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Abstract

Bio-stimulants have demonstrated significant positive outcomes in
enhancing plant health, boosting soil fertility, mitigating the adverse
effects of environmental stress on plant growth, improving tolerance to
heavy metal contamination in soilné augmenting crop quality and
yield. Limited studies have reported the usage ofshimulants in
soilless nedium to enhance plant growtyield and quality Thereare

lack of innovative microbial andlantbasedbio-stimulants for soilless
cultivation systems.Only scarce information is availablen the
combined effect of bikstimulants of variousorigins Furthermore,
microbialtbasedbio-stimulants have short shdife, which makes them
not suitable for soilless syghs. The hypothesis of the study -
application of nan@ncapsulated bistimulants, specifically endophytic
plant growthpromoting bacteria and moringa leaf extract, may
positively impact the growth, yield, and quality of chilli plants cultivated
in sdlless mediaThe main aim of this study is to evaluate the synergistic
effect of naneencapsulated bistimulants consisting of endophytic

bacteria and moringa leaf extract in soilless medium.

To acheve this objective, this research was conductesing
encapsulated nadmo-stimulantto overcomeherapid degadation and
increase the absorption efficiency by plasventy endophytic bacteria
were screened for various bi@shical assays and plant growth
promoting traits in chilli seedlingd=resh and ¥ moringa leaf was
extracted using agueous and polar solvents via maugratecoction,
and infusion methods to determine thetokchemical contents and plant
growthpromoting efficiency of theextracts. Later, the selected
endophytic bacteria was incamated with nanealginate whereas
moringa leaf extract was encapsuthténto naneemulsion. The
population of bacteria in nargel was determined after 6 months of
sheltlife, and naneemulsion was dracterized using zetasizefA

completely randomized bt design (RCBD) was adopted for this



experiment. There were two treatmeni4, (Liquid fertilizer) and T2
(Liquid fertilizer and nanencapslated biestimulant) with five
replicationsof each treatment. Each replication consists of eight plants.
The effciency of encapsulated nab@stimulant consisting of
endophytic bacteria and moringa leaf extract applied via drenching
method were evaluated on the seed germination, vegetative growth,
yield, and posharvest quality of chilli.Postharvest analyses itede
chroma value, phenolic, flavonoidscorbic acidand capsaicin content

of chilli fruits. Finally, chilli rootmicrobiome analysis was done using
next-generation sequencing (NG8&) determine the impact of nano

encapsuleed biestimulant on bacterigdopulation in chilli roots.

Bacillus subtilisand Streptomyces panaciradicisere selected from
seventy endophytic bacteria isolated from the leaf and root of neem,
sesbhania, moringa, and chilli plants. The selection was based on their
potential to exhilt beneficial traits in biochemical assays, reduce mean
seed germination time, increase germination energy, enhance Chilli's
root colonization, and improve chilseedlings' vegetative growth.
Aqueous extraction of dry moringa leaf produced more flavor{@#i89
quercetin equivalent mg/ml) compared to polar solvent extraction
methods. A combined application of moringa leaf extract and endophytic
bacteria demonstrated a positive response on titeara aboveground
biomass andigld of dhilli. Aqueous extration of dry moringa leaf could

be formulated into a stable oil-water naneemulsion with particle size
below 230 nm, polydispersity below 0.4, and a zeta potential value of
more than-30 mV. Endophytic bacteria were formulated into a rRano
alginate gel ad could maintain a bacterial population of 1 £ df@/ml
throughoutthe storage period of simonths. Naneencapsulated bio
stimulants, when applied together omsalless medium, increased the
yield, flavonoid, phenolicand ascorbic agdicontent of hilli. The total

yield of chilli plants treated with narencapsulated bistimulant was
575.41g, whereas chilli plants not treated with-&imulants recorded a
522.164q yield. Chilli plants treated with batimulant showed a higher L
value of-15.38+11.9and chroma valdeof 8.77+5.56 in chilli fruits



compared to-8.29+7.97 and 5.30+6 in chillies not treated with-bio
stimulants. This finding is in agreement with the enhanced
photosynthesis activity of chilli plants treated with-stomulants and the
metalmlites produced by endophytic bacteria such as rhodopsin,
rhodoxanthan, lycoxghan, rubixanthin, echinenonecarotene,
zeaxanthinand astaxanthin. Posdtarvest quality analysis revealed the
potential of naneencapsulated bistimulants in increasing flawmoid
content in red chillies to 15.7 mg/L, phenolic contents in green chillies
to 0.908 mg/L and ascorbic acids red chillies to 144.29 mg/L
compared to chillies that were not treated with-disulants Chillies
without bio-stimulant treatmentecorced 13.0 mg/Lof flavonoids, 0.82
mg/L of phenolic contents and 124 mg/L of ascorbic acid respectively.
Root microbiome analysis revealed that nengapsulated bistimulant
treatment has the majority of unique groups of bacteria that did not exist
in othe treatments. The principal variation of bacteria between
treatments was assessed based on Weighted UniFrac an€Btesy
distances, which explained 48.11% and 44.96 % of the total observed

variation.

This study has proved the potential of applyingemencapsulated bio
stimulants to positively promote the gritwyield, and quality of lilli
cultivated in a soilless medium. It is a pioneer research on the effect of
nanceformulated biestimulants in a soilless medium. However, further
research on thad»stimulant dosage, application time, and method could

maximize the benefit of bistimulant on crops.
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CHAPTER 1.0

Introduction

In recent years, the global population growth and rising demand for nutritious
food have been idefiittd as pressing issues, particularly in the yp@stdemic

and climate change era. Innovative and improvised technologies have been
introduced in modern crop cultivation to enhance crops' growth, resilience,
productivity, and quality. Promoting sustainatdgriculture practices has
become increasingly important to ensure that food supplies meet the increasing

demand while maintaining the quality of products.

In Malaysia, the National Agr&ood Policy 20242030 (NAP) aims to promote
sustainable and efficien agriculture practices and encourage modern
technologies to improve agricultural productivity. Additionally, the Malaysian
government's 'MyOrganic' initiative, launched in 2018, promotes adopting
organic farming practices, including estimulants and o#fr natural inputs, to
improve soil health and plagrowth. In Malaysia, the bistimulantmarket is

still nascent and relatively small compared to other countries in the region.
However, the market is expected to grow in the coming years due to increasing
demand for sustainable agricultural practices and the government's initiatives to
promote organic farming. According to a report by Mordor Intelligence, the bio
stimulant market in the AsiRacific region, including Malaysia, is expected to
grow at a compund annual growth rate of around 11.2% from 2020 to 2025,
while the global biestimulant market was valued at USD 2.4 billion in 2020 and

is projected to reach USD 4.9 billion by 2026, growing at a CAGR of 11.3%
during the forecast period (202026).

Eco-friendly soil amendments and conditioners have been explored extensively
to revitalize soil health from the adverse impacts caused by chemical fertilizers.
Soil degradation, nutrient pollution, greenhouse gas emissitrophication,

and pesticides leaing into the surrounding soil were among the significant
effects of chemical fertilizers and pesticides that have led to low soil organic
carbon and reduced soil microbial biodivergltyArif, Batool, & Schenk, 2020)
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The conventional methods using soil as the planting medium have caused many
soil-borne diseases and declined soil fertility due to heavy metals toxicity,
drought, salinity, and acidity. The problems causgdoil as a planting edium
haveallowed the soilless medium to invade the agricultural systems with many
benefits. In recet years, soilless agriculture sxagrown in popularity among
commercial farmers, where hydroponics involves the direct provision of nutrient
solutions in diquid medium. Incontrast, the solid medium includes growing
plants in peat, perlite, vermiculite, coco peat, rock wool, sand, and sawdust
enriched with nutrient solutionAzizoglu et al., 2021) However, soilless
growing mediums lack the complex microbial communities found in soil, so
incorporating beneficial microorganisms into soilless growing systemsecan b
essential for achieving optimal plant growth and crop productivity. By
manipulating the microbial community in the rhizosphere of the soilless systems,
plant nutrition could be increased in addition to reducing the plant stress
response and pathogen akéEdmonds, Sackett, Lomprey, Hudson, & Moser,
2020) One standard method is using plgmwthpromoting rhizobacteria
Root colonizing PGPR hdeen used in soil and soilless crop cultivation systems
due to their positive effects on nutrient uptake, plant stress control, and
antagonism with pathogs (Balliu et al., 221)

Bio-stimulants are substances of natural origin that can improve the
physiological functions of plants, resulting in increased uptake ofemtsyi
higher crop yield, and improvestop quality(Agliassa et al., 2021 hey offer
unique benefits that can complement-fadilizers and organic amendments in
crop production. PGPR acts as phytostatars by synthesizing various
phytohormones that could influence cell division, cell ermargnt, root
initiation, phototropism, growth rate, apical dominance, and plant geotropism
(Bhat et al., 2022)In addition, it cou increase abiotic stress tolerance, fix
nutrients for easy absorption, activate plant growth regulator synthesis,
producing siderophores, volaiorganic compounds, and protective enzymes
(Bhat et al., 2022)Applying beneficial microorgasms could enhare plant
growth and yield via various direct and indirect methods. Direct methods such
as nutrient solubilization and mobilization, phytohormone production, chelating

compounds production for nutrient transportation, and plant stress alleviating
2



compound poduction have been discussed extensively in past research. Indirect
methods such antibiotic production enzymes related to fungal wall lysis and
antifungal and antibacterial compounds production were also necessary to
protect plants from pests and disegpromoting their growth and yigllidumari,
Bhatnagar, Bepali, Mehla, & Vashistha, 202Z)richoderma Pseudomonas
Bacillus Arbuscular Mycorrhizal Fungi (AMF), PhosphobacteAapsprillum
Azotobacter Rhizobium etc., were among the beneficial microorganisms that
were introduced as bifertilizer or biostimulant for crop growth and yield
(Kumari et al., 2022)Beneficial microorganisms could act as-btonulants
enhancing plant growth and crop productianresponse to abiotic stress in
extreme environmentgRomano et al., 2020 he inadequate delopment of
microbial inoculants due to issues with formulating them has resulted in a lack
of successful inoculants capable of performing their intended functions;, hence
immobilization has been recommended to create effective formulations for
PGPR inocudnts (Vassilev et al., 2017)

Likewise, the application obio-stimulans made from plant extracts is also
deemed to boost the growth and yield of crops. Plant extracts that have been
added as bistimulans are also reported to bring benefits tonplgrowth and
production. Moringa leaf extract was regarded as gdased and a cheap source

of natural plant growth enhancdisAfzal, Akram, Rehman, Rashid, & Basra,
2020; D. S. Arora & Kaly 2019; Refai et al., 2023} contains various beneficial
vitamins, nutrients, flavonoids, phenols, and phytohormones, which can
positively impact crop growth and developmefiashamaite, Ngcobo,
Manyevere, Bertling, & Fawole, 2022)here has been growing interest among
researchers in exploring the potential of moringa leaf extract to enhance crop
yield and quality. A study has suggestdtitt biostimulants derived from
moringa leaf extracts are easy to prepare, cheap, effective, and environmentally
safe(Zulfigar, Casadesus, Brockman, & MurBésch, 2019) Another study

has suggested that moringa leaf extract can serve asral tédestimulant due

to cytokinin (zeatin), gibberellic acid, ascorbic acid, phenolic compounds, and
other minerals in significant quantities. These compounds danea plants'
antioxidantand nutritional profile, thereby, increag their growth and wld (M.

S. Rana, Hoque, & Abedin, 201®#dditionally, it is proverthat moringa leaves
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are rich in various active compounds that could enhance crop gfatuthad,
Tanveer, Liagat, & Dole, 2019; Alkuwayti, Hherif, Yap, & Khattab, 2020;
Hussain et al., 2021; Rady& Kukv.ur an,
However, to date, there has been limited research into developing an optimal

formulation for using moringa leaf extract as a-sionulant.

While bio-stimulants can provide many benefits to plants, some limitations and
challenges & associated with their use. Bsimulants' limitations include lack

of standardization, variable effectiveness, limited research, cost, and
compatibility with other bieproducts. Due to being a relativetyew area of
study, regulationand standardizatiohave yet to be firmly established for bio
stimulant production. The limited application of fttmulants, particularly in
developing countries such as Malaysia, can be attributed to several factors,
including a lack of research on their effectivenesspartific crops and soilless
media, limited knowledge about their compatibility with other-&tionulants,
unclear understanding of their mode of action; as well as challenges related to

storage and high production cost.

Chilli is a highvalue and higidemand vegetable crop essential to Malaysian
cuisine(Yusoff et al., 2022)Besides their economic importance, chilli fruits rich

in vitamins, phenolis, and flavonoids are vital for human heal@ui et al.,

2022) The selsufficiency level of chilli productiom Malaysia is only 51.%
(Zakaria, Ismail, Awang, Megat Wahab, & Berahim, 202hus, Malaysia
imports 3% chillies from Thailand and Vietnam to fulfill the demaptlisoff

et al., 2022) Pest, disease, and high temperature have been identified as the
major contributors to a decline in Malaysia's khgroduction(Cui et al., 2022;
Yusoff et al., 2022) Thus, soilless chilli cultivation is becoming increasingly
popular in Malaysia as farmers seek totimize the yield and reduce the

environmental impadZakaria et al., 2020)

Nanoparticles have a direct effect, such as the availability of nutrients in the
rhizosphere, and andirect impact, such as the stimulating effects on bacterial
community in a planmicrobe interactior{S. Rai et al., 2023)Thus, the plant

growth-promoting endophytes and moringa leaf extracts were encapsulated in
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this study as bistimulant for chilli plants grown in a soilless medium. This
reseach assessed the combined application of remuapsulated moringa leaf
extract and PGP endophytes 4siimulant on chilli crops grown using the
soilless medium. Nanencapsulation method was used to prepare the bio
stimulants to extend the shdifie and b increase their penetration to plant cells
during application to achieve optimum growth and yield.

1.1 Hypothesis

This study hypothesizébatcombning bio-stimulants, specifically endophytic
plant growthpromoting bacteria and moringa leaf extraciyrpositively impact

the growth, quality, and yield of chilli plants cultivated in soilless media.

1.2 Objectives

The main objective of this research is to assess the effectiveness of the
encapsulated bistimulant consisting of endophytic bacteria andringa leaf
extract on chilligrowth, yield, and quality in the soilless medium by the
drenching methodl'he main objective was achieved by accomplishing five sub
objectives representing five experimental chapters.

a) Chapter three demonstrated the isotatend screening of beneficial
endophytic bacteria using biochemical assays.

b) Chapter four described the effect of endophytic bacteria on the
vegetative growth and yield of chilli and the selection of potential
bacterialbio-stimulant candidates.

c) Chapter ive has shown the impact of moringa leaf extract on the
vegetative growth and yield of chijlland the extraction method and
solvent selection.

d) Chapter 6 demonstrated nafommulation preparation for endophytic
bacterial ananoringa leaf extract

e) Chapter7 determined the effect of the combined application of hano
encapsulated bistimulant on chilli growth, yield, and qualjtsgnd their

impact on the root microbiome of chilli grown in a soilless medium.



1.3 Impact of research

This research can be regaddas the pioneering research on develppin
environmentally friendly nanéormulation using endophytes and moringa leaf
extract for sustainable crop cultivation. It could significantly impact farmers'
economic growth if the bistimulant amendment canarease the yield and
quality of chilli in a soilless medium that merely relies on hydroponic liquid
fertilizer (AB fertilizer). Integrating nanotechnology in this research is expected
to stabilize the endophytic bacteria and biological compounds of naoléad
extract during storage. This technology could be explored further to be applied
along with liquid fertilizers in fertigation and hydroponic systems for various

crop cultivation.



CHAPTER 2.0
LITERATURE REVIEW

2.1 Sustainalde Crop Production

The United Nation's Food and Agriculture Organization has set a goal for 2030
that focuses on sustainable technologies for producing essential goods,
implementing adaptable farming systems that boost productivity and production
while preserung the ecosystem, enhancing resilience to climate change, extreme
weather, droughts, and other disasters, and gradually improving soil quality.
Agriculture has been the backbone of the economic development of a nation.
Sustainable crop production is crdcfar ensuring food security, reducing
environmental impact, and fostering letegm financial stability in a country. It
refers to the methods and practices used to produce crops that meet the demands
of the increasing population without compromisingtmaquality of the produce.
Farming techniques that are environmentally friendly and economically viable
are essdral to improve livelihood and productivity without harming the

environment.

In Malaysia, the government has taken several measures to ageoura
sustainable crop production, promote -gendly practices, mitigate the
harmful impact of agriculture on the environment, and foster sustainable
economic development in the agricultural sector. These policies and initiatives
encompass a range of are@eluding reducing pesticide use, adopting organic
farming practices, and promoting Hiertilizers and organic amendments in crop
cultivation. The National Agré-ood Policy 20222030 aims to transform the
agriculture and agrtood sector towards sustainle, inclusive, and competitive
growth. The policy promotes sustainable crop production, resedficesnt
agriculture, and environmentally friendly practices. Aside from this, the National
Key Economic Areas (NKEASs) identified the agriculture sectamesof the key
economic sectors to increase productivity, create employment opportunities, and
promote sustainable practices in the agriculture sector. Apart from that, the
Integrated Pest Management (IPM) Program encourages using environmentally

friendly pest control methods to reduce harmful pesticides in crop production by
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reducing the negative impact of pesticides on the environment and human health.
In addition to all these efforts, the government of Malaysia provides financial
incentives and technicauipport to farmers who adopt organic farming practices.

It aims to promote sustainable crop production by reducing synthetic inputs and

promoting natural resource management.

2.2 Major Challenges in Crop Roduction

Extreme weather change, soil degramatiwater scarcity, lack of modern
farming technologies and pest diseases that damage crops, declining soll fertility
and increasing soil contamination, and environmental stresses have been the
significant limitations in crop cultivation in the last feways that have
contributed to the reduction of yields and quality. In Malaysia, limited arable
land availability, extreme climate change, soil degradation, limited water
availability, pest and disease outbreaks, and labor shortages are a few factors that

negativelyaffectagriculture sustainability in the long term.

Food safety and security are essential to nurturing a healthy and productive
society. Unfortunately, most food producers use excessive chemicals such as
fertilizers, pesticides, insecticidesycafungicides that can deteriorate human
health and harm biodiversityMeena et al., 2017)Apart from causing
environmental pollution and posing a health risk, frequent andapgication

of chemical fertilizers could reduce soil fertility.

Soil fertility is one of the primary threats to agricultural productivity that can be
improved by biological nutrient cyclingM Kaleem Abbasi & Anwar, 2015)

The fertility of Malaysian tropical soil, such as peat, sandy, and acid sulfate, is
mostly low. In addition, solil riesness has further deteriorated tremendously due
to excessive and imbalanced use of agrochemicals such as fer{fidarsh
Kumar, Usmani, & Kumar, 2017pesticides, herbicidgSun et al., 2019)and

insecticides.

Global warming has been regarded as the primary cause of biotic and abiotic

stresses to plants, such as extreme temperatlirgtysalrought, and pathogen
8



attack. These biotic and environmental stresses could hamper plants' absorption
and utilization of nutrients. A plant's nutrient use efficiency determines its health
and quality. Consequently, crops do not get enough specifients from the

soil (Meena et al., 2017Nutrient imbalance in a plant makes it mouénerable

to pathogenic attack@archiol, lafisco, Fellet, & Adamiano, 2020k may

cause a reduction in productivity, low quality of yield, stunted growtt,lew
immunity to plant diseases. New strategies have been explored for the

sustainable cultivation of crops.

2.3 Strategies for Sustainable Crop Gltivation

The Green Revolution succeeded in providing food security to meet the growing
global population However, its heavy reliance on fertilizers and pesticides
resulted in adverse environmental consequences. Alternative strategies for using
the chemicaldor plant disease control and plant growth stimulation are crucial

to ensure reduced negative impaots human health and the environment.
Promising strategies such as implementing sustainable farming practices,
developing droughtesistant crop varieties, using integrated pest management,
improving soil health, and investing in modern farming technosogie vital to
overcoming the challenges for enhanced food security. Previous studies have
reported that productivity can increase te@¥ when applied plasgrowth
promoting rhizobacteri@Nwachukwu & Babalola, 2022New biocontrol and
bio-stimulant products based on the consortia of microosgasior natural
substances could be a better strategy to improve their efficiéBegset
Manzoni, Rieusset, Joly, Comte, & Prig&xdmbaret, 2018)(H. Li et al.,
2021puggested seed bmiming with beneficial microorganisms as an
innovative crop protection tool for sustainable crop yieldrowpment. Bie
stimulants can induce the end of dormancy and boost the germination of
numerous plant species, even in abiotic stress, by modifying the physiological
processes withintheseddShub hpri ya Gupta, Dolegal,
Staden, 2022)Aside from this, biestimulants in organic farming can improve

plant resilience to nutrient limitatior{fgarabulu et al., 2021)



The lack of agricultural land has been a critical issue worldwide due to
modernization and urbanization. Soilless production systems over conventional
systems give higher yields, better pest control management, and more efficient
labor use (Adak, Tozlu, & Gubbuk, 2018) Incorporating beneficial
microorganisms suclas cyanobacteria in the rooting medium should be
emphasized as an economical and sustainable strategy to increase the availability
of primary and micronutrients in the soilless medi(iéharti et al., 2020)
Applying bio-stimulants can help address nutrient deficiencies in soilless
growing media. Biestimulants' effect in improving nutrient content was proven

by cultivating strawberry plants in a soilless medium that exhibitetiB&20%
increase in fruit yield, skin firmness, and high nutritional vdeppelsa et al.,
2019) Furthermore, applying bistimulant treatments in existing farming
systems resulted in a 70% and 50% increase in cassava and okra yields,
respectively. Biestimulant application allowed a reduction in nitrogen fertilizer
use while still achieving optimal yields at lower rates of N fertilizaf@anellas

et al., 2022)

2.4  Taxonomy and Boany of chilli

Chilli belongs to theCapsicumgenus andSolanaceadamily. Twentyfive
species within the genus have been grown and cultivated globally. Out of these,
C. annuumC. chinensgC. frutescenceC. pubescenceandC. baccatumare
recognized aslomesticated plantd.ob, Aris, Sidique, Ibrahim, & Jin, 2017)

The genus comprises a diverse group of sweet and hot chilli pefpersg all,

C. annuumis the most widely cultivated and economically important species and
includes both sweetind pungenfruited ailtivars of various shapes and sizes.

C. annuuni. are perennial woody plants grown as herbaceous annuals. It is said
to be the firstever domesticated crop in AmericBhe species are grown in
temperate climates, but they are especially productive in wadary climates.

It is also known as bell peppers.

Chillies can be eaten raw, cooked, pickled, roasted, or dehydrated. Chilli extracts
contain phytochemicals including vitamin C, A, flavonoids, anthrocyanins,

capsaicinoids, and carotenoids. It is asgood source of vitamin C, vitamin A,
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vitamin E, vitamin B5, potassium, magnesium, iron, calcium, phosphorus, and

carotenoids.

The Capsicum annuunplant is a tender perennial subshrub, with a densely
branched stem. The plant reaches-0% m tall depenling on the species.
Typically leaves are smooth, simple, entire, glabrous, and flat. The flowers are
usually solitary, and creamy white, and the seeds are-stined.Single white
flowers develop into the fruit, typically green when unripe. Ripeningtsfr
usually change to red, yellow, orange, or rédprootsare strong,and lateral
rootsarenumerous. Stem irregularly angular to subterete, up to 1 cm in diameter,
much branched, often tomentose near branchings, green to-greem, often

with purplish spots near nodes. Leaves alternate, simple, variable; petiole up to
10 cm long; leablade ovate. Flowers, usually borne singly, terminal; pedicel up
to 3 cm long in flower, up to 8 cm long in fruit; calyx esipaped, persisterand
enlarging in fruit(K. R. . Swamy, 2023)

2.4.1 Chilli C ultivation in Malaysia

Chilli is widely grown worldwide, particularly in Asian and South American
countries. They are the mature fruits of differepecies of theapsicumgenus

and serve as a popular condiment and vegetable in co@kidgang et al2018)

It is also an important agricultural crop known for its nutritional value as an
excellent source of phytochemicals with antioxidant prope(tetani et al.,
2015)

Global chilli production is reported to increase by nearly 30% due to its
increasing demand and wide utilization in cuisines, pharmaceuticals, cosmetics,
and natural coloring agents. In Malaysia, chilli varieties such as kulai 469, kulai
151, kulai 223, kulai 461, and kulai 568 are preferred by chilli growers. The
chilli varieties grown in Malaysia include local and imported varieties, with
someoftemosp o pul ar b e iandgillagddchiti.dAtccerdire yo ¢hé

crop statisticareport 2019 by the Department of Agriculture Malaysia, chilli
plantations in Malaysia cover 2,664 ha of plantation area and 26,354 metric tons

of production yearly. However, about 39% of the country's demand for chilli is
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met by importation from Thailandnd Vietnam, especially during festive
seasons(Yusoff et al., 2022)Some of the significant chilirowing regions in

Malaysia include Kelantan, dor, and Pahang.

Chilli can be grown in various soil types, although veglined soils with good

fertility and organic matter are generally preferred. The crop can be produced
using conventional and organic farming methods, using a range of inputs,
including fertilizers, pesticides, and other agrochemicals to manage pests and

diseases.

Soilless culture under a protected structure has been used in Malaysia for
commercial vegetable production to improve plant growth, yield, and farmers'
income (Zakaria et al., 2020)Soilless chilli cultivatio in Malaysiatypically

usesa substrate or growing medium, such as rock wool, coco coir, or peat moss,
to support the plant roots. The subtgria then irrigated with nutriemich water

to give the plants essential nutrients for growth. Soilless cultivation has several
advantages over traditional sbihsed cultivation methods. With soilless
cultivation, the grower has precise control oventhgient levels in the growing
medium, which can result in better plant growth and higher yields. Soilless
cultivation uses less water than traditional b@ised methods:urthermore, it

can be done in a smaller area than conventionabasgd methodss the plants

are grown in a vertical system or another sgeftieient setup. It also can reduce

the incidence of pest and disease problems from soil pathogens. In short, the
advantages of soilless production systems over conventional systems are higher
yield, better pest control management, and more efficient lab@¢Ads& et al.,

2018) Plant biestimulant provide an excellent fiith the soilless system due

to their ability to improve nutrient use efficiency, t@ece to abiotic stress, and

improved quality of producéAdmane et al., 2023)

Chilli i s primarily grown in lowlands using conventional and fertigation systems.
Fertigation systems are more popular among entrepreneurs as the growth and
yield of chilli have been reported to increase by 3imes greater than
conventional cultivation system&. Mohd, Arshad, Muhammad, & Sidek,

2014) Despitethe high cost and initial capital required to implement the
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fertigation system, higher production levels offset these expenses. By utilizing
this method, it is possible to achieve a significant increase in yield, up to two or
three times higher than theroventional approach, which provides substantial
net income for entrepreneufs. S. Mohd, Arshad, Farah, Muhamad, & Sidek,
2016) Nonetheless, a viability analysis demonstrated that this technology has a
strong competitive advantage due to its ability to generate higher returns than
the conventinal method. It is aligned with the current agricultural practices of

sustainable agricultural development.

2.5 Application of Organic and Microbial Bio-stimulants in Chilli

Cultivation

Chilli cultivation can significantly benefit from incorporatingrganic
amendments into the soil, as it can lead to a range of advantages, such as
increased soil fertility, improved nutrient availability, and accelerated plant
growth. Organic amendments are substances added to soil to increase its organic
matter contentwhich can improve soil structure, wateslding capacity, and
nutrient availability.

Plant growthpromoting bacteria (PGPB) have been widely reported to increase
crop yield and shovenhancedyrowth on various plants. However, reports on
successful cases bio-formulation on chilli growth and yield are still limited.

A study on the impacts of bistimulant during an entire cycle of chilli
cultivation showed positive effects on plant growth, fruit quality, and chemical
composition at flowering and matyritgrowth stageqErtani et al., 2015)
PGPBs were reported to revitalize soil characteristics and play an essential role
in converting pooxuality land into arable land (Gouda, George, Das,
Paramihiotis, & Shin, 2018) Green seaweed extracts have been reported to
induce the germination of pepper seeds up to @thu-Pandian Chanthini et

al., 2019) The seaweed extracts were ableugraent the soil in primed chilli
seeds. When goat manure and urea were applied in conjunction with EM4, they
synergized the growth parameters and vyield of the chilli plaraddition, he

use of urea was positively correlated with the leaf's nitrogertecbrand

chlorophyll index, while increasing amounts of goat manure showed a positive
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correlation with stomatal densi{$setiawan, Maghfoer, & Nihayati, 2016)he
inoculation of mineral solubilizing and nitrogéming bacterial strains resulted

in increased growth and physiological parameters in iivi, Kaur, Kour,
Yadav, & Suman, 2022However, a contradicting report indicated that applying
bio-fertilizer in various concentrations did not increase the average total
chlorophyll content of curly red chilli plant§Siswanti, Utaminingsih, &
Pangestuti, 2019) Likewise, it was found that phosphae@lubilizing
microorganisms and rock phosphate alone did not significarftlyencechilli
growth(M. K. Abbasi, Musa, & Manzoor, 2019Ylost studies have reportdtet
effect of PGPB on chilii grown on soil. Still, minimal studies have reported the
impact of biestimulant application for chilli growth in a soilless medium. Thus,
it is crucial to investigate the response of the chilli plant whesrstimoulant is

applie to the soilless medium.

2.6 Bio-stimulant for Crop C ultivation

When applied in small quantities, bstimulants are natural or synthetic
substances that trigger plants’ metabolic and physiological processes. In
addition, it could increase abiotic stsesolerance, fix nutrients for easy
absorption;activate plant growth regulator synthesis, producing siderophores,
volatile organic compounds, and protective enzy(Bt et al., 2022)Plant
bio-stimulant studies have gained the recent attention of the scientific
community and farmers due to their miiinctions, especially during this
period of drastic climatehange. It has greater scope to be developed into a more
refined product to assist the plant in combating climate change while boosting
growth and productivity. It plays both the roles of-Eestilizer and biecontrol,

where it can improve plants' physigioal responses towards nutrient
acquisition, increase nutrient absorption efficiency and tolerance to biotic and
abiotic stresses, and enhance plant growth, yield and health while reducing
mineral fertilizer consumption. Besides, {stmulant also couldiugment soil
microbial function, nutrients, and pH in the rhizosph@bkanmugam & Seth,
2018) Bio-stimulants could improve the biodiversity and nutrient composition
of the soil.
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Plant biestimulant is not dependent on their nutrient content but on the
stimulation of the plant's natural physiological processash asthe plant
growth or the plant's defense syst@n Bulgari, Cocetta, Trivellini, Vernieri, &
Ferrante, 2015; Chanda, Merghoub, & EL Arroussi, 20T@gy may contain
various active substances, inding beneficial microorganisms that work
together to trigger the plant's physiological system and stress tolesatte
improve production qualitChandaet al., 2019emphasized that the mode of
action of the plant bistimulants needs to be investigated to understand the
plant's metabolic pathway that the bioactive compounds in thetinaolant

might stimulate. The composition of plant fsbmulants usally is unknown

due to the complexity of the chemical compounds and the wide range of
substancefR. Bulgari et al., 2015)sed in their formulation. It contains various
bioactive compounds that might work in synergism with plants. However, the
mechanisms of each bgiimulant component need to be investigated to get a
holistic view of the physiological changes caused bydiimulant on soil and
plant(GarciaGaytan et al., 2018)n general, biestimulants have been reported

to work with numerous mechanisms, such as increased cation exchange capacity,
stimulation of plasma membrane #WPase, and activation of
phenylpropanoid metabolism, which ilves stress responses of plaf@ardin,

2015) The different components in the fomulant could be the precursors for

the biosynhesis of various compounds and diverse metabolic pathways.
Therefore, the mechanisms are pretty complicated and vague. However, the
phenotypic characteristics show that -Btonulants positively affect crops'
growth and yield. In addition, bistimulant pepared using the same raw
materials might have a different mode of action that depends on the processing
method(Rodrigues, Baptistella, Horz, Bortolato, & Mazzafera, 20Z0g effect

and way of action of the bistimulant might vary, although the origin of thie-
stimulant is the same. Most studies characterize thstimulating impact on

the raw material but fail to evaluate the presence and stability of the compounds
in the formulated products. The mechanisms ofdbimulant might differ
according to thei core function. For example, humic acids and protein
hydrolysates can enhance nutrient availability by modifying soil
physicochemical properties and forming complexes with micronutrients to

increase their availability for plant uptal€arabulut et al., 2021)
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Specific elicitors that influence plant growth or defense mechanisms would be
very helpful in addressing the significant challenges due to climate change.
Studies have indicatethat biestimulants applied with and without fertilizers
could increase seed germination, seedlings growth, plant physiological growth,
plant yield, and quality of fruits and vegetab{é®ourayya et al., 2020; M. Ali

et al ., 2019; Dutta et al ., 2019; Kap
Kar g é,. Naneb®) laboratory and fieltaled experiments have
corroborated the benefits and ieincy of biostimulants. It can tolerate
environmental stresses such as drought, salinity, and heavy metal pollution
(Forouzi, Ghasemnezhad, & Nasrabad, 2020; M. H. Hussein, Eltanahy, Al
Bakry, Elsafty, & Elshamy, 2021; A. Noman et al., 201B)ese are special
features not commonly found in other #iased or chemicddased agricultural

inputs.

2.6.1 Classification of Bo-stimulants

At the earlier stage, The European Btonulant Industry introduced eight
categories of bistimulantgCalvo, Nelson, & Kloepper, 2014owever, after

a few revisions tahe definition of biestimulant, the European Union (EU)
Fertilizing Products Regulation made a clebased definition proposal in 2019
(Ricci, Tilbury, Daridon, & Sukalac, 2019Here, the manufacturer might have

to justify the claims on the product's label whether thesbraulant ircreases
nutrient use efficiency antblerance against abiotic stresses, enhances the
guality of crops, osolubilizesthe fixed nutrients in the soil before placing it in
the EU market. Generally, the classification has been done based on the source
of the biestimulant, application method, active ingredients, target crop, and
physical form of biestimulant. Natural io-stimulants were made by enhancing

or modifying natural substanceb contrast, synthetic bistimulants were
artificial growth-regulating compounds to simulate the natural compounds with
growth-promoting and diseagmeventing effects on plants. For aample,
Cyanobacteriunbased silver nanoparticles are considered synthetie bio
stimulans, as the silver nanoparticles were biosynthesized from an aqueous

extract of the Cyanobacteriufdamed, Hagag, & Elaouf, 2019) The majority
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of carbon nanomaterials are synthesized, while some exist naturally. Organic
bio-stimulants can be extracted from microorganisms, plants, orgateciahs

and agricultural and industrial waste materials. In contrast, inorganic bio
stimulants can be made from mesoporous silica, hydroxyapatite, zeolites, metals,
and metal oxide for better efficiency. Therefore, there has yet to be acutear

classification for biestimulant.

2.6.2 Potential of Endophytic Bacteria as B-stimulant

PGPR acts as phytostimulators via the synthesis of various phytohormones that
could influence cell division, cell enlargement, root initiation, phototropism,
growth rate,apical dominance, and geotropism in plaf@bat et al., 2022)
Trichoderma PseudomonasBacillus ArbuscularMycorrhizal Fungi (AMF),
Phosphobacteriagdzosprillum Azotobacter Rhizobium etc., were among the
beneficial microorganisms that were introduced additilizer or bio-stimulant

for crop growth and yieldKumari et al., 2022)Beneficial microorganisms
could act as bistimulants and enhance plant growth and crop production in
response to abiotic stress in extreme environn{&umano et al., 2020Direct
methods such as nutrient solubilization and mobilization, phytohormone
production, chelatinggompounds production for nutrient transportation, and
plant stress alleviating compound production have been discussed extensively in
past research. Ingict methods such as antibigbi@duction enzymes related to
fungal wall lysis and antifungal and dwdicterial compounds production were
also necessary to protect plants from pests and disease, promoting their growth
and yield(Kumatri et al., 2022)

Benefcial microorganisms originating from the soil rhizosphere have been
found to have the ability to promote plant growth and increase soil fertility. They
are the most environmentally friendly and a better alternative to conventional
agricultural practices imattaining sustainable agricultu&hikha Gupta &
Pandey, 2019PGPRiIs used toproduce microbial stimulants and enhancers to
increase soil fertility, promote plant growth and prevent plant diseases. They
may avoid or limit the spread of disease via various mechanisms such as the

production of antibiotics, celivall degrading enzymekwering ethylene levels,
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induced systemic resistance of the host (ISR), decreasing the amount of iron
available to pathogens by siderophore production and the synthesis of pathogen
inhibiting volatile and notvolatile compoundgSantoyo, Morendlagelsieb,

del Carmen OrozeMosqueda, & Glick, 2016)

Endophytes are microorganisms that colonize plant tissues without inducing any
disease syptoms. It is a specialized group of rhizobacteria that have acquired
the ability to invade their plant host. Some unique features of the endophytes
should have facilitated the colonization in the host plant. It is indicated that root
colonization by bactéa is considered a requirement for a successful biological
control activity (Weng, Wang, Li, Shen, & Zhang, 2013Plants and
microorganisms communicate via chemical interaction, especially by
manipulating rhizodeposits from roots. Colonization by endophytes and the
adaptation to a niche requigenomic specialization as different plants attract
microbial populations to their rhizosphé€Farrar, Bryant, & Cop&elby, 2014)

The majority of the endophytesxist both as freéiving and endophytic
microorganisms because bacteria must demonstrate rhizosphere competence,
attachment to the root, and establishment in the host plant in the process of

transition from soil to the plant tissu@=arrar et al., 2014)

Due to the broad host range and successful colonization ability, endophytes are
proposed as a powerful tool in bamganic stimulant production. Furthermore,
the beneficial effects of the endophytic baieten host plants are usually more
significant than those of many rhizospheric bactéinaran Afzal, Shinwari,
Sikandar, & Shahzad, 2019) was also reported that plant growttomoting
bacterial edophytesmight demonstrate superiobeneficial activiy more
directly in the host thamhizobacteria(OrozcaMosqueda, Glick, & Santoyo,
2020) Endophytic bacteria belonging to one genus were reported to show a wide
range of host diversit§Audipudi, Chakicherla, & Bhore, 201 7he relationship
between endophytes and plants is unique as plants can select biomerdo

live within their tissue that can facilitate plant development by dissolving
insoluble nutrients in the soil, controlling phytopathogens, delivering plant
hormones, promoting plant growth, mitigating biotic and abiotic stress,

enhancing plant totance and biwemediating contaminated soil. Endophytes
18



encourage plant growth and protect the plant from pathogens; they can
communicate and interact with the plant more efficiently than rhizospheric
bacterigSantoyo et al., 2016l has been reported that endophytes isolated fro
moringa barks showed a significant increase in the shoot and root biomass in
tomato plants after treating tomato seeds with the endopli{has et al., 2016)

Plants deprived of endophytes would be more vulnerable to environmental stress
and diseases. Therefore, it is speculated that endophytes possess unique

characteristics as bistimulant or biefertilizer candidates.

2.6.2.1Phosphorus $lubilization

Phosphorus (P) is a major limiting nutrient in arable soils. Many mineral
fertilizers applied to soil become unavailable rapidly due to precipitation and
fixation with ferric and aluminum ions in acidic soils and calciunsim alkaline
soils. Only 0.1% of the total P in soil is estimated to be available for plant
assimilation (Rezakhani, Motesharezadeh, TelraBtesami, & Mirseyed
Hosseini, 2019) Thus, most of the arable soils are rich with fixed and
unavailable P that could be solubilized or released with the helgoibf
microorganisms. Phosphagelubilizing endophytic bacteria are of great
potential to ke biostimulants dueto their ability to increase phosphorus
bioavailability, soil fertility, and crop productivity. Microbial phosphate
solubilization is an important bistimulant trait via various mechanisms such as
phytase, phosphatase, organic acag] siderophore productidbe Zutter et

al., 2021) They were also suggested as a substitute for mineral phosphate
fertilizers to meet plants' P demagithlayu, 2019)

2.6.2.2Potassium ®lubilization

Potassium is an essential nutrient for planigh and development. It is highly
mobile as a positively charged cation and can be easily transported from the roots
to other plant parts. Its presence is crucial for synthesizing chlorophyll, which is
necessary for the plant's ability to do photosynghésurthermore, potassium
helps to regulate the opening and closing of stomata cells, which allows the plant

to control water loss through transpiration. It also promotes water uptake by the
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roots, ensuring the plant has access to enough water to sipgootvth. When
a plant experiences a potassium deficiency, it can result in decreased production

and yield.

Potassium solubilization refers to the process of making K available to plants by
converting insoluble forms of K in the soil into soluble formi$is process
occurs through various mechanisms, including weathering of minerals, synthesis
of capsular polysaccharides, and production of organic ligands. Capsular
polysaccharides are complex carbohydrates that some microorganisms can
synthesize. Thespolysaccharides can act as chelators, which bind to K and

make them more available to plants.

2.6.2.3Siderophore Roduction

The iron limitation is also another common problem in agricultural soils. Iron
deficiency in plants could disrupt chlorophyll prection in plants, which will
affect photosynthesis. Some beneficial microorganisms can secrete iron
chelating compounds or siderophores, which bind with iron to form a
siderophordéron complex. Siderophores with a great affinity toward¥ Eeuld

make itavailable for their growth and planiShikha Gupta & Pandey, 201%)

is typically used to control root pathogens by iron competition prodegsier

& Eberl, 2011) The siderophores produced by microorganisms can be classified
into four main classes such as carboxylate, hydroxamates, catecholate, and
mixed type. These microorganisms can bind toxic metals such34sACY,

PP+, Cd*, andHg?* and are thus used to detoxify heavy metal contamination in
soil (N. K. Arora & Verma, 2017)The ability to produce siderophore is one trait
that makes microbes successful competitors insthkeenvironmentLoaces,
Ferrando, & Scavino, 2011)

2.6.2.4Nitrogen Fixation

Biologicd nitrogen fixation is a classic example of a symbiotic relationship
between nitrogefiixing bacteria and plant root nodules. Rhizosphere

diazotrophs face different challenges compared to symbiotic nitrogen fixers
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because they are not provided with a stabhvironment like pH, energy,
nutrients, and oxygen, which are optimized for symbiotic nitrogen fixers by their
plant host(Smercina, Evans, Friesen, & Tiemann, 20E8wever, some free

living nitrogenfixing bacteria can also fix the atmospheric nitrogeto in
ammonia, making it accessible for plant uptake. The nitrogenase enzyme system
mediates this conversion. Nitrogenase is comprised of two metalloproteins: the
iron (Fe) protein, which synthesizes ATP, and the molybdeinom(Mo-Fe)

protein, which reducesubstrates such as Bnd protongSmercina et al., 2019)

2.6.2.5ACC Deaminase FPoduction

Ethylene is an essential modulator of plant growth and development and an
important feature in the response of plants to a wide range of stresses, including
nutrient deficiency, heavy metals, organic and inorganic chemiesiseme
temperatures, drought, flooding, salinity, ultraviolet light, insect, nematode and
phytopathogen damages and mechanical woui@lgk, 2014) ACC is
ethylene's immediate precursor, inhibiting seedling growth under various abiotic
and biotic stresses. Stress induces ACC oxidase that prompts the plant's synthesis
of ethylene and efensive genefGlick, 2014) ACC deaminase is an enzyme

that catalyzes the cleavwagf ACC, the immediate precursor of ethylene in

p | ant sketobutyrate@mnd@mmonia. It presents in the cytoplasm of bacteria
at a deficient level. ACC deaminapeoducing bacteria reduce plant ACC
concentration and the extent of ethylene inhibitidnptant growth. ACC
deaminase must function before any significant amount of A&iGase is
induced(Glick, 2014) Seeds coated with ACC deamingseducing bacteria

act as a mechanism to regulate ethylene level in plants so that it does not elevate
and harm root growtfZ. Li, Chang, Lin, Li, & An, 2011)It benefits ethylene

sensitive plants such as canola, pepper, and tom@@easose & Glick, 2003)

2.6.2.6Indole Acetic-acid Production

The production of Indok8-acetic acid (IAA) is a crucial aspect of plant activity
as it is the primary member of the auxin family respaledor regulating various

plant functions. IAA plays an essential role in activities such as leaf formation,
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embryo development, root initiation and development, abscission (the natural
falling of leaves), phototropism (the growth response to light) rgesm (the
growth response to gravity), fruit development, and more. IAA significantly
influencesoot growth, increasing the length and number of root branches, hairs,
and lateralgChandra, Askari, & Kumari, 2018This increased root growth, in
turn, aids in the uptake of nutrients from the surrounding soil, ultimately leading

to beter plant health and development.

A major pathway for the biosynthesis of Ind@eacetic acid (IAA) involves a
combination of transamination and decarboxylation reactionstofptophan
(L-Trp), carried out by microorganisms and plants. The processsagih
converting L=Trp into indole3-pyruvic acid (IPA) by aminotransferases, which

is then followed by the decarboxylation of IPA into IAA by decarboxylases. This
pathway is widely observed in various microorganisms and plants and is
considered one ohe primary mechanisms for IAA synthe$fswathy, Jasim,
Jyothis, & Radhakrishnan, 2013)

2.6.2.7Bio-control Activities of Endophytes

The bio-control activity of endophytic bacteria could be mediated by various
mechanisms, such as the production of hydrogen cyanide, enzymes (chitinases,
cellulases, proteases), and antibiotics. Hydrogen cyanide is a secondary
metabolite that could inhibitygpochrome C oxidase and other metalloenzymes

in microorganisms. Hence, it is considered toxic to most microorganisms. Chitin
is a natural polymer of McetylD-gl ucosami ne mon-d-#fer s
covalent bonds. Chitinases found in some microorganismsdeaompose
chitin, a component of the cell wall of fungBrzezinska, Jankiewicz, &
Walczak, 2013) Chitinase production is an essential criterion of a defense
method against fungal pathogens. Biological control of somébeaile fungal

diseases has been correlated with chitinase production by microorganisms.

Anthracnose caused bolletotrichum truncatum formerly known asC.
capsici is a significant disease of diithat appears as ripe fruidt anddieback

that causes the infected plants to bear fewer fruits with low quality
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(Chanchaichaovivat, Ruenwongsa, & Panijpan, 20@Causes a yield loss of
up to 506 worldwide. It was reported that PGiRoculated chii plants could
induce resistanceputo 726 against the pathoge®olletotrichum truncatuniy
utilizing the innate immunity of the chilplant (Gowtham, Murali, Singh,
Lakshmeesha, & Murthy, 2018Jrichodermahas been reported to stimulate
inducel systemic resistance against the pathogen ih ¢Bdxena, Mishra, Ray,
Raghuwanshi, & Singh, 2019Ertani et al., 2015)ndicated that biestimulant
application on chilli positively affected plant growth and vyield without

compromising food quality.

Fusarium oxysporuris a soitborne fungus that causes chilliit disease. This
pathogen is distributed worldwide with a great diversity of hosts that causes
damage to various crops. Endophytic bacteria were previously reported to show
high antifungal activity againgt. oxysporun{G. F. Wang et al., 2019)

2.7 Potential ofMoringa Leaf Extract as Bio-stimulant

When plant extractthat are rich in bioactive compoundgpplied as foliar or
spray,theycan stimulate thplant defense system agcbwth.Moringa oleifera

is regarded as one of the promising alternatives for inorganic ferti(izierali

et al., 2019) It is considered a natural bstimulant due to its high amount of
cytokinin (zeatin), gibberellic acid, ascorbates, phenolics, and miriRefisi et

al., 2023) It has gained research priority in recent years as it could show
promising result®n seed germinationutrient use efficiency, plant growth and
yield under abiotic stress, and good pbatvestquality of producgAbd El
Mageed, Semida, & Rady, 2017; Alkuwayti et al., 2020; Batologrk & Basra,
2020; Desoky, Elrys, & Rady, 2019;-Bkrafy & E}Sheshtawy, 2020; Elrys,
Merwad, Abdo, AbdeFatah, & Desoky, 2018; Howladar, 2014; Nasir, Khan,
Basra, & Malik, 2016; Rady et al., 2019; Shaukat et al., 2017; ShM, NE, MS, &
AM, 2017; Wagqas, Kan, Akhter, Noor, & Ashraf, 2017; Zulfigar, Casadesus,
et al., 2019)A study has suggested that {sttmulants derived from moringa
leaf extracts are easy to prepare, cheap, effective, and enviroryneafal
(Zulfigar, Casadesus, et al., 20189nother study has suggested that moringa

leaf extract can serve as a natural -btomulant due to cytokinin (zeatin),
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gibberellic acid, ascorbic acid, phenolic compounds, and other minerals in
significant quantities. These compounds can enhance plants' antioxidant system
and nutritional profile, thelgy increasing their growitand yieldM. S. Rana et

al., 2019) Additionally, it is proven that nronga leaves are rich in various active
compounds that could enhance crop gro@hmad et al., 2019; Alkuwayti et

al., 2020; Hussain et al., 2021; Rady et al., 2019)

The liqud extractel from moringa lealias been used to improve the growth and
productivity of several cropMashamaite et al., 2022Moringa leaf extract
sprayed onto the leaves of onions, bell pepper, soya beans, sorghum, coffee, tea,
chili, melon, andnaize has also shown an increase in yi¢MsAli et al., 2019)

Seed priming using moringa leaf extract could effectively increase the biomass
and yield of wheat plants under salt sti@&sdy et al., 209). Plants can produce
defenserelated oxidereductive enzymes such as peroxidase and polyphenol
oxidase to form a physical barrier upon pathogen aftaokvtham et al., 2018)
Besides, it was recommended as admganic fertilizer due to its ability to
enhance the physiological growth of Eruca plants (rocket) with only 2% of
moringa eaf extract and 3% of moringa twig extrédbdalla, 2013) Despite
environmental stresses,onnga leaves were prem to enhance crop harvest
(Shah, Razaq, Ali, Han, & Chen, 201K)oringa leaf extracts were mainly used

for promoting growth and alleviating abiotic stresses that cause impediments to
plant growth. Moringa leaf and twig extracthéited a robust scavenging effect

on 2,2diphenyt2-picrylhydrazyl (DPPH) free radical superoxide, nitric oxide
extreme, and inhibition of lipid peroxidation which can prevent oxidative
damage to plant tissuéabdalla, 2013)

2.8 Limitations of Bio-stimulant

Although biestimulans could tackle agricultural issues such as abiotic stress,
pest and disease, loss oftments, and heavy metal pollution, it has not been
used widely on conventional farms for various reasons. For instance, drastic
climate change caused rapid degradation of thstmaulant components in soil.

It was reported that many plabased biepesicides, such as Azadirachtin and

rotenone, were degraded during field application due to high temperature and
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microbial processeqSingh, Handa, & Manchanda, 2021Ynlike other
agricultural inputs, bigstimulart is more coseffective as it could be efficient in

low concentrations. However, fast degradation could lead to frequent application
and increase op production costs. Apart from thective ingredients from
plants, biestimulant products containing PGRIrRe often reported to have low
cell density and reduced longevity during the storage of the product and upon
application to soll, leading to reduced efficien@hatia, Gulati, & Sethi, 2021)
elucidated that maintaing stable colonization of applied PGPR strains in the
rhizosphere has been a major challenge. Consequently, -B&fed bie
stimulants are considered unstable and inefficient, producing inconsistent
laboratory and fieléxperimentesults Shelf life is he utmost important feature

of a product that determines its sustainability in the commercial market. No
matter how efficient a product is, it will not reach a large group of consumers if
the shelf life is short. Shortshelf life has been the greatest deabe in
developing Dbiefertilizers, biopesticdes, and bistimulants using
microorganisms and other natural compounds that may degrade rapidly. For
example, the bioactive compounds of microalgaestimulant were susceptible

to degradation over timEtirk et al., 2021)The secondary metabolites, such as
carotenoids in microalgal biom@agChlorella vulgaris and Haemotococcus
Pluvialis), are unstable as the degradation can be triggered by light, high
temperature, and the presence of oxy@eouveia & Empis, 2003} .ongterm
storage of liquidnicrobial formulations under ambient temperature conditions

is crucial for commercializatior(Elsakhawy, Ghazi, & AbdeRahman, 2021)
Predominantly stability is vital forliquid bio-stimulants such as vermicompost
leachate, seaweed extract, and microbialdbimulant that areery sensitive to

the storage condition(Shubhpriya Gupta et al., 2021)Yhe inadequate
development of microbial inoculants due to issues with formulating them has
resulted in a lack of successful inoculants capable of qmeirig their intended
functions hence,immobilization has ben recommended to create effective

formulations for PGPR inoculan{¥'assilev et al., 2017)

25



2.9 Nandechnology in Crop Qultivation

According to theEuropean Commission;Nanomaterial means a natural,
incidental or manufactured material contagparticles, in an unbound state or
as an aggregator as an agglomerate, wher&s0r more of the particles are in
the number size distribution of one or external dimension is in size range of 1
100 nm(P. K. Rai et al., 2018)

In agriculture, nandechnology plays a vital role in increasing the nutrient use
efficiency of crops. It also he$ to reduce the wastage of nutrients as the
predicted amount of fertilizers can be supplied to produce in arelease
manner for optimum utilization. Nanoparticles have a high surface tension that
helps to hold material more robustly than standardasad. Nanocoatings
protect fertilizers and aid in the slow release of nutrients to pléritson et al.,

2008) A controlled delivery system will be helpful for the application of
fertilizers and pesticides. Nanopatrticles can aeffasent delivery vehicles due

to their large surface area and easy absorption via various mechanisms such as
adsorption, attachment, encapsulation, or entrapment of active ingredients into
the nanematrix (Ghormade, Deshpande, & Paknikar, 201janoparticles
combined with biefertilizers have shown good plant growth promotion under
field conditions. It is also coffective as one liter of nadmofertilizers can be

used in seeral hectares of crop®uhan et al., 2017)The nano size of the
particles aids in their solubility and capacity to absorb water andq\iditson et

al.,, 2008) Excessive fertilizers are leached out, become fixed in soil or
contribute to water pollution as crop usage is less than half of the fertilizer
applied. Nanofertilizers are known as 'smart fertilizers' due to their potential to
control and slow the delivery of one or more nutrients to supply to crops
(Zulfigar, Navarro, Ashraf, Akram, & MunrBosch, 2019)

Nanomaterial application in agriculture has paved the way for commercializing
many agricultural products with enhanced efficiencies, sucHedilizers,
pesticides, and bipriming agent¢Bhatia et al., 2021; Xiao, Boada, Llugany, &
Valiente, 2021)It could increase the nutrient use efficiency by crops and helps

to reduce the wastage of nutrients as the predicted amount of fertilizers can be
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supplied to produce in a slewlease manner for optimum utilization.
Nanoparticles can act as efficient deliyweehicles due to their large surface area
and easy absorption via various mechanisms such as adsorption, attachment,
encapsulation, or entrapment of active ingredients into the -martidx
(Ghormade et al., 20L1Nanopartiacks combined with bidertilizers have
shown improved plant growth promotion under field conditions. It was reported
to be coseffective as a reduced quantity of naio-fertilizers was used in
several hectares of crof3uhan et al., 2017)'he nano gie of the particles also

aids in their solubility and capacity to adsorb water and {Wvigson et al.,

2008) Likewise, nanesized biestimulans ares an upcoming technology in
plant sciences. When prepared in naie, the akin coponents that show
positive effects on the plant are expected to exhibit enhanced quality, traits, and
performance. Improved nafformulations of fertilizers with high nutrient use
efficiency ensure minimal loss of nutrieng€hugh, Siddique, & Solaiman,
2021) Similar effects coulde observed in narencapsulated bistimulants
where nanesized active ingredients could boost the plant's physiological
processes with superior efficiency. The reduced size of active components or
elicitors could easily penetrate plant cells and directigract with the plant's
metabolic pathways, immune system, stress alleviating processes and improve

the nutrient use efficiency.

2.10 Nandechnology in Biostimulant Development

New formulations are essential in producing-biganic fertilizers/stimalants to
enhance the efficiency and longevity of the microorganisms in the product and
soil. Naneencapsulation is an emerging technology based on -nano
formulations. Nanoparticles such as carbon nanotubes and silica nanoparticles
were found to stimulatelgnt disease resistance and increase plant gi@&etlr,
SaberiRiseh, Mohammadinejad, & Hosseini, 201Bkewise, it was reported

that a formulation containing PGPR aeddophytebacteria with graphite and
silica nanoparticlesvas usedas a biocontrol delivery syste(Djaya, Hersanti,
Istifadah, Hartati, & Joni, 2019)Iron oxide nanoparticles were used to
immobilize bacterial cells for applications in diffeteareas of biological

research, including medicine, food technology, biotechnology, and
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environmental sustaibdity (Ranmadugala, Ebrahiminezhad, Manlégrris,
Ghasemi, & Berenjian, 2018)

2.10.1 Naneencapsulation

Encapsulation is a technique in which homogenous or heterogenous functional
compounds are entrapped by a polymeric material, which confines them from

the external environment. For example, probiotic bacteria were successfully
formulated into nan@ncapslation of poly (vinyl alcohol) and sodium alginate
nanofibers to delay the microbial growth in the fish fillets to avoid contamination

by mesophilic bacterig Cey | an, Mer al , Kar akak, De
Encapsulation techniques igr&culturehavebeen widely researched in pest and

disease management, innovative fertikizerbio-sensors, environmental

remediation, and water managemg@ut Rahim et al., 2021)

The common materials to produce encapsulation layers are carbohydrates
(polymers), proteins, and lipids. Among all thasiepolymerssuch as chitosan

and alginate have been utilized successfully to encapsulate active ingredients
swch as nandertilizers, nanepesticides, nanmsecticides, nanfungicides,
nancherbicides, biestimulant and bidertilizer. Alginate has been used widely

for microencapsulation due to its environmental compatibility and
biodegradabilityResearcher@erez et al., 2018)Iso reported the potential of
low-cost chitosarstarch macro beads for the delivery of plant grepritimoting
bacteria Bentonite was suggestasd a potential filler material in sodium alginate
immobilization of PGPRY. He et al., 2015)Several reportaere foundon the
feasibility of calciumalginate microcapsules being used as a delivery method
for microbial bicfertilizers or plant growtipromoting bacteridY. He et al.,

2015; Wu, Zhao, Kaleem, & Li, 2011)

2.10.2 Naneemulsion

Nancemulsion is a table, transparent, or translucent liquid formed by the
dispersion of two immiscible liquids, typically oil, and water, with the aid of an

emulsifying agent. In other words, naemulsions are fine oih-water
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dispersions with droplet sizes ranging fro@0500 nm. It exhibits better
penetration efficacy of the active ingredients due to the emulsion's large surface
area and low surface tensi@dazigah, Marzuki, Wahab, & Hamid, 29). It

also protects the encapsulated compound from hydrolysis and oxidatior. Nano
emulsions of bacteria have been proposed as a promising approach for delivering
beneficial bacteria as bstimulants. Using narnemulsions can protect bacteria
from envionmental stresses, such as high temperatures, pH, and ultraviolet
radiation hence can improve their survival and ability to colonize plant tissues,
resulting in improved plant growth and health. It also can improve the
bioavailability of the bacteria byrcreasing their surface area, which enhances
their interaction with plant roots and tissues. Better root development can
improve nutrient uptake, stress tolerance, and plant growth and yield. Besides,
nanceemulsions enable the controlled release of bactevier an extended
period, which may improve their efficiency and persistence in the plant
rhizosphere. Finally, it facilitates the -celivery of bacteria with other bio
stimulants or agricultural inputs, which may lead to synergistic effects and

improvedplant growth and health.

2.11 Advantages of Nardechnology in Crop Qultivation

Encapsulation techniques can efficiently deliver beneficial microorganisms to
the target site with minimal cell logSchoebitz, Lopez, & Roldan, 2013Jhe
viability of microorganisms could be maintained high and stable in the bio
organic fertilizer and soil when encapsulation technology is used. Meanwhile,
microencapsulation involves tiny pates of liquid or solid material coated with

a continuous film of polymeric materigbuganya & Anuradha, 2017)

Past stdies have stated that the colonization of PGPR was improved by
immobilizing it to biodegradable microcapsulé®/u et al., 2011) The
microcapsules provide temporary protection from various soil factors such as
temperature, humidity, pH, competitors, and predators. The microcapsules
gradually release the bacteria to the surrounding environment in a controlled
mode, effectively colonizing the targeted site. It was reported that alginate

chitosanalginate microcapsules (degref chitosan deacetylation 86-98 %)
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reached higher bacterial cell density than-eanapsulated free cultu(®i et

al., 2006) In addition, a study has highlighted the ability of algirati#osan
alginate microcapsules as an immobilized carige fermentation to increase
maximum biomass concentration compared to free cu(@reet al., 2006)
Studies have also demonstrated that chitosan nanomaterials enhance nutrient
uptake, improve the photosynthetic rate and increase crop (fidlda et al.,

2019)

Smart fertilizers based on slow or controlled release systems have improved crop
yields, soil productivity, and lower environmental nutrient I(SalabtFloody

et al., 2018) Mineral nutrients or bacterial inoculants can be encapsulated in
nanomaterials, coated with a thin pitee film, or encapsulated in nanoscale
particles usingzeolites, whichact as a nutrient reservdideh & Webster,

2020) Nutrientaugmented zeolite fertilizers are the only nanomaterials tested
and proven effective through many laboratory and field experiniBatsiu &

Lal, 2021)

The chemial decomposition of secondary metabolites in-noorobial bic
stimulants could cause hydrolysis, oxidation, polymerization, and isomerization
reactions that may occur over tinfAntil & Gupta, 2021) Encapsulation
provides the solution for liquid arsblid formulation problemsn maintaining

the viability of microbial agess by extending the shéife while upholding their
biological traits(SaberiRiseh & MoradiPour, 2021; SabeRiseh, Moradi
Pour, Mohammadineja&, Thakur, 2021) The advantages of the encapsulation
method include protecting the core matefiam extreme weather conditions,
allowing safe handling of pesticides and heides, regulating the release of
active components into the target sifgevening early dgradation of active
ingredients,enhancing efficiency, and facilitating precision targeting of the
functional compound. Hence, the efficiency of active compounds could be

improved by encapsulating them in paymers(Sharma et al., 2021)

Encapsulation of agricultal nanomaterials is an «goming technology that
could lessen the negative impacts on human health, plants, animals, amd livin

things in the soil and devel@mvironmentally fiendly products. This technique
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ensures the safety of nanomaterials and minimizes the risks before it is
widespread in the environment. Polymeric nanomaterials with biodegradable
and biocompatible characteristics were proven beneficial in deliveringtiie ac
compounds to the target site with minimal Iqfamachandraia & Hong,
2021) The secalled wall material in the polymeric structure controls the release
of bioactive components, thus leading @atended shlf life and the optimal
uptake of nutrients by plant@ateiro et al., 2021)A study conducted on
encapsulated PGPR, salicylic acid, and zinc oxide naticlpa revealed that

the shelflife of the bacteria extended with enhanced plant growth and effective
plant disease control characteristicdanichikkal, Prathap, Nair, &
Krishnankutty, 2021; Panichikkal, Puthiyatti, Raveendran, Nair, &
Krishnankutty, 2021)These findings corroborated the successful integration of
encapsulation technology and naechnology. The encapsulation is a powerful
tool to deliver the active compounds directly to the target area withrelease
features. A study has reported thahaencapsulation of savory essential oil in
natural biopolymers such as Arabic gum, gelatin, and Persian gum showed
efficient herbicidal activities compared to nencapsulated essential filaban,
Saharkhiz, & Khorram, 2020Bimilarly, the encapsulation of two crucial oil,
thyme and dill, in silver nanoparticles increased the fungicidal activity against

crop pathogen@Neisany et al., 2019)

Apart from these, encapsulation improved pargsponses to abiotic stresses.

Nitric oxide-releasing nanoparticles that were encapsulated into chitosan
nanoparticles alleviated the detrimental effects of water deficit in sugarcane
plants and increased physiological parameters of the plant, such as

photosynthetic rate, roethoot ratio, and plant bioma&Silveira et al., 2019)

2.12 Biostimulant Performance Indicators

A critical component of all bigproducts including plant biestimulants, is
assessing the impact on their target crop or soil. Specifisstimmulating
indicators or activities identified based on the active ingredients are vital to give
a holistic view of the primary function of the respectore-stimulant products.
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There are numerous plant performance indicators to determine the competence

of each treatment or agricultural input.

2.12.1 Seed Germination and Vigor

Seed treatments, including seed priming, seed coating, and seed soaking, are
essential methods that can enhance seed germination, increase seedling
uniformity and vigor, and break seed dormancy. These techniques can improve
the effectiveness of crop production and yield, even under unfavorable
conditions. The germination patterrfsseeds can be influenced by the timing of
seed production and environmental conditions experienced by the mother plant
during seed maturation. These factors play essential roles in determining the
success of seed germinatigfbobarzeBernal, GomeaMerino, Alcantar
Gonzalez, Sauceedeloz, & TrejoTéllez, 2021) The seed germination index

(Gl) is commonly used to assess the potential phytotoxic effects of various
subsances in growth media, substrates, or soils. The inslealculated by
measuringthe seed germination percentagel aoot elongation length. It is
worth noting that the Gl variable can exceed a mean value of 100, which means
that Gl values above 80% andltw 100% indicate no phytotoxicity.

In comparison, values between 50% and 80% suggest moderate phytotoxicity
and values below 50% indicate high phytotoxicity. If the Gl value exceeds
10®%, the substance or treatment is considered as aogtimulant or
phytonutrient(SobarzeBernal et al., 2021)A quick and effective establishment

of seedlings after planting is crucial to achieve efficient production.
Additionally, the seedlings' quality and abilitp grow and survive after
transplantings a critical factor in crop cultivation. The phytochrome system
controls the germination of s#® in the dark development stage, where it
involves processes such as glycolysis, doaddation, tricarboxylic acid cycle,

and attenuation of root growth.

Bio-stimulant priming is a method used to initiate vital metabolic processes,
including repairing damaged proteins and synthesizing new ones. The

researchers have shown that using extracts from seaweed could lower the
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potential compounds that hinder the action of abscisic acid in seeds, leading to a
significant enhancement in the germination indiog@sfarlou, Pilehvar,
Modaresi, & Mohammadi, 2022However, seaweed extract priming at a high
concentration (1.5%) showed a significant adverse effect on the germination of
milkweed seeds due to the inhibition of seédsbsorb water. Evaluatingant
performance treated with bstimulant under saline conditions also revealed
their potential to tolerate abiotic stresses. An experiment under saline conditions
exhibited salt toleraze of seeds in terms of improvement in seed germination,
relative water content, chlorophyll content, proline content, soluble sugar
content, root activity, and activities of superoxide dismutase, catalase
peroxidase and ascorbate peroxiddbe Li et al., 2021) A study has
demonstrated that idestimulant priming of seaweed extractand
polysaccharides, had positive effects on tomato seed geionirata specific
concentration by increasing germination percentage and germination speed and
reducing mean germination tinfMzibra et al., 2021)Soil application of the

same biestimulant on tomato seedlings demonstrated a significant impact on
growth parameters such as the numbéeaiff shoot length, fsh and dry weight

of stems and roots, and chlorophyll content due to the chelating properties of

polysaccharide@Vizibra et al., 2021)

2.12.2 Vegetative Growth Rrameters

Vegetative growth is a stage in a plant's life cycle that focuses on developing
nonreproductive structures such as roots, stems,eawbs$. During this phase,

the plant dedicates its resources to establishing a strong foundation for future
growth and reproduction via cell division and expansion, which causes the plant
to grow taller and broader. Additionally, new leaves produced aeatessfor
photosynthesis, and roots grow deeper and wider to access more water and
nutrients from the soil. Several factors can influence vegetative growth,
including genetics and environmental conditions such as light, temperature,

humidity, and water ahnutrient availability.

Using biestimulants can positiveipfluencethe vegetative growth of plants by

promoting physiological processes that enhance growth and development. These
33



substances can improve nutrient uptake and utilization, stimulatgmeth

and development, and increase plants' ability to tolerate environmental stresses.
The effectiveness of bistimulants can be influenced by several factors,
including the plant species, the specific-btonulant used, and the ecological

conditions n which the plant is grown.

One of the primary ways that bgtimulants promote vegetative growth is by
improving nutrient uptake and utilization. Bstimulants contain various
substances, such as amino acids, enzymegjt@mins, whichcan improve the
plant's availability and uptake of essential nutrients, leading to increased biomass

accumulation, improved leaf area development, and higher photosynthetic rates.

Furthermore, biestimulants can play a crucial role in enhancing the
development and groWwtof roots, which is vital for vegetative growth. Certain
bio-stimulants comprise substances, like auxins and cytokinins, which can
promote the growth and development of roots. An extensive root system can
enhance the plant's capacity to absorb water artidents and improve its
resilience to withstand stressful conditions. Thus, the emphasis should be given
to the details such as the changes in root structure and root colonization by
microorganisms; the differences in root biomass; the differences sethetion

of amino acids, organic acids, volatile acids, and other root exudates; the nutrient
availability in soil, roots and leaves and nutrient use efficiency by plants and
shift in the soil microbiomé@Adeleke, Ayangbenro, & Babalola, 2022; Khatoon

et al., 2020; Mataranyika, Chimwamurombe, Venturi, & Uzabakiriho, 2022)
These are regarded as the direct changes caused-binbitants containing
beneficial microoganisms. The dry weight of the shoot: root ratio represents one
of the critical indicators of plant survival in challenging environmé&atbarze

Bernal et al., 2021Aside from this, growth parameters such as yield, vegetative
growth, fruit quality, and others could be the indirect effects of microbial bio
stimulants(Fiuza et al., 2022)or example, foliar application of b&timulant
containing moringa leaves extract, seaweed extract, and fulvic acid could
positively improve the vegetative growthuifr set percentage, fruit yield, and
fruit physical and chemical characteristics as well as leaf nutritional {(Minsa

et al., 2023)
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Bio-stimulants can also enhanpéants'ability to endure biotic and abiotic
stresses. Specific bigtimulants comprise substances that can help to increase
the plant's resilience to environmental stresses, like drought, heat, and cold, as

well as enhance its resistance to diseases and pests.

2.12.3 Photosynthesis and ChlorophylContent

The application of bistimulants in plants can have a favorable impact on the
process of photosynthesis. This is attributed teshimulants' ability to boost

the development and growth of leaves and chloroplasts, which are crucial for
photosynhesis, as well as improve the overall efficiency of the process. Some
bio-stimulants contain substances that help to increase the plant's capacity to
absorb and use light energy, which is necessary for photosynfAesisman

et al., 2018) This leads to an increase in the rate of photosynthesis and,
ultimately, higher biomass production. Furtiere, biestimulants can enhance

the plant's efficiency in the production of chlorophyll, which is essential for
capturing light energy during photosynthesis and tolerating environmental
stresses, such as heat and drought, which can positively affqutottess of
photosynthesiéLiatile, Potgieter, & Moloi, 2022)Bio-stimulants' effectiveness

on photosynthesis may vary based on various factors, such as the specific type
of bio-stimulant, the type of plant, and the prevailing environmental conditions.

It was proven that seed priming with moringa leaf extract could improve the
photosynthetic efficiency, growth, and yield of wheat pldRizdy et al., 2019)
Sugar beet extract was revealed as an effectivstimulant due to its potential

to increase the photosynthefigments after the seed treatméht Noman et

al., 2018)

Chlorophyll, the green pigmenis essential for converting light into chemical
energy. It determines the photosynthetic rate and primary food production in
plants as a response to environmental stress and fertilizer applicabiogbin

Li, Shi, Zhang, & Chen, 2019%hlorophyll pigments consist of twoain types

a (Chl a) and b (Chl b). The ratio of these Chla: Chl b increasslynat low

light intensity but gradually and linearly at higher light intensity. Thus, Chla:
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Chl b is an effective measurement in predicting the abundance of chlorophyll
associated with photosystems 1 andSdnobe, Yamashita, Mihara, Morita, &
Ikka, 2020)and has been used to evaluate tlepaoase of crops to changing
environmental conditions as well as to disease nutritional and environmental
stresses. Thus, chlorophyll content could be an important diagnostic indicator
for plant growth studies. The variation in the total chlorophyll: cateratio

has been used to evaluatants' environmental stress.

2.12.4 Yield and Postarvest Quality

Bio-stimulants could enhancthe quantity and quality of plant yield by
facilitating the absorption and utilization of essential nutrients likegetn and
phosphorus, which are crucial for plant growth and development, which results
in increased lwmass production and crop vyielfLayek et al.,, 2018)
Additionally, bio-stimulants can improve the quality of crops by promoting the
accumulation of essential nutrients, such \@®mins and minerals, and
enhancing the flavor and aroma of fruits and vegetables. Sorsiinaants
contain compounds that can increase the production of secondary metabolites
responsible for fruit and vegetables' taste, smell, and @&épur et al., 2018)
Bio-stimulants can improve the overall quality of crops, making them more

desirable to ansumers.

Associating biestimulant application with crop productivity has been a common
way of evaluating the performance of {stmulant on various crops under
different management practices. It was anticipated that primary plant
metabolism is triggerkeby signaling molecules such as peptides, oligopeptides,
and free amino acids, especially under stress cond{ti@rabulut et al., 2021)

Fruit quality is one of the most impontecriteria that determine the market value

of the produce. Farmers can enjoy handsome revenue if the quality of the fruit
remainsgood in appearance, fresh, firmand nutritious during storage. The
quality of agricultural produce, especially fruits, deggenn its physical (weight,
firmness, color), chemical (soluble solids content, acidity, pH), and nutritional

(phenolic contents and antioxidant capacity attribiaspgctsColor is a notable
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trait associated with crop quality by custorcbice behavi@a mechanisms.

Very few studies have investigatbb-stimulantefficiency on fruit quality and

the influence of biestimulants on the postarvest quality of fruit§Rodrigues

et al., 2020) Therefore, the pogtarvest quality of fruits is vital to determine
profit and customer satisfaction. Several quality traits could be tested to assess
the effect of biestimulantapplication(Admane et al., 2023; Garai et al., 2021;
Layek et al., 2018; Liatile et al., 202Beactive oxygersubstancgroduction

and related enzyme activities to control oxidative damage are vital to investigate
the abilityof bio-stimulantsto attenuate stress in fru@odrigues et al., 2020)
Shriveling and stem browning are indioeg of reduced quality of chilthat are
associated with loss of water. Water loss happens through the cuticle. Thus, the
cuticle's thickness will determine the fruit's susceptibility to danf@ewacz

& Rees, 2016)

Bio-stimulants areactive in promoting final crop quality traits and the
concentration of secdary metabolites such as phenols, flavonoids, and
ascorbic acid@Karabulut et al., 2021hilli has high phytochemicals, including
carotenoids, capsaicinoids, polyphenols, and ascacid, at the red ripening
stage(Pola, Sugaya, & Photchanachai, 202I)e caratnoid content in cHil

could revealthe effectiveness of bistimulant as carotenoids have excellent
scavenging activity for reactive oxygen specie®S). In chili fruit, ROS can
accumulate due to different stresses, such as high temperature, drought, and
pathogen infestation. The accumulation of ROS can lead to the oxidation of
lipids, proteins, and DNA, ultimately resulting in cell death and fruit
deterioration. One of the main consequences of ROS accumulationiifratil

is reduced shelf life due to the onset of oxidative stress. The increased levels of
ROS in chili fruit can lead to a decrease in ascorbic acid content and an increase
in polyphenol oxidase activity, which can cause browning and the breakdown of
cell walls. ROS can also affect the flavor and aroma of the fruit by modifying
volatile organic compounds, resulting in a loss of quality. Fully ripdichil
exhibits higher antioxidan&ctivity than green cHikes due to the increased
amount of carotenoids, phenolic, flavonoids, and ascorbic acid that may be
affected by genotype, plant growth condisp and posharvest management

(GomezGarcia & OchodAlejo, 2013)
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2.12.5 Rhizobiome Asessment

The interaction between microbial community help in maintaining the soil
ecosystem, nutrient recycling, balance of the food chain, and essential
physidogical activities in the plan{fNwachukwu & Babalola, 2022)The
rhizosphere is a zone of high biologicati@ty with many positive and negative
interactions between plants and rhizobacteria. It can be classified into three
zones: the rhizoplane, eetbizosphere, and endbizosphere (Akinola,
Ayandoenro, & Babalola, 2021)rhe rhizosphere is the root surface where the
host plants directly interact with rhizosphere soils. It might be a selective barrier
in establishing plant root microbiome and nutrient exchange in thelaai
system(Ding et al., 2019)In addition, rhizoplane microbiota strongly correlated
with the yield of foxtail millet(Jin et al., 2017)The endosphere is an exclusive
microhabitat that creates a distinct niche requiring numerous adaptations for
successful colonization and harbors a microt@dhat differs from the adjacent
communitiegJha et al., 2020)

Metagenomics is a valuable tool to trabe shift in rhizomes' taxonomic and
functional components. Sequencing of 16S rRNA using Polymerase Chain
Reaction (PCR) is the most popular technique to evaluate various environments'
microbial diversity and richness, including soilless medium (Chiasllal.,
2022). A study on the diversity and composition of microbial communities
revealed that the rhizospheric soil tfie Capsicum annuunplant was
significantly changed by wilt diseaséGuigonLépez, AvilaQuezada,
GonzalezEscobedo, MufieZastellanos, & MuficRamirez, 2023)
Rhizosphere soils applied with organic fertilizers showed a more extraordinary
microbial richness and diversity than the conventional farming samples
(GuigonLoépez et al., 2023; Luo et al., 202B)kewise, biofertilizer application
contributed to the acenulation of beneficial bacteria in the sugarcane
rhizosphere and the decline of pathogenic bact€xidiu et al., 2022)Different
fertilizer treatments were als@ported toselect other rhizosphere microbial
communities by modifying the rhizosphere soil microenvironment and releasing
chemical secretions. Rhizosphere microbes utilize the carbon metabolites

secreted by plant roots for their growth and biologicalvas. In return, the
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rhizospheric microbes benefit the host plant by providing nutrients, growth
stimulating hormones, inhibiting phytopathogens, and enhancing tolerance to
environmental streg®ing et al., 2019)Root exudates such as photosynthates
(carbon compounds, electrons, protons, water, and inorganic ions),
phytosiderophores, and polysacchasd form rhizospheric deposits.
Photosynthates aid in nutrient acquisition, while phytosiderophores and
polysaccharides include a mucigel that provides protection and the free flow
movement of microbes in the rhizosphé@anrewaju, Ayangbenro, Glick, &
Babalola, 2019) The root exudatescorrelate with a plant's mode of
photosynthesis, where C4 plants exaa®e organic acids and amino acids than
C3 plantswhich exude more carbohydrates and organic carl@@tenrewaju et

al., 2019) The change in soil microbiome diversity after treating the chickpea
seed and soil with microbial b&timulant and its potential to arease plant
growth, yield, nutritional content, plant health, and immunity against plant
diseases were revealed in a recent s{Mlkherjee et al., 2022)Therefore, the
richness and the change in microbial community as a responsestnbigant

could be a reliable indicator of its efficiency. The response of microbial
communities varies under bgiimulant treatment and could affect theil

microbiome differently.

The response of microbial communities varies under different agricultural
inputs. Chemical fertilizers, organic fertilizers, {sivmulants, and nanoparticles
could affect the soil microbiome differently. The microbial comityumay

show positive, negative, or neutral effects toward these substances. Soil
microorganisms naturally could actively participate in degrading the mineral or
biological compounds added to the soil. The mineral or biological compounds
could be harmfuld a specific group of microorganisms but inert to other
microorganisms. The effect of silver nanoparticles in changing the abundance of
specific microbial species was investigated using the pyrosequencing technique
(Y. Yang et al., 2014)It is also noted that the rhizosphé&@rborsa different
microbial community than bulk soil, and its community is expected to respond
differently to nanoparticles due to the modifications in roots and their exudates
which could alter the microenvironment both chemically and physi¢ailien

et al., 2015) Soil microbiome analysis could indicate the dominant bacterial
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group and its functional properties correlated with plant growth, nutrient content,
soil nutrient, and enzyme activity. The change in soil microbiome diversity after
treating the chickpea sg@nd soil with microbial bistimulant and its potential

to increase plant growth, yield, nutritional content, plant health, and immunity
against plant diseases were revealed in a recent @fudsherjee et al., 2022)
Thus, soil microbiome analysis could be used as an indicator to study the
potential ole of soil bacteria and the associatim@iween crop productivity and

soil fertility with microbial biostimulant(Mukherjee et al., 2022 he effect of
single and combined plant ba&timulants such as microbial inoculants,veeed
extracts, and fulvic acids to improve root health and crop production in citrus
trees affected with Huanglongbing (HLB) disease that causes fibrous root loss
was investigatedCastellaneHinojosa, MeyeringNuzzo, Strauss, & Albrecht,
2021). The study determined the effect of the variousgimulant treatments

and management practices in different soil and environmental conditions on the
rhizosphere's microbial community. In addition, the correlatioh wiicro and
macronutrients in roots was also studied. Lortgan biostimulant application

and higher application rates may be necessary to translate the relative abundance
of specific bacterial and fungal taxa in the citrus rhizosphere into measurable
effect on tree health and productivitfCastellaneHinojosa et al., 2021)
Furthermore, the rhizosphergcrobiome hava greater influence on the growth
and health of host plants than the soil microbiome. It also could elucidate the
interaction between added microorganisms or-ifdzulants and native
microbial communities. It was emphasized that validating soil microbial
inoculants using soil microbiome analysis is vital before commercialization to
indicate a clear plardoil-microbe interaction. Furthermore, soil microbial
community analysis could prext adverse effects such as invasive pathogenic
microorganisms and loss of diversity in indigenous soil microbial ecosystems
(Nuzzo, Satpute, Albrecht, & Strauss, 2020)
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2. 13Conclusion

The literature review underlined the importance of adapting modern
technologies in crop cultivation. Chilli planting in Mgéa including the
taxonomy, botany, nutritional quality, economic value, demand, and cultivation
using fertigation system was elaborated. The benefits of using microbial and
plantbased biestimulants for crops were reviewed thoroughly. The major
limitations of biestimulant production were emphasized attte corrective
actions and strategi¢isat could be used to improwgo-stimulant development
were suggested. The advantages and disadvantages of nanotechnology in the
past research were reviewed. The dfis of the encapsulation technique to
extend the shelife of microbial inoculants weralsodiscussed in the literature
review. Finally, the important criteria for evaluating the efficiency of- bio
stimulants products were recommended based on paatalese
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CHAPTER 3
ISOLATION AND SCREENING OF PLA NT GROWTH -
PROMOTING ENDOPHYTES

3.0Introduction

Plant growthpromoting rhizobacteribas proven to be a promising agricultural
approach that plays a vital role in crop protection, groa#ttoiological disease
control (Laslo etal., 2012) An efficient screeningnethod is essential for
isolating PGPR(Shi et al., 2022)Screening rhizobacteria with one or a few
PGPR traits is a fundamental criterion for selecting bac(®&neem & Ali,
2022) Endophytic bacteria form mutualistic relationships with host plants in the
long term, and theyan promote the growth and accumulation of effective
components in host plantfao et al., 2022)Most endophytes pjecrucial roles

in plant growthpromotion and resistance through their ability to participate in
essential processes such as nutrient mohoizgbhytohormone prodtion, and
pathogen suppressigHusseiny, Dishisha, Soliman, Adeleke, & Raslan, 2021)
Different endophytic isolates with various plant groywtiomoting
characteristics can integrate and improve plant growth and health by employing
diverse mechanisms within different periodsioé# plant's life cycle. However,
minimal studies have investigated the plant grepribmoting activities of
microbial endophytes from medicinal plants. Thus, this study is aimed to isolate
plant growthpromoing endophytic bacteria (PGPEB) from medicinahisldor

bio-stimulant development.

Chapter 3 is the first experimental chapter that describes the isolation and
screening of plant growtpromoting endophytes to be incorporated into- bio
stimulant for chilli. Endophytic bacteria were isolated from thesand leaves

of medicinal plants such as moringa, sesbania, neem, and two local varieties of
chilli plants. Common beneficial traits for plant growtfomoting endophytes

like the dissolution of insoluble phosphorus and potassium; production of
siderophoes, indole acetiacid, ACC deaminase, hydrogen cyanide, chitinase,

and exopolysaccharides; and nitrogen fixation were screened for all the isolated
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endophytesin vitro, bio-control activities of endophytes agai@silletotrichum

sp. and Fusariumsp. wee also evaluated using dual culture agar assay.
Quantification analysis was done when the majority of isolates showed positive
results. The remaining beneficial traits were characterized using qualitative
assays and phenotypical changes, mainly when arigw isolates exhibited
positive results. The primary purpose of the isolation is to discover the most
potential endophytic bacteria that can be incorporated in thefoemalation

of bio-stimulants for chilli. A quantitative analysis was carried ouspecific
beneficial traits such as indole acetic acid, ACC deaminase, and phosphorus
solubilization to scrutiize the selection of bacteria ash of the bacteria

showed positive results for all these three beneficial traits in qualitative analysis.

3.1 Materials and Methods

3.1.1 Plant Sample Collection

Three medicinal plants,Moringa oleifera Sesbania grandiflora and
Azadirachta indicaand two local varieties @apsicum annuummamely Chilli

Kulai (MC 11) and L5 were chosen for the sample ctibeoof roots and leaves.

The sampling was done from three matured plants/trees of each species/variety
with three biological replications of leaves and roots. Leaves from three different
branches and roots from three different root branches of a plaatpweeled to

make it one biological replication. The samples were collected in sterile plastic
bags and brought to the lab for immediate analysis or kept at 4°C overnight

before analysis. The details of the gdimg aredescribed inrable 3.
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Table 3.1. Defails of plant sampling for the isolation of endophytes

Moringa oleifera Fruit, Tap root &

Young leaves
Sesbania grandiflora Tap root &
Young leaves
Azadirachta indica Tap root & Young leaves
Capsicum anuunMC 11 Fibrous roots &
Young leaves
Capsicum anuum L5 Fibrous roots &

Young leaves

17 years

3 years

17 years

2-3 months

4-5 months

Senawang, Negeri Sembilan
2°42'42.5"N 102°00'23.3"E
Broga Ballo Estate
2°56'16.3"N 101°52'59.0"E
Senawang, Negeri Sembilan
2°42'42.5"N 102°00'23.3"E
Malaysian Agriculture Research and

Development Ingtute 2°59'27.4"N
101°42'05.2"E

Malaysian Agriculture Research and

Development Ingtiute 2%59'27.4"N
101°42'05.2"E

Cornventional

Conventional

Conventional

Organic

Conventional
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3.1.2Isolation of Endophytic Bacteria from Roots and Leaves

Ead plant species/variety consistefithree pooled leaf and root samples. The
plant samples were washed in distilled water repeatedly to remove sod deb
and airdried. One gram of plant sample (leaf/root) was weighed in sterile conical
flasks separately. The plant samples were washed in sterile distilled water
several times using a shaker until the water became clear. Laves washed

with 70% ethanol for 5 minutes, followed by % sodium hypochlorite for 2
minutes, and finally rinsed with sterile distilled water for 5 min x 4 times. A
hundred microliters of the final rinse were inoculated onto triplicate plates of
potato dextrose agar (PDA, Oxoidkland tryptic soy agar (TSA, Oxoid, UK)

to check the sterilization efficiency. Sterile mortar and pestle were cleaned with
70% ethanol before macerating plant samples with sterile phosphate buffer.
Before macerating the plant sample, a small part of ldm& pissue was grown

on PDA and TSA in triplicates. The macerated plant sample was serially diluted
in phosphate buffer until dilution £0A hundred microliters of each diluent were
inoculated onto duplicate plates of PDA and TSA. All the plates wenbated

at room temperature for one week. Colonies with different morphologies were
selected, purified, and stored at 4°C. Colonies of identical morphologies from
the same plant were discarded to reduce unnecessary repetition of work. Fungal

colonies were idregarded in the isolation process.

3.13 Biochemical Sreening of Plant Growth-promoting Traits in

Endophytic Bacteria

The bacterial isolates were purified and -puodtivated in Tryptic Soy Agar
(TSA, Oxoid,UK) for 48nh at 28°C. All isolates are assessed for plant growth
promoting biochemical assays such salubilization of phosphorus and
potassiumnitrogen fixation; production of indole aceticid, ACC deaminase,

siderophoresandexopolysaccharides (biofilmQualitative assays were dotre
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narrow down the number of bacterial isolates with potential plant growth
promoting traitswhile quantitative assays were done to selectribst efficient
isolate.In vitro antagonistic activities were assessed using dual cultures in agar
medium for conmon chilli pathogens such dsusarium oxysporumand

Colletotrichumsp.

3.1.4 Qualitative Sreening of Beneficial Traits inEndophytic Bacteria

Phosphorus solubilization was tested according to the method described by
(Shikha Gupta & Parey, 2019; Ringuet, Sassano, & Johnson, 2(Rddassium
solubilization was done following the process describedZhang & Kong,
2014) and nitrogen fixation was tested amtiog to (Baldani, Reis, Videira,
Boddey, & Baldani, 2014)Endophytic bacteriavere grown overnight in
nutrient broth in falcon tubes at 28°C. Fifty microlitekthe culture were
inoculated onto Pikovaskaya's agar (PVK) (HiMedia Laboratories, India),
Aleksandrov's agar (HiMedia Laboratories, India), and Asby's glucose agar
(HiMedia Laboratories, India). PVK containezhlcium phosphate as the sole
insoluble phosporus source. In cdrast, Aleksandrov's agacontaired
potassium aluminum silicate as the sole insoluble potassium sourceoand
nitrogen source was includedAns by 6 s g | The plateewere naulbated

at 28°C for one week. Colonies that prodiicdear zone were selected as
potential endophytes with positive activity. Chitinase activity was detected on
1% (w/v) colloidal chitin agar plates. The test was performed according to the
method describely (Saima, Kuddus, Roohi, & Ahmad, 2013he hydrogen
cyanide test was conducted according to the metlestribed by(Passari,
Mishra, Leo, Gupta, & Singh, 2016)he siderophore production test was done
according to the method described (Berreira, VilasBoas, Sousa, Soares, &
Soares, 2019)n 96 well microplate, 100 pul of bacterial cultigepernatant was
mixed with 100 ul of CAS reagent, and 10 pl of shuttle solution was added. The

plate was incubated for 20 min, and absorbance was read at 630 rRMISUV

46



Spectrophotometer, Model: Variosken Flash Multimode Reader, ThermoFisher
Scientific, UA).

3.1.5In vitro Bio-control Activities of Endophytic Bacteria

Antagonistic activities againgtusarium oxysporunand Colletotrichum sp.
were screened using agar plate asgagsmin et al., 2020)Chilli pathogens
such aLColletotrichumsp. (Anthracnose) andusarium oxysporurfFusarium
wilt) were collected from the pathology unit of the Horticultural Department,
Malaysian Agriculture Research and Development Institute (MARDI). The
pathogens were sefor molecular identification at Apical Scientific Sdn. Bhd.

Malaysia to check the purity of the culture.

Fungal pathogen<plletotrichumsp. and~usarium oxysporujrwere grown on

PDA for 7-14 days at 28 °C. One centimeter of agar was plugged outtfrem

edge of fungal mycelium using a cork borer and placed at the center of a new
PDA medium. Endophyte bacteria were inoculated in a straight line 1 cm away
from the pathogen agar plug. The agar plates were sealed with parafiim and
incubated for 714 daysat 28 °C. Control plates were grown with the pathogen.
The average value was calculated and presented. The inhibition percentage was

calculated as described below:
O¥NW VGV e QeEP W Qﬁé—wp T
C= Average diameter of fungayceium grown in thecontrolplate

B= Average diameter of fungal mycelium grown in the preseheatagonistic
bacteria.
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3.1.6 Quantitative Screening of Plant Growthpromoting Traits

Plant growthpromoting traits such as ACCdeaminase, indoletic acid
production and phosphorus solubilization by endophytic bacteria were

quantified as most of them showed positive resultthmqualitative assays.

3.1.6.1 ACC Daminase Production by Endophytic Bacteria

ACC-deaminase production analysis wasrformed according to the method
described byS. Z. Ali, Sandhya, & Rao, 2014; Penrose & Glick, 2003)e
assay was based on thalolysis of ACC, which produceddketobutyrate. This
assay was done using a-@@ll microplate reader. Endophytes were grown in
15 ml Tryptic Soy Broth (TSB) at 200 rpm overnight in a shaking incubator at
30 °C. The cell was harvested by centrifugation at 4000 rpm for 10 min at 4 °C.
Suyoernatant was removed, and the cells were washed with 5 ml of DF salts
minimal medium. The washing procedure was repeated twice after
centrifugation. Then, cells were suspended in 5 ml DF salts minimal medium
added with 45 pl of 0.5 M ACC solution. The aswere incubated for 24 h at
200 rpm and 30 °C followed by centrifugation at 4000 rpm for 10 minutes at 4
°C. Supernatant was removed, and cells were washed with 0.1 #MTtispH

7.6. The washing procedure was repeated twice, and the pelleted cekeptere
at-20 °C until use. For ACC deaminase assay, bacterial cell pellets were mixed
with 1 ml of 0.1 M TrisHCI, pH 7.6, and transferred to a 1.5 ml microcentrifuge
tube. The mixture was centrifuged at 16,000 g for 5 minutes. After removing the
supernatat, cells were resuspended in 600 pl of 0.1M T+#4Cl, pH 8.5. Thirty
microliters of toluene were added and vortexed for 30 seconds at the highest
setting. Two hundred microliters of toluenized cells were placed in a fresh 1.5
ml microcentrifuge tube aratded with 20 pl of 0.5 M ACC followed by a brief
vortex. The mixture was incabed at 30C for 15 minués. One milliliter of 0.56

M HCI was added, vortexed, and centrifuged for 5 min at 16,000 g at RT. One
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milliliter of supernatant wasnixed with 800 pl 6 0.56 M HCl and vortexed

before adding 300 ul of 2dinitrophenylhydrazine reagent to the glass tube. It

was vortexed and incubated at 30 °C for 30 minutes before mixing with 2 ml of

2N NaOH. Finally, 300 pl of the sample was used to read absorbant@ @atb
ina9%wel | mi cropl ate r ead eketobutyfateevasst o c k
prepared and diluted with T¥l8ClI, 0.1 mol/L, to make a 10 mmol/L solution

j ust bef ore use. T h e-ketohutgrateeranged ddtweenn o f
0.1 and 1 pmol with a tal volume of 200 ul of each standard. Three hundred
microliters of the 2,4initrophenylhydrazine reagent were added, and the
contents were vortexed and incubated a
ketobutyrate is derivatized as phenylhydrazine. ddier of phenylhydrazine is
developed by adding 2 mL of 2M NaOH. The solution is mixed before
measuring the absorbance at 540 nm. A standard curve of absorbance was plotted
against standard condeation. The standard curve wased to calculate the

conceit r at i-ketobutyrate ptbduced by endophytic bacteria.

3.1.6.2 Indoleacetic acid Production by Endophytic Bacteria

The indoleacetic acid assay was conducted based on the established
colorimetric method byChandra et al., 2018; Naveed et al., 2013; Passari et al.,
2016) Nutrient broth (15 ml) was prepared with 0.1 % tryptophan. Peatenti
endophyte isolate was cultured separately into the growth medium and incubated
in a shakingncubator at 28°C, 100 rpm for 48 h. After incubation, ingmtetic

acid production was determined by Salwoski's reagent. A series of standards
within the rangeof O ppm to 200 ppm was prepared from a stock solution of
1000 pg/mL of pure indolacetic acid in acetone in the same culture medium.
According to the preletermined design, a hundred microliters of samples and
standards were transferred into av@&ll microplate. Then, 200 pL of Salwoski
reagent was added to all the wells, and the microplate was incubated at RT for

25 minutes. The absorbance was read at 530 nm in"i¥8pectrophotometer
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(Model: Variosken Flash Multimode Reader, ThermoFisher SciertlBa\). A
standard curve of absorbance against the concentration of-excktie acid was
plotted. The concentration of indedeetic acid produced by endophytes was

calculated using the standard curve.

3.1.6.3 Phosphorus Solubilization by Endophytic &cteria

The microplate colorimetric method was done to quantify orthophosphate or
soluble phosphate that was solubilized from insoluble rock phosphates by
endoplytes(Z. He & Honeycutt, 2005; Khati, Pankaj, Nisha, Kumar, & Sharma,
2018; Ringuet et al., 2011All glassware wasacid cleaned by soaking in a 10%
HCI solution and rinsed at leasiree times with distilled water/ultrapure water
before use. The pure culture of potential endophytes was used to inoculate 50
mL of Pikovaskaya's broth supplemented with Christmas Islac& Rhosphate
(CIRP) as the sole insoluble phosphorus source (Yeast extragt, Odgxtrose,

10 g/L; CIRP, 5¢/L; ammonium sulfate, 0.§/L; potassium chloride, 0.g/L;
magnesium sulfate, 0g/L; manganese sulfate, 0.00¢/L and ferrous sulfate,
0.001 g/L) in conical flasks. The flasks were incubated in a shaking incubator
for one week at room temperature. The samples were analyzed after eight days
of the incubation period. Samples were filtered using 0.22 um syringe filters to
remove particulates bwe analysis. The reagents (R) used were R1: 51 mM
ammonium molybdate; R2: 4.8 sulfuric acid; R3: 0.9 uM ascorbic acid
(freshly made solution) and R4: 1r@M antimony potassium tartrate. The
working reagent was made fresh daily by mixing the reagerntsifollowing
amounts: R1: 1.5 mL; R2: 5 mL; R3: 3 mL; and R4: 0.5 mL. Samples were added
to a 96well microplate followed by 5QL of mixed working reagent. The
microplate was vortexed at 750 rpm on a microplate shaker during the 30
minutes of reactionime. The absorbance was quantified at 880 nm-WY
Spectrophotometer, Model: Variosken Flash Multimode Reader, ThermoFisher

Scientific, USA). Standards were prepared using the following reagents:
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Orthophosphate/soluble P: A primary stock solution of ggitan phosphate
monobasic (KHPQs), 10 mM, and stored at 4°C. A 100 puM of secondary stock
solution was prepared from the primary stock solution by diluting with distilled
water, and standard solutions with orthophosphate concentrations ranging
between 0 ah 25 pM were made for the calibration curve. The absorbance
reading shows a linear correlation against the orthophosphate concentration in

the solution solubilized by endophytes from an insoluble source of phosphate.

3.1.6.4 Quantitative Screening of Bioflm Production by Endophytic
Bacteria

The ability of the potent endophytic bacteria to produce a biofilm that will help
in root colonizatior{Naveed et al., 2013)nd the compatibility of the endophytes

to coexist in a mixed culture were also determined. Biofilm formation was
analyzed using a 9&ell microplate by staining it with 0.1 % crystal wblin a
buffer [0.15 M ammonium sulfate, 100mM potassium phosphate (pH 7), 34 mM
sodium citrate, and 1 mM MgSpP Bacterial inocula were prepared by growing
strains in biofilm formation medium (BFM) at 28°C for 24 h and harvested by
centrifuging at 10,008@ g at 20°C for 5 min. After centrifugation, pellets were
re-suspended in BFM medium at®1€ells/ml density. A hundred microliter of
this inoculum was used to inoculate microtiter plates containing BFM. After two
days of incubation, the wells were staimegith 0.1 % crystal violet at RT for 45
minutes. After removing excess crystal violet, the wells were rinsed with sterile
distilled water. The weladhering cells were then solubilized with 200 ul of a
mixture of 80 % (v/v) ethanol and 20 % (v/v) acetohlee absorbance of 150

pL of the destained crystal violet, which was transferred to a new microplate,
was measured at 595 nm (UXs Spectrophotometer Model: Variosken Flash
Multimode ReaderThermoFisher Scientific, USA).

3.1.7 Statistical Analysis
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The data were analyzed using eway ANOVA (Microsoft Excel) and the
Tukey HSD test using IBM SPSS Statistics versions 25 and 28. The mean values

were significant at p’° O0.05.

3.2 Results and Discussion

3.2.1 Endophytic Bacteria from the Roots and Leaves of Moringa, Sesbania,
Neem, and Chilli

Seventy bacterial endophytes exe isolated from the roots and leaves of
medicinal crops such as morindAdringa oleiferg, neem Azadirachta indic
vegetable hummingbird Sesbania grandiflora and healthy chilli plants
(Capsicum annuurap. MC11 and L5 varieties). The endophytesaisal from

each part of the plant are detailedrig. 3.1andTable 3.2 The pure isolated
colonies were subultured at least five times to ensure survival. The isolates that
could not grow after a few swutulturing were removed from the collection list.
Most endophytes were isolated from moringa roots, followed by chilli roots and
leaves. The isolation was done from medicinal plants as minimal reports have
been published on the plant growdtomoting activities of microbialrglophytes

from medicinal plats (Hassan, 2017) Bacterial endophytes from the
rhizosphere environment colonize root hairs due to the secretioat@xudates

and rhizodeposits. Plant roots and plant developmental stages influence the
rhizosphere microbiome. Thus, plant type is a stronger modulator of microbial
richness than soil typggiehon & Babalola, 2018Different plant species have
various root exudates, which can attract specific types of microbes to the
rhizosphere by changing the physicakemical conditions of the rhizosphere
that promote nutrient acgition and attract specific beneficial microbial groups
(Zhao et al., 2021)rhis can increase the microhiedhness in the soil associated

with that particular plant species. Furthermore, some plant species may also
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release antimicrobial compounds that can inhibit the growth of certain microbes,
leading to a reduction in microbial richness. Therefore, thetedfealant type

on microbial richness can vary depending on the plant species and the specific
microbial communities involved. Consequently, it was expected that the root
exudates from medicinal plants could attract novel beneficial bacteria to enter
their roots. This is obvious in this research, where different plants harbor
different genera of bacteria with distinct abundance. Moringa roots, chilli roots,
and chilli leaves showed diverse bacterial isolates with different morphology of

colonies.

This sty noticed bacteria with similar colony morphologi@song plant
species or parts of the same plant species. This shows that there is a possibility
that the same genus of bacteria is distributed in various crops through natural
selection. Bacteria with siilar morphology in different parts of the same crop
species show that endophytes from roots could have traveled to the leaves via a
specific colonization route. It was reported that stem andsledficegproduce
exuddes that attract microorganisr(idardoim et al., 2015)This explains the
presence of bacterial endophytes in the leaves of plaidgsdoim et al., 2015)

state that the xylem vascular system is the main transport route for the systemic
colonization of internal plant compartments. In contrast, other endophytes
colonize the intercellular spaces of plant cells. Endophyte colwnzallow a
systematiananner wherd travels from roots to shoots to flowers, fruits, and
seeds(Chouhan, Agrawal, & Prakash, 2022y hile this explains the similar
microbial genus in different parts of a plant, microbial taxonomic distinction
describes the distribution of diverse microbiomes among bacteria associated
with a leguminous plant's stem, leaves, and nodlge=hon & Babalola, 2018)

The rhizosphere is where plant bacteria interact with various biological activities
and the excretion of root exudates. The nature of the root exudates recruits
specific endophytes to live ingtost plant. Thyshe plant directly selects the

type of endophytes
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Table 3.2Endophyte isolates from medicinal plants and local chilli varieties

Name of plant Abbreviation Number of
endophytes
Moringa oleifera(Drumstick tree) Leaves ML 4
Sesbania grandiflorgVegetable hummingbird) Leaves SL 3
Azadirachta indica(Neem Tree) Leaves NL 4
Capsicum annuunrL. (Chilli MC 11) Leaves CL 9
Capsicum annuuni. (Chilli Kulai) Leaves CKL 9
Moringa oleifera(Drumstick tree) Roots MR 18
Sesbania ¢andiflora (Vegetable hummingbird) Roots SR 3
Azadirachta indica(Neem Tree) Roots NR
Capsicum annuurri. (Chilli MC 11) Roots CR 5
Capsicum annuurri. (Chilli Kulai) Roots CKR 10
Total 70




Figure 3.1 Examples of adophytes isolated froplant leaf and roo{a) Maoringa root; (b) Chiil L5 root; (c) Neem leaf{d) Sesbania leaf; (e)
Chilli MC 11 (f) Chilli root; (g) Seshnia root (h) Moringa leaf
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3.2.2 Plant Growth-promoting Biochemical Traits in Endophytic Bacteria

Potential plant grotih-promoting endophytes with the capability of phosphorus
solubilization, potassium solubilization, nitrogen fixation, siderophore
production, ACGdeaminase production, phytohormone production, chitinase
production, hydrogen cyanide production, antaganiséictivity against
Fusarium oxysporunand Colletotrichumsp. were screened using qualitative
agar medium assays. The qualitative assays were conducted to narrow down the
number of potential endophytes that will be used to measure specific beneficial
activities. Likewise, selecting promising plant grovgtfomoting bacteria was
done based on qualitative and quantitative indices to reduce the number of
isolates and exclude bacteria that exhibited negative réBulBenedetto et al.,
2019) In the first round of qualitative assays, endophytes showing clear zones
were designatedspotential bacteria for a specific activity. The second round of
screening was done among the bacteria with positive activitieeelsuring the
diameter of clear zones produced by each endophytic bacteria for the relevant
activity. The beneficial activities of all the isolated endophytes were described
in Table 3.3 and the pictures of functional traits were depicteBign 3.2 An
interesting observation was unveiled when the PGP endophytes were classified
according to their host plant and beneficial characteristiablé 3.4).
Endophytes isolated from sesbania and neem plants could only inhibit the
growth of Fusarium sp. and Cdletotrichum sp., producing siderophore,
chitinase, and ACC deaminase. These beneficial traits were more associated with
bio-pesticides and bioontrol properties, whereas endophytes from moringa and

chilli have both biecontrol, bicfertilizer, and biestmulating properties.

Endophytes are microorganisms that reside within the tissues of plants and can
provide numerous benefits to their host plant. Endophyes could directly or
indirectly benefit the plant by increasing the availability of nutrients, reg3mg

plant pathogens and insects, producing phytohormones, aiding in
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phytoremediation and rhizoremediation, and stimulating stress resistance in host
plants(Chouhan et al., 2022; Husseiny et al., 20Zhey are generally deemed
beneficial microorganisms for crops as they thrive within plant cells without
causing damage to the plants and establisbnanwnity with other beneficial
microbes by secreting various bioactive metabol{tesouhan et al., 2022;
Hassan, 2017)

Although many studies have demonstrated plant growth promotion of
endophytes isolated from the same plants, some endophytes were also reported
to promote growth in diverse host plaitaran Afzal et al., 2019PIlant growth
promoting microorganisms may directly facilitate the proliferatbhost plants

by fixing atmospheric nitrogen, involved in the solubilization of phosphorus and
potassium minerals, and supplying it to plafitenrose & Glick, 2003)Some
beneficial microorganisms are also albeproduce plant hormones such as
indole acetic acid, gibberellins, cytokinins, and enzymes such as ACC
deaminase (Aminocycloprapané-carboxylate) that promote plant growth by
lowering ethylene levels of the plaithan et al., 2016and by regulating genes
involved in plant growth and protein producti@a. Li et al., 2011) Indole
aceticacid stimulates primary root elongation, while gibberellin influences seed
germination and emergence, flower and fruit development, and stem and leaf
growth.

Isolates from Moringa oleifera have multiple plant growtpromoting
characteristicaVioringa oleferais an edible, drougkblerant wild plant famous

for its medicinal and nutritional valugd. oleifera known as the "miracle tree,"

is a rich source of beneficial nutrients such as vitamins A, C, calcium, potassium,
iron, flavonoids, polyphenols, @oxidants, polysaccharides, and fibers. Its
consumption has been linked to treating several health issues, including cancer,
cardiovascular disease, diabetes, and obesity. Moreover, it can protect the liver

against oxidation and toxicit§refai et al., 2023)The agricultural industry can
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also benefit fronM. oleifera The powder made from its seeds barused as a
natural coagulant to purify water, while its seed oil can serve as a plant fertilizer
that helps increase crop yiel@®efai et al., 2023)Due to the enormous benefits

of the moringa plant, the endophytes that thrive in this plant could exhibit
multiple beneficial traits for plants too. The moringa plant's abundant
micronutrients, growthand healtkbenefitting compounds have attracted novel

and beneficial endophytes to moringa roots and leaves.
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Table 3.3Screening of beneficial activities in endophytic bacteria isolated from moringa, neem, sesbania and chilli plants

No. |solates Nitrogen Phosphorus  Potassium Indole Chitinase Siderophore Colletothchium Fusarium Hydrogen

fixation solubilization solubilization aceticacid production production deaminase inhibition (%) inhibition cyanide

(cm) (cm) (cm) production production (%) production
1 MR1 - - - + - - - -
MR2 - - - - 1.1 - - -
MR3 - - - - 1.1 51.7 - +
4 MR4 3.2 - 2.8 + - - - -
5 MR5 1.9 11 15 - 2.0 - - -
6 MR6 - - - - 11 - - -
7 MR7 - - - - 1.0 - 38.2 -
8 MR8 - - - - 11 - - -
9 MR9 1.7 - 1.3 + - - - -
10 MR10 - - - ++ 1.2 - - -
11 MR11 - - - - - - 25.5 -
12 MR12 - - 2.2 - - - - -
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13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

MR13
MR14
MR15
MR16
MR17
MR18
ML1
ML2
ML3
ML4
SR1
SR3
SR4
SL1
SL2
SL3
NR1
NR2

1.2
2.1

0.9
1.0

11

1.2
0.9

0.8

1.0

32.2

41.2
33.7
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

NR3
NR6
NR7
NL1
NL2
NL3
NL8
CR1
CR2
CR3
CR4
CR5
CL1
CL2
CL3
CL4
CL5
CL6

1.2
11
1.0

1.0

1.0
0.7

0.9

48.2
47.6

51.1
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

CL7
CL8
CL10
CKR3
CKR4
CKR5
CKR6
CKR7
CKR8
CKR9
CKR10
CKR12
CKR13
CKL1
CKL2
CKL3
CKL4
CKL5

1.9
2.3
2.5

3.2

2.8

1.3

1.3

1.2

1.2

2.1

1.4

1.4
1.3

2.5
1.4
2.6

3.0

2.2
2.1

0.9
1.1
1.2
0.8

2.0

52.3

32.2
35.2

50.89
44.1

23.3

34.5

10.7

21.8

12.9
30.8
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67
68
69
70

CKL6 3.4 1.0 3.3
CKL7 1.8 - 2.2
CKL8 - - -

CKL10 - - 1.7

11
2.0

45.8

34.5

*MR: Moringa root; ML: Moringaleaf, SR: Sebania root; SL: Sesbania leaf; NR: Neem root; NL: Neem @Rf Chilli roots (L7 varigy); CL: Chilli leaf (L7 variety); CKR:

Chilli roots (Kulai varigy); CKL: Chilli leaf (Kulai variety)
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Table 3.4Classification of plant growtpromoting endophytes according to beneficial traits and host plant

Beneficial traits Qualitative assays Number of endophytes Number of endophytes Number of endophytes Number of endophytes

isolated from moringa isolated from chilli leaf isolated from neem le& isolated from sesbania

leaf & root & root & root leaf & root
Phosphorus Pi kovaskaya 3 rootendophytes 6 root endophytes Nil Nil
solubilization 5 leaf endophytes
Potassium Al eksandr ov: 7 root endophytes 6 root endophy® & 6 Nil Nil
solubilization leaf endophytes
Nitrogen fixation Ashbyo6s me 5 root endophytes 4 root endophytes & 5
leaf endophytes
Siderophore 96 well microplate assay = 10 root endophytes anc 6 root endophytes & 5 4 rootendophytes 1 root endophyte & 1
production 3 leaf endophytes leaf endophytes leaf endophyte
Chitinase Chitin azure agar assay 5 root endophytes 1 root endophyte & 2 1 root endophyte 1 root endophyte & 1
production leaf endophyte leaf endophyte
ACC deaminase 96 well microplate assay 6 root endophytes & 1 7 root endophytes & 1 3 leaf endophytes 1 leaf endophyte
production leaf endophyte leaf endophyte
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Indole acetic acid

production

Fusarium
oxysporum
inhibition
Colletotrichum

capsiciinhibition

Hydrogen cyanide

production

96 well microplate assay

Dual culture assay

Dual culture assay

HCN agar medium

8 root endophytes & 1
leaf endophyte

4 root endophytes & 2
leaf endophytes

1 root endophyte & 1
leaf endophyte

1 root endophyte

7 root endophytes & 5
leaf endophyte

7 root endophytes & 9
leaf endophytes

1 root endophyté& 6
leaf endophytes

Nil

Nil

2 root endophytes

1 root endophyte & 1

leaf endophyte

Nil

Nil

1 leaf endophyte

1 root endophyte & 1

leaf endophyte

Ni
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Fig. 3.2.Qualitative beneficial traits of endophytic bacteriaeJaClear zone indicates
phosphorus sabilization, potassium solubiliion, nitrogen fixation, siderophore
production and chitinase production. (f): Orange colour indicates hydrogen cyanide
production. (gh): Dual culture assay to exhibit the antagoaiattivity of endophytic

bacteria againstolletotrichumspandFusariumsp.
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3.2.3 Phosphorus Solubilization by Endophytic Bacteria

Potential beneficial endophytes were identified when a clear zone was observed
around the colonies in the selective agéatep assay containing insoluble
phosphorus Kig. 3.2 a). The majority of the bacteria were able to show
phosphorus solubilization activity in an agar medium. However, only 14 out of
70 endophytic bacteria were selected for further analysis as the seeabéar

zone of all the potential phosphossslubilizing bacteria was similar. Among

the 14 bacteria, only CKR8 and MR13 showed large clear zones, 2.1 cm, and 1.5
cm, respectively, and the rest exhibited similar sizes of clear zones. Thus, the
Molybdenumblue assay measured the concentration of soluble P produced by
the endophytic bacteria in a medium containing CIRP, mineral P, with low
solubility. In this test, both {feeleasing and mobilizing activitiesvere
determined using a microplate readersdiubilizing and mobilizing bacteria
could liberate the P in complex form and solubilize it into an orthophosphate
form, which produces a blue color. In this method, orthophosphate reacts with
ammonium molybdate and potassium antimonyl tartrate in an acid mediu

form phosphomolybdenum that will be reduced to molybdenum blue by ascorbic
acid. A microplateeaderbased colorimetric method is reported to be sensitive,
simple, and rapid for quantifying orthophosphatésHe & Honeycutt, 2005;

Khati et al., 2018; Ringet et al., 2011)

The standard graph of absorbance versus orthophosphate (soluble P)
concentration was plotted to determine the P solubilization capability of
endophytic bacterial sampleBig. A.1) (Appendix). The concentration of P
correlates with theabsorbance reading. The standard P graph was used to
calculate the concentration of P solubilized and liberated by the endophytic
bacteria. When tested in molybdenum blue assays, MR13 could produce 4.93
ppm of soluble P followed by 3.74 ppm of solubleyPaKR8 and 0.19 ppm of

soluble P in a control medium without bactefay( 3.3.

Phosphatesolubilizing bacteria (PSB) can mobilize mineral P in soil, increasing
the bioavailability of P for plants, enhancing soil fertility, increasing crop

productivity, and promoting sustainability in agricultuf@lori, Glick, &
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Babalola, 2017)They improve plant growth by stimulating nitrogixation,
enhancing trace metals' availability, and forming plant growth horn{&mhgsha
Gupta & Pandey, 2019)

Pikovaskaya's medium consisting of an insoluble source of phosphorus in the
form of calcium phosphate is used to screen endophytes' inorganic phosphorus
solubilizing ability. A clear zone around the colonies indicatesli#baization

in the medium. Fourteen potential P solubilizing bacteria isolated in this
screening process were from chilli roots, followed by moringa roots. These 14
endophytes were analyzed using the molybdenum blue method, an established

method of measing soluble P in a liquid medium.

Inorganic and orgaa phosphorus solubilization isccompanied by pH
reduction of the medium due to the secretion of organic acids. Previous studies
have corroborated the role of organic acids in facilitating phosphorus
solubilisation (Mendes et al., 2020; Wei et al., 201&ne of the main
mechanisms responsible for releasing available forms of phosphorus to plants in
the soil is the production of organic acid and thevégtof acid phosphatases
(Saeid, Prochownik, & Dobrowolskavanek, 2018) Hydroxyl and carboxyl
groups of organic acids chelate the cations bound to phosphate and transform
them into soluble faons (Kalayu, 2019) Microorganisms could adubilize
unavailable P via a ligand exchange process whereby the hydroxyl and carboxyl
groups of organic acids produced by microorganisms chelate the cations bound
to P and exchange with P in s@ashid et al., 2016Dxaloacetic acid, succinic

acid, citric acid, tartaric acid, malic acid, and maleic acid were regarded as
respondble for the solubilization of rock phosphatéReza, Singh, Datta,
Purakayastha, & Singh, 2017)
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Fig. 3.3. Orthophosphate solubilized from insoluble rock phosphates by endophytic
bacteria after eight days of incubation. The values are an average of 10 independen
readings. According to the Kay HSD est, means with different letters are significantly
different at p<0.05. (IBM SPSS statistics, version 25)

3.2.4 Potassium Solubilization by Endophytic Bacteria

In the preliminary assay, Aleksandrov's medium of potassium aluminum silicate,
a complex passium source, wasised to select potassiesolubilizing
endophytes. A clear zone around the colonies indicates potassium solubilization
due to organic acid secretidfd. 3.2 . Only 19 isolates of 70 bacteria isolated
from chilli and moringa plants ctdisolubilize insoluble potassium in an agar
medium. MR14 (3.3cm), CKL6 (3.3cm), CL1 (3.0cm), and CKR6 (3.0 cm)
exhibited larger clear zones amongst the potential bacteria for potassium

solubilization Table 3.3.

Potassium can be found in various foimghe soil. These include exchangeable

K, nonexchangeable K, dissolved K ions, and mineral K. However, plants can
only utilize the soil's exchangeable and dissolved K {&tesami, Emami, &
Alikhani, 2017) The primary forms of mineral K found in most soils are feldspar
and clays, the parent materials for these soils. Additionally, secondary minerals

such as illite and vermiculite, which are micaceous minerals formed from
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primary mineralsarea source of mineral KEtesami et al., 2017Most soil K
exists in silicate minerals, which account for approximatelp8 of the total

K in the soil. These minerals include muscovite, ortaee] biotite, feldspar,
illite, and mica(K. L. Rana et al., 2020Plants absorb potassium soluble
form, whereas 9@8% of total K in the soil is in unavailable forms such as
feldspar and mica. Potassiwolubilizing bacteria weresed as efficient bio
inoculants for enhancing K solubility in s¢®aha, Maurya, Meena, Bahadur, &
Kumar, 2016)Theycan dissolve Kbearing minerals in soil by secreting organ
acids, similar to Bolubilizing microorganismgBagyalakshmi, Ponmurugan, &
Balamurugan, 2017)

Studies have shown that the production of carboxylic acids is one of the primary
mechanisms responsible for theolubilization of potassiumn the soil.
Carboxylic acids are organic compounds that contain a carboxyl gloQ®H)

and can chelate metal ions such as K, making them more soluble and available
for plant uptake. Many microoagisms, such as bacteria and fungi, have been
shown to produce carboxylic acids as part of their metabolic procgéskes

Rana et al., 2020)These acids can be excreted into the soil, where they can
chelate K and other metal ions, increasing their solubility and availability for
plant uptake. Seeral carboxylic acids werneentified as potent ¥olubilizing
agents, including citric acid, malic acid, andibx acid. These acids caelp to
reduce soil pH, making it more acidic and further increagiegolubility ofK.
Bacteria werereported to produce polysaccharides tlcah enhance the
dissolution of minerals such as albite and quéitzL. Rana et al., 2020)
Polysaccharides produced by microorganisms can act as a scaffold for mineral
dissolution, providing a surface for metal ions to bind and increasing the

efficiency of the proces&. L. Rana et al., 2020)

3.2.5 Nitrogen Fixation by Endophytic Bacteria

In the current study, Asby's glucose agar mediuas wsed to isolate nen
symbiotic nitrogerixing endophytes. This medium does not contain a nitrogen
source. Endophytes that grow in this medium are expected to fix nitrogen in the

air for its growth on the agar platBig. 3.2 9. About 14 endophytes isaiked
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from chilli and moringa plants were considered potential nitrdogmg
endophytes. Among these 14 bacteria, MR4, CKL6, and CKR6 showed larger
clear zones in an 4ffee medium, accounting for 3.2 cm, 3.4 cm, and 3.2 cm,

respectively Table 3.3.

Nitrogen fixation is an energetically expensive process that requaigsiicant
amount of carborPlants' root exudatese rich in carbon, consisting of various
low-molecularweight compounds such as sugars, organic acids, and mucilage.
These exudates caerve as an energy source for diazotrophic microorganisms,
as they require a significant amount of ATP to carry out nitrogen fixation. Root
exudates in the form of flavonoids secreted by legume roots appear to participate
in nitrogen fixation(Y. Jiang et B, 2022) Nonlegume plant roots also may
secrete flavonoid exudates to facilitate root interaction with nitrdigerg
bacteria or suppress biological nitrification or denitrification so that iNoray

be retained in the soil for plant uptakghai & Schachtman, 2022)

The direcisolation metld using carbon soces and an Nree medium resulted

in significant root interactions with Hixing bacteria diversity compared to
other methods. Most bacterial isolates obtained through this method were related
to diazotrophic strains reported as endophytes in varions gpaciegMirza &
Rodrigues, 2012)Merely observing the growth of an organism on afrdé¢
medium is insufficient to establish it as a true diazotroph. To confirm its ability
to fix nitrogen, it is imperative to gather merimental evidence through
technigques such as quantifying acetylene reduction activity, investigating the
expression of nitrogen fixation genes, or conducting an assimilation assay using
15N-labeled N gas(Mirza & Rodrigues2012) Thebacterialisolates that could

fix nitrogen mainly produced slimy exopolysaccharides in the agar medium.

A group of researchef(dhmadiRad, Gholamhoseini, Ghalavand, Asgharzadeh,

& Dolatabadian, 2016provedthe capabilityof the nitrogerfixing bacterial
application to stimulate fruit set and fruit developmerfit sweet cherry
Likewise, researchers have isolated endophytes from sugarcane stalks with high
nitrogenase activityXing et al., 2016)
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3.2.6 Chitinase Production by Endophytic Bacteria

Chitinolytic endophytes can be detected by ¢learing zonan culture plats
containing chitin. In this study, five isolates from moringa root, three isolates
from sesbania (leaf and root), three isolates from chilli (leaf and root), and one
isolate from neem root were found to have the ability to produce chitinases as

observed by the clearing zeim chitin agar mediunir@ble 3.2¢).

The clearing zone can detect chitinolytic endophytes in a chitin culture plate.
Chitin is a natural polymer of fdcetylD-gl ucosami ne monomer s
1-4-covalent bonds. Chitinases found in some microorganisms can decompose
chitin, a component of theell wall of fungi(Brzezinska et al., 2013This is an

essential criterion of a defense method agdimsgjal pathogens.

Bacterial endeand exechitinases work together to break down chitin, the main
structural component of many insect and fungal pests that attack ©lapsyo,

Puri, Wang, Singh, & Permaul, 2019; X. Wang et al., 20E@8)dochitinases
cleave the chitin polymer at internal points, generating smaller chitin oligomers.
Exo-chitinases, on the other hand, cleave chitin from theraduacing end,
releasing single Micetylglucosamine units. These two types of chitinases work
cooperatively to break down chitin into its constituent monor(iReghore &
Gupta, 2015)When appliedo crop fields, these bacterial chitinases can degrade
the chitin in these pests, disrupting their life cycle and reducing their population,
leading to improved crop yield@\. Veliz, MartinezHidalgo, & M. Hirsch,
2017; Rathore & Gupta, 2015)

3.2.7 ACC Deaminase ®duction by Endophytic Bacteria

In this study, all isolates of endophytes were screened for ACC deaminase
production using 96vell microplates. The absorbance directly correlates with
the concentration of ACC deaminase enzyme. Isolates that show alegooban
more than 0.15 were selected for quantitative analysg A2) (Appendix).
Nineteen isolates were aliteproduce ACC deaminase, whére majoritywere

isolated from chilli roots, followed by moringa roots. The absorbance directly
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correlates witlihe concentration of ACC deaminase enzyme. The color intensity

was observed to increase in the-microp
ket obutyrate increased. T Ketoglstdria(od ar d ¢
determine the ACC deaminase actiafyendophytic bacterial sampldsd. A3)

(Appendix) and used to calculate the ACC deaminase concentration produced

by the endophytic bacteria. MR1, SL3, MR4, and MR14 were selected using a
spectrophotometer based on yellow color production in theelémicroplate

and absorbance reading. It was found that MR1 produces the hagh@snt of
Uketobutyrate, 0.378M (Fig. 3.4).

Ethylene is a plant hormone that plays a crucial role in regulating various
physiological processes in plants. However, the production of ethylene induced
by climate change can harm plant growth and devedmpnpotentially leading

to plant death if left uncheckg@®hikha Gupta & Pandey019) Thus, it is
crucial tomonitor ethylene levels in plants to mitigate its harmful effects. Plant
growth-promoting bacteria employ several mechanisms to alleviate plant stress,
with one primary strategy being the reduction of ethylene levels thrthegh
hydrolysis of *aminocyclopropand-carboxylic acid (ACC) by the enzyme
ACC deaminase. ACC is a precursor of the plant hormone ethylene. Certain
strains of PGPR have been reported to possess ACC deaminase, whigakan b
down ACC i nt o -ketobutymate,idecreasingithe level of ethylene
within the plant(Chandwani & Amaresan, 2022ACC deaminase production
indicates thetsess tolerance traits in endophytes that could make it a potential

candidate for bisstimulant.
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Fig. 3.4.Quantitative screening of ACC deamingseducing endophytes based on a
s t a n d-ketoglutaid) graph. Values are means of eightlependen readngs.
According to the Tkey HSD test, means with different letters are significantly different
at p<0.05. (IBM SPSS statistics, version 25).

3.2.8 Indole Acetiecacid Production by Endophytic Bacteria

In the first trial, 21 out of 70 isolates, which exteld red color formation in the
96-well microplate, were selected for quantitative analysisg.( A4)
(Appendix). The 21 endophytic bacteria were mainly isolated from moringa root
and leaf Table 3.4. The standard graph was plotted for indabtetic acido
determine the IAA concentration produced by endophytic bacterial samples
(Fig. A5) (Appendix). The results revealed that Mlahd MR10 could produce
164.6+21.3 ppm and 87.6£0.29 ppm of indatetic acid, respectivelyFig.

3.5

IAA is a naturally ocarring auxin produced by PGPR through th&yptophan

metabolism pathway. It is the first auxin group of growth stimulants identified

to play a central role in plant grow{Pham et al., 2022Salwosky's method

determined the concentration of IAA produced by endophytic bacteria. Salicylic

acid s known to form a violetolored complex with ferric ions in acidic

solutions. In the Salkowski method, the reaction between IAA and sulfuric acid
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generates a mixture of products that includes indole, which reacts with the ferric
ions in the Salicylic acideagent to produce a phtk-red color, indicating the
presence of IAA. The intensity of the color is directly proportional to the

concentration of IAA in the sample.

Estimated Marginal Means of Concentration of indole-acetic acid (ppm)
200.00 |

a

100.00 |

g

Mean concentration of LAA (ppm)

ML1 MR10 MR13 Control

Endophytic bacteria
Error bars: 95% CI

Fig. 3.5Quantitative analysis of indole acetcid production by potential endopltyt
bacteria. The values are average of 30 indepéndadings. According to the Key

HSD test, means with different letters are significantly different at p<0.05. (IBM SPSS
statistics, version 25).

Phytohormone production by endophytes is a typical foairootassociated
endophytegHardoim et al., 2015)ndole 3-acetic acidplays a vital role in leaf
formation, embryo development, root initiation and developmeniijt fr
development, et Chandra et al., 2018)JAA facilitates root elongation and
formation of lateral roots, which indirectly enhance the efficiency of water and
nutrient uptake by plant root systerf@hikha Gupta & Pandey, 2019) also
affects xylem and root development and photosynthesis and can provide
resistance tolpnts against various stresses. When present in the optimal amount,
IAA promotes the secretion of root exudates and loosens the cell wall, allowing
for enhanced nutrient uptake and transfer across membranes and facilitating the
association between host pta and microbeg¢K. L. Rana et al., 2020)L-
tryptophan is the diregirecursor for IAA synthesis via an indeBeacetamide

pathway. In plants, root exudates secretéryptophan for rhizospheric
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microorganisms to enhance IAA biosynthesis in the rhizospl@raiharn &
Lumyong, 2011)

3.2.9 Siderophore Production by Endophytic Bacteria

Thirty endophytic bacteria were identified as hydroxamatgersphore
producers Fig.A6) (Appendix). Hydroxamate siderophore production was
indicated by the formation of orangelor colonies on bludyed CAS agar
medium because of iron removal. The siderophore produced by endophytic
bacteria were classified as lmgdamates as they changed the agar plate from
blue to orangeKig. 3.2 d. The diameter of the orange zone produced by the
potential endophytic bacteria ranged from-R.@ cm. CKL7, CKR8, MR5, and
MR14 were selected for the @ell microplate assayl@ble 3.3). The majority

of the siderophorproducing bacteria originated from moringa (12 isolates),
followed by chilli (8 isolates), sesbania (3 isolates), and neem (1 isolate). CKL7
produced the highest siderophore concentration, reflected by the highest
intensity of orange color production. The siderophore concentration based on
absorption is shown in the gragfd. 3.6).

Iron is an essential micronutrient for plant development, and it is required by
several metalloenzymes involved in photosynthesis asulregion (Ferreira et

al., 2019). However, iron has low solubility in its predominant form?, fie the
aerobic environment and forms insoluble hydroxides and oxyhydroxides that
plants and microbes do not assimilate. Microbes produce siderophores, low
madecularweight iron chelators that can bind*Fevith high affinity and are
watersoluble (Sinha, 2019) Sderophores are classified agtracellular and
intracellular. Extracellular sidepbiores are released into the environment and
scavenge iron, which is then taken up by the cell. Intracellular siderophores are
synthesized within the cell and function in the intracellular transport of iton

L. Rana et al., 2020%Biderophores are categorized based on the types of ligands
they use to chelate ferric ironhieh can include catecholates, hydroxamates,
and carboxylateéSinha, 2019)When siderophores bind to iron, a complex is
formed, which is then absorbed by the microbial cell through spé&ahsport

systems. This criterion allows microorganisms to overcome the low solubility of
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iron in their environment and acquire the necessary iron for their growth and
survival(K. L. Rana et al., 2020)

Microbes that produce siderophores can scavenge iron from the surrounding
environment, limiting its accessibility to plopathogens and protecting plants
from pathogenic attack¥'u, Ai, Xin, & Zhou, 2011) Siderophores form stable
complexes with iron and other heavy metalgehs as aluminum, cadmium,
copper, gallium, indium, chromium, lead, and zinc, as well as with radionuclides
like uranium and neptunium. By doing so, siderophores reduce the toxic effects

of heavy metals on plan(K. L. Rana et al., 2020)
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Fig. 3.6 Hydroxamatesiderophore production by potential endophytic bacteria. The
values are an avage of terindependenreadings. According to the Key HSD test,
means with different letters are significantly different at p<0.05. (IBM SPSS statistics,

version 25).

3.2.10 Biacontrol Activity of Endophytic B acteria against Colletotrichum
sp.

In this study, only one bacterial isolate, MR3, was able to change the color of
filter paper from yellow to orange, which indicates the presence of hydrogen

cyanide. All 70 isolates were tested for the antagonistic ability against
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Colletotrichumsp. using a dual culture agar plate assay. About 13 endophytes
out of 70 isolates have exhibited inhibition@dlletotrichumsp. in the range of
4553% Fig. 3.7. The antagonistic endophytes were able to produce
metabolites that inhibit the growth of thenal pathogen. Control potato
dextrose plates that were grown with the pathogen show full growtd nhefys,
whereas antagonistic endophytes hinder the growth of fungal myc&lign3(2
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Fig. 3.7. Inhibition percentage @olletotrichumsp. by arsgonistic endophytes in dual

culture agar plat assay. Values are means ofitefependent readings.

3.2.11 Biacontrol Activity of Endophytic Bacteria against Fusarium

oxysporum

Out of 70 endophytes, 25 isolates displayed inlubigiercentages withihé 10
63% range forFusarium oxysporumsoitborne fungithat cause chilli wilt
diseaseKig.3.2 h. ML1, isolated from moringa leaf, could inhibit more than
60% ofF. oxysporungrowth on agar mediunt{g. 3.9.
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3.2.12 Biofilm Production by Endophytic Bacteria

Root colonization related to biofilm is a fundamental trait of plant growth
promoting bacteria as it facilitates the absorption of nutrients from soil to root.
All the potential endophytes with multiple beneficial characteristics were
subjected to the biofilm assay usingWwéll microplates. The results showed that

all endophytesould produce a high amount of biofilm, which is indicated by
the absorbance within the range bf38-3.36 as compared to the control that
recorded an absorbance value of 0.68).(3.9. Among all the endophytic
bacteria that could produce biofilm, CKLe&khibited the highest amount of
biofilm that was determined based on thghlest absorbance readir§j36A).

There were no significant differences among other endophytic bacteria that
could produce a high biofilm concentration, such as MR5, CKR8, MR13l, S
MR3, and CKL7. On the other hand, bacteria that had irrelevant amounts of
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biofilm were MR13, ML1, and ML3, as the values were similar to the control

value.

Mean Absorbance at 595 mn

Bacterial codes

Error Bars: 95% CI

Fig. 3.9 Exopolysaccharides (Biofilm) production by endophytic bactdite values

are an gerage of eighindependenreadings. According to the Key HSD test, means
with different letters are significantly different at p<0.05. (IBM SPSS statistics, version
28).

Biofilm produces extracellular polymeric substances, including polysaccharides,
proteins, nucleic acids, and lipids. Extracellular polysaccharides are essential in
maintaining water potential, aggregating soil particles, ensuring attachment to
plant roots, and resisting the adverse effects of environmental stf€sseta,
Kerry, et al., 2018)In contrast, bacteria thaamenot produce ibfilm, such as
Streptomyceg¢MR13), could produce vegetative hyphae to form a complex
mycelium that can grow and colonize the h@g¢urukonda, Giovanardi, &
Stefani, 2018)

3.3 Conclusion

It is concludeddrom this experiment that bacterial epdhytes from moringa

roots exhibited multiple and the majority of the beneficial traits based on the
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qualitative and quantitative assays. This could be due to the chemotaxis signals
produced by root exudates of moringa roots to attract helpful bacteheito

root microbiome. Only seven bacteria were selected for future experiments
among all 70 endophytic bacteria isolated from moringa, sesbania, neem, and
chilli roots and leaves. The selection of the promising endophytes focussed on
isolates that exhiled multiple plant growtipromoting traits and represented at
least one strong beneficial trait. The selected endophytes were MR1, MR3,
MR10, and MR13 from moringa roots, ML1 from moringa leaf, CKR8 from
chilli rootand CKL1 from chilli leaf. These endopit/bacteria were screened

and selected as they exhibit@dvitro plant growthpromoting traitsMR1 and

MR10 could produce ACC deaminase; ML1 could produce indole acetic acid;
CKR8 and MR13 could solubilize phosphorus; MR3 showed-cbiutrol
activity, andCKL7 could produce siderophores.

The study's first objective is to select the most promising endophytic bacteria to
develop biestimulant. Although seven potential isolates were selected from the
plant growthpromoting biochemical assays, a preliminaajidation of the
beneficial traits must be done using a model crop. The biochemical tests alone
could not be used as plagtowth-promoting indicators as the bacteria could act
differently during the interaction with the plant. Biochemical screening for
beneficial traits has to be corroborated with seed germination and the vegetative
seedling growth analyses to confirm their potential as plant grpwatmoting
endophytes. Furthermore, the biosafety of these bacterial isolates must be
considered before seliing the potent baetial isolate for biestimulant
development. Thus, the subsequent studies conducted to determine the potential

endophytic bacteria, were describedinapter 4.
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CHAPTER 4

CHARACTERIZATION OF PLANT GROWTH -
PROMOTING ENDOPHYTES AND THE EFFICIENCY IN
PROMOTING THE GROWTH OF CHILLI SEEDLINGS

4.0 Introduction

Plant growthpromoting endophytic bacteria can promote plant growth and
development at different growth stages, such as seed germination, vegetative
growth, and yield, and @ance the quality of the produce. They act as plant bio
stimulant to promote the development of plants either directly by facilitating the
plant's acquisition of nitrogen, phosphorus, and potassium or by modulating
phytohormone productiofCochard et al., 2022)

In the previous chapt (Chapter 3), the potential microorganisms were screened
for multiple plant growtkpromoting traits. However, tha vitro characteristics
must be verified byin vivo experiments In vitro plant growthpromoting
activities are insufficient toinfluence pant growth even under controlled
conditions (CostaGutierrez, Adler, Espinosdrgel, & de Cristébal, 2022)
Although plant growtipromoting isolates are often selected basethoritro

tests, those do not necessarily correspond tanehanismswhichinfluence
growth promotionin vivo (Bergottini et al., 2015)Mere primary screening of
isolates for PGPR traits does not gudee efficacious plant growfiromotion
under field conditions, as it is also possible that isolates that exhibih kg
growth-promoting activities might possess different plant greprbmotion
strategiegBasu et al., 2021)senerally, microorganisms could demonstrate the
maximum potential in producing plamrowth hormones or enzymes that
facilitate the biochemical assays as the growth conditions and medium will be
optimized to trigger the beneficial activities of microorganisms. Conversely, in
the actual plant condition, there might not be enough precursduged by the
plant to activate microbial biosynthesis of protein and enzymes that mediate the

beneficial activities for plant growth. Thus, it is crucial to characterize the plant
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growth-promoting traits by testing the potential bacteria in the actwaait fzt
various growth stages.

Chapter four focuses on the preliminary validation of the seven good endophytic
bacteria selected from the previous study and the characterization of potential
plant growthpromoting endophytic bacteria using molecular ideattion, root
colonization efficiency, and plant growgromoting metabolites production.
Seed germination analysis was done to confirm that the bacteria were safe to use
for plants. The first selection of potential bacteria was made based on seed
germiration time and energy. Selected bacteria were tested as individual and
mixed cultures to study the effect of seedlings' vegetative growth. Concurrently,
molecular identification was made to eliminate bacteria regarded as pathogens
and opportunistic pathoge in plants, humans, and animals. Finally, bacteria
with no biosafety issues arstiowedpositive effects on seedlings' growth were
tested on root colonization efficiencVhe production of metabolites related to
plant growthwere also evaluate&xopolysacharide (biofilm) production could
indicate root colonization but does not guarantee to enter theelstas the
bacteria must compete with the dominant root microbiome and be compatible
with root exudates. In past studies, much less attention was tpvthe early
stages of interaction between bacteria and plaotls, whichmay be essential

for successful root colonizatig@€ostaGutierrez et al., 2022Finally, the effect

of the selected bacteria was tested in a shadse study to determine the
efficiency of single and mixed cultures of the selected endophytic bacteria in

promotirg the vegetative growth and yield of chilli planted in a soilless medium.

4.1 Materials and Methods

4.1.1Preparation of Endophytic Bacterial Culture

Selected pure cultures of bacteria with desired characteristics were inoculated in
Tryptic Soy Broth (BB) (Merck,Germany) and incubated férdays at 90 rpm

on an incubator shaker (Wisecube, Faculty of Science & Engineering, University

of Nottingham, Malaysia) at room temperature. The culture was centrifuged at

4,000 rpm for 15 minutes (Refrigerated céange, Eppendorf, CEPB laboratory,
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University of Nottingham, Malaysia), and the cells were washed with distilled
water. It was then diluted x10 for seed germination and seedling growth analysis.

4.1.2 Assessment othe Compatibility b etweenthe Selected Edophytic

Bacteria

One bacterial endophyte was streaked as a line in the middle ofahplae,

and the other isolates were streaked perpendicularly across this line on a separate
Tryptic Soy Agar (TSA) (Merck, Germany). The bacteria were incubated at
room temperature for one week to observe for inhibition of bacteriatigréhe
compatible bacteria were cultivated in TSB for three days astreéaked on

TSA to check the survival of the bacterial cells in a mixed culture.

4.1.3 Riming of Chilli Seeds with Endophytic Bacteria

SJ2461, F1 hybrid hot chilli seeds were purchased from SAKATA Corp. Chilli
seeds (SAKATA 461) were soaked in 70% ethanol for 1 minute, followed by
soaking in 1% sodium hypochlorite for 10 minutes and finally rinsed withesteril
distilled water five times. After the sterilization, seeds were primed in 10 ml of
bacterial cells for 1 hoyRoslan et al., 2020 sealed conical flasks. The seeds
were spread out on filter paper to blot out the treatment solution at room
temperature for 30 min. Thethe seeds were placed on a petri dish containing
sterile Whatman filter paper (No.42, 9m) saturated with 2 mL of sterile
distilled water. The Petri digls were sealed with parafilm and covered with
aluminium foil. The plates were kept at 25 + 2°C and observed for 14 days.
Twenty seeds with three replicates were used for each potential endophytic

bacteria.
4.1.4 Hfect of Endophytic Bacterial Treatment an Chilli Seed Germination
Germination was recorded every day, and the germination percemage

germination time (MGT,))seed gemination energyand seed vigomdex was
estimated based on the formula bel@Wuthu-Pandian Chanthini et al., 2019)
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The treatments for seed germination are describ@édbite 4.1
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Table 4.1 Seed germination treatments using thlested endophytic bacteria based on superigitro beneficial traits

Treatments Endophytic bacterial code Beneficial traits

T1 MR13 P-solubilizing endophytic bactexi

T2 CKR8 P-solubilizing endophytic bacteria

T3 ML1 Indole acetic acigproducing endophytic bacteri
T4 CKL7 Siderophoreproducing endophytic bacteria

T5 MR1 ACC deaminas@roducing endophytic bacteria
T6 MR10 ACC deaminas@roducing endophytic bactar
T7 MR3 Endophytic bacteria with bioontrol activity

T8 Distilled water Control
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4.1.5 Hfect of Selected Endophytic Bacterial Treatment from Seed
Germination Test onthe Vegetative Gowth of Chilli Seedling

Four endophytic bacteria, namely, CKR8R3, MR10, and MR13, were
selected for seedling growth study based on their potential to enhance seed
germination ¢ection 4.22). For the vegetative growth analysis, chilli seeds were
soaked in water overnight before sowing into polybags containing st p
moss. The polybags containing peat moss were covered with black plastic sheets
and kept at room temperature in a dark room until the chilli seeds germinated.
The black sheets were removed once the radicle was visible, and the polybags
were observed ithe shade until true leaves emerged. Peat moss was sprayed
with water every two days once or when dry. Whehl@aves emerged from the
seedlings, 2 ml of the bacterial treatment (1 & dfd/mL) was applied to the

peat moss. Seedling growth analyses vdenge three weeks after germination.
The experiment was conducted using a completely randomized design. Each
treatment was replicated thrice with five plants in each repliddne treatments

aredescribed infable 4.2
Table 4.2 The details of thendividual and mixed culturéreatmentsof four
endophyticbacterial inoculantselected from seed germination test on chilli

seedlingsd6 vegetative growth

Code of treatment Bacterial inoculant used in the treatment

T1 MR213 (P-solubilizing endophytic bactefia

T2 CKR8 (P-solubilizing endophytic bactedia

T3 MR10 (ACC deaminas@roducing endophytic bacte)is
T4 MR3 (Endophytic bacteria with bioontrol activity)

T5 MR13 + MR10 + MR3

T6 MR13 + MR3 + CKR8

T7 MR13 + MR10 + CKR8

T8 CKR8 +MR13

T9 MR13 + MR3

T10 MR13 + MR3 + MR10 +CKRS8
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T11 MR 10 + MR 13
T12 Distilled water (Control)

4.1.5.1 Effect of Endophytic Bacteria on the Relative Chlorophyll Gntent
of Chilli Seedlings

Relative chlorophyll content was measured on each tredsmirird, fully
expandedeaffrom the shoot apex. Relative Chlorophyll Content was measured
using the SPAES02 chlorophyll meter (SPAD 502, Minoltdamera Co.,
Osaka, Japan). The data points were recorded at five positions along the leaf

blade, and then the data points were aged as a single value.

4.1.5.2 Effect of Endophytic Bacteria on the Length and Surface Area of
Chilli Root

The roots were separated from the shoot and placed into clean plastic bags. Peat
moss attached to chilli seedlings was removed gently by shakthgvashing

the roots in clean water several times. WinRhizo root scanner (EPSON Flatbed
Scanner EPSON Expression 11000XL) was used to capture the image of chilli
roots and measure the total root length and total root surface area. Chilli roots

were placedn clean water to view under the root imaging system.

4.1.5.3Effect of endophytic Bacteria on theHeight of Chilli Seedlings

Seedling height was measured above the soil level until the shoot tip using a

measuring tape. The average height of five segdlwas recorded

4.1.5.4Effect of Endophytic Bacteria on the Leave Area Meter of Chilli
Seedlings

All the leaves were collected in paper bags. Each leaf was spread well before
placing it on the Leaf area meter (Licor, CEPB laboratory, University of
Nottingham, Malaysia).
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4.1.5.5 Effect of Endophytic Bacteria on the Roeto-Shoot Ratio of Chilli
Seedlings

The leaves, roots, and stems of the plant were partitioned separately and placed
in an oven for three days at 60°C. Eight plants representing eatimént were
selected for this analysis. Retd-shoot ratio was calculated using the formula

below.

YEEO Y€ QG 00Q WQ
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4.1.6 Molecular Identification of the SelectedPotential Endgphytes Based
on Seedlings' Vegetative Growth and Bioinformatics Aalysis

Selected endophytic bacteria were identified based on 16S rRNA gene
sequencing. Endophytic bacteria were grown on Luria Bertani agar (MERCK,
USA) for a pure colony. One pure colongswicked to inoculate 5 mL of Luria
Bertani broth (MERCK, USA) and incubated overnight at 30°C. Genomic DNA
was extracted using Presto Tm Mini gDNA Bacteria Kit (www.geneaid.com).
The following primers were used for the amplification of 16 S ribosomal DNA
27F (5*AGA GTT TGA TCC TGG CTC AG3") and 1492R (ICTA CGG CTA

CCT TGT TAC GA5 ' ) (SzymaEGska et al ., 2016) .
(PCR) was carried out using MyT&hRed Mix (Bioline, UK) in 50 pl reaction
mixture containing 25 pl of MyTddl Red M (Bioline, UK), 22 pl of
molecular grade water, 1pl of each primer (10 mM) and 1 pl of genomic DNA.
The following thermal conditions were used: 95°C for 2 min, followed by 94°C

for 1 min, 55°C for 1 mi, 72°C for 2 min in 30 cycleand a final extensiostep

at 72°C for 5 min. PCR amplification products were purified using NucleoSpin
Gel and PCR Cleanup kit (MachereMagel, Germany) according to the
manufacturer's protocol and visualized on a 1% gel red using Syngene (USA).
The fragments were outsourck sequencingervice usingrimers 27F and
1492R (Apical Scientific Sdn. Bhd, Serdang, Malaysia). The acquired sequence
was analyzed using reference sequences deposited in the GenBank nucleotide

database. A minimum of 98 similarity was required for apppriate
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identification. All of the DNA sequences of endophytic bacteria were submitted
to GenBank. Using BLAST Search, the 16R rRNA gene sequence was compared
with available gene sequences of endophytic bacteria in the National Centre for
Biotechnology Inbrmation (NCBI) GenBank. A neighbgoining phylogenetic

tree was constructed using MEGA 12.0 with bootstrap analysis based on 1000

replicates.

4.1.7 Metabolites Production by the Identified Endophytic Bacteria

Each pure bacterial culture was inoculated50 mL of Tryptic Soy broth
(Merck, Germany) for 48 h at room temperature, as describsection 4.11.

The washed cells were kept overnight #8@°C freezer (Faculty of Science and
Engineering, University of Nottingham, Malaysia) before placingnthe a
freeze dryer (Faculty of Science and Engineering, University of Nottingham,
Malaysia) for 48 h. About 0.3 mg of the lyophilized cell of bacteria was weighed
separately into a 2.0 mL microcentrifuge tube. An internal standgstieByl
butyric acid 0 ul) of 50 ul was aded using 400 pl glass syringe and followed

by 1 mL of the extraction solvent, 80% methanol. The microcentrifuge tubes
were placed in a vibration mill, and the parameters were set at 1800 rpm for 5
min on each side. Later, the micemtrifuge tubes were incubated at 70°C for
15 minutes at 1400 rpm in a Thermomixer Comfort, Eppendorf (Faculty of
Science and Engineering, University of Nottingham, Malay$aowed by
centrifugation at 14 000 rpm for 20 min. The supernatant was ¢érandfusing

a glass Pasteur pipette into a glass-$a@ple vial and evaporated to total
dryness in a nitrogen stream. Then, 50 ul of 20 mg/ml of methoxyamine
hydrochloride (LiChropurE) solution inrn
added into a G@ample val using a glass syringe, capped, and heated for 90
min at 37°C in a Thermomixer. About 80 pl of BSTFA witBb TMCS

(Li ChropurE) was added using a glass s
37°C using a Thermomixer. Finally, the sample was transfertecdinew GE

sample vial.

The analysis used GMIS, Perkin ElImer GC Clarus 680 SQ8 (Block N, Faculty

of Science and Engineering, University of Nottingham). Gas Chromatogram
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equipped with capillary column EIH8BMS (30 m x 0.25 mm internal diameter x
0.25um) An electron ionization system with ionizing energy of 70 eV was used.
Helium gas (99.99%) was used as the carrier gas at a constant flow rate of 1
mL/min, and an injection volume of 1 ml was employed at a split ratio of 50:1,
injector temperature was260°C and ion source temperature was at 200°C. The
oven temperature was raised from 10°C/min to 300°C after 3 min of constant
heating at 80°C. Mass spectra were acquired using a full scan and a monitoring
mode with a mass scan range of 50 to 550 m/z wsttaa speed of 0.2 s after a
solvent delay of 7 min. The spectra for each chromatogram peak were compared
with those in the NIST database library.

4.1.8 Root Colonization Analysis by the Selected and Identified Endophytic
Bacteria

Based on the molea identification, endophytic bacteria regarded as safe for
humans and the environment were selected for further study. Bacteria identified
as opportunistic pathogens for humans and animals through an online database
search were excluded from further intigation.

4.1.8.1 Total Bacterial Population in Chilli Roots Inoculated with the
Selected Endophytic Bacteria

Thetaprootswere separated from the primary root system. Roots were washed
several times in sterile water to remove the adhered planting aha@me gram

of tips oftaprootwas weighed into distilled water and sonicated for 10 min at 19
kHz in an ultrasonicator. The root solution was incubated overnight at 28°C. The
roots were homogenized in a terilized mortar and pestle before serial
dilution until 1& and plated on Potato Dextrose Agar (PDA) (Merck, Germany).

4.1.8.2 Root Colonization by Single and Mixed Cultures of the Selected
Endophytic Bacteria

Two nonpathogenic endophytic bacteria identifiedBeillus sp. (MR3) and

Streptomycesp. (MR13) were used for the root colonization (RC) study using
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Field Emission Scanning Electron Microscopy (FESEM) (FEI, Quanta
400F/Oxford FESEM, Faculty and Science and Engineering, University of
Nottingham, Malaysia). The bacterial inoculum was pregpaas described in
section 4.11. The treatments consisted of single and mixed culturBaaiflus

sp. (MR3) andStreptomyce$MR13). The inoculum was applied during two
growth stages fobtreptomycessegetative and sporulatin§treptomycebasa
compkex developmental process in solid and liquid cultures. Therefore, the
growing method and culture medium f8treptomycesvere evaluated in this
study. The spores were collected using 0.1% tween 80 from mature colonies of
Streptomyces solid agar platesyhile pellets of hyphae were obtained from

the liquid cultures. Fifty microliters of inoculum were applied to the seedlings
twice a month. Then, the roots were removed for analysis. The treatments were

as follows:

RC (a):Streptomycespores

RC (b): Streptomycesnycelium

RC (c):Bacilluscells

RC (d): Streptomycespores an@acilluscells
RC (e):Streptomycemycelium andacilluscells

RC (f): Noiinoculation (control)

For the observation under a scanning electron microscope, the roots were
removed fronthe soil and washed several times to discard the planting materials
attached to the roots. Then, root tips were cut into a bottle filled with sterile
distilled water as a final washing step, followed by sonication for 2 min at 8 Hz
at room temperature. €h, the roots were dried on tissue paper. Several roots
were immersed in 3% glutaraldehyde buffered with 0.1 M phosphate buffer for
24 hrs. Later, the roots were rinsed thrice with 0.1 M of phosphate buffer, pH
7.2, for about 10 min per wash. After thediion, the root samples were placed

in 1% osmium tetroxide in 0.1 M phosphate buffer, pH 7.2, for about 2 hours at
room temperature in a loosely capped bottle. Then, the washing step for 10
minutes was repeated three times using 0.1 M phosphate buffér2 pFbr the
dehydration process, graded ethanol solution of 30%, 50%, 70%, 80%, 90%,

and 9%6 (v/v) was prepared, and the roots were placed in each solution for 15
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minutes. Later, the roots were transferred into 1. 2 (HMDS: 95% ethanol
solution) and leftor 20 minutes. This step was followed by immersing the root
samples into 2: 1 (HMDS: 95% ethanol) and 100% HMDS for 20 minutes each.
Finally, the sample was transferred to fresh HMDS and left in a fume hood
overnight to evaporate HMDS. The next day, slanples were cut into tiny
pieces with a 0-30.5 cm length and placed on douBlded conductive carbon
tape. The samples were sputtered with platinum for 30 seconds before viewing
under a Field emission scanning electron microscope (FEI, Quanta 400f&/Oxfo
FESEM, Faculty and Science and Engineering, University of Nottingham,
Malaysia).

4.1.9 Effect of Single and Mixed Cultures of the Identified Endophytic
Bacteria on Chilli Growth and Yield

A preliminary shaddiouse experiment was conducted to evaltlseeffect of
singleand mixed cultures of identified endophytic bacteria orishilegetative
growth and yield. The seeds were soaked in water overnight before sowing into
wet peat moss. The polybags were covered with black plastic sheets and kept at
room temperature in a dark room until they germinated. The black sheets were
removed once the radicle was visible, and the polybags were observed in the
shade until true leaves emerged. Peat moss was sprayed with water every two
days once or when dry. Aftéine 14" day of sowing, fertilizer AB with an EC
reading of 0.9 was poured into a tray, and the seedling tray was placed on it for

maximum absorption of nutrients.

Transplanting of seedlings was done 28 days after sowing. The planting medium,
cocogpeatand peat moss were prepared in an 8" x 12" cm polybag. A completely
randomized block design was adopted for this experiment. The independent
variable is AB liquid fertilizer doses, and the dependent variable is the
endophytic bacterial réatment. The bactaal culture (100ml/plant)
corresponding to 1x @fu/ml was applied during transplanting and twice a
week by drenching the planting media. There were five treatments, with three
replications of each treatment. Each replication consists of three plants.
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4.1.10 Effect of Single and Mixed Cultures of Identified Endophytic
Bacteria on the Vegetative Growth of Chilli Plants

Plants were removed from the planting material 40 days after transplanting. The
shoot length was measured. The aboveground shoot eingere separated and
transferred to the lab in separate plastic bags. The aboveground parts were placed
in large brown envelopes before drying in the oven (CEPB laboratory,
University of Nottingham) at 70°C for three days. The weight of dried
abovegroundbiomass was measured using a weighing balance (CEPB
laboratory, University of Nottingham).

For root samples, the planting material attached to the roots was removed by
washing the roots in tap water. After cleaning the roots, they were scanned via
WinRhizo root scanner (EPSON Flatbed Scanner EPSON Expression 11000XL,
CEPB laboratory, University of Nottingham). The root imaging system

measured the total root length and total root surface area.

4.1.11 Effect of Single and Mixed Cultures of Identified Endobpytic
Bacteria on the Yield of Chilli Plants

The effect of single and mixed bacterial culture on the yield of chilli plants was
estimated by the fruit weight 40 days after transplanting.

4.1.12 Statistical Analysis

Seed germination was analyzed usingpbmial logistic regression in IBM SPSS
Statistics 25. Binomial logistic regression estimates the probability of seed
germinationTable A4 (Appendix).

Statistical analysis was performed using the univariate analysis with Tukey's

HSD test (p < 0.05) by th®PSS software (IBM Statistics, version 28, USA) to
determine the significance of the data. According to Tukey's HSD, bars sharing
the same | etters are not significantly

graphs indicates the standard error.
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4.2 Results and Discussion

4.2.1 Assessment of the Compatibility btweenthe Selected Endophytic

Bacteria

All seven endophytic bacteria exhibited-existence ability in this experiment.

An example of te compatibility test between thrbacteridisolatesis shown in

Fig. 4.1 Positive compatibility of the isolates was recorded as no inhibition
zones were observed near the isolates streaked on agar medium. Among all the
70 endophytic bacteria isolated from the roots and leaves, only seven were
selected fom vivoexperiments. The selection process was based on the potential
of endophytic bacteria to demonstrate more vigorous beneficial activity, as
determined by the size of clear zones and quantified plant gqethoting
beneficial traits Chapter 3). Compaibility is a necessary test in formulating
bio-inoculants. It was also stated that research shmeitdtionally desigedby

mixing bacteria with no negative interaction, which could enhance synergistic

effects among members of the consorti{@ostaGutierrez et al., 2022)

Fig. 4.1.Compatibility test between three isolates of endtiptyacteria.
(a) MR10, (b) CKR8 and (c) MR3 shows no inhibition of growth / no

antagonistic activity
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4.2.2 Effect of Endophytic Bacterial Treatment on Chilli Seed Germination

In this studyendophytic bacteriél x 10° cfu/ml) were treated on chilliesds to

check their efficiency and toxicity on chilli growth. The germination percentage
was 100 % for all chilli seeds treated with endophytic bacteria. A binary logistic
regression was performed to ascertain the effects of endophytic bacteria on the
gernination of chilli seeds. The logistic regression model was not statistically
significant,c 21) £2.809, p=0.95. The model explained between 0.7 % (Cox &
Snell R2) to 10 % (Nagelkerke R2) of the variance in seed germination and
correctly classified 73.4 %f cases. Sensitity was 100%, specificity was’,
positive predictive value was 98.3 %, and negative predictive value was 0%
(Table 4.3.

In this study, MR13 and distilled water exhibited the lowest mean germination
time, followed by CKR8, MR3, and MR(Fig. 4.2. Mean germination time
(MGT) demonstrates the rate and the time taken for germination, while
germination energy corresponds to the speed and uniformity of seedling
emergence. The lower the mean germination time, the earlier the seeds could
geminate.Low MGT of MR13 and control seeds treated with water indicates
that the seeds germinated quickly and uniformly. In contrast, a high MGT
demonstrates that the seeds took longer to grow and were less uniform in their
germination timing. MR13 and cawot did not show a significant difference in
mean germination time, while other bacterial treatments have demonstrated low
MGT despite all treatments showing 100% germination. Once the radicle has
emerged, the effects of bacteria on seed metabolism aabyuguited. This is
because the initial germination process involves activating enzymes and
repairing cellular damage, largely independent of bacterial activity.
Additionally, the seedling begins to rely on its metabolic processes for growth
and developrant, which bacterial interactions may not influence. Thus, MR13
has contributed to the rapid radicle elongation, while other bacteria do not affect
the emergence of the first radicle. When seeds are primed, they alzerb
which leads to a sudden inciaain weight. This increase in water content helps

to repair cell membranes and proteins, as well as mitochondrial and DNA

damage. Additionally, it suppresses germination inhibitors and altomad|
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molecules to diffuse throughout the seed to be useddovtly. As a result, the
radicle, which is the embryonic root, begins to grow due to a rapid elongation of
its cells, followed by sloer cell divisiondriven growth(Rozier, Gerin, Czarnes,

& Legendre, 2019)

MR13 also exhibited the highegermination energy, followed by distilled
water, MR1, MR3, CKR8, and MR1(ig. 4.3. Germination energy is an
essential measure of seed quality as it provides information on the percentage of
viable seeds that have the potential to germinate and prodatthyhseedlings.
Based on the germination energy result, MR13 exhibited the potential to improve

seed quality, leading to a successful crop establishment.

The vigor index (VI) is a measure of indication of the total performance of the
seed. Taking intoansideration the root and shoot length of the seedlings, MR10
showed the highest vigor index (12 457 VI), followed by MR3 (9450 VI), MR13
(8730 VI), and CKR8 (7120 VI). The Vigour index is a helpful tool for
evaluating seed quality and predicting the gtomtential of seedlings, which

can be essential for crop management and yield. As the radicle grows, the seed
actively takes in water, causing its weight to increase again. The stored energy
in the seed, such as starch, proteins, and lipids, will onlgobsumed after
germination to provide the necessary energy for seedling development. MR10
and MR3 could contribute to the seedling quality compared to other treatments.

Seed germination analysis reveals both the toxicity and efficiency of endophytes
on dilli. It was proven that the endophytes were not harmful but helped the early
germination of seeds and could enhance the overall seed quality. Based on these
observations, MR13, MR3, MR10, and CKR8 were selected for the seedling

growth analysis.

In thisexperiment, using PGP endophytes improved chilli seed germination and
seedling growth. The results of this study provide further support for the idea
that PGPR can be a valuable alternative to traditional, estkngyanding
physical treatments for seeds lipoferum a PGPR isolate, was reported to bear

agronomic potential as a bpyiming agentRozier et al., 2019)Likewise, B.
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megateriunstrains improved seed germination and initial seedling growth and
were recommended as an environmentally friendly strategy to prime seeds
before field plantind Mi | j akovi et al ., 2022)

Table 4.3 Logistic regression predicting the likelihood of seedegmination

based on teatments

Variables in the Equation
95% C.l.for EXP(B)
B S.E. Wald Sig. Exp(B)Lower Upper
Step Endophytic bacteri.083 .050 2.793 .095 1.087 .986 1.198
1  code
Constant -1.385.254 29.830<.001.250

a. Variable(s) entered on step 1: Endophytic bacterial code.
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Mean Mean germination time (days)
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(control)

Bacterial code (Treatment)

Error Bars: 95% CI

Fig. 4.2 Graph showshe mean germination tim@GT) of chilli seedstreated with

potential endophytic bacteria. Each value is the mean of four replicates (n=4), and bars
sharing the samletters are not significantly i f f er ent (pO0. 05) accc

HSD. The vertical bar indicates the standard error
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Fig. 4.3Graph depicts the germination energy (%) of chilli seeds treated with potential
endophytic bacteria. Each value is the mean of four replicates (n=4)asdharing
the same | etters are not significantly di!

vertical bar indicates the standard error

4.2.3 Effect of the Selected Endophytic Bacterial Treatment on the
Vegetative Growth of Chilli Seedlings

Basal on the seed germination results, only four endophytic bacteria, MR3,
MR13, CKRS8, and MR10, were selected for further study. Vegetative growth
analysis, such as seedlings' height, root length, root surface area, and relative
chlorophyll content, was dorte select the most efficient bacteria to enhance the
vegetative growth of chilli{able 4.4). Based on the seed germination analysis,

T1 (MR13), T2 (CKR8), T3 (MR10), and T4 (MR3) were selected for single
inoculant treatment and mixed culture treatmerdetermine the efficiency of

chilli seedlings’ development.

All the endophytic bacterial treatments have increased the height of chilli
seedlings significantly compared to the control. The highest height df chil
seedlings was recorded by T&CKR8+MR13), followed by T5
(MR13+MR10+MR3) and T6 (MR13+MR3+CKRS8). Seedling height is a direct
parameter that demonstrates the efficiency of bacterial inoculants in promoting

plant growth.
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The total root length and surface area of chilli seedlings demonstrated a
significant increase in chilli seedlings inoculated with T3 (MR10). The rest of
the treatments did not show a significant difference. T7 (MR13+MR10+CKRS8)
has caused root length and surface area reduction, which is lower than the control
(Table 4.4. This finding shows that there could be antagonistic activity among
these three bacteria where the metabolites produced by bacterial culture could
have retarded the root growth of the seedlings. Although the compatibility test
did not show this antagonism effectinme earlier trial, the active growth stage in

a liquid medium could have produced unfavorable metabolites for the growth of
the seedlings. Furthermore, the period from seed germmtatiseedling change

is a criticalplant growth stageA small amount ofoxicity could be very harmful

to the development of the seedlings during this vulnerable growth stage.
Previously, it was reported that -ocwoculation of Bacillus subtilis and
Enterobacter cloacawas not conducive to the growthB®f subtilis Among all

the beneficial traits tested, only siderophogkated genes iBacillus subtilis

were upregulatedYan Li et al., 2021) This shows that the compatibility of
bacterial relies on the chemical interaction between them.

The root images depithe effect of the endophytes inoculation on root growth
(Fig. 4.4). Itis evident from the root images that inoculation with mixed bacterial
cultures shows the development of thick root collar stem and thick roots with
high density Fig. 4.4g-I) as compred to single bacterial culture and control
(Fig. 4.4a-f). In general, all bacterial cultures have enhanced root development
by increasing the root length, hair, density, and thickness compared with non
inoculated seedlings (control). A similar findingasvfound in the past that-co
inoculation of different genera of bacteria promoted the growth of maize and
peanut cropfAnzuay et al., 2017)n another study, emoculation ofB. cepacia
andR. palustrisincreased peanuts' growth, quality, and yigdd Wang et al.,
2021)

SPAD meter readings revealed that TMR10+MR13) treatment resulted in
high related chlorophyll readings. The chlorophyll content in a plant determines

the photosynthetic capacity, leaf nitrogen level, and general plant health.
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Relative chlorophyll content can be measured using adestrutive method
with a SPAD meter. The relative SPAD meter values are proportional to the

chlorophyll content of the leaves.

Root development and the modification of root architecture are the fundamental
criteria for beneficial endophytic bacteria, which éav high affinity towards

the root exudates and colonize the host plant's root effici@htgubtilisandB.
japonicum were reported to improve root growth and positively change
soybean's root architecture to aid the uptake of essential nut(Aatsjo,
Bonifacio, Bavaresco, Mendes, & Araujo, 2028 extended root surface could
increase plant roots' nutrient acquisition and water ugRikesiro et al., 2018)
Two-way chemical interactions were observed betweeommgdes and root hair
cells(Chang, Kingsley, & White, 2021Endophytes consume root exudates rich

in organic acids, carbohydrates, amino acids, and vitaminige plants use
microorganisms as their source of nutrients. Endophytes also produce ethylene
that enhances root hair growth and elongation, which could strengthen nutrient
acquisition by plant roots. Once enters the plant root cells, endophytes become
nonwalled protoplast due to the degradation of the bacterial cell wall by
superoxide produced by plani#/hite, Kingsley, Verma, & Kowalski, 2018)

and the nutrients from the endoplyhicroorganisms will be extracted by plant
cells while the endophytes proliferate and enhance root elongation and root hair
growth inside the root cells. As the nutrients deplete, the endophytes will be
ejected from the root and scavenge nutrients isdiieThe endophytes can form

a new cell wall in the rhizosphere.
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Table 4.4 Vegetative growth analysis of chilli seedlings witneficial endophytic bacteria

Endophytic bacterial code Seedl i Root length of  Root surface area Relative Chlorophyll
height (cm) seedlings (cm)  of seedling (cr) content (SPAD-value)

MR13 (T1) 15.7+1.46° 71.8+6.5 11.48+0.97° 31.7

CKR8(T2) 15.9+1.34 55.3+14.8° 9.11+1.77° 33.8

MR10 (T3) 15.3+1.09° 109.33+2.92 13.53+0.13 31.1

MR3 (T4) 14.4+1.5° 86.1+14 2b¢ 12.4+0.77° 30.4

MR13+MR10+MR3 (T5) 16.8+1.03 69.1+18. 7 10.47+1.0%° 29.9

MR13+MR3+CKR8 (T6) 16.1+2.56 80.7+17. 7% 11.33+2.33" 36.8

MR13+MR10+CKR8(T7) 15.5+1.39° 47.9+11.02 8.62+2.28 31.4

CKR8+MR13 (T8) 17.0£1.4F 76.3+6. 7 10.176.77% 315

MR13+MR3 (T9) 16.1+1.68 76.4+5.43%¢ 11.18+1.53° 36.2

MR13+MR3+MR10+CKR8 15.13+2.7° 71.8+25.2%¢ 11.18+1.63° 35.7

(T10)

MR10+MR13 (T11) 13.5+1.78° 100.4+8.52 13.09+0.48° 40.3

Control (T12) 12.6+0.58 63.47+12.03% 10.16+0.18" 29.9

*The data wa calculated as the average offive pl i cati ons. Means with different superscript | ett

The total root length and root surface area of chilli seedlings demonsirsigificant increase in chilli seedlings inoculated with T3 (MR10). The rest of the
treatments were not different significantly. T7 (MR13+MR10+CKR8) has caused root length and surface area veuaobtisdower than the control
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Fig. 4.4 Root image®f chilli seedlings inoculated witendophytic bacterieaptued using WinRhizo Root Scannéx) MR13, (b) CKRS,
(c) MR10, (d) MR3 and (e) Control (f) MR13+MR10+MR3 (g) MR13+MR3+CKR8 (h) MR13+MR10+CKRS8 (i) CKR8+ MR13 (j)aVIRIR3 (k)
MR13+ MR3+MR10+CKRS8 (I) MR10+MR13
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Compatibility is an essential criterion for preparing a mixed culture of

microorganisms. Bacteria that showed various beneficial traits might be harmful

to other species or a genus of baetéhiat ceexist in a solution. The secondary

metabolites produced by some bacteria might delay, inhibit or destroy other

bacterial cells. Therefore, the compatibility of selected bacteria was observed in

an agar plate assay to ensure that the bacteriatdghaw antagonistic activity

against each other. This study justifies ttheg mixed culture of bacterimay

have both inhibition and stimulation effects. The beneficial characteristics of

genes of interest could be upregulated or downregulated in tleel witure.

4.2.4 Molecular Identification of the Selected Endophytic Bacteria and

Phylogenetic Analysis

BLAST search revealed the identification of the endophytic bacteria as described
in Table 4.5.Based on 16S rRNA sequence analysis, the endopladieral

isolates were classified as the gerfioteus Enterobacter Bacillus and

Streptomyces

Table 4.5 Molecular identification of endophytic bacteria based on National

Centre for Biotechnology Informatio(NCBI) GenBank database BLAST

search
Endophytic Molecular Identification according to Percentage of | E-value
bacterial code GenBank database identification
similarity

ML1 Proteus mirabilig CP053685.1) 96.85 % 0.00
MR13 StreptomycepanaciradicisiNR_134200.1) | 100.0 % 0.00
MR10 Enterobacter cloagae(OK083761.1) 98.00 % 0.00
CKR8 Enterobacter cloacea@T679256.1) 98.64 % 0.00
MR1 Enterobacter cloacea@P040827.1) 100.0 % 0.00
CKL7 Bacillus sp(LC202628.1) 80.49 % 0.00
MR3 Bacillus subtilis(CP054177.1) 100.0 % 0.00
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Due to the ambiguoudassification of human pathogenic and plant grewth
promoting bacteria, oplMR13 and MR3 could be regarded potential bio
inoculants for the development of chilli bsdimulant. The evolutionary history
for MR3 and MR13 was determined using the Neighklmining methodKig.
4.5). The phylogenetic analysis also confirmed that MR3 is closely related to
Bacillus sp. Fig. 4.6. In contrast, MR 13 is closely associated with
Streptomycessp. Fig. 4.7). An essentialcharacteristicof plant growth
promoting bateria is not harmfuto the environment or humans (Basu et al.,
2021). The DNA sequences wedeposited in the NCBI database under the
accession numbers OM7148Hig. A7) (Appendix) and OMO01090Kig. A8)
(Appendix).

The published sequences in the Na#l Center for Biotechnology Information
(NCBI) can be found athttps://www.ncbi.nlm.nih.gov/nuccore/OM714810

https://www.ncbi.nlnnih.gov/nuccore/OM001090

9 Bacillus velezensis strain FZB42 16S ribosomal RNA. complete sequence

< Bacillus vallismortis strain DSM 11031 16S ribosomal RNA. partial sequence

< Bacillus nakamurai strain NRRL B-41091 16S nibosomal RNA. partial sequence

—9 Bacillus halotolerans strain DSM 8802 168 ribosomal RNA. partial sequence
Bacillus mojavensis strain IFO15718 168 ribosomal RNA. partial sequence

< Bacillus subtilis subsp. inaquosorum strain BGSC 3A28 16S ribosomal RNA. part...

1_MR3_1489bp

Bacillus subtilis subsp. subtilis strain 168 16 ribosomal RNA. complete sequence

Bacillus subtilis strain DSM 10 16S nbosomal RNA, partial sequence

Bacillus subtilis strain NBRC 13719 16S ribosomal RNA. partial sequence

Bacillus subtilis strain IAM 12118 16S ribosomal RNA. complete sequence

b O Strep ibioticus strain CSSP528 16S nbosomal RNA. partial sequence
9 Strep es 1 strain NBRC 12761 16S nibosomal RNA. partial sequence
P @ Streptomyces th Ikaliphilus strain p 1::4-2-13 16S rib 1 RNA. p..
28 lomyces sasae strain JR-39 16S ribosomal RNA, i
s [ trept partial sequence

‘__4—03_L4R13_l469bp
o8 iradicis strain IMR-8 16S ribosomal RNA. partial sequence

ptomyces p
 Streptomyces cyslabdanicus strain K04-0144 16S ribosomal RNA, partial sequ...
Streptomyces capoamus strain JCM 4734 16S ribosomal RNA. partial sequence
Streptomyces capoamus strain NBRC 13411 16S ribosomal RNA. partial seque..
Streptomyces galbus strain DSM 40089 16S ribosomal RNA. partial sequence

O Str yces bungs is strain NBRC 15711 16S ribosomal RNA., partial sequ..

Y

Fig. 4.5Phylogenetic tree of the identified endophytic bacteria using the Neighbour
Joining methodThe bootstrap consensus tmeferred from 1000 replicates represents
the evoltionary history of (a) MR3 and (B) MR13x& This analysis involved twelve
nucleotidesequences. Evolutionary studies were conducted in the MEGA11 software
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Fig. 4.7 Morphology ofStreptomyces panaciradicig potato dexiose agafa) Early
sporulating stage ofStreptomyces panaciradicif) Matured spores after-8 weeks
incubation

Identification of bacteria is vital to avoid human pathogens in the study.
Numerous studies have reported that efficient PGPR with aymositiect on

plants and soil was attributed to several opportunistic pathogens for humans and
animals or clinical isolate¢Chauhan, Bagyaraj, Selvakumar, & Sundaram,
2015) Therefore, it is essential to eliminate pathogens filmenstudyduring
laboratory experimentdVL1, which was identified aProteusmirabilis, has

also been reported aa pathogenGhramh, Khan, & Alshehri, 2019; E. I.
Hussein et al.,, 2020jlnd plant growthpromoting bacteria(Amaresan,
Jayakumar, Kumar, & Thajuddin, 2021; Zia et al., 20R1R3 and CKL7 were
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identified asBacillus sp. where this spers is well known for crop growth
enhancemenfAraujo et al., 2021; de Lima, Bonifacio, de Alcantara Neto,
Araujo, & Araujo, 2022; Amrit Kumar, Rabha, & Jha, 2021; Sehsah et al., 2021)
MR10, CKR8, and MR1 were identified &nterobactersp. that has been
reportedto boost plant growti{Ghosh et al., 2022; Luduefia et al., 2019;
Panigrahi, Mohanty, & Rath, 202@treptomycebave been reported to survive

in extreme and unfavorable conditions due to the produdidilaments and
spores. Furthermore, they influence soil fertility by breaking down complex
nutrients into simple and available forms via multiple enzyme activities
(Vurukonda et al., 20185treptomyces panaciradicigas previously reported

a s -ghucobidaseroducing bacterium isolated from Ginseng (the root of Panax
ginseng) used as a traditional medicine in Asian cour(ites, Cho, Chung, &
Whang, 2014) This is the first report ors. panaciradicisas an efficient
phosphatesolubilizing endophyte or phystimulating agent for chilli.S.
panaciradicishas been reported very little, making it the least studied bacteria

in these contexts.

The biosafety of the microbial inoculant is an essentialrwitdor selecting the
potential microorganism for glasshouse or field application. Most
microorganisms are ubiquitous and can be found as pathogens or beneficial
strains in diverse places. The function of the microorganism might change
according to the hit's condition. It is common to find human pathogens as
beneficial bacteria for plant growth in laboratory experiments. However, the
biosafety issue will arise regarding commercialization or lsigde production.
There is also a need for proper guidedina testing the virulence of the bacterial
species categorized as a pathogen and beneficial bacteria. The distinction
between pathogens and phylogenetically related PGPR can be unveiled via
comparative genomics and pathogenesis study using nemdtgodson &
Babalola, 2018)

4.2.5 Metabolites Production by the Identified Endophytic Bacteria

GC-MS results revealed that many unknowmmpounds were produced by

Bacillussp. (MR3) andStreptomycesp. (MR13) Fig. A9 (Appendix) andFig.
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A10 (Appendix) depicts the GEMS chromatograms of MR3 and MR,
respectively. The chromatograms show the retention time and abundance of
metabolites produced at the specific retention tifriee top three metabolites
produced byBacillus sp. Fig. A1l) (Appendix) and Streptomycesp. Fig.

Al12) (Appendix) are listed inTable A5 (Appendix). Based on literature
reviews, many compounds were identified in the P&flophytes belonging to
bio-contiol and medicinal compounds such as -gaticer, antdiabetes, ami

viral, antibiotics, stimulant drugs, etdgble A6 and Table A7) (Appendix).

The reason for the similar characteristics of the two plant grpvaimoting
endophytes may be attributed beir source of isolation, which is the root of the
moringa plant. Moringa is known for its high nutritional and medicinal
properties, and the endophytes that exist within the same mlypossess
similar beneficial traits. Therefore, the similarities eh®ed in the two
endophytes may be linked to their association with the moringa plant.
Endophytes have been found to produce extracellular compounds that have
potential applications in agriculture, including as-p@sticides, biaontrol
agents, antioxidas, herbicides, plant growth regulators, plant micronutrients,
and plant adaptation enhancers. The unknown compounds of MR3 were listed
in Table A8 (Appendix).

Endophytes produce functional metabolites such as alkaloids, terpenoids,
steroids, quinone, @&&oumarin derivatives, flavonoids, phenols, phenolic acids,
and peptideg¢D. S. Arora & Kaur, 2019)This research has demonstrated that
Bacillusand Streptomycesan produce a wide range of active compounds with
diverse Iological activities. These compounds can potentially be beneficial in
synthesizing essential products for various industries, including agriculture,
medicine, pharmaceuticals, agrochemicals, food, and cosmetics. The finding of
this study corroborated bynather study that investigated the metabolites
produced by the gentgacillus where it was reported to laenong the majority

of bacteriaisolated from medicinal plants and a potent producer of antibiotics
which possess the inhibitory effect against déférpathogengNtemafack et

al., 2022) The root extract o€henopodium alburwas also found to contain an
antifungal compound,-@ctadenoi@cid thatwas found irStreptomycesp. cell

extract (Osman Mohamed Ali et al, 2017) Likewise, 1-(5-
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bicyclo[2.2.1]heptyl)ethkamine is an alkaloid extracted fronmPetiveria
alliaceael. leaves and tested for antibacterial and antiviral properties was also
found inBacillussp(Durgawale, Khanwelkar, & Durgawal2018) Tripenoids

were reported as defensive compounds against pathogenic mi¢falves &
Saito, 2011) Antimicrobial @mpounds produced by endophytes could help
control pathogenic microbes and prevent the spread of diseases in crops,
livestock, and humans. Natural pigments and antioxidants produced by
endophytes could be used as natural food additives and cosmetias vati@us
conditions. Although many species of actinomyces, particularly those of the
genusStreptomycesnhibit many fungal pathogens and are considered efficient
bio-control agents, their metabolic products can influence plant gri®etsari

et al., 2015)

Some of the biological compounds producedBbgillusandStreptomycewere

found to be associated with plant growth, health, and quality. For example,
Bacillus sp. could produce rhodopsin and lycoxamthvhile Streptomycesp.

could produce echinenone, zeaxanthin, carotene, lycoxanthin, astaxanthin,
rhodoxanthin, rhodophin, and rubixanthin acetate. The presence of zeaxanthin
and echinoneno reduces the extent of photoinhibition of a pigpnetdin
comdex that converts light energy to chemical energy (PSIl system) by
protecting the repair of PS(Kusama et al., 2014Rhodoxanthin carotenoids
found in P. crispusplayed the role of antxidants and immune system
regulators in @nts(Fu et al., 2023)Carotenoids are pigments in the light
harvesting complexes of plants and microbes that provide {pnotection and
light-absorbing functions and can be used as antioxid&akjung & Apaiwong,
2015) Pigments produced by microorganisms protect the cells against oxidative
damage and impart coloration in plaksrti, Amita, Priti, Mukesh Kumar, &

Jyoti, 2014) Apart from this, astaxanthin produced by bacteria is
ketocarotenoids that accumulate the pigment intracellularly for its photo
protection role against excessive ligde Carvalho et al., 2022Carotenoids
function as lightharvesting mgments, extend the range of light absorpteng
participate in photoprotection in photosynthetic tissues while acting as colorants
and precursors for isoprenoids in Aoimotosynthetic tissueSwapnil et al.,

2021)
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Endophytic bacteria also produced compounds aagrecursor for the
biosynthesis of various functional proteins and enzymes in plants. Cysteine is a
precursor for essential bmolecules such as vitamins and -factors,
antioxidants, and many plant defense compoiAtl&rez, Angeles Bermudez,
Romero, Gotor, & Gaia, 2012) Nickel, a vital plant micronutrient from
Streptomycescould facilitate urea hydrolysis in plant tissEabiano, Tezotto,
Favarin,Polacco, & Mazzafera, 2015)ikewise, molybdenum is utilized by
selected enzymes to carry out redox reactions in the plant's biochemical
processe¢Kaiser, Gridley, Brady, Phillips, & Tyerman, 200Z)jrconium was
reported to stimulate or inhibit enzymes in plant cé8bkahid, Ferrand, Schreck,

& Dumat, 2013) Additionally, glycine was reported to be the most widely used
amino acid that stimulates physiological processes in plants to increaksangdel
quality (Zargar Shooshtari, Souri, Hasandokht, & Jari, 2020antoin that
Streptomyceproduced also has a role in increasing stress tolerance in plants
(Kaur, Chowrasia, Gaur, & Mondal, 201&hile boron was identified as a part

of the bacterial quorum sensor autoinducer and cell wall of higher plants
(Goldbach & Wimmer, 2007)

4.2.6 Chilli Root Colonization by Single and Mixed Cultures of the Selected
Endophytic Bacteria

For the root inocwtion study Streptomycesp. (MR13) andacillus sp. were
selected based on their efficiency in promoting chilli seedlings' vegetative
growth and biesafety properties. A total plate count was done for all the root
samples, and the results indicated thatbacterial population was 8#nd 16°

in all the inoculated chilli roots (results are not shown). daeulated chilli

roots also exhibited bacterial count at a lower dilution &f This could be due

to the native microbiome in chilli roots. Totdhfe count results indicated that
there could be some indigenous microorganisms at the exterior part of the root
that dislodged from the root surface during the sonication process. Thus, total
plate count analysis alone could not determine bacterial ealbom. The slight
increase in bacterial population in the inoculated roots indicates a successful

colonization process.
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FESEM analysis revealed that nmoculated roots do not show distinct
bacterial colonization in the interior part of the root tipswdver, some rod
shaped bacterial growth was detected in control rdets @.8 f). This again
confirms the presence of indigenous microorganisms that reside in the interior
part of chilli roots. FESEM images clearly show endophytic bacteria's
colonization in the root tips' internal part. FESEM results show that single
culture was well established in chilli rootBid. 4.8 ac), but mixed culture

colonization was dominated I8treptomycesp. Fig. 4.8 de).

S & Streptomycetes g
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Fig. 48 Field Emision Scanning Electron Microscopy (FESEM) of chilli roots
colonized with endophytic bacteri@) Streptomyces por es & col oni zati on
(b) Streptomycemycelium colonization in chilli roots; (dBacillus cells colonization

in chilli roots; (g Mixed culture Gtreptomycespores andacillus cells) colonization

in chilli roots; (e) Mixed culture Streptomycesmycelium and Bacillus cells)
colonization in chilli roots; (f) Notfinoculated chilli roots (control)

In the current study, the estabimsént of Streptomycesp. (MR13) supersedes
Bacillussp. (MR3) when the chilli seedlings were treated with a mixed culture.
The difference between the colonization competence and the growth
performance of crops inoculated with single and mixed culturesatesi that

the interaction and mechanism of single and mixed cultures with crops are very
complex. In contrast to the vegetative growth of the root, FESEM images of root
tips revealed that single bacterial culture has better colonization efficiency than
mixed culture. Furthermore, the root colonization study shows that mixed
cultures of MR3 and MR13 did not show apparent colonization as demonstrated
by single cultures. This could be due to the different mechanisms, growth stages,
and establishment pattern$ bacteria in the root, as they must compete for
efficient colonization. The ‘hitchhiking' model was reported as the possible
mechanism of canoculation of rootcolonizing microbes, the immotile fungus,
and motile bacteriunfMuok, Claessen, & Briegel, 20213treptomycedas a
complex lifecycle that involves the formation of aerial hyphae that differentiate
into spores, and it was unclear how the spores were transported to plant root
(Muok et al., 2021)It was demonstrated th&treptomycespores could use the
motility machinery of motile microbes by directly attaching to their flagella

(Muok et al., 2021)This explainghe reason behind the low distribution and
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establishment oBtreptomycespores inside chilli roots~g 4.8 (a) and (d)
Additionally, previous research reported that arbuscular mycorrhizal fungus
demonstrated different life cycle stages in differentgpaf wheat roots from
week 2 to week HFester, Maier, & Strack, 1999)n a solid medium,
Streptomyceslevelop into compartmentalized mycelium and produce spores,
whereas in liquid cultures, no aerial mycelium or spores appear, but hyphae form
pellets and clmps (Manteca & Yague, 2018)Therefore, the inoculant as
prepared in spore and mycelium form to check its colonization capability. It was
proven that mycelium grown in liquid culture has better colonization efficiency
than spores, as watistablished mycelium was observed in chilli root inoculated
with singleand mixed cultures. Gimoculation does not guarantee the successful
colonization of plant roots, although it could benefit the plant via various
mechanisms such as acidosis and nutrient mobilizéanzaghi Komaresofla,
Alikhani, Etesami, & Khoshkholglsima, 2019)

Root colonization is also an essential criterion for the commercialization-of bio
inoculants. Most plant growtpromotion trals in field conditions failed to
exhibit good plant growth performance due to poor root colonization by the bio
inoculants(CostaGutierrez et al., 2022)The foremost important step in plant
growth promotion is microbes' colonization of plant ro@asu et al., 2021)
Bacterial endphytes from the rhizosphere environment colonize root hairs due
to the secretion of root exudates and rideposits. According to a research
report, the xylem vascular system is the main transport route for systemic
colonization of internal plant comparémts. In contrast, other endophytes
colonize the intercellular spaces of plant c€lardoim et al., 2015)Both
endophytic bacteria in this study could colonize thesaohen applied as a

single culture.

4.2.7 Effect of Single and Mixed Cultures of Identified Endophytic Bacteria
on the Vegetative Growth of Chilli Plants

The vegetative growth, such as plant height, fruit length, root length, root surface
area, root dimeter, root volume, aboveground biomass, and root biomass, were

evaluated to determine the efficiency of the endophytic bacteria as-a bio
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stimulant for chilli growth. Plants applied wiBacillus bio-stimulant exhibited

the most significant height (78.9n¢ compared to the control plant (60 cm)
treated with AB fertilizer. Other treatments were not significantly differfigt (

4.9). The height of plants treated with endophytic bacteria showed an increase
in the plant height that fell within a range 0+30.8 % compared to the control.
The average chilli length was most significant in plants treated with
Streptomycespores (14.9 cm) and mixed cultureStfeptomycespores and
Bacillus bio-stimulant (14.5 cm). In comparison, the average chilli length in
control plants was 11.9 cnfFig. 4.10. The increase in fruit length in the 9:24
25.2 % range was associated with endophytic bacteria. Root length and surface
area were similar and insignificant between all treatmentsstiwulant did not
affect the root gowth of chilli significantly. However, bistimulant treatments
showed a better increase of root lendtig(4.11 and 4. 12 In contrast, the root
diameter of plants treated withtreptomycespores was smaller than other
treatments Kig. 4.13. However the root volume of the plant treated with
Bacillus bio-stimulant was more significant, whil&treptomycesspores'
application showed the lowest valueid. 4.14. The root volume of plants
treated withBacillusincreased by 6.5% compared to the contéa@nerally, the
aboveground biomass was more significant for single bacterial cultures than
mixed cultures Fig. 4.19. The highest plant biomass was observed in plants
treated withStreptomycespores (MR13 spores) which recorded a 3.75 increase
comparedd the control. On the other hand, root biomass increased significantly
in plants treated witlstreptomycespores and a mixed culture $freptomyces
mycelium andacillusculture Fig. 4.19. An increase of 2.5% was observed in
the root biomass of plantieated withStreptomycespores (4.49 g) as compared

to the control (treated with AB fertilizer only) (4.38 g).

Overall, the positive effects of endophytic bacteria assbmaulant were
observed in promoting plant height, chilli yield, chilli fruit léhgroot biomass,

and aboveground biomass. Root growth in length, volume, surface area, and
diameter did not show significant differences between treatments. This indicates
that endophytic bacteria froBacillus and Streptomycegould exhibit bie
stimulatng effects on chilli seed germination, seedling growth, yield, and

aboveground vegetative growth.
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4.2.8 Effect of Single and Mixed Cultures of Identified Endophytic Bacteria
on the Yield of Chilli Plants

Chilli plants were applied with single and mixedltures of endophytic bacteria

and AB fertilizers for about 40 days. Chilli fruits that turned red were harvested
for about two weeks. The yield of chilli fruits was weighed, and the results are
shown inFig. 4.17 Plants treated witBtreptomycesporegMR 13 spores) and
Bacillus sp. (MR3) gave the highest total yield of chilli fruits (983.3 g in 2
weeks), followed by mixed cultures &treptomycespores (MR13 spores)
(743.9. g in 2 weeks) as compared to control plants (626.2 g in 2 weeks) that

were trated with AB fertilizer alone.
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Mean Chilli fruit length (cm)

Fig. 4.10Efficiency of Bacillus and Streptomycebio-stimulant to increasthe length
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Fig. 4.12Efficiency of Bacillus and Streptomycesbio-stimulant to increaséhe total

area of chilli root surface. According to Tukey's HSD, bars sharing the same letters are
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4.2.9 Conclusion

About seven endophytic bacterial isolates with multiple plant tir@romoting

traits were proven to enhance seed germination. MR13 and CKR8 recorded the
lowest mean germination time, while MR10 and MR3 recorded the highest vigor
index. This result was used as the-petection criterion for chilli seedling
growth analys. The four preseleced endophytes belong tBtreptomyces
Bacillus andEnterobacteigroups. Although the endophytic bacteria belonging
to theEnterobacteigroup was found to be an efficient lstmulating agent for
chilli seedlings, they were not suggied to be used as himculant in field
experiments due to biosafety issues. HerBacillus subtilis (MR3) and
Streptomycepanaciradicis(MR13) wereconsideredotential endophytes for
bio-stimulant formulation exclusively for chilli seedlings. Mixecllture
demonstrated better root development during the seedling developmental stage
than a singleculture inoculant. This study has proven that-native endophytic
bacteria from moringa roots could enhance chilli seedlings' vegetative growth.
This indiates the potential of nemative endophytic bacteria to be applied to
various crops for growth and productivity enhancem&he compatibilityof
nornnativebeneficialendophytes and thst isdetermined by the root exudates
produced by the host plant ap inoculation with the on-native endophytic
bacteriaThere is a possibilitthat endophytic bacteria hggecial characteristics
which makes them compatible with noative crops. However, further reseach
has to be done to prove that noative endophyt bacterighavea unique feature

to adapt and colonize in various crops xere their beneficial effects atrops.

If proven so, the bioprospection of béaial bacteria could be aimdd screen
endophytic microorganisms for better plant colonizationficiehcy.
Neverthelesst might not be the same with all endophytic bacteria where some
endophytic bacteria could be exclusively recruited by the hosspeific
natural selection and saitable to live in nomative hosts. Thus, a propeal

time compatibility screenings vital to use nomative endophytes in different
crops.GC-MS analysis unveiled that these endophytic bacteria could produce
many essential and useful metabolites that can be used for plant growth.
Additionally, Streptomycesnd Bacillus exhibited biestimulating effects in

increasing chilli yield, chilli length, root biomass, and aboveground biomass
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when applied as mixed culture except for plant height, which was triggered by
single culture inoculant consisting Bacillussp. In geneal, mixed culture was
proven to promote cHils vegetative growth and yield\ mixed culture of
various bacterial strains woulthvea different impact on plant growth than
single cultureasthe interaction between various bacterial cultures allows th
production of different metabolitebidt have unique effectsn crop growth.
Quorum sensing communication betwéaateriacouldleadto the secretion of
biological compounds that can impede plant growth. On the other hand,
secondary metabolites produckg bacteria in the mixed culture could be
beneficial or harmful to the other bacteria in the consortium. Therefore, the
synergistic effect of the mixed culture hasto studied irdetail toensure that

the mixed culture is not harmful bampethe planigrowth This is an important
criterion in developing bistimulants consisting of mixed bacterial culturgse
study's first objective waachieved by selectin§treptomyceandBacillus as
promising candidates for bistimulant development. Furthermorghe
endophytic bacterial applied via the drenching method of soilless medium is
proven effective in promoting the vegetative growth and yield of chilli compared
to the control treated with inorganic liquid fertilizer alone.
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CHAPTER 5

CO-APPLICATION OF THE SELECTED ENDOPHYTIC
BACTERIA AND MORINGA LEAF EXTRACT ON THE
VEGETATIVE GROWTH AND YIELD OF CHILLI

5.0Introduction

Moringa leaf extract is considered a naturatdtionulant due to its high amount

of cytokinin (zeatin), gibberellic acidseorbates, phenolics, and minel@&efai

et al.,, 2023) It has gained research priority in recepfigs as it could show
promising results on seed germination, nutrient use efficiency, plant growth and
yield under abiotic stress, and good quality of gwswvest(Abd E-Mageed et

al., 2017; Alkuwayti et al., 2020; Batool et al., 2020; Desoky et al., 2019; El
Serafy & EtSheshtawy, 2020; Elryst al., 2018; Howladar, 2014; Nasir et al.,
2016; Rady et al., 2019; Shaukat et al., 2017; ShM et al., 2017; Wagas et al.,
2017; Zulfigar, Casadesus, et al., 2019)

However, very few studies have exploited the effect of thapmication of
bacterial lo-stimulant and botanicddio-stimulant on crops' growth and yield.
Previous studies have explored the synergistic impact of algal extracts and their
combination with the plant growgbromoting bacterium on the germination and
establishment of lettuce s#imgs (Julia, Oscar, Analia, Zocolo Guilherme, &
Virginia, 2020) The study has proven that applying bdateand algae
individually or in combination exerted a positive effect. Likewise, the efficiency
of nitrogenfixing bacteria, moringa leaf extract, and their combinations have
been evaluated on fennel plant growth, yield, and oil compogh&erafy &
El-Sheshtawy, 2020)t was revealed in another study that single or combined
additives significantly increased the vegetative and physiological growth of
plants (Eltahawy, Awad, Ibrahim, Merwad, & Desoky, 202However, the
previousstudies applied moringa leaf extract aobaf treatment. This study
would be a pioneer attempt that reports the effect of thapptication of
moringa leaf extract, endophytic bacteria, and their combinations in the soilless

medium using a drenching method.
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This chapter compared the potentidl aqueous extraction of fresh and dry
moringa leaves with 50% ethanol and 50% methanol extraction. Polar solvent
extraction is a standard method used to extract bioactive compounds from plants,
but it can be expensive due to the cost of the solventharedjuipment required

for the extraction process. It was hypothesized that aqueous extraction, which is
generally cheaper and more environmentally friendly, is comparable with polar

solvents in promoting the vegetative growth of the seedlings.

A preliminary shadéhouse experiment was conducted to assess the efficiency of
the aqueous extract of moringa leaf as a potentiastiaulant for promoting

the vegetative growth and yield of chilli as a single treatment and as a
combination with the endophytic tizria selected from the previous chapters.
Additionally, the application method adopted in this study was drenching a
soilless medium. The main objective of this experiment is to assess the
synergistic effect of moringa leaf extract and endophytic bactera soilless

medium and to choose the best treatment for 4fiamoulation of biestimulant.

5.1 Materials and Methods

5.1.1Preparation of Moringa L eaf Extract (MLE)

Moringa leaf for the entire study were collected from g/@8rold moringa tree

in Senawang, Negeri Sembilan, Malaysia. Dark, mature leaves were collected in
sterile autoclavable bags, transferred to the laboratory for immediate use, or kept
at 10°C in a chiller for 24 h. Fresh leaves were used directly after weighing the
appropriate amant into the beakeor kept at 10°C and used the next dather

fresh leaves were placed in large envelopes and dried in a hot oven at 40°C for
3 days. Dy leaves were ground using &lectric blender into powder and kept

at 10°C. The nutrieat content ofdry moringa leafvas as follows: 15.68% ash,
3.93% nitrogen, 0.30% phosphorus, 3.23% potassium, 3.14% calcium, and
0.24% magnesium.
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The extraction process was done using both dry @id fresh leafFL), and

the methods described by (Vongsak et al., 20&8e modified. This study used
three extraction methods: maceration, infusion, and decoction. The solvents
were distilled water, 50% ethanol v/v, and 50% methanol v/v. For maceration,
10 g of dry leaf sample and 35 g of fresh leaf were mixed with 456frsdlvent

and left in a shaker for 72 h at 100 rpm. Fresh leaves were homogenized using a
pestle and mortar before extraction. Pestle and mortar were used, as only 10 g of
moringa leaves were used for the extraction. An electric blender was used to
extra¢ a large amount of moringa leaves. The extract was filtered using a muslin
cloth, and the marc was-extracted by the same process and solvent three times.
The solvents, such as ethanol and methanol, were evaporated using a rotary
evaporator. After thevaporation process, the remaining balance was collected
and stored at20°C until further use. For the infusion method, distilled water
(50°), cold methanol (50%), and cold ethanol (509¢)e usedAbout 10 g of

dry leaf sample and 35 g of fresh leaf saenpére mixed with 450 mL of solvent

and left for 72 h at room temperature. The extract was filtered, and the marc was
re-extracted by the same process and solvent three times. The solvents, such as
ethanol and methanol, were evaporated using a rotary mtapoAfter the
evaporation process, the remaining balance was collected and ste28dGat

until further use. For the decoction method, 10 g of dry leaf sample and 35 g of
fresh leaf sample were boiled with 450 mL of distilled water for 30 minutes and
left overnight. The extract was filtered using a muslin cloth and stor20%t

until further use. Moringa leaf extraction methods and solvents used for
extraction that represents treatments applied to evaluate the effect on seedlings'
growth was descrilgkin Table 5.1
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Table 51 Moringa leafextraction using decoction, maceration and infusion methods

Treatment code Leaf type Solvent & Condition Method
T1 DL 50% methanol Maceration
T2 DL 50% ethanol Maceration
T3 DL Distilled water Maceration
T4 FL 50% methanol Maceration
T5 FL 50% ethanol Maceration
T6 FL Distilled water Maceration
T7 DL Cold 50% methanol Infusion
T8 DL Cold 50% ethanol Infusion
T9 DL Distilled water 50°C Infusion
T10 FL Cold 50% methanol Infusion
T11 FL Cold 50% ethanol Infusion
T12 FL Distilled water 50°C Infusion
T13 DL Distilled water 100°C Decoction
T14 FL Distilled water 100°C Decoction

"DL: Dry leaf; FL: Fresh leaf
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5.1.2 PhytochemicalAnalysisof Moringa L eaf Extract

Waterbased treatments wecentrifuged at2,000x g for 20 min. Then,he
supernatant as collected and stored aR0°C. Treatments wh solvent
centrifuged at 12,008 g for 20 min and the supernatant was collected and kept
in a water bath set at 40° C for three dayse solvehevaporated using rotary
evaporatort 40C for 24 h The balance solution after evaporation was stored

at-20° C until further analysis.

5.1.2.1Phenolic Contentin Moringa Leaf Extract

A method described by (Hossain et al., 2013) was modified to deteimeitatal
phenolic content in the moringa leaf extract. Test tubes containing 100 pL of
plant extract, 500 pL of water, and 100 pL of Feliiocalteu reagent were
prepared in triplicates. The mixture was allowed to stand for 6 minutes before
adding 1mL of edium carbonate solution (7.5 % w/v) and 500 pL of water.
Then the tubes were kept in a dark room at RT for 30 min. Absorbance was
recorded against a reagent blank at 760 nm using-&ig\épectrometer after

30 min of incubation in a dark room. Total phknoontent was calculated using

the standard calibration curve of gallic acid in methanol and expressed as mg

gallic acid equivalent/g.

5.1.2.2Total Flavonoidsin Moringa Leaf Extract

A method described by (AWlatani et al., 2015) was modified to determine the
total flavonoids in the moringa leaf extract. Plant extract (100 uL) was mixed
with 500 pL of distilled water and then with 100 pL of 5% sodium nitrate in test
tubes and allowed to stand for 6 minutes. THESD pL of 10% aluminum
chloride solution was atkd and allowed to stand for 5 min, and finally, 200 uL

of 1M sodium hydroxide was added. The absorbance of the samples was
measured at 510 nm using a WA spectrometer. Blank contained all reagents
except APCls, which was replaced with distilled watefhe results were
calculated using the standard calibration curve of quercetin in methanol and

expressed as quercetin equivalents (mg/g).
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5.1.2.3Free Radical Scavenging Ativity of 2, 2-diphenyl-1-picryl -1-phenyl
hydrazyl-hydrate (DPPH) of Moringa Leaf Extract

A method described b{M. K. Swamy et al., 2017yvas modified to determine
DPPH free radical scavenging activity in moringa leaves extract. A fresh 0.02 %
DPPH solution was prepared in methanol. A 50 puL of moringa leaf extract and
3 mL of DPPH solution were added to the test tube arddwigorously. It was
allowed to stand in the dark at 37°C for 30 min. The decrease in the absorbance
was measured in each solution at 517 nm using avidVspectrometer. A
standard graph was prepared using gallic acid of different concentrations. Blank
was prepared without gallic acid. The concentration of sample required to
scavenge 50% of DPPH was determined from the curve of percentage inhibition.

Free radical scavenging activity was calculated as per the formula below.

Ol Q'@ 'Q Qoniind £ "QEE QL QO ®
O Wi €1 CEOD L0 166 £ 1 @R d@N & Q
T T wWp T T
OWi €1 WEADWNO1 € a

5.1.3 Effect of Moringa Leaf Extracts on the Vegetative Growth of Chilli
Seedlings

Chilli seeds (Sakata 461) were ygerminated in sterile water and transferred
into polybags filled with peat moss. It was allowed to germinate for about one
week or until 24 leaves emerged from the seedlings. Then 2 ml of the moringa
leaf extract (T1T14) anddistilled water (T15control) were applied to the peat
moss every two weeks once. Each treatment was prepared with five replications.
Thirty days after seed germination, the seedlings were subjected to plant
physiology analyses such as height, root lengtiot surface area, relative

chlorophyll content, and root shoot ratio.

5.1.3.1 Relative Chlorophyll Content of Chilli Seedlings

Relative chlorophyll content was carried out on each treatment's third, fully

expanded leaves from the shoot apex. Relathorophyll content was
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measured using the SPARD2 chlorophyll meter (SPAD 502, Minol@amera
Co., Osaka, Japan). The data points were recorded at five positions along the leaf

blade, and then the data points were averaged as a single value.

5.1.3.2Roct Length and Root Surface Area of Chilli Seedlings

WinRhizo root scanner (EPSON Flatbed Scanner EPSON Expression 11000XL)
was used to capture the image of chilli roots and measure the total root length
and total root surface area. Chilli roots were waghedoughly in tap water to

remove the soil debris and placed in clean water to view under the root imaging

system.

5.1.3.3Plant Height and Root: Shoot Ratio of Chilli Seedlings

Seedlings' height was measured from the collahefstem to the highestdf
The roots and shoots were separated, washed, and dried in an oven at 70°C for

three days before measuring the dry weight of root biomass and shoot biomass.

5.1.4 Assessment of the Compatibility btween Moringa Leaf Extract and
Endophytic Bacteria

Two endophytic bacteria describeddhapter 4, namely MR3 and MR13, were
tested for their compatibility with the agueous extractidnmmringa leaf.
Moringa leaf(50g) was mixed with 1 L water for extraction via maceration and
decoction methods and left@rnight before filtering out the extracted solution
(Fig. 5.1). Plant extractsvithout dilution was usetb test the compatibility with
endophytic bacterig@dne milliliter of moringa leaéxtract was mixed with 1 mL

of the endophytic bactericulture in BB. The mixture was left overnight at
room temperature, followebly plating on TSA The plates were incubated for
five days, and the colorfprming units were calculated as soon as they were

formed on the agar medium.
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Fig. 5.1Moringa leaf extraébn using agueous decoction and maceration methods. (a)
Fresh leaf extraction using boiling method (FB); (b) Fresh leaf extraction using
maceration methods (FM); (c) Dry moringa leaf extracted using boiling method (DB);

(d) Dry moringa leaf extracted usingaceration methods (DM)

5.1.5 Synergistic Effect of Moringa Leaf Extract and Endophytic Bacteria
on the Vegetative Growth of Chilli

Chilli seeds were soaked in water overnight before sowing into wet peat moss.
The polybags containing peat moss were oedavith black plastic sheets and
kept at room temperature in a dark room until the seeds germinated. The black
sheets were removed once the radicle was visible, and the polybags were
observed in the shade until true leaves emerged. Peat moss was spthyed w
water every two days once or when dry. After the 14th day of sowing, fertilizer
AB with an EC reading of 0.enS/cmwas poured into a tray, and the polybags
were placed on it for maximum absorption of nutrients. Transplanting of
seedlings was done 28ygaafter sowing. The planting medium, cogaatand

peat moss were prepared in an 8" x 12" cm polybag. A compiatetiomized

block designwvas adopted for this experiment. The independent variable is AB
liquid fertilizer doses, and the dependent variabtbe moriga leafextract and
endophytic bacterialréatment. Diluted moringa leadxtract (1:1000), and
bacterial culture (100ml/plant) corresponding to 1XdfQ/ml, were applied for

two weeks once by drenching the planting media. There were 2hémat with

three replications of each treatment. Each replication consists of five plants. The

treatments are describedTiable 5.2.
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Table 5.2 The details of the treatments containing various combinations of

aqueous extract of morindaafand endophyti bacteria

Treatment Moringa leaves extraction method

code

Endophytic
bacteria

T1 Fresh moringa leaf
powder/Decoction or Boiling metho
using distilled water
(FB)

T2 Fresh moringa leaf
powder/Maceration method using
distilled water
(FM)

T3 Dry moringa leafpowder/ Decoction
or Boiling method using distilled
water
(DB)

T4 Dry moringa leapowder/
Maceration method using distilled
water
(DM)

T5 Fresh moringa leaf
powder/Maceration method using
distilled water
(FM)

Bacillussp.
(MR3)

T6 Fresh manga leaf
powder/Maceration method using
distilled water
(FM)

Streptomycesp.

mycelium
(MR13-M)

T7 Fresh moringa leaf

Streptomycesp.

powder/Maceration method using sporedMR13-

distilled water
(FM)

S)
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T8 Fresh moringa leaf Bacillussp.
powder/Maceration method ug (MR3) and
distilled water Streptomycesp.
(FM) mycelium
(MR13-M)
T9 Freshmoringa leaf Bacillussp.
powder/Maceration method using  (MR3) and
distilled water Streptomycesp.
(FM) spores (MR13
S)
T10 Dry moringa leapowder/ Bacillussp.
Maceration m#od using distilled (MR3)
water
(DM™)
T11 Dry moringa leapowder/ Streptomycesp.
Maceration method using distilled mycelium
water (MR13-M)
(DM)
T12 Dry moringa leapowder/ Streptomycesp.
Maceration method using distilled spaes (MR13
water S)
(DM)
T13 Dry moringa leapowder/ Bacillussp.
Maceration method using distiled  (MR3) and
water Streptomycesp.
(DM) mycelium
(MR13-M)
T14 Dry moringa leapowder/ Bacillussp.

Maceration method using distilled  (MRS3) and

water Streptomycesp.
(DM) spores (MR13
S)
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T15 Fresh moringa leaf Bacillussp.
powder/Decoction or Boiling metho (MR3)
using distilled water
(FB)
T16 Fresh moringa leaf Streptomycesp.
powder/Decoction or Boiling metho mycelium
using distilled water (MR13-M)
(FB)
T17 Fred moiinga leaf Streptomycesp.
powder/Decoction or Boiling metho spores (MR13
using distilled water S)
(FB)
T18 Fresh moringa leaf Bacillussp.
powder/Decoction or Boiling metho  (MR3) and
using distilled water Streptomycesp.
(FB) spores (MR13
S)
T19 Fresh moringa leaf Bacillussp.
powder/Decoction or Boiling metho  (MR3) and
using distilled water Streptomycesp.
(FB) mycelium
(MR13-M)
T20 Dry moringa leapowder/ Decoction  Bacillus sp.
or Boiling method using distilled (MR3)
water
(DB)
T21 Dry motinga leafpowder/ Decoction Streptomycesp.
or Boiling method using distilled  spores (MR13
water S)
(DB)
T22 Dry moringa leapowder/ Decoction Streptomycesp.
or Boiling method using distilled mycelium
water (MR13-M)
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(DB)

T23 Dry moringa leaves powder Bacillussp.

Decoction or Boiling method using  (MR3) and

distilled water Streptomycesp.
(DB) spores (MR13
S)
T24 Dry moringa leapowder/ Decoction  Bacillussp.

or Boiling method using distilled (MR3) and

water Streptomycesp.
(DB) mycelium
(MR13-M)
T25 Water (Control) -

Chillies were harvested, and plants were removed from the planting material 50
days after transplanting. The shoot length was measured. The aboveground shoot
and root were separated and transferred to the lab in separate plgstit @
aboveground parts were placed in brown envelopes before drying in the oven
(CEPB laboratory, University of Nottingham) at 60°C for three days. The weight

of dried aboveground biomass was measured using a weighing balance (CEPB

laboratory, Universit of Nottingham).

For root samples, the planting material attached to the roots was removed by
washing the roots in tap water. After cleaning the roots, they were scanned via
WinRhizo root scanner (EPSON Flatbed Scanner EPSON Expression 11000XL,
CEPB laboatory, University of Nottingham). The root imaging system

measured the total root length and surface area.

5.1.6 Synergistic Effect of Moringa Leaf Extract and Endophytic Bacteria
on the Yield of Chilli

The effect of single treatments of aqueous extaatf fresh and dry moringa

using decoction and maceration methods and their combination with endophytic

bacteria selected from the previous experiments were evaluated based on the
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yield of chilli plants. The fruit weight estimated the yield after 40 dafysr
transplanting.

5.1.7 Statistical Analysis

Statistical analysis was performed using the Univariate analysis with Tukey's
HSD test (p < 0.05) by the SPSS software (IBM Statistics, version 28, USA) to
determine the significance of the data. Bars ingathe same letters are not
significantly different (pO0.05). The
standard error.

5.2 Results and Discussion

5.2.1 Phytochemical Contents in Moringa Leaf extract

In this study, the antioxidant properties suclplasnols, flavonoids, and DPPH
radical scavengg activities of moringa leakxtract of various extraction
methods revealed that apart from polar solvents that are commonly used for the
extraction of antioxidant compounds, water extraction has also mksulte

similar antioxidant activities like polar solveni&aple 5.3.

The DPPH radical scavenging activity range was 26.23.96 pug/mL. The least
free radical scavenging activity was recorded byenation of fresh moringa
leafwith 50% of methanol. Althe other extractiomethods exhibited more than
50% free radical scavenging activity, corresponding to more than 8.39 uL/mL
of DPPH concentration. Notably, aqueougs&ation of fresh moringa leafing

the boiling method (T14) showed 44.50 ug/mL of DP8tdvenging actiwt
meanwhile, dry moringa leadxtracted using maceration and boiling method
showed 47.39 pg/mL and 43.22 pg/mL of DPPH scavenging activities
respectively. DPPH (22-diphenytl-picrylhydrazyl) is a stable free radical
commonly used to ssess the antioxidant activity of compounds. DPPH
scavenging activity measures a substance's ability to neutralize this free radical
by donating an electron to it, thereby reducing it to a stableyandinal form.

IC50 value was used to indicate the axitiant capacity where the concentration
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of the sample that causes &&@eduction of the initial DPPH concentration was
calculated based on a linear regression grgh A9) (Appendix) of the mean

percentage of antioxidant activity against the conceatrabf gallic acid

(Hg/ml).

The total phenolic content in all the extraction methods ranged betweeh 0.16
0.72 gallic acid equivalent (GAE) mg/L, while total flavonoid content ranged
from 0.25 75.44 quercetin equivalent mg/mL. The calculation was basdde
standard gallic acid graplirifg. A9) (Appendix) and quercetin standard graph
(Fig. A10) (Appendix). Polar solvent extraction using methanol and ethanol has
shown better antioxidant activities than water extraction. For example, infusion
of the freshleaf using cold 50% methanol showed the highest antioxidant
adivity; maceration of dry leafising 50% methanol exhibited 0.72 gallic acid
equivalent (GAE) mg/L highest pholic content, and fresh leiffusion using

cold 50% ethanol showed 75-gdiercetn equivalent mg/mL. Methanol
extraction using the maceration method (T1) showed the highest phenolic
content, and water extraction using the infusion method (T9) showed the lowest
phenolic content. Extraction methods using ethanol (T11) and water (T3)
exhibited the highest flavonoid content, followed by cold methanol infusion
(T10) and water boiling of the fresh leaf (T14). Treatment T4 (maceration using
methanol) and T12 (Water infusion at 50°C) had the lowest flavonoid content.
Fresh leaf extraction hasaorded high flavonoid content except for sample T3
and high DPPH free radical scavenging activity except for samples T7 and T8.
Dry leaf extraction showed high phenolic content. This finding agrees with
(Vongsak et al., 2013Whereby dry leaf maceration with 70% ethanol showed
the highest phenolic, flavonoid, and DPBeavenging activity. However, in #hi
study, dry leaf infusion with 50% cold methanol exhibited the highest
antioxidant activities. The optimal extraction method should be simple, rapid,
economical, and applicable to a largeale industry, while higluality
extraction methods using solusrare usually recommended for pharmaceutical

and nutraceutical industri€gongsak et al., 2013)

Among aqueous extraction methods, maceration of dry leaves, decoction of fresh

leaves, and decoction of dry leaves showed 47.39 pg/mL, 43.22 pg/mL, and
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44.50 pg/mL of DPPH scavenging activities, respectively. For phenolic content,
the decoction method of dry leahaceration method of fresh leaind decoctio
method of fresh leaproduced 0.52, 0.32, and 0.31 of gallic acid equivalent
(GAE) mg/L, respetively. Flavonoid content results exhibit that maceration

of dry leaf, a decoction of fresh leaf, and maceration of freshplesafuced
74.89, 70.78, and 69.82 of quercetin equivalent mg/mL, respectivelyalDeer
decoction of fresh leaf and maceratiaf dry leaf showed comparable
phytochemical content, especially flavonoid content, compared to solvent

extraction methods.

Medicinal plants are rich in antioxidants, which could alleviate environmental
stresses and lead to plant growth. Moringa leafaektwas used in this
experiment to evaluate its efficiency on chilli plant growth. Réstature
reviews have reported the potential of moringa leaf to stimulate seed
germination, seedling growth, stress alleviation, and plant (#diched, Elezz,

& Khalid, 2021; Zulfigar, Casadesus, Brockman, & MwuBasch, 202Q)The
extract of moringa leaf coains a broader range of phytochemicals, and the
effect of moringa leaf extract varies with the solvent used foraetin
(Zulfigar, Casadesus, et al., 2019)
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Table 5.3Phytochemical analysis of moringa leadtract

Treatment DPPH scavenging activity % Phenolic content Flavonoid content
(mg/ml) (mg/ml)
T2 61.25+ 0.35 0.50+0.00 69.60+1.60
T3 47.39+0.94 0.16+0.00 74.89+0.40
T4 66.13 + 0.32 0.34+0.00 0.35+0.02
T5 70.29£0.18 0.27+0.00 13.1+11.13
T6 26.41+1.02 0.32+0.00 69.82+1.51
T7 70.58 +0.04 0.67+0.00 74.42+0.60
T8 71.73 £0.05 0.60+0.00 0.29+0.03
T9 54.91 +0.85 0.12+0.00 12.65+12.02
T10 73.96 + 0.01 0.30+0.00 70.14+2.11
T11 72.38 £0.03 0.28+0.00 75.44+1.83
T12 69.32 + 0.00 0.24+0.00 0.25+0.01
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T13 43.22 +0.78 0.52+0.00 12.83+12.37
T14 44.50 + 0.00 0.31+0.00 70.78+2.26

* Standard deviation of five independent measured were calculated for each analysis

138



5.2.2 Effect of Moringa Leaf Extracts on the Vegetative Growth of Chili
Seedlings

The plant growth parameters such as relative chlorophyll content, seedling
height, total root length, total root surface area, and thetoesitoot ratio were
measured for moringa leaf extracted using various extraction methods. The
relativechlorophyll content was not significant among treatments except for T2
(50% ethanol maceration of dry I9afT7 (cold methanol infusion of dry leaf

and T9 (water infusion of dry leaht 50°C) Fig. 5.2. Relative chlorophyll
content is a nowlestructiveand indirect method that indicates the health and
nutritional status of the plant. Applications of moringa leaf extract were reported
to enhance chlorophyll content and photosynthesis rate in plants under normal

and stress catitions (Zulfigar, Casadesus, et al., 2019)
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Fig. 5.2Relative chbrophyll content of chilli seedlings treated with moringa leaf extract
of various extraction methods. The values are an average of five independent
measurements. According to Tukey's HSars sharing the same letters are not
significantly different (pOO0.05). The

error.

Seedlings' height was significantly higher in all treatments than the control,
particularly in sample T1 (methanol maagon of dry leaf) and T6 (water
maceration of fresh &). The seedling's height ranged between 12.1 Irb
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cm (Fig. 5.3. Total root length and total root surface area are essential indicators
that could show the direct effect of kstimulant on chill seedlings. Total root
surface measurements were not significantly different among all the treatments
(Fig. 5.4). Root length and proliferation of root hairs enhance nutrient absorption
and nutrient use efficiency. The highest root length wasmied insamples T2

(dry leafof ethanbextraction), T10 (fresh leaff methanol extraction), T&Ify

leaf of ethanolextraction), and T9 (dry leaff water extraction)Kig. 5.5.
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Fig. 5.3 The height of chilli seedlinggeatedwith moringa leaf extracts djailing,
infusion, and maceration methods. The values are an average of five independent
measurements. According to Tukey's HSD, bars sharing the same letters are not
significantly different (pOO0.05). The
errorThe ShapiréNilk test significance value of 0.047 shows that the data is

significantly deviate from a normal distribution.
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According to Tukey's HSD, bars sharing the same letters are not significantly different
(pO0.05). The vertical bar iThevéerticadbagir aphs
the graphs indicates the standard error. The Sh#ifotest significance value of
0.228shows that the data mormal.

Root: shoot ratio is a vital criterion for assessing plant health. Chilli seedlings
treated with dry moringa leadxtracted with 5% cold ethanol via infusion

method showed a significant reimtshoot ratio compared to all other treatments
(Fig. 5.6).

Chilli seedlings treated with dry moringa leaf extracted with 50% ethanol using
the maceration method showed the highest root biomdissh is significant as
compared to other treatmentsd. 5.7). Besides that, fresh leafaceration and
infusion with 50% methaoi; dry leafinfusion with 50% ethanol and dry leaf
decoction with water also demonstrated higher root biomass as comptred to

control.

The highest shoot biomass was observed in chilli seediiregsed with dry
moringa leakxtracted with 50% ethanol using the maceration metfigd%.9).
Apart from that, fresh leahfusion with 50% cold methanol, dry leaifusion

with 5¢° C waterand 50% cold methanol dry leadfaceration with 50% ethanol
and 50% methanol also exhibited higher shoot biomass. A similar finding
supporting the study is the application of moringa leaf extract at 50%
concentration that increased maximum plagight, fresh and dry weights, and
root fresh and dry weight of sunflower plagligbal et al., 2020)This suggests
that the phytochemicals in the moringafleatract significantly impact plant
growth and development. Apart from that, the greemihancing potentiabf
waterextract moringa leasignificantly influenced the growth of sunflower

seedlings and plants, including the vegetative grdigthal et al., 2020)
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Fig. 5.7 Root biomass of chilli seedlings treated with moringa leaf extract of various
extraction methods. The values are an average of five independent measurements.
According to Tukey's HSD, bars sharing the same letters are not sigthyfidiierent
(pO0.05). The vertical bar in the graphs
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Fig. 5.8 Shoot biomass of chilli seedlings treated with moringa leaf extract of various
extraction methods. The values are an average of five independent measurements.
According to Tukey's HSD, bars sharing the same letters are not significantly different
(pO0.05). The vertical bar in the graphs

Polar solvent extraction is a standard method to extract bioactive compounds
from natural produs. Still, it can be expensive due to the cost of the solvents
and the equipment required for the extraction process. On the other hand,
aqueous extraction uses water as the solvent, which is generally cheaper and
more environmentally friendly. While polasolvent extraction was more
effective at promoting seedling growth and exhibited high antioxidant activities,
the efficiency of aqueous extract was also comparable with polar solvent extract
in specific analyses. For example, agueous extraction increlasecklative
chlorophyll content, the height of seedlings, root length, and shoot biomass of
chilli seedlings. Since the choice of extraction method will determine the cost of
bio-stimulant production, agueous extraction methods were selected for further
study. Although the polar extraction method could give the best result, it will not
be suitable for longerm biestimulant preparation due to its feasibility in
agriculture. Therefore, aqueous extraction methods were compared with the
polar extraction mettd to highlight the ease of use, safety, or environmental

impact that is important in bistimulant preparation.

144



5.2.3 Assessment of the Compatibility btween Moringa Leaf Extract and
Endophytic Bacteria

The subsequent experiments used dry and fresmgeleafagueousextracts
prepared witldecoction and maceratiohheStreptomycesporesBacillus, and
Streptomycesnycelial cell populations of the pure cultures were 1X 10
spores/ml, 1 x 18§ cfu/ml, and 1x 18 cfu/ml, respectively Table 5.4.
Compdibility of endophytic bacteria and moringa leaf extract using total plate
count unveiled thatetoction and maceratiai fresh moringa leaf did not affect
much the population oBacillus and Streptomyce@able 5.4. In contrast,
decoction and maceratiarf dry moringa leaf extract were incompatible when
mixed with crude moringa leaf extradfig. 5.9. This was obvious in the
Bacillus population where it was reduced to®1€fu/ml (Decoction) and
Streptomycegpopulation wasreduced to 10cfu/ml and 16 cfu/ml in both
maceration and decoction preparations respecti&thgptomycespore count
was reduced to £afu/ml in decoction preparation of dry leaf and no growth
was observed in maceratatty moringa leaf extractAlthough the total
population was alwst similar to the pure cultures, drastic changes were
observed in the size dhe colonies. The difference in the size of bacterial
colonies indicates the mild antibacterial effect caused by moringa leaf extract on
the survival and propagation of endopbytacteria. The reduction in the number
and size ofthe colonies shows the incompatibility of dry moringa |eafide
extract with endophytic bacteria. This could be due thtnmesis phenomenon,

a diphasic dose responsewhich a low dose stimulategowth while a high
dose inhibits it. Them@plication of plant water extracts has an inhibitory effect
at higher concentratienwhile stimulating atower concentratios (Ibrahim,
Khalig, Hussain, & Haq, 2023In general, the inhibitory angtimulating effect

of plant extract can be associated with the high flavonoid coftaastudy has
reported highflavonoid contentn dry moringa leaf extracfVongsak et al.,
2013) Furthermore, moringa leaf extract has antibacterial activity due to the
presence of saponins, flavonoids, tannins, alkaloids, phenolicsitarfgenoids,
which have the mechanism of destroying bactézalfigar, Casadesus, et al.,
2019) However, diluted leaf extract could reduce the antibacterial effects on the

endophytic bacteria. The moringa leaf extracts were diluted x 100, and the
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compatibility was tested with endophytic bacteria. It wasntb that
Streptomycesp. andBacillussp. were compatible with diluted dry moringa leaf
extract, as no inhibition of bacterial colonies was observed in potato dextrose
agar Fig. 5.10. The effect of dilution of a plant extrad, subviscidaextract
wasobserved or.alternatacolonies, in which the inhibitory effect was changed

to growth promotion when treatments were dilufieida-de Leon et al., 2014)
Therefore, a detailed study on the effect of diluted plant extract is vital to
optimize the dosage and application methods ofsbiaularts derived from

plants.
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Fig. 5.9Morphology of endophytic bacteria tested with mgereafextracted using boiling and maceration methods Stag¢ptomycespores; (b) Bacillus (c) Streptomyces
vegetative ells; (d) Streptomyces Fresh moringa leadxtracted using boiling method; (Bacillus + Fresh moringa leadxtracted using boiling method @treptomyces
vegetaitve cells + Fresh moringa leaktracted using boiling method; (§jreptomyces Dry mainga leafextracted using boiling method; (Bpcillus+ Dry moringa leaf
extracted using boiling method @treptomycesegetative cells + Dry moring@af extracted using boiling method; Gtreptomyces Dry moringa leakextracted using
maceratiormethod; (k)Bacillus+ Dry moringa leaéxtracted using maceration methodSleptomycegegettive cells + Dry moringa le&ixtracted using maceration method;
(m) Streptomyces Fresh moringa leadxtracted using maceration method; Baillus+ Fred moringa leakextracted using maceration method $bjeptomycesegetaive

cells + Fresh moringa leaktracted using maceration method
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Table 5.4Compatibility of endophtyc bacteria with moringa leaxtracted using boiling and maceration methods

Bacillus sp.
Streptomycesegetative stage
Streptomycesporulating stage
Streptomycesegetative stage
Bacillus sp.
Streptomycesporulating stage
Streptomycesegetative stage
Streptomyces sporulating stage
Bacillus sp.

Bacillus sp.
Streptanycessporulating stage
Streptomycesegetative stage

Bacillus sp.

Dry moringa leaf
Dry moringa leaf
Dry moringa leaf
Fresh moringa leaf
Fresh moringa leaf
Fresh moringa leaf
Dry moringa leaf
Dry moringa leaf
Dry moringa leaf

Fresh moringa leaf

Decoction

Decoction

Decoction

Decoction

Decoction

Decoction

Maceration

Maceration

Maceration

Maceration

MR3
MR13
MR13 (spores)
MR1371DB
MR3-DB
MR13 (sporespB
MR13-FB
MR13 (sporesFB
MR3-FB
MR3-DM
MR213 (sporesPM
MR13-DM

MR3- FM

4.47 x 109
1.29 x°
1x10°

1x10°
Tiny colonies

1x 108
Tiny colonies

1x1C

1x 10%°
Tiny colonies
1x10°

1x10°
Tiny colonies
5.9x 10

No growth
4.4 x 107

Tiny colonies
1x10
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Streptomycesegetative stage Fresh moringa leaf

Streptomycesporulating stage Fresh moringa lda

Fig. 5.10.Pure cultures oBtreptomyceandBacillusshow no growth inhibition
whenmixed with dilutel (1:100 moringa leaf extract (étreptomycesp.
on potato dextrose agand (b)Bacillussp. on potato dextrose agar

Maceration

Maceration

MR13-FM

MR13 (sporesfFM

1x10°

1x106°
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5.2.4Synegistic Hfect of Moringa Leaf Extract and Endophytic Bacteria on

the Vegetative Growth of Chilli

Chilli treated with freshmoringa leaf juice extracted by maceration showed

significantly higher height than other treatments. Fresh moringa leaf extract

obtained via maceration amacillussp. (FM + MR3) showed the highest chilli

root length Fig. 5.11). The application offresh moringa leafextracted by

maceration (FM) alone showed lower root length, but it increased significantly

when applied together with endophytic bacteria.

1,000.00

800.00

600.00

400.00

Mean Chilli rootlength (cm)

200.00

o.oo

a4
N4

ad

wa

edA+INA

(A) gL + N

cd bed ped

(S)ELdN + INd
(W) ELEIN + SHA + N4
(S) el + SHN + N4

cHN + NG
(W) €L + wa
(S) el + Mg

(W) €L + A + A
(S) el + gdIN + WA

cH + 84
() SLn + a4

Treatments

cd

(Sheldn + a4

oA+ (S) Lo + a4
SHN + () £LHN + 84

oA+ 80

(S)gidn +49a

(W) c1dn +49a
(S)elad+ e+ aa
(W) £LEN + €N +aa

I le)

Fig. 5.11Root length of chilli plants treated with moringa leaf extract and endaphyti

bacteria. e measurement waslculated automatically by Winrhizo root scanner,

which included the mean length of 15 individual plants' entire root system. According

to Tukey'sH S D,

bar s

sharing

t he

same

etters

The vertical bar in the graphs indicates the standard eFhm. ShapiréNilk test

significance value of @6 shows that the data is hormal.

Likewise, the lowest value of rootigace area of chilli seedlings was attained

when the plants wereedated with fresh moringa leaktracted via maceration

(Fig. 5.12. Fresh and dry moringa leaf extracted via maceration showed lower
root length and surface area than the same treatmampipdied with endophytic

bacteria.

150

ar



40.00
ah

abc abe b abe @R abc  ab abc

30.00

20.00

10.00

Mean Root surface area (cm2)

0.00

L N L I I L O L L e L o S s e v ]
TEZwg 2222222000 ODTOTWETEG
T T S AL S S S R

= = = T EE=Z=ZT=zz=z=zxz e
5535533322325 3F5
e R

) ESGEE S 0w= uE S

=233 g”gg = T T =323

» o [T == z e

£ E0) 83 SLE

Treatments

Fig. 5.12 Root surface area of chilli plants treated with moringa leaf extract and
endophytic bacteria. The measurement was calculated automatically by Winrhizo root
scanner, which included the mean length of 15 idd& plants' entire root system.
According to Tukey's HSD, bars sharing the same letters are not significantly different
(pO0.05). The vertical bar iTheShapi®wigr aphs
test significance value of Z65shows that th data is normal.

On the other hand, the plants treated with dry moringa leaf extract obtained via
the decoction method and endophytic bacteria showed the most significant
aboveground biomass of chilli planisg. 5.13. Similarly, theroot biomass also

increased significantly when applied with dry moringa leaf decoction extract and

various combinations of endophytic bactef&y( 5.19.
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Fig. 5.13Aboveground biomass of chilli plants treated with moringa leaf extract and
endophytic bacteria. Eackalue is the mean of fifteen replicates (n=15), and bars
sharing the same | etters are not signific

HSD. The vertical bar in the graphs indicates the standard error.
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5.2.5 Syneqistic Hect of Moringa L eaf Extract and Endophytic Bacteria on
the Yield of Chilli

The yield of chilli per plant showed that plants treated with a dry leaf of moringa
extracted via maceration alone (DM) andagplied withBacillus sp. (DM +

MR3) could give the highest produce, 691.1g and 650.1g, respectively. This was
followed by dry moringa leaf extract via decoction method (DB) and fresh
moringa leaf extracted i& decoction method (FB), 603.7g and 599.3
respectively [fig. 5.15).
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Fig. 5.15Yield per chilli plant treated with combined application of moringa leaf extract

and endophytic bacteria. Each value is the mean of fifteen replicates (n=15), and bars
sharing the same | etters ar erdingéotTuksysgni f i c
HSD. The vertical bar in the graphs indicates the standard error.

A growing trend in agriculture involves the utilization of {stimulants that
incorporate a mixture of various sources. For example, foliar application-of bio
stimulant cantaining moringa leaéxtract, seaweed extract, and fulvic acid could
positively improve the vegetative growth, fruit set percentage, fruit yield, and
fruit physical and chemical characteristics as well as leaf nutritional {(Minsa

et al., 2023) The combined application of arbuscular mycorrhiza fungi and
seaweed extract also positively affected the vegetative and phytochemical traits

in lettuce more than their sole applicati@asouli et al., 2022)On the other
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hand, adding plarderived soy lecithin and flavonerich wood glycolic extract

did not shav any additional beneficial effect on lettu¢Eedeli, Vannini,
Guarnieri, Monaci, & Loppi, 2022 herefore, the compatibility of the different
sources and the impact of bBstimulant ceapplication has to be investigated
thoroughly. This study evaluated moringa leaf extract and endophytic bacteria
on a model crop, chilli. To our knowledge, no reports were found on the
combined effects of endophytic bacteria and the methanohenelic, and
agqueous extract of moringa leaves on chilli growth. These findings could be

guidelines for a practical and efficient lsamulant formulation for chilli.

5.3Conclusion

This study has revealed that apart from methanol and ethanol extracter
extraction, which is a cheap aneasible method of moringa leektraction,
couldbe used to produce botanitéb-stimulant. Moringa leaves were rich with
antioxidant contents and could enhance the grositithilli root Among
agueous extractiomethods, maceration of dry leaf, decoction of fresh leaf, and
decoction of dry leashowed 47.39 pg/mL, 43.22 pg/mL, and 44.50 pg/mL of
DPPH scavenging activities, respectively. For phenolic conteamtdéicoction
method of dry leafmaceration method dfesh leaf anddecoction method of
fresh leafproduced 0.52, 0.32, and 0.31 of gallic acid equivalent (GAE) mg/L,
respectively. Flavonoid content results exhibited thateraon of dry leaf, a
decoction of fresh leaf, and maceration of fresh peaflued 74.89, 70.78, and
69.82 of quercetin equivalent mg/mL, respectively. OVethé decoction of
fresh leaf and maceration of dry lesfowed comparable phytochemical content,

especially flavonoid content, compared to extraction using polar solvents.

Furthermore, it was revealed that although dry moringadetthctsenhanced
plant growth and vyield, a high concentration of dry moringa leaf was
incompatible with endophytic bacteria, inhibiting the endophytic bacterial
growth and colony size. However, d @0 dilution of moringa leaf extract with
water has increased the compatipilof the extract and bacteriblo superior
extraction methoavas found to have a positive effect on all vegetative growth

assessments in the chilli plant. Dry leaf decoctionaexsignificantly promoted
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vegetative growth, especially root and shoot biomass itif plants. On the
other handdry leaf maceration extracts alone or along vid#cillusincreased

the chilli yield compared to other treatments.

Aqueous extraction imeased the relative chlorophyll content, the height of
seedlings, root length, and shoot biomass of chilli seedlings. Fresh moringa leaf
extract obtained via maceration along vBécillussp. (FM + MR3) showed the
highest chilli root length and chili sdews' largest root surface area. On the
other hand, chilli plants treated with dry moringa leaf extract obtained via
decoction method and endophytic bacteria showed the most significant

aboveground and root biomass of chilli plants.

Therefore, dry leaf>draction via maceration and decoction methods was used
for further study. Remarkably, dry leaf decoction extract was suggested to be
applied throughout the plant's vegetative growth. In contrast, dry leaf maceration
extract was recommended to be used mduihe flowering period as both
moringa extracts xhibited different efficiency adifferent stages of chilli
development.Generally, biestimulants may have target effects on specific
phenological phases ofaps. For example, plants nestlong rooting gstems

to absorb more nutrients as critical nutrient absorption occurs at the early stage
of plant developmentAt the same timapot colonkation of beneficial bacteria

at the early growth stage careventrot pat hogen discreasalite st at i
immunity of plants. On the other hanldte appktation of biestimulants can
improve fruit set quality Knowing the target effect of bistimulant can be
helpful in tailoring the application methods to different growth phases of crops

as plants undergo distt need at differengthenological stages.
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CHAPTER 6

CHARACTERIZATION OF NANO-ENCAPSULATED
ENDOPHYTIC BACTERIA AND MORINGA LEAF
EXTRACT

6.0 Introduction

Plant biestimulants depend not on their nutrient content but on stimulating their
natural physiological processes related to plant growth or the plant's defense
system(Roberta Bulgari, Franzoni, & Ferrante, 2019; Chanda et al., 2008y

may contain variouactive substances, including beneficial microorganisms that
work together to trigger the plant's physiologisgstem, stress toleranand

improve production quality.

Bio-stimulant products containing PGPR are often reported to have low cell
density andeduced longevity during product storage and upon application to
soil, leading to reduced @ffency. (Bhatia et al., 2021)ducidated that
maintaining stable colonization of applied PGPR strains in the rhizosphere has
been a major challenge. @zequently, PGP{Rased biestimulants are
considered unstable and inefficient, producing inconsistent results in laboratory
and field experiments. For example, the bioactive compounds of microalgae bio
stimulant were susceptible to degradation over {{8tek et al., 2021)Long

term storage of liquid formulations under ambient temperatmditions, which

could provide prolonged survival of microorganisms in the final product and

after an application, is crucial for commercializat{&fsakhawy et al., 2021)

New formulationsare essential in bistimulant production to enhance the
efficiency and longevity of the microorganisms in the product and growth
medium. Naneencapsulation is an emerging technology based on-nano
formulations. Atechnique in which homogenous or heteragenfunctional
compounds are entrappbyg a polymeric material, antbnfines them from the
external environmers known as encapsulatioRor example, probiotic bacteria

were successfully formulated into naencapsulation opoly (vinyl alcohol)
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and sodim alginate nanofibers to delay the microbial growth in the fish fillets
to avoid contamination by mesophilic bacteria. There were numerous reports on
the feasibility of calciuralginate microcapsules used as a delivery method for
microbial biofertilizersor plant growthpromoting bacteridY. He et al., 2015;

Wu et al., 2011)

Nanaemulsions are fine cih-water dispersions with dplet sizes ranging from
100500 nm. It exhibits better penetration efficacy of the active ingredients due
to the emulsion's large surface area and low surface tension. It was found from
the previous experimental chapter that dry moringa leaf extractnebtaia
decoction and maceration methods showed incompatibility with endophytic
bacteria. Thus, it has to be diluted in a ratio of 1:1000 to ensure that bacterial
growth is not inhibited. However, properly formulating the two-stionulants

to encapsulatthe active ingredients separately would be very beneficial for the
co-application of biestimulant. Encapsulation of endophytic bacteria using
alginate nanagel and nan@mulsion of moringa leaf extract in the agueous
alginate phase was expected to inceedse stability of the product during
storage. The encapsulation was also expected to stabilize the bactariatipa

and increase the shdifie during storage.

This chapter aims to formulate the bacterial and plant extraestionlants
separatelyn naneformulations, determine #r shelflife, and characterize their
physical and chemical structures during storage. It is a pioneer study reporting

the characterization of the naracapsulated bistimulant formulation.

6.1 Materials and Methods

6.1.1Encapsulation of Endophytic Bacteria and Moringa Leaf Extract

Dry moringa leaf powder extracted via aqueous solvent was used asivle act
ingredient of moringa leaf. Endophytic bactergcillus sp., wasused as a
model for the alginate polymer aapsulation technique. Encapsulation was
prepared using the ionic gelation method to produce -gafs for Bacillus

culture and o#in-water naneemulsion for moringa leaf extract.

157



lonic gelation method Endophytic bacteria

Nano-emulsion Moringa leaf extract

Encapsulation methods

Fig. 6.1Encapsulation methodsr plant extract and bacteria

6.1.2Effect of Homogenizationon Bulking M aterial

The bulking materials that were tested to be incorporateceimdahegel were
sodium alginatéHiMedia, Pvt.Ltd, India)zeolite(Merck, Germany, skimmed
milk (HiMedia, Pvt.Ltd, India)and modifiedstarch. lPobe sonication method
was usedo reduce the size of the bulking materials. $h#able nanomaterials
wasselected based on their ability to fomanasize withuniform polydispersity

indexvalue

6.1.21 Effect of Homogenization Processon the Size and Polydispersity
Index of Bulking M aterials

Every component of nar@rmulation was sonicated for 15 min at 10,000 rpm
using an ultrasonic homogenizer (Silverson, -BMeries, Faculty of Science
and Engineering, University of Nottingham, Malaysia). Thiee sand

polydispersity index of bulking agents such as sodium alginate, zeolite, skimmed

158



milk, and modified starch was measured before and after ultrasonication. Each
sample was diluted with distilled water with a ratio of 1:100 before taking the
measurem@ using a zeta sizer (NatS, Malvern. USA, Faculty of
Engineering, University of Nottingham, Malaysia). Particle size distribution and
zeta potential were determined according to the method descrii€hawla,
Kumar, Kaushik, & Dhull, 2019)

6.1.2.2 Evaluation of the Image oBulking Materials and Plant Extract

using Field Emission Scanimg Electron Microscopy (FESEM) Analysis

The samples, such as na@mulsion droplets, nangel, moringa leaf extract,

and other bulking materials, were-died on doublesided conductive chon

tape placed on a stubThen, the sample waputtered with platinum for 30
seconds before viewing in a field emission scanning electron microscope (FEI,
Quanta 400F/Oxford FESEM, Faculty and Science and Engineering, University
of Nottingham, Malaysia)The bulking materials include samples before and

after the ultrasonication step.

6.1.3 Naneencapsulation Formulations of Biestimulants

Nanagel containingBacillus sp. was formulated using the ionic gelation
method. Moringa leaf extract was encapged in oitin-water droplets by using

the naneemulsion technique.

6.1.3.1 Nanegel Formulation of Endophytic Bacteria

Bacillussp. was freshly grown on potato dextrose agar (PDA, Merck, Ggjman
for the nanegel formulation One loopfull of each badatrial colony was
transferred into 500 mL of tryptic soy broth (TSB, Merck, Germany) separately
and incubated in an incubator shaker (Wisecube, Faculty of Science &
Engineering, University of Nottingham, Malaysia) at room temperature for three
days at 90 mm. The stock culture was diluted to ensure that the density of
endophytic bacteria was within the range of-10° CFU/mI (bacterial density

was checked using the total plate count method).
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Sodium alginate was prepared at 0.5% (w/v) in one liter of ldidgtater and
autoclaved at 121°C for 30 minutes. Modifeminstarci{0.1 g), zeolite (0.1 g),

and skimmed milk (0.1 g) were added to the sodium alginate solution before
autoclaving. Calcium chloride dihydrate, 0.5 M, was autoclaved separately and
kept at10°C until use.

The stock bacterial culture was mixed with sodium alginate at 10% concentration
using a magnetic stirrer for 10 min. The plastic syringe extruded the bacterial
alginate mixture into a calcium chloride solution under stirring conditibns.
encapsulated bacteria in alginate gel were left overnight at room temperature for
a stable gel formation. The nagel was washed thrice with distilled water.
Then, excess water was removed by straining the gel, and thegebnas
collected in a cleacontainer before storing it at 10°C.

6.1.3.2 Naneemulsion Formulation of Moringa Leaf Extract

In this study, moringa leaf extract was prepared using am-@iater nane
emulsion system witla highenergy method, high spedwmogenizer. Two
immisdble phases, oil and aqueous phases, were mixed with a surfactant with
an HLB value of 10 to prepare an-water naneemulsions according to the
method described by (Hong et al., 2018). Hydrophlliophillic Balance
(HLB) value was set as 10. Span &0@B 4.3) and Tween 80 (HLB 15) were

used to prepare the surfactant with HLB value 10 using the formula below.

O 006w
"00 6 GO0 6 ®

o b p T GI

A (%) = 100 (XHLBb / (HLBa-HLBb)
a= Tween 80; b Span 80; X=required HLB of the surfadtan

Based on the calculation above, 53.2% of Tween 80 and 46.8% of Span 80 were
mixed in a magnetic stirrer under low heat at 40°C for 20 minutes. Corn oil was

used as the oil component for nagmmulsion preparation. The ratio of oil and
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surfactant was dermined by mixing various ratios at 70°C in a magnetic stirrer,
and the mixture was left at room temperature for a week. Theerantsion
formation was observed when a milky solution was formed and remained stable
for at least two weeks without causingatescence, flocculation, creaming,

Ostwald ripening, or sedimentation, as mentiong@Romes et al., 2021)

For naneemulsion containing moringa leaf extract, 10% (w/v) of uiryringa

leaf powder was macerated with sterile distilled water in a blender and left at
room temperature overnight. The extract was collected by filtering the extract
using a muslin cloth. The extract was diluted ten times and mixed with corn oil
at a raip of 1:5 (oil: moringa extract). The oil phase was combined in a magnetic
stirrer at 50 °C for 15 min. Then, 1% of the surfactant with an HLB value of 10
was added dropwise while stirring for 30 min. The oil pkaggactant mixture

was homogenized at T®O rpm 6r 2 min and diluted with 3@ of the aqueous

phase consisting of distilled water.

6.1.4 Characterization of Naneformulations

Nanaemulsion characterization was done based on the physical appearance,
size, polydispersity index, zeta potentialue, and structural image. Only the
physical and structural characterization was done for-geh@as the bulking
materials used for nangel preparation were characterized before the ionic
gelation method. The nargel was used as a nanarrier for theendophytic

bacteria.
6.1.4.1 Physical Appearance of Nangel and Naneemulsion
The nanoemulsion wasobserved for visual appearances such as phase

separation, creaming, flocculation, coalescence, and sedimentation two weeks

after the preparation befopeoceeding to physicochemical properties analysis.
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6.1.4.2 Physicechemical Properties of Naneemulsion

The size, polydispersity index, and zeta potential value of-eamdsions were
measured after two weeks of nanoemulsion preparation. Each samaple
diluted with deionized water with a ratio of 1:100 before taking the measurement
using a zeta sizer (Naf¥5, Malvern. USA, Faculty of Engineering, University

of Nottingham, Malaysia). Particle size distribution and zeta potential were

determined acading to the method described Fhawla et al., 2019)

6.1.4.3 Structural Image of Nancegel and Nanoemulsion using Field

Emission Scanning Electron Microscopy (FESEM) Analysis

The method described isection 6.1.2.2 was adopted to observe nano
encapsulation structures using FESEM.

6.1.5 Assessment of the Stability of Nanrgd and Nano-emulsion

Formulation during Storage

The stability of the nanencapsulated bistimulant formulation before and after

six months of storage at 28°C was determined. Npetavas assessed for its
resilience to hold bacterial population for six montrdd its efficiency in
enhancing chilli seed germination and the length of the radicle. During the
storage time, nanoemulsion samples were assessed for their physical appearance,
physicalchemical properties such as zeta potential, polydispersity index and
particle size, functional compounds, and their efficiency in enhancing chilli seed

germination and the length of the radicle.
6.1.5.1 Physical Appearance of Narnemulsionafter the Storage period
The naneemulsion was observed for visual changes in agpee, such as

phase separation, creaming, flocculation, coalescence, and sedimentation during

a storage time of six months.
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6.1.5.2 Physicechemical Properties of Naneemulsion and Nanegel after
the Storage Period

The size, polydispersity index, amdta potential value of naramulsions were
measured before and after six months of storage. Each sample was diluted with
deionized water with a ratio of 1:100 before taking the measurement using a zeta
sizer (NaneZS, Malvern. USA, Faculty of EngineeringJniversity of
Nottingham, Malaysia).

6.1.5.3 Functional Groups Detection in Raw Moringa Leaf Extract and

Nano-emulsion of Moringa Leafduring the Storage Period

Fourier Transform Infrared Spectroscopy (FTIR) (PerkinElmer;IFFIR
Spectrometer ©ntier, School of Biosciences, Universitgf Nottingham,
Malaysia) was used to determine the functional groups of thegelramd nano
emulsion. The optical absorption spectra were recorded in the rapid scan mode
on an FTIR spectrometer (PerkinElmer, -lRIFIR Spectrometer Frontier)
coupled with a photoacoustic detection cell. Each measurement was carried out
in the spectral range between 400 and 4008, casolution of 4 cm, and a data
interval of 0.5 crtt. Each spectrum was obtained from an average of S20ts.

The data was recorded as each sample's transmittance value (T %).

6.1.5.4 Shelfife of Encapsulated Endophytic Bacteria in Nanegel

The alginate nangel containing endophytic bacterBacillussp., was kept at
room temperature in a cleandah tube. One gram or milliliter of nasgel was
incubated with 1 ml of 0.5 M phosphate buffer for 24 hours and diluted with
sterile distilled water before plating on potato dextrose agar. The total plate count

was determined on the day of preparation E8@ days after storage.
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6.1.6 Effect of Naneencapsulation Formulation on Chilli Seed Germination
and Root Length

The effect of nan@ncapsulation formulations was evaluated on seed
germination, particularly nanrgel and moringa leaf naremulsion. @illi seeds
(SAKATA 461) were soaked in 5 mL of namgel containingBacillussp. and 5

mL of naneemulsion of moringa leaf extract for one hour at room temperature
after adding 5 mL of distilled water in each solution. Then, ten seeds were placed
in a petr dish layered with double filter paper moistened with distilled water.
Petri dishes were sealed with parafilm and covered with aluminium foil. The
plates were kept at room temperature in a dark place and observed for
germination for one week. Later, tlenbth of the radicle was measured for each

germinated seed.

6.2 Results and Discussion

6.2.1 Effect of the Sonication Process on the Siaad Polydispersity Index
and Image of Bulking Materials

The size and polydispersity index of lstimulant componas before and after

the sonication process was demonstrate@iable 6.1 The extraction method
plays an essential role in determining the size of dry moringa leafcextra
nanoparticles. Moringa leaéxtracted using the maceration method (DM)
exhibited lager particle size (1115.0£19.9 d.nm) as compared to leaf extract
obtained via the decoction (DB) method (567.0£55.0). After the sonication step,
these sizes were significantly reduced to 155.2+1.1 d.nm and 94.5+1.2 d.nm.
The polydispersity values were remed because of the sonication process.
However, no difference was observed in the size of 0.5% (w/v) sodium alginate
and 0.1% (w/v) skimmed milk after sonication. Thus, sodium alginate (0.5%)
and skimmed milk (0.1%) could be used directly without thecsioin process,

as the size of the original materials were 150 nm and 360 nm, respectively.
Zeolite and modified starch were reduced in size after the sonication process.
For instance, the size of zeolite was 1142 nm before sonication, and it was

reduced @ 611 nm after sonication. The size of the modified starch was
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decreased from 946 nm to 599 nm after sonication. The polydispersity index of
zeolite was reduced from 0.81 to 0.48, while the polydispersity index value of
modified starch remained the sameteafthe sonication process. The
polydispersity index (PDI) reflects the width of particle size distribution, and a
low PDI value (<0.3) demonstrates that the nanoparticles have a uniform and

narrow size distribution (Lin et al., 2019).

Sonication is a anmon technique used in nafarmulation to reduce the size

of nanoparticles and improve their stability. It involves Higlguency sound
waves to break down larger particles into smaller ones, typically from a few
nanometers to several hundred nanomekltigh-pressure homogenization is a
technique utilized to generate nammulsions with tiny droplet sizes. The
process involves using a piston or hyglessure homogenizer, where various
forces, such as intense turbulence, hydraulic shear, and cavitatigrtpgether

to produce the nanoemulsion. The resultant product maydéjected to high
pressure homogenization until the desired polydispersity index and droplet size
are attainedAntil & Gupta, 2021) Ultrasonication is a sonication mechanism
that decreases the droplet size of nranwlsions or microemulsions. This
method is only suitable for small batches and is not applicable for large batches.
The ultrasonication technique, specifically a probe sonicator, generates nano
emulsions. The duratiomf sonication is a crucial factor influencing the

effectiveness of ultrasonicatigAntil & Gupta, 2021)

Nanoscale materials can influence plant growth, development, and metabolic
activity. The properties of nanomaterials, such as high surfaaet@rlume
ratio, may allow for efficient nutrient uptake by crops to maximize \j@id et

al., 2023)
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Table 6. 1Theeffect of sonicatiomn moringdeafextract and bulking materialsgsed on zetasizer and FESEM analyses

Moringa Extract and the Size (d.nm) Polydispersity Index (PDI) FESEM Image
Bulking Materials

Dry leaf extract by maceration
(DM) before sonication 1115.0+19.9 0.5390+0.0%

Dry leaf extract by maceration
(DM) after sonication 155.2+1.% 0.4787+0.08

Dry leaf extract by decoction
(DB) before sonication 567.0+55.8 0.5663+0.04
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Dry leaf extract by decoction
(DB) after sonication 94.5+1.2 0.4250+0.02

Sodium alginate 0.5% (w/v) 146x13.9 0.53+0.04
before sonication

Sodium alginate 0.5 % (w/v)
after sonication 157+6.79 0.51+0.02

Zeolite 0.3% before sonication 1142+320 0.819+0.18

Zeolite 0.3% after sonication
611+212 0.48%0.05

167



Modified starch 0.3 % w/v)
before sonication

Modified starch 0.3 % (w/v)
after sonication

Skimmed milk 0.1 % before
sonication

Skimmed milk 0.1 % after
sonication

946+580

529+13.5

357+26.5

371+31.0

0.711+0.18

0.775+0.04

0.38+Q05

0.636+0.14
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6.2.2 Characterization of Nano-gel and Naneemulsion Formulation

The naneemulsions were characterized using physical, chemical, and structural
methods: physical appearance, sizeygigbersity index (PDI), zeta potential

value, structural analysis using FESEM, and functional compounds using FTIR
analysis. Nangel was characterized using physical appearance and structural

analysis using FESEM.

6.2.21 Physical Appearance of Mno-emulsion and Nano-gel

Nanagelcontaining Bacillus culture looks like a soft gel due to the low
concentration of sodium alginate. The physical appearance ofgehmslurry

like (Fig. 6.2. Nancemulsion looked likea milk solution. The highguality
biological, structural, and mechanical characteristics of alginate biopolymer
make it an appropriate component in the encapsulation of bacterial strains
(Ghorbani & Maryam, 2021)

Only naneemulsions that visually looked well dispersed and homogenous were
subjected taeta sizer analysis for various physicochemical parameters such as
size, polydispersity index, zeta potential, and conductikig.(6.3. Nanc
emulsions are emulsion systems that have a size range between 50 to 200
nanometers and appear transparenty®&xhibit a milky appearance when the
size range is up to 500 nanometers. While remalsions are kinetically stable
(meaning that they can remain stable for a relatively long time under standard
conditions), they are thermodynamically unstable. This sidan system tends

to undergo destabilization phenomena over time, such as creaming,
sedimentation, flocculation, coalescence, and Ostwald rip€Rames et al.,
2021) Naneemukions experience destabilization phenomena such as creaming,
sedimentation, flocculation, coalescence, and Ostwald ripening, eventually
causing phase separatidtisha Raj, Anooj, Rajendran, & Vallinayagam, 2021)
Creaming occurs when the droplets in the emulsion rise or settle due to density
differences between the dispersed and continuous ptage6.Q. This can be
slowed down by increasing the viscosity of the continuous phase or by using

smaller droplets. Sedimentation occurs when the droplets settle due to gravity
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(Fig. 6.3. This can also é& slowed down by increasing the viscosity of the
continuous phase or using denser dropl@tustafa & Hussein, 2020)
Flocculation occts when droplets come into contact and stiigjetherforming
larger clustersKig. 6.3. Emulsifiers that create a robust physical barrier around
the droplets, preventing them from coming into contact, can mitigate this
Coalescence occurs when dropletsrge, forming larger droplets. This can be
prevented by using emulsifiers that adsorb tightly to the surface of the droplets,
preventing them from coming into contact and merging. To prevent these
destabilization phenomena and ensure the -teng stabilly of the nane
emulsion, careful selection of emulsifiers and optimizatiihe formulation is
necessaryAs shown in Fig. 6.3, a homogenous milky solution indicates an

optimized formulation for naremulsion.

Fig. 6.2Nancgel containingBacillussp. culture
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Fig. 6.3Physicdappearances that show the stability of theademulsionsystem.

6.2.22 Physicochemical Properties of Nano-emulsion Formulations

The physicochemical characterization was done&moeemulsion formulation

only and not for nangel. Nanegel was formulated using sonicated raw
materials in nansize, and the endophytic bacteria were encapsulated into the
nancgel via the ionic gelation method.

Moringa leaf nangemulsion recorded polydispersity index below 0.5 for most
formulations, which is considered uniform and stable. The range of the nano
emulsion size was between 113 d.nm and 283 d.nm. The zeta potential value
ranged between 8 mV and 27 mV, while the conductivity rangedeleet®.01
mS/cm and 0.4 mS/cmTéble All) (Appendix). The naneemulsions'
polydispersity value of more than 0.5 and size value of more than 500 nm were

discarded from the study.
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Based on the physical appearances and physicochemical properties results, nan
formulation was selected froriable A1l (Appendix) to be viewed using
FESEM. The physicochemical properties of the selected formulation can be
found inTable 6.2 The size distribution graph and zeta potential distribution

graph chosen randomly for onktbe samples is shown kig. 6.4

Zeta potential value indicates the stability of the ramulsion formulation.
Negative charge potential distribution on nasmoulsion could be due to the
highly anionic behavior of sodium alginate and the least maewdight of the
nortionic surfactant(Chawla et al., 2019)A negative zeta va& induces
repulsive forces more significant than the attraction forces among droplets
(Mustafa & Hussein, 2020)

In sonication, an ulasonic probe placed in a mixture of oil, water, and emulsifier
generates intense, disruptive forces that form microbubbles within the mix due
to cavitation effect§McClements, Das, Dhar, Nanda, & Chatterjee, 20R1)

this technique, ultrasonic agitation breaks coarse droplets inteemanisions

with goodloading and releasdfigiency (Aswathanarayan & Vittal, 2019The
highrintensity ultrasonic waves caused rapid pressure fluctuations, which mixed
the ol and water phases and converted large droplets into smaller ones
(McClements et al., 2021Yhese nanoparticles can have improved properties,
such as increasedr$ace area and higher bioavailability, making them ideal for
bio-stimulant applications. The size reduction has resulted in a larger surface
area, enabling the accumulation and release of the active ingredients more
effectively than their counterpalfglustafa & Hussein, 20207 he incorporation

of the active ingredient into the nanoemulsion formulations has contributed to
better kineticstability and enhances the solubility, low surface tension, and
wettability that facilitates highly improved foliage adhesion where the active
ingredients will be able to stay longer on leaves or other parts of the plant
(Mustafa & Hussein, 2020)
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Table 6.2Physicechemical properties ahoringa leaf extraataneemulsion

Nanoemulsion of dry  22648.70 0.386+0.03 -38.9+1.49
moringa leakextract (DM)

*The data shown is an average of three independent readings with fifteen replications of each
reading
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Fig. 6.4Characterizatiof moringa leahancemulsion This is arexample

of one of the zetasizenalysis thashows(a) Size distribution graph and

(b) Zetapotential distribution
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6.2.23 Structural | mage of Nanegel and Nano-emulsion using Field
Emission Scanningelectron Microscopy (FESEM) Analysis

Field Emission Scanning Electron Microscopy (FESEM) analysis revealed the
distribution of bacterial cells in one drop of nage (Fig. 6.95. Sodium alginate
solution and endophytic bacteria were-prxed before thénic gelation using
calcium chloride solution. Thus, the bacterial cells have established throughout
the nanegel. The images depict the distribution of bacterial cells within and at
the outer part of the nargel. Sodium alginate is a foagtade polymewidely

used for encapsulating bacte(@horbani & Maryam, 2021)The nanescaled
alginate could positively affect the plant and plant grepribmoting bacterial
system via various mechanisms. One of the mechanisms is by increasing cell
viability and bacterial grotih rate by providing a high surface area and
protection of inoculants in the field when applied as the cafderMoraes,
Ribeiro, de Camargo, & Lacava, 2021)

The FESEM images showed that the moringa leaf extract could be well
incorporated into a naArmulation Fig. 6.5 and 6.§. The difference in
nanoemulsion formulation can be obsal in FESEM images. For example,
Fig. 6.5showed a well-dispersed oiin-water droplets when oil and moringa
leaf extract was mixed in a ratio of 1:10 in the oil phase, and 10% (v/v) oil phase
was mixed with 90% (v/v) aqueous phase containing 5% émylsifier. The
nanoemulsion droplets looked clumped together and formed clusters when the
10% (v/v) oil phase was mixed with the 80% (v/v) aqueous phase containing
10% (v/v) emulsifier [Fig. 6.6).
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Fig. 6.5 Distribution of Bacillus cells onnanegel using FESEM imagin¢5000 x
magnificatior). The bacterial cells were at the surface of the fgi@nd covered by

the alginate polymer.
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Fig. 6.6 A well-dispersed ib-in-waternaneemulsionof moringa leafextract(5,000x

magnificatior)
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Fig. 6.7 Qil-in-water naneemulsionof moringa leaf extradiormed clusters(5,000x

magnification)

6.2.2.4 Funt¢ional Compounds Detection in Nano-emulsion

The changes in the chemical composition or structure of the emulsion were
determined byhe changes in the Fourtransform infrared spectroscopy T

IR) analysis.Table 6.3shows the changes in the absorption frequencies of the

functional groups of moringa leaf extract in the raw and nanoemulsion forms.
Fig. 6.8 shows the FAIR spectrum tht depicts the functional component

changes from raw moringa leaf extract to nanoemulsion of moringa leaf.

The most intense absorption Amide | band is the primary band in proteins. It is
associated with the C=0 stretching vibrations of the peptide biimffequency
was found in the range between 1600 and 1708. dine characteristic 3550
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3200 cm! peak was due toi® stretching. The region between 600 tamnd

1500 cmt is known as the fingerprint region, which contains many unique peaks

(Vaishnavi ad Preetha, 2021). Herein, a huge peak at 3339aonfirmed the

vibrational stretching of the naremulsion's polymericdOH group, mainly

attributed to the water phase and phenolic groups present in themamhson
(Chawla et al., 2019)

Table 6.3FourierTransfom Infrared Spectroscopy (FTIR) analysis on the changes in

the functioral groups of raringaleaf extract andanoemulsionof moringa leaf gtract

Dry moringa leaf extract

Dry moringa leaf nano-emulsion

Absorption | Transmittance | Functional | Absorption | Transmittance | Functional
frequency (%) group frequency (%) group

(cm™) (cm™)

3261.44 42.39 Amines (N 3289.04 91.09 Amines (N

H stretch) H stretch)

2177.17 95.97 Alkynes 3009.57 93.42 Alkenes (C
(Cl C H stretch)
stretch)

2157.69 95.58 Alkynes 2923.17 72.12 Alkanes (G
(ClI C H stretch)
stretch)

2137.89 96.25 Alkynes 2853.82 79 Alkanes (G
(ClI C H stretch)C
stretch) H

2117.28 96.45 Alkynes 1743.57 71.39 Ketones
(CI C (C=0
stretch) stretch)

2036.13 96.18 Alkynes 1648.82 94.96 Amides
(ClI C (C=0
stretch) stretch)

1634.39 68.39 Flavanoids| 1461.77 88.23 Aromatic
(C=0 compounds
stretch) (c=c

stretch)

1391.52 93.92 C-H 1378.93 94.81 C-H
bending bending

vibrations vibration in
in alkanes alkanes

1306.86 94.17 C-O 1241.41 89.98 c-C

stretching stretching
vibrations vibrations
in alcohols in aromatic
and phenolg compounds
631.68 81.76 Sulfur 1160.26 78.17 Silicon+
containing containing
compounds compounds
(SH (Si-O-Si

179




stretch, CS stretch, Si
stretch) O-C stretch)

612.18 81.11 Phosphorus| 1098.84 87.04 Silicon
containing containing
compounds compounds

(P-O (Si-O-Si
stretch, PC strach, St
stretch) O-C stretch)

593.15 80.64 Phosphorus|  720.62 80.89 C-H
containing bending
compounds vibrations

(P-O in alkynes
stretch, PC (CIl C
stretch)

573.64 81.15 Phosphorus| 613.51 91.32 Phosphorus
containing containing
compounds compounds

(P-O (P-O
stretch, PC stretch, PC
stretch) stretch)
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Fig. 6.8 FTIR spectra shows the difference in thechiomal goups of raw moringa leaf extraghd naneemulsion of moringa leaf extract (a) moringa leaf

extract by maceratiofDM) and (b) naneemulsbn of moringa leaf extract
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6.2.3 Assessment ofthe Stability of Nanogel and Nanoemulsion
Formulation during Storage

The stability of nanayel was assessed based on the shelf life of bacteria
encapsulated in nargel over six months and their efficiency in enhancing chilli
seal germination and the length of the radicles.

Nanoemulsion stability was assessed based on the physical appearance,
physicochemical properties, functional compounds, and the effect to enhance
chilli seed germination and the length of the radicles.

6.2.31 Physicechemical Properties of Nano-encapsulation Formulations

during Storage

Physicechemical properties were evaluated for moringa leaf extract (raw plant
extract), nanoemulsion of moringa leaf extract (day 0 and day 60), and moringa

leaf nanoemulsio mixed withBacillussp. (day O and day 60y &ble 6.4).

The raw moringa leaf extract size was 1115 nm and was stable for 60 days, where
the size was 1197 nm. The polydispersity index and zeta potential value were

also stable for 60 days.

The size othe moringa leaf nanoemulsion slightly reduced fromrir@4o 119

nm after 60 days. The polydispersity index showed that the nanoemulsion system
became uniform and stable over time, where the PDI value dropped from 0.35
to 0.18 in 60 days storage perio@td potential value increased fre28.9 mV

to -33.9 mV, which indicates a stable nanoemulsion system. A similar
observation was reported where the zeta potential value changeeBfianmyv

to -40 mV over 90 days, demonstrating the optimal nanoemulsionitgtédy
overcome destabilization phenomena through repulsive forces formed between
negatively charged nargized water dropletdNisha Raj et al., 2021 Another
comparable result was reported(Maishanavi & Preetha, 202®here the size

of thenanoemulsion gradually increased over 40 days, and the surface charge

increased from +32 mV to +40mV. A higher magnitude of zeta potential
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indicates stronger electrostatic repulsion, essential for maintaining- nano
emulsions' stability. The electrical chargresent on the surface of the emulsion
droplets plays a significant role in determining their interaction and,
consequently, the stability of the naemulsion. Nanemulsions with a high
zeta potential, typically exceeding 30 and with either a negatige posiive
charge, areonsidered electrically stable. Conversely, nanmulsions with a
low zeta potential tend to undergo coagulatfgaishanavi & Preetha, 2021)

Zeta potential value is related to the ionic charges produced by the substance.
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Table 6.4Physicechemical stability of nanemulsion formulations

Size
Size (d.nm) . Zeta potential
(d.nm) PDI Zeta potential (mV) mv)
m

Formulation : (60 days) (1% day)
(s day) (60 days) (60 days)

Raw moringa

leaf extract 1115+16.3 1197+19.2 0.539+0.02 0.50+0.02 -23.5+0.69 -25.9+0.32
Moringa leaf
nano-emulsion 134+1.97 119+0.73 0.35+0.00 0.189+0.01 -23.%0.20 -33.9+0.68
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6.2.32 Functional Groups Determination in Nano-emulsion After Six
Months of Storage

The stability of the nanemulsion was also verified after two months of shelf
life. Fig. 6.9 depicts the FTIR spectrum of fresh moringa leaf ramalsion

after two months of shelf life. No changes were observed in the fresh moringa
leaf naneemulsion functional pups after two months of shdifie. The major
functional groupssuch as amines (3271 dnalkynes (21182124 cmt), and
flavonoids (16358L637cm?t), remained the same.

The most intense absorption Amide | band is the primary band in proteins. It is
associated with the C=0 stretching viiwas of the peptide bonds. ftequency

was found in theange between 1600 and 1700 trihe charactestic 3550

3200 cm'! peak was due toi® stretching. The regn between 600 cthand

1500 cmt is known as the fingerprint region, which contains many unique peaks
(Vaishanavi & Preetha, 2021Blerein, a huge peak at 3339 teonfirmed the
vibrational stretching of the polymefi©H group of the nanremulsion which

was mainly attributed to the water phase and phenolic grogsemrin the

nanoemulsiofChawla et al., 2019)

Moringa leaf contain various @anic compounds, including flavonoids,
alkaloids, phenolic acids, terpenoids, and glycosides. Fourier transform infrared
spectroscopy (FTIR) is a proper analytical technique for analyzing the
composition and structure of naemulsions. FTIR spectroscopynalysis
identified the functional groups present in the water extract of moringa leaves. It
could provide information on the chemical composition and stability of the

nanoemulsion.
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Fig. 6.9FTIR spetra showthe stability of moringa leafaro-emulsion after twonontrs
of storagg@a) Moringa leaf extract (b) Naremulsion of moringa leaf

6.2.3.3Shelf-life of Encapsulaed Endophytic Bacteria in Nanogel

The shelf life of bacteria in nargel after six months of storage was determined
usingtotal plate count. It was found that nagel formulation could sustain high
and stable bacterial density, which is about 1 % &f0/ml (Table 6.5. The
bacterial shelfife was proven durable with the formulation in alginate ngab

The formulation of product is crucial in maintaining the microbial populations
and determining its efficacy and marketability. It emphasizes the significance of
production and storage conditions in fertilizer production technology and
biocontrol agents. Developing new piiaal formulations is vital in advancing
agriculture(SaberiRiseh & MoradiPour, 2021)

Plant growthpromoting bacteria that have been commercialized may not
coincide with the expected performance of plants due to problems concerning
their stability in soil, field application, during stoegransport, and delivery
systemgde Moraes et al., 2021Bio-fertilizers with short Belf life possess the

risk of product deterioratio(Basu et al., 2021 Encapsulation of bacteria has
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emerged as an effective formulation that is gaining recognition across various
scientific fields, including agriculture. This formulation involves trapping the
microbial agents, which are then released slowly, enhancing their chances of
survival even in harsh environmental conditions. Consequently, this increases
their effectiveness by boosting the colonization percentage. There are various
methods of encapsulatiangcluding extrusion, emulsion, and spray drying, each
employing different polymers for multiple applications, such as alginate, gelatin,
gum arabic, xanthan, gellan gum, whey protein, chitosan, and starch, among
others (SaberiRiseh et al., 2021)A recent study has demoratd that
hydrotalcite and alginate served as excellent packaging to keep the bacteria alive,

providing nutrients and controlling their delivdiyidier et al., 2022)

6.2.3.4 Effect of Naneencapsulation Formulation on Chili Seed
Germination and the Length of Root

The effect of nangel and nane@mulsion formulations was observed in chilli
seed germination to ensure the process does not cause inhibition to seed
germination Table 6.95. Both moringa leaf extract anBacillus sp. could
enhance seed germination 100% before and after-foamulation. However,

the radicle growth showed various effects on the ffiarmaulation. Generally,
moringa leaf extract could enhance the radicle growtleibitan the endophytic
bacteriadue to the high flavonoid content found in the moringa leaf extract. Both
moringa leaf extract and endophytic bacteria were effective in enhancing the
radicle growth compared to the control, which was treated with water. The nano
formulations of moringa ldaand endophytic bacteria showed a better effect on
the radicle growth than pure bacterial culture and raw moringa leaf extract.
Nanagel could enhance the development of radicles better than the pure culture
of bacteria as it was formulated with algingel, modified starch, skimmed

milk, and zeolite, which could have contributed to the enhanced growth of
radicles. On the other hand, moringa leaf extract tested on the chilli seeds was
prepared fresh and could show better enhancement of the radicle giowth.
actual circumstances, the active ingredients of moringa leaf could degrade over
time due to high temperatures. Therefore, the raanolsion of moringa leaf

extract could preserve the phytochemical activity and protect the active
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ingredient from rapid egradation. Moringa leaves have a high content of
carotenoids such ascardtendBati et al., 20E/gdkeant hi n
leaf extract, rich in antioxidant compounds, phytohormones, and nutrients, must

be packaged in a nanoemulsion system for ecdth stability and longer shelf

life.
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Table 65 Shelf life of the naneformulation and its efficiencyni stimulating seed germation and the root length of chilli

Seed
germination TPC (cfu/mL) TPC (cfu/mL)

Formulation (%) Rootlength (cm) (Day 1) (180 days)
Moringa leaf extract 100 5.75%£0.5 N/A N/A
Moringa leaf nano- 100 6.4+1.31 N/A N/A

emulsion

Bacillus sp. 100 4.85 +0.39 1x108 1x108

Nano-gel containing 100 5.25+0.25 1x108 1x108
Bacillus culture with x
100 dilution
Control (Distilled water) 100 4.55+0.85 N/A N/A
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6.3 Conclusion

A suitable formulation is essential to sustain the densitiyaability of bacteria.

At the same time, bistimulant containing plant extract and endophytic bacteria
could not be applied together if it has no compatibility, which will cause low
efficiency in field application. In this study, bgtimulant contaimg endophytic
bacteria and moringa leaf extract were proven to promote the growth and yield
of chilli. However, with a suitable formulation, the viability and efficiency of the
bacteria and plant extract could be maintained. Furthermore, a combined
applicdion of these two bistimulants via the drenching method has to be
encapsulated tminimizeinteraction that could reduce the efficiency of the bio
stimulants. Thus, this chapter focuses omoArmulation that is not only
expected to protect the actiirggredients from degradation and environmental
loss but also increase the absorption by plant cells.

Two naneformulations were selected from the experiments to deliver moringa
leaf extract and endophytic bacteria into the soilless medium, cocopetie for
enhancedjrowth and yield of chilli. Endophytic bacteria were prepared in-nhano
gel, whereas moringa leaf extract was prepared in -eangdsion Both
formulations were proven to be ntoxic for seed germination and could
enhance the radicle growth dhfilti. Nano-gel was also ideal for sustaining a
high bacterial population for six months. Both ndaonulations were prepared
using cheap and natural materials with simplified processes to ensure a practical

and economic agronomic practice in the future.
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CHAPTER 7
EFFECT OF NANO-ENCAPSULATED BIO -STIMULANTS
ON YIELD AND POST-HARVEST QUALITY OF CHILLI

7.0Introduction

Incorporating nan@ncapsulated bistimulants, which enhance crop health and
productivity, has emerged as a promising biotetdgioal strategy for crop
cultivation in a soilless medium. The conventional methods using soil as the
planting medium have caused many-aifne diseases and declined soil fertility
due to heavy metal toxicity, drought, salinity, and acidity. In recesmirsy
soilless agriculture is grown in popularity among commercial farmers, where
hydroponics involves the direct provision of nutrient solutions in a liquid
medium. In contrast, the solid medium includes growing plants in peat, perlite,
vermiculite, cocopeat, rock wool, sand, and sawdust enriched with nutrient
solutions(Azizoglu et al., 2021)By manipulatingthe microbial community in

the rhizosphere of the soilless systems, plant nutrition could be increased in
addition to reducing the plant stress response and pathogen(&itiacnds et

al., 2020) One of the standard methods is by using pigotvth-promoting
rhizobacteria (PGPR). Root colonizing PGPR have been used in soil and soilless
crop cultivation systems due to their positeféects on nutrient uptake, plant
stress control, and antagonism with pathodBadliu et al., 2021)Likewise, the
application of biestimulant made from plant extractsuldboost the growth and
yield of crops. Moringa leaf extract was regarded as {ilaséd and a cheap
source of natural plant growth enhanc@rdAfzal et al., 2020; D. S. Arora &
Kaur, 2019; Refai et al., 2023)

Bio-stimulants can improve the quality of crops by promoting the accumulation
of essential nutrients, such as vitamins and minerals, and enhancing tre flav
and aroma of fruits and vegetables. This can improve the overall quality of crops,
making them more desirable to consumers. Associatingstbraulant
application with crop productivity has been a common way of evaluating the
performance of bikstimulanton various crops under different management

practices. Very few studies have investigateddtimulants efficiency on fruit

192



quality and the influence of bistimulants on the pos$tarvest quality of fruits
(Rodrigues et al., 2020Bio-stimulants actively promote final crop quality traits
and the concentration of secondary metabolites such as phenols, flavorwids, an
ascorbic acidéKarabulut et al., 2021hilli has high phytochemicals, including
carotenoids, capsaicinoids, polyphenols, and ascorbic acid, at the red ripening
stage(Pola et al., 2020)The carotenoid content in chilli could be analyzed to
detemine the effectiveness of baiimulant as carotenoids have excellent

scavenging activitydr reactive oxygen species

A considerable knowledge gap must be addressed to facilitate the use of PGPR
for sustainable soillesgriculture, as there neaalbemore understanding of the
interaction between soilless agriculture and PQRRizoglu et al., 2021)
Furthernore, no studies have been done to investigate the effect of the co
application of nanencapsulated microbial and botanical-btomulants on the
yield and posharvest quality of the product, especially crops grown in a soilless
medium. This study also Bdocussed on the microbiome changes that occurred
within the chilli roots due to the eapplication of naneéncapsulated bio
stimulant application, particularly nasgel containing Bacillus and
Streptomyceand naneemulsion of moringa leaf extract thaeke developed as
described in the previous chapter. The objectives of this study are as follows.
)] Evaluation of the synergisteffects of naneencapsulated bistimulants
on the vegetative growth and yield of chilli cultivated in soilless growth
medium
i) Evaluation othe synergistic effects of naremcapsulated bistimulants
onthe postharvest quality of chilli fruits
i) Evaluation othe synergistic effects of nasemcapsulated bistimulants
on chilli root microbiome
V) Evaluation othe gnergistic effects of nanencapsulatetio-stimulants

on nutrient absorption by chilli plants
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7.1 Material and Methods

7.1.1Nano-encapsulated Biestimulant Preparation

Bacillus and StreptomycefMR3 and MR13) were freshly grown in potato
dextro® agar (PDA, Merck, Germany). One lefyfl of each bacterial colony

was transferred into 500 mL of tryptic soy broth (TSB, Merck, Germany)
separately and incubated in an incubator shaker (Wisecube, Faculty of Science
& Engineering, University of Nottinglma, Malaysia) at room temperature for
three days at 90 rpr8treptomycewas grown on PDA for more than two weeks

to produce spores. The spores were collected by scrapping the agar medium
using 0.1% Tween 80. The spores were collected in 1 L 0.1% (w/vye#iT 80

in distilled water.Bacillus and Streptomycegrown in tryptic soy agar (TSA,
Merck Germany) were centrifuged at 4,000 rpm for 15 min, and the cell pellets
collected from 1L of TSA were mixed in 1 L sterile distilled water that was used
as the stdc culture. The stock culture was diluted to ensure that the density of
endophytic bacteria was within the range of-10° CFU/mI (bacterial density

was checked using the total plate count method). Sodium alginate (Sisco
Research Laboratories, Pvt. Ltchdia) was prepared at 0.5% (w/v) in one liter

of distilled water and autoclaved at 121°C for 30 minutes. Moddeedstarch

(0.1 g), zeolite (0.1 g), and skimmed milk (0.1 g) were added to the sodium
alginate solution before autoclaving. Calcium chloriileydrate, 0.5 M, was
autoclaved separately and kept at 10°C until use. The stock bacterial culture and
spore solution was mixed with sodium alginate at 10% concentration using a
magnetic stirrer for 10 min. A plastic syringe was used to extrude theibkcter
alginate mixture into a calcium chloride solution under stirring conditions. The
encapsulated bacteria and spores in alginate gel were left overnight at room
temperature for a stable gel formation. The ngabwas washed thrice with
distilled water. hen, excess water was removed by straining the gel, and the

nanagel was collected in a clean container before storing it at 10°C.

For moringa leaf extract naremulsion, 10% (w/v) of dry moringa leaf was
macerated with sterile distilled water in @itler and left at room temperature

overnight. The extract was collected by filtering the extract using a muslin cloth.
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The extract was diluted £0and mixed with vegetable oil at a ratio of 1:5 (oil:
moringa extract). The oil phase was combined in a niegsi@Erer at 50°C for

15 min. Then, 1% of the surfactant with an HLB value of 10 was added dropwise
while stirring for 30 min. The oil phassurfactant mixture was homogenized at

10 000 rpm for 2 min and diluted with 90% of the aqueous phase of sterile
distilled water. The same process was used for dry moringa leaf extract obtained

via decoction to prepare ait-water nanoemulsion.

7.1.2 The effect of -application of Nano-encapsulated Endophytic
Bacteria and Moringa Leaf Extract in Soilless Cultivation System

SJ2461, F1 hybrid hot chilli seeds were purchased from SAKATA Corp. Chilli
seeds were soaked in water overnight before sowing into wet peat moss. The
polybags were covered with black plastic sheets and kept at room temperature
in a dark room uiitgermination. Once the radicle was visible, the black sheets
were removed, and the polybags were keptglasshousander shade until true
leaves emerged. Peat moss was sprayed with water every two days once or as
when required. After the Yday of ®wing, fertilizer AB with an EC reading of

0.9 mS/cmwas poured into a tray, and the seedling tray was placed on it for
maximum absorption of nutrients. Transplanting of seedlings was done 35 days
after seed germination. The planting medium, cqueawasused in a 16" x

16" cm polybag. A completelsandomized block desigwas adopted for this
experiment Fig. A12) (Appendix). There were two treatments with five
replications of each treatment. Each replication consists of eight plants. The
polybags were aanged in a singine design with a distance of 1 foot between
polybags and 3 feet between rows. Ten milliliters of the stock nanoemulsion was
diluted with 1 L water (X100 dilution) before application, while endophytic

bacteria were encapsulated as aggmanegel.

Combined application of bistimulants was carried out once during seedling
transplanting and every two weeks once at the rate of 50g of encapsulated
bacteria BacillusandStreptomycgsand 100 mL of moringa leaf nanoemulsion

per plant unt the termination of the experiment. The nayel and
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nanoemulsion were combined before applying them to the soilless growth

medium. The details of the bgtimulant treatment are shownTable 7.1

Table 7.1 Nanoencapsulated bistimulant treatmentsof the cultivation of

chilli in soilless growth radium

Type of Components  Dosage of Time of Method of
bio- in bio- application application  application
stimulant stimulant
Moringa Decoction 100 mL/plant During Drenching
leaf nano  extract of dry Onceevay transplanting of soilless
emulsion  moringa leaf  two weeks and growth
Vegetative medium
growth stage
(Week £ 8
after
transplanting)
Moringa Maceration 100 mL/plant Flowering and Drenching
leaf nano  extract of dry Onceevery fruiting stage  of soilless
emulsion  moringa leaf two weeks  (Week 912 growth
after medium
transplanting)
Nano-gel Bacillussp. 50g/plant During Drenching
of Onceevery transplanting of soilless
endophytic two weeks and growth
bacteria throughout the  medium
experiment
Nano-gel  Streptomyces 50g/plant During Drenching
of spores Onceevery transplanting of soilless
endophytic two weeks and growth
bacteria throughout the  medium
experiment

The independent variable is the liquid mineral fertilizer (AB fertilizer) doses,

and the dependent valle is the biestimulant treatment. AB contains balanced
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nutrients that are wataoluble. Fertilizers A and B were dissolved in 10 L of
clean water separately. Then, an equal amount of the nutrient solution was mixed
with water to achieve the desired H&S/cm) level suggested for chilli
production according to its growth stage (manual by the Department of
Agriculture, Malaysia), as described Trable A13 (Appendix). Chilli plants

were watered via a fertigation system five times a day with a maximum water
supply of 2.0 L per pot and a minimum of 900 ml pergat day The water
supply was adjusted following the weatlenditions To avoid pathogenic or
insect infestation, neem oil (2 teaspoons) was mixed in 1 gallon of water and a
few drops of soap. It as sprayed on all plants every week. The experiment was

terminated 90 days after transplanting.

7.1.3The Effect of Nancencapsulated Biestimulants on the Fhotosynthesis
Activity of Chilli P lants

The photosynthesis activity of chilli plants was measusadg the darkadapted
method on live plants at 25 days, 55 days, and 85 days after transplanting.
Fluorpenl100 was used to study the photosynthetic activity by measuring the
quantum vyield (QY) in a darkdapted leafKig. 7.1). Eighteen plants were
sele¢ed from each treatment for this analysis. Five fully expanded leaves of each
plant were covered with aluminium foil for 20 min before taking the QY reading
using a Fluorperi00.
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Fig. 7.1 Dark adaptation method for quantum yi€@Y) measuremento determine

photosynthesis activity of chilli plants

7.1.4The Effect of Co-application of Nano-encapsulated Biestimulants on
the Vegetative Growth of Chilli

At 90 days after transplanting, vegetative growth analysis, such as root length,
shoot length, raobbiomass, and aboveground biomass, were measBlaat

height was measured above the soil level until the shoot tip using a measuring
tape Then, the plants were uprooted, and the roots were separated from the
plants and washed thoroughly before scannisgng a root image scanner
(Winrhizo) to measure the length of the roots and total root surface area. Then,
the plant's leaves, roots, and stems were partitioned separately and placed in an
oven for three days at 60°C.
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7.1.5 The Effect of Nano-encapsulated Biestimulants on Chilli Length,
Color, and Yield

Chilli fruits were harvested from day 65 until day 90 at a maturity index of 4, 5,
and 6 to determine the total yield. The Department of Agriculture, Malaysia, has

illustrated the sixmaturity ndex of chilli as described ihable 7.2.

Table 7.2Maturity index of chilli fruits

Maturity Color Image

index

1 Light green
2 Dark green anahiny
3 Dual colar (Green mixed with red)
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4 Reddish and mixed with green cafo

5 Bright red
6 Blackish red and sometimes stk&d
skin

Matured chilli fuits that have attained stage t(goeen color) and stadee (red
color) were harvested after 19 and 27 days and washed with clean water. The
collected chilles were packed separately in a zipped vacuum bag and kept at

10°C until further analysis.

The chili length was measured, and the mean value was recorded for 50 fruits
harvested simultaneously. Chilli fruits of both treatments were collected, and the
weight was recorded separately from day9&bto calculate the total yield of

chilli plants and the mean yield per plant.

The color value was measured using a colorimeter (Hunter Lab) in terms of L,

a, and b values where L represents the degree of lightnestue denotes the
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degree of redness or greenness, and b value represents the degree of yellowness
or blueness. The intensity and representation of color are measured by chroma
(C) and are calculated by ((a*) 2 + (b*) 2) 1/2.

7.1.6 The Effect of Nano-encapsulated Biestimulants on Phenolic and
Flavonoid Contents in Chilli Fruits

Chillies of uniform weight were sampled for other phytochemical and nutrient
analyses. Fruits were separated into three parts: pericarp, placenta, and seeds,
using a clean sgael. Pericarps of five fruits were collected and made into a
composite sample from each treatment and replication. Harvested fruits were
dried at 50°C in an oven for Z22h, ground into a fine powder, and kept at RT

in an airtight container before extraxt (Pandey, Deendayal, Pandey, Pant, &
Ahmed, 2010)

Dried chilli pericarps, 0.05 g, was extracted with 4 ml of 80% ethanol in water.
It was left in an ultrasonic bath at 60°C for 1 h. The samples were let to cool
down and centrifuged at 8000 rpmm #omin. The supernatant was filter sterilized
with a 0.25 um filter membrane. Total phenolics were estimated with the
modified Foliri Ciocalteu colorimetric metho@opta, Sekara, Pokluda, Ferby,

& Caruso, 202Q)

The supernatant (0.2 ml) was mixed with 0.2 ml of Fdlilocalteu's reagent

(1:1 v/v) and 0.6 ml of deionized water for phenol contefter® min, 1 ml of
sodium carbonate was added to the test tubes and kept in the dark for 1 h. The
absorbance of the resulting blue color was measured at 765 nm usiny ESUV
Ultraviolet-visible spectroscopy) Helios Beta spectrophotometer (Waltham,
MA, USA) against a reference solutiofig. 7.2. The results were expressed as
gallic acid equivalents (GAE), mg GAE per 1 g fresh weight. Standard gallic
acid was prepared by mixing 1g of gallic acid with 10 ml methanol and kept in

a dark vial at 4°CKig. A9) (Appendix).

For flavonoid analysis, 500l supernatant was mixed with 150 pl of 5% sodium
nitrate and 2 ml of didted water After 5 min, 150ul of AIClz was added and
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left for 1 min. Then 2nl of NaOH and 1.2ml of distilled wateras added to the
mixtureandincubated for 30 min at RT, and the absorbance was read at 510 nm
(Fig. 7.8. The results were calculated using the standard calibration curve of
guercetin in methanol and expressed as quercetin equivalents (Fg/dX0)

(Appendix).

[

Fig. 7.2 Phytochemical analysis in chilli fruitéa) Phenolic content;

(b) Flavanoid content

7.1.7 The Effect of Nano-encapsulated Biestimulant on the Capsaicin
Content in Chilli Fruits

Standard capsaicin (purity 99%) was obtained from Sigma Aldrich. Aitel®
and methanol of HPLC grade and HRp€de water /double distilled water
were used. Other chemicals used were of analytical grade.

A 1 g powder sample was dissolved in 10 mL of acetonitrile for capsaicin
extraction with two hours of shaking on laaker. After that, the flask was left
overnight at room temperature. The supernatant was filtered with Whatman filte
paper No.l, followed by 0.4am Millipore membrangand with a 10 mL
disposable syringe into a 1 mL glass vial. The volume of injectiétPinC was
taken at 20 pL.
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The standard solution of capsaicin (Sigma Chemicals Co. M2028) was prepared
as50-ppmstocks in absolute ethanol and used for retention time verification and
instrument calibration. A stock solution of capsaicin was made bgldisg 1

mg of standard capsaicin in 1 ml of methanol. The working solution was
prepared by diluting the stock solution to the desicedcentration using
methanol. The calibration graphs were expressed as chromatographic peak areas
of standard capsaicinewsus corresponding standard concentrations in the

concentration range of 80000 pg/ml Fig. A14) (Appendix).

The samples were analyzed using Agilent pghformance liquid
chromatography (HPLC) system equipped with an autosampler, temperature
controller, and UV detector. The capsaicin was determined under uniform HPLC
conditions: column temperature of 30AC
was 20 min. The mobile phase was isocratic with the solvent combination
(Acetonitrile: water containing 1% adefcid in 70:30), and the detection was

at 280 nm.

7.1.8 The Effect of Nano-encapsulated Biestimulants on Ascorbic Acid of
Chilli Fruits

Standard ascorbic acid (purity 99%) was obtained from Sigma Aldrich.
Acetonitrile and methanol of HPLC grade and UdPgrade water /double
distilled water were used. Other chemicals used were of analytical grade. The
ascorbic acid stock standard was prepared in methanol and stored in-a glass
stoppered bottle at 4°C in the dark. Working standards were diluted using a
mohile phase consisting of acetonitrile and 0.1% acetic acid at a ratio of 50:50.
Standard solutions were filtered with 0.25 pum Millipore membrane before
injection. All samples were carried out in triplicate, kept in tightly stoppered dark
glass vials, and sted at 4°C for less than 1 h before analysig.(7.3.
Calibration curve was between-100 pg/ml based on 6 points calibratidig(,

A15) (Appendix).

Ascorbic acid was estimated in green as well as red chilli. Five hundred

milligrams of ground sampl&as mixed with 30nL of the extractant solution
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containing 3% metaphosphoric acid plusmi®l EDTA and sonicated at 25 °C
for 30 min. The solution was centrifuged at 2000 rpm for 10 min. The
supernatant was filtered using Whatman, No.42 filter paper fotldoye.25 um

Millipore filters and stored at 4°C less than 1 h before analysis.

HPLC system equipped with a UV (ultraviolet/viglight) detector was used

for ascorbic acid. The chromatograplseparation was performed usi@d8
column (100 x 3mm x 3unthermostated at 25°C with the isocraticthoel. The
isocratic method witla mobile phase consisting of acetonitrile and 0.1% acetic
acid at a ratio of 50:50 was used. The flow rate was 1.2 ml/min and 5 min run
time. The injection volume was 20 pl. Ascarbacid was detected with a

maximum absorption peak of 245 nm.
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Fig 7.3 Chilli pericarps and the chilli extracts in vials for capsaicin and
ascorbic acid analysis using HPLC

7.1.9 The Impact of Nano-encapsulated Biestimulants on the Nutrient
Content in Soilless Planting Material andin Different Parts of the Chilli
Plant

In this study, cocoa peat was used as the planting material. The AB fertilizer and
encapsulated nadao-stimulant were applied to the cocoa peat throughout the
experiments. Therefer the nutrient content of cocoa peat, such as N, tgfa| P
K20, MgO, and CaO, were assessed via-M¥® analysis. For plant nutrient
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analysis, chilli leavestems, twigs, fruits, and roots were tested for N, P, K, Mg,
Ca, and ash content. A compositenpée was prepared from 15 healthy chilli
plants and 15 bags of planting material. The cocoa peat samples anghpiant
were dried at 50°C foB days and ground before sending five replications of
plant samples and six replications of planting mater@sbtrient analysis at
Applied Agriculture Resources Sdn. Bhd. Laboratory, Selangor, accredited by
the Department of Standards, Malaysia (SAMM).

7.1.10 The Impact of Nano-encapsulated Treatments on Chilli Root
Microbial Profiling using Next-generation Sequencing Analysis (NGS)

The change in the root microbiome of chilli plants grown on a soilless medium
was investigated using largeale sequencing technology. Two treatments were
introduced to chilli plants: AB fertilizer application (T1) and AB fer#i+Bio
stimulant (T2). A control sample was included in this analysis, where the chilli
plants were only grown in soil without any fertilizer or{sitbmulant application
(T3). The purpose of including T3 is to compare the native microbiome of chilli

roots grown in soil.

7.1.10.1 Collection of Chilli Rhizosphere Samples and Metagenomics DNA
Extraction

Five individual chilli plants from each treatment were randomly selected. Chilli
roots were harvested and shaken to remove the loosely adhered plaméingl ma

and cocoa peat. The adjacent cocopeat on the root's surface was manually
separated and collected. Altogether, composite samples of cocopeat attached to
15 chilli roots from each treatment were collected. Four replication were
prepared from each comgite sample for each treatment. To isolate total
bacterial community DNA, 0.25 mg of the sampleswlaomogenized in
DNA/RNA shield(DNA/RNA transport and storage medium for any biological
sample), followed by DNA purification using the Zymobiomics DNA agtion

kit (Zymo Research, Irvine, CA) according to the manufacturer's instructions.
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7.1.10.2 Library Preparation and Sequencing

The bacterial 16S rRNA V3 hypervariable region was amplified from provided
gDNA template using the primers 341F. CCTACGGGBGNGCAG and
518R: ATTACCGCGGCTGCTGG (Klindworth et al. 2013; Gartigpez et al.
2020). Five additional bases of inline barcode were incorporated at the 5' end of
the primers to enable inline barcodi(@lenn et al., 2019)Different samples

were amplified using various forward and reverse inline primers combinations.
PCR was performed using SolarBio PCR master mix (SolarBio, China) using
the PCR profile of 95 °C for 3 minutes followed B cycles of 95 °C for 15 s,

50 °C for the 20s, and 72 °C for 10s. The barcoded amplicons were subsequently
visualized on the gel, normalized and pooled based on their intensity, and
purified with 0.8 X volume of SPRI bead. The purified pooled amplicosre w
subsequently processed with the NEB Ultra Il Library preparation kit to
incorporate the lllumina adapter and dumlex barcodes. The constructed
library was quantified with Denovix higeensitivity assay and sequenced on a
NovaSEQ6000 (lllumina, Sani&yo) for 2 x 150 paireénd sequencing.

7.1.10.3 Microbiome Data Analysis

Pairedend reads were overlapped using fast v@iien, Zhou, Chen, & Gu
2018) Demultiplexing and primer removal of the merged reads used cut adapt
v1.18(Martin, 2011) The demultiplexednd trimmed reads were imported into
QIIMEZ2 v.2021.4 (Bolyen et al., 2019and denoised with dadgZallahan et

al.,, 2016) Taxonomic assignment of the ASV use@-fgatureclassifier
(Bokulich et al., 2018)rained on the latest GTDB release (RR3207) 16S
rRNA database (trimmed to only retain the V3 hypervariable region) that is
comprised of 311,480 bacterial and 6,062 archaeal gengrads et al., 2020)
ASVs with the taxonomic assignment at least to the phylum level were selected
for subsequent analysis. Both the ASV table and taxonomic classification table
were exported using QIIME2 tools into tabparated values ytgormat) and
manually formatted to generate Microbiome Analysmpatible inpu{Chong,

Liu, Zhou & Xia, 2020) that can perform SparCC -@mcurrence network

construction(Friedman & Alm, 2012and statistical analysis using the linear
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discriminant analysis (LDA) effect size (LEfSe) meth&ebgata et al., 2011)
Alpha- and betediversity was calculated using the QIIME2 plung. The
filtered relative abundance table was also used as the input to generate Krona
plots for intuitive exploration of relative abundanceghim the hierarchies of
taxonomic classificationgOndov, Bergman, & Phillippy, 2011PiCRUSt2
analysis was also carried out to predict the function of each ASV that can be
subsequently visualized and analyzed statistically in the STAMP software
(Parks, Tyson, Hugenholtz, & Beiko, 2014)

7.1.11 Statistical Analysis

Statistical analysis was performed using the Univariate analysis with Tukey's
test (p < 0.05) by the SPSS software (IBM Statistics, version 28, USA) t
determine the significance of the data.

7.2 Results and Discussion

7.2.1 The Effect of Nanoencapsulated Biestimulants on the

Photosynthesis Activity of Chilli Rants

The quantum yield measurement, which represents the photosynthesig, activ
was masured on lifechilli plantsfor three months. It was observed that the first
two months did not show significant readings among treatmEigtsA.4). Both
treatments showed a quantum yield reading of 0.53 in the first month. The
guantummyield value of teatment one and two were recorded as 0.68D#&19
respectively in the second month of the studgwever, the quantum yield of
plantsnot treated with biestimulant(Treatment 1)showed a decrease in the
level of quantum yield during the thiwdonth meaurement.Treatment 1
showed a quantum vyield value of 0.581 while treatment 2 exhibited 0.618
quantum vyield in the third month of the studihe reading of quantum yield in

the second month was higher than in the first month. A reduction in the quantum
yield value was observed after the second month due to the pest infestation.
Plants treated with bistimulants overcame the severity of pest attacks and

started to promote plant growth. The quantum yield reading that showed a higher
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value than the plants htreated with biestimulants proves this. At the end of

the third month, chilli plants treated with bstimulants showed the ability to
enhance photosynthesis activity. The results from the previous chapters have
proven that the endophytic bacteria ine thbiostimulant could produce
metabolites such as plant pigments and many carotenoids that play an essential
role in the photosynthesis system. Carotenoids are pigments in the light
harvesting complexes of plants and microbes that provide photoproteation a
light-absorbing functions ral could be used as antioxidanSaejung &
Apaiwong, 2015)Furthermore, moringa leaf extrastrich in carotenoids and
could increase the chlorophyll content and photosynthdsd, teventually
promoted the overall growth and yield by seed treatment and foliar application
(M. Arif et al., 2019; Rady et al., 2019)

The photosynthesis activity was determinednbgasuring the quantum yield
using Fluorpen (FR26)Quantum yield refers to the measurement of the
efficiency of a photosythetic system, which is defined as the ratio of the number
of photons absorbed by the photosystem to the number of photons utilized in
photosynthesis. In other words, quantum yield measures photosynthesis's
effectiveness in converting light energy intceofical energy, which the plant
uses for growth and metabolisthiatile et al., 2022) Quantum yield is an
essential parameter in plant physiology and is used to assess the health and
productivity of plants under different environmental conditions. It can be used
to quantify the impact of stredactors such as drought, high temperature, or
pollution on plant photosynthesis, as well as to evaluate the effectiveness of
various treatments or interventions aimed at improving plant growth and
productivity (Liatile et al., 2022; A. Noman et al., 2018)
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T1-Month 1 T2-Month 1 T1-Month 2 T2-Month 2 T1-Month 3 T2-Month 3
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Error Bars: 95% CI
Error Bars: +- 2 SE

Fig.7.4 Effect of naneencapsulated bistimulants on the quantum yigl@Y) of chilli
plantsat onemonth interval Each valués the mean of forty replicates (n=40), and bars
sharing the same | etters are not signific

HSD. The vertical bar in the graphs indicates the standard error.

7.2.2 The Effect of Nano-encapsulated Biestimulants on the Vegetative
Growth of Chilli Plants

The chilli plants treated with the baiimulant showed a significant increase in
height, which accounted for 60 cm of mean value compared to the plants that
were not treated with the betimulant, which repremts 53cm of the mean
value fig. 7.5. However, the aboveground biomass and root biomass of chilli

plants did not show a significant difference between treatmé&igs {.6 and

7.7.

In Chapter 5, the combined effect of endophytic bacteria and moriega
extract positively affected the vegetative growth of chilli, such as enhanced plant
height, root length, root biomass, and aboveground biomass. However, nano
encapsulated bistimulants were only able to increase plant height significantly.
The rootand aboveground biomass of chilli did sbbw significant differences
betweentreatments. This could be due to the difference in thestmoulant
concentration in both experiments. In ndoomulations, the amount of active

ingredients used was reducedmpared to the direct application of raw
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ingredients such as moringa leaf extract and endophytic bacterial culture
(Chapter 5). Thus, the formulation must be improved to set an optimum dosage
and amount of bistimulants applied to crops. Bgiimulant dos, time of
application, crop cultivar and species, and environmental conditions could affect
crop action(Admane et al., 2023; Paler & Alcantara, 204fh)addition to this,

one of the functions of narformulation is the slow release of active ingredients.
Thus, nandormulations take longeaime to show a significant and consistent
effect on crops comped to the direct application of freshly prepartad-

stimulants.

Previous research has reported both the positive and negative effects of bio
stimulant applicatioron crops. Enhanceplant growth, yield, and quality of

products were reported as a positive response tatinulant applications
(Garai et al., 2021; Kapur et al ., 201
& Khattab, 2021) In contrast, the number of seeds ped and the yield of
mungbean were not significantly affected by the leavedaufila (Paler &

Alcantara, 2021)No bio-stimulant effect was found on shallots' growth, yield,

and nutritional value (Francke, Majkowsk&adomska, Kaliniewicz, &

Jadwi si e (Ecla adition t® @hi,2it) was found that the combined
application of microbiabased biestimulant did not improve the morphological

traits of pepper fruit, yield, nutriembntent, and phytochemical content in fruit
(MajkowskaGadoms ka, Dobrowol ski, Jadwi si e &c
2021)
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Fig. 7.5.Effect of naneencapsulated bistimulants on the height of chifllants Each

value is the mean of forty replicates (n=40), and bars sharingathe letters are not
significantly different (pO0.05) according
indicates the standard error.
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Fig. 7.6 Effect of naneencapsulated bistimulants on aboveground biomass of chilli
plants. Each value is theean of forty replicates (n=40), and bars sharing the same
|l etters are not significantly different (

bar in the graphs indicates the standard error.
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Fig. 7.7Effect of naneencapsulated bistimulants on theiomass of chilli roots. Each

value is the mean of forty replicates (n=40), and bars sharing the same letters are not
significantly different (pO0.05) accordince
indicates the standard error.

7.2.3 The Effect of Nano-encapsulated Bo-stimulants on the Yield and

Postharvest Qualities of Chilli such asChilli Length, andColor

The plants treated with bistimulant have recorded higher yields than those not
treated with biestimulant The total yield of chilliplants treated with bio
stimulant was 575.48, whereas chilli plants not treated with {siimulants
recorded a 522.1§ yield. However, there were no significant differences in
chilli fruits' mean weight and lengthTdble 7.3. Applying seaweed bio
stimuants increasedicronutrientand protein concentration in rice grains and
improved rice growth, yield, and qualitftayek et al., 2018) Likewise,
(Mehmood et al., 2021peported the effect of moringa leaf Btmulant in

enhancing the growth and yield of black cumin

Chilli plants treated with bistimuant showed a higher L valu€,5.38+11.9 in
chilli fruits compared t0-8.29+7.97 of chilli plants not treated with bio
stimulants. The bistimulanttreated plants also proved the higher chroma value
in chilli. Plants treated with bistimulants exhibiteda chroma value of

8.77+5.56 in chilli fruits compared to the 5.30£6.81 mean chroma value found
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in those of chilli plants not treated with bstimulants. This shows that chilli
fruits showed the effect of bistimulant treatment on their pigmentation
devdopment compared to plants not treated with-dimulants. A study
conducted byAdmane & al., 2023)proved that moringa leaf extract could
enhance chlorophyll content and photosynthesis rate in plants. This indicates that
bio-stimulant has an effect in increasing the plant pigment content in chilli
plants. Carotenoids function as lighresting pigments, extend thengge of

light absorption andarticipate in photoprotection in photosynthetic tissues
while acting as colorants and precursors for isoprenoids irphotosynthetic
tissues(Swapnil et al., 2021)This finding is in agreement with the enhanced
photosynthesis activity of chilli plants treated with -Btomulants and the
metabolites produced by endophytic bacteria such as rhodopsinxambigian,
lycoxanthan, rubixanthin, echinenone, carotene, zeaxanthin astaxanthin in the
experiments in chapter A gble A5) (Appendix). Bio-stimulants made from
other sources could also increase the chlorophyll and carotenoid content of the
plant(Liatile et al., 2022)

For the colorimeter angdis, a* negative values indicatgreencolor, positive
values indicate magenteolor, b* negative values indicate blumlor and
positive values indicate yellowolor. The L value measures the lightness or
darkness of a sample. A negative L value mehassample is very dark and
absorbs significant light across the visible spectrum. This could be due to factors
such as high pigment concentration, low reflectance, or strong light absorption
by the sample. Chroma is one of the three components of therbamteolor

scale, along with L (lightness) and a (geen axis), and b (yellowlue axis)
coordinates. Chroma is measured as the distance from the neutral axis (grey
color) to the color of the sample in thé @lane. A higher chroma value indicates
thatthe color is more intense or saturated, while a lower chroma value suggests

that the color is less severe or desaturated.
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Table 7.3The effect of nan@ncapsulated bistimulants on the lengtieplorand yield of chilli

Treatments Yield per ~ Weightper  Lengthof  L* (Reflected o b* c*
plant (g) chilli (g) chilli (cm) lightness) (Chroma)
AB fertlizer 522.16 17.9¢1.3  6.75:0.59  -8.29+7.97  0.54%2.94 -3.36:6.68  5.30:6.81
ABfertlizer + Bio-stimulant 575 47 179417  6.89:053  -1538+#11.9  2.35:303 -6.277.44  B.77+556
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7.2.4 The Effect of Nano-encapsulated Biestimulants on Phenolic and
Flavonoid Contentsin Chilli F ruits

The phenolic and flavonoid content was evaluated in chillies 19 days after
anthesis, 27 days after antleesand posharvest analysis after three days for
both green and red chillie$gble 7.4. Phenolics and flavonoid content showed

no difference between treatments during the fruit developmental stage. Both the
phenolic and flavonoid contents increased tees ¢hilli matured. Red chillies
harvested from the plants that were not treated wittstaulants recorded the
highest phenat content (1.332+0.56 mg/lgompared to the chillies that were
treated with biestimulants (0.8830+0.19 mg/L). In contrast, retillies
harvested from the plants treated with -biomulants recorded the highest
flavonoid content (15.77+1.0 mg/ithan pants not treated with bistimulants
(13.098£1.8 mg/L). Chilli fruits are rich in phenolics and flavonoids, plant
compounds with mtioxidant and artinflammatory properties. These
compounds have various health benefits, such as reducing the risk of chronic
diseases like cancer, cardiovascular disease, and neurodegenerative disorders.
One of the biestimulant used in this study, moga leaf extract, was proven to
produce high content of phenolic and flavonoid compounds in the previous
experiments ifChapter 5. In support of thigAdmane et al., 2023gported that
moringa leaf extract could improve the color, total phenolic content, and
antioxidant activity of lettuce. The b&timulant application was also found to
havedifferent effectsm producing phenolic and flavonoid content, where 37%
and 74% of the increase were observed, respectively. The leaves and flowers of
the yarrow showedn increase in total phenolstdl flavonoids and antioxidant
activity after applyilg a biestimulant of humic and fulvic aci(Bayat, Shafie,
Aminifard, & Daghighi, 2021)
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Table 7.4The dfect of naneencapsulated bistimulants on the phenolics and flavonoid content in green and red chillies

Treatments Time of harvest

AB fertilizer (T1-19) 19 days after anthesis

AB fertilizer+Bio -stimulants (T2-19) 19 days after anthesis

AB fertilizer (T1 -27) 27 days after anthesis

AB fertilizer+Bio -stimulants (T2-27) 27 days after anthesis

AB fertilizer (T1 -PHG) Pacst-harvest analysis of green chillies after 3 days

AB fertilizer+Bio -stimulants  (T2- Postharvest analysis of green chillies after 3 days
PHG)

AB fertilizer (T1 -PHR) Postharvest analysis of red chilliester 3 days

AB fertilizer+Bio -stimulants  (T2- Postharvest analysis of red chillies after 3 days
PHR)

Phenolics (mg/L)

0.8376x0.04

0.7529+0.04

0.7349+0.2%

0.8163+0.18

0.8236+0.34

0.9084+0.28

1.332+0.56

0.8830+0.19

Flavanoid (mg/L)
6.1221+0.7
3.9419+1.0
5.8314+1.%
6.0930+2.4
4.0581+0.6

5.5988+1.5

13.0988+1.8

15.7733+1.0
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7.2.5The Effect of Nano-encapsulated Biestimulant on the Capsaian and
Ascorbic Acid Content in Chilli Fruits

Green chillies not treated with bstimulant exhibited significantly highest
capsaicin content after harvesting, which has recorded a concentration of
74.67+11.8 mg/LKig. 7.8. Chillies treated with bistimulants and analyzed
during thedevelopmental stages at 19 and 27 days after the antbesrsled
60.82:0.32 mg/L and 45.89+3.4 mg/L concentration of capsaicin respectively.
The capsaicin content was generally lower in red chillies than green chillies. This
shows that the bistimulanteffect was better in increasing the capsaicin content
while the fruit was still developing, but it could not be maintained three days
after harvesting. Bistimulant treatment showed enhanced capsaicin content in
the early stages of chilli development. Ttegpsaicin content in chilli varies
according to the different times of fruit development. This result was supported
by a study investigating the direct metabolic response of chilli to foliar bio
stimulant to determine the synthesis of capsaicinoid resgartke first 72 h of
applicaton ( Zaml j en, Me d i. It ,was €dund &hht. capsailirdo 2 2 )
significantly increased in both the placenta and pericarp by the first hour of
application and then decreased within threarBand increased after 24irs

This finding show that foliar application, a direct application of 4siimulant

on the fruit, could cause instability in the concentration of capsaicin in a chilli.

It was also stated that nitrogen applied to leaves is taken up in the first 48 h after
application(Zamljen, Medic, Hudina, Veberic, & Slatnar, 202R) the current
study, the biestimulans were applied via the drenching method, where the
transportation of nutrients from roots to fruits might take different duration and
effects on the capsaicinoids synthesis. Furthermore, capsaicinoid degradation
occurs as chillies matureud to peroxidasactivity ( Za ml j e n, Medi | ,
2022) This result indicates that the bstimulant application timand method

greatly influence energgonsuming activity, such as capsaicinoid synthesis.
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Fig. 7.8 Effect of naneencapsulated bistimuants on the capsaicin contentgchilli

fruits. T1: AB fertilizer treatment and T2: AB fertilizer+Bgiimulantgreatment. Each

value is the mean of fifty replicates (n=50), and bars sharing the same letters are not
significantly different (pOO0.05) according
indicates the standard error.

The ascorbic acid content waighest in red chillies after harvesting, followed

by green chillies at 27 days after anthedt®y.(7.9. The concentration of
ascorbic acid in chilli fruits increased significantly 27 days after the anthesis.
Still, ascorbic acid concentration waary lowin green chillies three days after
harvesting. Chillies left to develop further until they turned red showed the
highest ascorbic acid content in chillies treated withdbimulants (144.29+6.1
mg/L), followed by green chillies treated with lBBatmulans twentyseven days

after anthesis (132.85 +1.67). In general;dtimulant treatment has positively
affected the plants to produce a significantly higher ascorbic acid content in red
chillies.

Ascorbic acid, commonly known as vitamin C, is a major aident that
protects cells from oxidative damaggreactive oxygen speciaad is a cofactor

for the enzyme involved in photosyntheffamran, Mushtaq, Arif, & Rashid,
2023) The vitamin C content in fruits was found to be increased bgtbiwulant
applications of vaous sources such as algae extract, moringa leaf extract, plant

growth-promoting bacteria, humic acid, fulvic acid, protein hydrolysates and
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amino acids( Kol e gk2a0 le%; aRPar,adi kovi et al
2018)
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Fig.7.9Effect of naneencapsulated bistimulantson the ascorbic acid contentahilli

fruits. T1: AB fertilizer treatment and T2: AB fertilizer+Bgiimulants treatment. Each

value is the maaof fifty replicates (n=50), and bars sharing the same letters are not
significantly different (pOO0.05) according
indicates the standard error.

7.2.6The Effect of Encapsulated Bo-stimulant Application via Drenching
Method on theNutrient Content of Different Parts of Chilli Plant and the

Soilless Medium

The investigation aimed to determine the nutrients absorbed by the soilless
medium and the amount taken up by the plants treated withsditmiolant. The
nutrient content in the soilless medium treated withdbimulant showed higher
nitrogen, phosphorus, and calcium content, and no difference was observed for
other treatments T@ble 7.5. This indicates that namencapsulated bio
stimulant could enrichhie soilless growth medium with nutrients. This result
supports a report stating that fsttmulants are suitable for the soilless medium

by improving nutrient use efficiency and increasing confined nutrient
availability in the rhizospher@dmane et al., 2023)
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The nutrient content in chilli leaf, stem, twig, fruit, and root will indicate the
amount of nutrients absorbed in different parts of plants as an effect-of bio
stimulant applicationTable 7.6. The ash and nitrogen content was higher in
leaf samples compared to other parts of plants. However, no difference was
observed except for thelacontent in the stem of chilli plants treated with- bio
stimulant. Phosphorus content was the highest in roots treated with AB fertilizer.
A slight increase in the calcium content in leaves and magnesium content in the
stem was observed among chilli petiteated with bisstimulant. No changes

were observed for the potassium contents of all plants under different treatments.

In the previous studies, it was observed that phosphorus and potassium levels in
roots were closely related to emigcad root lendt. Nitrogen and chlorophyll
were closely related to the dry weight of the shoot and(Muotale-joan et al.,
2020) Foliar biostimulant application increased the concentration of calcium
and magnesium in shallofgrancke et al., 2022)his was in agreement with

the current study, where only these two nutrients were higher itsplaated

with bio-stimulants than in plants not. Another study has reported increased
nitrogen and phosphorus in rice grains afterdiimulant treatmenfLayek et

al., 2018) In general, biestimulants were known for their characteristics to
increase nutrient uptake and nefri use efficiency. However, the current study
did not provide significant results on nutrient content in the leaf, stem, and root
of chilli as a positive effect of bistimulant. These results support the vegetative
growth results where no significant nrease was observed in root length, root
biomass, and aboveground biomass of chilli after treating them with nano

encapsulated bistimulants.
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Table 7.5Nutrient content in soilless medium (cocopeat) after uprooting chilli plants

Treatments N (%) Total P.0s(%) K20 (%) CaO (%) MgO (%)

AB fertilizer 0.89+0.03 0.21+0.02 0.58+0.05 1.61+0.04 0.28+0.00
AB fertilizer + Bio -stimulant 0.94+0.01 0.24+0.02 0.53+0.10 1.97+0.11 0.2740.01
Control 0.47+0.11 0.14+0.01 2.33+0.51 0.31+0.39  0.21+0.05
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Treatments

Table 7.6Nutrient contents in different parts of chpians using ICRMS

Chilli parts

Ash (%)

22.87+0.29

N (%)

P (%)

K (%)

Ca (%)

Mg (%)

AB fertilizer Leaves 3.99+0.16 0.37+0.01 7.1+0.00 1.90+0.14 1.28+0.05
AB fertilizer+ bio-
stimulant Leaves 22.00+0.96 3.97+0.08 0.36+0.02 6.08+0.38 2.32+0.07 1.30+0.07
. Stems
AB fertilizer Twigs 16.2+0.37 2.26+0.01 0.305+0.00 5.37+0.17 0.85+0.01 0.73+0.01
AB fertilizer+bio- Stems
stimulant Twigs 18.4+0.33 2.30+0.04 0.313+0.00 6.04+0.11 1.04+0.02 0.84+0.02
- Roots 11.82+0.01 2.59+0.01 0.787+0.01 2.94+0.01 1.69+0.01 0.25+0.01
AB fertilizer+ bio- 10.57+0.01 2.38+0.01 0.61+0.01 2.68+0.01 1.59+0.01 0.25+0.01
stimulant Roots
» Fruits 11.8620.01 2.68+0.01 0.437+0.01 3.14+0.01 0.12+0.01 0.22+0.01
AB fertilizer
AB fertilizer+ bio-
stimulant Fruits 11.27+0.01 2.61+0.01 0.439+0.01 3.14+0.01 0.13+0.01 0.22+0.01
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7.2.7The Effect of Nano-encapsulated Treatments on Chilli Root Microbial
Profiling using Next-generation Sequencing Aalysis (NGS)

This study isaimed to evaluate the differences in the bacterial community of
chilli roots at the fruiting stage as a response to fearapsulated bistimulants

and AB fertilizer. Three treatments were included to assess the changes in the
root microbiome of chilli, namely, treatment with AB fertilizer (T1), treatment
with AB fertilizer and nangencapsulated bistimulants (T2), and no treatments

or control (T3). In general, 4083 amplicon sequence unit (ASV) was obtained
for the nextgeneration squencing analysigable 7.7).

Table 7.7 Amplicon sequencenit (ASV) details of each groupf treatment
applied to chilli plants

X FullDataset T1 T2 T3

Number of Samples 12 4 4 4

Number of Raw Reads 1017446 308181 250674 350501

Average Raw Reads 84787 + 20875 00545 + 32443 64918 = 32682 80807 + 17333
Number of Filtered Reads 890049 7184 224073 318792

Average Filtered Reads 74245 £ 25009 86796 + 27363 56243 = 28402 70608 £ 14971
Number of ASVs 4083 1947 2236 1536

Average ASVs 1135 + 326 1282 + 155 1213 + 484 010 + 38

ace 1454.706 £ 407.210  1741.630 £ 383.785  1487.523 = 700.2190 1135.235 £ 94.323
chaol 1383.871 £ 454.310  1638.118 £ 331.520 1418273 £ 663.905 1005.222 + 85.152
faith_pd 81.546 £16.385  90.065 + 6.216 84.505 £ 25.605  69.978 £ 1.602
goods_coverage 0.935 + 0.028 0.018 + 0.019 0.038 + 0.043 0.050 + 0.008
observed_ features 1111.000 £ 322.151  1243.000 £ 140.648 1196.250 + 512.836  893.750 £ 43.538
shannon_entropy 8.957 £ 0.629 0,225 £0.121 9.270 £ 0.818 8.377 £ 0.303
simpson 0.997 4+ 0.005 1.000 + 0.000 0.998 + 0.005 0.002 + U.l]f].'SI

The chilli root microbiome analysis based on 16S rRNA was done to determine
the difference in microbial taxonomy, phyloggic diversity, and functional
diversity. This is the most popular sequencing technique for analyzing bacterial
diversity studies to create targeted amplicon sequences. Root microbiome, also
known as the rhizospheric microbiome, refers to the dynamic comynof
microorganisms associated with plant roots. Signaling molecules such as root
exudates influence rhizosphere microbiome composition and dynamics of the

microbial community(l. Arif et al., 2020) This study is essentitd demonstrate
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the presence of the endophytic bacterialdtimulant applied to the soil, the
survival of the specific bacteria in the soil, and chemical fertilizers. Furthermore,
rhizosphere microbial communities can promote plant growth by enhancing
adgtation to environmental stresses, improving nutrient acquisition, and
improving plant metabolic function®. Liu et al., 2022)The data on the root
microbial biodiversity and abundance could reveal the stesrh effect of nano
encapsulated bistimulants consisting of moringa leaf extract and endophytic
bacteria. Plants allocate 27% of carbon to their roots, and roots release about 11
% of the net fixed carbon toghoot zone, where the amount and type ablaxes
depend on plant speciesmges, and root zone microorganisms and the growing

environmen{Balliu et al., 2021)

Sequences were clustered into operation taxonomic units (OTUs) for amplicon
sequencingbased microbiota analysi®TU is similar to the amplicon sequence
unit (ASV) count. OTU generally represents sequences that are not more than
3% different from each other. In contrast, ASV based approach has a higher
sensitivity in detecting the bacterial strains present, sorastahthe expense of
specificity (Callahan, McMurdie, & Holmes, 2017)

A study reported that 983 OTUs were significantly correlated to concentrations
of the phytohormoaes in the rhizosphere, including 288 negatand 695
positive correlations(Xiong & Lu, 2022) Root exulates that act as
allelochemicals cause inhibitory effects on other organisms cause root growth
injury, reduce nutrient absorption, and decrease photosynthesis and overall plant
growth (Balliu et al., 2021)This indicates that root exudates have the potential
to not only attract certain microbes to the roots but also impede the growth of
certain microorganisms in tirizosphere. Microorganisms have the potential
to function as biestimulants that can improve plant growth and increase crop
productivity under unfavorable environmental conditions caused by abiotic
stres§YRomano et al., 2020The inability of microbial inoculants to effectively
perform their intended functions can be attributed to issues assbwih the
production and formulation processes of the inocu(slassilev et al., 2017)

The biestimulants applied in this study were prepared in Hanmulation as

they have numerous merits due to their high surface area and solubility. Besides,
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nano-encapsulation could protect the inoculated bacteria from extreme
conditions in the rhizosphere. Introducing PGPR strains through inoculation is
often difficult due to the resistance of the qgpasting microbial communities,
which can cause the newlytioduced strains to disappear quickly or fail to
establish themselvé&oprivova & Kopriva, 2022) Nanoparticles, directly and
indirectly, affectthe interaction between plants and microbes. The direct effect
involves the provision of nutrients in the rhéphere, while the indirect impact
consists of stimulating bacterial straif® Rai et al., 2023)There is a growing
recognition of the potential of modifying the plant microbiome as a sustainable
means of safeguarding plants against diseases and enhagringltural
productivity (Gao et al., 2021)Thus, adding bistimulants to manipulate the

root microbiome is considered an environmentally sustainable strategy.

7.2.8Rarefaction

Rarefaction curves check the sampling efficiency within and between sample
groups. The samples were rarefied to the lowest number of reads per library, and
rarefaction curves of bacterial samples tended to approach the saturation plateau,
indicating hat the coverage of samples was good enough. Rarefaction using
shannon_entropy, shaol, ace, Simpson, goods_coverage, faith pd, and
observed_features indices revealed similar results as depictedhlm 7.7and

Fig. 7.1Q This shows that the number of AS¥ssufficient for the taxonomy

study and able to represent the root microbiome of chilli roots.

However, soil and soilless medium could promote different microbial
communities. It was reported that the rhizosphere's richness two months after
transplaning into the coconut fiber substrate was significantly lower than the
plants grown in the so{lAnzalone et al., 2022)This shows that the microbial
richness in the soil rhizosphere is far greater than in the soilless medium. The
growing medium primarily influences the remtsocated microbiome's
microbial diversity, which plays a critical role in facilitating the interactions

between the plant roots and their surrounding environffeesem et al., 2021)
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Fig. 7.10Rarefaction curves comparing the alpha diversitgacteria in chilli root rhizosphefa) Shannon; (b) Goods' coage, and (cSimpson Each point
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7.2.9Shared and Lhique ASVs

The Venn diagram shows the shared and unique amplicon sequence variants of
the chilli root microbiome in response toechical fertilizer (T1), chemical
fertilizer and naneencapsulated bistimulant (T2), and control treatmehilli

grown in soil without any chemical fertilizer and fsomulant(T3) (Fig. 7.117).

The number of shared ASVs among all three treatments wWas \ghich
accounted for 8.5% of the total ASVs. About 647 ASVs were shared between
T1 and T2. T1 and T3 shared 227 ASVs, but only 66 ASVs shared by T2 and
T3. The highest number of unique ASVs belongs to T2 (1175 ASVs), which
showed the highest percentd88.8%) of all the shared and unique ASVs. This
was followed by 895 unique ASVs of T3 and 725 ASVs of T1. Shared ASVs
can help identify common microbial communities across different samples,
while unique ASVs can provide insight into the specific microbiskrsity
present in each instance or environment. This result indicates that treatment 2
(Nanoencapsulated bistimulant treatment) has the majority of unique groups

of bacteria that did not exist in other treatments.

Fig. 7.11Venn diagram of the sined and unique amplicon sequence variants of chilli

root microbiome
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