilitated grape plan
Plant Extract Powde Grape Vitis grape p (Tombesi et al.,
12 recovery after a

(Acadian Seaplants
Limited)

vinifera)

drought stress period 2021)
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Table 4. Effects of different A. nodosum extracts on various plants and soil systems.

S. No. Extract Crop Function Reference
Decreased disease
Tomato ' i
Stimplex (Acadian severlty_and Increase: (Ali et al.,
13 T expression oflefence
Seaplants Limited) lated d 2019)
Sweet pepper related genes an
enzymes
Reduced disease
severity and increasel
A. nodosunextract wheat [riticum the expression of (Gunupuru et
14  (Acadian Seaplants aestivur) pathogenesiselated al 205)9)
Limited) genes and the activity
of defencerelated
enzymes
inhibited pathogen
A. nodosunextract Pea Pisum development and (Patel et al
15 (Acadian Seaplants sativumL.) increased expression 2020) "
Limited) ' of defencerelated
genes and enzymes
Reduced the roeknot
: nematode population
Ativa Poyver® soybeanGlycine  density and enhancec (Rinaldi et al.,
16  (Alternativa . -
; max(L.) Merrill) the activity of 2021)
Agricola)
defencerelated
enzymes
. Improved plant
Stella_Mar|s® Tomato growth and increased (Renaut et al.,
17  (Acadian Seaplants hi h crobial 2019
Limited) Pepper rhizosphere microbia )
biodiversity in soil
Improved growth and
A. nodosunextract Tomato productivity of tomato (Hussain et al
18 (Seasol Plus (Lycopersicon and increased N
: . R . 2021)
Calcium) esculentumn microbial biomass in
soil
Regulated the
A. nodosunextract  Strawberry activities of defence (Bajpai etal
19 (Acadian Seaplants (Fragaria x related enzymes and P "
o : 2019)
Limited) ananassa reduced disease
severity and incidence
lettuce Lactuca Reduced posharvest
A. nodosunextract .
: satival.) losses of lettuce and (Sandepogu et
20 (Acadian Seaplants . L : .
o spinach $pinacia spinach during the al., 2019)
Limited)
oleraceal.) storage
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Table 4. Effects of different A. nodosum extracts on various plants and soil systems.

S. No. Extract Crop Function Reference
Sealicit (Brandon Arabidopsis Redgced pod shattering (Gangow
21 o : and improved pod
Bioscience) thaliana fi al., 2019)
irmness
Commercially Onion @llium Improved vegetative (Hidangmayum
22  available Premium cepal.) growth, yield and nutrient & Sharma,
liquid Seaweed pat-. content of onion plant 2017)
OSMO® (OSMO® Tomato Affected hatchlng and (Ngala et al.,
23 : (Solanum sensory perception of
International NV) . 2016)
lycopersicump  rootknot nematodes
Protected Arabidopsis
Arabidopsis from the green peach
24  A. nodosunextract thaliana(Col- aphid biotic pressure and (Weeraddana e
) al., 2021)
0) delayed senescence in
treated plants
Improved vegetative
growth of the plant,
Stella MarisTM Calibrachoax |r!crea§ed production of (Elansary et al.,
25 : : bioactive molecules and
(Acadian Seaplants) hybrida : . 2016)
enhanced antibacterial
and antifungal properties
of the plant
A.nodosunextract  Alfalfa Stimulated root (Khan et al
26  (Acadian Seaplants (Medicago nodulation by improving 2012) N
Limited) sativg activity of symbionts
A nodosunextract Increased the activities o
o Carrot Daucus defencerelated enzymes (Jayaraj et al.,
27  (Acadian Seaplants :
O carotal.) and reduced disease 2008)
Limited) e
severity in plants
. Strawberry Improved vegetative o
o8 Actiwave® (Valagro (Fragaria x growth and yield of (Spinelli et al.,
SpA) 2010)
ananassg strawberry
Alleviatedsalinity stress
A. nodosunextract Eggplant and enhanced phenolic (Hegazi et al.,
29 (Acadian Seaplants (Solanum L
o antioxidant content of 2015)
Limited) melongend..)
eggplant
Mint (Mentha
x piperita L.
: Aichocol ncreased the essential o
30 Stella MarisTM Sweet basil content and composition (Elansary et al.,

(Acadian Seaplants) (Ocimum

basilicumL.
Apurpl e

in plants 20160)
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2.3.1A. NODOSUMEXTRACT AND PLANT GROWTH

A. nodosuncontains a variety of uniqgue compounds, such as organic compounds, plant
hormones, and different types of polysaccharides, which are usually absent or present in
small amounts in terrestrial plar{fi3e Saeger et al., 2020; Khan et al., 2009; Mukherjee &

Patel, 2020; Sharma et al., 2014; Shukla et al., 2019; Yakhin et al., 2017)

It has been demonstrated that the application of different extradks mddosumcan
improve the growth and productivity of crops. The-pagvest foliar application of glycire
betaine or arA. nodosumbased extract increased antioxidant conteniproved fruit
quality, and promoted the fruit ripening process of sweet cherry cv. 'stagatgalves

et al., 2020) Salvi et al. (2019)eported thathe foliar application of an extract &f.
nodosumimproved photosynthesis, stomatal conductance, and secondary metabolites
during the last three phenological stagedeifry development, thereby enhancing the
performance and quality of grap@étis viniferacv. Sangioveseg)Salvi et al., 2019)The
application of different commercially availab®e nodosumextractson maiz (Zea mays

L.) promoted root morphology traits and improved plant nutrition, which may be caused
by their high content of hormones (e.g., auxin and cytokinin) and phenol c(irtemi et

al., 2018)

2.3.2A. NODOSUMAND PLANT ABIOTIC STRESS TOLERANCE

In addition to promoting plant growtl,. nodosunextract can help to manage the abiotic
stresses of plantZamaniBabgohari et al. (2019howed that the alkaline extract Af
nodosummproved cell growth, membrane stability, and nuclear integrity and reduced cell
death of colestressed tobaccdNicotiana tabacunt.) cultivar Bright Ydlow-2 (BY-2)

suspension cultures. This study also revealed Ahatodosumextract protected B2
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cultures from freezing stress by upregulating key freezing tolerance genes, including
galactinol synthase 2, pyrroline-carboxylate synthase, and aceBdA carboxylase.

Studies revealed that the application of various extractsAramdosunenhanced salinity

stress tolerance iArabidopsis thaliangJithesh et al., 2019; Shukla et al., 2Q18ung
bean(Kumari et al., 2021)tomato( Del | 6 Aver sana et al ., 2021
passion fruit(Sa et al., 2018)and aveado(Bonomelli et al., 2018)Jithesh et al. 2019
indicated that the bioactive compounds present in the ethyl acetate frachoncafosum
modulated the expression of a plethora of genes associated with stress response (e.g., LEAS,
LEA1, ard CCAl) inA. thaliana Shukla et al. (2018evealedhat such gene expression

was achieved by regulating miRNAs involved in stress tolerahmebesi et al. (2021)

found that the foliar application oA. nodosumpowder alleviated drought stress in

grapevine by increasing plant stomatal conductance and transpiration.

2.3.3A. NODOSUMAND PLANT BIOTIC STRESS TOLERANCE

Seaveed extract contains various bioactive compounds (e.g., laminarin, alginates, and
fucans) that have shown a biocontrol ability effective against various plant pathogens, such
as bacteria, viruses, fungi, and nematdq#ésan et al., 2009; Nabti et al., 2017; Sharma et

al., 2014; Shukla et al., 2016%everal studies have shown tlatnodosurnextract can
enhance plant resistance to various pg¢ins(Patel & Mukherjee, 2021; Shukla et al.,

2019)

The application of a commercially availalde nodosunextract {.e., Stimple} showed
improvement of plant growth parameters as well as reductidammthomonas campestris
pv. vesicatoriaand Alternaria solanion greenhouse and field tomato and sweet pepper
plants in a tropical environme(li et al., 2019) Ali et al. (2019)also indicated that the
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extract also induced the activities odefencerelated enzymes (e.g., phenylalanine
ammonial y as e, peroxi dase, pol y pliBglucanbse) axdi d a s e
enhanced the transption of genes involved in auxin indeBeacetic acid (I1AA),
gibberellin GA20x), and cytokinin (IPT) biosynthesis. The severity of Fusarium head

blight disease was significantly reduced in wheat seedlings treated with the combination of

A. nodosunextractand chitosan as drench applications. The treated wheat seedings also
have shown increased expressiompathogenesis e | at ed p r-Ilg3tglacanasel and
genes and enhanced the activity of de¢erelated enzymes, likghenylalanine ammonia

lyase PAL), peroxidase (PO), and polyphenol oxidaB®@ (Gunupuru et al., 2019)

Similarly, Patel et al. (2020found that the combined application Af nodosurextract

(0.015%) and chitosan (100 ppm) significantly reduced the severity of pea powdery mildew
disease caused Wyrysiphe pisi The combined application also resulted in increased
activity of plant defece enzymes (PAL and PO) and enhanced productiomauftive

oxygen species and hydrogen peroxitiedy) through modulatingsalicylic acid (SA)-
andjasmonicacid (JA)-mediated signang pathways(Patel et al., 2020)it was reported

that an aqueous extract &. nodosumeffectively reduced the rodnot nematode
Meloidogyne javanicgopulation density in soybean amdvitro egg hatching. The seil

drenching applicationfoA. nodosunextract also increased PO, PPO, PAL, ant3

glucanasectivities in uninoculated soybean pla(®naldi et al., 2021)

2.3.4A. NODOSUMAND SOIL HEALTH
A further function ofA. nodosunextract is to promote soil health by increasing minerals
available to plants and improving soil aeration and wiabddding capacity due to the

presence of alginaté€raigie, 2011, llleraVives et al., 2015; Sharma et al., 2014; Spinelli
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et al., 2010) It has been reported that the soil application of a comailreivailableA.
nodosunextract (i.e.Stella Mari$ increased the rhizosphere microbial biodiversity in soil
samplegRenaut et al., 2019pimilarly, Hussain et al. (202Xgported that the applitan

of a seaweed extract made fr@narvillaeapotatorumandA. nodosunincreased microbial

biomass irthesaoil.

2.4 PLANT GROWTH-PROMOTING RHIZOBACTERIA

Climate change anthe rising population pose a serious threat to global food security,
increasing demand for agricultural yielfdeena et al., 2020)The agroecosystems are
being damaged by the unwise use of synthetic chemicals to provide food to the burgeoning
population. It has beenaegnized that plant growtpromoting rhizobacteria (PGPR) are

able to enhance plant growth and development, enhance plant stress tolerance, and improve
soil health(Khatoon et al., 2020)

Plant growthpromoting rhizobacteriajrst defined byKloepper & Schroth (1978was

used to describe some rhizobacteria which colonize plant roots and exert a beneficial effect
on plant growth. Several PGPR genera were reported in previous studies, such as
Agrobacterium, Azospirillum Azotobacter Bacillus Burkholderia Caulobacter
ChromobacteriumEnterobacter Erwinia, FlavobacteriumMicrococcus Paenibacillus
PseudomonasSerratig Thiobacillus,and othergBasu et al., 2021; Hassan et al., 2019)

The ideal PGPRs always have the following characteristicthdy) are able to colore

plant roots efficiently, (ii) they are able to survive, multiply and compete with other
microbes in the rhizospherand (iii) they are able to enhance plant growWf&hemad &

Kibret, 2014) and (iv) they are safe for the environment and able to telera

physicochemical factordNakkeeran et al., 2006; Vejan et al., 2016)
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PGPRs promote plant growth and development through different (direct and indirect)
mechanisms, including nitrogen fixation, phytohormones production, and soil minerals
(like P, K, Zn, and Fe) solubilizatiol®GPRs protect plants from abiotic stresses by
regulatng stress markers and producinttaminocyclopropané-carboxylic acid
(ACC) deaminasePGPRs protect plants from biotic stresses through the induction of
disease resistance and the production of sideroghemdatile organic compounds,
antibiotics, and Ific enzymegBasu et al., 2021; Goswami et al., 2016; Vejan et al., 2016)
Inducedresistance has two main forms: systemic acquired resistance (SAR) and induced
systemic resistance (ISR). In both forms, pldeferces are preconditioned by prior
infection or treatment, which contributes to the development of resistance against
subsequenéxposure to a pathogen or paraghteena et al., 202085ystemic acquired
resistancepathway depends oBA and Pathogenesiglated (PR) proteind®2GPRscan

elicit ISR in plants, which is regulated by jasmonate and ethylene and commonly without
the involvement of R proteindMeena et al., 2020; Vlot et al., 202PGPRmediated ISR
protects plants against challenging pathoggnmbdifying cell wall structure, changing

the physiological and biochemical reaction of the host plant, and synthesizingedefen
chemicals (Ramamoorthy et al., 2001)Several published reports have shown the
biocontrol effect of differenPGPRsin many crop disease&hadamgahi et al. (2022)
found thatPseudomonas aerugino$&106 showed antagonism against the tested plant
pathogens Alternaria alternata Botrytis cinerea Clavibacter michiganensisubsp.
michiganensisPhytophthora colocasia®hytophthorainfestansRhizoctonia solaniand
Xanthomonas euvesicatorfav. perforang. It has also been found thBt aeruginosa

(strain FG106) is capable of producing proteases and lipases, as well as inducing high
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phosphate solubilization, producing siderophoa@smonia, IAA, and HCN, and forming
biofilms that enhance plant growth and biocontrol actidityhas been reportetthat the
crude lbutanol extract ofB. subtilis 30VD-1 6 s -freeecllture filtrate significantly
reduced the radial growth &lusariumspp.underin vitro conditiors, reduced Fusarium
wilt severity in pea plants, and increased plant dry mAssubtilis30VD-1 was also
observed to produce chitinase, volatil@sd other antifungal compounds, suggesting that
it has a multivariate biocontrolechanism against phytopathod&mhan et al., 2018Both
Enterobacter cloacad’S14 andTrichoderma asperellunT34 applications caused a
reduction in the disease severity of potato wilt and an increase igiefdpThe induction
of deferce-related enzymes and the accumulation of total phendbAnwdere also noticed
in biocontrol agents treatéupotato plantsindicatingthe induction of systemic resistance.
In addition, bottE. cloacaePS14 and'. asperellunT34wereproven to be able to produce
siderophore, IAA, hydrogen cyanide, a4 underin vitro conditiors (Mohamed et al.,

2020)

In addition to promoting plant growth and development, P&BRo play another
important role in environmental cleanup (soil bioremediatiBGPR can degrade heavy
metals (like Cd, Hg, and Zn) through their intrinsic properties or convert heavy metals from
toxic to nontoxic forms(Gupta & Joia, 2016; Kabiraj et al., 2020; Ledin, 200@ble5
shows some examples of the effects of PGPRs on plants. PGPR strains Bachies

spp. and’seudomonaspp., whichthave been shown to be effective biocontrol agése

been commercializeHaas & Déago, 2005) In Canada, some PGRRsed formulations

are currently available commercially Tgble 6), including Nodulator® LQ

(Bradyrhizobium japonicuinfor increasing yield potential in soybean; Serenade® SOIL
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(QST 713 strain dB. subtilig for the supression of soil diseases causedrhgariumspp.,
Pythiumspp.,Phytophthoraspp., andRhizoctoniaspp.; and Soil ActivatorTMR. subtilis,
Bacillus amyloliquefaciensPseudomonasnonteilii) for increasing crop yieldBASF,

2022; Bayer Crop Science, 2021b; Earth Alive Clean Technologies,.2022)

Table 5. List of the effect of plant growthromoting rhizobacteria application on different
plants.

PGPR PGPR : Plants Findings Referen
Mechanisms ces
Azospirillum The bacterial seed
brasilense Nitrogen fixation inoculation
Burkholderia increased
ambifaria, Onion vegetative growth, (Pellegri
Gluconacetobact (Allium cepa  total phenolic ni et al.,
er . L.) contents, and 2021)
diazotrophicus, IAA synthesis antioxidant
Herbaspirillum activities of onion
seropedicae plants
Phosphate Bacterial soil
' solubilization Tomato application (Yavaria
Bacillus IAA svnthesis : enhanced shoot
: y (Lycopersicon : netal,
megaterium length intomato
_ o esculentumn | inad 2021)
Nitrogen fixation plants in a dose
dependent manner
Root and shoot dry
biomass in tomato
Enterobactersp.
plants were (Zuluag
15S, : S
Pseudomonasp IAA synthesis Tomato ;lgnlflcantly aetal.,
' increased bypoth  2021)
16S )
bacterial
inoculations
Bacterial
inoculation
suppressed ROS (Abd_A
. .. Induction of Chickpea generation and =
Bacillus subtilis : )= L llah et
osmoprotectants (Cicer lipid peroxidation
BERA 71 . e . al.,
production arietinumL.)  and improved 2018)
proline

accumulation in
treated plants.
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Table 5. List of the effect of plant growgitromoting rhizobacteriapplication on different
plants.

PGPR PGPR , Plants Findings References
Mechanisms
Bacillus subtilis  Lytic
Bacillus enzymes
siamensis production
Brevibacillus Phosphate
gelatini, solubilization Black
Pseudomonas ACC eoper Improved plant growth and (Lau et
geniculata deaminase E)Pipgr nutrient uptake states in al.,
Pseudomonas  production 1P black pepper plants 2020)
, nigrumL.)
beteli,
Burkholderia .
: Ammonia
ubonensis, roduction
Burkholderia P
territori
Phytohormon
es and
Pseudomonas  organic acids .
reactansEDP28, production : 'mpfo"ed grow.th anc_i (Moreir
Maize nutrient status in maize aetal,

Pantoea alliZS  Siderophore plants under salinity stress 2020)

3-6 production
Ammonia
production
The biomass, chlorophyll
content and chlorophyll
Bacillus cereus Eg;gr?gormon fluorescence of soybean (Khan
SAL oraanic acids Soybean plants were improved by et al.,
rgduction bacterial inoculation under 2020)
P normal and heat stress
conditions
Bacillus subtilis Tptehlnductlon
SBMP4, ortne . .
Lysinibacillus systemic PGPR isolatesnproved the _
fUsiformis resistance morphological and yield (Attia
NBRC15717 Siderophores Tomato  characters and reduced etal.,
Achromobacter  Production disease severity in infected 2020)
xylosoxidans HCN tomato plants

NBRC15126 production
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Table 5. List of the effect of plagtowth-promoting rhizobacteria application on different

HCN production

plants.
PGPR PGPR Mechanisms Plants Findings References
Bacillus Tomato Qﬂ%\gﬁiddtgaa es of
subtilis ACC deaminase  (Solanum g (Huang et al.,
9 ; . . tomatoplants and
RhizoSF production lycopersic . d ol h 2019)
48 umL) improved plant groat
' under drought stress
Nitrogen fixation
P, K, and Zn
Enterobact solubilization Rice Enhanced growth (Pattnaik et
10 ercloacae Ammonification (Oryza traits and productivity al., 2020)
CTWI-06  |AA synthesis sativg) of rice v
Antifungal
activities
Rice
IAA synthesis (Oryza
sativa)
Phosphate groalfz?\?:m Improved seed
solubilization germination rate,
Enterobact hypogae) . .
shoot and root (Panigrahi et
11 er cloacae Black biomass, and seed  al., 2020)
MGO00145 Siderophore gram . AN B
: . vigour index in four
production (Vigna
selected crops
mungQ
, Totia
Ammonia ,
) (Brassica
production
rapa)
Bacillus | ytic enzymes
endophytic hroduction
us Reduced the disease
(KT379993 Turmeric  incidence ofhizome (Chauhan et
12 ), o (Curcuma rot and increased plar al., 2016)
Bacillus ~ Antibiotics longa) growth and rhizome
cereus production biomass
(KT379994
)
Phosphate
solubilization The growth, nutrition
IAA synthesis s Chilly and fruit yield of
Bacillus Siderophore (Capsicum chilly plants were (Thilagar et
13 , : L .
sonorensis production annuum  significantly improved al., 2018)
Lytic enzymes L.) by bacterial
production inoculation
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Table 5. List of the effect of plant growgitomoting rhizobacteria application on different
plants.

PGPR PGPR : Plants Findings References
Mechanisms
Aneuriniba Promoted the growth
. ACC French Bean of French bean
cillus . . (Gupta &

14 ... deaminase (Phaseolus seedlings under \
aneurinilyti ) ) S Pandey, 2019)
cus production  vulgaris) salinity stress

conditions
ACC Reduced disease
15 Pseudomor deaminase Poppy Papaver severity and improved (Barnawal et
as putida ) somniferuni..) thegrowth and yield al., 2017)
production
of poppy plants

ACC

deaminase

production

Gibberellic

acid

production

IAA Bacterial inoculation

Stenotroph synthesis improved wheat plant

16 omonas Siderophore Whe_at (riticum growth and increased (Singh& Jha,
- . aestivun 2017)
maltophilia production defencerelated
Phosphate enzymes activities
solubilizatio
n
The
induction of
the systemic
resistance
Improved growth
Pseudomor The parameters of tomato
17 8 induction of Tomato Solanum plants and reduced th: (Dehghanian
fluorescens the systemic lycopersicuni.) infection of rootknot et al., 2020)
CHAO resistance nematodes in tomato
plants
Pseudomor o .
. Bacterial inoculation
as Nitrogen Garlic significantly promoted (Wang et al
18 protegens . Y (Allium sativum 9 yp 9 "
fixation growth and yields of 2020)
CHAO- L.) arlic
gretSnif g
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Table 5. List othe effect of plant growtpromoting rhizobacteria application on different

plants.
PGPR PGPR , Plants Findings References
Mechanisms
Serlendlplta Bacterial inoculations
Indica,
Pseudomor The . N promoted root growth '
induction of Wheat {riticum and stem biomass anc (Ashrafi et al.,
19 as . .
the systemic aestivuni.) reduced the spore 2021)
Protegens resistance density in infected
CHAC- Iantsy
mCherry P
Reduced membrane
Pseudomor damage and activatec
as Induction of Tomato antioxidant enzymes (Subramanian
20 frederiksbe antioxidant (Solanum and proline synthesis
\ : . . et al., 2016)
rgensis capacity lycopersicuni.) in the tomato leaves
0S261 under chilling
temperature condition
The bacterial
applications
effectively reduced
Bacillus Peptllde. Potato Golanum dlseage incidence of (Kumbar et
21 . antibiotics late blight of potato as
subtilis : tuberosum . al., 2019)
production well as increased plan
vegetative parameters
of potato under field
condition
Antibiotics Inhibitedthe growth
production of Ralstonia
IAA solanacearun{Smith)
synthesis in vitro, reduced the
Siderophore disease severity of
production potato bacterial wilt,

Enterobact HCN
22 er cloacae production
PS14 Salicylic acid
production

The
induction of
the systemic
resistance

Potato Solanum
tuberosum

improved crop yield
under greenhouse ant
field conditionsas

well as increased
defencerelated
enzyme activities, the
total phenol and
salicylic acid contents
in potato plants

(Mohamed et
al., 2020)
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Table 5. List of the effect of plagtowth-promoting rhizobacteria application on different

plants.
PGPR PGPR : Plants Findings References
Mechanisms
Lytic Inhibited the growth
enzymes . .
. of Fusariumspp.in
. production : .
Bacillus e vitro, reduced wilt
. Diffusible Pea L (Khan et al.,
23 subtilis and volatile  (Pisum sativum severity in pea plants, 2018)
30vD1 : and increased dry
antifungal . .
plant biomass unden
compounds : "
: vivo condition
production
Lytic Bacterial root dipping
enzymes treatment reduced
production disease index of
Phosphate tomato plants caused
solubilization by Rhizoctoniasolani,
Siderophore Clavibacter
Pseudomor production  Tomato michiganensisubsp.
as Ammonia (Lycopersicon  Michiganensis and (Ghadamgahi
aeruginosa production  esculentum Xanthononas et al., 2022)
FG106 IAA Mobil) euvesicatoria pv.
synthesis perforansexposures
and increased fresh
HCN and dry weights for
: root and shoot of
production

tomato plants under
greenhouse condition

Table 6. List of commercial PGPR products.

Products PGPR Beneficial effects  References
NTS Bio-PE Azotobactespecies Improves (AGRICULTURE
andBacillus subtilis phosphorus SOLUTIONS
availability, root INC., 2022)
growth and

strength, increases
Brix levels, quality,
and yield of crops

SYNTHOS® Bacillus spp. Improves (Koch Agronomic
phosphorus Savices, 2022)
availability and
promotes plant
growth
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Table 6. List of commercial PGPR products.

Products PGPR Beneficial effects References

Soil Activator™ Bacillussubtilis, Improvsenutrient (Earth Alive Clean
Bacillus availability and Technologies, 2022)
amyloliquefaciens, uptakeandsoll
Pseudomonas moistureretention
monteilii

BTK Bacillus Control all types of (Canada, 2009)
thuringiensig(var. caterpillar pests
kurstaki)

Stargus Bacillus Control certain foliar (Marrone Bio
amyloliquefaciens  (e.g., downy mildew Innovations, 2022)
strain F727 and botrytis) and

soil-borne diseases
(e.g., Fusarium)

Actinovate® SP Streptomyces Provides control of (Novozymes, 2022)
lydicusstrain soil-borne fungi
WYEC 108 (e.g., Fusarim,

UtrishéE N

Serenade OPTI

Serenade SOIL

CEASE

Methylobacterium
symbioticunSB23
Bacillus subtilis
(strain QST 713)

Bacillus subitilis
(strain QST 713)

Bacillus subtilis
(strain QST713)

Rhizoctonia and
Pythium) and foliar
disease (e.g.,
powdery mildew,
botrytis and

sclerotinia)
Improves nitrogen  (Corteva Agriscience,
efficiency 2022)

Control many fungal (Bayer Crop Science,
(e.g., Botrytis, 2021a)

Powdery mildew anc

Early blight) and

bacterial disease

(e.g., Bacterial blight

and Bacterial spot)

Protects against soil (Bayer Crop Science,
diseases such as 2021b)

fusarium, rhizoctoniz
and pythium

Control common
fungal (e.g., Botrytis,
powdery mildews
and downy mildews)
and bacterial
diseases (e.g.,
Pseudomonas, and
Xanthomonas)

(BioWorks, 2022)
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PGPRshave great potential to become the safest solution to increase agricultural
productivity due to their positive effects on biofertilization, biocontrol, and bioremediatio
(Vejan et al., 2016)However, to truly succeed in the field, the development of PGPR
formulations still needs to overcome many challenges and limitations, such as the
optimization of bacterial isolates, biosafety of PGPRs, and biological activity under field

applicationgBasu et al., 2021; Meena et al., 2020)
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CHAPTER 3 : MATERIALS AND METHOD

3.1 PLANT MATERIALS

Onion seeds (Utah Sweet Spanish), onion sets (Yellow Dutch), andiPBX (without
mycorrhizae) were purchased from Halifax Seed Company (Halifax, NS, Canada). The
onion seeds and sets were surface sterilized by w%trepdium hypochloriteNaOCI) for

3 min., washed three times wittterilizeddistilled wate(SDW), and then imbibed in SDW

for stratification The seeds and sets were planted inRpoin a growth chambethat
adjusted 22+2°C (day/night) with a photoperiod ohX6ool white fluorescent tube lights,

150 umol m2s'Y). The growth chamber was located in the Department of Plant, Food, and
Environmental Sciences at Dalhousie Agricultural Campus (Truro, NS, Canada).

3.2 ISOLATION AND IDENTIFICATION OF FUSARIUM OXYSPORJM
ISOLATES

Isolates ofFOC were obtained from naturally infected onion plants collected at Sawler
Farms (Berwick, NS, Canada). Onion tissues takam bulb scales wemairface sterilized

by dippingin 70%ethanoffor 3 min, then submersed in 1B OCI for3 min, followed by
rinsing with SDW three times. The sterilized tissues were surface dried witlzetkfilter

paper and then cultured on potato dextrose agar medium (P§potato infusion, 2@
dextrose, and 1§ agar in 1L distilled wate, pH 5.9 and incubatect 28:2°C for 3-5

days. Fungal mycelia grown from tissues #uasimilar to knownFOC were subcultured

on new PDA plates. The fungal cultures were first identified and characterized based on
the characteristics of three types of spores (microconidia, macrocpnahd

chlamydospores) and colony growMarasas et al., 1984)
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The pure cultures afachFOC isolate(7- to 10-day-old) were used for DNA extraction.
Mycelia were scraped from the surface of the pure cultures and ground in liquid nitrogen.
The fungal DNA of each isolatavas extracted using the GeneJet Plant Genomic DNA
Purification Mini Kit (Themo Scientific USA)as per t he man.DNAacturer
concentration and purity were measured using a NanoDrop2000 spectrophotometer
(Thermo Scientific USA). The internal transcribed spacer (ITS) region was amplified
using primer ITS1(BNJCCGTAGGTGAACCTGCGG3Nj and ITS45NJCCTCCGC
TTATTGATATGC-3Nj The polymerase chain reaction (PCR) was performed in a total 50
el reaction mixturecontaining25 €l EconoTaq®PlusGreen2X MasterMix (Lucigen,

USA), 2.5¢lo f  1forevadtl primer [TS1),2.5¢ b f 1 @verdprimer (TS4), 3¢ |

of template DNA(50ngk ), and 1& DNase/RNasé-reedistilled water The PCR cycling
conditionswere set afitial denaturation at 95°C for @in, 30 cycles of denaturation at
95°C for 20s, annealing a6°C for 20s, extension at 72°C for 3) and final extension

at 72°C for 7min. Then, the PCR amplified products wergjected to electrophoresis on

a 0.8% agarose gsfained with Gel red Nucleic Acid Gel StaifhermoScientific USA).
GeneRuler 1 kb DNA LaddeihiermoScientific USA) was loaded as a size standard to
determine the size of PCR produdtben, the®CR amplified products were purified with

a PCR purification kit and sequenced the Centre for Applied Genomics GAG)
SickKids Hospital, TorontoThe obtainedsequencealatawere subjected to NCBI web

BLAST searchlittp://blast.ncbi.nlm.nih.gov/Blast.ggio confirm their identity.

Living strains of isolated FOC were submitted to the Canadian Collection of Fungal

Cultures (DAOMC, Ottawa, Canada).
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3.3 MAINTENANCE OF PATHOGENIC FUNGI AND PGPR AND
PREPARATION OF ANE SOLUTIONS

Theisolates ofFOC (pathogenic fungiwere cultured and maintained dPDA meda at
28°C.Theinoculumkpore suspensiarf each isolatevas prepared from fresh, matuke (
to 10-day-old) cultures ofeach isolate and SDW. SDW was added to fuoghilire plates,
and fungal spores were scraped off the culture with_-&hape spreader. The spore
suspension was filtered through sterile cotton wtmén quantified with the aid of a

hemocytometer, and diluted with SDW to maintain the concentratioxl®f $pores/ml.

The PGPRs used in the present stuely Pseudomonas protege@$1A0 (CHAO) strain

and Enterobacter cloacaeCAL2 (CAL2) were obtained from Dr. Zhenyu Cheng,
Department of Microbiology Immunology, Faculty of Medicine, Dalhousie University.
Bacillus subtilis(BS) was previously isolated from sditseudomonaprotegensCHAO

was cul tured and mai nt abgagard20anxedipeptoredls B ag
g anhydrous KHPQy, 1.5g MgSQs, 10 ml glycerol in1 L distilled water, pH7.2) at

28+2°C. EnterobactercloacaeCAL2 was cultured and maintained on Trypticase soy agar

(TSA; 179 Tryptone, 3g soytone, 2.5 glucose, 59 NaCl, 2.5g K:HPQy, 159 agar inl

L distilled water, pH.3) at 28&2°C. Bacillus subtilis was cultured and maintained on

Nutrient agar (NA; 5 pancreatic digest of gelatid g beef extract, and 1§ agar inl1 L

distilled water, pH.0) at 28&2°C

ANE powder was provided by Acadian Seaplants Limited (Dartmouth, NS, Canada). A
stock solution of ANE (1% and 0.5%) was prepared by dissolving 1g argidd.BNE
powderin 100 ml of SDW, respectively and stored at 4°C until further use. Different

concentrabns of ANE solution were prepared by using the stock solution.
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34 PATHOGENICITY TESTS

3.4.1 ONION BULB PATHOGENICITY TEST

Yellow Dutch onion bulbs purchased fratocal store were used to test the pathogenicity
of the two FOC isolates according to the protocol desciiiatinan et al., 2020)0Onion
bulbs were sterilized in 70% ethanol and dried in a laminar flow Hemate suspension
(0.2 ml, 10 spores/m of eachFOC isolatewas prepared andjected two times into two
different areas of the basal region of each suréaeslized onion bullby using a plastic
syringe(1 ml) with aneedlg1.5 incteg. Control bulbs were injected with a similaslume

of SDW. Each bulb was placed individually in a closed sterilized plastic bag to maintain
moisture and prevent contamination and then incubated+2°28n the dark Disease
symptoms were photographed after one week of incubation, and the fungusé&ot

infected onion was isolated on PDA and identified.

3.4.2 ONION SEEDLING PATHOGENICITY TEST

The pathogenicity tests of eadfOC isolate were also performed on healthy onion
seedlings. The oniortJfah Sweet Spanijlseeds were sterilized by soakingl% NaCCl

for 3 min and then rinsedhree timesin SDW. Surfacesterilized mion seeds were
transferred t@ sterile Whatman paper in a Petri diglach Petri dish with 15 seeds). The
seeds were inoculated with @ spore suspensiol@ spores/r) of eachFOC isolate
SDW (6 ml) was added to the control group. The plates were incubated &t8xthe
dark for 9 daysandSDW was added to eagiate every three days to maintain moisture
and to allow efficient germination and disease progres3ioa seeds were photographed,
andthe germination percentage was measurée. experiment was repeatdutee times

with four replicates.
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Another two diferent inoculation methods seeAppendixA) were usedto test the

pathogenicity of twasolatesto onion seedlings.

3.4.3POT PATHOGENICITY TEST
Different methodsvere usedo evaluge the pathogenicity test of FO@&olatein onion

plantsin vivo (see AppendixB) and to obtain symptoms in the plants.

Onion sets Yellow Dutch) weresterilized by soaking in 1% N&CI for 3 min and then
rinsedthree timesn distilled water. Then, onion sets were placed on wet sterile cheesecloth
in plant growing trgs which were placed in a growth chamber adjusted to 22+2°C
(day/night) with a photoperiod df6 h(cool white fluorescent tube lights, 150 umaol’m

s'1). The growth chamber was located in the Department of Plant, Food, and Environmental
Sciences at Dalhousie Agricultural Campus (Truro, NS, Canada). After one week of
germination, the germinated onion sets were inoculatighl spore suspensions €10
sporegml) of each FOC isolatby root dipping method for 3@in. For the control group

onion roots werdippedin SDW. Then, onion plants were transplaniet pots filled with
Pro-mix at a rate of three plants per pot. The biomasswlatacollected one month after
inoculation, and dataererepresented as gram FW/plaAtl the root tissues were frozen
with liquid nitrogen and ground with pestle and mortar, and then stored in deegrfte

80°C) for further analysis he experiment waspeatedwice with 6 replicates.

The relative amount of pathogen in onion roots was quantified as previously described
(Gachon & Saindrema 2004) Approximately 100 mg ofiquid nitrogerground onion

root samplevas used for DNA extraction. DNA was extracted from each samplenand

FOC isolates(Faand F accor ding to the manufacturer
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Genomic DNA Purification Kito (Thermo Fi sh
DNA concentration and purity were measured using a NanoDrop2000 spectrophotometer

(ThermoScientific USA).

Theprimes et s used to quantif y-TGOCGATTDIGCACCAGTr e OMF
ATATGT-3 Nj) and OGIRATOBSCCTAGQGTGTACCTACE3 Nyyang etal.,

2019) and the primer sets used to q-uantif
CTGGGATGACATGGAGAAGATT-3 Nj) and A c -GRTAAGT@GGAGEC ( 5 N;j

TCCGT-3 NRhosa et al., 2016)

Reatltime PCR was performed ia StepOne Plus Redime PCR system (Applied
Biosystems, Mississauga, ON, Canadd)e PCR reactions wegerformedin 96-well
reactionplates Applied Biosystems, Mississauga, ON, Canadizach reaction10 € )
containedTaqg 2X SYBR Green mix (BieRad, Mississauga, ON, Canadag $0.25% M
of each primer3 ¢ lof DNA (10 ng/ul) and1.5¢ bf DNase/RNaséree Distilled Water.
In negative contral, the DNAwas replaced byhe same amount of DNase/RNaSeee
Distilled Water. The PCR cycling conditiom®re95°C for 10 min, followed by 40 cycles
of amplification (95°C for 1% and 59°C for 1 min). Then, the melt custagewas set at

95°C for 15s, 59°C for Imin and 95°C for 1%.

The standard curve for FOC and onion DNA was developed using a triplicate test of a
series of known diluted concentratio(®000, 200, 20, 2, anfl.2pde ) of each FOC
isolates (Fa and Fland onionDNA, respectivelyThe quantification of FOC and onion

was calculated from cycle threshold (Ct) values using the standard curves. The relative
amount of fungal DNA was normalized bglculating the ratio between fungal DNA and

onion DNA.
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According to theresultsof pathogenicity tests and sequencing analysis, one of the FOC

isolates was selected fdn vitro and greenhouse experiments.

3.5 EFFECT OF ANE ON THE GROWTH OF THREE PGPR STRAINS

The effect of ANE on the growth of three PGPR stramas investigated according to the
spectrophotometric assay described previo(Rigghupathi et al., 2011Yhe bacterial

growth curve was obtained by measuring changes in the optical density (OD) of bacterial
culture over time. OD measurements were made using a CythéqiBioTek, Winooski,

VT) cell imaging multimode plate reader at 600 nm. The stock culture of each PGPR strain
(OD600=0.6) was diluted to 1:100 with fresh broth, wwessupplemented with different
concentrations of ANE (0% ontrol, 0.001%, 0.01%, and 0.1%). Liquid broth
supplenented with different concentrations of ANE (0%, 0.001%, 0.01%, and 0.1%)
without any bacteria inoculated were served as blank. The diluted cell mixtures and blank
solutions were subsequently plated as needed intangeB@nicroplate with a total volume

of 300¢ | The 96well microplate was incubated in the Biotek Cytatltbrs multimode

pl ate reader at 26 eC with | hihe®©Obofshbaki ng
bacterial cultures was taken at 600 nm eve
LB broth and ANE) was eliminated by taking blank readinfise experiment was

replicatecthree timeswith 3 replicates

3.6 EFFECT OF PGPRAND/OR ANE ON MYCELIAL GROWTH OF FOC

Different inoculation methods and culture mediegAppendixC) were used to seletite
appropriate dual culture method to enable the development of pathogen and PGPR strains
(biocontrol agents) which better reflect the antagonistic activity of PGPR strains. We

observed thathe PGPR strain g very slowly using the agar plug inoculation method
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compared to thetreakinginoculation method, which may affect the antagonistic activity

of the PGPR strain. We also observed that there was no pigmentation of FOC in bacteria
media (Tabe C5-6 andFigure C4-5), which indicated that bacteria meatraght affect the
secondary metabolites production of FOC. Therefore, we tigestreakinginoculation

method and PDA medn for the dual culture assay in the following experiments.

PGPRand ANE were tested agat FOC by using dual culture bioassays with some
modifications(Dennis & Webster, 1971Fach PGPR was cultured indee liquid broth
and incubated overnight 28+2e C, 180 r pm. The overnight <cu
was diluted to 1:100 with fresh broth and incubated a2@8C180 rpm till the OBoo
reached 0.6, which was used as stock culture. The stock culture of each PGPR strain
(ODe0o=0.9 Was diluted to 1:100 with fresh broth, whistassupplemented with different
concentrations of ANE (0% and 0.1%). After 10 h incubatit8t2e C, 1 8¢ bfp m) ,
each bacterial culture was streaked in a straight limenf32 cm away from the edge of a
new PDA plate one day before the FOC inoculathimagar plug (5mm) of FOC was cut
from the growing edge of a sevday-old culture of FOC and inoculatedofn away from
the bacterial inoculation. Plates inoculated with fungal discs and clean liquid broth were
used as control. The experiment weyseatedhree timesvith 3 replicates. The plates were
placed into the incubator §2°C) for 7/10 days, and then the inhibition zone was
measured. The inhibition percentage was calculated by using the edqati@roh et al.,
2019)

) T EEAARENATPOAS A prmp

Where2 was the radial growth of the fungal colony in the control pdaig¢2 was the
radial growth of the fungal colony in the presenc®GPRand/or ANE
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3.7EFFECT OF PGPR AND/OR ANE ON SPORE GERMINATION OF FOC
The spore germination test was accomplished by using the hanging drop method with some
modifications(Fang, 1998)Prior to growth experiments, the stock culture of each PGPR
strain (ORoo=0.9 Was diluted to 1:100 with fresh broth and incubated for 10 h incubation
(28t2¢ C, 180 rpm). The bactietopeletbactenalcdllss Thes wer
bacterial cells were washed three times by resuspending the cell pellet in Phosphate
buffered saline (PBS; pH=7.2) and centrifuging. Then, the bacterial suspension was
prepared by resuspending the cells in SDW tas¢3. 1 at a density of 2810 c.f.u./ml
Pathogen spore suspension ¢4010° spores/nh) with 40¢ lof each treatment (Bacterial
suspensiol®~10°c.f.u./ml, 0.1% ANE, 0.1% ANE combined wiliacterial suspension)
were kept in pits of the slide. The slides were kept in a moist chamber and incubated for 6
h at 28+2°C. Spore morphology was observed in five different views under a compound
light microscope. A total of 100 spores were randomly tediand recorded in each view.
The number of germinated spores among those spores in each view was counted and
recorded. Germination was considered when the length of the germ tube reached half the
size of the spore. The experiment wapeated thredimes with 3 replicates. The
germination rate was calculated as follow:
47 OAI0T ORAT ETIOADO BAEEORA x O

2T GAIOT ONAGREGORAx O PP
Another two differentnethodgsee AppendibD) weretried to assesshe effect of PGPR

" AOT ETOMO®A 1

and/or ANE on spore germination of FO@e observed that bacterial broth (LB and KB
broth) had an inhibitory effect on fungal spore germination. Meanwhile, we were not able

to accurately quantify living bacterial cells in bacterial gnsgpon if we scrubedbacteria
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directly from bacterial cultures herefore, wedecided to waslvacterial cells grown in

broth cultureswhentheywereatthe mid-log growth phase.

In addition to the above vitro experimentsthe evaluation othe activityof antifungal
substances produced By protegen€HAO in themycelial growth of FOC (Appendix E)

was attempteddowever,the celifree supernatant frorR. protegensCHAO, which was

grown in LB broth or LB broth amended with @1ANE, did not show any significant
antifungal activity againghe mycelial growth of FOC.

3.8EFFECT OF E. CLOACAEAND/OR ANE ON ONION FBR DISEASE UNDER
GREENHOUSE CONDITION

In the greenhouse studyne of thePGPR straismost effective against FOC undewitro

testswas usedAs mentioned in Part 3.4.3, one of the FOC iselates selected fan vitro

and greenhouse experiments based on the results of pathogenicity tests and sequencing

analysis.

A preliminary test wasonductedo evaluate the effect of seed treatment \iitltloacae
and/or ANE formulations on onion FBR disease uriderivo conditiors (Appendix F)
However, since almost all pathogemculatedseedslid notgerminateno plant tissue was
availablefor subsequent biochemical and pathogen quantification analyses. Therefore,

onion seedlings were chosen thegreenhouse experiment.

3.8.1PREPARATION OF INOCULUMS

Inoculum suspension was prepaesddescribed in Part 3.3
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3.8.2 PREPARATION OF TREATMENTS

EnterobactercloacaeCAL?2 strainwas cultured on Tryptic Soy agar medium and incubated
for 3-5 days at 28+2°C. Bacterial colonies were harvested by flooding plate SBAth

and gently scraped off the colonies with an inoculation |&mperobactercloacaeCAL2

stock suspension contain&ef c.f.u./ml. The 1% stock solution of ANE was diluted with
SDW to prepare ANE treatments and the combined treatment of ANEE .adkdacae
CAL2. Each treatment included with and without pathogen inoculation groups. The

experimental treatments are listedlable?.

Table 7. E. cloacaeCAL2 and ANE alone or their combination are evaluated for their
efficiency.

. Concentration of
Concentration

Treatments E. cloacae Other
Of ANE (%) caLo(c.fou/mi)
_ T1(Control) - - Water
With
pathogen T2(0.5% ANE) 0.5 - -
inoculation T3 (E. cloacaeCAL2) - 1018 -
T4 (E. cloacaeCAL2+0.5% ANE) 0.5 1018 -
_ T1(Control) - - Water
Without
pathogen T2(0.5% ANE) 0.5 - -
inoculation T3 (E. cloacaeCAL2) - 1018 -
T4 (E. cloacaeCAL2+0.5% ANE) 0.5 1018 -

3.8.3EXPERIMENTAL DESIGN
The experimental design was a completely randomized design (CRD) that was replicated
twice with 12 replications. The experimental units were 384 onion seedlings with four

treatment combinations meaning 4 seedlings per replicate and 48 seedlings pentireatme
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3.8.4 PLANT TREATMENT AND INOCULATION

Onion plants tivo-monthold) were rootdipped into each treatment for 4 hours, and then

the treated plant roots were wrapped in cheesecloth and incubated at room temperature
(23+2°C) overnight. On the next day, for the group with the pathogen inoculation,
inoculum suspension (FOC ggsision) was mixed intBro-mix (10°spores/g oPro-mix)

and then distributed into each pot. Floe groupwithout pathogen inoculation, the same
amount of SDW as the inoculum suspension was addPdotmix and then distributed

into each pot. Then, treat@®nion plants were transplantetb pots at a rate of four plants

per pot.

3.8.5DATA AND SAMPLE COLLECTION

For enzyme and biochemical assays, root samples were collected at different time points
(24 h, 48h, and 72h) after the pathogen inoculatidfor the root pathogen quantification
assay, root samples were collected one month after the pathogen inocGlaimmplants

were carefully removed from the pot. The roots were washed and collected. Albthe
samples were frozen rapidly by submergimgmin liquid nitrogen andjround with pestle

and mortar, and then stored in deep free88°C) for further assay8iomass data (Fresh
weight of shoot and root) were also measured and recorded one month after the pathogen

inoculation.

3.8.6 BIOCHEMICAL ANALYSIS
The chemical components of ANE and metabolites produced by RE&PRnown as
elicitors for induced resistance in plants. Teferce-relatedenzymes and biochemicals

were analyzed to evaluate if the ANE and PGiRRice planteferce response in onions.
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The experiment included four biological replicates and three technical replicates for

individual biological replicate

Peroxidaseactivity assay

The peroxidase (PO) activity assesas performed following the previously published
protocol(Hammerschmidt et al., 1982)heliquid nitrogerground oniorroot sampl€1g)
was extracted in 0.1M sodium phosphate buffem{2 pH 7.0,4'C). The sample was
centrifuged at12,000rpm for 15 min a4'C. After centrifugation, the supernatant was
collected and used as the enzyme extract. The reaction mixture sh@ubd sodium
phosphate buffer (2.8, pH 7.0), 0.018 M guaiacol (0.08l), and enzyme extract (0.1
ml). To initiate the reaction, 1%, (100¢ ) was added. The absorbance of the reaction
mixture was read at 420 nm by using a Cytation 5 Cell Imaging #ldte Reader
(Cytation5, BioTek, USA)for 3 min at every 36&econd interval. The PO activity was

calculated according to the following formBo et al., 2017)

0 066 6 QL Do

Y0 is the changes of absorbance at 420 & is the total volume of the extracted
enzyme solutionp is the weight of samples for extractian,is the volume of extracted

enzyme solution in the redan, 0is the reaction time. The PO activity was expressed as

Unit/min/g of fresh weight (FW) of root tissue

Phenylalanine ammonia lyaseactivity assay

Phenylalanine ammonia lyas@®AL) activity was measured using the protocol described
by Havir (1987) The liquid nitrogerground onion root sampl@.5 g) was extracted in 4

ml borate buffer (0., p HA'CBandrcentrifuged at 12,00pm for 15min at 4°C. The
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supernatant was used as the enzyme extract. The reaction mixture includeda®rate
buffer, 0.2ml enzyme extract, 1.8 distilled waer, and Iml 0.1M Phenylalanine. After
incubation for 3660 min at 32°C, IM trichloroacetic acid (0.5nl) was added to stop the
reaction. The blank was all reaction mixture except the enzyme extract. The PAL activity
was measured at 290n by using a UWisible spectrophotometer (PharmaspecUROO,
Shimadzu, Japan). The amount of tramsamic acid produced was calculated using the
standard curve of trargnnamic acid and expressed in pg of tramsamic acid per g FW

of root tissue. The standard caref transcinnamic acid was generated from known
concentrations (0, 1, 2, 4, 5, 6, 8, 9, and 10ug/ml) of tcamsamic acid solutionRigure

5).

[y

y=0.0922x-0.0388 ¢
R2=0.9958 ..
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Absorbance (290 nm)
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Trans-cinnamic acid (pg/ml)

Figure 5. Standard curve for PAL activity.
Hydrogen peroxideactivity assay

Hydrogen peroxide activity (#D2) was measured based on Velikova et @000) The

liquid nitrogenground onion root samplg0.1g) was etacted in 0.1% (w/v)
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trichloroacetic acid (2nl) at4’C. After centrifugation of the extract at 12,0G8n for 15

min, the supernatant was used as the enzyme extract. The reaction mixture included 0.05

ml of the enzyme extract, 0.08l of potassium phospgite buffer (0.IM, pH 7.0), an
ml potassium iodide (M), and then the reaction mixture wasubated for 5 min at room
temperature. The blank was all reaction mixture without the enzyme extract. The
absorbance of the reaction solution wasasured at 399m by using a Cytation 5 Cell

Imaging MulttMode Reader(Cytation5, BioTek, USA) The amount of kD, was

estimated using a standard curve eOkand expressed in nmol/g FW of root tissue. The
standard curve dfi2O> was constructed from kmvn concentrations (0, 5, 10, 20, 30, 40,

and 5 0 ex®)poluboh Fiddire6).
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Figure 6. Standard curve for H202.

Total phenolic content

Total phenolic content (TPGyasme asur ed accor di ngGrgham, Gr aha
1992) The liquid nitrogerground onion root samplég) was extracted in 50% methanol

(20 ml). The extract was centrifuged at 12,0@@n for 15min, and the supernatant was
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used as the enzyme extract. Thaction mixture was run for 2@in at room temperature
in a test tube with 108 kupernatant, 90€ Wistilled water, 50% FoliiCiocalteu reagent
(500¢ ), 20% NaCOs (1 ml), and 10ml distilled water. The blank was all reaction mixture
without the enzyme extract. After incubation, the colour of the reaction mixture was
changed to blue. The absorbance was read ahim2By using a Cytation 5 Cell Imaging
Multi-Mode ReadefCytation5, BioTek, USA) The total phenolic content was determined
using a standard curve of gallic acid and expressed in pg of gallic acid per g FW of root
tissue. The standard curve of gallic acid was plotted from known concentrations (0, 10, 20,
40, 60, 80, 100, 12 and 14Qug/ml) of gallic acid solutionKigure?7).
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0.04 e

. y = 0.0004x+0.0009
e R =0.9866
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0 20 40 60 80 100 120 140 160
Gallic acid (pg/mL)

Figure 7. Standard curve fdfFotal phenolic content.

3.8.7ROOT COLONIALIZATION

Quantification of the pathogen in the roots

The relative amount of pathogen in oni@ots was quantified as previously described

Part 3.4.3.
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Microscopy

To observe fungal colonization, onion root pieces (3 cm) were stained with lactophenol
cotton blue stain and mounted on microscope slides. Microscope slides were overserved

using a cenpound light microscope (Olympus BX63, Japan), and photographs were taken.

3.9 STATISTICAL ANALYSIS

The data were subjected to a am&y analysis of variance (ANOVA) by using Minitab

version 19 (Minitab Inc., PA, USA) except for tkempatibility test. The means were
compared by Tukeyds range test at the signi
data were statistically evaluated bgypeated measures analysisvafiance at the 5%

significance level (U = 0.05).
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CHAPTER 4 : RESULTS

41 MORPHOLOGICAL CHARACTERIZATION AND MOLECULAR
IDENTIFICATION OF THE FOC ISOLATES

Two isolates of pathogdfOC (Figure8A&D) were isolated from naturally infected onion
plantsthatwere collected from onion fields in Berwick, Nova Scotia. These isolates were

identified using morphological featurdsigure8) andsequencing@f thelTS region

e

Figure 8. Microscopic characteristics of two FOC isolates (Fa and Fb) from naturally
infected onion bulbgA) The front and reverse colony morphology of Fa. (B) Microconidia
(black arrow) and macroconidia (red arrow) of Fa. (C) Chlamydospores and Mycelium
growth d Fa. (D) The front and reverse colony morphology of Fb. (E) Microconidia (black
arrow) and macroconidia (red arrow) of Fb. (F) Chlamydospores and Mycelium growth of
Fb.Scale barsB,C,E,F= 50 m.
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Colonies of FOC isolates on PDA medium hdease delicate/hite aerial myceliaoften

with atinge of purple, on the upper surface. The undersurface may be white to dark purple.
Two isolates produce three types of sporesicroconidia, macroconidjaand
chlamydospores. Microconidia avealshapedndsinglecelled; macroconidia are sickle
shaped anthink-walled (usually threeto five-celled); and chlamydosporase spherical,
formed in terminal and intercalary positions.

The two FOC isolatewere then identified by PCR anifptation and sequencinghe
genomic DNA of two FOC isolates were amplified with the ITS1 and ITS4 privigch
resulted inampliconsof approximately 500bg=gure9). The PCR products weraipfied

and sent for sequemg by ITS1 and ITS4 primer to the Centre for Applied Genomics at
the Hospital for Sick Children (Toronto, Ontario, Canaddle sequencing results were
processedby removing the end sequences that showed bad quality peaks in both forward
and reverse sequess. The peaks in both forward and reverse sequences were checked
manually and errors were removed. Thdme forward and reverse sequenceswere
assembled usingegMan software of th®NASTAR Lasergene softward-igure 10;
DNASTAR, Inc., Wisconsin USA)After assembly, the final sequence of Fa (477bp,
Appendix |) and Fb (467bp, AppendB) were obtainedl he nucleotide BLAST (BLASTnN)
analysis of the obtained sequence data showed that both the Fa and Fb isolates from the
preent study shared more than 99% nucleotide identity with previously refparsadum
oxysporumnspecies (Figure1). The alignment between Fa and Fb also showed that both
sequences are very much simi{@@% similarity) toeach other (Figure2). Therefore,

combined with the morphological characteristics and ITS sequence similarity analysis, the
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two FOC isolategFa andFb) were identified ag-usarium oxysporunHowever, 1 was

uncertain whether the two FOC isolatesreF. oxysporuni. sp.cepaeor not

Fa and Fb isolates were depositethimCanadian Collection of Fungal Cultures (DAOMC

252600 and 252601).

500 bp ——»

Figure 9. Agarose gel electrophoresis showing the amplified PCR products of ITS set of
primers. (Lane Mland M2 is DNA marker; Lane-3 is Fa, and Lane-@ is Fb).
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Figure 10. Assembly of forward and reverse sequences for two FOC isolates (Fa and Fb).
A) Fa; B) Fb. The common sequence between forward and reverse is shown inhgreen, t
forward sequence is shown in yellow, and reverse sequence is shown in blue, as obtained

from SegMan software of DNASTAR.
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Sequences producing significant alignments Download v Select columns ¥ Show (2]

() selectall 0sequences selected

Desciplion Sz::zc Sh::)r(e ST::L 2:3 E vavlue Per. Eem AocJ_en Accession
v v v v
() Fusarium oxysporum isolate FGS1 small subunit ribosomal RNA gene, partial sequence; ... Fusarium ox... 861 861 100% 0.0 100.00% 536 0Q096499.1
O .. Fusarium ox... 861 861 100% 0.0 100.00% 527 OP783351.1
O ...Fusarium ox... 861 861 100% 0.0 100.00% 515 OP897725.1
O . Fusarium ox... 861 861 100% 0.0 100.00% 533 OP897714.1
) . Fusarium ox... 861 861 100% 0.0 100.00% 550 OP897707.1
()  Eusarium sp. isolate 331 small subunit ribosomal RNA gene, partial sequence; internal tr... Fusarium sp. 861 861 100% 0.0 100.00% 676 OP834780.1
() Fusarium oxysporum isolate SP19 small subunit ribosomal RNA gene, partial sequence; ... Fusarium ox... 861 861 100% 0.0 100.00% 556 OP797662.1
) ..Fusarium ox... 861 861 100% 0.0 100.00% 556 OP797659.1
() Eusarium oxysporum isolate J1 internal transcribed spacer 1, partial sequence; 5.8S ribo... Fusarium ox... 861 861 100% 0.0 100.00% 518 OP761896.1
D Fusarium oxysporum isolate J2 internal transcribed spacer 1, partial sequence; 5.8S ribo... Fusarium ox... 861 861 100% 0.0 100.00% 517 OP748375.1
B
Sequences producing significant alignhments Download ~  Select columns ~  Show e
() selectall 0 sequences sefected
Description Scientific Name Max | Total |Query = Per. | Acc. fese
- - Score Score Cover walue Ident Len
- - - - v -

Fusarium oxysporum isolate K MISO2 5 & internal transcribed spacer 1, partial sequence; 5.85 ribosomal RNA ... Fusarium oxyspo... 863 863 100% 0.0 100.00% 508 MN452540.1

Fusarium sp. isolate RFE 22 internal transcribed spacer 1 _partial sequence; 5.8S ribosomal RNA gene and intern... Fusarium sp. 863 863 100% 0.0 100.00% 521 MT221567.1

Fusarium oxysporum isolate L12 ITS AQ02 008.ab1 small subunit ribosomal RNA gene, partial sequence; internal...Fusarium oxyspo. 863 863 100% 0.0 100.00% 534 MT032671.1

Eusarium oxysporum isolate 2016 D 40 ITS1 D02 005.ab1 internal transcribed spacer 1, partial sequence; 5.8... Fusarium oxyspo... 863 863 100% 0.0 100.00% 534 MT032612.1

Fusarium oxysporum isolate SJ33662 small subunit ribosomal RNA gene, partial sequence; internal transcribed s... Fusarium oxyspo... 863 863 100% 0.0 100.00% 542 MNG633363.1

Fusarium oxysporum clone 2014 1621 internal transcribed spacer 1, partial sequence; 5.88 ribosomal RNA gene... Fusarium oxyspo... 863 863 100% 0.0 100.00% 522 MN523201.1

Fusarium oxysporum clone 2014 1485 internal franscribed spacer 1, partial sequence; 5.8S ribosomal RNA gene... Fusarium oxyspo... 863 863 100% 0.0 100.00% 514 MN523073.1

Fusarium oxysporum clone 2014 1461 internal transcribed spacer 1, partial sequence; 5.8S ribosomal RNA gene... Fusarium oxyspo... 863 863 100% 0.0 100.00% 512 MN523050.1

j Fusarium oxysporum isolate MR2934 internal transcribed spacer 1, partial sequence; 5.8S ribosomal RNA gene a... Fusarium oxyspo... 863 863 100% 0.0 100.00% 517 MN709613.1

Fusarium oxysporum clone 2014 453 internal transcribed spacer 1, partial sequence; 5.8S ribosomal RNA gene ... Fusarium oxyspo... 863 863 100% 0.0 100.00% 510 MN522221.1

Figure 11. BLAST analysis togscored results for the obtained sequence of tested FOC
isolates (Fa and Fb) against Genbank database sequences. A) Fa; B) Fb.
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Figure 12. Sequence alignment, produced by BLAST between Fa and Fb.
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4.2 PATHOGENICITY TESTS OF ISOLATED FOC

4.2.1 ONION BULB PATHOGENICITY TEST

Fusariumspp. can infect onions in different ways at any stage of their development, and
the visual symptoms can be observed in all plant parts, such as leaves, roots, basal stem
plate, as well as bulb scales. In the bulb pathogenicitydestweek aftemoculation,it

was observed that mature onion bulbs developed sympémushe control group did not

show anysymptomsof basal rot or other diseas#ésus the bulbs in the control group were
considered as healtt{fFigure 13). The Fainoculated group developed mild symptoms of
basal rot, which were brown discoloration and rot formed at the basal plate and inner fleshy

scales. The symptoms of the iRbculatel group were weak and hardly visibledure13).

Figure 13. Symptoms of inoculated onion bulbs one week after Fusarium inoculation.
ControlSDW.
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4.2.2 ONION SEEDLING PATHOGENICITY TEST

We observed similar trends in segermination percentage for the mycelial disc, spore
suspension, and specarboxyl methylcellulose (CMC) coating inoculation methiodte
preliminary testg¢see Appendix A), with the highest seed germination in the control group,
followed by the Fanocuated group; and the lowest in the-FAoculated groupThe spore
suspension inoculation method was selected for the seedling pathogenicity test, considering
that the inoculum density could not be the same by using mycelium disc aneC8pGre
coating inoctation methods.

The seedling pathogenicity test showed white mycelia on or near the fusacicuhated
onion seedsfter nine days of incubation, which indicates that the fungus used the onion
seeds as a food source. The presence of Fa amop@bentlyeduced the seed germination

of onion seeds after being incubatedPatri dishes for 9 days under controlled conditions

compared to the control grougigure 14). Fb caused a lower germination percentage
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(52.78%) than & (61.67%), butthe difference amongontrol, Fa and Fb was not

statisticallysignificant.

100 a
90
80
70
60
50

40

Germination rate (%)

30

20

10

Control Fa Fb

Figure 14. The germination rate of onion seeds inoculation with two FOC isolates (Fa and
Fb) and Control (€SDW). Data were analyzed using OWéay ANOVA. Error bars
represent SE (Standard Error). Bars with different letters are significantly different
(P O 0.05; Tukey's multiple comparisons).
4.2.3 POT PATHOGENICITY TEST

In the preliminary tests (see Appendix B), we observed that none of these methods resulted
in the development of expected FBR disease symptoms in onion plants. It was also found
that onion plants with cut roots developed symptoms of transplant shock, wéieh
difficult to recover from if we grew them in field soil. Therefore, we decided to use the
root dipping method without cutting roots and transplanting onion plantsimirim this

section.

Two fusarium isolates were also tested for their patheggnagainst onion seedlings
under greenhouse condit®rOur results showed that neither isolate was able to cause any

disease symptoms in the inoculated onion plants. Two isolates tested caused only slight

pink roots without any further disease developmEor shootand rootbiomass(Figure
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15), the Fainoculatedgroup (2.79g/plantcaused lower shoot biomasisan the Fb
inoculatedgroup (3.04g/plant)and he Fbinoculatedgroup (0.31g/plantfaused lower

root biomasghan the Fanoculated goup (0.42g/plant).However the onion seedlings
inoculated with fusarium isolates did not show any significant reduction in the shoot or
root biomasscompared with the control groufm addition, he lactophenol blue stained
onion root longitudinal and crosgaions showed fungal invasion in onion root tissues
(Figurel6). In order to determine the infections on onion plants caused by the two fusarium
isolates, theelativefungal biomass in onion root tissues was evaluated by using a gPCR
assay since naelevant disease symptoms were observed in onion plants one month after
pathogen inoculatiarThe relative amount dfusarium DNA was detected the control

and two fusariumnoculated groupdy dividing onion DNA into FOC DNA in each
sample The resultof quantificationshowedthat the FOC DNA in onion plants infected

with Fa and Fb was high#éranthe control group, and the FOC DNAthe Fainoculated

group was highegFigurel7).

Thereforebased on theesultsof sequencing analysis and three pgtrocity tests, the Fa
isolate was selectedue to the following reason: (1) Fa caused more obugsase

related symptoms in the bulb pathogenicity test than Fb; (2) Fa caused the same effect on
onion plans as Fb did in the seedlings and pot pathogenicity tests; (3) Fa caused highest
relative fungal biomass in onion roots than Fb in the pot pathogenicity test; (4) Both Fa and

Fb were identified aBusarium oxysporum
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Figure 15. Biomass data (Average fresh shoot weligfy, average fresh root weighight)

of onion plants inoculated with two FOC isolates (Fa and Fb) and control (SDaAj.
were analyzed using OWay ANOVA. Error bars represent SE. Bars with different letters
aresi gni ficantly different (P O 0.05; Tukey'

a.Onion root cross sections.
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Fiure 6. The Iactophenol blustained onion root sections observed umdieroscopy.
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Figure 17. Quantification of the pathogen in the roots of onion plants inoculated with two

FOC isolates (Fa and Fb) and control (SDRAta were analyzed using Gkéay ANOVA.

Error bars represent SE. Barswithi f f er ent | etters are signi
Tukey's multiple comparisons).

43 EFFECT OF ANE ON THE GROWTH OF THREE PGPR STRAINS

The bacterial growth kinetics of three PGPR strains in liquid broth with different
concentrations of ANE were duated by measuring th@Dsoo0f each PGPR strain after
culture from 0 to 48. A standard bacterial growth curve in a closed systeigu(e 18)

includes four phases: lag phase (bacteria adjust to the new medium, and they are preparing
for the beginning o& split), log (exponential) phase (bacteria cells are dividing regularly

by binary fission and the number of bacteria increases exponentially), stationary phase (the
number of dividing cells appears to be equal to the number of dying cells, and dead phase
(bacteria lose the ability to divide, resulting in a higher number of dying cells than dividing)

(Wang et al., 2015)As shown inFigure 19-21, the growth curves of all PGPR strains
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showed an AS0O trend. The initial growth
control group, and thegll reached the logarithmic phase aftes B. However, during the
exponential phase. protegensCHAO cultured in 0.1% ANEnodified broth showed
higher growth than other treatmenfsgurel19), andB. subtiliscultured in 0.01% and 0.1%
ANE groups wereridtically lower than the control groujFrigure20), andE. cloacaeCAL2
cultured in 0.1% and 0.001% ANMmodified broths showed higher growth than others
(Figure 21). However, after they reached the stationary phase, there was not much
difference between the treatments of each PGPR strain. Analysis of four ANE modified
broths of each PGPR by repeated measures showed a significant diff@neoog the
treatmentvertime (Figure19-21), as expected for differences in production during the

logarithmic phase of cultivation.

Stationary

Dead

Log

No. of bacterial cells (Log)

Lag Time

Figure 18. The typical bacterial growth curve in a culture medium (a closed system) (Wang
et al., 2015).
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P>0.05 (Repeated Measures ANOVA)
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Figure 19. Repeated measures ANOVA test for comparison of liquid media
supplemented with four different concentrations of ANE (Co#@f6l 0.001%, 0.01%,
and 0.1%) for the culture &f. protegen€HAO. There was no significant ddéfence
among these media and over time@®5. Error bars represent SE.

P<0.05 (Repeated Measures ANOVA)
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Figure 20. Repeated measures ANOVA test for comparison of liquid media
supplemented with four different concentrations of ANE (Co#@f6l 0.001%, 0.01%,
and 0.1%) for the culture &:. subtilis There was a significant difference among these
media and over time §9.095. Error bars represent SE.
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P<0.05 (Repeated Measures ANOVA)
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Figure 21. Repeated measures ANOVA test for comparison of liquid media
supplemented with four different concentrations of ANE (Co#@f6| 0.001%, 0.01%,
and 0.1%) for the culture &. cloacaeCAL2. There was a significant difference among
these media and over time<®05. Error bars represent SE

44 EFFECT OF PGPR AND/OR ANE ON MYCELIAL GROWTH OF FOC

In thepresenstudy, only P. protegen€HAO was initially proposednddifferent double

culture assay methodsere tried (Appendix A)in preliminary experimenisbut its

antagonistic activityvas not effective as expectethen,B. subtiliswas consideredout

its antagonistic activity waalmost similar to that oP. protegensCHAOQ. Therefore, the
antagonistic activity of existing PGPR in the laboratesgs evaluated, andE. cloacae
CAL2 was selected finally because it exhibited highest inhibition eféct of mycelial

growth (Appendix A).

Three PGPR strain®( protegen€£HADOQ, B. subtilis E. cloacaeCAL2) were used to study
their antagonistic potential against FOC. The results showed that all tested PGPR strains
and 0.26 ANE combined with each PGPR ekhed significant pathogen inhibition

compared to FOC grown alone in the dual culture askalylé8 andFigure22). Among
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these, the strain dE. cloacaeCAL2 inhibited the mycelial growth of FOC up to 50%
comparedo the control groupPseudomonaprotegensCHAO (29.7%) and 0.1% ANE
combined withP. protegen€£HAO (31.1%) exhibited moderate inhibitory activity against

the mycelial growth of FOC, and. sibtilis (19.3%) and 0.1% ANE combined with

subtilis (17.8%) showed the lowest inhibitory activity (%) against the mycelial growth of
FOC. However, there was no significant difference (P>0.05) between each PGPR treatment

and the combined treatment of e®BPR and 0% ANE (Table8).

P. protegens CHAO B. subtilis

P. Protegens CHAO  B. subtilis E. cloacae CAL2
+0.1%ANE +0.1%ANE +0.1%ANE

Figure 22. Suppression of mycelial growth of FOC by PGPR strampi(otegen€£HAO,

B. subtilis andE. cloacaeCAL2) underin vitro conditions by using a dual culture test on
PDA media.
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Table 8. Dual culture assay of each PGPR with/without ANE against the pathogen mycelial
growth. a. P. protegen<CHAQO; b. B. subtilis c. E. cloacaeCAL2. Data were analyzed
using OneWay ANOVA. Grouping was done using Tukeyairwise comparison and 95%
confidence.

a.

Treatment Inhibition%+SE
CHAO0+0.1% ANE 31.1+34 a
CHAO 29.7429 a
Control 0.0 b
b.

Treatment Inhibition%+SE
BS+0.1% ANE 19.3t3.1 a
BS 17.82.0 a
Control 0.0 b

C.

Treatments Inhibition%+SE
CAL2 54.1#1.1 a
CAL2+0.1% ANE 53.6x1.1 a
Control 0.0 b

45 EFFECT OF PGPR AND/OR ANE ON SPORE GERMINATION OF FOC

The ability of three PGPR strains to inhibit spore germination of FOC was evaluated. The
results were similar to the dual culture as@aigure 23) It was observed that all three
PGPR strains and combined treatments showed a significant inhibitory effect on spore
germination of FOC compared to the control grouBW (Figure 23) E. cloacaeCAL2
(10.9%) andhe combined treatment of 0.18ME andE. cloacaeCAL2 strongly inhibited

the spore germination of FOE. protegensCHAO (36.7%) andhe combined treatment of
0.1%ANE andP. protegensHAO (30.6%) werdghe next most effective, arigl subtilis
(50.0%) andhe combined treatment of OGLANE and B. subitilis(40.6%) showed the
lowest inhibitory activity against the spore germination of FOC. ANE treatment showed
no effect on the spore germination of FOC, and there was no significant difference (P>0.05)
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between each PGPR treatment and the comdbireatment of each PGPR and%.ANE

(Figure23).

Based on the results of vitro testsE. CloacaeCAL 2 was selected to control onion FBR
disease under greenhouse conditions as it caused the highest antifungal activity under
vitro studies, and it was found to be compatible with ANE. Theretor€&loacaeCAL 2

and Fa isolate of FOC were used in ¢ineenhouse experiment.
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Figure 23. Inhibitory effect of each PGPR and ANE on spore germination of the pathogen.
A. P. protegen€£HAQO; B.B. subtilis C. E. cloacaeCAL2. Data was analyzed using One
Way ANOVA. Error bars represent SE. Bars with different letters are significantly different
(P O 0.05; Tukey'.s multiple comparisons)
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46 EFFECT OF E. CLOACAE AND/OR ANE ON ONION FBR DISEASE UNDER
GREENHOUSE CONDITION

46.1 EFFECTS OF E. CLOACAE AND/OR ANE ON DEFENCE-RELATED
ENZYMES AND BIOCHEMICAL ACTIVITIES

PO and PAL are importaiteferce-related enzymes involved in plant disease resistance.
When plants are attacked by pathogens or treated by microbtahicombial elicitors, they
rapidly produce reactivexygen species (RO®painst pathogen infestation. PO catalyzes
ROS, mediatg lignification, andis also involved in the production of antnicrobial
metabolites (phytoalexinjAlmagro et al.,2009) PAL is a key enzyme involved in the
phenylpropanoid pathway, which is important in the synthesis of various phenolic
substances that are related to plant structdedénce (Hahlbrock & Scheel, 1989;
Verberne et al.,, 1999)PAL is also involved in the biosynthesis of SA, which is an

important signal that regulates plant resistgiiam & Hwang, 2014)

To determine the activity of PO and PAL and the productiod>0f, and tdal phenolic
content in Fusarium inoculated and Aanculated plants, which were treated with%.5
ANE (T2), CAL2 (T3), 0.3 ANE+CALZ2 (T4), and SDW (T4ontrol group). Root tissues
were collected at different time points (288, and 72 hours) afté&usarium inoculation.

The resultskigure24) showed that the interaction between treatments and time points did
not significantly affect the level of PO (P>0.05) and PAL (P>0.05). Treatments did not
significantly affect the activity of PO (P>0.05) and PA>0.05), and there was also no
significant difference between the time points (P>0.05 for PO, P>0.05 for PAL). Similarly,
there was no significant interaction effect between treatments and time poiHgEOon

(P>0.05) and TPC (P>0.05). Treatments did sighificantly affectH.O. (P>0.05) and
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TPC (P>0.05), but there were significant differences between the time points in the

production ofH20; (P>0.05) and TPC (P>0.05).

4.6.2 EFFECTS OFE. CLOACAEAND/OR ANE ON ONION BIOMASS

Onion biomass was measurddldays after inoculation and presented in terms of average
shoot and root weight (Figure 25). The highest average shoot weights were observed in T3
without pathogen inoculation, followed by T3 with pathogen inoculation, T1 without
pathogen inoculation, anidl with pathogen inoculation. The highest average root weights
were observed in T4 with pathogen inoculation, followed by T3 with pathogen inoculation,
T1 without pathogen inoculation, and T3 without pathogen inoculation. We also observed
that the averagshoot weights were lowest in T2 with pathogen inoculation, T4 with
pathogen inoculation, and T2 with pathogen inoculation; and the average root weights were
lowest in T2 with pathogen inoculation, T2 without pathogen inoculation, and T4 without
pathogen noculation. However, there was no difference between all treatments in the

average shoot and root weight.

4.6.3 EFFECTS OFE. CLOACAE AND/OR ANE ON FUNGAL BIOMASS IN
INFECTED PLANTS

Since inoculated onion plants did not develop any disease symptoms one month after
pathogen inoculation, disease quantification was assessed indirectly by quantifying the
relative amount of fungal DNA in onion roots. The results (Figure 26) showed that the
fungal DNA quantity in the T2 treatment was significantly higher than in other treatments,
and the fungal DNA quantity in T3 and T4 treatments were higher than the control group

but not statistically significant.
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Figure 24. Peroxidase (PO) and Phenylalanine ammonia lyase (PAL) activity, and
production of hydrogen peroxide (H202) and Total phenolic content (TPC) in onion roots

at 24 h, 48 h, and 72 h after the inoculation of FACPO activity; B. PAL activity. C.

H2O> production; D. TPC production. T1 (control gre@dW), T2 (0.5% ANE), T3

(CAL2), and T4 (0.5% ANE+CAL2).-P: without FOC inoculation, +P with FOC
inoculation. Data were analyzed using ©Nay ANOVA. Error bars represent SE.
Lowercase letters imply statisticdifferences between experimental time points within

each treat ment (P O 0.05; Tukey's multipl
statistical di fferences among the differen
Tukey's multiple comparisai.
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Figure 25. Biomass data (Average fresh shoot wedghaverage fresh root weigh) of

onion one month after the inoculation with FAQ.(control groupSDW), T2 (0.5% ANE),
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Figure 26. Quantificaton of the pathogen in the roots of onion plants one month after the
inoculation with FOCT1 (control grougSDW), T2 (0.5% ANE), T3 (CAL2), and T4 (0.5%
ANE+CAL?2). Data were analyzed using OW&ay ANOVA. Error bars represent SE. Bars
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CHAPTER 5 : DISCUSSION

Currently, global agricultural development is facing various problems and challenges, such
as rapid population growtlwvhich drives increasing demand for food, climate change, and
depletion of natural resources (land and water). Global onion production faces serious yield
and economic losses dueRasarium basal rdFBR) caused byrusarium oxysporurh

sp. cepae (FOC) BunburyBlanchette & Walker, 2019)This fungus is a sciborne
pathogenthat is very difficult to control because it produces chlamydospores that can
survive in the soil for a long tim@&ramer, 2000; Ozer et al., 200@urrently thereareno
completely FBRresistant cultivars, crop rotation and synthetic fungicides are not
completely effective, and the use of Hyetic fungicides can raise other environmental
problems(Le & Haesaert2021) Therefore, more and more attentiosisbeen given to
biological control as an ecologically friendly and promising method for plant pathogen

control.

Based on the morphological characteristics and sequencing results, the two FOC isolates
we isolated from naturally infected onion bullere identified a§. oxysporumlt is still
uncertain whether the two FOC isolates Rre@xysporunf. sp.cepae Howe\er, several
studies have indicated thatt onlyF. oxysporunf. sp.cepaecan cause onioRBR disease

For exampleF. proliferatum F. oxysporuni. sp.cepaeF. acutatumandF. anthophilium

caused onion FBR in northern Isr@e€himan et al., 2020F. oxysporumF. solani andF.
proliferatum were found as causal agents of onion FBR in Vietifhenet al., 2021)
Recently,F. falciformeandF. brachygibbosunhave been reported as two new causative

agents of onion FBR disease in Mex{@arado-Ramirez et al., 2021)
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Ascophyllum nodosui a brown seaweed that contains a variety of bioactive compounds
(e.g., polysaccharides, growth regulators, and polyphenols) and has been reported to
promote plant growth and productivihukla et al., 2019)Compared with synthetic
fungicides, seaweed extracts are highly organic and have the characteristics of being bio
degradable, notoxic, and ecdriendly (Ali et al., 202b). Previous studies hawwhown

thatA. nodosunextract contains bioactive elicitors that can induce plant resistance against
various diseasd8ajpai et al., 2019; Gunupuru et al., 2019; Patel et al., 2020; Shukla et al.,
2019) Plant growth promoting rhizobacteri@GPR) a group of frediving, root
colonizing soil bacteria, are another type of biololgicatrol agent that also has promising
prospects in the control of plant disease&PRscan control plant diseases through
different mechanisms such as competition, antibiotics and lytic enzyme production, and
induction of plant resistandBasu et al., 2021; Goswami et al., 2016; Vejan et al., 2016)
Previous studies have reported the effectess of many PGPR (such Rseudomonas
spp.,Bacillusspp., ancEnterobacterspp.) as biocontrol agents against various pathogens
(Ashrafi et al., 2021; Bellameche et,&021; Hafez et al., 2020; Kim et al., 2020; Kumbar
etal., 2019; Mohamed et al., 2020hereforethe present studgvaluated the effectiveness

of A. nodosunextract(ANE) and PGPR alone or their combination against FOC under

vitro and greenhouse conditign

The first objective of the present study was to determine the antagonistic activity of ANE
and PGPR alone or their combination against FOC undétro conditiors. The results

of the compatibility test showed th& protegensCHAO andE. cloacaeCAL2 were
compatible with ANE but the addition of ANE had a negative effect on the grow. of

subtilis (Figure19-21). Several studies indicated that the compatibility of the combination
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of introduced biocontrol agents is critically essential for establishing better and more
consistent disease suppression, and the combination of PGPR or PGPR waiticnodumal
products mayhave higher adaptability and exhibit bioconteddtivity against multiple
pathogens than a single PGPR under various environmental conditions in the field
(Janisiewicz, 1996; Janisiewicz & Bors, 1995; Latha et al.,, 2009; Liu et al., 2017,
Raaijmakers et al., 1995; Sundaramoorthy et al., 2@®aib et al. (2018eported that
comparing the individual applicatioof Trichodermaspp. or dry leaf biomass of
Azadirachta indicd.., the combined application had a better effect on decreasing charcoal
rot disease incidence and improving the growth of cowpea pl@htsresGomez et al.
(2021) also reported that the combined treatmenfo€hoderma virenswith Bacillus
velezensisandT. virensor B. velezensiwith chitosan exhibitethe highest efficiencies in

the management of vascular wilt disease causé&d byysporunin cape gooseberry plants.

In the present study, the treatment of each PGPR alone and combined withhithiied

the mycelial growttand spore germination of FO&nong whichB. subtilishad the least
inhibitory effect on FOC, an#t. cloacaeCAL2 showed the greatest inhibitory effect on
FOC(Figure22&23, Table §. However, ANE dichotshow any inhibitory activity against
FOC. The inhibitory effect of each PGPR gtragainst FOC might be due to the presence
of bacterial cells and/or the production of antibiotic metabolites. Previous studies have
reported the antifungal activity of diffusible and volatile compounds produced by several
strains ofPseudomona®acillus, andEnterobacteispp.(Chaouachi et al., 2021; Gong et

al., 2019; Siahmoshteh et al., 2018; Wallace et al., 2017; Wang et al., 2021; Zhang et al.,
2020) The direct antifungal activity of seaweed extracts has been reported, but the

antimicrobial efficiency of seaweed extracts also depends on the algal species as well as
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the type of solventsised for extractior(Mohamed & Saber, 2019; Mohy Blin &
Mohyeldin, 2018; Radhika et al., 201RJohy EIDin & Mohyeldin (2018)investigated

the antifungal activity of four brown seaweeds, which were collected in different seasons
and extracted with different solvents. The results showed that their methanolic extracts
exhibited better antifungal activity than other solvent extracts and theabgftngal
activity in spring. However, another similar study reported that among the different extracts
of brown seaweedHormophysa cuneiformisonly its chloroform extract has higher
antifungal activity against all tested fungi than other extr@dtshamed & Saber, 2019)
SomaiJemmaliet al. (2020Yyeported that ai. nodosurbased product (Dalgin Actif

did not significantly inhibit the mycelial growth and spore germination rates of
Zymoseptoria triticiunder in vitro conditiors, while its foliar application inhibited
sporulation on the leaf surface, decreased fungal celtdvallg r adi ng -1gnzy mes
endoxyl a4 aendoglacandse)@mnd protease activities as well as activatedadefen
mechanisms in plants. However, we foumal differences between the combination of
PGPR and ANE and their individual treatmemhich meanslthough ANE enhanced the
growth of P. protegen<HAO andE. cloacaeCAL2, but it has no effect on the antifungal
activity of P. protegensCHAO andE. cloaca& CAL2. Different from our findingsthe
combined application of Trichoderma viride Pseudomonas fluorescensnd Zimmu
(Allium cepaL. x Allium sativurrL.) leaf extract resulted in greater inhibition of mycelial
growth of Pythium aphanidermatumhan the individual use af. viride or P. fluorescens
(Muthukumar et al., 2010%imilarly, the combination treatment®f fluorescengPfl),P.
fluorescengPy15),B. subtilis(Bs16) and Zimmu leaf extract causte: highest inhibition

of mycelial growth inA. solani(Latha et al., 2009)Therefore the improvemast of the

77



antimicrobial ability of PGPR may rely on tlstrain of PGPR and thigpe of another

biocontrol agent

The second objective of the present study wasuestigate the effect of ANE and PGPR
alone or their combination ithe control of onion FBR disease caused by FOC under
greenhouse conditienThe results oin vitro experiments suggested tlatcloacaeCAL2

strain and its combination with ANE showed a higher inhibitory effect on FOC than the
other two strain§Figure 2& 23, Table §. However, in our greenhouse experiment, it was
observed that the treatment of ANE,cloacaeCAL2 strain, and their combination dnbt
significantly increasaleferce-relatedenzymes (PO and PAL) activities and TPC, but
slightly increased the productionldfO. in the presence and absence of chall€rggire

24). The results from previous studies are not in agreement with our results. Previous
studies reported that ANE treatment signifitambhduced plant resistance by activating
deferce-related enzymes such as PO, PAL, and PPO and accumida®a@nd phenolic
compoundgBajpai et al., 2019; Gunupuru et al., 2019; Patel et al., 2&@)larly, the
application ofE. cloacaePS14effectively inducedplant resistance which is associated
with enhanceddeferce-related enzymes (PO, PPO, and lipoxygenase) activities and
increased total phenol ai®A contents in potato plan{Mohamed et al., 2020Deferce-

related enzymes play a significant role in plant disease resistance, PO is involved in the
hypersensitive response, lignification, and phytoalexin produ¢fibnagro et al., 2009)

and PAL is involved in the phenylpropanoid pathway that leads to the production of various
phenolic compound@ahlbrock & Scheel, 1989; Vegbne et al., 1999)The increase in

PO activity leads to the production of ROS, which is known as the oxidative burst

(Prasannath, 2017)yheH20; acts as a direct antimicrobial agent to kill or slow the growth
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of pathogens. Peroxidase ahdO. also participate in the process of lignification to
reinforce the cell wall and limit the invading pathogens in host tisAMlesagro et al.,
2009; Obianom et al., 2019)he reason for these inconsistent results may be related to the
strain of PGPR, the plant species, and the environmental condiaari.oon (2007has
pointed out tha@rabidopsigespond differently to different PGPR even though all these
PGPR strains are capable of tiégimg ISR in this species. It has also been indicated that
theBacillus strains were more responsive to corn than to soybean or (Ak@atinlola et

al., 2018;Tilak & Reddy, 2006)Dual culture assay test has been used as a useful method
to determine the antagonistic ability of microbes on agar plates, but it cannot determine
other biocontrol properties of PGBRsuch as hyperparasitism, predation amche
competition(Kim et al., 2020) Even though the greenhouse is a controlled environment, it
is still more complicated tham vitro conditiors. Several studies have reported the
inconsistent performance of biadool agents irboth in vitro andin vivo experiments
(BessetManzoni et al., 2019; Boulahouat et al., 2022; Comby et al., 2Bbd)ahouat et

al. (2022)found that the isolateB. paralicheniformisstrain 260, which expressed a low
inhibition percentage of fungal mycelianderin vitro conditions,provided significant
protection(85%) of palm seedsnderin vivo conditionsagainst-usariumoxysporunt.sp.
albedinis The isolated strains (84 and 333hibiteda higher inhibitionrate of fungal
mycelia undeim vivoconditionswhile theyshowed only moderagotection(about 60%)

of palm seeds againgtusarium oxysporunt.sp. albedinis underin vivo conditions
(Boulahouat et al2022) It was also mentioned that tmsghtbe due to different bacteria
differ in their conolization ability of plant rogtand the endophyte strains exhibited better

biocontrol effectunder in vivo tests asit characterized by strong root colonipati
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capabilitieBoulahouat et al., 202ZJhe biocontrol and plant promotion ability of PGPR
could be affected bthetype, moisture, pH and organic matter of ¢Biasu et al., 2021,
Mahanty et al., 2017Nguyen et al. (20199uggested that air and soil temperature affect
PGPR efficiency when exposed to temperate field conditibhey found thatBacillus
velezensigpplication was able to increase the grain yield in wheat when the temperatures
are optimal in 2014, but when there was low temperature during and after inocul&ion of
velezensisn 2015, no significant increase in graireld was observed. Therefore, they
concluded that the low temperature in the field could affect the PGPR effi¢idgayen

et al., 2019)In addition, the amount and the tiroeurse of the increase in tdeferce-
related enzymes depending on the elicitor and host plant. For ex&ajplai et al (2019)
observed thatleferce-related enzymes (PAL, PO, and PPO) were induced 72h post
inoculation and continuetb increaseto 120h in ANE treated strawberry plani&he
application ofT. asperellumrr34 significantly increased PO activity on the 8th day after
inoculation and PPO and lipoxygenase on the 2nd day after inoculation in potatofplants.
cloacaePS14 treatment significantly increased PO activity on the 4th day after inoculation
and PPO antipoxygenase on the 2nd day after inoculation in potato p(dMitamed et

al., 2020)

The results of the present study showed that one month after the inoculation of FOC, the
tested bioformulations did not exhibit a significant effect on the growth parameters of both
pathogerinoculated and uninoculated onion seedlings in terms of simabtoot biomass

as compared to the contrd@ll-SDW) treatmentgFigure 5). We also observed that shoot

and root biomass in ANEeated onion seedlings in both with and without pathogen

inoculation groups were lower than those in other treatn{€igsire 25), which may be
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due to the concentration of ANE being too high is toxic to plants and inhibits plant growth.
HernandezHerrera et al. (2014hdicated that the applications of liquid seaweed extracts

of Caulerpa sertularioidesand Sargassum liebmanniét a higher concentration (1.0%)
inhibited the ability of the tomato seeds to imbibe water and reduced the germination and
growth (plumule length ahradicle length) of the seeds. They pointed out that the negative
effects of seaweed extracts on the plants may be due to the high salinity of the extracts.
Salinity has many adverse effects on plant development, such as germination, growth, and
photosynihesis. Salinity stress inhibits photosynthesis, disturbs cellular ion homeostasis,
causes membrane damage, and finally results in a reduction in plant biomass (e.g., the
weight and length of roots and shodiif et al., 2020; Hao et al., 2021)lamouda et al.

(2022) also reportedthat higher conentrations of seaweed liquid fertilizer inhibited
morphological measurements (e.g., germination percentage, totdigigimf and total dry

mass) of wheat seedlings and slowed the mitotic index rate of wheat root cells. Previous
research indicated thaigh concentrations of seaweed extracts might contain high levels

of minerals (e.g., Fe, Zn, Mn, and Cu), phenols, and alkaloids. These minerals can damage
plant cells in several ways, which was reflected in inhibited enzymatic activities, nutrient
uptake,DNA replication, gene expression, and cell division, depolarized cell membrane,
increased membrane permeability, decreased membrane stability, and reduced
photosynthetic yieldEIl-Sheek et al., 2016; Hamouda et al., 2022; Kocira et al., 2019;
Kosakivska et al., 2021The high levels of phenol and alkaloids can promote the excessive
production of free radicals/ROS, which in turn causes damage to cells an(Hak®wuda

et al., 2022; Jesus ak, 2016; Negritto et al., 2017)
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The quantification of theelativebiomass of FOC in onion root tissues one month after the
inoculation of FOC was also accessed in the present study. Results showreslriative
biomass of FOC was significantlyghmer in ANE treatment, and the relative biomass of
FOC inE. cloacaeCAL2 treatment and the combination treatmemete slightly higher
than the control group, but no significant differenfleigure %). The pathogen
guantification results were consistent wathreduced fresh (shoot and root) weighthe
ANE treatment anda similar fresh (shoot and root) weight the E. cloacaeCAL2
treatment, the combination treatmesnid the control groufigure &). Therefore these
results suggestithatthethree treatments (ANE. cloacaeCAL2, and their combination)

did notinduce biochemical changes in onion plants, improve the growth of onion plants,
or reduce the pathogen development in onion tisddeanwhile as mentioned before, the
single application of a high concentration of ANE nieyea certain negative impact on
the growth of onion plants, which mayakeit easier forthe pathogen tanvadeand/or
colonize plant tissueSimilady, acombiration of 500ppm cassia oil and 1% NaCl or KCI
was found to controA. alternataon tomato plants better than the singégatmenbf cassia

oil, NaCl or KCI. Whereas when higher concentradi@@Po)of Kcl or NaCl were usedhe
combined application did not appear to have a stronger disease control effect than the single
treatmentFeng & Zheng, 2006)t is suggested thahe application of KCI or NaCl at

high concentration (3%) may damage tomato clelégjing to decreased plant resistance to
pathogengFeng & Zheng, 2006)In contrast with our resultdladriz-Ordefiana et al.
(2022)found that thé@acillus cereusstrain EC9 significantly reduced the relative amount
of Fusarium oxysporunin the stems of Kalancho&#lanchoe blossfeldian®oelin.).

Some tropical seaweed extracts have been reported to lower DNA concentrations of fungal
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and bacterial pathogens in pldissues as well as increagiferce enzyme activities and
expression levels of marker genes involvedeferce signding pathwaygAli et al., 2021a;
Ramkissoon et al., 2017 addition, it has been proved that the quantification of fungal
DNA can accurately measure the disease sevefityrenophora triticirepentisand

Parastagonospora nodoru(bdullah et al., 2018; Oliver etl., 2008; See et al., 2016)

In addition, it was interesting that the single application of ANE catis=ldwest onion
biomass and highest FOC biomass in onion root tissues, but the combination treatment did
not, which caused similar oniondonass ad FOC biomass as the single applicatio of
cloacaeCAL2 and controlFigure %). This may indicate that the addition Bf cloacae

CAL2 may alleviate thdoxic effect ofa high concentration of ANE on onion plants.
Several studies have reported tRaterobacterstrains are able to improve plant growth
under stress conditiorfBadawy et al., 2022; Bhise et al., 2017; Singh et al., 2017, 2022)
For instancethe inoculation oE. cloacaeZNP-4 resulted in the alleviation of salinity and
metal stress in wheat plants in terms of enhanced plant growth (shoot and root length),
biomass production (fresh and dry weighg#)ptosynthetic pigment&hlorophyll a and

b), and prolinecontent anda decreasednalondialdehyde level in the presence of NaCl

(150 and 200 miylandZnSQ; (150 and 250 mg kY.

As mentioned above, the two isolated FOC strains from nbturdécted onion were
identified asF. oxysporumbut it remains uncertain whether the two FOC isolate§ are
oxysporunf. sp.cepaeor not. The two FOC isolates caused disease symptoms in mature
onion bulbs and onion seedlings in the pathogenicity experiments, indicating the
pathogenetic capacity ohése two FOC isolates. However, pathogen inoculated onion

plants showed no disease symptomtheigreenhouse pathogenicity test and greenhouse
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experiment. Therefore, the disease incidence and disease severity were unable to be
accessed as disease symptaraee not consistently reproduced, and the developed disease
symptoms were too mild and not distinct enough. However, during field sampling, patches
of diseased onion plants were foundhefield, with symptoms of yellowing, wilted and
curled leaves, anbtlasal/bulb rot (Figure . There are several factors involved in the
failure of pathogefinoculated onion plants to develop disease symptoms under greenhouse
condition.Greenhouse experiment and field experiment diffseverabiotic and abiotic
aspectghat might be the reason behind tiéerences inthe development of disease
symptoms. The intensity of disease progression could be influenced by many factors, such
as environmental factors, virulence and aggressiveness of the pathogen(s)tiand bi
interactions between microorganismscroorganismsand pathogen®orer et al., 2016;
Yurgel et al., 2018)Environmental factors like waterntgerature and soil type, and biotic
factors like soil microorganisms antacroorganisms are different in field conditions than

in greenhouse conditions with a strongly controlled environment. For instance,loipen t

can induce physical damage to thenptawhich may provide additional entrasdbat
facilitate the invasion or infection of fungal pathog€Ab/okhin et al., 2020) Drought

stress has been reported to exacerbate fungal colonization and increase the incidence and
severity of dry root rot disease in chickpaulappan et al., 2@. Liu and Liu (2016)

found that high soil moisture facilitatéhe initial stage oFusariumpseudograminearum
infection, and drought stress increm§@isarium pathogen proliferation and spread after
the initial phase of infectiorPrevious studies have also mentioned that soil temperature
was associated with the appearance of disease, and a higher soil temperatagsociated

with a higher disease inciden@&bawi, 1972; Kehr et al., B2; Szatala, 1969; Walker &
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Tims, 1924) It was reported that the infection of FOC in onion plants occurred first in early
July when the t e mgkehrettalul®6®) Haspaainen\eteat. (2ALEH
found that the virulence df. oxysporumisolates to onion varied greatly. They also
indicated that the time needed for different isolates develop on onion may vary, which may
affect the time needed for symptoms developmieéntas also reported that the frequent
subculture of fungal isolates amarbohydrategich media might result in the decrease of
virulence of the isolates, which is commonly seerfinoxysporumspecies(Leslie &

Summerell, 2006; Paynter et al., 2016)

Figure 27. Onion plants witlsymptoms of yellowing, wilted and curled leaves in the field
(A). Collected diseased onion bulbs from the field showed symptoms of basal rot when
cutting open (B).
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CHAPTER 6 : CONCLUSION

Many studies have been conducted on orfsarium basal romanagement using
different methodssuch as commercial fungicide treatments, biocontrol management, and
breeding resistant cultivars. There is no research that has been performed so far about using
seaweed extract or the combination of seaweed extract and RGE&htrol onion

Fusarium basal ratisease.

The present study provides useful information on the biocontrol efficientyed PGPR
strains Pseudomonas. proteger@HAO, Enterobacter cloacaeCAL2, and Bacillus
subtilis), A. nodosunextract(ANE), and their combination againBusarium basal rot
disease caused Busariumoxysporunt.sp. cepae(FOC)in onion undelin vitro andin

vivo conditions. Then vitro tests showed that three PGPR strains and each combined with
ANE successfully suppressdtet-OC. It was also observed thiat cloacaeCAL2 and the
combination ofE. cloacaeCAL2 and ANE gave the best inhibition effect of mycelial
growth and spore germination of tR®Cin comparison with other PGPR strains alone or
combined wih ANE. Althougha certain concentration of ANE enhanced the growth of
some PGPR strains, ANE itself ditbt show any antifungal activity nor enhance the

antifungal effect ofthe testedPGPR straia

Converselythein vivo results underline the application Bf cloacaeCAL2, and ANE,
and their combination did not significantly improve the growth of onion plitganwhile
the singlereatmenbf ANE caused a reduction in shoot and root biomass of onion and an

increase in @athogen biomass in root tissue, which could be dtieettoxicity effect othe
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high salinity or the high levels of mineraad antioxidants (e.gohenols analkaloidg in

ANE.

Overall, the results of the present statyld potentially contribute to the development of
thecombination of bwcontrol agents fothe management of onion FBR disease and other
plant diseased-urther studies are needed itwestigate thecombinations b different
PGPR strains and seaweed extract at diffecententrationsinder bothin vitro andin
vivoconditions in order to find the most effective combination, anshterstand how they
function in plant defete response pathwagysnd investigate their full potential for

controlling plant diseases
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APPENDIX A SEEDLING PATHOGENICITY TEST

A.1 METHODOLOGY

The pathogenicity tests of each FOC isolate were also performed on healthy onion
seedlings according to the method describedbgani and Kalman (2021The onion

(Utah Sweet Spanijlseeds were sterilized by soaking in 1% NaOCI for 3 min and then

rinsed thrice irSDW.

A.1.1 MYCELIAL DISC INOCULATION

Sterilized onion seeds were transferred to a Petri dish in which a sterile Whatman paper
(Each Petri dis with 15 seeds) was soaked in SDWn{§. Seeds were inoculated by
placing a mycelial disc (im), which was cut from the growing edge of a sedayold

culture of FOC, on the center of each Whatman paper in each Petri dish. A sterile PDA
disc (6mm) wasplaced in the control. Sterilized distilled water was added to each plate
every three days to maintain moisture and to allow efficient germination and disease
progression. The plates were incubated at 2848 the dark for 9 days. The seeds were
photogrphed, andthe germination percentage was measuiHie experiment was

repeated three times with four replicates.

A.1.2 SPORECMC COATING INOCULATION

Sterilized onion seeds were soaked in FOC spospension (1% CMC, §8pores/r) for

30 min so that theeeds were properly coated with spores and then air dried in a laminar
flow hood. Inoculated seeds were transferred to a Petri dish in which a sterile Whatman
paper (Each Petri dish with 15 seeds) was soaked in SDW)(&terilized onion seeds

soaked inl% CMC solution served as the control. Sterilized distilled water was added to
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each plate every three days to maintain moisture and to allow efficient germination and
disease progression. The plates were incubated at@8a2he dark for 9 days. The skse
were photographed, anldle germination percentage was measufée. experiment was

repeated three times with four replicates.

A.2 RESULTS

For the mycelial disc inoculation method, according to Figure Al, there were white
mycelial on or near onion seedn the Fusariuamoculated groups. Meanwhile, the
Fusariuminoculated groups had a lower seed germination rate than the control group
(Figure A2). The same symptoms were also absorbed in the-GpiCe coating
inoculation method (Figures A3&A5). In additi, the Fusariuamoculated groups had
lower shoot lengths than the control group in the s@WME coating inoculation method

(Figures A4&A5).

Fa Fb Control

Figure A 1. Image of the seedling pathogenicity test by using the myceliahdisalation
method. Onion seeds were inoculated with Fa and Fb (two FOC isolates) and Control
(Clear PDA agar plug).
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Figure A 2. The germination rate of onion seeds inoculation with two FOC isolates (Fa

and Fb) and Control (Clear PDA agar plug) by using the mycelial disc inoculation method.
Data were analyzed using OMéay ANOVA. Error bars represent SE. Bars with different

lettes are significantly different (P O 0.05;

Fa Fb Control

Figure A 3. Image of the seedling pathogenicity test by using the Spbl€ coating
inoculation method. Onion seeds were inoculated with two B0I@tes (Fa and Fb) and
Control (1%CMC).
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Figure A 4. Image of the shoot length of onion seedlings in seedling pathogenicity test.
Onion seeds were inoculated with two FOC isolates (Fa and Fb) and Control (1%CMC)
by usingthe sporeCMC coating inoculation method.

122



120

100

80

60

40

Germination %
Shoot length (cm)

= e Y L =1 B

a

Control Fa Fb Control

a
I a

Fa Fb
Figure A 5. The germination rate (left) and average shoot length (right) of onion seeds
inoculation with two FOC isolates (Fa and Fb) and Control (Clear PDA agar plug) by using
sporeCMC coating inoculation methodata were analyzed using QOki¢éay ANOVA.

Error barsr e pr es ent SE. Bars with different | et
Tukey's multiple comparisons).
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APPENDIX B POT PATHOGENICITY TEST

B.1 METHODOLOGY

B.1.1 ROOT DIPPING AND TOPSOIL INOCULATION METHODS

Onion sets Yellow Dutch) weresterilized by soaking in 1% NaOCI for 3 min and then
rinsed thrice in distilled water. Then, onion sets were plantdérarmix BX (without
mycorrhizae), and theplaced in a growth chamber, which was adjusted to 22+2°C
(day/night) witha photoperiod of 16 (cool white fluorescent tube lights, 150 umdPm

s'1). One month after germination, onion seedlings were carefully removed fremi®ro

and the roots were washed. For the root dipping group, the roots of onion seedlings were
cut to6 cmand then inoculated with FOC spore suspen&ifhspores/m) by root dipping
method for 30 min. The control group was dipped the onion roots in SDW. Then, onion
plants were transplanted into pots filled with fPmox at a rate of four plants per p&or

the topsoil inoculation group, each pot was first filled with 200grRibq then another

150g Premix, which was inoculated witlfOC spore suspensiqii(® spores/rt), was

added on top of the previously added-Rnx. Then, after the roots were washedion
seedlings were transplanted into each pot at a rate of four plants per pot. For the control

group, 150g Pranix was mixed with the same amount of SDW as FOC spore suspension.

For two groups, there were 24 pots per group, 12 pots were inoculatecowitbl, and
another 12 pots were the control. As shown in Figure B1, thenBran half of the
inoculated or control pots was kept normal moist, and another half of the pots were kept

drought by adding tap water as needed.
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Root dipping Topsoil inoculation

Inoculated Control Inoculated Control Inoculated

|_|_||_|_I

Normal Moisture Drought Normal Moisture Drought

Figure B 1. A layout of root dipping and tepoil inoculation pot pathogenicity test.

B.1.2 DIFFERENT TYPES OF SOIL MATRIX

Filed soil was collected from DalhoudAgricultural Campus Demonstration Garden (NS,
Canada) and sterilized bying an autoclave at 15psi and 121°C for 30 min on two
consecutive days. Soil type 1 was sterilized field soil mixed with sand anahiRio a
ratio of 4:1:1 (w/w/w), and soil type 2 was sterilized field soil mixed with perlite in a ratio

of 25:1 (w/w/w).

Onemonthold onion seedlings were carefully removed from-fig, and the roots were
washed. The roots of onion seedlings were cuthm &nd then inoculated with FOgpore
suspensior{fFa and Fb, 10sporeshl) by root dipping method for 30 min. Thentrol

group was dipped the onion roots in SDW. Then, onion plants were transplanted into pots
filled with each type of soil mixture (100§) at a rate of three plants per pot. For two

groups, as shown in Figure B2, there were 18 pots per group.
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Soil 1: 1:25 (Perlite : field soil)

Fa-S1 Fb-S1 Control-S1

Soil 2: 4:1:1 (field soil : sand : promix)

Fa-S2 Fb-S2 Control-S2

Figure B 2. A layout of pot pathogenicity test by using different soil matrix.

B.2 RESULTS

For root dipping and topsoil inoculation methods, onion seedlings in root dipping groups

developed symptoms of transplant chock such as fiddtened and wilting leaves (Figure

B3). One month after inoculation, we only observed that a few roots turned brown to dusky
pink and the roots of inoculated onion in the root dipping group were very easily lost when

we removed them from the Proix. Theaboveground parts of the inoculated onions in

two inoculation methods did not show any symptoms of Fusarium basal rot disease as

expected (Figure B5).

For different soil matrix methods, we also observed that the onion plants showed symptoms
of transplahshock, and plants died a few days after transplantation, especially in soil type

1, in which all the plants gradually died within two weeks after transplantation. Transplant
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shock can be caused by cut roots and the field soil was too compressed. tiype sithe

roots of onion plants were also very easily lost when we removed them from the soil as the
soil was too compressive. However, the abgreund parts of the inoculated onions in the
two methods also did not show any symptoms of Fusarium b#tsdisease as expected

(Figure B6). There were some plants died, but it was uncertain whether it was caused by

disease or transplant shock.

Ly
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Figur B 4. oot of inoulated onion plants turn brown to dusky pink.
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Figure B 5. Image of onion plants (plant in pots and uprooted plants.) 30 days post
inoculation in pot pathogenicity test by using rdiggping and topsoil inoculation
methods.
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Control

Figure B 6. Image of onion plants (Plants in pot and uprooted plants) 30 days post
inoculation in pot pathogenicity test by using sterilized field soil, sand, anchiRrm a
ratio d 4:1:1 (w/w/w).
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APPENDIX C DUAL CULTURE ASSAYS

C.1 METHODOLOGY

Dual culture assay is the most common technique used to test the antagonistic activity of a
selected bacterial isolate against the target fungal phytopathogen. In this project, we tried
different modified dual culture assays to test the effeBt grotegensCHAO and/or ANE

on the mycelial growth oFOC. Then, use the appropriate methomdcreen other PGPR

strains againgtOC.

P. protegen€£HAO and ANE were tested individually and in combination against FOC by
using dual culture bioassays with some madiions(Dennis & Webster, 1971)Agar

plugs ofP. protegensCHAO and FOC were cut from the growing edge of sedearold
cultures oP. protegen€HAO and FOC, respectively. ANE powder was dissolved in water
and added at a concentration of 0, 0.1, and 0.2% (w/v) to the PDA medium before being

autoclavd and cooled.

C.1.1 AGAR PLUG - PDA MEDIUM

The experiment was set up as follows:

For P. protegensCHAO alone: An agar plug (Bim) colonized by FOC and an agar plug
(5mm) colonized by. protegen€HAO were placed 2mfrom the edge of the PDA plate

respectively opposite to each other.

For ANE alone: The PDA plate was amended with different concentrations of ANE (0.1%
and 0.2%). An agar plug (®m) colonized by FOC and a clear agar plugnf®) were

placed Zzmfrom theedge of the PDA plate, respectively opposite to each other.
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ForP. protegen€HAO and ANE combination: The PDA plate was amended with different
concentrations of ANE (0.1% and 0.2%). An agar plug(d) colonized by FOC and an
agar plug (5nm) colonizedoy P. protegen€HAO were placed 2mfrom the edge of the

PDA plate, respectively, opposite to each other.

For control: An agar plug (Bm) colonized by FOC and a clear agar plugnfh) were

placed Zzmfrom opposite edges of the PDA plate.

The experimenhwas repeated three times with three replicates.

C.1.2 STREAKING - PDA

The experiment was set up as follows:

For P. protegensCHAO alone: An agar plug (B1m) colonized by FOC was placedcth
from the edge of a PDA plate. A single colony of Eheprotegas CHAO from a seven
day-old culture ofP. protegensCHAO was streaked in a straight linedin) 4 cm away

from the agar plug of FOC in the PDA plate.

For ANE alone: PDA plate was amended with different concentrations of ANE (0.1% and
0.2%). An agaplug (5mm) colonized by FOC was placecté from the edge of the PDA

plate.

For P. protegensCHAO and ANE combination: PDA plate was amended with different
concentrations of ANE (0.1% and 0.2%). An agar plugn(®) colonized by FOC was
placed Zmfrom the edge of a PDA plate. A single colony of Ehgrotegen€£HAO from

a severday-old culture ofP. protegens£CHAO was streaked in a straight lineqm) 4 cm

away from the agar plug of FOC in the PDA plate.
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For control: An agar plug (&m) colonized by F@ was placed 2mfrom opposite edges

of a PDA plate.

The experiment had three replicates.

C.1.3 STREAKING - PDA, HALF LB, AND HALF KB MEDIUM

P. protegen€HAO was cultured into the liquid broth and incubated overnigh8s2e C ,
180rpm. The overnight culture &f. protegen€HAO was diluted to 1:100 with fresh broth

and incubated at 22e C, 180 r penredched 0.6, whicke wa®© Bed as stock
culture. The stock culture was diluted to 1:100 with fresh broth, which was suppgeimen
with different concentrations of ANE (0% and 0.1%). After 10 h incubatioh2@& , 180
rpm),10¢ bf P. protegen£HAO culture was streaked in a straight line€® 2 cmaway

from the edge of a new PDA/half LB/half KB plate one day before the FGsDlatwn.

An agar plug (5nm) of FOC was cut from the growing edge of a seslapold culture of

FOC and inoculated dm away from the bacterial inoculation in the edge of the PDA/half
LB/half KB plate. Plates inoculated with the fungal disc and cleandligroth were used

as control. The experiment had three replicates.

C.1.4 SCREENING PLANT GROWTH PROMOTING RHIZOBACTERIA
AGAINST FOC

The method used in this part was mentioned in part A.1.3, and the experiment was done on
PDA and different bacteria mediahe plant growth promoting rhizobacteria tested in this

part are in Table C1. The experiment had two replicates.

132



For these experiments, all plates were placed into the incubator (28+2°C) for 7 days, and

then the inhibition zone was measured. The inioibipercentage was calculated by using

the equatiorfMuniroh et al., 2019)

Where:

) 1 EEADEAGEENAIIDOA%%F p TihT

2 was the radial growth of the fungal colony in the control plate

2 was the radial growth of the fungal colony in the presence of R{BERr ANE

Table C 1. List of PGPR and their respective culture media.

No. Name Medium
19 Serratia proteamaculansubsp. Quinovara  Tryptic soy agar (TSA)
31 Enterobacter agglomeranSTCC23216 Nutrient agar (NA)
37 Pseudomonas putidaR122 TSA
54 Pseudomonas fluoresced4-13 TSA
89 Enterobacter cloaca€AL2 TSA
163 Azotobacter vinelandATCC 12837 NA
181 Azotobacter vinelandii NA
213  Azospirillum lipoferuni842 NA
232 Pseudomonalrassicacearunzy-2-1 Yeast Mannitol Agar (YMA)
279 Bacillus thuringiensisubsp. oloke PDA
303 Kluyvera ascorbat&UD165 NA
431  Sinorhizobium frediATCC51808 YMA
532C Bradyrhizobium japonicum YMA
535 Paenibacillus polymyx®.p K56 LB
562 Burkholderia cepacidS-16 NA
612  Sinorhizobium meliloti1559 LB
613  Sinorhizobium melilot8530 LB
744  Mesorhizobiunstrain PM14 YMA
C.2 RESULTS

The results of Part C.1.1. showed that the treatmerR. gfrotegensCHAO and the

combination treatment d?. protegens<CHAO and ANE (0.1% and 0.2%) significantly
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inhibited the mycelial growth of FOC, but the inhibitiorrgentage was only between 9%

to 16% (Table C2 & Figure C1). The ANE treatments did not exhibit significant pathogen
inhibition. We also observed that the bacteria grew very slowly as we used the agar plug
method to inoculate it to the plate, which coulsiulein the bacteria cannot reach their full

potential.

The results of Part C.1.2. showed that only the treatmer®.oprotegensCHAO
significantly inhibited the mycelial growth of FOC. The addition of ANE to the PDA media
may not be an appropriate methilecause the bacteria may not be able to fully absorb or
use the ANE in the media. In addition, the type of culture medium may also be affected by

the antagonistic activity of the bacteria (Table C3&Figure C2).

The results of Part C.1.3 showed that the antagonistic activRy pfotegen<CHAO was
highest in the PDA media instead of half KB or LB media. Meanwhile, there was no

pigment production of FOC in half KB or LB media (Table C4&Figure C3).

The results ofPart C.1.4. showed that the 89. (cloacaeCAL2) exhibited the highest
mycelial growth inhibition percentage in PDA media compared with other bacteria in PDA
media or bacteria media. It was found again that there was no pigment production of FOC

in bactera media (Tables C6&Figures C45).
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Table C2. Dual culture assay &. protegen€£HAO and/or ANE (0.1% and 0.2%) against
the pathogen mycelial growtlbata were analyzed using Oiéay ANOVA. Grouping
was done using Tuk&spairwise comparison and 95% confidence.

Treat ment Il nhi bition Percen
CHAO 16. 2N2. 9 a
0. 1%ANE+CHA 11. 8N3. ab
0. 2%ANE+CHA 93N4 . 0 ab
0. 1%ANE 51N 5. b c
0. 2%ANE 1.7N2. 2 c
Control 0 c

0.2%ANE

[ ] )

0.1%ANE+CHAO 0.2%ANE+CHAO  Control

Figure C 1. Suppression of mycelial growth of FOC Byprotegen€£HAO and/or ANE
(0.1% and 0.2%) undén vitro conditions by using a dual culture test.

Table C 3. Dual culture assay &. protegen€£HAO and/or ANE (0.1% and 0.2%) against
the pathogen mycelial growtata were analyzed using Oiéay ANOVA. Grouping
was done usingukeys pairwise comparison and 95% confidence.

Treat ment I nhi bition Percen-
CHADO 13. 3N2. a
0. 2%ANE+CHA 99N B. ab
0. 1%ANE+CHA 83N ® ab
0. 2%ANE 7. 49N 2 . ab
0. 1%ANE 42N3. 0 ab
Control 0.0 b
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0.1%ANE 0.2%ANE

0.1%ANE+CHAD 0.2%ANE+CHAO  Control

Figure C 2. Suppression of mycelial growth of FOC Byprotegen€£CHAO and/or ANE
(0.1% and 0.2%) unden vitro conditions by using a dual culture test.

Table C4. Dual culture assay ®&®. protegen€£HAO and the combination &f. protegens
CHAO and ANE (0.1%) against the pathogen mycelialwinan different culture media.

Treat me Il nhi bition Percent a
PDA Half LB Half KB
CHAO 19. 2N2. 42N 2 . 2 01N 3L.
CHAO0+0.1%ANE 15. 5N0. 42N 6 . 6 22N0 . 7
Control 0.0 0.0 0.0
0.1%ANE 0.1%ANE 0.1%ANE

Control CHAO +CHAO Control

e

CHA +CHAO Control

CHAO +CHAO

_— - e Y

PDA half LB half KB

Figure C 3. Suppression of mycelial growth of FOC Byprotegen€£HAO and the
combination ofP. protegen€€HAO and ANE (0.1%) in different culture media under
vitro conditions by using a dual culture test.
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Table C 5. Dual culture assay of different PGPR strains against the pathogen mycelial
growth in PDA mediaData were analyzed using OWéay ANOVA. Grouping was done
usingTukeys pairwise comparison and 95% confidence.

PDA
Treat | nhi bRetricoennt age NS
89 43.N0. 0 a
612 244N 2 . 4 b
279 2.00. 0 bc
37 19.5N0. 0 bc
562 183N1 . 2 bc
431 171N 2 . 4 bed
744 159N1 . 2 bcde
535 159N 3. bcde
613 14.6N2 . 4 bedef
232 1340 1. 2 bedef
31 13.4N 3. bedef
19 12.N0. 0 cdef
54 11.0N 7. cdefg
303 11.081 . 2 cdefg
181 6.IN1. 2 defg
532C 49N 2 . 4 efg
163 49N 2 . 4 efy
213 37N1. 2 fg
C 0.0 g
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Figure C 4. Suppression of mycelial growth of FOC by different PGPR strains in PDA
media undeim vitro conditions by using a dual culture test.
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Table C 6. Dual culture assay of different PGPR strains against the pathogen mycelial
growth in different bacteria culture medidata were analyzed using Okié¢ay ANOVA.
Grouping was done usinigukeys pairwise comparison and 95% confidence.

Treat | nhi birtcieomt aPgee NS E
Y MA
744 21.8N0. 0 a
431 13.5N0. 0 b
532c 55N3. 6 C
232 46N0 . 9 C
C 0.0 C
TSA
19 3IBND. a
54 30.N0. 0 a
89 19.8N5. 8 ab
37 14.0N9 . 3 ab
C 0.0 b
NA
562 33.0N1. 1 a
303 27N 2. 6 ab
163 23401 . 3 ab
181 221N 2. ab
213 20.8N1 . 3 ab
31 91N10. 4 bc
C 0.0 C
LB
612 32.N1.0 a
613 28N 1. 0 a
535 22N1.0 b
C 0.0 C
PDA
279 20.N F. a
C 0.0 b
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YMA

TSB
Control

PDA
Control

Control

Figure C 5. Suppression of mycelial growth of FOC by different PGPR strains in
different bacteria culture media undervitro conditions by using a dual culture test.
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APPENDIX D SPORE GERMINATION ASSAY
D.1 METHODOLOGY
In this project, we tried different modifidghnging drop methods to test the effect of PGPR

and/or ANE on the spore germination of F@®ang, 1998)

D.1.1P. PROTEGENSCHAO GROW ON AGAR PLATE

Colonies ofP. protegen€£HAOQO were harvested from twday-old cultures oP. protegens

CHAO by adding 3nl of SDW in the Petri plate and gentle scrubbing. Uniform cell density

was maintained at0’ c.f.u./m. The FOC spore suspension (@@ 10° spores/mL) was

mixed with 40¢ lof different treatments, which wefe. protegensCHAO suspension

(10’ c.f.u./m), 0.1% ANE, 0.1% ANE witP. protegensuspensionl(0’ c.f.u./mL). The

mixture of FOC spore suspension @dand distilled water (46 ) was used as a control.

The total vobme of the mixed suspension wase80The mixed suspension was dropped

on a piece of the concave slide. The sl id:¢

condition.

D.1.2P. PROTEGENSCHAO GROW ON LIQUID CULTURE

A stock culture of CHAO cells (0.6D600) was prepared as described in section C.1.3.
The stock culture d?. protegen€HAO (ODsoo=0.9 Was diluted to 1:100 with LB/KB broth,
which has been supplemented with different concentrations of ANE (0% and 0.1%). After
10h incubation (282e C, rpInd living cells ofP. protegen<CHAO were harvested by
centrifugation. The resulting supernatant was then filtered througlyriage filter
(VWR® syringefilters, PTFE, 0.2 m) prevent the presence of bacterial cellhie

treatments were CHAO living e (CHAO-L), CHAO living cells+0.1%ANE (CHAO
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L+ANE), CHAO supernatant (CHAS), 0.1%ANE+CHAOQ supernatant (ANE+CHAR),
0.1%ANE, and 0.1%ANH B/KB broth. The FOC spore suspension &010°spores/mL)

was mixed with each treatment. The mixture of FOCepaspension (49 ) and distilled
water (40e ) or LB/KB broth (40¢ ) were used as control groups. The total volume of the
mixed suspension was 80l The mixed suspension was dropped on a piece of the concave

slide. The slides were incubated for62a&8 N2 e C i n a moi st conditi c

For all experimentsspore morphology was observed in five different views under a
compound light microscope. A total of 100 spores were randomly counted and recorded in
each view. The number of germinated spores among thosessp each view was counted

and recorded. Germination was considered when the length of the germ tube reached half
the size of the spor&ach experimentvas replicated three times with 3 replicates. The

germination rate was calculated as follow:

47 GATOT ORAI EIOAD RAEGORA x O

AOT GEGA @A 1T GATOT A EGOBA~O PP

D.2 RESULTS

The results of Part D.1.1 showed that the treatmer®.ogbrotegensCHAO, and the
combination treatment d®. protegen<CHAO and 0.1%ANE signifiantly inhibited the

spore germination of FOC and the ANE treatments did not inhibit germination of FOC
spores. We observed that the spore germination rate in control was only around 57% (Table

D1). Therefore, we extend the incubation hour from 4h to @meiiollowing experiments.

The results of Part D.1.2 showed that, compared with the control (water) group, all

treatments except 0.1%ANE exhibited an inhibitory effect on spore germination (Table
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D2). However, the spore germination rate of the control) (WBs 24%, which was no
different from that of the other treatments that containing LB brotdAQ-L, CHAO-
L+0.1%ANE, CHAGS, 0.1%ANE+CHABS, 0.1%ANELB). Similar results were also
found in the KB broth groufrable D3)

Table D 1. Inhibitory effect ofP. protegen<CHAO and/or ANE on spore germination of

the pathogenData were analyzed using Okéay ANOVA. Grouping was done using
Tukeys pairwise comparison and 95% confidence.

Treatment Germination rateN S E
Control 57.1+1.8 a
ANE 48.7+47 a
CHAO 22.86.9 b
CHAO+ANE 23.4+01 b

Table D 2. Inhibitory effect ofP. protegensCHAO living cells (CHAGL) or celtree
supernatant (CHA®) in LB broth, 0.1%ANE, 0.1%ANE in LB broth and their
combination (0.1%ANE+CHA®, CHAGL+0.1%ANE) on spore germination of the
pathogenData were analyzed using Okiéay ANOVA. Grouping was donesing Tukey's
pairwise comparison and 95% confidence.

Treatment Germination rateN S E
Control (water) 74.9+49 a
0.1%ANE 63.5+3.3 a
0.1%ANELB 30.541.0 b
0.1%ANE+CHAGS 29.3+6.6 b
Control (LB broth) 23.7£33 b
CHAO-S 21.9+33 b
CHAO-L 15.8+14 b
CHAO-L+0.1%ANE 10.5+0.6 b
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Table D 3. Inhibitory effect ofP. protegensCHAO living cells (CHAGL) or cellfree
supernatant (CHA®) in KB both, 0.1%ANE, 0.1%ANE in KB broth and their
combination (0.1%ANE+CHA®E, CHAGL+0.1%ANE) on spore germination of the
pathogenData were analyzed using Oidéay ANOVA. Grouping was done ung) Tukeys
pairwise comparison and 95% confidence.

Germination rateN S E

Treatment
Control (water) 67.5£18 a
0.1%ANE 64.6+33 a
0.1%ANE+CHAQS 36.7+0.8 b
CHAO-S 36.3+3.3 b
Control (KB broth) 34.9+11 b
0.1%ANEKB 34.7£2.2 b
CHAO-L 28.6x1.5 bc
CHAO-L+0.1%ANE 19.0+2.4 C
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APPENDIX E THE ACTIVITY OF ANTIFUNGAL SUBSTANCES PRODUCED
BY P. PROTEGENSCHAO IN MYCELIAL GROWTH OF FOC

E.1 METHODOLOGY

E.1.1 FILTER PAPER DISC DIFFUSION METHOD

The influence of ANE on the inhibitory effect of bacterial secondary metabolites on the
mycelial growth of FOC was accessed by the disc diffusion §Bsger et al., 1966and

agar diffusion assafChoyam et al., 2015)

Mycelial disc inoculation

The stock culture oP. protegen<CHAO (ODsoo=0.9 Was diluted to 1:100 with LB broth,
which was supplemented with different concentrations of ANE (0% and Oab%b)
incubated for one to seven day8&t2°C and 180pm. The culture supernatant for each

day was collected after centrifugation at 98Pt for 15 min. The resulting supernatant
was then filtered throughsyringe filter MWR® syringefilters, PTFE, 0.2 m) prévent

the presence of bacterial cells. Clean LB broth was used as the control. A mycelial disc (6
mm) was cut from the growing edge @teverday-old culture of FOC and then placed on

the center of each new PDA plate. The filtered supernatants (15 pl) were spotted onto each
sterilized filter paper disc (im), which had been placed on each PDA plate 3cm away
from each mycelial disc. Thdiscs were air dried, and another 15ul of supernatant was
added. The total load per filter was finally 30 ul. PDA plates were incubated at 28+2°C for

7 days.

Spore suspension inoculation

The stock culture oP. protegensCHAO (ODsoo=0.9 Was diluted to 1:100 with LB broth,
which was supplemented with different concentrations of ANE (0% and Oaifb)
incubated for 14 days a@8+2°C and 180 rpm. The culture supernatant was collected after
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centrifugation at 9600 rpm for 15 min. The resgtsupernatant was then filtered through
asyringe filter (MWR® syringefilters, PTFE, 0.2 m) prévent the presence of bacterial

cells. Clean LB broth was used as the control. FOC spore suspension (0.1mL) was spread
uniformly on the surface of each PD/Aaf# by using andshaped cell spreader. The filtered
supernatants (15 ul) were spotted onto each sterilized filter paper diso)(6vhich had

been placed on each PDA plate 3cm away from each mycelial disc. The discs were air dried,
and another 15 pl olpernatant was added. The total load per filter was finally 30 pl. PDA

plates were incubated at 28+2°C feB 2lays.

E.1.2 AGAR WELL DIFFUSION METHOD

The stock culture ofP. protegen$CHAO (ODeoo=0.9 Was diluted to 1:100 with LB broth,
which was supplesnted with different concentrations of ANE (0% and 0.1&aj
incubated for 14 days a88+2°C and 180pm. The culture supernatant was collected after
centrifugation at 9606m for 15 min. The resulting supernatant was then filtered through
asyringe filte (VWR® syringefilters, PTFE, 0.2 m) prévent the presence of bacterial
cells. Clean LB broth was used as the control. A sterile cork borer was used to construct
three wells (5mm) in each new PDA plate. FOC spore suspension was spread uniformly
on thesurface of each PDA plate. One well was filled with CHAO supernatant, one well
was filled with supernatant of CHAO in 0.1%ANE, and the last well was filled with control

(LB broth). PDA plates were incubated at 28+£2°C #& @ays

The diameters of inhibibn zones for each disk and each well were measured as Figure E1.

The inhibition percentage for the mycelial disc inoculation group was calculated as follow:
) T EE AEBAQEAAPOACA—E WM
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Myecelial disc Spore suspension
inoculation inoculation

O CHAO supernatant

@ CHAO0+0.1%ANE supernatant
@ Control (LB broth)

® Mycelial disk

© Growth mycelia

Figure E 1. Example plate layout for mycelial disc and spore suspension inoculation.

E.2 RESULTS

The celtculture supernatants &f. protegensCHAO cultured in LB broth and 0.1%ANE
amended LB broth for one to 7 days did arhibit significant antifungal activity (Table
El1&Figure E2). We also did not observe the presence of a clear zone around the disk or
the agar well in the supernatant of culture supernatarits mfotegen<CHAO cultured in

LB broth and 0.1% ANE amended UBoth for 14 days.

Table E 1. Antifungal activity ofP. protegen€HAO cultured in LB broth and 0.1%ANE
amended LB broth for one to seven days incubation by filter paper disc method.

Treatment Inhibition percentage (%)
1D 2D 3D 4D 5D 6 D 7D
Control 0 0 0 0 0 0 0
CHAO -3.3 -1.7 -05 1.3 22 2.6 44
CHAO+0.1%ANE 0.2 0.0 0.0 04 -4.4 3.1 3.2
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O CHAO supernatant
@ CHAO+0.1%ANE supernatant

@ Control (LB broth)

Agar well diffusion method

Disc diffusion method
Spore suspension inoculation ~ Spore suspension inoculation

Disc diffusion method
Mycelial disc inoculation
14 Days incubation of P. 14 Days incubation of P

7 Days incubation of P.
protegens CHAOQ protegens CHAQ protegens CHAO

Figure E 2. Evaluation of the antimicrobial activity of culture supernatan.of
protegensCHAO cultured in LB broth and 0.1%ANE amended LB broth against FOC.
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APPENDIX F SEED TREATMENT IN VIVO TEST

F.1 METHODOLOGY

F.1.1 SOAK INOCULATION

Sterilized onion seeds weirabibed in SDW overnight for stratification. Then, seeds were
soaked in FOC spore suspension (1% CMC spdres/mL) or 1% CMC solution for one

to two hours for the with pathogen inoculation group and the without pathogen inoculation
group, respectivelySoaked seeds were then air dried in a laminar flow hood. Seeds (14
seeds per Petri dish) were sown in eachmbd Petri dish (100nm*15 mm) which was

filled with around 18g Pronix BX (without mycorrhizae). Each treatment solution (Table

F1) was evenly addeto each Petri dish (20mL per Petri dish).

F.1.2 SOIL INOCULATION

Sterilized onion seedsere soaked in each treatment solution (Table F1) containing 1%
CMC overnight. Soaked seeds were then air dried in a laminar flow hood. Inoculum
suspension (FOC spension) was mixed into Rmix (10° spores/g of Pranix) and then
distributed into each Petri dish. Then, treated onion seeds (14 seeds per Petri dish) were
sown in each Petri dish. For the without pathogen inoculation group, the same volume of

SDW as tle spore suspension was mixed into-Rrig.

All Petri dishes werglaced in a growth chamber, which was adjusted to 22+2°C
(day/night) with a photoperiod of 16(cool white fluorescent tube lights, 150 umdPm

s ). water was added daily to ea@hbtri dish.
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F.2 RESULTS
We observed that pathogeninoculated seeds germinated gradually, while pathogen

inoculated seeds in both soak and soil inoculation groups rarely or did not germinate.

Table F 1. E. cloacaeCAL2 and ANE #one or their combination are evaluated for their
efficiency for seed treatmernits vivotest.

. Concentration of E.
Concentration

Treatments of ANE (%) cloacaeCAL2 Other
(c.f.u./mL)
Control - - water
0.001 -
With 0.01 -
pathogen ANE 0.1 ]
Wi?;‘gut E. CloacaeCAL2 ] 1078
pathogen E. Qoacae 0.001 10”8
inoculation CAL2+ANE 0.01 108
0.1 1078
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APPENDIX G THE FINAL SEQUENCE OF FA AND FB

Fa: 477bp

CCGAGTTTACAACTCCCAAACCCCTGTGAACATACCACTTGTTGCCTCGGCGG
ATCAGCCCGCTCCCGGTAAAACGGGACGGCCCGCCAGAGGACCCCTAAACTC
TGTTTCTATATGTAACTTCTGAGTAAAACCATAAATAAATCAAAACTTTCAAC
AACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGATAAG
TAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG
CCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAG
CACAGCTTGGTGTTGGGACTCGCGTTAATTCGCGTTCCCCAAATTGATTGGCG
GTCACGTCGAGCTTCCATAGCGTAGTAGTAAAACCCTCGTTACTGGTAATCGT
CGCGGCCACGCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTA
GGA

Fb: 467bp

ACTCCCAAACCCCTGTGAACATACCACTTGTTGCCTCGGCGGATCAGCCCGCT
CCCGGTAAAACGGGACGGCCCGCCAGAGGACCCCTAAAACTCTGTTTCTATA
TGTAACTTCTGAGTAAAACCATAAATAAATCAAAACTTTCAACAACGGATCT
CTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGATAAGTAATGTGAA
TTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGT
ATTCTGGCGGGCATGCCGTTCGAGCGTCATTTCAACCCTCAAGCACAGCTTG
GTGTTGGGACTCGCGTTAATTCGCGTTCCTCAAATTGATTGGCGGTCACGTCG
AGCTTCCATAGCGTAGTAGTAAAACCCTCGTTACTGGTAATCGTCGCGGCCAC
GCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGA
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