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ABSTRACT

Rhizobacteria inhabit and colonize the plant root-zone and play a significant role in soil
quality, health, biodiversity, and productivity. Rhizobacteria that possess beneficial traits in
plant growth-promotion and disease protection are called plant growth-promoting
rhizobacteria (PGPR). Phosphate solubilizing bacteria (PSB) are the known plant growth-
promoters with their multidimensional benefits in plant nutrient access, stress alleviation,
phytohormone production, and broad host-range interaction, among others. They improve
plants’ physiological processes to grow well and produce quality yield. Therefore, exploring
and developing potential or competent plant growth-promoter is required to improve soil
fertility, farm production, and yield quality with a sustainable and eco-friendly approach. A
huge diversity of soil microbes capable of P-solubilization and other plant growth-promoting
attributes have been reported so far and remain to be explored. However, local isolation,
strain identification, and host-specific evaluation are helpful for better farm production,
indigenous competition, and sustainable environmental health. Multistage screening
procedures (lab screening, greenhouse trials, and field evaluation) help to select efficient and
competent strains. Each stage of evaluation possibly confers the different dimensional
attributes of the candidate strain and then empirically strengthens the screening
technique. This project aimed to screen efficient PSB strains and develop competent
biofertilizers and plant growth-promotors with multidimensional benefits possibly applicable
for tomato and other crop production at Koka, Meki, and Ziway Zuria. The project started by
assessing the overall tomato production system, agrochemicals, and biofertilizer practices in
these specific sites using randomly selected smallholder farmers. Accordingly, smallholder
farmers in the study sites produced different crops, including tomatoes, in both seasons under
repeated agrochemical practices. Sample soils were collected from different sites, including
the tomato rhizosphere at Koka, Meki, and Ziway Zuria, as well as the natural forest soil
from Wendogenet and Yirgalem Zuria. Then the experiment proceeded in the laboratory by
screening potential PSB strains from collected soil samples using selective media and other
preliminary screening techniques. The top 10 PSB isolates were selected and then further
evaluated under different conditions. Their P dissolving ability was evaluated in liquid
medium from different sources and the amount of dissolved P concentration quantified, plant
growth-promoting traits verified, representative biochemical tests conducted, molecular
characters (sequence of the 16S rDNA and IGS region between 16S and 23S) analysed and

taxonomy identified, antagonistic effects, No-fixing ability, symbiotic interactions, and host
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range were evaluated accordingly. PSB and possible P-substrates dual inoculation impact on
tomato growth and yield were evaluated both at a greenhouse and open field levels, while a
host range symbiotic interaction trial was conducted at field conditions using 5 different
crops (maize, wheat, faba bean, kidney bean, and onion). From each experimental unit,
various parameters were analysed against each PSB strain. During screening in the lab for
instance, upon 8 days of incubation on PVK agar plate, Mk-1-25 and K-10-41 strains
recorded a higher solubilization index (3.1 and 3.0, respectively), while 5 days of incubation
in PVK broth resulted in a growing medium pH change where K-10-41 and K-10-27
significantly lowered the pH to 4.02 and 4.12, respectively. Inoculation in modified PVK
broth with different P-substrates (iron phosphate, aluminium phosphate, and bone meal) and
incubation for 10 days resulted in a substantial medium pH change and dissolved P.
Accordingly, strains from the Koka site dissolved the highest overall mean P concentrations
(260.83, 260.38, and 241.91 pg/ml by K-1-29, K-10-41, and K-10-27, respectively) and lower
medium pH (4.93 and 4.95 by K-10-27 and K-10-41, respectively). Likewise, Z-12-20 was
isolated from Ziway Zuria and found to be a competent strain in dissolving an average of
223.52 pg/ml P and reducing the pH to 4.98 upon 10 days of incubation. Among P-
substrates, the highest dissolved P (253.46 pg/ml) was obtained from TCP; nevertheless, the
rest of the substrates recorded comparable concentrations. Furthermore, these potential 10
PSB isolates were characterized (morpho-biochemically and molecularly) and taxonomically
identified. As a result, they placed to Bacillus, Priestia and Burkholderia species (i.e., K-1-
29, Mk-20-7, and Mk-20-20 belong to Priestia megaterium, while K-10-27 and Z-12-20
belong to Bacillus subtilis; Mk-1-25 and Z-13-4 Bacillus halotolerance; K-10-41 Bacillus
velezensis, Mk-13-16 belongs to Bacillus amyloliquefaciens, and Z-1-16 belongs to
Burkholderia cenocepacia). These strains are highly studied and repeatedly cited by different
scholars for their plant growth-promoting and biocontrol roles. To evaluate their symbiotic
effectiveness and plant assay responses, the current PSB strains were transferred and
inoculated to tomato under greenhouse conditions. So as to improve their interaction and
responses, all of them were co-inoculated with six possible P sources (TCP, BM, FeP, AlP,
DAP fertilizer, and compost) independently. Accordingly, strains inoculation significantly
improved plant growth parameters: shortened tomato germination, shoot length (highest
108.19, 106.43, and 101.81 cm by Z-12-20, Mk-1-25, and K-10-41), leaf parameters
(substantially improved by Mk-1-25 and K-1-29), branch and node number, floral
parameters (number, cluster, bud), fruit parameters (number, weight, marketability) (on
average 6.1 and 5.95 fruits per plant were harvested from K-1-29 and K-10-27, respectively,
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158.7 and 149.2 g fruits collected from Mk-20-20 and Z-1-16 inoculation, respectively), root
length, root fresh and dry weight substantially were promoted by Z-12-20, shoot fresh and
dry weight were significantly enhanced by Mk-1-25 and Z-12-20. Moreover, the overall
highest phosphate-based symbiotic effectiveness was recorded by Mk-1-25 (PBSE%=176),
followed by Z-12-20 and K-1-29 (PBSE%=144). Among the added P substrates, compost
induced the symbiotic interaction, which then resulted in enhanced tomato vegetative growth,
fruit number (6.03), and biomass, while AIP and AmP promoted fruit weight (collected on
average of 156.73 and 149.61 g, respectively). Having these encouraging and positive
responses/results from laboratory and greenhouse trials, the strains were further evaluated
at open field conditions using tomato and other host crops. This is because, the in vitro
solubilization and beneficial response of the strains might not be appropriately reflected and
related to their effects at field level. Similar to greenhouse experiment, tomato-field trial was
conducted under dual-inoculation of PSB and possible external P substrates (BM, compost,
DAP fertilizer, and a 50% rate mixture of DAP and compost). This synergetic inoculation
significantly improved the tomato’s growth, development, and yield parameters over
uninoculated (control) group. For instance, elevated average shoot length (67.2 cm recorded
by Mk-20-7), branch and leaf development (Z-12-20 and Mk-1-25), floral development (K-1-
29, Mk-1-25, Mk-20-20, and K-10-41), and fruit parameters (average highest total fruit
number: 21.87, 21.82, 21.31, and 20.69 by K-10-41, K-10-27, K-1-29, and Mk-20-20,
respectively) and highest fruit weight: 2821.6, 2793.3, and 2780.53 g harvested by K-10-41,
K-1-29, and Mk-20-7, inoculation respectively). From the collected total fruits, a greater
average number of marketable fruits were obtained from the inoculation of Mk-20-7 (10.44),
K-10-41 (10.42), and K-1-29 (10.0 fruits per plant). However, because of strong biological
competitors (birds, porcupines, and hyena), blossom end rot and early harvesting, a
substantial number of unmarketable fruits were collected from the inoculation of K-10-27
(12.64) and Mk-13-16 (11.44). Compost application improved tomato-bacterial symbiotic
interaction and significantly promoted tomato early vegetative growth, while a 50% rate
mixture of DAP and compost demonstrated substantial responses at late growth period and
resulted in highest tomato shoot length (67.39 cm) and fruit yield (on average 63.06 fruits
with a gross weight of 2617.39 g). Similarly, the addition of bone meal enhanced fruit yield
(total fruit number (62.82), quality (larger fruit with 10 cm length), and marketability (9.67
healthy fruits per plant)). To strengthen the screening processes and to promote farm
practices, the candidate strains were inoculated to different crops to check their symbiotic
interaction/response and growth promotion efficiencies at open field. Accordingly, maize,
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wheat, onion, faba, and kidney bean were inoculated, and agronomy parameters were
evaluated. Because of biological competitors’ attacks, grain yield was excluded from the
analysis for most of these crops. Among the 10 PSB inoculants, Mk-20-20, Z-12-20, and Z-
13-4 significantly induced maize shoot length, whereas leaf number, cob number, and shoot
fresh and dry weight were enhanced by inoculation of Z-12-20 and Z-13-4. Similarly, wheat
inoculation with Z-1-16 promoted shoot length, tiller, and leaf development; Z-12-20
enhanced wheat flower development; and Mk-20-7 improved wheat biomass yield. Onion
inoculation with Mk-20-20 increased shoot length (53.45 cm), shoot fresh weight (44.11 g),
Mk-1-25 improved shoot length, leaf number, shoot fresh weight, bulb length, and Z-12-20
induced bulb diameter and bulb weight, while K-10-41 (which was one of the top promotors
to tomato and legumes) showed the poorest interaction and limited response against onion.
Inoculation of Mk-1-25, Z-1-16, Z-12-20, K-10-41, and K-1-29 promoted faba bean and
kidney bean growth and biomass yield. Generally, hierarchical procedures (laboratory-to-
field work) were conducted to screen these potential biological growth-promotors. In
conclusion, 10 competent PSB stains were selected and evaluated under various conditions
including plant beneficial traits, substrate, and host crop preference. Consequently, the
current strains have shown positive and encouraging plant-benefiting traits and responses on
tomato and other crops especially, K-1-29, K-10-27, K-10-41, Z-12-20, Mk-20-7, and Mk-1-
25, can be developed and recommended as biotechnological farm-inputs as potential
biofertilizers and PGPR. Besides screening efficient strains, it is critical to apply other
supplementals (possible P-substrates) for fruitful symbiotic effectiveness and improved
production. Moreover, the future perspective should focus on conducting site-specific field
trials, exploring more potential strains, and studying the detailed molecular and
physiological symbiotic interactions and responses of the strains to develop competent
bioinoculants that are cheap, affordable, ecofriendly, and sustain production especially for

smallholder farmers.
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CHAPTER ONE
1. BACKGROUND INFORMATION

1.1 GENERAL INTRODUCTION

Population is increasing at the maximum rate, and sufficient food production is at risk (Shah
et al., 2021; Verma, 2019). This indicates the increasing challenge scale of agricultural
production (Abebe et al., 2022), which is the core sector of the world food and economy.
Smallholder agroecosystems play a significant role in food security, providing more than
50% of global food production, but nowadays, the sector is challenged with shrinking arable
lands, dwindling world economies, and unpredictable climate change (Koskey et al., 2021).
Agricultural production is usually low under traditional farming systems that follow a similar
cultivation system from season to season, dependent on rainfall, and compounded with low
soil fertility management and maintenance (Regassa and Elias, 2022), a lack of proper data,
analysis, and forecasting experience of the possible climate challenges, among others. The
problems deepened in smallholder farmers who are bound by economic limitations (Kidane et
al., 2022), low or no exposure to farm technologies, agricultural inputs (Abebe et al., 2022),

poor motivation, and a lack of awareness (Kifle et al., 2022).

In Ethiopia, agricultural sector is the main livelihood shareholder for more than 80% of the
people as a source of food and income generation (CSA, 2020; Tamru et al., 2016). Most
Ethiopian farmers are smallholders who own small, fragmented land and practice a traditional
farming system (Abera et al., 2020). Ethiopian agriculture is broadly dominated by the
traditional production system (Simtowe, 2015), resulting in low production, poor resource
management/conservation, and food insufficiency. It is manifested by poor adoption,
management, and application of low-cost technologies to overcome financial limitations and
limited technical skills (Kifle et al., 2022). Almost all smallholder farmers plough their lands
in the same manner, grow similar seasonal crops from year to year, and cultivate once a year,
which is below its potential (Alemayehu et al., 2010). They face climate challenges, soil
(high P-fixing, erosion, moisture stress and salinity) and environmental challenges in line
with weak institutional support, lack of adequate trainings on proper use of agrochemicals,
irrigation and diseases management (Gemechis, 2017). Most research findings, new
technologies, government policies and appropriate technical supports are not properly and

timely introduced and delivered to farmers. For instance, NGOs, Research Centre and media



(TV/Radio) were found poor source of information (5.66, 1.89 and 0.63%, respectively) in
Ziway Dugda area about vegetables production management and inputs (Mersha and Sime,
2022).

Vegetable production is low in Ethiopia, which covers about 1.3% of cropland and accounts
for about 5.7% of production in the meher (main rainy) season (CSA, 2021). Tomato
(Lycopersicon esculentum Mill)) is one of the top-grown, marketable, and nutrient-rich
(Sachdev et al., 2023) vegetables around the world, with a substantial production increment.
Asia took the maximum share (62%), and Africa took the least (12%) portion of world
tomato production (Sotelo-Cardona et al., 2021). In Ethiopia, tomato production has no
extended history like other fruits and vegetables. It was introduced in the 1940°s (Samuel et
al., 2009 as cited in Gemechis, 2017), and now it is one of the most widely grown and
nutritious vegetables (Abera et al., 2020; Bahilu et al., 2020) in major vegetable-producing
areas (Gemechu and Beyene, 2019). It gains popularity among smallholder farmers because
of extra income generation (Gemechis, 2017) and local consumption. Tomato production
requires optimum growing conditions, and it is known for intensive agrochemical
consumption (for nutrient supplements, pest and disease control, fruit preservation). It is one
of the strategic commodities prioritized by the Ethiopian government to play an important
role in poverty mitigation as well as food insecurity programs (Asfaw, 2021). Its production
expanded (CSA, 2020; CSA, 2021) along with national agricultural provisions as a potential
cash crop (Weldegiorgis et al., 2018). For example, 28,365 ton tomato was produced from
6,299 hectares land in 2016 and 35,344.53 ton from 8,995 hectares (FAOSTAT, 2024).

The majority of Ethiopian arable land needs fertility maintenance and fertilizer supplements.
The soil lost its fertility due to erosion, leaching, frequent cultivation (Regassa and Elias,
2022), contamination, pollution, etc. Therefore, applying the necessary agricultural inputs
and nutrients, along with proper farm management, is strongly recommended to improve
agricultural production. Nitrogen and phosphorous are the most essential nutrients for plants,
subsequently fertilizer application is increasing (Abebe et al., 2022). However, most of the
farmers applied fertilizers below the required rate (Simtowe, 2015). The main reasons fall
under the economic barrier and lack of sufficient supply. Farmers unable to purchase
fundamental agricultural inputs, including fertilizers (Fikadu, 2022; Muleta, 2018), high-
quality varieties, pesticides, herbicides, and other agricultural inputs. Moreover, fertilizer

importation, transportation, and distribution delays affect application timing and rate.



It is necessary to promote the agricultural sector with up-to-date agricultural technologies and
inputs for production intervention. These include the application of improved varieties,
affordable agri-inputs, knowledge-based farming systems, agricultural innovations, remote
sensing, specific soil and crop-based agrochemical input, crop rotation, inter-cropping,
mitigating climate change (Kifle et al., 2022), enhancing irrigation, harvesting, transporting,
and storage mechanisms. Kidane et al. (2022) demonstrated that climatic factors, soil fertility
issues, and crop disease infestations are the major driving forces for smallholder farmers to
adopt improved agricultural technologies. There are different types of agrochemicals in
Ethiopia that are legally registered to be distributed or permitted for market access, including
fertilizers, pesticides, herbicides, and improved seeds. Fertilizer is one of the most significant
inputs for the agricultural sector (Regassa and Elias, 2022; Simtowe, 2015). On top of the
environmental impacts, chemical fertilizer is expensive, with intermittent price increases
along with the rise in production costs and the depletion of natural resources (Abebe et al.,
2022). For example, the declining natural phosphate reservoir (ore) leads to a shift in
manufacturers to the most energy- and cost-demanding phosphate sources; consequently, the
fertilizer price will be elevated (Sharon et al., 2016). Fertilizer needs special care, control,
and follow-up to confirm the standard during manufacturing, import, handling, and storage
(Federal Negarit Gazeta, 1998). Tracking is essential for importing, supply timing, quality,

marketing, distribution, and application of fertilizers to the required quantity and rate.

Not only synthetic fertilizers but also biofertilizers (Ammar et al., 2023) like N-fixing
microbes (Fikadu, 2022), PSB, and Mycorrhiza can be satisfactorily recommended for
specific crops to improve soil nutrients and sustainable agriculture (Nosheen et al., 2021).
Biofertilizer is technically living, symbiotically associative, or free-living microorganisms
that readily and safely convert complex organic and inorganic compounds into bioavailable
nutrients so that plants uptake nutrients easily (Jehangir et al., 2017). The environmentally
friendly approaches of biofertilizers, none toxic, easy to apply nature, as well as their great
potential in sustainable agriculture, have emphasized the need to reduce, if not replace, the
use of agrochemical inputs (Abebe et al., 2022; Raimi et al., 2017). They are important
components of integrated soil nutrient management (Jehangir et al., 2017) with an advantage
of pollution free and cheap price (Ammar et al., 2023; FNCA, 2006). Currently, development
of effective biofertilizers for different crops showed substantial progress, and bacterial-based
biofertilizers are expanding (Ammar et al., 2023) where nitrogen-fixers are the leading global

biofertilizer market followed by P-solubilizing bacteria (Abebe et al., 2022). Among



biofertilizers, rhizobium constitute about 79% and PSB about 15% of global market demand
(Nosheen et al., 2021) and other inoculants like Mycorrhizal fungi make up about 7% (Macik
et al., 2023). The production process of biofertilizer technology is simple and requires less
capital, technology, and workforce, unlike inorganic fertilizer production, which requires
huge energy, a high capital base, and a significant amount of manpower. Therefore, the
global market is forecasted to increase from 2.3 bill. USD to 3.9 bill. USD in 2025 with
annual growth rate of 11.6% (Kumar et al., 2022).

Phosphorous (P) is the second most essential nutrient for living organisms required for basic
molecular synthesis, including nucleic acids and cellular and structural activities (Sharma et
al., 2013; Hariprasad and Niranjana, 2009; Zaidi et al., 2009). It is essential for most life
processes; consequently, no life can be sustained without phosphorous (Mitra et al., 2020).
Plants need phosphate anions (Mohamed et al., 2018) for their basic physiological and
cellular functions, including photosynthesis, metabolism, signal transduction, cell division,
growth, and development (Kour et al., 2021; Mitra et al., 2020). No atmospheric reservoir is
available for P to replenish it; therefore, soil and rock are the main stocks. Both organic and
inorganic forms of phosphorus are found in soil (Chen and Liu, 2019; Zhalnina et al., 2018;
Zaidi et al., 2009), though plant availability of phosphorous is limited (Gomez-Merino and
Trejo-Téllez, 2016) due to fixation and complex formation with different metallic ions (A",
Ca?*, Fe* and Zn?*) depending on the type of soil (Amaresan et al., 2022). Most of the
worldwide soils are deficient in plant-available P (Kour et al., 2021). Substrate scarcity is one

factor that causes plants to disrupt their metabolic activities and growth.

Fertilizer application (Nesme et al., 2018) is a very good option for direct plant assimilation
(Yadav and Verma, 2012); however, due to the nature of highly reactive phosphate anions,
most (75-90%) of the fertilizer will be immobilized to form insoluble residues (Mitra et al.,
2020) and switched immediately to unavailable forms for plant absorption (Mahanty et al.,
2017; Baliah et al., 2016; Sharma et al., 2013; Zaidi et al., 2009). To overcome this problem,
farmers applied fertilizer in manyfold excess (Mohamed et al., 2018). P-fertilizer has become
one of the largest markets around the globe, and it is estimated to reach maximum production
by 2040, when production will decline while agricultural demand rises (Sharon et al., 2016).
The current global agricultural practice concentrated on non-renewable chemical fertilizers
(Deepika and MubarakAli, 2020) while several researches suggested the formulation of

integrated soil nutrient management. Therefore, Ethiopia, from many (economic,



environmental and sustainability) perspectives, should better focus on integrated soil fertility

amendment (formulation of inorganic, organic and biological fertilizers) (Abebe et al., 2022).

Solitary or synergetic application of organic matter and potential microbes, along with
appropriate chemical supplements, may enrich the physicochemical properties of soil,
improve plant macro- and micronutrient availability, and enhance the overall plant growth
and development. Microorganisms are important components of soil health, contributing
directly or indirectly through beneficial or harmful activities (Giannelli et al., 2023;
Hariprasad and Niranjana, 2009). Broad microbial diversity and abundance are found in the
fertile and functional soil zone called the rhizosphere (Kour et al., 2021; Planchamp et al.,
2015). The region is rich and dynamic in root exudates (Zhalnina et al., 2018; Tsegaye et al.,
2017) that attract or repel the microbiome. For example, P starvation guides plants to modify
their internal (physiological) and external (basically the root-zone or environment, root
architecture, and release of root exudates) arrangements to overcome the deficiency (De
Zutter et al., 2022; Egamberdieva et al., 2015). Thus, as the competition escalated, the niche
would be dominated by plant-benefiting microbes; in this case, plant available P accessing
microbes. Willey et al. (2017) showed that the natural microbial environments are complex
and expose microbes to many overlapping gradients of nutrients and other factors, including
inhibitory substances. Moreover, agricultural microbiology would possibly indicate and
analyse the comprehensive interaction of microorganisms with agriculture, where agriculture

is the backbone of the world economy (Verma, 2019).

Broad-based bioinoculants could be applied as biofertilizers, growth-promoters (de Andrade
et al., 2023; Kirui et al., 2022), and biocontrol agents in plant root ecology (Naik et al.,
2008). In addition, they can convert toxic heavy metal residues into non-toxic complexes
(bioremediation) and are used as biological reservoirs for organic molecules and nutrients
(Yang et al., 2023; Wan et al., 2020; Wei et al., 2018). They improve soil fertility and plant
growth with minimum cost requirements, which is an essential attribute for small-scale farm
production. Phosphate solubilizing microbes (PSM), including bacteria (PSB), are known
beneficial microbes (Chen and Liu, 2019) that play considerable roles in the plant rhizosphere
to improve the overall plant growth and development (Figure 1.1) (Mekonennen and Kibret,
2021; Mitra et al., 2020; Naik et al., 2008), maintain soil fertility (Mohamed et al., 2018;
Sharon et al., 2016), induce plant responses to pathogens (Yadav et al., 2017), reduce

chemical consumption, and promote sustainable agriculture (Kour et al., 2021).
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Figure 1.1: Mechanism of phosphate solubilizing microorganisms (PSM) benefit to plants
(adopted from Mitra et al. (2020)).

Multidimensional PSB are called plant growth-promoting rhizobacteria (PGPR) (Sachdev et
al., 2023; Zhalnina et al., 2018; du Jardin, 2015). Similarly, Kirui et al. (2022) mentioned
that PSB are the known PGPR where their inoculation significantly encouraged the plant
characters. PGPR are root and root-zone colonizing bacteria that induce plant growth and
yield (Ammar et al., 2023; Tsegaye et al., 2017) through P-solubilization (Amaresan et al.,
2022), biological No-fixation (Mahanty et al., 2017), quorum sensing, the release of
phytohormones (Verma, 2019; Vaikuntapu et al., 2014; Kurabachew and Wydra, 2013),
promote plant physiological growth and development, among others. Plants also benefited
from them in stress alleviation, stimulation of phytohormone production (IAA, ABA, JA, ET,
and secondary metabolites), induction of systemic resistance (ISR), or defence (de Andrade et
al., 2023; Widnyana, 2018). PGPR could be able to enhance plant defence to exclude or
overcome completely or in some degree by using various mechanisms such as pathogens’
developmental escape, inducing physiological tolerance, antagonists, cell wall reinforcement
and biochemical resistance (siderophore, antibiotics, volatile organic compounds production),
Iytic enzymes (cellulases, proteases, and chitinase) production (Rabbee et al., 2019; Verma,
2019), computing for niche, food, and root exudates. Therefore, these attractive features of
PSB make it sound to isolate, characterize, and evaluate their efficiency and agroecology

adaptation to develop biological inputs (inoculants) for sustainable farm production.



A huge diversity of soil microbes capable of P-solubilization and other plant growth
promotion attributes (Estrada-Bonilla et al., 2021; Mahanty et al., 2017; Yadav et al., 2017)
have been reported so far and remain to be explored. Numerous microorganisms (bacteria,
fungi, and algae) are known for their efficient P solubilization (Amaresan et al., 2022; Kour
et al., 2021; Baliah et al., 2016; Sharma et al., 2013) and soil maintenance (Naik et al., 2008).
They are rich in the rhizosphere, though they are found inside the root of the host plant
(Yadav et al., 2017; Ahemad and Kibret, 2014). They are ubiquitous in number and differ
from soil to soil; however, bacteria are the most distributed organisms in the biosphere
(Giannelli et al.,, 2023). The most familiar efficient P-solubilizer genera are Bacillus,
Pseudomonas, Rhizobium, Agrobacterium, Flavobacterium, Penicillium, Aspergillus,
Acinetobacter, Actinomycetes, and Arbuscular mycorrhiza (Kirui et al., 2022; Kour et al.,
2021; Kalayu, 2019; Alori et al., 2017; Sharon et al., 2016; Singh and Jha, 2015). To
solubilize insoluble phosphate compounds, microbes used different mechanisms (Figure 1.2)
(Sharon et al., 2016; Sharma et al., 2013; Yadav and Verma, 2012; Zaidi et al., 2009). such
as the synthesis of phosphatase enzymes (alkaline and/or acidic phosphatase) (Khudhur,
2017), producing organic acids (Mitra et al., 2020), chelation, ion exchange, lowering the
medium pH (Amaresan et al., 2022; Estrada-Bonilla et al., 2021), and release phosphate
during substrate degradation (Macik et al., 2020). Organic acids, including acetate, malate,
oxalate, succinate, citrate, gluconate, ketogluconate, etc., can form complexes with metallic
group, thus releasing plant-available phosphate into the soil (Zhang et al., 2023; Pande et al.,
2017; Pathak et al., 2017).

Currently, in Ethiopia, well organized and summarized reports lack concerning PGPR
associated with vegetable crops and research status (Mekonnen and Kibret, 2021). Very few
strains for solitary or combined practice, either imported or locally isolated, were conducted
in site-specific field trials for leguminous crops in different parts of Ethiopia (Abeje et al.,
2024; Alemayehu, 2020; Muleta, 2018; Argaw, 2012). Similarly, Fikadu (2022) have shown
that in Ethiopia, rhizobium biofertilizers are progressively increased for pulse crops
production though, there is a limitation in addressing all agro-ecologies. In addition, limited
information and research reported on screening and pot trial of rhizobacterial isolates for
tomato bacterial wilt biocontrol from Jimma (Lemessa and Zeller, 2007), Ambo, Awassa,
Sodo and Wendogenet (Kurabachew and Wydra, 2013). Fenta and Fassil (2017) also isolated
PSB from tomato rhizosphere and evaluated under greenhouse conditions. However, there
has been no published work thus far in Ethiopia to develop and field-evaluate multifunctional

7



PSB or PGPR inoculant for tomato production, especially in the study areas. As a result, this
study made an effort to screen competent strains that possibly be recommended as
bioinoculants (biofertilizers and/or PGPR) for tomato and other crops at Koka, Meki, and
Ziway Zuria which are known for tomato and other vegetable production as well as
aggressive/repetitive agrochemical consumption. In this paper, ten potential PSB were
isolated from tomato rhizosphere soils, morpho-biochemical and molecular (16S rRNA and
IGS region between 16S and 23S rRNA sequence) characteristics were determined, and their
strain types/taxa were identified. Finally, their plant growth-promoting effects on tomato
were verified both at greenhouse and field conditions. The results from different stages (lab
scale, greenhouse, and field trials) showed that these strains can dissolve phosphorus

effectively and promote the growth of tomato and other plants.
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Figure 1.2: Mechanism of soil P solubilization/mineralization and immobilization by PSM
(adopted from Sharma et al., 2013).

Compared to the economic, environmental, and social impacts, practicing bioinoculants
(biofertilizers, biocontrol, and growth-promoters) has compelling advantages over chemical
inputs. For instance, Dela et al. (2023) indicated the inevitable and reasonable cost of
biofertilizers (200-240 ETB/hectare) in Ethiopia for legumes. Similarly, Alemayehu (2020)



reported that rhizobium inoculated faba bean producing smallholder farmers in Arsi zone
gained extra yield benefits of 79%, 66% and 42% for faba bean, wheat and barley,
respectively over un-inoculated faba bean cultivation. As indicated by Argaw (2012), co-
inoculation of soya bean with Bradyrhizobium japonicum and Pseudomonas spp. resulted
higher seed yield/ha (2226) and seed weight (48.3 g) over chemical fertilizer application that
resulted 1912 seeds/ha and 46.7 g, respectively. Since P substrates are not easily replenished
for chemical fertilizer production, it is highly recommended to dissolve and solubilize
phosphate compounds in the soil. PSB serves as an eco-friendly farm input as a supplement
or alternative to synthetic fertilizer (Kalayu, 2019). Ammar et al. (2023) and Jehangir et al.
(2017) also indicated that biofertilizers can replace chemical fertilizers since they are easily
renewable, less expensive, and help farmers to practice organic farming and fostering harmful
chemicals free environment. Similarly, Nosheen et al. (2021) indicated that at optimum
conditions PSB have a potential to access 30-50 kg P>Os/ha which improve production 10-
20%. Lemessa and Zeller (2007) also reported that Pseudomonas strain APF1 and Bacillus
subtilis strain B2G reduced tomato bacterial wilt incidence at 45 days of transplantation by
73% and 63% and at 57 days of transplantation by 53% and 52%, respectively under
greenhouse trial. Tomato inoculation with B. cereus BCLAW and P. putida PP3WT
significantly reduced bacterial wilt incidence 46.8% and 44.7%, respectively at greenhouse
trial (Kurabachew and Wydra, 2013).

It should be clear that not only replacing or preeminent percentage contribution but also 1-5%
agrochemical practice lessening through bioinoculant practice would have enormous benefits.
In agreement, Ahemad and Kibret (2014) reported that 2-5% of rhizobacterial re-inoculation
exert beneficial effects on plants growth. Consequently, screening competent strains and
inoculating them to enrich them in these target arcas’ farm is strongly advisable and
productive in many aspects. In line with production advantages, the final inoculant products
are affordable, easy to handle, transport, and apply, especially for smallholder farmers.
Besides screening efficient strains (active, competent and non-toxic) (Raimi et al., 2021), it is
crucial to apply other supplementals (possible P sources) for fruitful symbiotic effectiveness

and improved production.

1.2 General Objective:

e« To contribute to the development of biofertilizer technology and knowledge in

Ethiopia and enhance productivity and fertility of tomato.



1.2.1 Specific objectives:

o Assessing farmers tomato production trends and agrochemical application experience,

e Screening potential P-solubilizing bacteria from rhizosphere soils,

o Characterize the 10 selected PSB isolates morpho-biochemically, and molecularly
(DNA Sequencing) and taxonomy identification,

« Evaluate the efficiency of selected PSB strains using tomato plants at greenhouse and
open field conditions,

o Crop host range test for the selected PSB strains at field level,

o Antagonistic effect evaluation against tomato late blight (Phytophthora infestans)

using dual-inoculation on agar plate and tomato plant at greenhouse conditions.

1.3 Thesis Structure

This thesis is structured in accordance with Figure 1.3, and the overall procedural lab-to-field
efforts (hierarchical activities) to screen and develop the current potential biofertilizers and
plant-growth promoters are best illustrated in Figure 1.4 except for step six in the figure
(product development for consumers). The thesis consists of seven chapters. Chapter 1 (this
chapter) presents the general introduction, objectives, and structure of the thesis. Chapter 2
describes the results of the survey and onsite farm visits about the production system at Koka,
Meki and Ziway Zuria, types of frequently cultivated crops, sources of land and water,
agrochemical and biofertilizer utilization experiences, tomato production, and farm
management. Chapter 3 demonstrates the laboratory techniques and results in the isolation,
screening, and characterization of the selected potential PSB strains. Chapter 4 discusses a
greenhouse pot experiment on tomatoes that are treated with synergetic applications of 10
selected PSB strains and possible P-sources (TCP, AIP, AmP, BM, compost, and fertilizer).
Chapter 5 illustrates the experiment conducted at open field conditions on tomatoes under
co-inoculation of PSB strains and possible P substrates (compost, BM, fertilizer, and a
mixture of 50% compost and fertilizer recommended rate). Chapter 6 presents the host range
trial confirming the strains symbiotic interaction/effectiveness against different crops (maize,
wheat, onion, faba bean, and kidney bean) at field conditions. Chapter 7 portrays the overall
summary and conclusion (i.e., highlights the main issues and findings) of the thesis as well as

future perspectives and recommendations for similar research works.
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CHAPTER TWO

2. ASSESSMENT AND ONSITE-FARM VISIT REPORT ON TOMATO
PRODUCTION TRENDS AT KOKA, MEKI, AND ZIWAY ZURIA

ABSTRACT

Tomato is one of the top-grown nutritious vegetables in Ethiopia; nevertheless, production is
low compared to other tomato-growing regions. Lack of improved varieties, soil fertility
maintenance, irrigation systems, farming systems, diseases, and pest management are some
of the limiting factors. Smallholder farmers produce tomatoes as cash crops because of their
rapid production, multiple harvests, and profitability. This survey was conducted in the Rift
Valley scheme, specifically around Koka, Meki, and Ziway Zuria, which are known for
vegetable production and agrochemical consumption. The survey aimed to assess small-scale
farmers’ experiences with tomato production, disease and infestation control, agrochemical
application, and soil fertility maintenance. According to the respondents, 0.5-8-hectare farms
were used for tomato production, and most (83%) of them rent the land on short-term
contracts from landowners. Different parts of the tomato were infected by various pathogens;
thus, leaves and fruit fungal infections caused severe damage. Since tomatoes are sensitive to
stress, they require continuous follow-up, supplements, protection, proper harvesting, and
handling. Farmers applied different agrochemicals; however, most of them practiced
inaccurate doses, rates, and timing, which encouraged repeated sprays. Poor agricultural
practices were observed at the three sites, with the poorest farm management practices
observed at the Meki site. It is important to practice proper agricultural inputs, reduce
hazardous chemical residues, and protect humans and the environment. Moreover,
developing IPM technology is recommended for better agricultural production and
sustainability. Future work should practice correct treatment with accurate dose and rate
based on proper soil analysis and specific pathogen identification, incorporate competent
bioinoculants to improve production, soil fertility, environmental health, and to minimize
production costs. Efficient strains would be screened based on their multi-dimensional
benefits in nutrient access, plant growth promotion, resistance induction, antagonistic to
phytopathogens, and local environment adaptation. For fruitful outcomes, screening from the

local environment and target crop rhizosphere is highly recommended.

Keywords: agrochemical, environment, infestation, smallholder, tomato
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2.1 INTRODUCTION

In Ethiopia, two major tomato production systems are practiced: open field production (the
main production approach for local market and industries either using rainfed or irrigation)
and limited greenhouse production (Tsehaye et al., 2020) targeted for the export market. The
majority of fresh tomatoes are produced by smallholder farmers (Abera et al., 2020). Limited
garden production (Mersha and Sime, 2022; Gemechu and Beyene, 2019) using small-sized
and low-yield local varieties is also practiced in different parts of the country for household
consumption with a minimum commercial contribution. The average daily vegetable
consumption experience in Ethiopia is low; therefore, tomato production enhancement has a
positive contribution to health, nutritional content, and a balanced diet (Depenbusch et al.,
2021) for the community. Its production and commercialization are increased from time to
time (Tsehaye et al., 2020; Gemechis et al., 2012; Lemma, 2002) because of potential income
generation, especially for smallholders (Bahilu et al., 2020). It is produced both in wet and
dry seasons; however, maximal production is reported in dry seasons using irrigation (Begna,
2018). It is also stated that tomato production was positively influenced (increased berries
and fruit weight per plant) by irrigation (Gemechu and Beyene, 2019).

Due to many factors, tomato production in Ethiopia is very low as compared to other tomato-
growing regions (Asfaw, 2021; Bahilu et al., 2020; Tsehaye et al., 2020; Gemechis et al.,
2012). Low agricultural productivity results in food shortages and poverty, minimizes
farmers’ income, and affects the country’s economy (Abera et al., 2020). Low access to
improved varieties (Gemechu and Beyene, 2019), lack of agricultural technologies (Bahilu et
al., 2020), lack of knowledge and skill, diseases and pests, environmental-related risks, poor
production management, capital limitations, fruit perishability, and market and transport
constraints are some of the limiting factors (Mersha and Sime, 2022). Despite these
constraints, smallholder farmers have poor efficiency in managing their resources
(Weldegiorgis et al., 2018), including water, land, fertilizers, labour, and time. Production
intervention is needed for the introduction and adoption of proper agronomic practices as
well as water consumption techniques (Alemayehu et al., 2010). The Ethiopian agricultural
minister and research institutions have a vision to benefit people engaged in agriculture and
agri-related businesses with improved and appropriate technologies. Improved and
appropriate agricultural technologies increase productivity and quality and sustain food

security, economic development, and natural resource conservation (Tsedeke, 2007). Plenty
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of agrochemicals have been applied on farms to enhance soil fertility (Simtowe, 2015),
reduce pathogens (Mergia et al., 2021), and promote plant growth. These agrochemicals
include fertilizers, pesticides (Mars and Ballantyne, 2004), fungicides, bactericides,
herbicides, nutrient supplements, and growth-promoting substances.

Crop production is limited at low available nutrients in soil as a result, balanced fertilizers
application is important to increase plant available nutrients, plant uptake and yield
(Bhattacharyya et al., 2015). Similarly, application of pesticide (chemical or biological agent)
helps to deters, incapacitates, Kills, or otherwise discourages pests to protect plants or plant
products from harmful organisms (Singh and Singh, 2019; Mars and Ballantyne, 2004;
Federal Negarit Gazeta, 2010). Pesticides are safe to control pests and diseases, but most
smallholder farmers are accompanied by misuse (Mergia et al., 2021; Mengistie, 2016),
which results in health as well as environmental effects (Alemayehu et al., 2010). Similarly,
fungicides have vast applications in agriculture to kill or prevent (Worku and Sahela, 2018)
the growth of fungi and fungal spores. They are important to protect young plant parts,
mature vegetables, and fruits, and to enhance seed storage nonetheless, they are dangerous to
humans and the environment. Almost all agricultural inputs are imported from abroad, both
by private and public/government companies. Under the current constitutional arrangements,
the Ministry of Agriculture (MoA) and its counterparts in the Agriculture Bureau play a
pivotal role in regulating, implementing, and monitoring pesticide policies, registration,
importation, distribution, and use (Mengistie, 2016). It is necessary to assess, control, and

take proper measures to minimize the negative outcomes of these products.

Currently, irrigation farming shows a progressive increment, especially in the Rift Valley
scheme (NBWRA, 2021), which includes Koka, Meki, and Ziway districts. Vegetable
production excelled in the area because of the conducive environment, resources, and relative
availability of agricultural inputs. Tomato is one of the main vegetables known for its
production and intensive agrochemical (fertilizers, pesticides, and fungicides) consumption.
The relative productivity, irrigation suitability, manageability for farming, market outlet, and
agroecological adaptation promote smallholder farmers to produce tomatoes in these areas. In
Ethiopia, especially in the Rift VValley and Awash River basin, tomato production (Gemechis,
2017) is exponentially grown because of its high income generation (Worku and Sahela,
2018), fast growth, presence of fertile soil, water resource, conducive environment (Abera et

al., 2020; Lemma, 2002), irrigation practice, suitable landscape, transportation access, and
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geographical proximity to the main road line as well as to the capital Addis Ababa are some
of the countable good opportunities for smallholder farmers to produce tomato and other

vegetables in these areas.

Since tomatoes are sensitive to different stresses, vulnerable to attack, easily perishable, and
fragile, they require considerable follow-up and management, starting from land preparation
until final fruit handling and farm waste disposal. Therefore, this survey and on-farm visit
was conducted to assess open-field tomato production trends, farmland sources, disease
management practices, fertilizers, and other agricultural inputs and application experiences
around Koka, Meki, and Ziway Zuria. Hitherto, investigations underlined that smallholder
vegetable-producing farmers in Ziway and Meki districts are the most pesticide and fungicide
users in Ethiopia (Mengistie, 2016; De Putter et al., 2012; Alemayehu et al., 2010). Mergia et
al. (2021) also elaborated on the intensive spraying and the related human health impacts of
pesticides by small-scale vegetable producers. Having up-to-date information on the practical
production system and cultivation practices on the ground is helpful in improving production,
revising technology and regulation, implementing interventions, and minimizing limitations
and gaps. This survey gave good feedback and responses about smallholder farmers’ tomato

production experience and appeal to applying bioinoculants.

2.2 METHOD OF APPROACH
2.2.1 Study Area

This on-farm survey was conducted in the Rift Valley scheme, specifically around Koka,
Meki, and Ziway, Ethiopia (Figure 2.1). The areas are located near Koka Dam, Meki River,
and Ziway Lake, with midland (Weyna dega) agroecology, a semi-arid climate with biannual
rainfall, alongside mixed agriculture production (Girma and Awulachew, 2007). The main
soil type is sandy loam, which experiences salinity and alkalinity problems. Sites were
selected because of significant tomato production experience and geographical proximity for
transportation (Mersha and Sime, 2022). Due to its cultivation expansion, nutritive value,
sustainability, potential cash crop (Worku and Sahela, 2018), employment potential, market
outlet, and adaptability for diverse agroecology zones (Tsedeke, 2007), tomato was selected
for this research project. Tomatoes are one of the most intensive agrochemical-demanding
cash crops. Most commercially productive varieties are highly sensitive to disease and

vulnerable to nutrient deficiency and other abiotic stresses. Therefore, in this specific report,
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the information and elaboration were limited to tomato production and agrochemical

consumption, including fertilizers, fungicides, and pesticides at the three sites.

2.2.2 Data Collection Method and Tools

Primary data were collected using formal and informal survey/on-farm visit (i.e. semi-
structured questionnaires, direct field observation, interview, and informal discussions). In
this assessment, both cropping seasons (Meher/wet season and Belge/dry season) were
included in 2012 E.C., and almost all tomato field growing processes were observed. These
include land ploughing, preparation, tomato transplantation, weeding, tying or stalking,
agrochemical practices, fruit harvesting, transportation, as well as agro-waste and
waste/leftover disposal. Totally, 70 purposively random selected tomato producers and active
tomato-cultivating farmlands at Koka, Meki and Ziway Zuria were targeted for data and
sample collection. Multistage purposive random sampling procedures including target crop
cultivation, area, production status, presence of farmer/s in the farm by the time of data
collection, and the likes. The collected data were presented in tables, figures, and pictures,
then explained and discussed in conjunction with other related works whereas the collected

rhizosphere soils were subjected for PSB isolation.
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2.3 RESULTS AND DISCUSSION

In this survey, 70 active tomato-producing respondents participated from the three sites (12,
43, and 15 respondents from Koka, Meki, and Ziway Zuria, respectively). Beside these
formal respondents, the information was improved by informal interview and discussion with
farmers, daily labourers, storekeepers and retailers, car drivers, traders, and agricultural
extension experts. Most of the respondents were in the age category of 25-45, but a few
participants were below 25 and above 45 years old. In agreement, Mersha and Sime (2022)
indicated that younger age groups (on average 37.33 years old) engaged in tomato production
while the elder groups of farmers involved in less risky production like onion, cabbage and
annual crops in Ziway Dugda district. More than half (53%) of the current respondents were
married; the remaining were single and divorced. The marital status of the current study
figure less than the report of Asfaw (2021) that 66% of tomato producers in Asaita district

were married.

Farmlands in the study sites are fundamentally used for cereal production in the major
cropping (wet/meher) season and vegetable production in the dry/belge season using
irrigation (De Putter et al., 2012). Similarly, different authors have reported that smallholders
in the Central Rift Valley produced different crops and vegetables (like tomato, onion,
pepper, potato, cabbage, and others) (Abera et al., 2020; Mengistie et al., 2015) in the wet
(meher) season and used irrigation in the dry season (Mersha and Sime, 2022). Most of the
time, smallholder farmers (basically landowners) produce crops in the rainy season (CSA,
2020) and rent the land during the dry season (Alemayehu et al., 2010). Generally, major
crop production chronologies are listed as maize, tomato, onion, teff, wheat, and cabbage.
However, these three study sites were similar in the primary production of maize;
nevertheless, certain variations were observed in the list of other cereals. For example, teff
and wheat were produced more in Meki and Koka; however, kidney beans, green beans, and

barley were more prioritized in Ziway Zuria.

Previous reports indicated that most of smallholder farmers in Meki and Ziway districts used
their land for vegetable production (Mersha and Sime, 2022; Abera et al., 2020; Mengistie et
al., 2015). It was found that tomato production was practiced on different farmland sizes (0.5-
8 hectares); thus, the majority of the respondents produced on < 3 hectares (Table 2.1).

Mergia et al. (2021) reported supportive information that small-scale farmers practiced
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vegetable production up to 10 hectares in Ziway Zuria. The current finding shows that
smallholder farmers practiced on wider farmlands as compared to other smallholder tomato-
producing districts in Ethiopia. For example, Bahilu et al. (2020) reported that farmers
allocate 0.2-0.25 hectares for tomato production in Silte zone; Asfaw (2021), reported
smallholder farmers used 0.23-3 hectares at Asaita district; and Weldegiorgis et al. (2018)
reported 0.13-4.75 hectares at Hintalo-Wajerat district. Most (83%) of the respondents rent
farmlands in the short-term contract agreement for dry-season production. Landowners rent
the land for different reasons, including lack of capital to purchase agricultural inputs (De
Putter et al., 2012), lack of technical skills, being preoccupied by land rent extra costs, poor
motivation, failure to avoid traditional agricultural practices, to avoid production risks or
challenges, irrigation, pest management, and market finding (Mersha and Sime, 2022). They
used a simple traditional rainfed cropping system and were satisfied with the extra income
from rent in the dry season. They didn’t want to invest their energy and money in irrigation
farming instead, they preferred the safe rent of the land. Almost all land rent was subject to
contract until the rainy season comes, most probably ending at the end of May or early
June. However, Mergia et al. (2021) stated that 61.9% of small-scale farmers in Ziway Zuria
rented for 3-5-year contracts. They can produce tomatoes and other vegetables once and/or

twice per season using irrigation.

Furthermore, landowners benefited from the tenant’s elevated rate of fertilizer application
residuals with a plus of deep soil ploughing with tractors (Alemayehu et al., 2010). Since
agriculture is the main sector for their livelihood, they prepared to rain-fed season crops that
were basically used for household consumption and somehow for commercial crops. Once
they complete harvesting, they immediately rent the land to interested producers until the
beginning of next summer. With this common understanding, the two parties will sign the
agreement with no boundary for the types of crops to be planted. However, tenants who were
subjected to producing tomatoes inquired at least a year back history of the land, such as what
kind of crop was harvested, the status of farm productivity or fertility and access to water.
Tenants explained the reason that if the land continuously planted tomatoes, green peppers,
and potatoes, the productivity of the new tomato planting and fertility of the land
deteriorated, as well as enhanced pest infestation. This indicates a good understanding of
spores and cysts hidden in the soil from the previous plants and aggressively invading the
new plant, which required extra expense for treatments. In addition, if the land repeatedly

produced tomatoes, which is the most exhaustive agrochemical consumer, severely, the
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previous applied dosage of chemical residues would affect the new young tomato plant
(phytotoxicity), and as a result, production would be lessened. HGIC (2021) also explained
that tomatoes and related vegetables like potatoes and pepper should not be cultivated on the
same land more than once in three years. Therefore, previous cultivation history, access to

water and productivity play a pivotal role in the determination of the rent price.

Table 2.1: Land and water resource access for tomato production.

Items Response No. of respondents (%)
Tomato producing land in 05-15 34.3
hectare 15-3 40
>3 25.7
Source of land Rent 82.9
Own 17.1
Tomato production per year Once 42.9
Twice 57.1
Source of seed and agricultural Private Sector 80
inputs Gov’t/(Associations) 20
Access to water for irrigation Underground 38.6
River 17.1
Lake and Dam 35.7
Use only rainfall 8.57

Small-scale farmers are interested in tomato production more than other vegetables (Lemma,
2002) because of rapid growth, multiple harvests, profitability, and market access (Abera et
al., 2020; Tsehaye et al., 2020). In support of this, Bahilu et al. (2020) stated that smallholder
farmers produce tomatoes as a cash crop. Similarly, Depenbusch et al. (2021) demonstrated
that vegetable production is considered a good source of income generation in sub-Saharan
countries. In contrast to this, Mersha and Sime (2022) have found that elder tomato and onion
producers forced to shift to other vegetables and annual crops production because of high-
cost requirement for inputs and being risky business. In agreement to Tsehaye et al. (2020),
tomatoes were produced both in wet and dry seasons; however, significant production was
held in the dry season. Likewise, Gemechu and Beyene (2019) demonstrated a positive
correlation between irrigation and tomato productivity. Similarly, Gemechis et al. (2012)
reported that an elevated tomato production and productivity was recorded in the late
February—June cycle. Several contributing factors mentioned by the farmers during the
wet/rainy season including: 1) the land used for cereals (maize, teff, wheat, beans, and others)
production primarily for household consumption; 2) disease infestation (excessive moisture
in the wet season affects vegetable production, including tomato, due to strong diseases and

insects’ outbreaks that required exhaustive and repeated chemical application); 3) difficulty
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in continuous supervision and follow-up of tomato plants; and, in some cases, a lack of
transportation access. In support of this, Gemechis (2017), indicated that wet season tomato
production affected by fungal diseases, weeds and nutrient stresses. Irrigation is basically
done manually with surface water (accessed from rivers, dam or lake), or underground (Table
2.1) using generators and gravitation. Koka Dam, Lake Ziway, Meki, and Dambal Rivers
were the main surface water resources. Similarly, Mersha and Sime (2022) indicated that
Meki River, Ziway lake, Awash River and their catchments are the main water sources for
irrigation. On the other hand, it was observed that farmers dug 8-20 m holes to access
underground water. However, Weldegiorgis et al. (2018) reported that tomato growers using
irrigation systems were found to be inefficient in resource management, including water and

economic achievements.

2.3.1 Soil Fertility Maintenance

Adoption of modern inputs like improved seeds, fertilizers, insecticides, fungicides,
herbicides, access to irrigation, and other resources, along with proper management, played
significant roles in agricultural transformation and productivity (Tamru et al., 2016). Soil
nutrients can be enhanced for better crop yield by applying well-composted farmyard
manure, synthetic fertilizers (Lemma, 2002) and bioinoculants. Fertilizers are the main farm
inputs. As indicated by Mersha and Sime (2022), excluding other costs, urea and DAP
fertilizers required 5303.18 and 7291.95 ETB/ha, respectively for tomato production.
Fertilizer dose and type recommendations vary (Simtowe, 2015) based on soil chemistry,
crop type, method of farm practice, stage of the plant, and cropping season. Tomato
production requires optimal fertilizer application at the different growth stages and phases,
starting from early to late growth (flowering and fruiting) (Lemma, 2002), along with an

appropriate water supply for maximal yield and profit.

In the study areas, exhaustive synthetic chemical fertilizer application was observed. All
tomato-producing farmers supplemented soil fertility with different fertilizers such as urea,
DAP, and other mixed nutrients, including NPK (like Agri Care), NPS, Eco Green, nutrient
feeds (Table 2.2) and other supplements along with biocontrol like Sniper (water-soluble
fertilizers containing humic acids for mite biocontrol and rich in P, Mg, and Br). Similarly,
Girshe et al. (2018) indicated that chemical fertilizer is one of the main production factors

yet, unwise and excess rate application practiced for tomato production in Central Rift valley,
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Ethiopia. A survey from CSA (2021) showed that commercial tomato farmlands were applied
1.8 quintals per hectare. However, most of our respondents observed incorrect fertilizer
timing, dose/rate, and application procedure. In some farms, fertilizers were applied below
the recommended rate, whereas in most farmlands, they were applied at an elevated dose.
This is because most tomato growers were tenants; as a result, they assumed that maximizing
fertilizer application would enhance their production and productivity. Thus, field and farm
observation indicated that young tomato plants showed deformed and depleted growth due to
fertilizer doses (usually urea) and poor irrigation management. For example, very high urea
was applied in one of the observed Meki farms that strongly challenged the plant (Picture 2.1
C). In line with this, a preliminary survey conducted in the Rift VValley Region by the Adami
Tulu Research Centre in 2010/11 cropping season confirmed that farmers applied 400 kg ha*
urea. A supportive statement by Begna (2018) also demonstrated that high fertilizers and
overuse application were observed in the Rift Valley Region for vegetable production, yet
most fertilizers possibly lost due to runoff water and leaching. Similarly, Abebe et al. (2022)
reported that 50% of N-fertilizer goes to water bodies, evaporation, and reaction with organic
compounds in soil. In addition, farmers applied fertilizers with no comprehensive soil fertility
information (Lemma, 2002). Nevertheless, none of them applied compost or biofertilizers by
the time of data collection and farm visit. This might be due to a lack of awareness,
limited/no access, infestation fear, uncertainty about the practical potential, and short-term
land rent and contract agreements. Furthermore, all of them showed their willingness and
gave positive responses to apply bioinoculants (biofertilizer, plant growth-promotor and

biocontrol) if they offered competent, well-evaluated, and effective strains (Table 2.2).

Table 2.2: Fertilizers application experience.

Item Response | No of respondents (%)
Fertilizers application experience on tomato farm Yes 100
No -
Types of fertilizers used by smallholder farmers Urea 100
DAP 100

Others | 25.7 (NPK, NPS, feed,
Ecogreen, nutrients)

Bioinoculants Biofertilizers and PGPR Yes -
application experience No 100
Biocontrols application Yes 4.3
experience No 95.7
Willingness to apply Yes 100
Bioinoculants No -
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Among the three sites of on-farm observation, Meki site had the poorest farm management
practices (plantation, weeding, diseases, and pest management), poor agrochemical application
(type, dose, timing, and method of implementation), poor tomato production, and harvesting,
poor market exploration and agro-waste handling (Picture 2.1). For example, in one
observation, overdose urea and inappropriate watering were applied, and plants were
challenged as well as withered (Picture 2.1C). In other observations: 1) liquid fertilizers were
diluted beyond the recommended rate; in some cases, improper mixing resulted in solid
precipitation and residues; 2) fertilizers were applied by daily labourers manually by hand
therefore, uneven distribution to plants and rows was common, 3) application time was
random; they didn’t consider the plant age; and 4) following fertilizer application, labourers
used poor watering and irrigation system and released excess water, which could wash the
nutrients before plants absorb them, and the like.

Improved seeds play substantial roles in elevated production and productivity (CSA 2021).
Similarly, Yeshiwas et al. (2016) indicated that tomato yield and fruit attributes are affected
by seed varieties. Most smallholders accessed tomato seeds primarily from private sectors
and a few farmers used to buy from the government or farmers cooperatives/associations
agricultural input supply agencies. Most (80%) of the farmers preferred private sectors (Table
2.1) for ease access, sufficient supply, advantage of efficient varieties, business competency,
cost management, on-time delivery, and nursery capacity. Similarly, Mersha and Sime (2022)
reported that 72.61% of smallholder farmers purchased tomato seed from private sectors,
7.64% from government while the rest of them accessed from local market and own source.
Contradicting result reported by Tamru et al. (2016) that smallholder farmers purchased
about 68% of herbicides, 64% of insecticides, and 51% of fungicides from the private sector,
whereas 84% of chemical fertilizers and 87% of improved seeds came from the government

sector.
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infestation; B: poorly

Picture 2.1: Tomato on-farm observation (A: leaves and fruits diseases

managed farm; C: overdose fertilizer (urea) and water application; D: post-harvest

management).
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2.3.2 Seedlings and Transplantation

In the study areas, two familiar tomato varieties (Galilee (Mersha and Sime, 2022) and
Hawassa) were widely grown due to their potential productivity and relative resistance.
These varieties were chosen based on their previous production experience and/or neighbour
tomato growers’ recommendations. Frequent tomato seed items of preference include
resistance, fruit shape, size, and marketable fruit yield. The Galilee variety was considered
even more advanced in diseases, drought, and insect resistance, more productive in the dry
season, and has high market demand due to its fruit appearance over the Hawassa variety.
Local fresh tomato market acceptance depends on shape, colour, size, quality, and storability
(Abera et al., 2020; Lemma, 2002). According to the respondents, Hawassa variety was more
productive, especially in the wet/rainy season, but strongly susceptible to diseases, requiring
long days of maturation and poor market demand due to fruit shape and appearance.
However, research conducted in 2015 in different districts, including Koka and Ziway, by
Gemechu and Beyene (2019) showed that the Hawassa variety was preferred over other
hybrid varieties because of its good marketable yield, fruit size, and extended shelf life,

whereas Galilee had an equivalent fruit size and rational fruit number.

Most of our respondents used nursery-grown (2-3 true leaves and 12-15 cm in length) young
tomato plants from delivery agents or suppliers. Farmers preferred transplantation for two
basic reasons. The first reason is that, compared to direct seed sowing, nursery plants are easy
to manage, enhance viability, growth, and maturation success, as well as shorten production
time. Our observation and the practical farmers’ experience confirmed that more than 80% of
transplanted tomatoes succeeded in plant regeneration together with the successful
establishment of plants, except for a few transplantation shocks. The second reason is that
direct seed sowing has a germination risk or challenge, vulnerable to bird and disease attack,
requires long maturation days, subjected to possible seed loss, etc. However, Lemma (2002)
reported that direct sowing revealed some important features, like better fruit production and
15-20 days earlier maturity than transplanted tomatoes, but then required continuous
irrigation and weeding. Producers have sufficient understanding and experience of

windbreaks, staking with cheap ropes, and trying to maintain plant and row spacing.
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2.3.3 Disease Outbreaks and Management

Different parts of tomato were attacked by various organisms. Tomato root, stem, leaf, and
fruits can be infected by different organisms (HGIC, 2021), including fungi, bacteria, viruses,
nematodes, flies, insects, and higher animals. Even though the time of incidence and duration
of infections varied, all the respondents were challenged by repeated tomato disease
occurrences (Figure 2.3). In fact, open-field farm production showed higher disease incidence
and damage than controlled systems (Sotelo-Cardona et al., 2021). Diseases spread
accelerated by temperature, humidity, wind, and rain (HGIC, 2021). All parts of tomato (root,
stem, leaf, and fruit) were infected by several pathogens; however, fungal infestation (Figure
2.2) took the lion share in production loss. According to our respondent’s tomato leaves and
fruit infestation (Figure 2.3 and Picture 2.1A) caused severe damage to production and the
economy. In consistence, Gemechis (2017), indicated that late blight (Phytophthora
infestans), Fusarium wilt (Fusarium oxysporum), pests and weeds were the main factors for

tomato production in Ziway area.

Farmers sprayed different pesticides and fungicides repeatedly to respond to the pathogens
and pests, starting from the early plant stage to the final harvesting. Similarly, Mergia et al.
(2021) reported that small-scale vegetable farms consuming intensive fungicides and
insecticides in Ziway area. Pesticides are considered a good, economical, and safe plant
protector, coupled with enhancing farm products (Singh and Singh, 2019). They are used
massively around the globe (Mars and Ballantyne, 2004). In Ethiopia, pesticides imported by
private and public companies (Mengistie, 2016) and their applications increased
exponentially. Despite the fact that prices are high, farmers frequently use broad-spectrum
pesticides and fungicides. Farmers increased pesticide application and imposed a negative
impact on the environment and human health (Mergia et al., 2021; Singh and Singh, 2019).
For instance, CSA (2021) described commercial farmlands in the meher season as having
applied different amounts of chemicals (herbicides (32.2%), pesticides (31.8%), and
fungicides (35%), respectively, to mitigate and control pests. Since farmers couldn’t tolerate
plant infestations, they heavily relied on pesticides. Smallholders’ application patterns are
more complicated as compared to those of commercial farmers (Mengistie et al., 2015). It is
crucial to take strict measures as well as develop a proper diagnosis, rate, and schedule to

reduce residual toxicity.
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Common tomato diseases causing agents

%

Figure 2.2: Common pathogens observed at Koka, Meki and Ziway Zuria tomato farms.

The current on-farm observation confirmed that different pesticides and fungicides were
heavily applied. Some of them include BOSS 72% (fungicide recommended for potato),
Cuppercide, Mancozeb, More 720 WP (fungicide recommended for potato late blight),
Omaxim (fungicide recommended for potato late blight), Mancolaxyl 72% WP (fungicide
recommended for variety crops including tomato), SNIPER LFR (liquid fertilizer and control
pests), Fungicide Famoxadone 22.5% + Cymoxalin 30% + WDG Dolar 52.5%
(recommended for late and early blight of potato and tomato), and Revolution 325SC
(fungicide recommended for onion). Farmers used their previous knowledge, tentative
guesses, and other farmers recommendations to identify infected plants and plant parts,
determine which type of pesticide could be applied, and determine the duration of the spray.
A supportive report by Mergia et al. (2021), demonstrated that 34% of small-scale farmers
followed their previous experience, and 47.5% communicated with other farmers to apply
pesticides. However, a contradictory report from Weldegiorgis et al. (2018) demonstrated
that 69% of tomato-producing smallholder farmers in Hintalo-Wajirat district didn’t exercise

pesticides.
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Figure 2.3: Commonly infected tomato plant parts at Koka, Meki and Ziway Zuria farmlands.

Furthermore, smallholders consulted and contacted agrochemical retailers, traders, and other
tomato producers, but received limited consultation from agricultural experts. This might be
due to inaccessibility, unapproachability, unavailability, lack of motivation, poor farm visit
experiences, poor consultation experiences, and follow-up by experts. However, in other
parts of Ethiopia, such as in Silte Zone, tomato producers showed better (4-7) contact and
consultation experience with experts per production season (Bahilu et al., 2020). Respondents
in the current study thought that underestimated contact and consultation experiences with
agricultural experts on improved farming systems, agricultural technologies, and policy and
strategy opportunities hinder their production and profit. Supportively, 32.7% of tomato
producers at Ziway Dugda area have no contact with extension agent (DAs or agricultural
expertise) (Mersha and Sime, 2022). It is known that most Ethiopian farmers are not
academically well educated, lack self-help in gathering information from readings, and are far
from updated agricultural technologies. The majority of them are forced to rely on their
previous experiences, follow similar farming systems, struggle to adopt new technologies,
stick to the traditional farming system, and are dependent on natural rainfed production. That
is why the government made available resources for farmers like development agents,
extension packages, and agricultural inputs to modify farm styles and improve productivity
(CSA, 2021). Frequent extension contacts and visits improve farmers’ capacity and
understanding of new technologies, practices, and agricultural inputs to enhance their
production efficiency (Asfaw, 2021). This is because education empowers existing

opportunities and more advanced technologies (Weldegiorgis et al., 2018; Bahilu et al.,

28



2020). Farmers who have extension service access have better farm practices, including smart
agriculture (resource management, integrated farming, adopting low-cost technologies,
irrigation, post-harvest technology, mitigating climatic changes, and adopting an
environmentally friendly approach) (Kifle et al.,, 2022). For better production and
productivity, the adoption of improved technologies is in contexts such as changing crop
type, adopting improved varieties, reframing planting time and season, improving

conservation, and irrigation (Kidane et al., 2022).

Pesticide spraying is done by daily labourers with very limited or no special technical
trainings. No farmers were found to follow the correct scientific infestation diagnosis
techniques and the respective pesticide rate application. In line with this, Mergia et al. (2021)
reported that most (64%) of small-scale farmers at Ziway Zuria didn’t follow the standard
dosage. Farmers follow traditional diagnosis and trial-and-error treatment, with a plus or
minus indefinite (either below or above the recommended) rate application. It was observed
that some of them sprayed very diluted chemicals (to minimize cost and cover a wider
farmland area), whereas in some other fields very strong chemicals were sprayed
(concentrated doses sprayed in the assumption of urgent recovery of the infected plant). In
either of the indeterminate chemical amount, applications succeed, yet they result in
economic loss and damage. An underestimated amount of chemical application reduces the
efficacy of pesticides, requires spray repetition, and induces strange and resistant strains. On
the other hand, overrated chemical application results in cost loss, plant injury, land-

productivity loss due to residue deposits in the soil, environmental damage, and health risks.

Like biofertilizers, tomato producers have no exposure to biological controls (inoculants). It
is underlined that improved agricultural inputs and resources should be presented to
smallholders to achieve optimal production (Weldegiorgis et al., 2018) in line with
sustainable environmental protection. In the first place, sufficient community awareness was
not created; in the second place, there was no efficient biocontrol evaluated under different
conditions and promoted very well. The respondents have shown keen interest and
willingness to apply effective bioinoculants (Table 2.2) if the inoculants confirmed efficacy
and adaptation under local agroecology. One biocontrol field trial on tomato by PAN
Ethiopia was undertaken in Ziway, and visited the research progress. The trial was at the
initial stage of the experiment, but tomatoes were observed to be in severe damage by
inoculated infestation. The objective was to promote natural predators for Tuta absoluta by
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using brewer’s spent grain feed and eco-green fertilizer. Nonetheless, by the time of the visit,
the results were not effective. This might be due to an unbalanced population number
between the prey and predator, the time of the experiment (dry season is not conducive for
most predator insects), moisture and humidity limitations, used substrate (amount and
freshness), human and animal interference (the experiment was conducted in a personal

garden), poor follow-up, very high infestation inoculation, and a poor experimental scheme.

Moreover, smallholder farmers have a good understanding of using windbreaks and building
artificial borders with different materials and/or crops (maize and sorghum) to minimize
tomato disease transmission and biological competitors. Since most of the lands in the areas
were covered with similar crop species, the fence probably minimizes and helps to protect

tomatoes, if not reduces disease transmission via wind, birds, insects, and direct attack.

2.3.4 Harvesting and Agro-waste Management

Mature fruits were harvested and transported immediately to the market. There were no cold
rooms or any storing facilities for freshly harvested tomatoes in the study areas. Apparently,
harvesting is done basically based on the market and transportation availability (Abera et al.,
2020). Marketable, healthy, good-looking ripened fruits were selected and sorted by daily
labourers. Farmers can harvest 4-8 rounds from a single healthy, properly managed farming
system with a potential production increment until the fourth round then fruit yield decline in
the consecutive rounds. The current result agrees with Gemechu and Beyene's (2019) finding,
depending on the varieties used, farmers can harvest 5-6 rounds from open field farms.
According to our respondents, the amount of tomato production varied among the three sites
(in Koka, 60-80 boxes; in Meki, 60—90 boxes; and in Ziway Zuria, 50-80 boxes produced
per hectare). Suppose one box's (Picture 2.1D) tomato weight ranged between 60 and 80 kg;
thus, farmers produced 3-6.4 tons/ha in Ziway Zuria, 3.6-6.4 tons/ha in Koka, and 3.6-7.2
tons/ha in Meki. Boldly mentioned that compared to other tomato-producing regions,
Ethiopian production (5.8 tons/ha (CSA, 2020)) is very low (Worku and Sahela, 2018),
including the irrigated areas, with an average production of 3.5 tons/ha at the Upper Awash
basin and 1.2 tons/ha at the Guder area (Girma and Awulachew, 2007). Many challenges and
contributing factors (Worku and Sahela, 2018) can be mentioned for this low fruit yield, but
there are also plenty of opportunities deemed to be improving the production. Production

improvement is essential to satisfy the ever-increasing market demand and efficient resource
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utilization (land, water, and conducive weather). However, unusual tomato yields were
reported by De Putter et al. (2012), who found that an average of 31.6 ton/ha in Dugda and
16.3 ton/ha in Adami Tulu Jido Kombolcha districts.

First fruit maturation and production varied among the three sites; in Koka, 40-45 days after
transplantation were required, whereas in Meki and Ziway Zuria, 45-60 days were required.
The result is comparable with the of Tsehaye et al.’s (2020) report that fruit ripening was
observed after 40 days of transplantation. These maturation variations might be due to soil
type and content, water quality, environmental conditions, farming systems, and the like. It
was observed that tomato fruits exposed to sun and physical damage during harvesting and
transportation consequently, a substantial fruit have been exposed to sunburn, which
minimizes market acceptability and then lowers the price/cost (Picture 2.1D). Abera et al.
(2020) also indicated that improper harvesting, post-harvest handling, storage, and
transportation are the key constraints for significant tomato fruit damage. This fruit loss
excelled, especially if the market price was very low and different tomato-producing areas in
the country flooded the market, especially in Addis Ababa at the same time. If the market
price is very cheap, farmers dispose of fruits on the farm or near the farm that will promote
infestations (Picture 2.1B) for the rest of the farm and the next phase of production. This kind
of forfeit indicates the absence of stores or tomato processing industries, at least near major
tomato-producing areas. This strongly affects farmers’ economies, motivation, and

production efficiency, as well as the state economy.

Most of the respondents disposed of and mismanaged chemical packing materials, leftover
chemicals (air-opened or poured on the ground), agro-wastes, infected plants, fruits, etc. In
good agreement, Mergia et al. (2021) described that more than 90% of small-scale farmers
disposed of agrochemical packings dumped on the farm without rinsing. Smallholder farmers
became ignorant of weeding in the late harvesting season (Picture 2.1B) then weeds got a
chance to produce and spread seeds in addition to soil mineral depletion. It was also observed
that most farmers failed to control infestations in the late harvesting period. Apparently, it
should be improved farmers practice of rejecting or throwing cracked, infected, and
fermented fruits as well as old or infected plant debris on the farm. This might encourage
pathogens to spread more, produce and hide cysts and spores in soil, and produce more

resilient strains.
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2.4 CONCLUSION AND RECOMMENDATIONS

Tomatoes are highly sensitive to both biological (diseases and infestations) and non-
biological (soil nutrients, salinity, water, and weather) stresses, requiring continuous follow-
up, supplements, protection, proper harvesting, and handling. Therefore, it is better to
maintain the soil with appropriate nutrients based on proper soil analysis, follow appropriate
diseases and infestation control along with specific pathogen identification, correct treatment
with accurate dose and rate application, follow proper agro-wastes disposal, minimize
unnecessary agrochemical practice, protect the environment, and improve farmers awareness
with technical trainings. In future work, it will be better to incorporate competent
bioinoculants into tomato farm practice due to several positive outcomes, including
minimizing production costs, improving efficiency, production sustainability, fertility
maintenance, and environmental protection. The candidate strains should be screened based
on multi-dimensional benefits in nutrient access, plant growth promotion, resistance
induction, antagonistic to phytopathogens, and local environment adaptation. For a fruitful
outcome, isolation from the local environment and target crop rhizosphere is highly

recommended.
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CHAPTER THREE

3. ISOLATION, CHARACTERIZATION AND STRAIN IDENTIFICATION OF
COMPETENT PSB STRAINS FROM RHIZOSPHERE SOILS

Abstract

Phosphorous (P) is an essential element, though the majority of soil P is unavailable for
plants due to fixation with metallic ions (AIP*, Fe3* and Ca?"). Phosphate solubilizing
bacteria (PSB) convert insoluble phosphorous to plant-available forms. Following the plate
screening technique, 10 competent PSB isolates were selected from the tomato rhizosphere.
Isolate Mk-1-25 scored maximum Sl (3.22) with significant pH reduction potential (4.25)
while Mk-13-16 formed the largest colony diameter, followed by the least Sl (2.65) and pH
reducer (5.99). Though speed and level of efficacy varied among isolates, PSB from the Koka
site in general were found to be strong solubilizers (K-1-29, K-10-41, and K-10-27 dissolved
about 260.83, 260.38, and 241.91 ug/ml, respectively) in PVK broth with different P-sources.
Caz(POas)2 was one of the most dissolved P complexes, resulting in the highest (253.46 pg/ml)
dissolution, while AIPO4, FePO4 and bone meal recorded comparable P concentrations
(211.78, 213.23, and 212.69 pg/ml, respectively). Specific substrate-isolate interaction
analysis exhibited significant variation in dissolved P concentration. The majority of isolates
preferred Cas(POas)2-added broth. For instance, K-10-27 dissolved the highest P from
Ca3(POs)2 and relatively lowest from FePOs-containing broth (343.9 and 215.58 pg/ml,
respectively); K-10-41 dissolved 337.9 and 223.38 pg/ml in Cas(PQOs)2 and AIPO. broth,
respectively; and Mk-1-25 recorded the lowest dissolved P (201.96 pg/ml) in Caz(PO4). and
showed good competence in FePO4 and bone meal-supplemented broth. Most strains were
found to be efficient P solubilizers from different P complexes, able to utilize broad carbon
sources, lower medium pH, possibly due to organic acid production, and produce plant
growth-promoting traits. Plate screening is a good technique to isolate potential PSB strains;
however, it should be supported by other techniques, including liquid medium evaluation. K-
1-29, K-10-41, and Z-12-20 are potential candidates to develop biofertilizers and possibly
improve soil fertility in a sustainable manner with an eco-friendly approach. Subsequently,
by verifying their performance under greenhouse and field adaptation, these selected strains
could be applied for tomato and other crops production at Koka, Meki, and Ziway Zuria.
From our findings, we recommend that future work should concentrate on evaluation of these
strains at greenhouse and field conditions and investigate more efficient strains supported by
molecular techniques to develop competent inoculum.

Keywords: Biofertilizer, Phosphorous, PSB, Rhizosphere
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3.1 INTRODUCTION

Phosphorous (P) is an essential nutrient (Nesme et al., 2018; Sharma et al., 2013) for plants
to synthesize cellular structures and biomolecules (Baliah et al., 2016), including nucleic
acids, enzymes, proteins, and phospholipids. It is required for the growth and development
(Kour et al., 2021) of roots, leaves, stalks (Sharon et al., 2016), flowers, seeds, and fruits. P
accounts for about 0.2—0.8% of plant dry weight (Sharma et al., 2013). The accumulation of
P in plant tissues induced genes responsible for developmental and physiological responses as
well as increased floral intensity, yield, and quality (Gomez-Merino and Trejo-Téllez, 2016).
P is found adequately in the soil; however, most (95-99%) of phosphate is insoluble and
inaccessible for plants due to fixation and interaction with metallic elements (Al, Fe or Ca)
(Waday et al., 2022; Wan et al., 2020; Pande et al., 2017; Sharon et al., 2016; Zaidi et al.,
2009; Hariprasad and Niranjana, 2009). Both organic and inorganic forms of phosphorus are
found in soil (Sharma et al., 2013; Yadav and Verma, 2012; Zaidi et al., 2009). Nonetheless,
organophosphorus ranges from 30 - 90% of the total phosphorous, whereas plant-available
phosphorous is limited (0.1% of the total available soil P) (Gomez-Merino and Trejo-Téllez,
2016).

Plants absorb inorganic phosphorous (Naik et al., 2008) that is liberated by solubilizing
microbes (Khudhur, 2017) as well as from supplemented chemical fertilizers (Figure 3.1.1)
(Ahemad and Kibret, 2014). It is strongly precipitated and switched immediately to
unavailable forms for plant absorption (Zaidi et al., 2009). Most of the worldwide soils are
deficient in plant-available P (Kour et al., 2021). Consequently, farmers frequently apply
fertilizers while the soil total P content on the farm is relatively high (Zaidi et al., 2009). P
supplement (Nesme et al., 2018) through chemical fertilizer is a very good option for direct
plant assimilation (Yadav and Verma, 2012); yet it is costive, spendthrift (about 70-90% is
rapidly fixed or highly reactive to precipitate with AI** and Fe3* in acidic and Ca?* in alkaline
soils) (Baliah et al., 2016; Sharma et al., 2013; Zaidi et al., 2009), energy-consuming (Kour
et al., 2021), and environmentally unfriendly (production, transportation and application is
environmentally deleterious). In brief, the economic and environmental pressure of chemical
fertilizers (Fikadu, 2022; Raimi et al., 2017), the deterioration of soil fertility and
productivity, the depletion of high-grade phosphatic rock, and the current concern to feed the
ever-increasing population are driving forces to search for alternative sustainable approaches

and options (Ammar et al., 2023). Therefore, it is necessary to establish a mechanism to

34



access P for plants with an efficient, cheap, and eco-friendly approach for enhanced plant

growth and production.
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Figure 3.1.1: Movement of phosphorous in the soil (adopted from Ahemad and Kibret, 2014)

To resolve plant nutrient deficiencies in a sustainable manner, experts tried to develop
biofertilizers by screening beneficial microbes from different niches. Microorganisms play a
substantial role (Tsegaye et al., 2017) in organic matter decay, the recycling of nutrients (C,
N, P, and K), and the correction of plant nutrient deficiencies (Jehangir et al., 2017). It is
necessary to enrich beneficial microbes in the soil to improve soil fertility and promote plant
growth. A wide range of microbial diversity is found in plants’ rhizosphere (Kour et al.,
2021; Bergelson et al., 2019; Baliah et al., 2016), which is the most biologically active soil
zone. The rhizosphere (15-20 cm diameter from the root) is a hotspot for biochemical
transformation and complex interactions between plants and microbes in the soil (Verma,
2019). The region is rich in root exudates that provide carbon sources (glucose, fructose,
arabinose, maltose, galactose, xylose, oligosaccharides etc), amino acids (like alanine,
asparagine, tryptophane, cystine, lysine, proline, methionine, glutamine etc), organic acids
(citric, oxalic, malic, fumaric, lactic, glutamic, succinic etc), phenolic compounds, secondary

metabolites, and communication signals (attract or repel) to the microbiome (Ahemad and
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Kibret, 2014). The plant releases plenty of root exudates to respond to root-root, root-
bacteria, root-fungi, root-nematode, and root-insect communication (More et al., 2019).
Consequently, significant diversity and abundance of beneficial microbes acclimatize this
fertile root-soil zone (Rafi et al., 2019; Chandra et al., 2018; Karnwal, 2017).

Rhizosphere microbial community structure is the result of interaction and feedback among
plant roots, microbes, and the physico-chemical properties of the soil (Quiza et al., 2023;
Bergelson et al., 2019; Verma, 2019; Zhalnina et al., 2018; Tsegaye et al., 2017). The
dynamic microbial community exhibits heterogenicity due to metabolic activity differences
(Willey et al., 2017). Among the beneficial microbes, phosphate solubilizing bacteria (PSB)
are known for their multidimensional benefits (Naz et al., 2022; Zhang et al., 2021,
Rodriguez et al., 2006) such as accessing plant available nutrients (Mekonennen and Kibret,
2021), trace elements (Zn and Fe), enhancing phytohormone production (Chandra et al.,
2018), promoting plant resistance for different stresses, antagonists to phytopathogens
(Rabbee et al., 2019; Mukhtar et al., 2017; Kurabachew and Wydra, 2013), improving the
overall growth, development, yield, quality (Chen and Liu, 2019; du Jardin, 2015), and water
uptake (Koskey et al., 2021). According to Pandey et al. (2006), PSB exhibited antifungal
activities by producing chitinase, HCN, siderophore, 3-1,3-glucanase, and salicylic acid. They
are also considered biological reservoirs for organic molecules and nutrients (Babalola et al.,
2021). In addition, they are reported to play an important role in immobilization/fixation
(Wan et al., 2020) and the conversion of toxic insoluble precipitates of heavy metals like Cd,
Cu, Cr, Pb, and Zn to bioavailable forms in the soil (Yang et al., 2023; Zhang et al., 2021;
Wei et al., 2018; Mahanty et al., 2017). Likewise, Mohamed et al. (2018) found pesticide-
resistant PSB strains that were persistent in the harsh (loaded with aggressive agro-chemicals)

environment for integrated farm inputs.

Biological soil fertility maintenance, together with proper agrochemical practices, will
provide a fruitful and sustainable production system (Koskey et al., 2021). Several soil
microorganisms particularly many bacteria, protozoa, fungi, and actinomycetes, play an
important role in correcting plant P deficiency (Liu et al., 2023; Quiza et al., 2023; Chandra
et al., 2018; Behera et al., 2014). Bacteria are predominant P-solubilizers and proved to be
more effective than fungi (Rafi et al., 2019). They will be able to improve plant-available P
nutrients by solubilizing and mineralizing organic and inorganic insoluble sources (Liu et al.,
2023; Prabhu et al., 2019; Alikhani et al., 2007; Rodriguez et al., 2006) through the
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production of various metabolites, organic acids (Sharon et al., 2016), and enzymes.
Siderophore production is another mechanism of microbial P-solubilization in acidic soil to
scavenge Fe (Cui et al., 2022). Different researchers have reported various P-solubilizers,
namely Bacillus, Pseudomonas, Rhizobium, Agrobacterium, Enterobacter, Flavobacterium,
Penicillium, Bradyrhizobium, Klebsiella, Azospirillum, Serratia, Aspergillus, Acinetobacter,
Actinomycetes, and Arbuscular mycorrhiza (Zhang et al., 2023; Kirui et al., 2022; Kour et
al., 2021; Kalayu, 2019; Mohamed et al., 2018; Alori et al., 2017; Karnwal, 2017; Sharon et
al., 2016; Singh and Jha, 2015; Rodriguez et al., 2006; Pandey et al., 2006) for their known
beneficial effects and plant growth-promoting traits. Similarly, Verma (2019) underlined that
microorganisms play a significant role in sustainable agriculture, soil health, and

environmental protection.

PSB are abundant in the rhizosphere, promising to improve growth and yield in crop and
vegetable production, including tomato (Zhang et al., 2021). Sharon et al. (2016) found
effective PSB inoculum for tomato production from organic garden tomato and potato
rhizosphere soil. The main goal of biofertilizer experts is to discover competent strains and
optimize the already-developed inoculants for farm applications. Thus, isolating and
screening efficient strains are imperative. Multifunctional phosphate solubilizers play
determinant roles as biofertilizers, growth-promotors (Kirui et al., 2022), and biocontrol
agents in plant root ecology (Figure 3.1.2) (Ahemad and Kibret, 2014; Zaidi et al., 2009;
Naik et al., 2008). They improve soil fertility with a minimum cost requirement, which is an
essential attribute for small-scale farm production. PSB might form different interactions with
the host plant; accordingly, following the respective protocols, they could be isolated from
rhizosphere soil, the root surface (epiphytes), or the inside root (endophytes). Sample
materials can be collected from various sites, including cultivated farms, rock phosphate,
river and wetland areas, forests, and virgin lands. It is comprehensible that isolation of P-
solubilizers from different habitats and understanding plant growth-promoting attributes help
to screen competent strains (Kour et al., 2021). Plant growth-promoting rhizobacteria are
increasing in agriculture and have an appeal to replace fertilizers, nutrient supplements, and
pesticides (Naz et al., 2022; Karnwal, 2017). This is because the application of efficient PSB
strains to farm practice (Pande et al., 2017) could decrease 50% of fertilizer consumption
without affecting crop production (Rafi et al., 2019). Similarly, Alemayehu (2020) reported
production increment of faba bean, wheat and barley (79, 66 and 42%, respectively) with

biofertilizer inoculation over uninoculated cultivation in Arsi zone. As indicated by Argaw
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(2012), co-inoculation of soya bean with Bradyrhizobium japonicum and Pseudomonas spp.
resulted a similar growth performance (shoot length (71 cm), days of flowering (82), and
days of maturation (150) with chemical fertilization (DAP — urea) in Assossa. Likewise,
Abeje et al. (2024) demonstrated the combined application of biofertilizer and NPSB (at 19-
46-7-0.1 rate) resulted in maximum node per plant (49.33), leaf area index (6.15) and soya
bean grain yield (2336.7 kg) while un-inoculated and NPSB fertilized (at 9.5-23-3.5-0.05
rate) soya bean resulted a minimum node per plant (1.67), leaf area index (1.94) and grain
yield (1626.7 kg) in Assosa Zone. Similarly, tomato inoculation with rhizobacteria
significantly increased plant dry and fresh weight (Pseudomonas strain FPF1: 96% and 81%,
respectively and Bacillus subtilis strain B2G: 75% and 54%, respectively) over the control
(Lemessa and Zeller, 2007). In agreement with this, Kurabachew and Wydra (2013) have
reported that tomato inoculation with B. cereus BC1AW and P. putida PP3WT increased
shoot dry weight by 75% and 62.5%, respectively over the control under greenhouse pot trial.
Likewise, Fenta and Assefa (2017) reported that tomato inoculation with PSB isolate (PSB5)
resulted a maximum shoot length (21.16 cm), shoot dry weight (1.3 g), root length (11.16 cm)
at 60 days of plantation at greenhouse trial.
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Figure 3.1.2: Mechanism of growth promotion by phosphate solubilizing bacteria (Source:
Zaidi et al., 2009).
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Based on the strong premisses of soil fertility depletion, the need for fertility maintenance,
the decline of natural resources for fertilizers production, the environmental concern, the need
for heavy agrochemical practice for tomato production, the attractive multidimensional
features of PSB, and the available materials and facilities, this research was designed to
isolate competent PSB strains with multidimensional benefits from rhizosphere soil that
would be able to apply as agricultural inputs or inoculants in the study area for tomato and
other crop production. There is untapped microbial potential in biofertilization, biocontrol,
and plant growth promotion development for sustainable farm production. Verma (2019)
reported that Bacillus species isolated from different tomato rhizosphere soils were found to
secrete several hydrolytic enzymes such as B-1,3-glucanase, protease, chitinase (Prabhu et al.,
2019), and cellulase, which have a vital role in plant growth promotion and disease
management. Likewise, Rabbee et al. (2019) indicated that Bacillus species including B.
amyloliquefaciens and B. subtilis are considered important plant growth-promotors
commonly inhabiting plant root microflora. Hariprasad and Niranjana (2009) also
demonstrated that PSB isolates from the tomato rhizosphere increased tomato fresh and dry

weight, shoot and root length, and seedling P content.

PGPR work in additive hypothesis with multiple mechanisms (biofertilization,
rhizoremediation, phytohormone production (du Jardin, 2015) and biopesticide) where their
application reduces the global dependence on agro-chemicals (Ahemad and Kibret, 2014). A
review by Mekonnen and Kibret (2021) demonstrated that currently, in Ethiopia, there is lack
of well-organized and summarized reports about PGPR in relation to vegetable crops and
research. In good agreement, Mahanty et al. (2017) demonstrated that biofertilizers are
considered an integral component of agricultural practices, but limited experience has been
reported among developing countries. Despite the opportunity, they are barely used by
smallholder farmers because of different limitations efficiency, host-specificity, formulation
deficiency, non-commercialization, poor competitive ability of inoculants against native
strains and edaphic conditions (Macik et al., 2020). In comparison to chemical fertilizers,
application of biofertilizer may result slower performance, but the beneficial effect is long-
lasting (Kumar et al., 2022). Accordingly, this project is imperative due to the
aforementioned and many unstated benefits. The selected strains will be recommended as
farm inputs (biofertilizers and plant growth-promoters) to promote plant growth and
development, minimize production costs, and enhance sustainable production. The inoculant

development and production required relatively simple installation and fermentation
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technology, low cost, and renewable resources over synthetic chemicals. Plenty of developed
strains might be available on the global market; however, local strain screening is essential
for indigenous competition and local agro-ecology adaptation. Similarly, Raimi et al. (2021)
have shown that most crops have high affinity to local/indigenous strains compared to exotic
strains. Thus, tomato rhizosphere soils were collected from three vegetable-producing areas
(Koka, Meki, and Ziway Zuria) and forest soil from Wendogenet and Yirgalem Zuria then
PSB strains were screened and characterized. In addition, isolates were evaluated for their
dissolving capability using various P complexes (Cas(POa4)2, AIPO4, FePO4 and bone meal
(BM)) that possibly found in acidic, basic, or neutral soil ecology and organic matters. Bone
meal is concentrated form of phosphorous that decomposes slowly and released P gradually
(Abebe et al., 2022).

3.2 MATERIAL AND METHODS
3.2.1 Soil Sample

To broaden the chance of getting competent PSB isolates, 83 tomato rhizosphere soil samples
were collected from three different tomato-producing areas (Koka (13), Meki (45), and Ziway
Zuria (15)), and from two forest soil (Wendogenet Forestry (5), and Yirgalem Zuria Forestry
(5)). Koka, Meki, and Ziway are found in the Central Rift VValley Scheme, Oromia Region,
Ethiopia, known for tomato and other vegetable production using both rainfed as well as
irrigation (Mesfin, 2020; Beshir et al., 2015; Negash and Mohammed, 2014). Sampling sites
and number of samples were determined following multistage purposive random sampling
procedure. Soil samples were collected from an actively growing tomato plant rhizosphere at
a 30 cm radius and 5-20 cm depth forest soil (Waday et al., 2022) from three locations per
sample site, thoroughly mixed, and half a kilogram of soil packed independently in a surface
sterilized polyethylene bag, then transported to the Hawassa University Soil Microbiology
Laboratory for PSB isolation. Samples were preserved in a refrigerator until PSB isolation

activity was completed.

3.2.2 PSB Isolation

All PSB isolation and screening methods were done using Pikovskaya’s (1948) procedures
with minor modifications. Collected bulk soil samples were ground, thoroughly mixed,

sieved, and then 10 gm added to 90 ml of sterilized distilled water, shaken, and settled for 10
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mn (Wan et al., 2020). From the suspension, one ml was transferred to 9 ml of sterilized
distilled water, and serial dilution proceeded to 10 (Pande et al., 2017). Then, 100 pl of
aliquot solution from the 5™ was dilution spread on Pikovskaya’s (PVK) agar medium
(composition: 0.5 g yeast extract, 10 g glucose, 5 g Caz(POa)2, 0.5 g (NH4)2SO4, 0.2 g KClI,
0.1 g MgS0.4.7H20, 0.0001 g MnS0O4.H20, 0.0001 g FeSO4.7H.0 and 15 g agar per litre of
water, pH adjusted to 7) and incubated at 30 °C for 8 days. Colony and halo zone diameters
were measured every two days to evaluate the solubilization index (SI) of each colony.

Sl was calculated as (Alikhani et al., 2007):

S| = Halo zone diameter + Colony diameter
Colony diameter

Bacterial isolates with better clear zone formation (Picture 3.1 and Figure 3.3) were selected
and stored in the refrigerator (-20 °C) until isolation was completed from all soil samples.
Then each preserved isolate was sub-cultured on fresh PVK agar (Pande et al., 2017) to
confirm solubilization efficiency and culture purity (Chandra et al., 2018). This culture-re-
culture process was repeated until pure culture was observed and solubilization efficiency
was maintained. Finally, a total of 100 pure isolates with better halo zone formation were
selected for the all locations and further incubated in a shaker incubator (110 rpm) at 30 °C
for five days in liquid PVK medium to evaluate their growth performance and medium pH
reduction efficacy. Then the medium pH and colony number were recorded. By combining
the Sl, colony structure, and pH reduction and resource limitation, the final 10 PSB isolates
(9 isolates with a higher average halo zone and one (K-10-41) with the lowest halo zone)
were selected and characterized (morphological, G-stain, biochemical, and molecular) for
taxonomic identification. These 10 PSB isolates were further evaluated in liquid PVK
medium supplemented with different P sources to quantify the concentration of solubilized P

in the suspension.

3.2.3 Isolate Naming and Designation

Bacterial isolates were designated by including the name of the place where the soil samples
were collected (site), followed by the number of soil samples and the number of isolates from
that specific soil sample. Briefly, a prefix “K”, "Mk,” and “Z” (indicating sampling sites
Koka, Meki, and Ziway Zuria, respectively) followed by two serial numbers separated by “-*;
the first digit stands for the number of soil samples, and the last digit indicates the number of
bacterial isolates from that specific soil sample. E.g., K-10-27 represented the 27" isolate
from the 10" soil sample that was collected from the Koka site.
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Picture 3.1: PSB isolation from bulk rhizosphere soil and purification on PVK agar medium.

3.2.4 Quantification of Solubilized P in PVK Broth

The current top ten selected PSB isolates were examined on different P-sources (Caz(POa)2,
FePOs, AIPO4 (Sharon et al., 2016) and bone meal as a sole P source) using PVK broth
medium to quantify the amount of dissolved P. These corresponding chemicals were added
independently into a 250-mL conical flask containing 150 ml of PVK broth and incubated for
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10 days in a shaker (110 rpm) incubator at 30 °C. Each isolate was inoculated separately, and
an uninoculated medium was used as a control. The experiment was set up in three
replications. Ten ml of the suspensions were sampled at 0, 3, 5, 7, and 10 days of incubation.
The medium pH change was examined simply by a pH meter, and the dissolved P was
quantified following the Molybdenum blue method (Watanabe and Olsen, 1965). Ammonium
molybdate and potassium tartrate reacted in an acid medium with diluted solutions of
orthophosphate to form an intensely coloured phospho-molybdate complex. This complex is
reduced to an intensely blue-coloured complex by ascorbic acid. The colour is proportional to
the phosphorus concentration (Mohamed et al., 2018). To remove the insoluble residue and
precipitate, the suspensions were centrifuged at 4000 rpm for 10 minutes, and cell-free
supernatant was taken for P quantification. Stock solution preparation, standard preparation,
and result calculation were done according to the protocol. The spectrophotometer

absorbance was set at 650 nm.

vy = 0.0756x-0.0938
R? =0.9897

+
s
T

P concentration (pg/ml)

OD Absorbance at 650 nm

15 20 25

Figure 3.2: Standard curve for quantification of dissolved P.
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3.2.5 Characterization and Bacterial Strain Identification

3.2.5.1 Biochemical Characterization (sugar fermentation and growth on different
growing conditions)

Sugar fermentation and gas production were tested using 10 sugars (glucose, fructose,
maltose, sucrose, raffinose, mannitol, xylose, lactose, arabinose, and starch). Isolates were
also tested for resilience and growth capacity at different salt concentrations (1-10%),
temperatures (15, 30, 35, 40, and 45 °C), and pH levels (4.5, 5, 6, 8 and 9). Furthermore,
other tests, such as the indole test, TSI test, catalase test, and urease test, were conducted. The
plant-promoting traits (HCN, siderophore, IAA production, antagonistic, and nitrogen
fixation) were qualitatively evaluated using the corresponding media and reagents.

3.2.5.2 Phytohormone Production, Antagonistic Effect and N2-fixation Test

Isolates were qualitatively checked for their phytohormone production and plant growth-

promoting traits tested using appropriate media and reagents.

1. Indole test: Indole production was analysed in nutrient broth with supplementation
of 0.1% L-tryptophan (Kurabachew and Wydra, 2013). Isolates were inoculated and
incubated at 30 °C for 24 hours, then 0.5 ml of Kovac’s reagent was added, and
observed the pink to red colour and ring formation in the reagent layer on top of the
medium within seconds of adding the reagent. If a culture is indole-negative, the
reagent layer will remain yellow or be slightly cloudy. In addition, qualitative 1AA
production was determined by using the above-mentioned media and Salkowski’s

reagent (Amaresan et al., 2022).

2. Hydrogen cyanide (HCN) production: HCN production was tested on Petri
dishes. The bacterial isolates were inoculated on nutrient agar supplemented with
glycine (4.4 g/L) (Kurabachew and Wydra, 2013). A Whatman No. 1 filter paper
soaked in 2% (wi/v) sodium carbonate in a 0.5% (w/v) picric acid solution was placed
inside the lid of a Petri dish (Amaresan et al., 2022). The plate was then sealed with
parafilm and incubated at 30 °C for 2 days. A change in filter paper colour from
yellow to reddish brown was an indication of HCN production (Kaur and Reddy,
2013).
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3. Siderophore detection: The Chrome Azurol S (CAS) assay was used for the
detection of siderophore production. The CAS assay is a universal chemical test that
detects siderophore production (Amaresan et al., 2022). The assay is based on the
siderophore's ability to bind to ferric iron with high affinity. The agar contains
Chrome Azurol S (CAS) dye, which, when complexed with Fe®*, is blue in colour. If
the inoculated organisms secrete siderophores, ferric iron is stripped from the dye,
causing the medium to change colours from blue to orange/yellow (Kurabachew and
Wydra, 2013; Pérez-Miranda et al., 2007). The CAS plates were kept in incubator at
30 °C for 48 hours. After 48 hours of growth, the CAS plates were examined for
growth, which was surrounded by an orange or yellow halo (indicating a positive

result for siderophore production) (Kaur and Reddy, 2013).

4. Antagonistic effect against tomato late blight (Phytophthora infestans)
Antagonistic effect of the current 10 PSB strains against tomato late blight
(Phytophthora infestans) was determined by dual-inoculation technique (Vaikuntapu
et al., 2014) on potato dextrose agar (PDA) plate and direct plant infection under
greenhouse. The pathogen P. infestans was collected from infected tomato plants then
cultured on PDA, purified and preserved in refrigerator. From this stock, refreshed
active fungal plug of one cm diameter was placed at the centre of PDA, overnight
grown bacterial cultures were then spot inoculated at equi-distance about three cm
from the central plug then the plates were incubated at 28 °C for 72 h (Vaikuntapu et
al., 2014) and halo zone formation or inhibition was observed. Furthermore, pot
experiment was held using tomato under greenhouse condition to evaluate the
percentage of disease incidence (DI(%)) and to calculate percent of severity index
(PS1(%)). Tomatoes were inoculated with the pathogen after 45 days of sowing with
fungal cultural suspension (3x10° cell/ml) by hand sprayer and covered with plastics
for 48 h to maintain humidity and contact (Awan et al., 2018). Un-inoculated pots
were set as control. Unfortunately, the greenhouse pot trial was not effective and no

data presented in this paper.

5. Na-fixing ability and Nodulation Test

The nitrogen fixation potential of bacterial isolates was tested on nitrogen free media
for their growth and Congo red response (Somasegaran and Hoben, 1994). They were

inoculated on sterilized YEMA media with addition of Congo red and incubated at 30
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OC for 7 days then the growth and Congo red absorbance was recorded. Pot trial was
also conducted at shade house using sterilized sand. Surface sterilized faba beans (vr.
Chala) and haricot bean (vr. G20390) were used for this test. Seeds with uniform size
were selected, surface sterilized, soaked in active strain suspension, let dry for 30 mn,
sown on sand pots (3 seeds per pot) and inoculated with one ml of inoculant with the
respective strain arrangements. The experiment was laid out with three replications.
Uninoculated and fertilized pots used as control. Total nodule count, shoot fresh
weight, shoot dry weight, shoot length, total N in shoot and nodule dry weight was

evaluated 45 days after sowing (DAS) (Somasegaren and Hoben, 1994).

The effectiveness of isolates in accumulating plant shoot dry matter was calculated as
described in Somasegaren and Hoben (1994);

SE (%) = Inoculated plant DM X 100
N — Fertilized plant DM

Where, DM = dry matter, SE= symbiotic effectiveness
The rate of symbiotic effectiveness would be evaluated as: Highly effective > 80%,
Effective 50-80%, Lowly effective 35-50% and Infective <35%.

3.2.5.3 Molecular Characterization and Taxonomic Identification

The morpho-biochemical characterization was supported by molecular characterization.
Genomic DNA was extracted from bacterial pure cultures using the DNeasy Blood & Tissue
Kit (QIAGEN, Valencia, CA, USA), according to the manufacturer's instructions. The primer
pairs fD1 and rD1 (AGAGTTTGATCCTGGCTCAG) and (AAGGAGGTGATCCAGCCQ),
respectively (Weisburg et al., 1991), were used to generate a 1500-bp PCR product. The IGS
region between 16S and 23S rRNA was amplified using FGPS1490 and FGPS132’ primers
(TGC GGC TGG ATC ACC TCC TT) and (CCG GGT TTC CCC ATT CGG), respectively
(Laguerre et al., 1996). FGPS1490 derives from conserved sequences in the 3’ part of 16S
rDNA genes, and reverse primer FGPL132’ corresponds to the 5’ part of the 23S rDNA gene
right next to the IGS. Sequences of 16S rDNA are known to be highly conserved among
eubacteria, and analysis of genetic variations in this region is not appropriate to differentiate
strains within species. Greater variability can be obtained by analysing intergenic spacer
(IGS) sequences between 16S and 23S rDNA (16S-23S rDNA IGS sequences) in order to

examine chromosomally encoded genetic variations at the intraspecies level (Laguerre et al.,
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1996). The PCR condition was a 95-degree initial denaturation for 5 minutes, followed by 35
cycles of denaturation at 95 degrees for 30 seconds, annealing at 55 degrees for 1 minute, and
extension at 72 degrees for 30 seconds, with a final extension at 72 degrees for 5 minutes.
The same primers were then used to sequence the PCR products on the ABI 3730XL genetic
analyser. The amplified PCR products were quantified on a 1% agarose gel and then sent to
the sequencing lab (MRC Holland). The obtained sequence data quality was checked,
trimming or filtering low quality reads, forward and reverse DNA sequences were pairwise
aligned, and a consensus sequence was executed using BioEdit software, blasted (BLASTn)
from NCBI GenBank to execute the respective genera (Table 3.3). Finally, a phylogenetic

tree was constructed using neighbour-joining alignment using MEGA X software.

3.2.6 Data Management

Qualitative data were described as present or absent and elaborated with statements, while
quantitative data were analysed as the average and ratio in simple statistics, then organized
and presented in tables and figures. For dissolved P, a two-way ANOVA with means
compared by the Tukey test using R version 4.2.2 and SAS version 9.4 (p<0.05). Means of
treatments were differentiated using the LSD. Finally, the presented data were explained and
discussed in comparison to other related works.

3.3 RESULT

Firstline isolation from the bulk soil using a solid (PVK agar) medium demonstrated the
growth of different microorganisms, including bacteria and fungi, with various colony sizes
(small to large), colour (white, creamy with a jelly texture, yellow, purple, black, and pink),
and structures (circular, and irregular edges) (Picture 3.1). However, this research was
targeted to screen only competent PSB, which showed good growth performance with better
clear zone formation. A large number of PSB were isolated from sample soils though greater
number of isolates (both in total and per sample) were screened from Meki site followed by
Koka and Ziway Zuria. Among them, top 100 isolates were screened, but then 10 isolates
were selected step-by-step using preliminary screening techniques. PSB isolates showed
various growth rate and halo zone formation; hence, some isolates formed detectable colonies
on the 2" day of incubation, while others developed an observable colony after 72 hours

(Supplementary Table 3.2). Similarly, some isolates produced a measurable clear zone
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around the colony on the 2" day, while others produced it after 4 days of incubation (K-10-
41 and MKk-1-25) (Figure 3.3). On the other hand, Z-12-20 produced a larger colony and halo
zone diameter (0.3 and 0.5 cm, respectively) on the second day (Figure 3.3), nevertheless, it
was one of the least pH-reducing agents in broth medium (Figure 3.4).

Colony and Halo zone Diameter at 2, 4, 6 and 8 days
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PSB Isolates

Figure 3.3: PSB isolates colony and halo zone diameter at different incubation periods and
Solubilization Index (SI). (C=Colony, H=Halo zone, Mk=Meki. Z=Ziway, K=Koka).

There were more PSB isolates that scored 3 and above Sl; due to repeatability, culture
impurity, and viability limitations in the consecutive culturing, they were cast off from
screening. Among the selected 10 PSB isolates, Mk-1-25 scored the maximum Sl (3.22)
(Figure 3.3 and Supplementary Table 3.2) with significant pH reduction potential (4.25) (Fig
3.4) while Mk-13-16 recorded the largest colony diameter and the least SI (2.35) (Figure 3.3)
as well as the least liquid medium pH reducer (5.99) (Figure 3.4). On the contrary, K-10-41
recorded the lowest colony and halo zone diameters (0.2 and 0.4 cm, respectively) up to 8
days of incubation (Figure 3.3) even though it reduced the liquid medium pH significantly
(4.02) (Figure 3.4).
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PSB isolates growth performance in PVK broth
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Figure 3.4: Effect of PSB isolates on growing medium pH incubated for 5 days.

It is important to verify the growth and P solubilization efficiency of isolates in liquid
medium (Figure 3.4, Table 3.5 and Supplementary table 3.1). This is because some isolates
showed significant solubilization efficacy on agar plats (higher SI) but then failed to confirm
in liquid medium, or the reverse might happen; otherwise, they might show consistent
efficacy both on agar as well as in liquid medium. For instance, among the 10 selected PSB
isolates, K-10-41 and Mk-1-25 recorded the largest Sl (3 and 3.22, respectively (Figure 3.3))
and reduced the medium pH prominently (4.02 and 4.25, respectively) while K-1-29 and Mk-
13-16 recorded the lowest SI (2.37 and 2.35, respectively) and the least liquid medium pH
change (5.9 and 5.99, respectively) (Figure 3.4).

Table 3.1: Sugar fermentation test.

Sugar type

Isolate Glu | Suc Fru |Mani | Malt| Xyl |Raf |Sta |Lac |Dex | Ara

FIG|F |G |FI|G|F |G|F|GF|G|F|G|FIGF]|G|F|G|F]|G
k-1-29 ++ + + ++ + + + 4+ + - + + ++ 4+ + ++ + +
k-10-27 ++ + + + 4+ + + + + - - 4+ - +++ - ++ + +
k-10-41 ++ + + ++ + + + + - - + + + + 4+ - ++ + +
Z-1-16 ++ + + + - 4+ + + - - - - - + 4+ 4+ - + + - -
Z-12-20 ++ + + + 4+ + + + -+ - 4+ o+ + 4+ A+ + ++ 4+ -
Z-13-4 + 4+ + + +- 4+ + + 4+ - - + + ++ 4+ - ++ + +
MK-1-25 ++ + + + - + + + + - - - -+ 4+ A+ - o+ + 4+ -
MK-13-16 ++ + + + + + 4+ + + - - + + + + + - + + - -
MK-20-7 ++ + + ++ + + + 4+ + 4+ + + ++ 4+ + ++ + 4+
MK-20-20 ++ + + + + + 4+ + - + 4+ + + + + + - + 4+ - -

NB: F= sugar fermentation, G= gas production.
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The sugar fermentation ability of the isolates was evaluated on 10 different sugars added to
the growing medium independently as carbon sources and incubated for five days. Glucose,
sucrose, fructose, dextrose, mannitol, maltose, lactose, and starch were fermented by all
isolates and most of them fermented along with gas production; similarly, raffinose except Z-
1-16 and Mk-1-25, and arabinose except Z-1-16, Mk-13-16 and Mk-20-20. Xylose was
poorly fermented sugar (Table 3.1). Z-1-16 was found to be relatively narrow fermenter
(unable to ferment arabinose, raffinose and xylose), whereas K-1-29, Mk-20-7, and Z-12-20
fermented all the given sugars, possibly implicating their capability to utilize broad energy

Sources.

Table 3.2: Salt and temperature tolerance test.

Salt concentration (%) Temperature (°C)
Isolate |1 |2 [3 [4 [5 |6 |7 [8 [9 |10 |15 [20 [35 [40 |45
k-1-29 + + + + + + + - - - + + + + +
k-10-27 + + + + + + - - - + o+ o+ o+ +
k-10-41 + + + 4+ + + + 4+ - - + + + 4+ +
Z-1-16 + + + 4+ + + - - - - + + + 4+ +
Z-12-20 + + + + 4+ + + + 4+ + + + + 4+ +
Z-13-4 + + + + + + + + + + + + + 4+ +
Mk-1-25 + + + + + + + + + + + + + 4+ +
Mk-13-16 + + + + + + - - - - + + + + +
Mk-20-7 + + + + + + - - - - + + + + +
Mk-20-20 + + + + + + + - - - + + + + +

All the current PSB strains were able to grow at various temperature (15-45°C) and at low to
medium salt concentrations (1-6%), whereas Mk-1-25, Z-12-20 and Z-13-4 were found the
most salt resilient strains that grew at 10% (Table 3.2). The colour changes in the triple sugar
iron (TSI) test into yellow and red indicating the fermentation of sugars (glucose, lactose, and
sucrose), and production of organic acids. The test was conducted on a slant using test tubes.
Yellow colour appearance of both the slant and butt indicated the fermentation of the three
sugars, while the yellow butt and red or violet slant showed the fermentation of glucose. All
of the PSB strains fermented the three sugars as a result the test appeared yellow, confirming
a growing medium pH change due to the production of organic acids (Table 3.3). Similarly,
all strains detected positive for indole, urease, and catalase tests, whereas all strains except Z-
1-16 and Z-13-4 were able to produce HCN (Table 3.3 and Supplementary picture 3.1).
Siderophore production was determined using CAS-media, that PSB strains exhibiting an
orange hallow zone were detected positive for siderophore production (all PSB isolates
detected positive except Z-1-16, Mk-13-16, and Mk-20-7, Table 3.3). K-1-29, Mk-20-7, Mk-
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20-20 and Z-13-4 were unable to demonstrate observable antagonistic effect on Phytophthora
infestans (which was cultured from infected tomato) using dual-inoculation on PDA plate,
while Mk-1-25, Z-1-16 and Z-12-20 demonstrated encouraging antagonistic effects and the
rest of strains demonstrated limited/no response (Supplementary picture 3.1(B)).

Table 3.3: Ability to grow on different media and pH, enzyme and phytohormone production
test and BLAST result with identity percent similarity of DNA sequence.

CE» 17 ) 2

el g2 €2 |z 58 PH

S Slslp | RSS2 EE
Isolates O | 2| =|F |O|=|T|&| 2| <[4[45]5[55]6]8]09
k-1-29 + + + yly + + + + + + + + + + + + +
k-10-27 + + + yly + + + + + + + + + + + + +
k-10-41 + + + yly + + + + + + + + + + + + +
Z-1-16 - + + yly + + - - 4+ + - - + + + - -
Z-12-20 + o+ + yly + + + 4+ + + + + o+ o+ o+ o+ -
Z-13-4 + + + yr + 4+ - + + - + + + + + + -
MK-1-25 + + + yly + + + + + + + + + + + + +
MK-13-16 + + + yly + + + - + + + + + + + - -
MK-20-7 + + + yly + + + - - - - - 4+ + + - -
MK-20-20 + + + yIr + + + + + - + + + + + + +
Isolates BLAST identity based on IGS region between16S and 23S rRNA sequence
Isolate Sample Source NCBI strain QC(%) Identity(%) E value
k-1-29 T. rhizosphere  Priestia megaterium 100 100 2e-120
k-10-27 T. rhizosphere  Bacillus subtilis 100 100 0.0
k-10-41 T. rhizosphere  Bacillus velezensis 100 100 5e-52
Z-1-16 T. rhizosphere  Burkholderia cenocepacia 100 100 0.0
Z-12-20 T. rhizosphere  Bacillus subtilis 100 100 0.0
Z-13-4 T. rhizosphere  Bacillus halotolerance 100 100 4e-121
MK-1-25 T. rhizosphere  Bacillus halotolerance 100 100 5e-126
MK-13-16  T. rhizosphere Bacillus amyloliquefaciens 100 100 0.0
MK-20-7 T. rhizosphere  Priestia megaterium 100 100 le-126
MK-20-20  T. rhizosphere Bacillus megaterium 100 100 8e-170
NB: “+” = positive response, “-“ = negative response, = red, y= yellow, T=tomato,

QC=Query Coverage.

Nitrogen-fixing ability of the strains was evaluated both on agar plate and pot trial under
shade house. Accordingly, all strains except Mk-20-7 (Table 3.3) were able to grow on N-
free agar (YEMA) and absorbed Congo red to the centre of the colony (Supplementary
picture 3.1 (C)) while K-10-27, MKk-1-25 and Z-12-20 performed better. Among the strains,
80% of them (except K-10-41 and Mk-20-7) were unable to nodulate with faba bean whereas
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all of them have been nodulated with haricot bean (Supplementary table 3.4). Nodule
formation might fail because of the nature of the strain unable to nodulate, or host crop
preference, non-endophytic or endophytic non-nodulating, etc. Inoculation of faba bean with
Z-12-20 resulted in a maximum shoot and root length (54.33 and 22.67 cm, respectively) at
45 days of sowing and the second highest symbiotic effectiveness (126.8%) while Mk-1-25
resulted in shortest shoot length (35 cm) and minimum shoot fresh weight (11.53 g); K-1-29
resulted in a minimum shoot dry weight, root length and SE(%) (2.73 g, 12.67 cm and
99.97%, respectively). Similarly, haricot bean inoculation with Mk-20-20 improved shoot
length (81 cm), shoot fresh and dry weight as well as SE(%) (14.27 g, 3.6 g and 120%,
respectively), while Mk-1-25 improved shoot dry weight (3.73 g), root length (18.3 cm) and
SE(%) (124.47%), Z-1-16 recorded the highest nodule number (13.67) and nodule fresh
weight (0.57 @), Z-12-20 recorded the highest nodule dry weight (0.1 g). K-1-29
demonstrated limited response and resulted in shortest root length (13 cm), lower shoot dry
weight (2.87 g), and relatively lower SE(%) (95.57%) against haricot bean at 45 days of
sowing (Supplementary table 3.4). Moreover, all of them showed effective symbiotic
effectiveness (>85%) with both faba bean and haricot bean while Z-12-20, Mk-20-20, Mk-1-
25 and Z-1-16 demonstrated an encouraging result for further evaluation and inoculant

development.

Similarly, antagonistic effect of the strains against late blight (Phytophthora infestans) was
evaluated using dual-inoculation technique both on agar plate and direct plant infection.
Dual-inoculation response on PDA plate agar indicated that Mk-1-25, Z-1-16 and Z-12-20
demonstrated encouraging antagonistic effects while the rest of the strains demonstrated
limited/no observable response. Positive response in this study indicates halo zone formation
by PSB strains, mycelial growth inhibition, proximity avoidance or directional growth of P.
infestans, and unknown colourful metabolite or chemical(s) production (Table 3.3 and
Supplementary picture 3.1 (B). Nevertheless, the greenhouse pot trail (the response from
direct tomato plant inoculation) was not effective and was not evaluated, no detectable data
recorded. This is because the pathogen was not able to attack/invade tomato successfully.
Repeated fungal suspension inoculation and even direct contact by infected tomato plants that
collected from field was made, yet none of the plant was able to show the infection incidence.
The possible reason might be the pathogen couldn’t resist moisture and temperature stresses
in the greenhouse especially starting from morning 9:00 until 4:00 afternoon, it was too hot.

Since, the greenhouse (found in the main campus) controlling system was not functional and
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there was no regulatory method for temperature, moisture and air circulation, we tried to
control manually, as a result this might not help and create a conducive condition or
environment for the pathogen. Antagonistic response is one of the important traits of plant
growth-promoting bacteria and one of the essential cost-related alternatives demanding for
tomato production. Therefore, by considering the encouraging response from agar plate, this
experiment is recommended for future perspective to be repeated and evaluated under

optimized conditions.

3.3.1 P-solubilization Efficiency in Liquid PVK Medium

PSB performance in PVK broth supplemented with different P sources was quantified by
measuring the rate of pH change and dissolved P. Dissolved P was quantified using a
spectrophotometer calibrated with a diluted stock solution; hence, the standard curve
developed (Figure 3.2). Strains showed significant differences (p<0.05) in pH and dissolved
P concentration (Table 3.4). As the incubation period extended until 10 days, the medium pH
decreased while the dissolved P amount rose, particularly after the 3™ day of incubation. All
inoculated flasks achieved greater dissolved P over uninoculated (control) broth in all
sampling days (Table 3.5). Even though the speed and level of efficacy varied among strains,
PSB screened from the Koka site in general were found to be strong solubilizers (K-1-29, K-
10-41, and K-10-27 dissolved about 260.83, 260.38, and 241.91 pg/ml, respectively).
Similarly, TCP was one of the most dissolved P complexes, which resulted in the highest
(253.46 pg/ml) phosphorous concentration at 10 days of incubation, while the addition of
aluminium phosphate, iron phosphate, and bone meal resulted in comparable P
concentrations (211.78, 213.23, and 212.69 pg/ml, respectively) (Table 3.5 and
Supplementary Figure 3.1(A)).

Table 3.4: Two-way ANOVA result for pH, absorbance and dissolved P in PVK broth.

Parameter Source DF Dayzero Day3 Day 5 Day 7 Day 10

Medium pH Isolate 10 0.0483* 0.568* 1.6%**  1.45%** (. 87***

change Treatment 3 0.66** 0.95* 2.21**  1.48***  2.66***
Residual 118 0.016 0.128 0.2 0.21 0.26

Absorbance Isolate 10 0.006* 0.078**  0.4*** 0.45***  (.359***
Treatment 3 0.09** 0.756**  0.11ns 0.214*** (.09**
Residual 118 0.002 0.0273 0.042 0.03 0.016

Dissolved P Isolate 10 32.7* 10.14**  4289*** A5Q9*** 7621***
Concentration  Treatment 3 49.8** 98.49**  1140ns  2133*** 13809***
Residual 118 12.1 3.57 440 310 651

53



NB: P=0.05 set for LSD. ns: no significance difference at p 5%, * has significance, ** has
highly significance difference, *** has very strong difference.
Table 3.5: Mean value of dissolved P (ug/ml) at different incubation days from PVK broth
modified with various P substrate and PSB isolates inoculation.

Isolate Day zero Day 3 Day 5 Day 7 Day 10

Control 2.08+2.45° 12.16+2.86% 111.97+27.719  123.32+23.83% 159.27+37.3°
K-1-29 6.9+5.47%  14.1+2.06%*° 176.15+16.97%°  190.7+37.32% 260.8+53.772
K-10-27  6.945.99%  14.1+3.33%¢  166.75+8.5% 181.19+2.15"¢  241.9+52.052
K-10-41  8.32+6.197 13.7+1.12°  153.12+30.77°% 199.17+36.11% 260.4+54.442
Mk-1-25  4.4+43.92°  13.25+2.23%  162.54+9.95%¢  182.47+1.27° 220.47+9.59°
Mk-13-16 5.16+5.13° 14.79+1.71% 148.70+16.3°%  182.44+2.91° 222.42+4.23"
Mk-20-20 5.37+3.98"  13.3+0.98°¢  143.39+14.21%"  182.45+3.22°¢ 221.54+4.51°
Mk-20-7  4.79+4.21° 1555+5.07° 126.62+27.359  173.4+23.83° 219.39+24.18°
Z-1-16 5.6+5.86%  14.77+0.01%¢ 165.16+21.18%¢ 184.31+5.24% 221.02+6.10°
Z-12-20  4.77+5.04° 13.74+0.66° 157.97+23.24°d  181.26+2.72°¢ 223.52+3.43°
Z-13-4 4.27+4.36°° 14.49+0.94%¢ 139.45+25.57°F  182.29+3.26°° 221.84+5.17°
cVv 65.3 13.5 13.97 9.86 11.45

LSD 2.81 1.53 16.96 14.22 20.62

P Treatments

AIP 2.19+1.22° 14.37+1.69%® 146.36+21.72°  174.18+19.29° 211.78+20.24°
BM 10.53+2.48% 12.19+2.0° 144.49+28.84>  175.57+24.33° 212.69+27.65°
FeP 2.61+2.68° 13.21+1.18° 157.34+25.0° 173.62+22.62° 213.23+28.42°
TCP 5.98+6.33% 16.22+2.84%  152.48+32.17%  190.45+32.79* 253.46+52.912
cVv 65.3 13.5 13.97 9.86 11.45

LSD 1.7 0.92 10.23 8.58 12.44

NB: Means with similar letters have no significant difference at p=0.05.

Microbial growth increased the production of various metabolites and/or compounds,
including organic acids. These organic acid accumulations lower the medium pH, which
indirectly advocates the concentration of dissolved P (Table 3.4 and 3.5). The solubilization
capacity analysis of individual isolates in relation to a particular P-treatment exhibited
significant response variation along with substrate preference. The majority of isolates
preferred TCP-added broth. For instance, K-10-41, Mk-20-20, Mk-1-25, and Z-13-4
substantially lowered the pH of TCP-containing broth, whereas Z-1-16 exceptionally reduced
AlP-containing broth at the 10" day of incubation (Figure 3.7 and Supplementary Table 3.3).
This substrate-based response of isolates to demonstrate their utmost efficacy might suggest
the superlative environment and favourable habitat/ecology to be recommended as inoculum.
K-10-27 dissolved the highest (343.9 pg/ml) and relatively the lowest (215.58 pg/ml) P in
TCP and FeP-containing broth, respectively; K-10-41 dissolved 337.9 and 223.38 pg/ml in
TCP and AIP broth, respectively; while Mk-1-25 recorded the lowest dissolved (201.96
pg/ml) P in TCP and showed good competence in FeP and BM-added broth (Supplementary
Figure 3.2).
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3.3.2 PCR and DNA Sequence Data
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Figure 3.5: Agarose gel image for amplified 16S rDNA and IGS region between 16S and 23S
rRNA.

Extracted DNA from each candidate bacteria was amplified with PCR using two primers
(targeting the 16S region and IGS between the 16S and 23S rDNA regions) and quantified
using a 1% agarose gel. Accordingly, DNA with 1500 bp base length was amplified from
each sample, but a better PCR product was obtained with IGS region-based primers (Figure
3.5). The sequence data also confirmed that most of the bacterial 16S DNA sequence data
were poor in quality, while all 1GS between 16S and 23S region sequence data were of good
quality. Therefore, because of the poor PCR product at 1500bp, quality of the current 16S
DNA sequence data and poor distinguishing ability among related species, it was excluded,
whereas 1GS was used to infer taxa and evolutionary history (Figure 3.6). All the current
strains except Z-1-16 were placed to Bacillus genus; however, due to the availability of
technology and resources, Priestia species which were previously placed under Bacillus, now
a days, they stand as a separate taxon. Accordingly, these 10 PSB isolates were placed into
three genera, namely, Bacillus, Priestia and Burkholdoria (Table 3.3 and Figure 3.6).
Among the ten PSB strains, three (K-1-29, Mk-20-7, and Mk-20-20) fall under the Priestia
megaterium subspecies, while K-10-27 and Z-12-20 were grouped under Bacillus subtilis,

Mk-1-25 and Z-13-4 grouped under Bacillus halotolerance, K-10-41 are grouped under
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Bacillus velezensis, Mk-13-16 is grouped under Bacillus amyloliquefaciens, and Z-1-16 is
grouped under Burkholderia cenocepacia (Table 3.3 and Figure 3.6). Furthermore, whole

genome sequencing is required to place the strain’s accession number precisely.

Evolutionary relationships of taxa

The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei,
1987). The optimal tree with the sum of branch length =2.18961171 is shown. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (500 replicates) are shown next to the branches (Felsenstein, 1985). (next to the
branches). The evolutionary distances were computed using the Maximum Composite
Likelihood method (Tamura et al., 2004) and are in the units of the number of base
substitutions per site. The proportion of sites where at least 1 unambiguous base is present in
at least 1 sequence for each descendent clade is shown next to each internal node in the tree.
This analysis involved 19 nucleotide sequences. All ambiguous positions were removed for
each sequence pair (pairwise deletion option). There were a total of 1106 positions in the
final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018).

a0

Bacillus halotolerans (Z-13-4)

Bacillus halotolerans strain KKD1 (CP054584.1:163541-163816)
Bacillus halotolerans (Mk-1-25)

Bacillus halotolerans strain KKDI (CP0O54584.1:163541-163816)(2)
Bacillus subtilis (Z-12-20)

Bacillus subtilis strain KC14-1 (CP103328.1:618082-618312)
Bacillus subtilis strain KC14-1 (CP103328.1:925452-925682)

64 [ Bacillus subtitis (K-10-27)
3 Ok
% 0.015 21 —— Bacillus amyloliguefaciens (Mk-13-16)

0.000 —— Bacillus amyloliguefaciens strain GZY63 (CP126696.1:163140-163389)
Bacillus velezensis strain Q-426 (CP102351.1:32776-32890)

Bacillus megaterium (Mk-20-20)

Bacillus velezensis (K-10-41)

9 Priestia megaterinm (Mk-20-7)
% Priestia megaterium strain FDU301 (CP045272.1:5027437-5027728)
01| 91— Priestia megaterium (K-1-29)
0.014 Priestia megaterium strain FDU301 (CP045272.1:4863696-4863987)
100 Y Burkholderia cenocepacia (Z-1-16)
; i ; : 0.633 : | 1 L;JT Burkholderia cenocepacia strain CMCC(B)23006 (CP091012.1:504044-504421)

Figure 3.6: Phylogenetic tree for IGS between 16S and 23S rDNA sequence for the 10 PSB
strains using Neighbour-joining method with MEGA X.

3.4 DISCUSSION

The reactive nature of phosphate ions makes them unavailable for biological utility (Wan et
al., 2020; Prabhu et al., 2019). As a result, transition and transformation mechanisms of
physical, chemical (like pH change), and biological (such as microbial) activities influence
the release of plant-available P (Qian et al., 2010). As demonstrated by Behera et al. (2014),
microorganisms play a significant role in the natural P-cycle (solubilization and

mineralization) process via phosphatase enzymes, chelating, and metabolites (organic acids).
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Understanding the role of microbes in P-transformation leads to screen efficient strains that
are then applied as inoculant to improve plant-available P and agricultural production. PSB
are usually found in soil, water bodies, and sediments (Wan et al., 2020). However, Verma
(2019) showed that microbial diversity in soil is much greater than in other environments
because soil offers various microhabitats and root exudates (rich sources of energy and
nutrients). Zhang et al. (2021) also stated that PSB are widely distributed in different soils,
which can benefit plants in various ways. Moreover, different reports demonstrated that the
rhizosphere soil contains more PSB population than non-rhizosphere soil (Waday et al.,
2022; Pande et al., 2017; Ahemad and Kibret, 2014; Hariprasad and Niranjana, 2009).

Using PVK agar medium, a large number of PSB were isolated from tomato rhizosphere soil
collected from the three study sites (Koka, Meki, and Ziway Zuria). Farmlands in the study
area are used for crop production in both seasons and promote aggressive agrochemical
consumption. Even if it is expected to decline beneficial microbes in such farming systems
(Zaidi et al., 2009), it was found that all tomato rhizosphere soil samples comprised bundles
of P-solubilizers. In a similar way, Baliah et al. (2016) reported that PSB populations were
found to be rich in tomato rhizosphere. The availability of enriched root exudates
synchronizes plants and the microbial community in the rhizosphere (More et al., 2019).
Plants control the rhizomicrobial community composition and abundance by regulating root
exudate molecules (timing, amount and constituent) and signal molecules which can favour
specific species and regulate their genetic and biochemical activities (Rachel et al., 2018). It
is also stated that phosphate-solubilizing microbes are abundant (20-40% of the total
population) in the rhizosphere to compete for root exudates (Kour et al., 2021). Likewise,
Yadav and Verma (2012) described that among soil P-solubilizing microbes, bacteria
constitute 1-50% of the total P-solubilizers with great fold solubilization efficiency. Sharma
et al. (2011) also stated that high population and metabolically active PSB concentrated in the
rhizosphere.

Halo zone formation on agar PVK medium was used as the first line detection of P-
solubilization from TCP (Caz(POa4)2) by the candidate strains (Naik et al., 2008; Alikhani et
al., 2007). Among the three sites, a relatively large number of PSB isolates (both per sample
as well as in total) were screened from Meki, followed by Koka, then Ziway Zuria. Different
contributing factors can be mentioned, including the environmental conditions, soil profile
(Supplementary Table 3.1) (Mesfin, 2020; Beshir et al., 2015; Negash and Mohammed,
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2014), farm production and cultivation trends, as well as the natural population of the
microbial community, among others. In support of this, Rachel et al. (2018) and Zhalnina et
al. (2018) described that microbial communities and their activities in the rhizosphere are
governed by plant species, geographical locations, climate, and farm management. Soil
characteristics, pH, moisture, and temperature are also deemed to be the limiting factors
(Zhang et al., 2023; Nosheen et al., 2021). Undeniably, a large number of soils taken from
Meki sites due to the long tomato and other vegetable production history, wide range of
farmlands, and many smallholders participation in tomato production. It was observed that
most farmlands engaged in vegetable cultivation in line with other crop production both in
the dry and wet/rainy seasons (Chapter two) due to the availability of conducive

environments and resources.

Kirui et al. (2022) and Aliyat et al. (2020) described Sl and colony morphology as primary
standards for the selection of PSB isolates. During isolation, different microbes (Picture 3.1)
appeared in various colony shapes (round, smooth, rough, and branched), sizes (small,
medium, and large), and colours (white, yellow, creamy-white, pink, purple, green, blue-
green, and black). Similarly, Sharon et al. (2016) demonstrated the variation of PSB colony
structures in size, shape, and colour. It was also observed that a few PSB isolates (e.g., K-10-
41) showed antibiotic effects on neighbouring colonies that made a clear zone around the
colony, possibly indicating self-defence and niche or nutrient competition. Supportively,
Wang et al. (2017) have shown the impact of antibiotic production by soil microbes to

control colonization dynamics in the rhizosphere.

Following the preliminary screening method, the final 10 PSB isolates were selected with a
SI range of 2.35-3.22 (Figure 3.4) which is comparable with Fenta and Assefa’s (2017)
report who isolated PSB from tomato rhizosphere (SI = 1.8-3.5), Mohamed et al.’s (2018)
report who screened 3 PSB strains with 2.8-3.2 SI from tomato, and Muleta (2018) screened
5 strains (SI = 1.5-3.3) from soyabean rhizospheres. The current maximum SlI (3.22) by Mk-
1-25 was higher than Paul and Sinha’s (2017) finding that the KUPSB12 strain isolated from
a river sample formed 2.85; and lower than the findings of Haile et al. (2016), who reported
4.5 Sl by HUPSB-35 and HUPSB-45 that were screened from lupine rhizosphere soil from
Gojam, Ethiopia. Similarly, Wan et al. (2020) published PSB strains grown on solid NBRIP
media with different P sources that produced a higher halo zone to colony ratio of 4.62
(TCP), 6.75 (phytate), and 8.5 (AIP). In addition, different reports have shown that PSB

58



strains with SI > 4 were screened from various rhizosphere samples, including PSB1 from the
coffee rhizosphere with 5.09 (Waday et al., 2022), from maize with 4.88 (Pande et al., 2017),
from phosphate mines with 4.79+0.57 (Aliyat et al., 2020) and from natural coffee 2.05-5.82
(Muleta et al., 2013). However, agar plate quantification is a rough P solubilization potential
measurement (Sharon et al., 2016); therefore, it should be supported with additional liquid
medium quantification (Alikhani et al., 2007). In a good agreement, Kour et al. (2021) stated
that clear zone formation is not a sole selection criterion, but rather should be strengthened by
other supplementary screening methods.

3.4.1 Quantification of Dissolved P

PSB exhibited a distinctive ability to utilize specific nutrient sources (Wan et al., 2020;
Chandra et al., 2018; Pathak et al., 2017). The type of carbon source and P-substrates added
to the growing media would determine the strain's P-solubilization efficiency. Davis et al.
(2005) also have shown that the type of growing medium significantly determined the size
and colony number of the soil bacterial community. Similarly, Behera et al. (2014)
underlined that microbial P solubilization efficacy depends on different factors, such as the
nutritional, physiological, and growth conditions of the inoculant. In the current experiment,
the majority of PSB strains demonstrated broad sugar fermentation (Table 3.1). This might
suggest that these isolates are capable of utilizing most of the sugars from the plant root
exudates in the rhizosphere. On the other hand, they have shown a significant amount of
dissolved P (57.5-101 pg/ml) differences compared to the un-inoculated (control) group
(Table 3.5). TCP was typically and preferably solubilized by the majority of the strains,
though there was no overstated difference among the rest of the P-complexes (Supplementary
Figure 3.1(A)). In agreement with this, Wan et al. (2020) reported that TCP was the optimal
P-source for PSB in liquid media because TCP is more pH-sensitive than other inorganic P
compounds (Zhang et al., 2023). Sharon et al. (2016) also strengthens this finding that PSB
strains isolated from tomato and potato rhizospheres dissolved much greater P from TCP than
FeP-containing medium. In addition, Muleta (2018) reported that a PSB strain, EPS1,
released more dissolved P from TCP than FeP-containing broth. However, the current result
contradicts with Mukhtar et al.’s (2017) finding that 7-days incubation of PSB strains in RP-
modified PVK broth composited with sucrose and maltose as a carbon source resulted in 75.9
and 55.92 pg/ml dissolved P, respectively, whereas the usual glucose-based PVK broth

resulted in a low (49.92 pg/ml) amount of dissolved P.
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Determination of dissolved phosphorous from various solutions containing different
phosphorous forms using phosphate ion reactions against the reagents is a common
colorimetry method (O'Dell, 1993). It is known that several microbes would show different
solubilization efficiencies in solid and/or liquid media. PSB strains in this experiment
demonstrated significant competence on solid as well as liquid PVK media. Among the 10
tested PSB, K-10-41 verified the overall solubilization efficiency and recorded a higher Sl (3)
on the agar plate (Figure 3.3) and elevated dissolved P in the broth (260.38 pg/ml (Table 3.5:
Supplementary Figure 3.1 (B) and Supplementary Figure 3.2)). An extraordinary finding by
Pande et al. (2017) have stated that PSB strain (C1) showed a maximum Sl (4.88), dissolved
P (305.49 pg/ml), and low medium pH (3.08). Likewise, Waday et al. (2022) reported an
isolate from the coffee rhizosphere that demonstrated a maximum Sl of 5.09 and 270 pg/ml
dissolved P. On the other hand, K-1-29 showed a lower Sl (2.37) on the agar plate;
nevertheless, it was recorded the highest overall dissolved P (260.83 pg/ml (Table 3.5 and
Supplementary Figure 3.1(B))) in PVK broth. A supportive finding reported by Sharon et al.
(2016), an Enterobacter sp. from potato showed a small index on an agar plate and dissolved
a significant amount of P in liquid medium. In contrast, Mk-1-25 showed the highest
solubilization clear zone surrounding the colony (SI = 3.22) then failed to repeat in liquid

media and recorded the lowest (216.77 pg/ml) overall mean dissolved P.

The specific interaction analysis of each isolate against individual P-sources showed a strong
variation in the concentration of dissolved P. For instance, Mk-1-25 was among the top
solubilizers in BM and FeP-added broth (ranked 1% and 2" with corresponding 228 and
225.64 pg/ml P, respectively), whereas it dissolved relatively low P in AIP and TCP broth at
the 10" day of incubation (Supplementary Figure 3.2). This result was much greater than
Rodriguez et al.'s (2006) report that 7 days of incubation of Serratia sp. S119 in modified
NBRIP broth with FeP and AIP resulted in 17.2 and 141.6 pg/ml of dissolved P, respectively.
Then again, K-10-41 was one of the top inoculants in overall dissolved P (260.83 pg/ml
(Table 3.5)) and ranked 3™ in TCP, FeP and AIP (with corresponding 337.89, 225.14, and
223.38 pg/ml solubilized P, respectively) and 10" in BM-containing broth (with 212.84
pg/ml P). Similarly, K-10-27, the 3™ solubilizer in overall solubilized P concentration (Table
3.5), nonetheless, it dissolved prominent P in TCP and AIP comprising broth (1% and 2" with
343.9 and 224.48 pg/ml, respectively), while it was one of the least P dissolvent in FeP (9%
with 215.58 pg/ml) (Supplementary Figure 3.2). In general, PSB strains were found to be
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promising P-solubilizers from different P-complexes; hence, the current result was higher
than Qian et al.'s (2010) findings on the 10-days of incubation of the most efficient bacterial
strain isolated from shallow lake and wetlands, which recorded about 170 pg/ml of
accumulated P. Pandey et al. (2006) also stated a maximum solubilized P (247 pg/ml) by
Pseudomonas putida at 15 days of incubation. It should be clear that quantifiable P in the
supernatant is either dissolved or assimilated from microbial cell tissues. Comparatively, a
specific substrate-based response will give an indirect clue about the background of enzymes
they possibly produced, the possible environmental preconditions (pH, organic matter, type

of P-supplements), and the pace or rate of inoculum.

Medium pH change at 10 days of incubation
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Figure 3.7: The effect of PSB strains on the pH of PVK broth modified with P-complexes.

3.4.2 pH Change

Medium pH change is considered one method for indirect estimation of P-solubilization
(Kour et al., 2021; Baliah et al., 2016; Sharon et al., 2016; Zaidi et al., 2009). Almost all the
PSB isolates lowered the broth medium pH to an observable level over the control
(uninoculated flasks) (Figure 3.4 and Supplementary Table 3.3). Similarly, Chen and Liu
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(2019) found a PSB strain (S32) significantly solubilized P from TCP by lowering the
medium pH to 3.51. Kaur and Reddy (2013) also showed that P solubilization is accompanied
by a pH reduction of up to 3.7 upon 5 days of incubation. In concurrence, Estrada-Bonilla et
al. (2021) and Naik et al. (2008) demonstrated that PSB strains inoculated in PVK medium
reduced pH to 4.8-3.41 at different incubation periods. Microbial activities induce pH change
because of different metabolites (Babalola et al., 2021), including siderophores and organic
acids, which in turn create a reactive medium to promote the solubilization of water sparingly
soluble phosphate compounds, dissociate the metallic ions (AI¥*, Fe** and Ca?*) then release
phosphate ions. Yadav and Verma (2012) also showed that PSMs increased TCP (Caz(POa4)2
solubilization by secreting organic acid and reducing pH, which led to a high affinity for

calcium and a higher solubilization of phosphorous.

Bacterial organic acid production, metabolism, and genetic regulation are correlated with the
level of P-solubilization (Yang et al., 2023). Medium acidification from the initial pH range
(7) clearly indicated the production of organic acids (Paul and Sinha, 2017). As indicated by
Rachel et al. (2018), PSM excrete organic acids and H* to solubilize from Ca, Fe and Al-
phosphate. The most common low-molecular-weight organic acids linked to microbial P
dissolution are oxalic, lactic, citric, malic, succinic, acetic, gluconic, and formic acids (Zhang
et al., 2023; Pathak et al., 2017; Sharon et al., 2016; Hariprasad and Niranjana, 2009).
Similarly, Rodriguez et al. (2006) showed that PSB strain inoculation in NBRIP broth
(modified with FePOs and AIPO4) significantly reduced the pH to 2.84 and 3.15,
respectively, which strongly deviated from the current findings of 4.8 in TCP, 4.86 in FeP,
5.22 in AIP, and 5.41 in BM broth (Figure 3.4 and Supplementary Table 3.3). On the
contrary, Fenta and Assefa (2017) reported lower pH valve (4.33) and dissolved P from BM
composited broth than TCP (pH=6.25 at 10 days of incubation). As demonstrated by Chen
and Liu (2019), 7-days incubation of the S32 strain on different P sources showed that type of
substrate and solubilization efficiency were strongly linked; priority was given to TCP to
solubilize larger P, while the least preferred substrate was ferrous phosphate (i.e. TCP >
AIPO4 > FePO4), and the medium pH was reduced to 3.51, 3.46, and 4.03, respectively. In
agreement, Zhang et al. (2023) revealed that TCP dissolved at an acidic pH while iron and
aluminium phosphates required a stronger acidic (pH 2.5 or below) medium to dissolve.
Likewise, Cui et al. (2022) reported that FeP has a lower solubilization rate than TCP and
requires a pH of 2-2.5; thus, the dissolution rate in soil is limited because of buffering
capacity.
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As bacterial incubation days increased, their population and metabolites exponentially
increased, especially in the first 5 days; consequently, rapid medium pH change and
dissolved P concentration were recorded (Supplementary Table 3.3, and Supplementary
Figure 3.1). In agreement with this, Muleta et al. (2013) reported that liquid medium pH was
strongly reduced from 7 to 4.83-3.93 by PSB strains at day 3 of incubation while in the
remaining days no further pH change was observed. Supportively, Qian et al. (2010) and
Mohamed et al. (2018) stated that bacterial growth patterns would suggest the accumulated P
concentration. Wan et al. (2020) also indicated that the expression of P-cycling-related genes
exponentially increased along with the extracellular phosphorous concentration, then declined
at longer incubation. Correspondingly, Mukhtar et al. (2017) reported that six PSB strains
screened from sugarcane, wheat, and the Atriplex amnicola rhizosphere reduced the PVK
broth pH and increased P-solubilization up to 14 days. Moreover, many reports (Behera et al.,
2019; Pande et al., 2017; Rodriguez et al., 2006; Pandey et al., 2006) have indicated that
lowering the medium pH negatively correlated with dissolved P in the medium. In agreement
to this, incubation day has a positive correlation while medium pH change has negative

correlation with dissolved P (Muleta et al., 2013).

The natural holobiont (plant-microbiomes association) is complex phyto-microbiome
interaction; relatively a constant partner relationship; between a plant and microbiomes that
are ancient and long co-evolution (Rachel et al., 2018). The information concerning their
relationship is minor so, the detail understanding and knowledge still remains. However, it is
expected to discover various additional and surprising relationships that are beneficial to
plants. Phyto-microbiome relation is regulated and governed by the plant as well as microbial
community (Rachel et al., 2018) on top of non-biological factors. For instance, the plant
control over rhizo-microbiome by root exudates of various composition (sugars, amino acids,
organic acids, and complex secondary metabolites) and signal molecules which can be more
suitable and recruit specific species (hub-species), regulate their genetic and biochemical
activities while the microbiome in-turn produce quorum sensing compounds when warrant
conditions and physiological shift plants to respond, produce and release phytohormones,
secondary metabolites and volatile organic molecules to boost plant growth, root architecture,
biomass, response to stresses and elevate photosynthetic capacity (Rachel et al., 2018).
Moreover, the root-microbiome (abundance, diversity and bacterial community structure)
influenced and shaped by host genetic variation and environmental conditions (Quiza et al.,
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2023) as a result, beneficial microbial communities currently are gaining attention in crop
breeding programs (Bergelson et al., 2019). Supportively, a rhizosphere metagenomic study
of different wheat genotypes were resulted in a significant variation of rhizomicrobes (both in
diversity and microbial activities), mostly visible in rhizobacteria, among wheat genotypes,
plant growth stage and plant compartment (Quiza et al., 2023). GWAS study on Arabidopsis
root-microbes indicated that plant genes associated with rhizobacteria phenotype include
genes that involve in immunity (falvin monooxygenase), cell wall modification, sugar
processing, cellulase activities, root development (radial pattern formation, root

morphogenesis, pectate activities, vascular and aging) (Bergelson et al., 2019),

Furthermore, the molecular basis of plant-rhizobacteria interaction mechanisms responsible
for physiological changes have been recognised with the help of omics (Rachel et al., 2018).
A complete genome sequence of PGPR Bacillus sp. strain OAL indicated plant growth
promotion mechanisms and related bacterial gene ontology (i.e., N-fixation (nif gene and
nitrogen regulatory protein), phosphate solubilization (phosphate ABC transporter, substrate
binding protein, chemotaxis response phosphatase CheZ, ribose 5-phosphate isomerase A,
glucose-6-phosphate-1-dehydrogenase, pyrophosphokinase and nucleotide 5-triphosphatase
Rdg8), siderophore (ferrichrom transport ATP-binding protein FhuC, ferrichrome transport
system permease protein FhuG, ferric uptake regulation protein FUR), IAA production (IAA
acetyl transferase, auxin efflux carrier family protein) and exopolysaccharide production

(ExoD protein and exopolyphosphatase) (Babalola et al., 2021).

3.4.3 The Taxonomy of the PSB

Based on their characters (morpho-biochemical and DNA sequence), the current 10 PSB
isolates are taxonomically grouped under three genera Priestia (basonym: Bacillus (Shwed et
al., 2021), Bacillus, and Burkholdoria and six species (i.e., K-1-29, Mk-20-7, and Mk-20-20
belong to Priestia megaterium, while K-10-27 and Z-12-20 belong to Bacillus subtilis, Mk-1-
25 and Z-13-4 belong to Bacillus halotolerance, K-10-41 belongs to Bacillus velezensis, Mk-
13-16 goes to Bacillus amyloliquefaciens, and Z-1-16 was grouped under Burkholderia
cenocepacia (Figure 3.6). These beneficial bacterial strains are repeatedly reported in
different publications by demonstrating comparable results and characteristics obtained from
this experiment and other plant growth-promoting traits. For instance, Rabbee et al. (2019),
Verma (2019) and Karnwal (2017) described that P-solubilization, HCN, IAA, and
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siderophore production are frequent and known plant growth-promoting traits of the
dominant and most important PGPR species of Bacillus and Pseudomonas. In good
agreement, Kumar et al. (2022) indicated that bacterial strains from Bacillus and
Burkholderia showed P-solubilizing ability along with HCN, cytokinin and IAA production.
Ahemad and Kibret (2014) stated that 80% of rhizobacteria from various crops synthesized
and released IAA as secondary metabolite which plays an important role in rhizobacteria-
plant interaction as well as act as a reciprocal signalling molecule affecting gene expression
in several microorganisms. Similarly, Sharon et al. (2016) indicated that soil bacterial genera
such as Bacillus, Pseudomonas, and Enterobacter were found to be the most powerful
phosphate solubilizers. Nosheen et al. (2021) indicated that bacterial species from Bacillus,
Pseudomonas and Rhizobium are the dominant biofertilizers applied as P-solubilizers and
plant growth-promotors. Rafi et al. (2019) also strengthen the current findings that PSB
isolates from the rhizosphere of wheat, alfalfa, cotton, and tomato-grown fields in semiarid
regions are predominantly identified as Bacillus and Pseudomonas species. Muleta et al.
(2013) also reported that 51 Burkholderia, 147 Bacillus, 134 Pseudomonas and other PSB
strains were screened from Bonga and Yayu natural coffee forest. Moreover, a meta-analysis
on performance of beneficial bacterial species indicated that application of Burkholderia,
Bacillus and Pseudomonas spp. displayed positive effects on plant P-uptake, shoot- and root-
biomass though, Burkholderia spp. outperforms more followed by Bacillus spp. (De Zutter et
al., 2022). As indicated by Macik et al. (2023), Burkholderia spp. benefit plants more by

solubilizing potassium in addition to P.

3.5 CONCLUSION AND RECOMMENDATIONS

Tomatoes’ rhizosphere was found to be rich in PSM, and the upmost 10 competent PSB
strains were selected and evaluated under different conditions. Most of the selected strains
were found to be efficient P solubilizers from different sources, able to utilize broad carbon
sources, lower the medium pH possibly due to organic acid production, and produce plant
growth-promoting traits. Plate screening is a first-line technique to isolate potential PSB;
however, it should be supported with other techniques, including liquid medium evaluation,
to screen efficient strains. This is because isolates might demonstrate elevated potential on
the plate, then fail to repeat in liquid media (as MKk-1-25) or (as K-1-29) show limited
solubilization on the plate and find excellent solubilizer in liquid media; if not, they might
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verify their competence both on the plate as well as in liquid media (as K-10-41 and Z-12-
20). Therefore, K-1-29, K-10-41, and Z-12-20 are potential and multifunctional candidates to
develop biofertilizers that may exhibit positive outcomes in the plant growth-promotion,
agro-ecosystem, improving soil fertility in a sustainable manner and using an eco-friendly
approach. Subsequently, by verifying their performance under greenhouse and field
conditions, these selected strains could be applied for tomato and other crops production at
Koka, Meki, and Ziway Zuria. Whole genome sequence is recommended to assign their exact
strain accession number. Furthermore, future work should concentrate on evaluation of these
strains at greenhouse and field conditions and investigate more efficient strains supported by
molecular techniques. Biofertilizer and plant growth-promotors development optimization
with multifunctional PSB strains will improve soil fertility, organic farming, crop production,

and environmental health.
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CHAPTER FOUR

4. DUAL-INOCULATION EFFECT OF PSB STRAINS AND
POSSIBLE P-SOURCES ON TOMATO GROWTH PERFORMANCE
UNDER GREENHOUSE CONDITIONS.

Abstract

A pot experiment was conducted at a greenhouse using 10 pre-screened PSB strains to
evaluate tomato growth performance and symbiotic effectiveness. Tomato requires intensive
application of agrochemicals, and its production in Ethiopia is low compared to other
tomato-growing regions. PSB strains have tremendous benefits in maintaining soil fertility,
producing phytohormones, alleviating plant stresses, and promoting beneficial microbial
activities. For this experiment, each isolate was co-inoculated separately with different
external possible P sources (AIPOs, Cas(POa)2, (NH4)3sPO4, bone meal, DAP fertilizer, and
compost) and set in three replications. The inoculated tomatoes showed significant
differences from the controls, and most plant parameters showed significant differences
among P treatments. Especially, four strains (K-1-29, Mk-1-25, Mk-20-20, and Z-12-20)
showed substantial improvement in tomato growth performance. For instance, Mk-20-20
promoted seed germination and fruit yield; K-1-29 induced the number of leaves and nodes
at the early growth stage, flower clusters, buds, number of fruits, and stem thickness; Mk-1-
25 promoted shoot length, leaf count, late-stage branch development, and phosphate-based
symbiotic effectiveness (PBSE); Z-12-20 induced shoot length, shoot and root fresh weight,
and root dry weight. Synergetic applications, particularly PSB strains together with compost
and aluminium phosphate, were found to be remarkable complements to achieve fruitful
tomato-PSB symbiotic interaction and growth performance. Co-inoculation of strains and
compost significantly increased plant height, number of leaves and branches, floral
parameters (clusters, buds, and open flowers), fruit number, fresh weight of shoots and roots,
root dry weight, and overall PBSE whereas, aluminium phosphate greatly improved
germination, early flower cluster development, flower opening, and most importantly, fruit
weight. It is strongly recommended that these four selected strains be characterized to further
confirm their symbiotic effectiveness in a site-specific field trial on tomatoes as well as other

crops for use as biofertilizers and growth-promoting bioinoculants.

Keywords: Compost, Phosphorous, PSB, Symbiotic Effectiveness
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4.1 INTRODUCTION

Tomato (Lycopersicon esculentum Mill.) is one of the most nutritionally desirable
commercial crops (Widnyana, 2018). Due to its sensitive nature (Baba et al., 2017), tomato
production is challenged by different factors; thus, production requires aggressive
agrochemical consumption. In Ethiopia, tomato production increased from time to time due
to attractive markets, relative production profit (Mersha and Sime, 2022), repeated fruit
harvesting, suitability for off-season production, improvements in irrigation practice, and
farmers' awareness. Almost all Ethiopian farmers follow a traditional farming system (Kifle
et al., 2022), which is why its production and productivity are very low compared to other
regions (Asfaw, 2021; CSA, 2021) (Chapter two). It is demanding to excel in agricultural
production and productivity to feed the ever-increasing population and minimize climate
issues. Enhanced crop production requires optimum soil fertility, a conducive growing
environment, improved agro-technologies, pest/infestation management, proper land
preparation, and improved harvest-post-harvest practices (Kidane et al., 2022; Kifle et al.,
2022). Application of fertilizer (the main agricultural input), pesticides, and herbicides
(safeguard crops from pests and weed invasion) improve productivity and minimizes
production loss (CSA, 2021). However, repeated and excess application of synthetic
fertilizers and pesticides leads to several environmental, agricultural, and health issues
(Abebe et al., 2022; Sayyed et al., 2019; Egamberdieva et al., 2015).

Production cost and economic barriers are the main reasons for smallholder farmers to
implement improved agricultural technologies (quality seeds, proper soil-based treatments,
high-performance environmentally friendly agrochemicals, proper farm follow-up, etc.
Supportively, Kifle et al. (2022) indicated that adoption of climate smart agriculture practice
affected by financial, natural, and technological accesses. Therefore, it is better to design
technologies that improve productivity and minimize production costs with an eco-friendly
approach. The development of biofertilizers and bio-inoculants (Baba et al., 2017) plays
significant roles in production improvements, soil and environmental health maintenance, and
minimizing production costs (Nosheen et al., 2021; Egamberdieva et al., 2015). There are
millions, if not billions, of beneficial microorganisms found in the soil (Sayyed et al., 2019).
The soil microbial community influences soil fertility through decomposition, mineralization,
nutrient release, and/or storage, promotes other beneficial microbial activity (Chen and Liu,
2019; Poonia and Dhaka, 2012), and reduces plant pathogens (Planchamp et al., 2015; Shavit
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et al., 2013). Furthermore, fruitful outputs will be obtained if they are applied together with
appropriate agrochemicals (De Zutter et al., 2022). This is because the natural soil biological
response and organic farming provide slow nutrient accessibility with gradual responses that
impede elevated production. Therefore, integrated fertilization (fertilizer, compost and
biofertilizer) practice has an economical, environmental and sustainability benefits (Abebe et
al., 2022).

Phosphorous is the second most important element for growth and development (Yasmeen et
al., 2022; Mitra et al., 2020; Chen and Liu, 2019; Baba et al., 2017; Poonia and Dhaka, 2012)
that is involved in many metabolic pathways and is essential to produce biomolecules (De
Zutter et al., 2022). Most (>95%) of soil phosphorous is found in insoluble form (Pande et
al., 2017), and plants assimilate a very tiny amount of phosphate ions from soil (Sharma et
al., 2013). Whenever plants face P deficiency, they try to optimize their internal physiology
and rhizosphere environment (De Zutter et al., 2022). Soil can be supplemented by the
addition of fertilizers, inorganic minerals, and dead organic residues (Kifle et al., 2022; Wan
et al., 2020); however, only 5-25% P fertilizer is utilized by plants (Chen and Liu, 2019).
Plant availability of phosphorous is limited due to soil desorption and fixation with Fe3*,
AP, and Ca?* to form insoluble composites or salts (De Zutter et al., 2022; Liu et al., 2020;
Chen and Liu, 2019; Bhattacharyya et al., 2015; Chen et al., 2014; Poonia and Dhaka, 2012).
To resolve the phosphorous deficiency, farmers applied intensive fertilizers into the soil,
which resulted in stable plant inaccessible P accumulation. Due to the rise in fertilizers cost,
environmental health issues, and wise resource utilization, the application of phosphate
solubilizing bacteria (PSB) has many advantages to improve soil fertility and productivity
(Yasmeen et al., 2022). Many kinds of literature have reported that multidimensional PSB
strains maintain soil fertility and soil biota to achieve sustainable agriculture (Wan et al.,
2020; Chen and Liu, 2019; Pande et al., 2017; Sharma et al., 2013; Collavino et al., 2010).
Apart from solubilization and mineralization, they influence plants' phytohormones and
metabolic pathways to mitigate P-deficiency (De Zutter et al., 2022; Rilling et al., 2019).
Furthermore, PSB play a significant role in tomato growth-promoting traits like the
production of IAA, siderophore, HCN, ammonia, and ACC deaminase activity
(Egamberdieva et al., 2015; Vaikuntapu et al., 2014; Wlapola and Yoon, 2013). Their
rhizosphere interaction and microbial activities are influenced by nutrient availability,
composition of root exudates, indigenous competition, soil management, and climatic
conditions (Pellegrini et al., 2021; Nosheen et al., 2021; Rilling et al., 2019). Plants attract
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beneficial microbes by releasing various compounds, including volatile compounds (COa,
ethanol, acetone, ethylene, and the likes), low molecular weight compounds (LMWCs like
organic acids, sugars, amino acids, and vitamins), and high molecular weight compounds

(HMWCs, namely enzymes and polysaccharides) (Verma, 2019).

In Ethiopia, the application of PSB inoculants (Muleta et al., 2021) remains very limited due
to a lack of well-developed efficient strains, technology, awareness, practical exposure, poor
adoption skills, greenhouse and field trials and evaluations, inconsistent results or
environmental factors for imported strains, and poor motivation among the agri-sectors.
Numerous studies (Muleta, 2018; Muleta et al., 2013; Woyessa and Assefa, 2011; Lemessa
and Zeller, 2007; Fenta and Assefa, 2017) have been conducted so far to explore potential
PSB isolates from different crops and agroecologies; nevertheless, very limited experiments
have been done on symbiotic effectiveness evaluation and authentication along with co-
inoculation of extra P sources at the greenhouse level. Therefore, this research was conducted
to evaluate tomato growth performance under PSB and extra P-substrate co-inoculation,
symbiotic effectiveness, and assess their suitable P-substrate for dual-inoculation.

4.2 MATERIAL AND METHODs
4.2.1 Study Area

The experiment was conducted in a greenhouse condition at the Hawassa University's main
campus (located at 7°3°13” N and 38°30°2” E), Hawassa, Ethiopia. The research was
conducted from December 2021 to March 2022.

4.2.2 PSB Isolates Preparation

Selected ten PSB strains were taken from the current project isolation at Hawassa University
Soil Microbiology Lab and were isolated from tomato rhizosphere soils collected from three
main tomato-producing areas, namely Koka, Meki, and Ziway Zuria. These pre-screened
potential PSB strains were selected based on P-solubilization efficiency on Pikovskaya’s
medium. Their efficiency was evaluated both in liquid and solid media in line with other
primitive screening methods using morphological and biochemical tests (Chapter 3). These
isolates were prepared for inoculation by refreshing them in TCP-broth at 30 °C for 48 hiin a

shaker incubator (121 rpm). Each PSB isolate was inoculated separately.
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4.2.3 Soil Preparation, Treatment Mixing, and Pot Arrangements

The experiment was conducted in surface-sterilized, plastic pots filled with 3 kg of soil in a
greenhouse. Seeds and plastic pots were surface sterilized according to Somasegaran and
Hoben (1994). Soil was filled in each pot alongside the respective supplementary P substrates
(TCP, BM, AIP, AmP, compost, and DAP) and one control (soil without any external P
substrate). These treatments were selected because of the possibilities found in natural soil,
such as rock phosphates, alkaline soil, acidic soil (AIP and FeP), organic matter (debris from
dead animals and plants), or intentional application. In soil, whatever the concentration, one
or more of these substrates would be found naturally or incorporated intentionally during
farm practices; thus, verifying the strains’ response/capacity on these possible P substrates
will give a good picture to recommend them for which soil type and which substrate can be
co-inoculated for fruitful response. Depending on the phosphate composition and the
recommendation rate, the added P sources were measured in their respective amount (Table
4.1). In these measurements, the concentration of phosphate in each substrate and the
recommendation rate of DAP fertilizer and compost per hectare were used to determine the

amount of substrates per pot accordingly.

Table 4.1: Type and amount of added treatments.

No Treatment Amount per pot Inoculum

1  TCP (Caz(PO4)2) 0.23gm Control +10 Isolates
2 Aluminium phosphate (AIP)  0.14gm Control +10 Isolates
3 Bone Meal (BM) 0.33gm Control +10 Isolates
4  Compost 1:3 ratio Control +10 Isolates
5  Fertilizer (DAP) 0.17gm Control +10 Isolates
6  Soil only (control) - Control +10 Isolates
7 Ammonium phosphate (AmP) 0.14gm Control +10 Isolates

NB. Each P-substrate was co-inoculated with individual strain separately and each treatment
has a control (i.e., uninoculated or isolate-free) pot.

4.2.4 Experimental Set up and Strain Inoculation

Healthy tomato (a familiar variety used by farmers called Galilee (Mersha and Sime, 2022))
seeds were selected, surface sterilized, and soaked in refreshed active inoculum suspension

overnight (Pande et al., 2017) to ensure all sides of the seeds made proper contact. Seed
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inoculation with PGPR have demonstrated the induction of tomato germination, length, fruit
yield (Widnyana, 2018), wilt resistance both in field and at greenhouse trials (Egamberdieva
et al., 2015). Seed inoculation helps the bacteria to colonize the root, improve indigenous
competition, and exploit the root rhizosphere niche at the early stage of the plant. Then the
extra suspension was removed from the seed and the seeds were allowed to dry (Yasmeen et
al., 2022) for 30 mn to enhance isolate-seed fixation. Four seeds were sown at 2 cm depth in
each pot per the respective P sources with three replications and arranged in CRBD. One
millilitre of PSB suspension was inoculated before the seeds were covered by soil. After 20
days of sowing, plants were thinned down to one per pot and irrigated every day. In order to
maximize root colonization, one millilitere of active culture was re-inoculated with their
respective arrangements in each pot at 2 cm depth. For the nitrogen source, urea was added at
the recommended rate. Data were collected starting from germination until harvesting.
Tomato was harvested after 110 days of sowing, and measurements were taken on shoot
height, biomass, fruit number, fruit weight, root length, and the estimated total P in the shoot.
Plant height and biomass are the important traits frequently monitored to assess the impact of
selected PSB strains on the target host plant and plant P-uptake (De Zutter et al., 2022).
Based on tomato shoot dry weight, the effect of isolates on the amount of P in the shoot and
the level of symbiotic effectiveness were calculated according to the formula provided by

Somasegaren and Hoben (1994) as follows:

PBSE (%) = (IPDM)*100/ PFPDM

Where, PBSE= Phosphate Based Symbiotic Effectiveness, IPDM = Inoculated Plant Dry
Matter, PFPDM= Phosphate Fertilized Plant Dry Matter

4.2.5 Data Organization and Analysis

Quantitative data that has been collected, tabulated, and then analysed using R 4.2.1 and SAS
9.4 versions. The variables were subjected to ANOVA (two-way analysis using Fisher's and
Tukey's tests) (significance set at p=0.05). The means of the treatments were differentiated
using the LSD. Finally, the analysed data was explained and discussed in reference to other

related works.
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Picture 4.1: Greenhouse tomato growth phases treated by different PSB strains and possible

external P-substrates.
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4.3 RESULT

This study was focused on the effect of the combined application of selected PSB strains and
external possible P-substrate on tomato growth and development under greenhouse
conditions. Based on the recorded data at various tomato growth stages, considerable
responses were observed. Throughout the tomato growth, PSB strains showed significant
(p<0.05) differences against the control, and almost all parameters showed significant
differences among P treatments. For instance, certain isolates significantly improved seed
germination (shorten the date (Table 4.2)), others promoted tomato shoot length (Table 4.3
and Figure 4.1), development of leaf (Table 4.4 and 4.8), flower clusters, buds, early
flowering (Table 4.5 and Figure 4.2), early fruit maturation, fruit yield and biomass (Table
4.7, Figure 4.3, Picture 4.1 and 4.2 and supplementary Figure 4.1 and 4.2).

Table 4.2: Mean value for tomato seed germination and true leaf development dates.

Isolate Germination True leaf dev’t | Treatments Germination True leaf dev’t
Control 7.43+0.62 12.95+0.742 AIP 5.49+0.76°  11.0+0.9<d
K-1-29 6.05+1.12°¢ 11.38+1.43° AmP 6.12+1.43%  11.27+1.13%
K-10-27 5.43+0.93%  10.43+0.75¢ BM 6.58+1.32 11.39+0.93°
K-10-41 6.05+1.36°¢ 11.43+1.33° Com 5.64+1.27° 10.36+1.11°
Mk-1-25 6.43+1.4° 11.24+1.22%¢ Fert 5.7+1.29°  10.85+1.03¢
Mk-13-16  5.67+1.11%% 11.0+0.9%° Soil 6.42+1.3 12.79+1.112
Mk-20-20  5.38+0.87°  11.0+0.95% TCP 5.79+0.99°  10.88+0.89%
Mk-20-7 5.67+1.24° 11.01+1.18 | CV 18.37 7.4

Z-1-16 5.57+1.21%% 11.19+1.17%¢ LSD 0.67 0.4
Z-12-20 5.76+1.26° 10.95+1.43"

Z-13-4 6.14+1.31°¢  10.76+0.54%

cVv 18.37 7.4

LSD 0.53 0.51

NB: Means with similar letters have no significant difference at p=0.05.

Synergetic application of PSB strains and compost strongly promoted tomato plant height and
recorded the largest shoot length in all growth periods (Table 4.3). Co-inoculation partiality
and P-substrate prioritization of strains (Figure 4.1) might suggest two implications: 1)
habitat or soil condition, especially in case of soil acidity and alkalinity; and 2) predominant
type of phosphatase enzyme possibly produced. If isolates significantly respond to aluminium
and iron phosphate, it might give a sign for their habitat preference; then primarily they are
convenient to be applied in acidic soil (mostly synthesize acid phosphatase).
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Height Tukey Grouping for LS-Means of Treatment®Isolate (Alpha = 0.05) Height Tukey-Kramer Grouping for LS-Means of
LE-means covered by the same bar are not signifiantly different. Treatment*lsoclate (Alpha = 0.05)

LS-means covered by the same bar are nat significantly different.

Treatment  Isolate Estimate
Treatment Isolate Estimate
Camp K-1-29 45,6667

Camp z16 45,0067 30 DayS Camp K-10-41 142.00

Camp Met310 440067 Comp Mk-20-20 131.00 90 D avs
Comp Z134 44,0000 Camp Mk-13-16 127.50 y
TCR Mk-1-25 42,3333 Soil Contral 126.50
BM Me2020  42.3333 BM Z134 126.00
P Mk-20-20 42,0000 AP Caontral 124.00
cP K-10-27 41.8667 Fert Control 122.00
Comp K041 418867 AP K-1-20 122,00
BM K120 413333 ‘Comp Cantral 121.00
Comp Mk-207 41.0000 BM Z12-20 118.50
Comp K-10-27 406667 BM Z-1-18 117.00
Comp z1220 403333 ‘Comp Z1-16 115.50
Camp Mk-1-25 40,0000 Comp z12-20 114.00
Comp Mk20-20 40,0000 Camp Mk-1-26 114.00
BM Mk-20-7 40,0000 Comp Z134 111.00
BM Mk-1-25 40,0000 Fert K-10-41 111.00
TCcP Mk-20-7 39,6667 Fert hk-13-16 100.00
TCP K120 303333 TCP Z134 108.00
BM K-1041 39.0000 Fert Z-12-20 108.00
BM Z134 30,0000 Sail z12-20 107.00
TCP Mi-13-18 38,6867 Soil Mik-20-7 108.00
BM K-10-27 38.0000 Comp Mk-20-7 106.00
AP Mik:207 37,0000 Fert Mk-20-20 106.00
TCP K041 46,0067 TCP Z-12-20 105.50
AP Z134 363333 Sail K-10-41 105.50
BM 74220 46,0000 AP K-10-41 104.00
BM Me13-18 356667 BM K-1-2a 103.50
BM 71416 353333 Fert Mk-20-T 102,00
Fert Mi2020 34,0067 Fert Z-134 a8.0000
Fert Z1-16 343333 TCP K-1-20 99.0000
TP Z134 34.0000 BM Mk-20-7 a9.0000
AP k1027 340000 Sail Mk-1-26 98.0000
AP K-1041 34.0000 S K-10-41 a7.5000
Comp Contral 33,8667 AmP Mk-20-T 06.5000
AP MiA316 336867 ‘Comp w-10-27 94.5000
AP z1220 33,8867 ‘Comp w-1-29 94.0000
Fert Z12.20 330067 BM K-10-41 93.0000
AP Mie1-25 33 8867 AR 2134 92.5000
el 2148 33333 AmP Mk-1-25 02.5000
2P 71220 33.3333 AP K-10-27 92 0000
et V07 339331 BM Mk-1-25 91.5000
Fert Me-13-16 33.3333 Soil Z-1-18 91.0000
for K2t 330000 AP Mk-1-26 20.0000
Soi K-1027 33,0000 AmP Z134 80.0000
o R s
ap Kaor 20000 Sail Mk-13-16 86.0000
an K120 0000 Fert K-10-27 85.5000
woom e By Ram
Top o 2087 Fert K-1-20 £5.0000
Soil K-10-27 85.0000
Soi Z134 323333 AP Z1-16 B5.0000
Soil Z1220 32.0000 AmP K-1-29 84 5000
‘;‘;’:‘ ?:;"12,2\ ‘;f gggg BM K-10-27 83.0000
AmP K-10-27 £83.0000
AP Mi131E 313333 el K027 82 0000
Sai Mk-1-25 313333 BM Mk-20-20 £2.0000
AmP? Mi1-25 31.0000 AP Mk-20-20 820000
Soi K041 20,6687 AmP Mk-20-20 82.0000
AP Control 30,6067 TP Mk-1-25 81.0000
AmP Mk-20-7 306667 Fert Z-1-16 £1.0000
Fert K120 0383 BM Contral 80.5000
AR 116 303333 BM Mk-13-16 £0.0000
Fert Z134 303333 TCP K-10-41 TE.0000
Sai Mk-20-7 30,0000 TcP Contral 75.5000
AP K129 30,0000 TCP Mk-20-20 75.0000
AR Mk20-20 - 30.0000 TGP Mk-13-16 75.0000
Fert Cantral 20.8067 AmP Cantrol 75.0000
TCP Control 29,6867 AP Mk-13-18 75.0000
AmP Mk-20-20 20.3333 AmP Z12-20 T4.0000
AmP Z134 20.3333 Saill Mk-20-20 T2.0000
Soil Mk-20-20 29.0000 AmP Z-1-16 72.0000
AP Z446 28,0067 Fert Mk-1-25 72.0000
AmP Control 28,3333 hi=a Z1-16 70.0000
Soi Control 276667 AP Z-12-20 68.0000
Sai MkA3-16 27.0000 AP Mk-20-T 66.0000
AP K-1041 26,8667 AmP Mk-13-16 48.0000

Figure 4.1: The specific interaction response of PSB inoculation and P-substrate on tomato
height development at 30 and 90 days of plantation.

4.3.1 Tomato Germination and Growth Performance

Tomato seed germination and growth were induced by the inoculation of PSB isolates. All
isolates stimulated germination compared to the uninoculated (control) seeds. Strain Mk-20-
20 recorded the fastest germination date (on average 5.38) among the rest of the strains, while
uninoculated seeds took longer (on average 7.4) days to germinate (Table 4.2). Among the
external P sources, aluminium phosphate (AIP) amendment considerably encouraged tomato
seed germination. Similarly, application of K-10-27 and compost shortens the true leaf
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development while uninoculated and untreated soil required longer (on average 12.79) days

to develop true leaves (Table 4.2).

Table 4.3: Mean value of tomato plant shoot length at different growing periods.

Tomato plant height (cm)

Isolate 30 days 45 days 60 days 90 days Harvest
Control 30.14+2.1° 41.05+6.18°>  75.33+5.28° 87.91+5.68°  92.76+5.9
K-1-29 35.95+6.5% 50.33+6.74%  80.67+12.83*¢  96.29+19.92®® 100.38+1922%
K-10-27  36.19+4.32%  49.76+4.96*  76.95+10.32°  89.1+20.42°  93.86+20.59"
K-10-41  34.48+5.65° 49.95+9.55°  81.43+14.03**°  98.48+19.1% 101.81+21.18%
Mk-1-25  35.9+4.95% 48.52+7.42 80.81+13.46%°  96.29+22.75® 106.43+26.112
Mk-13-16  34.9+5.732 48.81+6.01*  82.05+13.16™°  92.71+19.33% 98.71+25.24%
MKk-20-20  35.33+6.4? 50.48+6.95%  82.91+15.46% 94.57+25.57% 98.00+25.24%
Mk-20-7  35.95+5.5° 49.33+6.23%  79.1+12.51b° 05.1+18.13%*  101.76+22.23%
Z-1-16 34.33+5.78%  49.29+11.7%  79.52+18.28°°  91.62+20.25° 101.43+24.25®
Z-12-20  34.52+3.95°  48.38+7.01*  86.52+9.78? 102.52+19.7%  108.19+22.08%
Z-13-4 35.05+5.64%  49.52+6% 81.86+11.74%¢  97.71+24.96%° 100.76+25.78%
cVv 10.21 12.02 14.06 18.64 19.66
LSD 2.16 2.84 6.9 10.75 12.00
P-treatments
AlP 32.52+3.95°  43.24+559°  79.18+11.83°¢ = 94.16+22.78° 101.46+26.83"
AmP 30.94+3.08%  48.85+5.14%  75.85+10.31°% 84.39+15.42° 88.94+18.04¢
BM 38.0+4.03° 51.09+6.98°°  82.06+13.42° 94.58+21.48° 99.09+20.59
Comp 4158+4.35°  58.18+7.43*  95.27+11.12 118.39+17.75% 123.15+17.76%
Fert 32.58+2.53¢  51.7+4.82° 80.67+10.03°°  95.00+16.15° 98.79+17.910cd
Soil 30.58+3.109  42.49+6.76°  83.03+15.59" 102.46+19.95" 113.39+25.52
TCP 37.21+5.16°  47.18+6.58¢  72.88+7.3¢ 82.85+13.43° 91.24+14.94%
cVv 10.21 12.02 14.06 18.64 19.66
LSD 1.72 3.56 5.5 8.57 9.58

*Means + Std with similar letters have no significant difference at P=0.05. PSB isolates named
as letter/s followed by numbers which indicate soil sampling site name, soil sample number and
number of isolates from that specific sample respectively. K=Koka, Mk=Meki, Z=Ziway.
Treatments used: AIP=Aluminium phosphate, AmP=Ammonium phosphate, BM=bone meal,
Comp=compost, Fert=fertilizer (DAP), and TCP=tricalcium phosphate.

The overall tomato height means comparison among PSB isolates seemed to be no significant
difference at 30 and 45 days though, the tallest tomato shoot length (36.19 and 50.48 cm)

were recorded from K-10-27 and MKk-20-20 inoculation at 30 and 45 days, respectively

(Table 4.3). The control (inoculum-free) tomatoes recorded the minimum plant height in all
growth periods (an average of 30.19, 41.05, 75.33, 87.91, and 92.76 cm at 30, 45, 60, 90, and

110 days, respectively). While inoculation of Z-12-20 promoted tomatoes to record the

longest shoot length starting from 60 days until harvesting (86.52, 102.52, and 108.19 cm at
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60, 90, and harvesting (110) days, respectively). Among all inoculated isolates, K-10-27 was
positively promoted at early growth phase but then relatively recorded the lowest plant height
as the plantation days increased (Table 4.3). The addition of compost showed significant
(p<0.05) promotion of tomato-isolate collaboration and recorded the highest plant height
throughout the growing periods, while untreated soil with external P supplements showed a
progressive shoot length increment starting from 60 days until harvesting. However, analysis
of each isolate interaction against the specific P-complexes indicated a significant (p<0.05)
plant height difference (Figure 4.1). For example, K-1-29 and Z-1-16 recorded a maximum
plant height (on average 45.67 cm) at 30 days when they were co-inoculated with compost;
however, co-inoculation with AmP relatively resulted lower plant height record (30.0 and
28.67 cm, respectively) on a similar growth period (Figure 4.1). Even though Z-1-16 was
deemed to be one of the least tomato height inducers; when analysed across all treatments at
30 days of plantation (Table 4.3); it responded differently to each P supplement (Figure 4.1).
Similarly, the performance of Mk-20-20 and MKk-1-25 strengthens the substrate effect on
isolate-tomato interaction and response variability. They showed the least interaction with
compost (which was primarily selected by the rest of isolates) but then substantially
responded with TCP. Likewise, K-10-41 recorded a minimum plant height (26.67cm) when
applied together with AIP, whereas substantial tomato height (41.67 cm) was recorded with
compost at 30 days of sowing. This clearly demonstrated that each isolate has a specific

substrate requirement in order to attain fruitful and successful symbiotic interaction.

Table 4.4: Mean value of tomato leaf number at different plantation dates.

Isolates effect on tomato leaf number

Isolate 30 days 45 days 60 days 90 days Harvest
Control 10.24+0.54° 10.71+0.78° 14.43+1.25° 18.38+2.16%  12.71+2.45%
K-1-29 11.24+1.34* 12.76+1.26* 15.43+2.71%® 18.33+2.65%  11.76+2.47%
K-10-27  10.61+1.02° 12.38+1.6a® 15.1+1.45%  17.76+2.98%  11.19+2.93"
K-10-41  10.67+0.8°  12+1.23° 15.29+1.65%® 18.29+2.57%  11.57+2.42%
Mk-1-25  10.71+1.10° 12.29+2% 15.57+1.65*  18.1+3.48? 12.38+2.75%
Mk-13-16 10.38+0.81° 12.05+1.12° 14.81+1.94%® 18.29+2.26%  12.43+2.98%
Mk-20-20 10.33+1.11° 12.2+1.17% 15.33+1.84%° 18.52+2.38%  11.75+2.23%
MKk-20-7  10.52+0.60° 12.1+0.77%  15+1.84% 18.38+2.422  12.86+3.122
Z-1-16 10.48+0.87° 12.14+1.31%® 15.24+2.07®® 18.19+1.86% 11.81+2.93%
Z-12-20  10.67+0.86° 11.81+0.87° 15.33+1.11* 18.33+1.71*  12.43+2.71%®
Z-13-4 10.48+0.98° 11.86+0.91° 15+1.34% 17.67+2.528  12.00+3.18%
cVv 7.97 9.61 11.76 13.11 21.47
LSD 0.51 0.56 1.08 1.16 1.26
Treatments effect on tomato leaf number
Treatment 30 days 45 days 60 days 90days Harvest
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AIP 10.79+1.29° 11.73+1.55¢ 15.18+2.34° 18.52+3.18°° 11.91+2.83"

AmP 10.21+0.96°%¢ 11.58+1.03° 14.15+1.46% 17.24+2.18%  11.09+2.38°
BM 10.82+0.77° 12.03+0.95° 14.58+1.5%  17.76+2.74°¢ 11.85+2.67°°
Comp 11.24+0.79% 13.00+1.32% 16.97+1.47% 19.82+1.83%  12.55+2.37°
Fert 10.64+0.78° 12.36+0.86° 15.46+1.12°  18.09+2.3°d  11.67+2.38"°
Soil 10.52+0.58% 11.7+1.21°  14.91+1.97°¢ 18.61+1.90° 14.27+2.76%
TCP 0.82+0.58¢  11.79+1.52° 14.73+2.17°¢ 17.39+1.98% 11.12+2.64°
CcVv 7.97 9.61 11.76 13.11 21.47

LSD 0.41 0.70 0.86 1.45 1.58

NB: Means with similar letters have no significant difference at p=0.05.

At the early growing stages, except for isolate K-1-29, all isolates showed no significant
difference in the development of total tomato leaf number. K-1-29 induced tomatoes to
produce maximal mean leaf number at 30 and 45 days (11.24 and 12.76, respectively),
whereas MKk-1-25 at 60 days (15.27) and MKk-20-7 recorded the highest active leaf numbers
(an average of 12.86) at harvesting time (Table 4.4). Likewise, the addition of compost
significantly (p<0.05) improved tomato leaf numbers until 90 days. However, uninoculated
tomatoes recorded more leaf numbers in the subsequent growth periods. Furthermore, three
mid-leaves were selected from each tomato to measure leaf length and the number of leaflets
at the 45" and 60" days of plantation. These sampling days were chosen because of vigorous
tomato growth conditions and performance (active height development, emerging flowers,
start fruit set, and optimum growth period). Sampled leaves were counted and labelled from
the bottom of the plant to the upper part. At 45 days of sowing, there was no significant
difference in the lower leaf length among isolates, although there was a difference in the
number of leaflets (Table 4.8). Yet, K-1-29, Z-13-4, and Mk-20-7 recorded maximum leaf
length, whereas leaflets were significantly (p<0.05) improved by Mk-1-25 and K-1-29.
Similarly, on the 60" day of the plantation, Mk-1-25 meaningfully improved leaf length and
Z-12-20 encouraged the development of leaflets. Compost co-inoculation significantly
(p<0.05) promoted leaf length in all sampled leaves both at 45 and 60 plantation days,
whereas fertilizer and BM improved leaflet development (Table 4.8). Having more leaf
number and leaf size enhances photosynthetic activities, promotes maturation, increases plant

biomass, and increases yield.

At the early growth stage, the uninoculated tomatoes developed a better branch number, and
at later plantation days, PSB-inoculated tomatoes progressively increased the number of
branches. Z-12-20 was induced to develop more (an average of 2.33) branches at 60 days and

Mk-1-25 at the subsequent development stages (Table 4.6). The application of compost
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effectively encouraged branching throughout tomato growth phases. The number of tomato
node development counted at 30 and 110 (harvesting) days in that case, Mk-1-25 inoculation
found one of the least inducers at the beginning however, it showed progressive promotion to
development more nodes (on average 21.38) at the final growth stages (Table 4.6).

4.3.2 Flower Parameters

Tomato inoculation with MKk-1-25 was encouraged to set more flower clusters (on average
1.38 clusters at 30 days and meaningfully increased throughout the remaining periods) (Table
4.5), Mk-20-20 enhanced early flower openings (Figure 4.2), while inoculation with Z-1-16,
K-1-29, and Mk-20-7 improved flower bud development at 30, 60, and 90 days, respectively
(Table 4.5). AIP induced flower cluster development and flower openings at early tomato
growth stages, while compost improved tomatoes to set more flower clusters, bud number,
and number of opened flowers at the late plantation stages (on average, 6.12 clusters (Table
4.5), 27.21 buds, and about 23 opened flowers per plant recorded at 90 days (Figure 4.2)).
These external possible P-sources amendment practices demonstrated substantial
improvements in the tomato-strain interaction and responses. Moreover, the synergetic
application of strains with compost, AIP, and BM encouraged tomato flower openings

(Figure 4.2).

Table 4.5: Total number of tomato flower cluster and buds at different plantation days.

Inoculation effect on total flower Cluster number Inoculation effect on flower bud number
Inoculant 30 days 45days 60days 90days 30 days 60days 90days
Control 0.86+0.34°  1.24+0.54% 2.81+0.81¢9 4.38+0.97% 3.1+1.76¢  12.67+3.34° 19.95+5.94
K-1-29 1.19+0.4%c  2.62+1.6°  4.48+1.37% 5.24+2.3% | 4.43+0.75%° 18.81+7.47% 23.19+9.16
K-10-27 1.29+0.46%¢ 2.19+0.4%¢  3.71+1.31° 4.76+1.73% 4.52+1.12%° 16.57+5.92% 21.48+6.28
K-10-41 1.14+40.36%¢  2.14+0.48°° 3.86+1.01%° 4.81+1.5% | 4.67+0.48% 16.81+4334% 21.19+5.93
Mk-1-25  1.38+1.028  2.19+0.81%¢ 3.71+1.31° 5.24+249%| 4.0+1.52° 16.29+6.94% 21.38+6.98
Mk-13-16  1.24+0.44%°¢¢ 2 .19+0.75%¢ 3.62+1.12° 4.95+1.12% 4.67+0.48% 15.95+4.63* 22.00+5.84
Mk-20-20  1.33+0.48%  2.29+0.72%® 4.14+1.11% 4.71+1.52?3 4.29+0.56°° 17.86+4.93* 22.19+6.78
Mk-20-7  1.1+0.3b%®  2.29+0.56%° 3.67+1.24°° 5.14+1.65% 4.57+0.68°® 16.1+5.92%  23.33+6.88
Z-1-16 1.24+0.44%% 2 14+0.48"° 3.86+1.2%° 4.48+1.54% 4.76+0.44% 17.38+6.17%° 21.24+6.73
Z-12-20 1.05+0.22°%  2.14+0.66°° 3.48+1.17¢ 4.91+1.58% 4.38+0.59%° 16.43+5.44% 21.76+6.86
Z-13-4 1.040.00d®  1.81+0.60°  3.76+1.09°° 4.52+1.83% 4.19+0.93 16.52+5% 20.81+5.97
cVv 36.88 34.18 27.78 33.74 21.17 29.46 29.15
LSD 0.26 0.35 0.63 0.79 0.56 2.96 3.07

Possible P-Sources
AlP 1.61+0.79  2.06+0.61"° 3.42+0.87° 4.94+2.14° 4.42+0.71* 14.76+4.05° 21.61+6.78"
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AmP 1.1+0.29¢ 2.12+0.6"  3.46+1.18" 4.76+1.75° 4.33+0.6®  15.49+4.63° 21.52+6.11°
BM 1.2440.44>  2.21+0.96° 3.61+1.03° 4.73+1.76° 4.03+1.29°° 15.42+4.57° 21.55+7.65°
Comp 0.94+0.43°  2.06+0.66"° 5.03+1.57° 6.12+1.8% | 3.88+1.75° 23.21+5.58% 27.21+5.752
Fert 1.06+0.35¢  1.79+0.49°  3.42+0.79° 4.21+1.24% 4.27+0.98%¢ 15.03+3.62° 19.27+5.99"
Soil 1.15+0.34°  1.91+0.52°° 3.39+0.83° 4.24+1.25° 4.64+0.49* 15.12+3.7°  19.18+5.67°
TCP 1.06+0.24  2.64+1.3*  3.82+1.16° 4.64+1.14° 4.7+0.532 16.39+5.49° 21.46+5.54°
cVv 36.88 34.18 27.78 33.74 21.17 29.46 29.15
LSD 0.21 0.44 0.05 0.99 0.44 2.36 3.85
NB: Means with similar letters have no significant difference at p=0.05.
Table 4.6: Mean value of tomato branch and node development at various growth periods.
Isolates effect on branch number Node number
Inoculant 45 days 60 days 90 days Harvest 30 days Harvest
Control 1.76+3.292 1.76+0.51%® 1.82+0.68°  2.76+1.38%® | 9.71+0.90° 21.48+3.78
K-1-29 1.48+2.18%¢  2+2 .59 2.22+0.87°  2.52+1.12° | 10.62+1.42 20.57+2.66
K-10-27 0.86+0.36%°°  1.29+0.56°  1.76+0.9° 2.57+1.21° | 10.0+1.1° 19.91+4.05
K-10-41  0.62+0.5° 1.38+0.59% 1.86+0.85° 2.62+1.28° | 10.05+1.07® 19.71+3.02
Mk-1-25  1.67+2.44%  195+2.58% 2.62+2.99% 3.43+2.79% | 9.91+2° 21.38+3.53
Mk-13-16  0.52+0.51°  1.38+0.74® 1.67+0.58° 2.48+1.08° | 10.1+0.94%*  20.19+3.54
Mk-20-20  1.05+0.59%¢  1.67+0.58% 1.91+0.9° 2.86+1.24%° | 10.1+1.04%®  20.08+2.94
Mk-20-7  0.95+0.38%¢ 152+0.81% 2.1+0.83*  2.81+1.12% | 10.24+0.9%  20.67+3.77
Z-1-16 0.76+0.44°  1.48+0.6®  1.81+0.6° 2.29+1° 9.95+1.07" 20.52+3.71
Z-12-20 0.86+0.36%° 2.33+3.322  2.46+0.7° 2.52+1.72° | 9.95+0.87° 20.81+3.28
Z-13-4 1.24+42.28%¢  152+0.75%® 1.67+0.66° 2.67+1.2% | 10.14+0.85® 20.14+3.32
CcVv 47.74 69.88 62.74 48.69 10.09 14.51
LSD 0.77 0.96 0.56 0.8 0.62 1.81
Treatments effect on branch number Node number
Treatment 45 days 60 days 90 days Harvest 30 days Harvest
AIP 1.03+2.07°  1.79+2.07®® 2.3+2.372 3.09+2.17% | 9.82+1.86" 21.00+5.24°
AmP 0.91+0.29°  1.7+2.6® 1.85+0.97%  1.94+0.83" | 8.97+1.10° 18.58+2.05%
BM 0.91+0.29°  1.27+0.91° 1.79+0.78% 1.97+1.16° | 10.42+0.75%  19.91+2.53%
Comp 1.91+3.05%  2.18+0.58%  2.37+0.74®  3.43+0.85% | 10.76+0.87%  23.18+2.12
Fert 0.91+0.46°  1.58+0.71* 1.65+0.67° 1.94+1.06° | 10.3+0.73%®  19.85+2%
Soil 0.79+0.65°  1.24+0.56°  1.73+0.76°  3.21+1.47% | 10.39+0.61*%  22.67+2.45%
TCP 1.03+1.86°  1.67+2.09®® 1.97+0.88%® 3.61+1.12% | 9.82+0.58° 18.27+2.98¢
CcVv 47.74 69.88 62.74 48.69 10.09 14.51
LSD 0.96 0.77 0.7 0.63 0.49 1.44

NB: Means with similar letters have no significant difference at p=0.05.
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Figure 4.2: Number of total opened flowers (A= 30, B= 60 and C= 90 days of tomato
plantation in greenhouse under different P-substrate and PSB strain co-inoculation).
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4.3.3 Tomato Yield and Biomass

The highest average fruit number (6.1) and total fruit weight (158.71 g) per plant were
harvested from the inoculation of K-1-29 and Mk-20-20, respectively (Figure 4.3 and
Supplementary Figure 4.1). The interaction of individual strains and added P substrates
confirmed that each strain responded differently to the respective supplemental P sources. For
instance, Mk-20-20 produced the top-ranked average fruit weight while co-inoculated with
AmP, with BM, and control (soil without external P-source), 3" with DAP fertilizer, 4" with
compost and AIP, and 9" with TCP. Similarly, K-1-29 ranked 1% in fruit numbers when
combined with TCP, 2" with compost, AmP, and fertilizer, 4™ with AIP, 5" with untreated
soil, and 8" with BM (Figure 4.3). Generally, co-inoculation with compost promotes fruit
numbers, whereas AIP and AmP improve fruit size and fruit weight (Figure 4.3 and
Supplementary Figure 4.1). In this experiment, fertilizer-isolates interaction resulted in a
minimum fruit yield and recorded unusual performance in most tomato growth parameters.

Hence, further investigation and field trial is recommended.

By the time of harvesting (110 days after sowing), some tomato plants had started to dry and
had lost most of their leaves (Picture 4.1 and 4.2). Tomatoes inoculated with K-1-29
improved stem thickness (3.27 cm), whereas Z-12-20 was induced to improve shoot fresh
weight (102.57 g), root fresh (40.42 g) and dry weight (10.39 g) (Table 4.7). The longest root
length (36.95 cm) was recorded by control (uninoculated) and Mk-20-7-inoculated tomatoes.
This might indicate that Mk-20-7 induced root growth and stretch the root system to explore
and absorb more nutrients and water. The addition of aluminium phosphate showed a positive
interaction to improve the stem thickness (3.29 cm), although it was recorded as having one
of the lowest fresh and dry weights for both shoot and root (Table 4.7). On the other hand,
compost application significantly (p<0.05) improved tomato shoots fresh and dry weight as
well as root fresh weight. Possibly, this might confirm that plant height and shoot weight are
positively correlated, as compost substantially improved tomato height (Table 4.3 and Figure
4.1) and indirectly suggested the accumulation of P in the shoot system. Untreated soil
(control group) resulted in the longest (38.21 cm) root development, which confirmed that the
plant extends the root system as much as possible to navigate the available nutrients,

indirectly causing delayed maturation time and harvesting.
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Picture 4.2: Tomato harvesting from greenhouse experiment and biomass measurements.
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Figure 4.3: Typical response of PSB strains and P-complexes on tomato fruit number (A),
weight (B) and overall symbiotic effectiveness (C).
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4.3.4 Symbiotic Effectiveness and Plant Phosphorus Estimation

The difference between strain-inoculated and fertilized plants shoot dry weight is used to
estimate the level of plant-inoculum phosphate-based symbiotic effectiveness and shoot
accumulated P. To this effect, the higher the phosphate-based symbiotic effectiveness, the
more shoot dry matter, which indirectly confirmed the higher P uptake by plants and
accumulation in the shoot. Nevertheless, it should be clear that since the symbiotic interaction
is between biological organisms, the strains’ symbiotic effectiveness may not be pronounced
precisely in terms of shoot dry weight and rough estimation of shoot P content; somewhat,
their overall response and contributions in macro- and micronutrient accession,
phytohormone production, antagonistic effects, stress mitigation and induction of yield
should be considered. Almost all inoculated PSB strains showed encouraging symbiotic
effectiveness with tomatoes. Mk-1-25 formed strong symbiosis (Figure 4.3) which resulted in
a maximum PBSE(%) (176.55), whereas Mk-20-20 recorded one of the lowest estimations
(96.64) (Table 4.7). Simultaneously, the addition of extra P sources improved tomato-strain
symbiotic effectiveness. For instance, compost was found to be the top (159.48%), inducer

while TCP was relatively one of the least (100.42%) symbiotic inducers.

Table 4.7: Mean value of tomato biomass yield.

Isolates effect on tomato fresh and dry weight

Inoculant Stem thick. ~ Shoot-FW Shoot DW  Root length  Root FW Root DW  PBSE (%)
Control 3.16+0.24» 98.14+31.82»  17.32+4.52: 36.95+8: 40.17+18.41-  9.3743.57» 114.72+39.87«
K-1-29 3.2740.22:  84.29+34.0~ 17.71+4.83: 35.19+7.66+= 29.42+11.81~  8.48+3.13~ 144.24+58.47:
K-10-27  3.21+0.22» 81.00+22.11~  16.5+4.6: 33.1445.51=  28.71+7.54= 8.21+2.37~ 115.14+41.32«
K-10-41  3.11+0.27°  85.86+33.63+  15.74+4.58: 35.29+7.24+  32.47+18.17=  8.42+2.75- 100.15+27.8¢
Mk-1-25  3.18+0.21»  93.48+35.34«  17.87+4.54- 32.62+7- 30.49+12.08-  8.09+2.51~ 176.55+65.7-
MKk-13-16  3.11+0.31>  79.48+34.9 16.98+4.54: 33.62+5.66= 28.43+18.52~  8.04+2.42~ 114.83+36.71«
MKk-20-20  3.11+0.23»  78.91+39.88  17.47+5.25: 34.05+6.10~ 35.27+18.82= 8.12+3.4~ 096.64+31.11¢
Mk-20-7  3.2+0.25»  91.33+31.85+  16.71+5.67- 36.91+7.15-  40.3+16.08 8.72+2.38» 130.16+50.46x
Z-1-16 3.12+0.23»  81.33+31.61~  16.37+5.97: 32.0+7.06: 27.41+9.14 6.83+1.91° 113.20+35.47«
Z-12-20  3.21+0.3=  102.57+40.25: 17.78+5.85: 36.33+7.22»  40.42+20.01:  10.39+4.8: 144.82+45.10-
Z-13-4 3.08+0.28°  89.76+24.84~  16.54+4.51: 34.86+7.14= 36.51+23.76»  9.23+4» 114.47+48.15«
CcVv 7.67 33.23 25.118 18.71 44.18 8.54 33.64
LSD 0.15 17.75 2.6 3.94 9.03 181 27.45
Treatments effect on tomato fresh and dry weight
Treatment Stemthick  Shoot FW Shoot DW  Root length  Root FW Root DW  PBSE (%)
AIP 3.29+0.22:  77.61+32.29  15.12+4.6c  36.36+7.47»  26.38+120: 7.82+42.63 109.58+49.04
AmP 3.12+0.24~ 74.21+21.86c  15.843.66c 33.49+6.79~  33.93+15.2~ 8.27+2.65 113.25+45.93~
BM 3.03+0.24:  84.91+32.48~  18.06+4.95 30.61+5.05c  23.84+13 6.35+2.94- 128.56+47.47-
Com 3.22+0.22»  122.46+33.91: 22.21+4.89- 36.24+7.19»  42.61+18 9.0+3.03»  159.48+56.69:
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Fert 3.11+0.23=  77.58+24.39 14.93+3.83: 36.0+5.79= 35.92413.5+= 9.34+2.85 125.75+35.48~

Soil 3.14+0.27=  99.06+28.49: 17.89+3.92> 38.21+6.75  40.61+18.36»  9.41+3.69: 107.88+41.42-
TCP 3.22+0.28»  79+31.24 14.98+3.56: 31.52+6.43-  31.91+16.09«  9.57+3.33: 100.42+38.22
Cv 7.67 33.23 25.118 18.71 44.18 8.54 32.6

LSD 0.12 14.16 2.08 3.14 7.2 1.44 20.28

NB: Means with similar letters have no significant difference at p=0.05. PBSE= phosphate
based symbiotic effectiveness.

4.4 DISCUSSION

The agricultural sector needs feasible intervention to improve resource utilization, increase
sustainable production, and ensure food security for the rapidly growing population by
reducing climate change risks (Kifle et al., 2022; Nosheen et al., 2021). As indicated by
Kidane et al. (2022) soil fertility maintenance and crop disease management are the main
challenges for Ethiopian agricultural production. Tomato is one of the top commercial crops
demanding aggressive agrochemical consumption. Synthetic fertilizers and chemical
applications are the usual tomato farming practices; nevertheless, cost constraints, health
impacts, fixation, and residual accumulation are a matter of concern. Application of P-
solubilizers (Zhang et al., 2021) alongside organic or inorganic phosphate supplements to
tomato farms improved P solubility and plant availability, reduced P-fixation, stimulated
tomato growth, disease resistance, yield, and biomass (Liu et al., 2020; Baba et al., 2017).
Similarly, Fenta and Assefa (2017) reported that application of PSB isolate together with
TCP increased tomato shoot biomass and P uptake under greenhouse experiment.

Earlier research reports indicated that microbial activities in the root-zone revealed
improvements in plant available nutrients (Zhang et al., 2021; Pande et al., 2017), water and
nutrients uptake (De Zutter et al., 2022; Nosheen et al., 2021), plant development,
stimulation of growth hormones (Widnyana, 2018; Egamberdieva et al., 2015), increased soil
pathogen mitigation (Planchamp et al., 2015), activate induced systemic resistance (Shavit et
al., 2013), stress alleviation, yield, and biomass (Zaidi et al., 2009). In the current study, ten
selected PSB strains were evaluated for their symbiotic interaction and response efficacy
towards biofertilizer and PGPR development for tomato farms. As indicated in Raimi et al.
(2021), competent strains will be selected based on plant growth-promoting ability at in vitro
(molecular, genomics, metabolomics along with cultured-based), greenhouse and field trials.
Sharma et al. (2013) also indicated that in vitro solubilization competence helps to screen

candidate PSB strains for crop production prosecution. De Zutter et al. (2022) also described
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the top-down selection strategy in which many isolates are preliminarily screened on growing
media, then the best-performing isolates are screened in planta assays under a greenhouse,
and finally top-class isolates are selected based on open field evaluation. This is because, the
effect of rhizobacteria in crops productivity/response varies under lab, greenhouse and field
trials (Ahemad and Kibret, 2014). Therefore, these ten PSB isolates with maximal
solubilization efficiency in the laboratory were selected and tested for tomato plant assays in

a controlled environment.

As demonstrated by Poonia and Dhaka (2012), basic agronomic parameters like plant height,
leaf area index, and vyield-related traits are useful signposts to judge PSB efficacy. In
agreement with this, the current study showed that tomato seed germination, plant height,
floral parameter development, biomass, and fruit yield were the major traits induced by the
inoculation of PSB. It is important to note that plant development stages guide strain patterns
of activity to demonstrate their significant effects. Their degree of response varied depending
on the growth stage of the tomato and the nature of the strains. Similarly, Collavino et al.
(2010) described that different strains colonize plant root zones at different speeds and
respond differently to plant parameters, including height, root, and biomass. For instance,
inoculation of Mk-20-20 significantly (p<0.05) improved tomato seed germination and fruit
weight (Table 4.8 and Figure 4.4 and supplementary Figure 4.1); K-1-29 significantly
(p<0.05) promoted leaf and node number at the early growth stage, flower clusters, buds,
fruit numbers, and stem thickness. A comparable publication by Egamberdieva et al. (2015)
demonstrated that PGPR stimulated tomato and pepper seed germination and growth under
greenhouse production. Likewise, Vaikuntapu et al. (2014) indicated that tomato inoculation
with growth-promoting bacteria positively influenced the growth and resistance to Fusarium
species. Pellegrini et al. (2021) also reported a supportive result that PGPR inoculation of

onion seeds improved germination, growth, yield, quality, and soil fertility.

Besides the overall symbiotic effectiveness, Mk-1-25 substantially improved tomato plant
height, leaf numbers, and branch development at the late growth stages. Strain Z-12-20-
induced plant height at the 60™ and succeeding growing days (Table 4.3), shoot and root fresh
weight, as well as root dry weight (Table 4.7). In agreement with this, Wlapola and Yoon
(2013) reported that PSB strain inoculation improved tomato height and biomass. Likewise,
Fenta and Assefa (2017), indicated that PSB isolates inoculation of tomato increased shoot
length, dry matter, and phosphorous uptake at greenhouse trial. These two strains (Mk-1-25
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and Z-12-20) recorded the maximum shoot dry weight (17.87 and 17.78 g, respectively
(Table 4.7)) and percentage of phosphate-based symbiotic effectiveness (176.55 and
144.82%, respectively (Figure 4.3)), which indicated successful tomato-strain interaction and
collaboration. Muleta (2018) demonstrated that >80% SE is highly effective, whereas <35%
SE is ineffective. Accordingly, the current strains showed strong symbiotic effectiveness
(>80%) with tomato. Likewise, it is estimated that phosphorous contributes 0.2-0.8% of plant
shoot dry weight (Nosheen et al., 2021; Chen and Liu, 2019), hence, the shoot dry mass ratio
of inoculated tomatoes over fertilized tomatoes is used to estimate the efficacy of the strain’s
symbiotic relation and the amount of shoot P (%) (Somasegaren and Hoben, 1994).
Supportively, De Zutter et al. (2022) reported that inoculation of Burkholderia spp. improved
plant P-uptake, and Enterobacter spp. significantly increased plant shoot biomass. Fenta and
Assefa (2017) also indicated PSB application increased tomato shoot dry matter and P
uptake. Moreover, it should be underlined that, as biological entities, the success of PSB
inoculation might not be solely related to shoot dry weight and shoot P content; rather, their
collective induction in the host crop germination, vegetative growth and yield could reflect
their symbiotic effect. Their contribution in phytohormone production, stress alleviation and
other important attributes broadly benefit the plant including total fruit yield improvement.
As a result, the maximum average fruit number (6.1) was harvested from K-1-29 inoculated
tomatoes, and the largest overall tomato fruit weight (158.71 g) was harvested from Mk-20-
20 inoculation. The current fruit yield was lower in fruit number but much greater in fruit
weight than Poonia and Dhaka’s (2012) finding that they harvested 16.34 fruits per plant with
a total of 77.75 g. Furthermore, various PGPR strains such as Bacillus subtilis (Errington and
Aart, 2020; Martinez, 2013), Bacillus halotolerance (Wu et al., 2022), Priestia megaterium
(Hwang et al., 2022), Bacillus amyloliquefaciens (Naz et al., 2022), Bacillus velezensis
(Rabbee et al., 2019), and Burkholderia cenocepacia (Ryall et al., 2008) have been exhibited
different plant growth-promoting activities and stresses alleviation on plants. Similarly,
Kumar et al. (2022) indicated that bacterial species from B. amyloliquefaciens, B.
halotolerance and B. velezensis sp. exhibited about 71% inhibition on Fusarium sp.,

Marcophomina and Alternaria sp. on common bean.

In addition, this study corroborates with other studies that inoculation of PSB observed a
considerable impact on plant assays and yield on different crops (i.e., tomato (Zhang et al.,
2021; Babaet al., 2017; WIlapola and Yoon, 2013; Poonia and Dhaka, 2012), onion
(Pellegrini et al., 2021), bean (Collavino et al., 2010), maize (Yasmeen et al., 2022; Manzoor
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et al., 2017; Pande et al., 2017), rice (Chen and Liu, 2019), wheat and sugarcane (De Zutter
et al., 2022)). Furthermore, Egamberdieva et al. (2015) indicated that PGPR increased soil
structure, rhizosphere nutrient availability, and root volume (root length, dry weight, and
branching) for maximum absorption. On the other side, Z-13-4, Mk-13-16, and Z-1-16
relatively showed limited observable impacts on tomato growth and development under
greenhouse condition. Similarly, Collavino et al. (2010) reported a supportive result that
R4M-F strain inoculation showed no positive effects on the bean plant. In line with this,
Sharma et al. (2013) also stated that while PSB isolates were subjected to further evaluation
and verification of their symbiotic effectiveness and direct plant-available P contribution,

only a very few isolates showed realistic symbiotic competence.

To maximize tomato-isolate symbiotic interaction and plant availability of phosphorous, six
possible P sources (aluminium phosphate, ammonium phosphate, tricalcium phosphate, bone
meal, compost, and DAP fertilizer) were amended to the respective pots. Accordingly, all
strains showed higher symbiotic effectiveness (Table 4.7). As shown by Wan et al. (2020),
PSB strains have different abilities to solubilize various insoluble phosphate groups,
including TCP, AIP, and others. They have substrate, nutritional, and environmental
specificities for their optimum performance. Similarly, Chen and Liu (2019) reported that
strain S32 solubilizes TCP at a greater speed than lecithin or rock phosphate. The present
result strongly demonstrated that the combined application of PSB strain and external P
substrates resulted in significant (p<0.05) improvements in plant assays (plant height, leaf
and floral development, biomass, and fruit yield) compared to the control groups. In
agreement with this, Yasmeen et al. (2022) have found that the application of rock phosphate
and PSB strain (Bacillus cereus GS6) significantly increased maize growth and productivity.

Combined application of PSB and compost significantly (p<0.05) increased tomato height,
leaf number, branch, flower parameters (clusters, bud number, open flowers), fruit number,
shoot and root fresh weight, root dry weight, and overall symbiotic effectiveness. Among the
six added external possible P substrates, compost significantly (p<0.05) induced tomato-PSB
interaction and elevated plant height development at all growth stages (Table 4.3 and Figure
4.1) and recorded the highest plant height (123.15 cm), which was lower than the report of
Liu et al. (2020), who found the highest tomato height (192.5 cm) with significant
improvement of root activities, photosynthetic rate, and fruit yield from the combined
application of compost and PSB. Likewise, comparable research conducted in Burusa district,
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South-West Ethiopia, by Girshe et al. (2018) confirmed that optimum compost tea
application significantly (p<0.05) improved tomato height (157.64 cm), number of branches,
root length (28.81 cm), date of flowering, fruit maturation, and fruit yield. This might suggest
that tomatoes obtained multidimensional benefits from compost in terms of nutrient
absorption, improved water holding capacity (boost soil moisture), better water and air
circulation, as well as induced microbial activities to stimulate tomato growth hormones. In a
similar fashion, AIP co-inoculation with PSB strains significantly (p<0.05) enhanced
germination, early flower cluster development, flower openings, and most importantly, fruit

weight.

As demonstrated by Poonia and Dhaka (2012), co-inoculation of fertilizer and PSB
significantly improved tomato height, leaf area index, and fruit yield. Other related
publications by Baba et al. (2017) and Zaidi et al. (2009) also recommended PSB strains
inoculation together with an appropriate fertilizer rate. However, for unclear reasons, the
current result indicated that PSB strains preferred more other phosphate substrates over
inorganic fertilizer. In most cases, strains showed limited efficiency to induce tomato
vegetative growth and fruit yield while they were synergistically applied with DAP fertilizer.
In line to this, De Zutter et al. (2022) published a supportive document stating that the
addition of fertilizer has no significant effect on PSB effectiveness at field or greenhouse
experiments. On the contrary, untreated pots (soil without external P supplements) showed
minimal plant height at the initial growth stages but it improved through time and recorded
the second highest tomato shoot height at the late growth periods and then the longest (38.21
cm) root proliferation. This might be due to the plant being reframed and slowly adjusted in
the root system to maximize the clutching of water and nutrients from the surrounding area at
the later growth stages to keep persistent growth progress while other treated plants stopped
growing and began drying. In agreement with this, Zhang et al. (2021) have found that
tomato root parameters significantly increased by the control groups. In support of this, De
Zutter et al. (2022) have justified that plants increased the root architecture and root-to-shoot
ratio to overcome nutritional starvation. Similarly, Collavino et al. (2010) reported that
uninoculated and unfertilized plants recorded lower leaf area and shoot dry weight but higher
root/height ratio than treated plants. Even though it needs repeated verification, including
field trials, this result might suggest that co-inoculation of potential PSB strains at the side of
extra P sources would improve tomato production with the easiest, cheapest, and most eco-
friendly approach.
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4.5 CONCLUSION AND RECOMMENDATIONS

Tomato production requires optimum growing conditions and efficient disease control.
Among the ten PSB strains, four of them (K-1-29, Mk-1-25, Mk-20-20, and Z-12-20)
achieved encouraging results in different growth parameters at various growing stages of
tomato. These four strains improved substantially tomato shoot length, leaf numbers, flower
development, maturation, shoot, and root biomass. Fruit number and fruit weight were
significantly improved by K-1-29 and MKk-20-20, respectively. Synergistic application,
especially with compost, AIP, and TCP, encouraged symbiotic collaboration, tomato growth,
development, and fruit yield. This finding might serve as a starting point to consider these
PSB to combat plant-available P deficiency and agro-biotechnological applications. These
four sequentially selected competitive strains are strongly recommended to be verified at
open field level then, can be applied as cheap, affordable, and ecofriendly farm input for
tomato as well as other crops. Moreover, the experiment has been showed a new horizon:
efficient PSB strain inoculation together with available possible P substrate to improve
tomato growth and fruit yield.
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Table 4.8: Mean value of three middle leaf lengths and number of leaflets from 45 and 60

days grown tomato.

Isolates effect on tomato leaves length and leaflet number at 45 days of sowing

Isolate Leaf Length-a  Leaflet-a Leaf length-b Leaflet-b Leaf length-c  Leaflet-c
Control 28.71+3.54 9.29+2.33¢  28.95+3.07° 11.43+1.29°  27.43+5.24> 13.24+3°
K-1-29 30.05+4.02 12.14+2.9%® 31.0+3.87% 14.38+2.73%®  30.0+4.01%®  15.4+2.48?
K-10-27 28.38+4.3 11.8+2.23% 30.57+3.09% 13.19+2.16%®®  30.1+3.94%®  14.5+2.48%
K-10-41 28.14+4.46 11.8142.4% 30.48+4.42%® 13.38+2.11%  28.0+7.56%° 13.67+2.4°
Mk-1-25 28.17+4.98 13.245.79%  30.0+6.57% 14.81+45.83%  28.24+6 13.3+2.39P
Mk-13-16  28.91+3.86 12.1+1.83% 30.71+3.48% 13.76+2.1% 29.8+3.65%  14.1+2.31%
Mk-20-20  29.05+3.88 11.242.29°  30.81+3.68% 13.52+2.99%  29.29+4.3®  13.76+2.5°
MK-20-7 28.43+6.85 12.4+2.75% 30.86+3.14% 13.57+2.44%°  30.52+3.78% 14.5+1.40%
Z-1-16 28.24+5.67 11.33+2° 30.33+5.62% 12.0+3%¢ 29.6+6.82%0  14.14+2.2%
Z-12-20 29.38+3.22 11.5+2.73"  30.52+3.57% 12.33+2.46%®  29.3+4.58%  14.6+2.77%
Z-13-4 30.00+2.74 12.1+41.3%  31.76+2.812 13.29+2.15%  29.4+4.79%® 13.5+1.72°
CcVv 13.81 23.88 12.41 20.94 16.69 16.57
LSD 2.43 1.7 2.31 1.71 2.97 1.42
Treatments effect on tomato leaves length and leaflet number at 45 days of sowing
Treatment Leaf Length-a  Leaflet-a Leaf length-b Leaflet-b Leaf length-c  Leaflet-c
AIP 26.36+5.27¢ 10.3+2.59°  28.79+3.35¢ 12.18+2.21°  27.67+3.23° 13.3+1.96°
AmP 27.33+3.15%¢  12.41.98%  28.97+3.49¢ 12.76+2.21%¢  27.46+4.63¢ 14.0+2.7%°C
BM 30.46+2.75° 12.142.27%  32.39+2.52% 14.18+2.26%  30.2+4.53%®  14.97+2.22
Com 32.97+2.79? 11.741.712  33.27+3.242 13.64+2.28%  32.52+6.62% 14.5+2.46%
Fert 28.91+4.03¢  12.3+2.85%  30.91+5.25% 13.42+2.81%¢  30.4+3.69%°  14.4+2.4%°C
Soil 27.82+5.32¢¢  11.9+4.87% 29.15+5.25% 14.58+4.74*  28.0+5.91°¢  13.9+2.0%°
TCP 28.52+3.45¢ 11.6+2.83% 30.33+4.17% 13.21+2.68%¢  28.4+4.54°  13.4+2.69"
CcV 13.81 23.88 12.41 20.94 16.69 16.57
LSD 1.94 1.36 1.84 1.36 2.37 1.13
Isolates effect on tomato leaves length and leaflet number at 60 days of sowing
Isolate Leaf Length-a Leaflet-a Leaf length-b  Leaflet-b Leaf length-c  Leaflet-c
Control 34.13.67%° 13.91+2.21¢  34.3+3.15® 15.1+1.93° 34.2+3.36®® 14.67+1.88°
K-1-29 31.76+4.54° 15.67+2.22%¢ 33.57+4.7% 16.8+2.04° 33.1+3.94%¢ 16.52+1.54?
K-10-27 31.76+4.15°° 14.48+2.18° 32.71+3.29° 15.8+2.2°¢  31.9+3.02°¢ 15.5+2.16%
K-10-41 32.24+4.2%¢  1571+2.85%® 32.91+4.7°  16.2+2.14° 31.14+7.64° 15.95+2.0%
Mk-1-25 34.38+5.88%  16.0+2.12%  3552+4.61* 17.0+1.55® 34.71+451* 16.71+1.822
Mk-13-16  33.2+4.16%° 15.76+2.57%® 33.5+3.31%® 16.5+1.54°° 33.95+3.2% 16.29+2.15?
Mk-20-20  33.4+3.25%¢  15.67+2.22%¢ 33.9+3.61%° 15.8+1.76° 32.95+3.3%¢ 15.6+2.42%
Mk-20-7 31.29+4.33°  15.76+2.21% 32.71+4.28° 17.2+2.21% 32.48+4.2%¢ 16.67+1.85°
Z-1-16 32.3+5.06%° 15.43+2.6°°  33.3+5.16%® 16.1+20° 32.81+4.7%¢  16.24+2.412
Z-12-20 32.52+6.3%¢  17.24+6.55%  32.67+7.16° 18.43+5.7% 30.86+7.4° 16.38+4.032
Z-13-4 33.0+3.48%¢  15.67+2.22%¢ 34.86+3.3®® 16.67+2.2° 33.48+3.6%¢ 15.9+2.36%
CcVv 12.74 18.86 11.91 15.16 13.35 14.17
LSD 2.54 1.79 2.44 1.52 2.67 1.38
P-sources effect on tomato leaves length and leaflet number at the 60 days of sowing
Treatment Leaf Length-a Leaflet-a Leaf length-b  Leaflet-b Leaf length-c  Leaflet-c
AIP 31.55+3.53%¢  14.97+2.14°  31.67+4.04° 15.85+2.1°° 31.7+3.38" 15.49+2.35¢
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AmP 30.24+4.44°  14.58+3.6° 31.64+451° 16.6+3.4%¢ 31.12+3.85° 16.0+3.41"
BM 33.18+5.38°  15.85+4.72%¢ 34.46+4.8°  17+3.98%°  32.9+7.08 16.1+2.02%¢
Com 36.18+2.62%  16.52+2.99%  37.27+2.43% 17.2+2.43% 36.7+2.31* 17.15+2.512
Fert 33.64+4.06° 16.58+1.77%  34.42+3.69° 17.2+1.67% 33.2+4.56° 16.6+1.73%
Soil 33.52+45.15"° 15.09+2.44°  34.42+4.72° 16.1+1.8%° 33.42+4.87° 15.51+1.86°
TCP 30.79+3.4¢ 15.42+2.12%¢  31.49+3.41° 15.7+1.9°  31.12+3.54° 15.36+1.73°
CV 12.74 18.86 11.91 15.16 13.35 14.17

LSD 2.02 1.43 1.94 1.21 2.12 1.1
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CHAPTER FIVE

5. TOMATO PRODUCTION UNDER SYNERGISTIC APPLICATION
OF PHOSPHATE SOLUBILIZING BACTERIA AND PHOSPHATE
AMENDMENTS

Abstract

PSB has multidimensional benefits in broad host range interaction, nutrient access,
phytohormone induction, stress alleviation, biocontrol activity, resistance, and eco-friend
approach. This study aimed to evaluate the efficacy of PSB isolates co-inoculated with
compost, bone meal, and DAP fertilizer on tomato growth response. Tomato seeds were
treated with 10 selected PSB isolates separately and grown for 20 days on a seedbed, then
transplanted to a field that was treated with external P-sources and enriched by PSB
inoculum. PSB isolates showed positive interaction and achieved significant plant assays,
including plant height, leaves, branches, flowers, and fruit development. Strain K-10-41
significantly promoted tomato plant height, floral development, and fruit yield; Mk-20-7
enhanced height and fruit weight; whereas K-10-27 induced tomato fruit numbers. Compost
application promoted tomato-PSB interaction and induced tomato vegetative growth,
whereas bone meal was the least promotor for most tomato plant assays. Bone meal was
however, one of the top fruit development inducers (harvested 20.94 fruits/plant weighing
881.97 g). Mixing 50% mixture of recommended compost and DAP fertilizer application
enhanced tomato vegetative growth and fruit yield (21 fruits per plant harvested that weighed
872.46 g). Based on the overwhelming performance, K-10-41 and Mk-20-7 applications
together with compost and fertilizer mixture were found effective. Therefore, the result of this
study implies that application of competent PSB strains together with nutrient supplements
improved symbiotic effectiveness, sustainable production, and environmental health.
Consequently, these promising strains would be recommended for tomato production of
higher yield and sustainability after verifying their efficacy at different agroecology.
Screening potential strains and evaluating their competence under different conditions would
be the future perspectives to develop efficient inoculants. Moreover, synergetic application of
organic supplements (compost, farmyard, bone meal, or other biowastes), bioinoculants, and
proper agrochemicals would maximize production, environmental health, and is feasible for

the economic, social, and ecological sense of balance.

Keywords: bone meal, compost, fertilizer, isolate, PGPR, PSB, tomato
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5.1 INTRODUCTION

Phosphorous (P) is one of the macro elements (Alori et al., 2017) essential to plant molecular,
physiological, and structural activities (Kumar et al.,, 2022; Yasmeen et al.,, 2022,
Egamberdieva et al., 2015). The soil might be rich in phosphorous (400-1200 mg/kg soil;
Verma et al., 2019), although plant-available phosphorus is very limited. Since soil P
deficiency is the limiting factor for crop production, application of organic matter and
chemical fertilizers are common to overcome nutrient deficiency (Alori et al., 2017; Etissa et
al., 2014). Due to the rapid fixation nature of phosphate ions, most of the applied fertilizer
(Kumar et al., 2022) converted to unavailable residues (Dash et al., 2017). Different
complications with the deficiency of plant available nutrients (Amanullah and Khan, 2015),
the efficacy of applied chemical fertilizers, and other constraints including production cost,
environmental issue, and production demand calls organic matters and biological inputs for
sustainable crop production (Kirui et al.,, 2022; Estrada-Bonilla et al., 2021; Santos-
Villalobos and Parra-Cota, 2021; Mitra et al., 2020). As indicated in Rilling et al. (2019),
diverse microbial groups, including beneficial microbes are rich in the root zone computing
for root exudates. Plant growth-promoting rhizobacteria (PGPR) are considered as efficient
biological inputs (Zhang et al., 2021; Amaya-Gomez et al., 2020) that enrich soil fertility,
induce plant stress resistance, promote growth and development (Kumar et al., 2021), reduce
agrochemicals consumption, reduce production cost, improve crop Yyield, maintain
environmental health (Kumar et al., 2022), etc. Generally, Verma et al., (2019) summarized
that PGPR benefits plants in four major processes, namely, plant growth enhancement,
biocontrol, stress management, and soil renovation by rhizoremediation. PSB are known
PGPR (Kirui et al., 2022; Yasmeen et al., 2022) with multidimensional benefits (Khan et al.,
2022; Sharma et al., 2013), including broad host range interaction, accessing nutrients,
phytohormone induction, stress alleviation, biocontrol activity, resistance enhancement

(Figure 5.1), and eco-friendly approach (Amanullah and Khan, 2015).

Application of efficient PSB strains (Liu et al., 2020) effectively colonizes the root zone
(Amaya-Gomez et al., 2020; Verma et al., 2019) to solubilize phosphate composites and
make them accessible for plants which perchance supplement or replace synthetic fertilizer
(Naz et al., 2022; Kalayu, 2019; Sharma et al., 2013). Phosphatase enzymes and organic acid
production are employed to facilitate the solubilization of insoluble phosphate groups

(Estrada-Bonilla et al., 2021). Repeated inoculation of efficient PSB strains eventually leads
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to successful colonization and the richness of beneficial microbes (Nosheen et al., 2021; Liu
et al., 2020). Efficient strains can be applied as a supplement or alternative to synthetic
fertilizer, yet, practicing together with proper agricultural inputs drives fruitful production
Kalayu (2019) and Sharma et al. (2013). Currently, potential strains are amended with
organic matter, cell protectants, and nanoparticles to increase their survival and efficacy
(Kumar et al., 2022).
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Figure 5.1: Schematic diagram for plant growth promoting mechanisms of PSM (Figure
adopted from Sharma et al., 2013).

Most arable lands in Ethiopia are poorly managed and have lost soil fertility (Kidane et al.,
2022). Farmers follow traditional farm practices that might have contributed to strong soil
fertility depletion and low productivity. As a result, smallholder farmers increased fertilizer
application season-to-season (Tamene et al., 2017). Ammar et al. (2023) and Abebe et al.
(2022) indicated that in modern agri-practices chemical fertilizer application increased even
if their repetitive use contributes for destruction of land fertility and environmental health.
Though, the production cost is heightened (Kirui et al., 2022), soil fertility maintenance
(nutrient amendment) and proper farm practice (ploughing, irrigation, conservation, and
weeding) are essential to increase production. Despite the increasing trends overtime, the

proper chemical fertilizers application rate is relatively low (Chapter two). For instance,
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Etissa et al. (2014) reported that 51.5% of vegetable farms in the Central Rift Valley (which
is one of the top vegetable producing areas in the country) needs immediate amendments.
Accordingly, farmers applied a maximum fertilizer dose (200-800 kg/ha DAP) for tomato
and onion production. The impact of this overrated and unwise fertilizer application was
narrated by Girshe et al. (2018) in the way of economic loss, environmental pollution, soil
fertility deterioration, and residue accumulation. The defective application might be
attributable to a lack of proper fertilizer recommendation, climatic shocks, environmental
risks, economic barriers, and the awareness of smallholder farmers (Chapter two). Moreover,
most smallholder farmers practiced poor organic matter application trends due to competition
for feed, cooking fuel, construction, and bedding purposes alongside substandard chemical
fertilizers uses irrespective of the crops, soil nutrients composition, landscape, and rainfall
gradients, which result in poor crop response and production (Tamene et al., 2017). Tomato
is one of the most agrochemicals consuming crops. Tomato production in Ethiopia is
increased from time to time. The production and yield are low compared to other tomato-
producing regions due to low fertility maintenance (Girshe et al., 2018), inputs, poor
infestation, and farm management (Chapter two). Since tomato is vulnerable to various
stresses (Zhang et al., 2021), it showed minimal tolerance for different challenges. As a
result, they require continuous supervision and monitoring, proper infestation control (Bai et
al., 2018), fertility maintenance (nutrient amendment), optimum growing conditions, and a

conducive environment, among others.

This study focused on cheap, affordable, and easily available tomato fertilization to replace or
supplement traditional farm practices. Efficient PSM can supplement about 30-35 kg of
P.Os/ha (Dash et al., 2017). As shown by Amanullah and Khan (2015), most soils have less
organic matter, as a result complementing organic matters (compost, farmyard, or other
organic wastes) and bioinoculants (biofertilizers and growth promoters) alongside
recommended fertilizer rate can help to achieve the expected crop production in a sustainable
manner. Previous reports on tomato inoculation with PSB (Zhang et al., 2021; Amanullah
and Khan, 2015) indicated production increment, disease resistance, stress resistance, and a
reduced production cost. Similarly, Poonia and Dhaka (2012) have reported encouraging
result after the application of PSB inoculum on tomato together with an appropriate fertilizer
rate. In Ethiopia, different studies have been conducted so far to screen PSB isolates from
different crops and agroecology (Abeje et al., 2024; Muleta et al., 2018; Kurabachew and
Wydra, 2013; Muleta et al., 2013; Woyessa and Assefa, 2011). However, the efficacy of a
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very limited number of isolates is attested at greenhouse and field levels. As indicated by
Mekonennen and Kibret (2021), in Ethiopia, though there is a shortage of well-organized
report and research status about PGPR and vegetables association, there was no reports on
field trials. Similarly, limited or no organic supplements like bone meal and compost
application have been evaluated on tomato production. Therefore, this study aimed to
evaluate the efficacy of PSB strains co-inoculated with compost, bone meal,
and DAP fertilizer on tomato growth and yield. It is designed to reduce the agrochemicals
consumption, to minimize farm production cost, and to improve sustainable production by

presenting competent bioinoculants along with nutrient supplements.

5.2 MATERIAL AND METHODS

5.2.1 Study Farm Preparation

The study was conducted from December 2021-March 2022 using irrigation (it was dry
season) at Hawassa University main campus research site, Hawassa, Ethiopia. The land was
twice ploughed, well prepared then blocks arranged in RCBD design with three replications.
The blocks assigned for the group of external P-source treatments (i.e., each block was
partitioned in to 5 plots for the respective P-treatment) and the plots assigned for the group of
rows (i.e., each plot partitioned in to 11 rows for the 10 isolates and one control). Each
experimental unit was arranged 1.5 m x 60 cm with 2 m space between blocks and 30 cm
distance among each tomato plant. Each block was arranged with five plots (for external P-
sources: 1) compost, 2) DAP fertilizer, 3) bone meal, 4) a mixture of 50% compost and 50%
of the recommended rate of fertilizer added separately as per the recommended rate and one
plot set control (no external P-source)). Mixed P-sources (50% compost and 50% DAP
fertilizer mixture) reflected as an integrated means to enrich the soil and improve the
response (Estrada-Bonilla et al., 2021). Then the plots were placed into 11 rows to inoculate
the 10 pre-screened PSB strains (K-1-29, K-10-27, K-10-41, Mk-1-25, Mk-13-16, Mk-20-7,
Mk-20-20, Z-1-16, Z-12-20, and Z-13-4) per row separately and one row set control

(inoculum-free).

5.2.2 Inoculum Preparation and Seed Inoculation

Pre-screened (Chapter three) from the tomato rhizosphere and characterized, 10 PSB strains

were taken from the Hawassa University Soil Microbiology Lab and refreshed in PVK broth
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for 48 h in a shaker (121 rpm) incubator. To provide a uniform coating the refreshed active
culture used to soak tomato seeds (Kumar et al., 2022). Familiar tomato seeds called Galilee
variety was soaked overnight in the respective PSB isolates separately. This tomato variety
was chosen for the reason that it was strongly preferred by smallholder farmers and widely
cultivated due to its good fruit quality, yield, and marketability. Materials and seeds surface
sterilization was conducted following the method given by Somasegaran and Hoben (1994).
After overnight soaking (Yasmeen et al., 2022), the extra inoculum was poured and seeds had
left to dry for 30 minutes, then one seed per cell/hole was sown at 2 cm depth on a seedling
tray containing compost and soil mixture. Before seeds were covered by the soil, one ml of
inoculum was added (Estrada-Bonilla et al., 2021) to enrich colonization and cover the seeds.
The conventional seed coating (De Zutter et al., 2022) and seed inoculation strategies help to
improve colonization and interaction (Pellegrini et al., 2021). Each tray labelled as per the
respected PSB inoculum and let to grow in a shade for 20 days. Trays were watered every
day until transplantation was held. Transplantation is common practice for tomato (Etissa et
al., 2014) production than direct sowing because of germination issues, weeding and

infestation control.

5.2.3 Tomato Transplantation and Growth Performance Recording

Twenty days grown healthy tomato plants were selected from each tray and transplanted to
the farm. In doing so, the selected healthy tomato seedlings were transplanted to the
respective rows then one ml of the corresponding active culture was inoculated before
covering the root zone with soil as described by Estrada-Bonilla et al. (2021). This extra
inoculation would maximize root and rhizosphere colonization as well as improve indigenous
competition (Pellegrini et al., 2021). Five tomatoes were planted per row then one week after
transplantation, missing tomatoes or seedlings that failed to regenerate were replaced.
Afterward, regular watering, weeding, staking, and monitoring were conducted until
harvesting. Twenty days after transplanting, all treatments were re-inoculated with one ml
culture of the corresponding PSB strains to increase the population and to maximize the root-
zone colonization (i.e., to overcome indigenous competition and improve dominance). Urea
was added to all treatments, including control, at the first date and on the 45" day of
transplantation as per the recommended rate. Maize was planted at the corner of the farm to
serve as biological control or bordering. Data were taken from three tomato plants per row at

30, 45, and 60 days of transplantation and harvesting (90 days). Plant assays like tomato
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height, leaf development, branch number, flower parameters, and fruit yield (number and
weight) were recorded. The final total fruits were harvested after three months of

maintenance of transplantation.
5.2.4 Data Analysis

The collected quantitative data were organized and analysed by R 4.2.1 and SAS 9.4 version
software. ANOVA was conducted using Fisher's and Tukey's tests (significance set at
p=0.05). the means of the treatments were differentiated using the LSD. Finally, the analysed

data were explained and discussed in reference to other related works.
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Picture 5.1: PSB and P-substrate co-inoculated tomato growth progress and fruiting at open
field trial.
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5.3 RESULT

PSB strains showed positive interactions with tomatoes to achieve significant plant assays
against the control. For instance, the mean-variance of tomato plant height indicates
significant (p<0.05) differences among strains and controls at different growth periods (Table
5.1 and Figure 5.2(A, B, C and D)). The highest plant height was recorded by Mk-20-7 at 30
and harvesting (90) days (15.12 and 67.2 cm, respectively), K-10-41 at 45 days (41.25 cm),
and Mk-1-25 recorded 56.57 cm at 60 days, whereas inoculum-free (control) tomatoes
recorded the least average height at 30, 45, and 60 days of transplantation (Table 5.1).
Similarly, supplemented P-sources showed significant (p<0.05) differences among the
treatments where the prominent tomato height was recorded from compost application at

early growth stage whereas compost and fertilizer mixture improved at later growth periods

(Table 5.1).

Table 5.1: Tomato plant height at different growth periods.

Isolate 30 days 45 days 60 days Harvest
Control 12.3+2.43°  35.23+6.77° 47.45+6.02° 65.07+9.45
K-1-29 14.32+3.36% 39.74+6.98% 54.89+5.7%  65.27+8.95
K-10-27 14.82+2.86% 39.4+8.76%® 52.48+6.04> 63.73+6.89
K-10-41 14.47+3.21% 41.25+6.22* 53.12+5.66* 61.73+6.38
Mk-1-25 14.65+2.52% 39.88+6.84" 56.57+6.35 65.53+6.41
Mk-13-16 14.22+3.84% 40.1+8.2%  54.02+6.83" 64.4+8.06
Mk-20-20 14.23+3.51* 38.57+8.61* 53.55+7.2%  65.2+6.67
Mk-20-7 15.12+43.712  39.45+9.28% 54.2+7.48%  67.2+14.67
Z-1-16 14.48+3.16® 39.04+8.99% 535+7.1%  64.4+7.47
Z-12-20 15.15+2.73*  40.0+6.96® 555+5.05°  63.67+7.82
Z-13-4 13.62+3.31°¢  37.79+9.64° 52.64+7.83° 65.27+6.57
cVv 13.13 10.45 9.62 13.0
LSD 1.36 2.95 3.71 6.07
P-supplements
BM 14.16+2.83" 38.67+6.54% 5256+6.48  64.79+10.52%
Compost 15.24+3.94%  40.27+8.42% 53.02+6.41  63.12+6.17"
Fert 13.68+2.65° 39.83+6.53* 54.34+5.99  64.09+5.70%
Fert & Comp  14.1+3.1° 37.57+9.63° 52.49+8.25  67.39+9.472
Soil 14.36+3.17% 39.33+8.17* 54.83+6.24  64.27+8.39%
cVv 12.99 10.45 9.62 13.0
LSD 0.92 1.99 25 41

*Means with similar letters has no significant difference at P=0.05.
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Co-inoculation Effect on the Tomato Height

Co-inoculation Effect on the Tomato Height Development
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Figure 5.2: Tomato plant height at different growth periods (A= 30, B= 45, C= 60 and D= 90
days) of transplantation. The plant was co-inoculated with PSB isolate and P-supplement.

5.3.1 Tomatoes Leaves, Branches and Floral Development

Application of PSB strains together with external P-supplements showed positive results on

tomato leaves and floral development. Analysing the leaf number mean-variance indicated

that strains significantly improved tomato leaf development over the control (Figure 5.3).
According to the three (30, 45, and 60) days of collected data (Table 5.2), the control

(uninoculated tomatoes) recorded a minimum average number of leaves (5.4 and 11.05 at 30

and 60 days, respectively), whereas Z-12-20 inoculated tomatoes developed more leaves
(7.43 and 11.37) at 30 and 45 days, respectively, and Mk-1-25 generated the highest leaves
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(12.6) at 60 days after transplantation, which were contemplated as the active growth periods.

Likewise, the addition of compost promoted early-stage leaf development (7.24 at 30 days),

although fertilizer was induced at the mid-growth stages (45 days) and mixed application of

50% rate of the recommended fertilizer and compost induced more tomato leaf (12.32)
development at 60 days (Table 5.2).

Table 5.2: Tomato Leaf and number of opened flowers at different growth periods.

Leaf number

Opened flowers number

Isolate 30 days 45days 60days 30 days 45days 60days
Control 54+0.98°  10.82+0.71%¢ 11.05+1.26° 1.53+0.91°  0.13+0.23*  8.18+3.78
K-1-29 7.1+0.928  10.77+1.14%°¢ 12.14+1.43% | 252+1.49%  0.21+0.382 0.88+3.62
K-10-27 7.25+0.92%  10.48+1.26°° 11.96+1.24%® | 1.78+1.24° 0.07+0.18%  8.39+4.36
K-10-41 7.23+0.77*  10.85+1.46%°¢ 11.78+1.24° | 2.61+1.54%  0.00° 0.48+3.89
Mk-1-25 7.340.66%  11.2+2.24%®  12.6+1.762 2.45+1.71% 0.13+0.3% 0.33+3.84
Mk-13-16 7.13+1.3%  11.23+1.02% 12.25+1.32% | 2.02+1.06*° 0.07+0.18%  8.93+4.86
Mk-20-20 7.1+0.99°  11.02+1.5%°  11.98+1.212> | 1.98+1.228¢ (.2+0.372 8.77+5.01
MK-20-7 7.18+1.66% 10.87+0.93%¢ 11.98+1.63% | 2.22+1.6%¢  (0.1+0.28% 8.1+3.9
Z-1-16 7.28+0.77°  10.22+1.18°  12.5+1.23% 2.0+1.84%°  0.1+0.28% 8.64+3.64
Z-12-20 7.43+0.69% 11.37+1.24*  12.45+1.2% 2.38+1.49%® 0.1+0.28% 8.83+3.0
Z-13-4 6.98+0.69% 11.25+1.63*® 11.81+11.25%° | 2.5+1.662 0.07+0.18%  8.0+4.3
CcV 9.91 10.27 0.18 45.0 66.73 39.05
LSD 0.50 0.81 0.8 0.71 0.18 2.24
Possible P-sources

BM 6.92+0.94  10.98+1.37% 11.74+1.23° 0.00¢ 2.23+1.45%  8.69+4.46%°
Compost 7.24+1.12  10.68+1.56°  12.17+1.17% | 0.31+0.42%  2.4+1.692 0.72+3.64%
Fert 6.93+1.03  11.17+1.86%  11.88+1.26%® | 0.06+0.17°° 1.82+1.32° 9.12+3.39%
Fert & Comp  7.01+1.23  10.86+1.15%® 12.32+1.872 0.09+0.2°¢  2.2+1.47% 7.71+4.08°
Soil 7.08+0.85  10.88+1.13% 12.13+1.3% 0.14+0.29°  2.27+1.32%  9.47+4.29?
CcV 9.91 10.27 9.18 66.73 45.0 38.52
LSD 0.34 0.55 0.54 0.12 0.48 1.68

NB: Means with similar letters has no significant difference at P=0.05.

Tomato branch, flower bud development, and flower openings were significantly (p<0.05)

improved by the joint application of PSB strains and P-treatments. Inoculation stimulated

tomato development at distinct levels at different growth periods, relatively the maximum
number of tomato branches (4.9, 5.55, and 6.57) developed by inoculation of Mk-1-25, Z-13-
4, and K-10-41 at 30, 45, and 60 days, respectively (Table 5.3). Flower bud number

substantially improved by compost supplementation aside from inoculation of Mk-1-25 and

Mk-20-20 at 30 and 45 days, respectively (Table 5.3). Similarly, early flower opening and the

total number of opened flowers were significantly induced by compost application and
inoculation of K-1-29 (Table 5.2).
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Table 5.3: Tomato branch and flower bud development at various growth periods

Branch development

Flower bud development

Isolate 30 days 45days 60days 30 days 45 days 60 days
Control 3.5+1.22°  3.67+1.01° 5.43+1.12% | 598+1.69%  0.75+0.62%® 10.82+2.452
K-1-29 4.32+1.11* 4.66+1.15°% 575+0.94% | 537+1.83%¢ 0.77+0.47®® 10.4+1.91%
K-10-27 44+1.38  453+076°€  577+2.45® | 507+1.89%° 0.67+0.41% 10.51+2.28%
K-10-41 4.77+0.92%  4.84+1.24°d  §57+3.94% | 558+1.35%¢ 0.77+0.53*® 10.83+1.49?
Mk-1-25 49+1.112  4.96+1.08"°  6.27+2.12% | 523+1.54%° (0.83+0.42% 10.82+2.322
Mk-13-16  4.87+1.22%  4.97+0.81°  5.42+0.74% | 5.17+1.91%¢ 0.62+0.52%® 10.06+2.42%
Mk-20-20  4.84+1.58* 4.32+1.33%  542+0.97% | 6.29+5.332  0.73+0.45® 10.23+2.61%
MKk-20-7 4.42+1.022  4.52+1.22°%  512+0.71° | 4.83+2.21°° 0.73+0.57% 9.8+1.88%
Z-1-16 4.31+1.30* 4.27+1.0°¢ 6.15+2.29% | 5.25+1.98%°¢ (0.62+0.49%® 10.1+2.42%
Z-12-20 4.88+0.97% 5.12+1.08%  528+1.03" |5.28+1.51%¢ 0.77+0.4®® 10.78+1.892
Z-13-4 4.63+0.98% 555+1.54°  5.6+1.09% |4.53+1.74° 0.57+0.43° 9.25+1.22°
cVv 17.04 16.63 30.83 32.22 51.62 18.77

LSD 0.57 0.56 1.27 1.24 0.27 1.39

P-Treatment

BM 4.45+0.91°° 4.71+1.11®®  509+0.88° | 0.65+0.42°  4.81+1.58° 9.4+1.9°
Compost 4.67+1.3°  4.47+1.44°  535+0.89° | 0.89+0.58%°  6.11+3.6%  10.30+1.69%*
Fert 4.66+1.14° 4.49+1.45°  573+1.04° |0.65+0.43° 5.49+1.47% 10.67+1.74%
Fert&Comp  4.12+1.12° 4.85+1.15% 5.41+1.58° | 0.64+0.46°  4.17+1.58° 9.88+2.57"¢
Soil 5.15+1.35° 4.78+1.36%  6.87+3.21% | 0.73+0.47% 6.05+2.128  11.13+2.2°
cVv 16.55 16.63 30.83 51.62 32.22 18.77

LSD 0.382 0.38 0.85 0.18 0.84 0.938

NB: Means with similar letters has no significant difference at P=0.05.
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Co-inoculation Effect on the Tomato Leaf Development
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Figure 5.3: Tomato leaves development at different growth periods (A= 30 days, B= 60 days)
of transplantation.
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5.3.2 Fruit Yield

Starting from 60 days of transplantation, damaged and 50% mature fruits were harvested
from three tomato plants per row with frequent farm monitoring (Picture 5.1). At the time of
final harvesting (90 days after transplantation), fruit number, size, and weight variation were
realised (Table 5.4 and Supplementary Table 5.1). Even if tomatoes were not faced
observable impairment by any infestation, a considerable number of fruits were damaged by
blossom end rot. This physiological disorder might possibly be due to the water shortage and
limitations (irregular watering time and amount because of supply fluctuation). It was
observed that the blossom end rot diminished the external fruit protective layer; as a result,
the fruit flesh part was exposed and created a conducive circumstance for various biological
visitors (insects, worms, birds, fungal infestations, and other microbial infestations) (Picture
5.2). This irrigation instability resulted in a significant (p<0.05) number of unmarketable
tomato fruits and loss (Table 5.4). The total amount of mean fruit variance indicated that K-
10-41 inoculated tomatoes induced to produce the highest tomato fruit number (65.6) with
significant (p<0.05) marketable fruits (31.27). On the other hand, inoculation of K-10-27
produced the second highest (65.47) average fruit number with a considerable amount (37.47)
of unmarketable fruits, whereas Mk-20-7 produced the maximum (31.33) marketable fruits
and the least (28.07) number of unmarketable fruits (Table 5.4 and Figure 5.4). Similarly, K-
1-29 ranked the 3 inoculum in terms of total fruit number (63.93) and number of marketable
(30) fruits. Though fruit weight was not exacerbated among isolates, inoculation showed
considerable improvement against the control. K-10-41 recorded the maximum overall
average fruit weight (2821.6 g), followed by K-1-29 (2793.3 g) (Table 5.4).

A

\ 9

el

@ 7

Picture 5.2: Blossom end rot and subsequent fruit infection.
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Table 5.4: Tomato fruit yield.

Isolate Marketable Fruit Unmarketable Total fruit No.  Total Fruit weight
Fruit (9)
Control 19.0+11.77° 32.0+9.58% 51.0+17.36° 1700.0+828.0°
K-1-29 30.0+9.782 33.93+11.68% 63.93+11.27¢  2793.3+740.362
K-10-27 28.0+14.722 37.47+15.572 65.47+20.31*  2563.4+900.09?
K-10-41 31.27+10.122 34.33+13.77% 65.6+19.522 2821.6+765.852
Mk-1-25 24.6+11.21% 34.13+8.65% 58.73+11.3%  2268.07+825.79%°
Mk-13-16 28.4+16.322 31.4+9.4%® 59.8+22.95%  2781.3+1377.72
MKk-20-20 27.27+12.2% 34.8+15.09% 62.07+19.31%  2583.47+691.212
Mk-20-7 31.33+14.682 28.07+9.36° 59.4+12.66®  2780.53+964.662
Z-1-16 25.93+13.51% 32.27+9.58% 58.2+12.35%  2507.2+768.782
Z-12-20 28.73+15.012 31.53+9.73% 60.27+15.18%  2558.4+1004.152
Z-13-4 28.8+12.942 30.93+8.29% 59.73+12.13*  2508.93+838.612
CcVv 41.87 33.69 26.74 34.23
LSD 8.33 7.97 11.65 62.79
P-Treatment
BM 29.0+17.06 33.82+9.35 62.82+20.61 2645.91+1257.65
Compost 27.42+15.39 34.46+11.37 57.88+16.33 2456.0+1072.65
Fert 27.91+11.59 31.79+8.05 59.7+13.41 2474.58+739.31
Fert & Comp 27.61+9.64 34.46+14.54 63.06+15.67 2617.39+660.3
Soil 25.94+11.04 32.52+11.42 58.46+14.92 2472.61+802.17
cVv 44.89 33.69 26.74 34.23
LSD 6.02 5.38 7.85 42.9

NB: Means with similar letters has no significant difference at P=0.05.

Application of external P-sources promoted tomato-PSB interaction, response and increased

fruit yield (Figure 5.4). For instance, compost application promoted most tomato growth

parameters (plant height, flower buds, and flower opening), nevertheless, it resulted in the

least fruit number (57.88) and the minimum fruit weight (2456 g). Quite the reverse, the bone

meal was the least promotor for most tomato plant assays, but it was one of the top fruit

development inducers (on average, 20.94 fruits per plant were harvested which recorded the
highest fruit weight of 2645.91 g) (Table 5.4 and Figure 5.4 and 5.5). Generally, bone meal

and the mixture of 50% rate of the recommended compost and fertilizer showed a significant

(p<0.05) effect on overall tomato fruit yield, while fertilizer application recorded the least

number of unmarketable fruits, which might suggest that fertilizer promotes healthy and

marketable fruit production next to bone meal.
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Co-inoculation Effect on the Tomato Fruit Development
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Figure 5.4: Tomato fruit yield (A= total fruit number and B= total fruit weight (g))
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5.4 DISCUSSION

According to Manzoor et al. (2017) the application of PSB, rock phosphate, compost,
manure, or fertilizers increased the amount of P that is accessible to plants. In this field trial,
PSB and external possible P-sources used in conjunction to tomato growth and yield
performance. Based on their prior laboratory (Chapter 3) and greenhouse (Chapter 4)
performance, a total of 10 PSB strains were chosen and they were co-inoculated with three
different supplementary P-sources (compost, bone meal (BM), and synthetic fertilizer). Four
growth periods (30, 45, 60 and 90 days) were used after tomato transplantation to evaluate

the overall growth and development as well as tomato fruit yield.

As shown by Verma et al. (2019) and Macik et al. (2023), chemical fertilizer controls about
95% of the global fertilizer market share, with biofertilizers accounting for the remaining 5%.
Despite the annual biofertilizers market increment, rhizobium constitute about 79% and PSB
about 15% global market demand as indicated in Nosheen et al.’s (2021) review. Plant
growth-promoting characteristics were used to filter potential biofertilizer strains from
rhizosphere (Kumar et al., 2022). Hierarchical screening procedures (lab screening,
greenhouse and field evaluation) help to select efficient PSB inoculum. Despite in vitro
solubilization and greenhouse promotions, PSB application under field conditions is very
limited. Laboratory screening, greenhouse and field trials used to analyse the effectiveness of
PGPR (Amaya-Gomez et al., 2020). For a strain to become effective, it should possess good
competence, persistence, and stabilization under the provided environmental conditions.
Open field evaluation and efficacy confirmation experiments give a good picture for maximal
exploitation of efficient strains. As shown by Kirui et al. (2022) and Amanullah and Khan
(2015), once potential isolates are screened, they will be inoculated into the soil, then
stabilize sustainable production, and minimize production cost. Given the fact that open field
cultivation is exposed to a stressful environment, as demonstrated by Bai et al. (2018), the
true potential evaluation and efficiency verification provides a practical figure of whether the
selected strain is competent or incompetent before distributing to the farmers. Likewise, De
Zutter et al. (2022) underlined that field trials are mandatory because most (>90%) of the
PSB symbiotic effectiveness studies conducted under greenhouse conditions become
unsatisfactory and less effective when tested on field trials. Similarly, Nosheen et al. (2021)
have shown that biofertilizers could be hero or villain at field trial depending on the soil, host

plant and environmental conditions. Liu et al. (2020) also stated that the inoculation of
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competent PSB strains successfully colonized the root zone and enriched the rhizosphere,
while some strains failed to succeed. Moreover, it is essential to prove their efficiency and
symbiotic effectiveness under various field conditions. This is due to the fact that the
environment and soil characteristics have significantly impacted the success of PSM
establishment and performance (Mitra et al., (2020); Sharma et al., (2013)). The interaction
and response of inoculants are influenced by soil factors, distance from roots, plant species
type, growth stage, root exudate composition, hormone signalling, native microbiota, and
climatic conditions (Santos-Villalobos and Parra-Cota, 2021; Rachel et al., 2018). Similarly,
Rilling et al. (2019) indicated that PGPR performance should be demonstrated in different

soil, crop, and agro-ecological circumstances.

In this study, PSB strains were inoculated to tomato seeds and root zone to promote inoculum
interaction and colonization intended for better stimulation of tomato growth and fruit yield.
A supportive publication from De Zutter et al. (2022) described that soil drench, root dip,
spray, and seed coating mechanisms were used to apply PSB strains; nevertheless, seed
coating and root dip predominantly increased P-uptake and plant biomass. A sympathetic
study by Pellegrini et al. (2021) on Allium cepa L. showed that seed inoculation approach is
considered the proven strategy to stabilize the inoculum and improve cultivation. In a similar
fashion, Egamberdieva (2015) reported that tomato seed inoculation with PGPR has
demonstrated the induction of wilt resistance both in field and greenhouse trials. Poonia and
Dhaka (2012) also found PSB inoculation of soil and tomato root (seedling) dip, together
with the recommended fertilizer rate improved tomato growth and yield. Similarly, Amaya-
Gobmez et al. (2020) indicated that successful colonization of the root surface and vicinity
(rhizosphere) by the inoculum leads to the release of different compounds that promote plant-
bacteria interaction, synchronization, confront indigenous microbes, and enhance plant
growth.

In the present study, PSB inoculation of tomatoes showed a significant (p<0.05) difference
over the control and among the added P-substrates. For instance, tomato plant shoot length
was strongly promoted by Z-12-20, Mk-1-25, and Mk-20-7 (Tale 5.1), the number of leaves,
branches, and flower buds’ development were encouraged by Mk-20-20, Mk-1-25, and K-10-
41 (Table 5.2 and 5.3) and fruit development was enhanced by K-10-41, Mk-20-7, and K-10-
27 (Table 5.4, Supplementary Table 5.1 and Figure 5.5). Comparable studies demonstrated
that PSB strains inoculation such as N3 (Zhang et al., 2021) and MBP 2.1 (Khan et al., 2016)
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improved tomato growth parameters (plant height, root length, chlorophyll content, and
biomass). The possible reason is that perhaps the PSB stimulated tomato by enhancing P-
accessing, growth hormone production, biocontrol activity, and reducing toxic chemicals
absorption and accumulation in the shoot as well as roots. In line with this, Khan et al. (2016)
have reported that PGPR promotes plant growth through a wide range of mechanisms
(phytohormones production, alleviating environmental stresses, and production of secondary
metabolites). A review by Alori et al. (2017), strengthens the assumption that soil
microorganisms enhance plant nutrient acquisition. In the current study, tomato inoculated
with Mk-20-7 recorded the highest tomato plant height mean (67.2 cm), which was greater
than Etissa et al.'s (2014) finding (59.2 cm) but lower than Poonia and Dhaka’s (2012) report
that found maximum tomato plant height 86.3 cm from the complemented application of PSB
and fertilizer. The MKk-20-7 strain was also one of the top tomato inducers to develop more
marketable (31.33) fruits inferring that this efficient strain positively interacted with tomato
to increase the height (67.2 cm (Table 5.1)) thus led to the development of more healthy
fruits. In the same way, K-1-29 effectively interacted with tomatoes and promoted plant
height (Table 5.1), the overall fruit yield, and gross fruit weight (2793.3 g, (Table 5.4)).
Similarly, Alori et al. (2017) reviewed the overall benefit of adopting rhizosphere microbes
in enhancing plant nutrients, stimulating root and shoot growth, increased height, biomass,
and yield. A supportive finding published by Dash et al. (2017) indicated that PSB
inoculation increased rice root growth, P-uptake, biomass, and grain yield.

Sharon et al. (2016) demonstrated that tomato inoculation with Pantoea sp. recorded elevated
P incorporation and biomass. In this study, the three PSB strains stimulated tomato growth
parameters, fruit yield and response to stress. K-10-27 encouraged the development of a
greater number of fruits (65.47), (though the majority of fruits (37.47) were unmarketable due
to blossom end rot), while Mk-20-7 improved directly or indirectly the physiological
response to resist stresses and develop more healthy and marketable fruits (31.33), whereas
K-10-41 encouraged tomato to resist water stress as well as increased fruit yield (2821.3 g
fruit weight recorded from a total of 65.6 fruits, among them 31.27 were marketable) (Table
5.4). It was indicated that water shortage, limited irrigation access and moisture stress can
cause blossom end rot and other infections (Gemechis, 2017). In agreement with this, Rabbee
et al. (2019) and Verma et al. (2019) reported that the application of PGPR promote plants
directly (nutrient accessing, phytohormone production) and indirectly (antibiotic response,

competition for niche, and stress tolerance) to increase plant growth, biomass, and yield. The
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three PSB strains (K-10-27, K-10-41, and Mk-20-7) demonstrated substantial improvement in
fruit number and weight, which was a prominent recognition which can possibly be
recommended for tomato farm application under repeated efficacy attest and conformation. In
line with this, Kumar et al. (2022) reported that the application of biofertilizers improved
seed germination, seedling growth, yield, and quality. This might perhaps suggest PSB
inoculation induces functional tomato gene expressions, as indicated by Zhang et al. (2021),
which regulates physiological parameters of chlorophyll synthesis, metabolism,
transportation, and resistance, in the reverse tomato modified and released metabolites to

promote PSB colonization.
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Fruit_per_plant Tukey Grouping for LS-Means of ~ Large_Fruit_length Tukey Grouping for LS-Means of ~ Large_Fruit_ width Tukey Grouping for LS-Means of

Treatment'lsolate (Alpha = 0.085) Treatment'Isolate (Alpha = 0.05) Treatment'Isolate (Alpha = 0.05)
L5-means covered by the same bar are not significantly diffarent. L5-means covered by the same bar are nat significantly diferent, LS-means covered by the same bar are not synificantly different,
Treatment  Isolate  Estimate Treatment  Isolate ~ Estimate Treatment  lsolate  Estimate
FertCom K-10-27 21311 Sal 118 11.0000 Soi FARL 220000
BM K-1041 21.1667 Comp Cantrol 10,8887 Fert k4021 220000
Sal K-1041 20,8667 Comp Mi1-28 106667 BM 21220 218667
BM Me-13-16 19.5000 Fert KA02T 106067 FertCom K-1-20 210000
FertCom Me-2020  19.2500 BM K041 106067 FertCom M-13-18 210000
Sal K-1-29 18.7500 Sal M0 108 Soi 1220 208667
Camp Wk-20-7 17.6667 Sal K041 10.033 FertCom K041 208667
Fert 134 17.1667 Comp Me20-20  10.3333 Camp W1-25 206667
Camp Me-20-20  17.0000 Fetlom  Me1348 103333 BM K427 20338
Fert Wk-1-25 16.7500 BM Cantrol 10333 FertCom W20 20338
FertCom 2118 16.7500 BM Me128 10.933 Camp Control 200000
Fert K-1-29 16.7500 Fetlom  Me207 103333 BM K041 200000
BM 1220 16.6867 Comp 718 10333 Fert K-1-20 200000
BM K-10-27 16.0000 BM 027 0.3 FertCom KA0:27 200000
FertCom K-1-24 16.0000 BM bl I | Rk Fert W-20-20 200000
FertCom Wk-1-25 16.8333 Fert K120 10333 Camp K041 19.66867
Fert K-10-27 16,6667 Sal Me1348 10.0000 Sol K-A0-27 19.66867
BM K-1-29 16,5833 Fetlom 214 100000 Camp Wh-20-7 10.6667
BM 134 16.5000 Comp Mk20710.0000 Fert Mh-1-23 19.66867
Fert WMk-20-7 16.4167 CGomp K041 10.0000 Fet 2118 19.66867
Camp K-10-27 16.2500 Fetlom 21220 10,0000 Soi Wh-20-7 19335
FertCom 134 16.0000 Fert Mk20-20 10.0000 Soi Mh-1-23 19338
Camp Mk-13-16  15.0000 Fet Cantrol 100000 Camp K-1-20 193383
FertCom 1220 16.0000 Fert Me20-7 - 10.0000 M W-13-16 19.3333
Sai 1220 14.8333 FetCom K120 100000 Fert Control 19338
Camp Cantrol 14.7500 BM Mi1318 10.0000 Fert Me13-18 193333
Camp 1220 14.6667 Fert 118 100000 Fert L34 19335
BM Me-20-20  14.5833 FetCom K027 10.0000 BM Control 18.0000
FertLom K-1041 14.5833 BM Mi20-20 10.0000 BM M-20-20  19.0000
Sai 2118 14.5000 Fert M13-16 10.0000 Camp FARL 18.6667
Fert 2118 14.5000 Sal Mk-1-28 9.68867 Fetfom 2134 18.6667
BM 118 14.4187 Sal Mk-20-7 98867 Soi 134 183333
Fert 1220 14.1667 BM ks 95867 Soi K-1-20 183333
Fert Me-13-16 14.0833 Sal K027 9.68867 Sol K-A041 183333
Sal Wk-1-25 14.0000 Fetlom  Z18 98867 Fetfom  Control 183333
Camp Wk-1-25 14.0000 Comp K120 96867 Camp W-20-20 18333
Fert K-1041 14.0000 Fetlom K041 9.68867 Sol W13-18 183333
FertCom Wk-20-7 13.9187 Comp Farl| 9867 Fetfom  Z1-18 183383
Sai Wk-20-7 13.8333 BM K120 96867 Camp Z1220 183133
Camp 134 13.8333 BM Mh-20-7 9.68867 Sol Control 18.0000
Fert Me-20-20 137500 Fert parl| 06867 FertCom Mh-1-23 18.0000
FertCom Me-13-16 13.8667 Sal ks 96867 BM Mh-1-23 18.0000
Sal K-10-27 13.5833 Fet K041 94000 Fetfom 21220 18.0000
BM Wk-20-7 134167 Comp ks 2313 Fert Wh-20-7 18.0000
Sai 134 13.1667 Sal We2020 0.3 Camp 134 18.0000
BM Cantrol 13.0833 Sal K-8 9333 BM 134 18.0000
Sai Me-20-20  13.0000 Fert Mk-1-28 2313 Fert K041 17.6667
BM Wk-1-25 12.8333 FetCom  Mh1-28 231 Camp Me-13-18  17.6667
Camp K-1-29 128333 Fetom  Confrol 9333 BM Mh-20-7 17.6667
Camp 2118 12,5833 FetCom 200 03333 Fert 21220 17.6667
Sai Me-13-16 12.5000 Fert ks 4.0000 BM 118 17.6667
FertLom Cantrol 12.0833 Sal Cantrol 40000 Soi W00 17338
Sai Cantrol 11.9167 Gomp Me1316 8.0000 Camp K-A0-27 17338
Fert Cantrol 11.9167 BM 7118 4.0000 BM K120 17338
Camp K-1041 11.5833 Comp K027 84867 FertLom W00 183333

Figure 5.5: Tomato fruit yield per plant and larger fruit size difference among treatments.
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As shown by Alori et al. (2017), PSM increased plant availability of phosphorous through the
solubilization and mineralization of insoluble P-compounds (i.e., both inorganic and organic
phosphorous). Combined application of organic matters, biological inputs, and synthetic
chemicals consents integrated soil fertility maintenance that improve soil properties and crop
yield (Abebe et al., 2022). Application of external P-supplements in conjunction with PSB
strains improved interaction and response between strains and tomato. Particularly, compost
and PSB boosted tomato growth indices (height, number of leaves, flower buds, and flower
openings). These were consistent with the findings of Etissa et al. (2014) and Girshe et al.
(2018), which revealed that locally available organic fertilizers such as farmyard and compost
application to tomato enhanced growth and development that fortified economic, social, and
environmental feasibility. A review by Tamene et al. (2017) also elaborated organic matter
amendment (green manures, animal dung, and crop residues) enhanced soil nutrient
availability, moisture, microbial activities, and crop production. A study on sugarcane
indicated that PSB co-inoculation with compost showed significant shoot nutrients (P, N, and
K) composition over control and other supplements, including rock-phosphate and TSP
(Estrada-Bonilla et al., 2021). Similarly, Amanullah and Khan (2015) found that the
interaction of compost and PSB significantly increased maize yield and yield components
(grain number and weight). Likewise, Yasmeen et al. (2022) found that maize grain yield has
been significantly affected by the interaction of a potent PSB strain (Bacillus cereus GS6)
and rock-phosphate.

In the current study, PSB co-inoculation with a mixture of 50% compost and 50% of the
recommended DAP fertilizer significantly (p<0.05) improved both tomato vegetative growth
(plant height 67.39 cm) and fruit yield (the highest (63.06) total fruit number and the 2™
highest (2617.39 g) total fruit weight) (Table 5.4). This assorted co-inoculation promoted
tomato height, number of leaves, flower buds, fruit number, fruit size, and weight, whereas
bone meal strongly encouraged fruit values (recorded a total of 62.82 fruit numbers, among
them 29 were marketable, the highest fruit weight (2645.91 g) and the larger fruit size (Table
5.4 and Supplementary Table 5.1)). These results are in consistent with the findings of
Tamene et al. (2017), indicated that combined application of half of the recommended
fertilizer rate and compost improved soil pH and micronutrients and strongly increased wheat
and teff productivity. In the current experiment, fertilizer was found to be an intermediate
inducer compared to other treatments, except for leaf development and fruit width. The result
is consistent with the findings of Estrada-Bonilla et al. (2021), which indicated that in
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contrast to fertilizer amendment, simultaneous application of PSB strains and compost
amendment showed significant improvement in physical, chemical, and biological soil
properties, which improved shoot nutrition and growth. In contrast, many reports have
indicated that fertilizer and PSB inoculation, among other treatments, has shown notable
success in different crops production and productivity, such as maize (Yasmeen et al., 2022;
Amanullah and Khan, 2015), Allium cepa L. (Pellegrini et al., 2021), tomato (Sharon et al.,
2016; Poonia and Dhaka, 2012), Mungbam (Khan et al., 2022), rice (Chen and Liu, 2019;
Dash et al., 2017), and wheat (Kumar et al., 2021).

Generally, as shown by Santos-Villalobos and Parra-Cota (2021), the current agricultural
production requires intensive agricultural practices, including improved agro-inputs,
plantations, irrigation, and Phyto-infestation control. In line to this, Abebe et al. (2022) and
Deepika and MubarakAli (2020) have indicated that massive chemicals practiced in modern
agriculture. Likewise, tomato production needs optimum growing conditions (nutrient-rich
soil or growing medium), proper water supply, proper infestation control, mentoring, proper
harvest, and post-harvest management. Soil nutrients could be supplemented as biowastes,
organic matter, fertilizers, and/or biofertilizers. Biofertilizers such as nitrogen fixers, PSB,
and Mycorrhizal fungi application alone or together (Khan et al., 2022; Kumar et al., 2022;
Nosheen et al., 2021) improve soil nutrients, root and shoot growth, as well as maintain plant
and soil health.

5.5 CONCLUSION AND RECCOMENDATIONS

Application of competent PSB strains together with nutrient supplements improved symbiotic
effectiveness, sustainable production, and environmental health. Among the 10 PSB isolates
K-10-41 strongly stimulated tomato height, branch and flower development besides fruit
yield (number, size and weight (2821.6 g). Similarly, Mk-20-7 enhanced plant height as well
as fruit yield (a total of 59.4 fruits weighing 2780.53 g with a substantial number of
marketable (31.33) fruits were harvested). Likewise, the addition of compost enhanced more
of tomato vegetative growth whereas bone meal induced fruit yield (a total of 62.82 fruits
with a gross weight of 2645.91 g were harvested wherein 29 of the fruits were marketable),
while the mixture (50% of the recommended rate of compost and fertilizer) improved the
overall tomato growth performance. Hence, K-10-41 and Mk-20-7 applications together with
bone meal and the mixture of compost and fertilizer were found effective. Consequently, they
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are recommended for fruitful and sustainable tomato production especially for smallholder
farmers. To distribute these promising PSB isolates as inoculants, it is better to confirm their
competence under different agroecologies, conduct whole genome sequence to identify the
specific strain accession number, and evaluate their response to other crops (host range test).
Synergetic application of organic supplements (compost, farmyard, bone meal or other
biowastes), bioinoculants and proper agrochemicals maximize production and environmental
health. This kind of farm practice is feasible for the economic, social and ecological sense of
balance in line with soil and environmental health maintenance. Therefore, exploring more
efficient/competent strains as well as cheap, easily available and eco-friendly supplements for
combined application are the future prospects to improve soil fertility, plant growth,

development and production.
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CHAPTER SIX

6. CROP HOST RANGE OF SELECTED PSB STRAINS AT OPEN
FIELD CONDITION

Abstract

The current PSB strains were eventually tethered to tomatoes, and their efficiency was
evaluated under laboratory, greenhouse, and field conditions. Thus, it is important to
broaden the host symbiotic interaction response under different crops to check their
persistence. This experiment will provide a supportive and valid scientific or empirical
background to recommend them as biofertilizers and plant growth-promotors as an
alternative or in combination with chemical fertilizers. Five different crops (faba bean,
kidney bean, maize, onion, and wheat) were taken for this field trial and inoculated with PSB
strains. Plant assays like shoot length, leaf development, tiller/branch, flower, pod, corncob
number, and biomass yield parameters were recorded accordingly. Even though the degree
of response varied among PSB inoculants, most of them demonstrated promising
achievements and encouraging results in most plant parameters (seed germination, shoot
length, flowering, yield, and biomass) over the control (uninoculated group). The overall host
range evaluation of inoculants against the test crops indicated that Z-12-20 demonstrated
broad host-range (positively interacted and encouraged growth and biomass of four among
five crops (faba bean, maize, wheat, and onion)). Similarly, Mk-1-25 was found to be the
second strain with a broader host range, which positively influenced and promoted faba
bean, kidney bean, and onion growth and biomass. Yet, K-1-29 (one of the top promoters of
tomato) has shown the least interaction among the currently tested crops. Wheat and faba
bean have been found to be symbiotically interactive with multiple strains to enhance various
plant attributes, whereas maize and onion have shown limited performance with most of the
candidate strains. On the other hand, legume crops (faba bean and kidney bean) have
demonstrated variable responses against each strain in consort with their developmental
stages. It's been concluded that each strain has its own host crop preference; therefore, this
research implicates the need for repeated site- and crop-specific field trials to verify strains’
efficacy as well as further study to deeply understand the metabolic and molecular

interactions between the candidate inoculant and target host crop.

Keywords: Biofertilizer, Biomass, Cereal, PSB, Onion, Symbiotic interaction
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6.1 INTRODUCTION

Conventional crop production relies on heavy fertilizer applications, which pose different
consequences, such as social, economic, and environmental (Tinna et al., 2020). Regardless
of the benefit in agriculture, Mahanty et al. (2017) briefly described the harmful impacts of
chemical fertilizers on the environment and living beings. To feed the dramatically growing
world population, repeated and over application of fertilizers (Nosheen et al., 2021), GHG
emissions, and aggressive exploitation of arable lands lead to complex climate changes and
minimize (for example, 3.8% wheat and 5.5% maize) productivity (Shah et al., 2021).
Repeated and injurious application of fertilizer leads to a decline in soil fertility, soil
microbial diversity, and crop production (Sharma et al., 2013). Unless plants absorb the
applied fertilizers, they would accumulate in soil and waterbodies, where the residues would
deplete soil nutrients, water holding capacity, and possibly increase salinity. Considering the
hazardous effects of chemical fertilizers, biofertilizer and plant growth-promotor application
(Mitra et al., 2020) are inevitable and supposed to be a safe alternative to minimize
agroecological disorders. Various soil microorganisms, including bacteria, can maintain soil
fertility and improve plant nutrients (Nosheen et al., 2021; Liu et al., 2020). PSB are one of
the fundamental bacterial groups in accessing nutrient, improving soil fertility, increasing
uptake of minerals, enhancing plant growth, regulating phytopathogens, and improving stress
tolerance (Pellegrini et al., 2021). They have comprehensive benefits and may require less
resource, cost, and technical skills to implement. These multidimensional and wide-range
PSB (also called PGPR) promote the plant directly (through biofertilizer activity) or
indirectly (through biopesticide activity) (Figure 6.1) (de Andrade et al., 2023; Verma, 2019;
Mahanty et al., 2017).

Like nitrogen fixers, PSB are not crop-specific for leguminous species. Comparatively, PSB
have quite an extended host range and can form satisfactory interactions with different crops,
including vegetables, cereals, legumes, tubers, and different other plant species. Even though
their interaction is not classified by certain species, somehow, they have host preference for
their elevated and fruitful symbiotic interaction and response (De Zutter et al., 2022). This is
because the plant root architecture, physiological, metabolic, and molecular approaches will
determine the level and population of the microbial community in the root zone (Giannelli et
al., 2023; Planchamp et al., 2015). Not only the type of plant but also the developmental

stages and physiological status of the plant significantly determine the rhizosphere
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community through their root exudates and metabolites, either to repel or attract (Ahemad
and Kibret, 2014). In the root zone, bacterial colonization and survival are influenced by
plant growth factors and plant residues (Verma, 2019). A review by de Andrade et al. (2023)
indicated that, depending on the plant species, 10-40% of plant photosynthetic metabolites
are released in the rhizodeposition. A supportive statement by Pathak et al. (2017) indicated
that PSB and their mechanisms depend on nutritional, physiological, and growth conditions.
Once the root zone stabilized and dominated by certain microbial groups, the nutritional,
physiological, and physical properties of the rhizospheric soil would be altered by them
(Verma, 2019).

-> Direct Plant Growth Promotion —%
(Biofertilizer Activity)

Ethylene
Production

Nitrogen Fixation

Phosphate Solubilization

Potassium Solubilization

Siderophore Production

Phytohormone Production
(Phytostimulation Activity)

PR)
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L]

(PC

Antibiotics Production

Hydrolytic Enzyvmes Production

Cytokines and Gibberellins
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Induced Systemic Resistance (ISR)
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Indirect Plant Growth Promotion
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—
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Figure 6.1: Diagram for direct and indirect beneficial effects of PGPR on agricultural crop
(Source: Verma, 2019).
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Therefore, this study was designed to examine the range of host crops for the selected 10 PSB
strains that were isolated from the tomato rhizosphere. The host plant and the associated
phyto-microbiome (holobiont) reside in plant-associated microbes’ synergetic relations and
signal exchanges (Shah et al., 2021). The current PSB strains were eventually tethered to
tomatoes, and their efficiency was evaluated under laboratory, greenhouse, and field
conditions. They showed plenty of positive and encouraging responses, even though their
degree of efficacy was quite different at each experimental level. Thus, it is important to
broaden the host-symbiotic interaction and response under different crops to check their
persistence. This is because most PSB strains have a broader host range; on the other hand,
farmers used their lands (including the sampled tomato farms in this study) to cultivate
various crops so that the strains might interact prominently with other crop(s) even though
they were screened from a certain crop, in this case tomato. Inoculation of other plant species
other than the primary host revealed the effect or productivity of the inoculants (Pellegrini et
al., 2021). Moreover, it is necessary to create a valid scientific or empirical background that

can support the development, practice, and alternative to chemical fertilizers.

Multistep screening and evaluation processes, as well as optimization of viability states,
considerably improve bioinoculant formulation and farmer acceptance (Mahanty et al.,
2017). Lack of practical evidence is one of the limiting factors for farmers to adopt and
practice microbe-based technologies (Shah et al., 2021). Any positive feedback from
inoculation of a test crop would improve the acceptance and feasibility of the candidate
strains. Thus, the current host range field trial probably would create enthusiasm to develop,
produce, optimize, and practice biofertilizers and plant growth-promotors in Ethiopia,
especially in the study areas. Competence and positive response of the candidate strains in
any of the test crops will motivate and gain farmers’ attention to apply thus inoculants, at
least in one of the crops productions, or in the future practices. This is because the price of
biofertilizers/PGPR is cheap and much lower than that of chemical fertilizers. In one way or
another, repeated application of a single or various host crops tends to enrich the population
and increase the survival, colonization and competence of the candidate PSB strains in the
farm. Moreover, Alemayehu (2020), found that one-time biofertilizer application to faba bean
increased the yield not only the legume but also the consecutive cultivated cereals (wheat and
barley) in Arsi zone. In line to this, Nosheen et al. (2021) indicated that 3-4 years continuous
application of biofertilizers improve root colonization and mother inoculant duplication

hence, no need of further application.
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6.2 MATERIAL AND METHODS

6.2.1 Study Farm Preparation

The study was conducted from February to July 2023 using irrigation at the Hawassa
University main campus research site. The land was twice ploughed and well prepared, then
plots and rows were arranged in RCBD design with three replications. Each experimental unit
was arranged at 2 m x 1.5 m with one meter of space between plots and 10-30 cm of distance
among each plant depending on the type of crop (Table 6.1 and Picture 6.1). Then the plots
were placed into 11 rows to inoculate independently the 10 pre-screened PSB strains
(Chapter 3) (K-1-29, K-10-27, K-10-41, Mk-1-25, Mk-13-16, Mk-20-7, Mk-20-20, Z-1-186,
Z-12-20, and Z-13-4) per row and one row set control (inoculum-free). Onion assigned plot
was arranged in 8 rows (7 rows for selected PSB isolates: K-1-29, K-10-27, K-10-41, MKk-1-
25, Mk-20-7, Mk-20-20, and Z-12-20 inoculation, and one row for the control group). These
seven strains were selected based on their advanced responses at various levels (lab-field

evaluation (Chapter 3-5)) and because of the experimental farm space limitation.

6.2.2 Inoculum Preparation and Seed Inoculation

Pre-screened and characterized 10 PSB strains were taken (Chapter 3), and refreshed with
PVK broth for 48 hrs in a shaker (121 rpm) incubator. To provide a uniform coating (Kumar
et al., 2022), the refreshed active culture was used to soak seeds. Five different crops (faba
bean, kidney bean, maize, onion, and wheat) were taken for this host range field trial.
Selected varieties of each crop and recently harvested seeds (except onion) from the Hawassa
University research site (main campus) were collected from different researchers. Onion seed
(Bomby Red variety) was purchased from the market. The seeds were soaked overnight
(Pande et al., 2017) in the respective PSB isolates separately. Materials and seed surface
sterilization were conducted according to Somasegaran and Hoben (1994). After overnight
soaking (Yasmeen et al., 2022), the extra inoculum was poured, and seeds were left dried for
30 minutes (Picture 6.1), then seeds were sown at 2 cm depth according to the respective
proposed plot arrangements (Table 6.1). Before seeds were covered by soil, one millilitre of
inoculum was added (Estrada-Bonilla et al., 2021) to enrich colonization and then cover the
seeds. Conventional seed coating (De Zutter et al., 2022) and seed inoculation strategies help
to improve colonization and interaction (Pellegrini et al., 2021). Each plot and row were

arranged in three replications as per the respected PSB inoculum and the assigned host crop.
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Watering was done twice a day until 20 days of sowing, then once a day in the consecutive

plantation periods.

Table 6.1: Plots and rows arrangements and spacing (between rows and between plants).

Crop type PSB inoculant per plot Plant spacing (inter vs intra)

Faba bean 10 PSB strains + control 60 cm and 10 cm

Kidney bean 10 PSB strains + control 60 cm and 10 cm

Maize 10 PSB strains + control 60 cm and 30 cm
Wheat 10 PSB strains + control 60 cm and 10 cm
Onion 7 PSB strains + control 60 cm and 10 cm

NB: inter and intra spacing sources: faba bean: Gezahegn and Tesfaye (2017); kidney bean:
Bekele et al. (2019); maize: Getaneh et al. (2016); wheat: Mekonnen (2017) (with some
modifications).

Thirty days after sowing, all the seedling root zone soil was re-inoculated with one millilitre
of the corresponding active culture, as shown by Estrada-Bonilla et al. (2021). This extra
inoculation would maximize root and rhizosphere colonization (Pellegrini et al., 2021) as
well as improve indigenous competition. Afterwards, regular watering, weeding, and
monitoring were conducted until harvesting. Urea was added to all crops, including the
control groups, at the first date and after 45 days of sowing as per the recommended rate for
the corresponding crops. Maize was planted at the corner of the experimental farm as a
biological control and border. Data were taken from three plants per row at 30, 60, and 90
days of sowing and harvesting, except for the onion and maize. Onion data were taken at the
harvesting date (120 days of sowing), maize was harvested, and biomass data were taken at
170 days of sowing. Plant assays like shoot length, leaf development, tiller/branch, flower,

pod, corncob number, and yield parameters (number and weight) were recorded.

6.2.3 Data Analysis

Collected quantitative data were organized and analysed by R.4.3.1 software. One way
ANOVA was conducted using Fisher's and Tukey's tests (significance set at 5%). Finally, the
analysed data were explained and discussed in reference to other related works.
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6.3 RESULT

A host range test for selected PSB strains was conducted at field level on five different crops,
including cereals, legumes, and tubers (i.e., maize (Zea mays L.), wheat (Triticum aestivum
L.), onion (Allium cepa L.), faba bean (Vicia faba L.), and kidney bean (Phaseolus vulgaris)).
Accordingly, inoculants showed various responses against each crop. Even if the degree of
efficiency variation among PSB isolates was observed, most of the PSB inoculants
demonstrated greater achievements and encouraging results in most plant parameters over the
control (uninoculated group). Moreover, PSB inoculation significantly promoted seed
germination in all tested crops (Table 6.2). Thus, Mk-1-25 was found to be an influential
germination inducer and meaningfully shorten the germination date for the test crops (in
average, wheat germinated at 5.33 days, faba bean at 6, kidney bean at 5.67 days, and onion
at 6 days of sowing). Inoculum-free seeds took longer to break their dormancy than
inoculated groups. Among the ten PSB strains, in general, isolates from Ziway Zuria have
shown a limited response to germination for most of the tested crops, especially Z-1-16,
demonstrated the poorest effect on wheat and kidney bean germination (Table 6.3). Among
the tested crops, faba bean took a longer time followed by maize, while onion seeds needed
shorter (6.75) days to germinate at direct field sowing (Table 6.2).

Table 6.2: ANOVA result for seed germination date of different crops treated with PSB.

Crop type Items DF SumSg MeanSq Fvalue Pr(>F)

Faba bean Isolate 10 23.58 2.36 3.11 0.0126*
Residuals 22  16.67 0.76

Kidney bean Isolate 10 13.52 1.35 2.478  0.0365*
Residuals 22 12.0 0.55

Maize Isolate 10 28.3 2.83 4.92 0.0009***
Residuals 22  12.67 0.58

Wheat Isolate 10 21.21 2.12 5.385 0.0005***
Residuals 22  8.667 0.39

Onion Isolate 7 9.83 1.41 2.593 0.049*
Residuals 16  8.667 0.54
MSerror DF Mean Cv t-value LSD

Faba bean 0.76 22 15 11.63 2.07 1.47

Kidney bean 0.55 22 6.88 10.74 2.07 1.25

Maize 0.58 22 7.03 10.79 2.07 1.29

Wheat 0.39 22  6.94 9.05 2.07 1.06

Onion 0.54 16 6.75 10.9 2.12 1.27

NB: * significant at 0.05, ** significant at 0.01, *** significant at 0.001.
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Table 6.3: Mean value of germination date of different crops treated with various strains.

Isolate Faba bean Kidney bean Maize Wheat Onion
Control 8.67+0.58*  7.67+0.67° 8.4+1.0% 8.0+1.0° 8.0+1.0°
K-1-29 8.0+1.0%° 6.0+1.0% 6.0+1.0¢ 7.33+0.58%¢  7.33+0.58%
K-10-27 6.0+1.0° 7.33+0.58% 6.67+0.58%  6.67+0.58"¢  6.67+0.58"
K-10-41 6.67+1.15° 6.67+0.58%  6.0+1.0¢ 7.33+0.58%¢  7.0+1.0%°
Mk-1-25 6.0+1.0° 5.67+1.55¢ 6.67+0.58%  5.33+0.58°  6.0+0.0°
Mk-13-16  8.0+1.0%® 6.33+0.58"4  7.67+0.58%¢  6.33+0.58%%¢ -

Mk-20-20  7.67+1.16%®  7.0+0.0%¢ 8.0+1.0% 7.3340.58%¢  6.67+1.150°
Mk-20-7 7.67+0.58® 6.67+0.58%  7.67+0.58¢  5.67+0.58%  6.33+0.58"°
Z-1-16 7.67+0.58%  7.67+0.58? 8.67+0.58%  7.33+0.58%¢ -

Z-12-20 8.33+0.58%  7.33+1.55% 7.33+0.58*  7.33+0.58%¢  6.0+0.0°
Z-13-4 7.67+0.58%  7.33+0.58% 6.67+0.58%  7.67+0.58%

cVv 11.63 10.74 10.79 9.05 10.9

LSD 1.47 1.25 1.29 1.06 1.27

NB: Means with similar letters have no significant difference at p = 0.05.

PSB inoculation of faba bean induced growth and development, starting from germination to
the following growing periods, which resulted in enhanced biomass. Compared to inoculated
groups, the inoculum free (control) group showed shorter shoot length, minimum branch,
leaf, flower, pod development (Table 6.4) and the least overall biomass (Table 6.6).
Inoculation of K-10-41 meaningfully promoted faba bean shoot length (14.22 and 66 cm at
30 and 90 days of sowing, respectively), more leaf development (7.78 at 30 days of
plantation), and elevated branch/tiller (on average, 8.33 per plant) development at late
growing periods (Table 6.4). Likewise, Mk-13-16 encouraged leaf and pod development
(12.22 and 14.67, respectively) then resulted the second highest shoot dry weight (35.77 ¢
(Table 6.6)). Moreover, each inoculant demonstrated various interactions and responses at
different growth stages, such as Z-1-16 promoted shoot length at 30 and 60 days, seed
development (on average 3.33 seed per pod), Mk-20-7 promoted shoot length and leaf
development at 60 days, Mk-1-25 promoted more branch (8.45) and pod (1.22) development
at 60 days and resulted a maximum shoot fresh weight (268 g), Z-12-20 encouraged early
flower development (5.22 at 30 days), and the highest shoot dry weight (37.73 g) (Table 6.4,
and 6.6). Thus, K-10-41, Mk-1-25, Mk-13-16, Z-1-16, and Z-12-20 could be recommended
as faba bean farm inoculum by conducting further site-specific field trials.
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Table 6.4: Mean value of shoot length and shoot parameters of faba bean at different growing periods that treated with 10 different PSB strains.

Shoot length (cm) Branch Number Leaf Flower Pod per plant
Isolate 30 days 60 days 90 days 60 days 90 days 30 days 60 days 30 days 60 days 60 days 90 days
Control 11.56+3.75 30.22+10.8 54.0+8.66 | 3.78+2.01°  6.0+2.0°¢ |6.33+0.67 9.33+3.93 3.44+596 1.67+0.34 | 0.0 7.33+7.5
K-1-29 10.89+1.58 35.56+5.3 61.7+11.6 | 3.55+2.12° 3.83+0.58° | 6.78+0.84 10.67+5.2 1.56+2.7 7.33+7.22 | 0.56+0.51 13.0+5.0
K-10-27 13.0+3.22 40.55+9.01 60.0+9.85 | 6.22+1.89% 6.7+2.9%° | 6.78+0.69 9.67+4.84 |3.56+3.1  6.78+6.27 | 0.56+0.96 7.4+6.93
K-10-41 14.22+3.72 38.78+3.53  66.0+7.55 | 5.67+1.0® 8.33+0.58% | 7.78+1.26 11.11+5.37 | 2.4+3.41 6.11+5.09 | 1.0+1.73 7.67+5.51
Mk-1-25 11.57+2.7 41.11+7.73 65.0+4.36 | 7.45+6.62*  7.9+4.58% | 6.33+0.88 10.0+4.7 3.44+45.96 4.44+4.29 | 1.22+2.12 8.33+3.22
Mk-13-16 12.44+2.52 37.11+2.27 58.0+6.0 5.33+2.31%  7.0+1.0%¢ | 7.22+0.69 12.22+6.26 | 3.33+5.77 5.44+4.00 | 0.56+96 14.67+4.2
Mk-20-20 12.11+4.86 34.44+16.6 63.0+8.7 | 4.22+2.12% 4.43+1.7* | 6.34+1.53 10.22+4.55 |1.67+2.89 4.22+5.18 |1.0+1.73  14.0+4.36
Mk-20-7 13.78+2.77  43.0+5.55 66.3+5.7 456+2.22® 6.0+2.0*° | 7.33+0.88 11.33+551 |4.89+0.19 5.67+2.73 | 0.78+0.84 8.67+4.16
Z-1-16 14.0+1.53 41.45+6.84 61.0+5.2 4.89+1.54%  7.0+3.0%¢ | 7.0+0.67 11.11+5.42 | 5.11+5.35 4.45+3.67 | 1.11+1.92 6.0+2.65
Z-12-20 12.55+3.34  38.89+8.81 59.7+3.5 5.0+2.18% 7.3+0.58% | 7.0+0.58 11.22+5.64 | 5.22+9.1 2.89+1.34 | 0.0 12.67+8.1
Z-13-4 11.67+0.88 35.0+4.1 59.0+12.1 |4.22+1.83%* 7.67+2.1% | 6.67+0.34 10.78+5.18 | 0.86+2.72 1.55+1.68 | 0.11+0.19 10.0+8.72
CcVv 24.1 21.84 13.16 53.78 35.18 12.79 48.40 59.49 63.74 21.93 58.51
LSD 5.1 14 13.64 4.63 3.81 1.49 8.77 7.91 7.3 191 9.85

NB: Means with similar letters have no significant difference at p= 0.05.

Kidney bean inoculation with selected PSB strains improved seed germination (Table 6.2 and 6.3), vegetative growth, and biomass yield. For

instance, MKk-1-25 induced shoot length, branch, leaf development, early flower, and pod development. Similarly, K-10-41 encouraged plant
height (66.67 cm (Table 6.5)) at late growth periods and yield (6 seeds per pod and the second highest shoot fresh weight (287 g) (Table 6.6). K-

10-27 inoculation improved shoot length (67.33 cm), to develop more leaf number (27.22), seeds (6 per pod), and shoot dry weight (61.4 g). K-

1-29 also encouraged the development of pods per plant (34.0 (Table 6.5)), seed per pod (6.0), and the highest shoot dry weight (61.97 g) (Table

6.6). Likewise, Mk-1-25 enhanced early shoot development with a greater number of leaves (7.22 and 27.22 at 30 and 60 days, respectively), a
greater number of flowers (7.33) at 30 days, and more pods (Table 6.5) at 60 days of plantation. In general, K-10-27, K-10-41 Mk-1-25, and Z-

12-20 strains encouraged germination, vegetative growth, development, and yield. As a result, they could be recommended for kidney bean farm

inputs by conducting further field tests at different sites.
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Table 6.5: Mean value of shoot parameters and pod development at different growing periods of kidney bean that treated with 10 PSB strains.

Shoot length Branch Leaf number Flower Pod per plant
Isolate 30 days 60 days 90 days 60 days 90 days 30days 60 days 30 days | 60 days 60 days 90 days
Control  9.78+1.0 34.11+10.8 62.33+12.66 | 11.44+4.55° 17.67+3.51° | 6.2+0.39 21.4+5.68 | 0.00 16.6+9.18%° | 7.78+6.84 | 25.7+4.93%
K-1-29  9.9+1.95 33.33+3.72 55.67+4.04 | 14.56+4.07 24.00+2.0® | 6.9+0.77 26.44+1.9 |5.7+5.7 | 15.8+6.54% | 456+3.47 | 34.00+7.21%
K-10-27 9.56+2.1 37.55+3.53 67.33+5.69 | 14.78+1.26% 21.00+5.0® |6.67+1.2 27.2+3.67 | 0.00 16.8+1.02%° | 8.22+3.67 | 24.00+6.0%
K-10-41 9.0+0.56 36.56+5.36 66.67+12.86 | 17.45+1.95% 19.00+8.89" | 6.78+0.2 24.89+5.0 |5.7+4.7 | 11.44+1.71° | 5.45+6.31 | 29.3+12.7%°
Mk-1-25 10.4+1.0 39.56+4.48 59.00+6.24 | 17.55+3.67% 24.67+2.08% | 7.2+0.19 27.2+1.17 | 7.3+8.3 | 22.7+8.54%® | 9.56+6.35 | 26.7+3.79%°
Mk-13-16 9.89+0.7 37.1+3.37 57.67+5.77 | 17.56+3.17% 19.33+3.21"° | 6.9+0.77 25.8+1.71 | 0.00 25.00+8.74% | 8.33+3.76 | 22.00+7.55°
Mk-20-20 8.7+1.45 37.11+6.83 62.33+1.69 | 15.89+2.11% 18.33+0.58" | 6.67+0.7 25.00+2.3 | 3.5+3.0 | 19.89+4.72® | 6.89+2.04 | 28.7+3.06%
Mk-20-7 9.2+2.01 35.44+1.26 60.33+10.69 | 16.56+5.06®® 21.67+3.06% | 6.4+1.17 25.0+4.16 | 1.9+3.3 | 21.0+5.37% | 6.89+5.59 | 27.7+6.03%°
Z-1-16 9.67+1.3 39.67+4.73 61.67+10.02 | 19.56+4.44% 25.33+4.16% | 7.2+0.39 26.8+4.86 | 0.00 24.45+7.13% | 9.55+3.97 | 30.7+6.43%
Z-12-20  9.7+1.45 38.00+6.11 56.67+6.11 | 18.33+6.74®® 24.00+6.93® | 7.0+0.33 26.2+4.17 | 3.6+6.2 | 22.0+9.95®® | 9.44+6.53 | 30.0+8.72%
Z-13-4 10.8+3.4 38.56+8.83 59.33+7.57 | 15.55+6.01% 27.33+4.16% | 6.2+0.69 23.89+4.9 | 4.6+4.1 | 21.9+5.99% | 7.89+6.36 | 35.67+4.73?
cVv 17.86 15.87 14.82 26.91 20.64 10.39 15.27 48.82 | 34.67 28.03 24.3
LSD 2.93 10.07 5.06 7.18 7.7 1.19 6.58 7.36 11.61 8.86 11.76

NB: Means with similar letters have no significant difference at p = 0.05.
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Table 6.6: Seed and biomass yield of faba bean and kidney bean under PSB treatment.

Faba bean Kidney bean

Isolate Seed per  Shoot fresh Shoot Dry | Seed per Shoot fresh Shoot Dry

pod Weight (g) Weight (g) | pod Weight () Weight ()
Control  2.7+0.58% 127.33+71.23° 19.2+15.84 |5.7+0.58% 232.67+45.35 52.87+6.48
K-1-29 2.3+0.58° 159.67+71.1%¢ 27.6+10.83 | 6.00+1.0® 242.67+38.42 50.33+1.01
K-10-27  2.33+.68" 129.7+90.16" 25.1+23.13 | 6.00+0.0° 263.67+87.66 61.4+15.17
K-10-41  2.3+0.58" 249.3+97.16% 23.9+14.48 | 6.00+0.0® 287.0+162.75 61.97+39.8
Mk-1-25 2.7+0.58% 268.0+54.5128  33.27+2.83 | 5.00+0.0® 212.33+28.92 51.13+8.9
Mk-13-16 3.0+0.0®  174.67+10.6%¢ 35.77+18.4 | 4.3+0.58" 197.33+33.3 54.33+3.5
MKk-20-20 2.7+0.58% 155.7+51.012"° 20.83+17.8 | 6.00+0.0® 221.00+2.65 50.1+13.21
Mk-20-7 2.3+0.58" 204.0+74.05%¢ 21.7+5.29 |5.3+0.58% 230.33+49.34 53.3+16.07
Z-1-16 3.33+0.0*  213.7+34.39%¢ 18.97+4.31 | 4.33+2.08" 226.33+60.14 57.20+6.75
Z-12-20  3.0+0.0%®  233.7+98.42%¢ 37.7+13.41 | 5.7+0.58% 276.3+138.35 59.7+28.76
Z-13-4 2.7+0.58% 165.33+84.2%¢ 22.6+14.92 | 5.3+0.58% 307.33+16.92 57.4+12.04
cVv 19.58 37.99 24.57 14.71 31.39 31.72
LSD 0.88 12.71 2.08 1.35 10.3 9.77

NB: Means with similar letters have no significant difference at p = 0.05.

Maize was one of the major crops cultivated in the Rift Valley, and as a result, it was one of
the test crops for this study to evaluate the interaction effects with current inoculants. Even
though PSB inoculation didn’t show a significant difference in all plant parameters over the
control group, they showed encouraging results on germination, growth, and biomass yield.
Some of the strains demonstrated prominent interaction and response, such as Z-13-4-induced
shoot length, a greater leaf number (12.33), and a greater average corncob (2.33)
development with the highest shoot fresh weight (588 g (Table 6.7)); Mk-20-20 enhanced
shoot length (156 cm at 90 days), Z-12-20-induced shoot length at vegetative state (30.22 and
104.44 cm at 30 and 60 days, respectively), promoted to develop a greater number of leaves
(8.11 and 12.33 at 30 and 60 days, respectively), and resulted in the highest shoot dry weight
(236.3 g) (Table 6.7). Based on the current results of the symbiotic interaction of maize and
PSB strains, the three (Z-13-4, Mk-20-20, and Z-12-20) strains could be recommended as
maize inoculants by verifying their interaction response at different sites. On the other hand,
PSB isolates screened from Koka exhibited promising results with other test crops yet, they
demonstrated a very limited response with maize. This clearly demonstrated that the type of
host crop is one of the limiting factors for strains to show fruitful interaction and response,

even if the crops are frequently cultivated on the same farmland.
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Table 6.7: Maize mean values for shoot development at various growing period and biomass yield.

Plant Height (cm)

Leaf Number

Yield parameters

Isolate 30 DOS 60 DOS 90 DOS 30 DOS 60 DOS Cob No. SFW (g) SDW (g)
Control 27.55+3.72  79.00+8.84° 135.33+15.01° | 7.89+1.17 11.22+0.51%® | 1.67+0.34° | 423.67+180.14 | 146.93+39.06%
K-1-29 28.00+5.05 87.45+4.6%° 135.22+9.13" 7.78+0.69 11.33+1.2% 1.78+0.19%¢ | 532.67+309.98 | 115.63+21.15"
K-10-27  27.22+4.85 88.78+15.98%¢ 139.67+6.36% 7.78+0.51 11.34+0.58% | 1.89+0.51%°¢ | 458.33+22.01 | 136.10+17.51%
K-10-41  22.89+4.55 84.55+8.55¢ 135.89+13.24% | 7.22+0.19 11.11+0.38"> | 1.89+0.19%¢ | 467.0+31.05 175.19+120.35%
Mk-1-25  25.22+3.87 84.11+15.02° 132.66+12.34> | 7.56+0.51 11.67+1.21% | 1.78+0.39° |412.33+83.34 | 144.23+14.57%
Mk-13-16  28.44+2.72  88.78+3.1%¢ 151.00+11.53% | 7.67+0.34 11.56+0.51% | 1.78+0.19%¢ | 455.0+22.82 188.30+21.08%
Mk-20-20 25.00+8.72  79.89+8.69¢ 156.00+6.662 7.67+1.73 11.22+0.51% | 2.22+0.19% |532.67+22.37 | 136.60+40.61%
MKk-20-7  29.00+4.7  86.67+11.46™ 149.89+18.53% | 7.89+0.38 11.89+0.51% | 1.56+0.51¢ 336.33+48.42 | 169.97+32.24%
Z-1-16 25.00+4.49 89.55+13.68%¢ 151.33+4.91% 7.67+0.88 11.89+0.51% | 1.89+0.19%°¢ |502.33+70.03 | 148.87+58.26%
Z-12-20 30.22+6.17 104.44+8.23*  148.11+13.01% |8.11+1.26 11.89+0.19% | 2.00+0.33%° | 383.0+96.99 236.30+26.622
Z-13-4 20.78+5.42 102.33+7.88%  146.56+13.67% | 8.45+0.69 12.33+0.58% | 2.33+0.34%® | 588.0+28.87 169.57+72.6%
CcVv 18.73 11.72 8.33 11.29 5.84 17.37 32.91 39.72

LSD 8.72 7.59 0.28 1.49 1.15 0.56 7.94 8.07

NB: Means with similar letters have no significant difference at p = 0.05, SFW = Shoot Fresh Weight, SDW = Shoot Dry Weight, DOS = Days

of Sowing

Wheat was another test crop to evaluate the response of strains’ interaction and host symbiotic effectiveness for this field trial. PSB inoculation

to wheat improved germination (Table 6.2 and 6.3), vegetative growth, and shoot biomass (Table 6.8). Due to the strong biological competitors,

the grain yield was not included in the result analysis (completely destroyed by birds (Picture 6.1). Wheat shoot growth was significantly
encouraged by Mk-13-16 at 60 days (58.67 cm) and Z-1-16 at 90 days (65.67 cm), leaf development by Z-1-16 (12.33), tiller development by K-
10-41 and Z-1-16 (12.67 and 12.33, respectively) (Table 6.8) and biomass (the highest shoot fresh and dry weight (48.27 and 18.83 g,
respectively (Table 6.8) was recorded from Mk-20-7 inoculation. Therefore, wheat inoculation with Mk-20-7, Z-1-16, Mk-13-16, and Z-12-20

might result in fruitful cultivation and production; however, these strains should be verified their efficacy under repeated site-specific field trials.
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Table 6.8: Mean of shoot length and number of tillers at different growing periods of wheat treated with 10 PSB strains.

Plant Height (cm) Number of Tillers Leaf number Flower No Biomass
Isolate 30 DOS 60 DOS 90 DOS 30 DOS 60 DOS 90 DOS | 30 DOS 60 DOS 60 DOS SFW (g) SDW (g)
Control 18.06+3.6 36.78+2.8° 51.33+10.26° 2.78+1.35% 3.67+1.34° 9.67+5.5 | 7.89+5.59 9.56+4.0 3.67+3.84 | 46.1+10.22 | 9.37+4.9
K-1-29 18.22+2.7 43.44+18.8% 58.67+4.62%® 2.89+0.7%  5.78+2.87® 9.67+3.1 | 7.11+3.65 9.66+2.3 2.78+2.36 34.80+3.34 | 10.77+0.9
K-10-27 19.1+4.4  42.11+185® 60.67+6.51% 3.44+0.84% 5.22+2.34% 11.3+2.3 | 7.00+3.46 11.67+3.5 2.89+1.17 38.30+15.1 | 14.10+6.1
K-10-41 18.45+1.1 43.33+11.1% 61.67+4.93%® 2.78+0.19% 5.00+1.15% 12.7+1.2 | 7.22+3.56 9.67+1.2 3.00+0.58 33.37+11.6 | 10.93+1.8
Mk-1-25 20.33+3.5 45.67+3.2% 57.67+4.04® 3.33+1.0%  4.00+1.33% 10.7+25 | 9.11+7.12 11.89+4.2 3.11+2.17 32.43+10.9 | 14.20+4.7
Mk-13-16 19.33+2.2 58.67+23.28  63.33+5.772 3.22+0.39% 7.56+3.5% 11.0+1.7 | 8.22+8.63 10.00+1.5 | 4.11+45.74 | 41.70+11.0 | 13.27+6.2
Mk-20-20 17.33+3.4 48.11+4.6® 61.33+7.02% 2.89+1.26% 5.22+2.14% 10.0+3.0 | 8.67+6.35 10.11+4.1 2.89+2.7 42.43+27.8 | 13.37+3.95
Mk-20-7 20.78+2.8 46.89+6.6% 64.00+6.562 3.11+0.51* 5.44+2.5%® 11.7+4.9 | 8.55+5.87 10.33+2.3 3.89+1.4 48.27+24.2 | 18.83+10.1
Z-1-16 20.00+2.5 46.56+6.7% 65.67+5.13% 3.78+0.84%  5.22+1.54%® 12.3+3.1 | 8.67+6.35 12.66+3.2 3.67+1.7 44.47+9.58 | 15.03+6.85
Z-12-20 20.33+2.3 47.55+9.3® 61.00+4.58% 3.44+0.2%  555+2.41% 11.7+25 | 8.11+5.39 12.11+2.3 4.45+3.0 35.53+21.6 | 15.13+8.75
Z-13-4 17.33+4.4 42.22+105® 59.67+10% 2.33+1.0° 5.11+2.79% 12.0+4.0 | 8.11+5.69 9.78+4.29 2.11+1.2 37.17+23.0 | 13.87+7.6
cv 16.54 27.16 11.1 27.22 43.61 29.7 41.73 29.85 22.26 42.84 45.92
LSD 5.31 0.96 11.36 1.42 3.88 5.61 9.79 5.4 4.63 4.66 10.52

NB: Means with similar letters have no significant difference at p = 0.05, SFW = Shoot Fresh Weight, SDW = Shoot Dry Weight, DOS = Days
of Sowing

PSB inoculations of onion have shown positive results, demonstrated constructive interactions with it and improved germination (Table 6.2 and
6.3), growth and development. Among the ten PSB strains, three (Mk-1-25, Mk-20-20 and Z-12-20) of them significantly (p<0.05) promoted the
development of various plant parameters. Accordingly, Mk-20-20 positively influenced onion to develop stretched shoot length (53.45 cm), root
length (9.22 ¢cm) and shoot fresh weight (44.11 g); MKk-1-25 improved plant shoot length (50.67 cm), a greater leaf number (9.67), bulb length
(6.72 cm) and shoot fresh weight (39.89 g). Likewise, Z-12-20 positively interacted with and promoted the crop to develop a greater bulb size
(on average 14.22 cm diameter and 51.33 g weight) (Table 6.9). As a result, these three potential PSB strains (Z-12-20, Mk-1-25 and Mk-20-20)
could be recommended for onion farm under repeated site-specific field trials. On the other hand, some isolates formed poor interaction and have
shown weak response to onion growth and development, even below the control group. For instance, K-10-41 was one of a good candidate
inoculum for most of the crops nevertheless, it has been shown poor interaction and response with onion in most recorded plant parameters. This

might clearly suggest that the range and type of host crop limit the symbiotic interaction and the response of the candidates.
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Table 6-9: Mean value of onion shoot, bulb and root parameters after 120 days of growth under selected 10 PSB strains treatment.

Isolate PH (cm) Leaf Number Bulb Length Bulb SFW (g) BFW () Root TBWPP (g)
(cm) Diameter (cm) length (cm)
Control A7.33+6.69 8.22+2.17%  45+0.7° 13.33+1.3%® 33.00+13.61 44.33+11.0 8.55+2.6 2621.33+636.72
k-1-29 46.45+3.97 8.44+1.64%®®  45+0.72° 13.61+0.3% 32.45+10.12 47.78+9.76 7.67+0.3 2363.33+303.58
k-10-27 44.78+4.35 9.22+1.17*  4.66+0.43* 12.67+1.2% 30.78+6.81 44.22+9.02 9.39+2.1 2746.67+103.35
K-10-41  44.00+3.84 6.55+1.35"°  4.17+0.44° 12.34+1.5° 24.33+3.18 37.56+7.07 8.11+1.0 2410.0+69.94
Z-12-20  47.33+3.61 8.66+0.58*  5.05+0.63*® 14.22+0.8? 30.78+5.34  51.33+3.51 9.00+3.5 2881.0+692.0
Mk-1-25  50.67+5.2  9.67+1.76%  6.72+2.92 12.55+1.1% 39.89+8.67 39.00+2.6  6.45+3.7 2177.67+322.1
MKk-20-20 53.45+2.6  8.33+1.53%  456+0.92° 13.39+0.4% 44.11+16.4  49.45+10.2 9.22+2.2 2697.0+934.6
Mk-20-7  46.44 8.66+1.53%  4.84+0.76®® 13.28+1.4% 34.67+18.8 45.33+11.8 8.89+2.8 2685.3+1040.5
cVv 10.55 18.04 24.81 8.23 34.23 19.48 29.95 24.01
LSD 8.68 2.65 2.09 1.88 20.0 15.13 4.36 9.03

NB: Means with similar letters have no significant difference at p = 0.05. SFW = Shoot Fresh Weight, BFW = Bulb Fresh Weight, TBWPP = Total

Bulb Weight per plot
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6.4 DISCUSSION

Cost, energy, and environmental concerns are the major challenges related to chemical
fertilizer practice in agriculture (de Andrade et al., 2023; Giannelli et al., 2023; Shah et al.,
2021). Application of biofertilizers and bio-stimulants has shown a progressive increment
along the globe due to the escalating environmental issues, positive response of inoculation,
rise of food demand, cost feasibility (Nosheen et al., 2021), and the like. They improve soil
fertility and plant-assimilated nutrients by fixing atmospheric nitrogen and dissolving
insoluble phosphorous (Mahanty et al., 2017). Most of the agricultural soil contains large
reservoirs of total phosphorous but it is deficient in plant-available forms (Mitra et al., 2020).
In this regard, many PSB are known to solubilize and supply available P to plants (Verma,
2019). Their application to seed, soil, or root (Kumar et al., 2022) colonizes the rhizosphere
and/or interior part of the plant, then promotes plant growth and available nutrients (Macik et
al., 2020). Similarly, Liu et al. (2020) have shown that PSB application improved plant P-
uptake and yield both in controlled environments and at field experiments. The application of
PSB to both monocots and dicot plants improved the plant P-uptake, root and shoot length as
well as biomass (De Zutter et al., 2022). Supportively, a review by Nosheen et al. (2021)
have shown that biofertilizers saves 50% of fertilizers cost in sugarcane production while
mixed biofertilizers application to rice significantly increased production and successfully

substitute inorganic fertilizer.

In this field trial, five different crops were taken and inoculated with pre-screened PSB
isolates from the tomato rhizosphere. These variable types of crops were assumed to be
representative of the different groups (cereal, legume, and tuber crops). This is because these
different plant species have different nature and biological responses and follow different
mechanisms in nutrient absorption, root design, root-microbial interaction, and the
management of various challenges. Especially the plant root system and root zone
configuration significantly influence the rhizosphere microbial populations. Similarly,
Mahanty et al. (2017) stated that the composition and diversity of the root exudates (a
chemical attractant for heterogenous microbial communities in the root zone) considerably
depend on the plant species and the microorganisms. De Zutter et al. (2022) also indicated
that the type of plant species matter rhizosphere-deposits and rhizosphere microbial crosstalk.
Therefore, the choice of these crops is thoughtfully considered as representative namely,

maize and wheat from cereal, faba and kidney beans from legumes, and onion from tuber

133



crops. Most of these crops have a good cultivation history in the study areas, and they are
important crops for daily diet, nutrition, cash and foreign exchange. In the current study, the
selected competent PSB strains positively influenced these various crops’ growth,
development, and yield. The inoculants demonstrated encouraging and promising results in
all crops, and the analysis of recorded data have shown an encouraging result achieved over
the control groups in most plant traits (germination, shoot length, leaf, flower, tiller/branch,
pod, and corncob development, as well as biomass (Table 6.2 — 6.9)). In a good agreement,
Pellegrini et al. (2021) and Tinna et al. (2020) have indicated that PGPR stimulated plant
germination growth and development, and improved yield and quality. Likewise, Mitra et al.
(2020), Verma (2019), and Mahanty et al. (2017) also demonstrated that PGPR improved
agricultural production by enhancing seed germination, growth, leaf area, crop yield, and
biomass. It is treasured if the inoculants actively stimulate the plant throughout the growth
stage, yet due to many reasons, it is unlikely. Exceptionally, they might stimulate the plant
throughout its entire growth; otherwise, they promote at certain growth stages, then decline or
have no observable effect in the remaining growth periods. Likewise, Shah et al. (2021)
reviewed that synergetic (plant and associated microbes) interactions at field conditions were
influenced by various factors, including the type and growth of the plant, the strain, other
members of the phyto-microbiome community, and soil physico-chemical properties

(temperature, pH, fertility, and nutrient contents).

The overall host range evaluation of the current PSB strains against these test crops indicated
that Z-12-20 generally demonstrated broad host range (positively affected and encouraged
growth and biomass of all the tested crops (faba and kidney bean, maize, wheat, and onion)
(Tabel 6.4-6.9). Similarly, Mk-1-25 was found to be the second strain with a broader host
range, which positively influenced and promoted faba bean, kidney bean, and onion growth
and biomass. Shah et al. (2021) supportively indicated that the production of phytohormones
by plant growth-promoting bacteria influences seed germination, root system, shoot
elongation, flowering, and overall plant development. In addition, Mk-13-16, Mk-20-20, K-
10-41, and Z-1-16 have shown relatively a wider host range that induced and promoted
vegetative growth and biomass yield in at least two of the test crops, i.e., Mk-13-16 faba bean
and wheat, Mk-20-20 maize and onion, and Z-1-16 faba bean and wheat (Tabel 6.4 - 6.9). On
the contrary, K-1-29 (was one of the top promoters of tomato) has shown the least interaction
among the current tested crops. Likewise, K-10-41 also exceptionally demonstrated poor

interaction with onion. Moreover, strains from Meki and Ziway Zuria have relatively
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demonstrated a broad host range, while strains from Koka sites were a narrow host range.
Likewise, wheat and faba beans have been symbiotically interactive with multiple strains to
enhance various plant attributes, whereas maize and onion have shown a limited performance
with most of the candidate strains. On the other hand, legume crops (faba bean and kidney
bean) have demonstrated variable responses against the strains along the developmental
stages of the crop probably, these plants might regulate the rhizo-microbial community and
responses by controlling the releasing type and amount of metabolites and root exudates at
different growth stages. In this context, Giannelli et al. (2023) have clearly shown that
depending on the type of plant species and age, plants release root exudates (rhizodeposits) of
approximately 11% of net photosynthetic carbon and 10-16% of plant nitrogen. Andrade et
al. (2023) also reported that, depending on the plant species, 10-40% of plant photosynthetic
metabolites released as root exudates. Similarly, Ahemad and Kibret (2014) indicated that 5-
21% of photosynthetically fixed carbon released to rhizosphere as root exudates. Moreover, a
review by de Andrade et al. (2023) strengthens the current study that the agriculture and
horticulture contributions of PGPR in plant root systems, growth promotion, and nutrient
availability improved yield and plant protection.

Different investigations have reported the successful story of PSB bio-stimulation and their
satisfactory interactions with different crops like maize (YYasmeen et al., 2022; Planchamp et
al., 2015), tomato (Liu et al., 2020; Mitra et al., 2020; Verma, 2019; Wei et al., 2018;
Mahanty et al., 2017), onion (Pellegrini et al., 2021; Tinna et al., 2020), wheat (De Zutter et
al., 2022; Wu et al., 2022; Kumar et al., 2021; Mukhtar et al., 2017), and kidney bean (Dela
et al., 2023). PSB use various mechanisms to boost plant interaction and plant traits. They are
a promising tool to alleviate plant stresses and increase agricultural productivity. In this
context, Giannelli et al. (2023) have reported that beneficial PGPR exerts major effects on the
host plant by improving nutrient assimilation, phytohormones, and resistance to different
biotic and abiotic stresses. On the other hand, it is challenging to find competent strains for
various crops because the initial selection is based on certain positive traits for a distinctive
crop variety (Mahanty et al., 2017). Beside the solitary inoculation, for fruitful results,
scholars recommended integrated inoculation of two or more strains (Kumar et al., 2022)
and/or synergetic application together with other supplements, substrates, and agrochemicals
(Tinna et al., 2020; Sharma et al., 2013). Likewise, Liu et al. (2020) have indicated that PSB
co-inoculation with manure and fertilizer improved soil attributes and crop growth. Dela et
al. (2023) also demonstrated that the combined application of blended NPSB fertilizer and
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biofertilizer improved soil nutrients, common bean yield and yield qualities. Abeje et al.
(2024) also reported that combined application of biofertilizer, lime and NPSB fertilizer
significantly improved soya bean nodulation, leaf area index, grain yield and economic
benefit in Assosa zone.

For widespread utilization of biofertilizers and PGPR, there are several core issues to be
addressed. These include the selection of competent and effective multifunctional strains
(active, efficient and non-toxic), elaboration of their practice from laboratory and greenhouse
experiments to large-scale commercialization (by improving the growth, storage, formulation,
shipping, and application of the strains) (Mahanty et al., 2017; Sharma et al., 2013). In
addition, government should promote and commercialize biofertilizers and PGPR by
designing strategies in input subsidies, market development and financial support, tax
incentives, and privatizing the industry (Raimi et al., 2021). Skills, farmers awareness as well

as the regulation of quality and standard should be improved.

6.5 CONCLUSION AND RECOMMENDATIONS

This field trial on different crops (maize, wheat, onion, kidney bean, and faba bean)
inoculation with selected PSB showed that each strain has its own host crop specificity to
form fertile interactions and positively influence or promote the growth and development of
the crop. Similarly, it was observed that host crop growth-stage could matter the strains
interaction and response. This might be related to the host crop's developmental change
possibly alter and regulate the amount and type of released root exudates and plant
metabolites which indirectly regulate the rhizo-microbiome. Therefore, this research gives a
good sign for future work: the need for repeated field trials to verify strains’ efficacy as well
as to deeply understand the metabolic and molecular responses between the candidate
inoculants and the target host crop. Future works therefore should focus on the effectiveness
and competence of inoculants in different agro-ecologies with various crops and the
molecular and metabolic responses of the interactions, explore more competent strains, then

optimize efficient strains for farm application.
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CHAPTER SEVEN

7. SUMMARY, CONCLUSION AND RECOMMENDATIONS

7.1 General Summary (Highlights)

This research project was aimed to screen potential biofertilizers and plant growth-promotors
primarily for tomato production at Koka, Meki, and Ziway Zuria. The experiment was started
by assessing the overall crop production system, agrochemical practice and biofertilizer
application in these areas. Accordingly, it was found that smallholder farmers produced
various crops, including vegetables, cereals, and legumes, for household consumption and
commercial purposes (income generation). Cabbage, tomato, potato, and onion are the
leading vegetables, while maize is vastly produced cereal crop in the wet season. The
presence of a conducive environment along with resource availability (convenient land,
accessible water, cheap labour, road facilities, and transportation) promotes vegetable and
horticultural production in the region. It was observed that these crops, especially vegetable
production, need immense agrochemical practices, though tomatoes required elevated
chemical application. Unfortunately, there was no bioinoculants (biofertilizer and growth-

promotors) practice in the areas by the time of data collection.

Biofertilizers are the good actors in maintaining soil fertility through their single or multiple
beneficial effects, and they are the main contributors to soil health, quality, and biodiversity.
They are undetachable components of organic farming because of their eco-friendly approach
and positive interactions with the host plant to sustain agricultural production. Potential
biofertilizers and plant growth-promotors were isolated from the local farm and related
environments to minimize endogenous competition and improve colonization and adaptation.
The sample soils were collected from different sites, including tomato rhizosphere soil
samples from Koka, Meki, and Ziway Zuria, as well as the natural forest soil from
Wendogenet and Yirgalem Zuria. From these collected soil samples, plenty of PSB isolates
were screened using the plate screening method on PVK agar. Then, following various
preliminary screening techniques (Sl, culture-re-culture purity, viability, medium pH change,
and P-dissolving ability), the top 10 PSB strains were selected for further characterization and
efficiency evaluation. For instance, during plate screening, Mk-13-16, Mk-20-20, and K-10-

27 produced a larger colony and halo-zone diameter upon 8 days of incubation, while Mk-1-
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25, K-10-41, and Z-12-20 were recorded relatively larger solubilization index (SI). To
strengthen the screening procedure, isolates were incubated for 5 days in PVK broth to check
their medium pH reduction ability and cellular growth (turbidity). Accordingly, K-10-41 and
K-10-27 significantly reduced the pH to 4.02 and 4.12, respectively. In addition, morpho-
biochemical and plant growth-promoting (G-staining test, sugar fermentation, salt and
temperature resistance, urease, catalase, HCN, siderophore and 1AA production, antagonistic
and nitrogen fixation) as well as molecular (16S rRNA and IGS region between 16S and 23S
rRNA sequence) characteristics were determined and strains were identified.

Once the top 10 PSB strains were screened and characterized, they were subjected to evaluate
at different (laboratory, greenhouse, and field) levels to verify their efficacy and plant
beneficial attributes. In doing so, in the laboratory, beyond PVK agar media, their
solubilization efficiency was evaluated and quantified using modified PVK broth
supplemented with four different phosphate substrates (TCP, AIP, FeP, and bone meal). The
strains were separately inoculated into each substrate composite broth and incubated for 10
days, then medium pH and dissolved P were quantified at different incubation days.
Accordingly, K-1-29 and K-10-41 recorded the highest dissolved P (260.83 and 260.38
pg/ml, respectively) at the 10" day of incubation. Among the added substrates, TCP
dissolved considerable P (253.46 pg/ml), while the other substrates dissolved a comparable
amount (213.23, 212.69, and 211.78 pg/ml from FeP, BM, and AIP, respectively).

Following laboratory verification, strains were tested their symbiotic interactions with
tomatoes under greenhouse conditions. This pot trial was conducted under dual-inoculation of
PSB strain along with an external phosphate substrate (TCP, BM, compost, AmP, AIP, and
DAP fertilizer) to improve the tomato-bacterial interaction, and two (negative and positive)
controls were used. Tomatoes were grown for 110 days, and then different plant parameters
were recorded and analysed. It was found that inoculation significantly (p<0.05) improved
almost all plant parameters. For instance, tomato germination was shortened by the
inoculation of Mk-20-20 and K-10-27 together with AIP and compost. Similarly, tomato
shoot length was substantially improved by the inoculation of Z-12-20, Mk-1-25, and K-10-
41 together with compost. Leaf development improved with the inoculation of compost along
with Mk-20-7, Mk-20-20, Mk-1-25, and K-1-29. Floral parameters were significantly
improved by inoculating K-1-29 with compost. Likewise, K-1-29 improved fruit yield and
the overall phosphate-based symbiotic effectiveness (PBSE (%) = 144). The maximum
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average fruit weight per plant was harvested from the inoculation of Mk-20-20 (158.7 g). Z-
12-20 recorded the second highest shoot fresh and dry weight, root length (36.33 cm), root
fresh weight (40.42 g), root dry weight (10.39 g), and PBSE (%) (144). Mk-1-25 inoculation
improved shoot dry weight (17.87 g) and PBSE (%) (176). Generally, the current greenhouse
trial confirmed that synergistic application of strain and P-substrate enhanced symbiotic
effectiveness and attained positive responses. Summarizing the result of current greenhouse
experiment, K-1-29, Z-12-20, Mk-1-25, K-10-27, Mk-20-7, and K-10-41 have revealed
encouraging responses. Among the applied P-substrates, compost significantly improved the
symbiotic interaction and plant response. On the other hand, Z-13-4 relatively, demonstrated
poor symbiotic interaction and limited observable responses in most recorded plant
parameters. While analysing the interaction and responses of strains against specific the P-
substrate, each strain has its own substrate preferences, and the responses vary accordingly.

After the greenhouse trial, the experiment was extended to open-field evaluation. The field
trial helps to verify the strains’ symbiotic effectiveness with tomato and other crops (maize,
wheat, faba bean, kidney bean, and onion) and their ability to compete against endogenous
microbes that colonize and adhered the rhizosphere. Any positive results from field trial will
validate the strain to be recommended as biofertilizer and plant growth-promotor in line with
farmer’s acceptance. The tomato inoculation trial was conducted both in dry and wet seasons,
while the host range test was conducted in the dry season only. However, due to some
limiting factors, wet season tomato trial results were excluded, and partial data from host

range trial was included in this thesis presentation.

A tomato (the primary target of this project) field trial was designed and conducted under
dual-inoculation (PSB + possible external P-substrates (compost, BM, and DAP fertilizer and
a mixture of 50% compost and DAP)). This synergistic inoculation can improve the success
of tomato-strain interaction and the response of tomato. For instance, tomato shoot length
was significantly promoted by Mk-20-7, Z-12-20, and Mk-1-25 in all data-recorded growth
periods while, branch and floral development were considerably improved by Z-12-20, Mk-
1-25, and K-10-41 inoculations. Tomato fruit yield and vyield parameters were also
significantly (p<0.05) improved by the inoculation as a result, elevated total fruit number per
plant was harvested from K-10-41 (21.87), K-10-27 (21.82), K-1-29 (21.31), and Mk-20-20
(20.69), while uninoculated tomato (control group) produced 14.67 fruits per plant. Among
the collected total fruits, a greater number of marketable fruits were harvested from Mk-20-7
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(10.44), K-10-41 (10.42), and K-1-29 (10.0), while the control group produced 4.33
marketable fruits per plant. Apparently, because of different factors and early harvesting, a
considerable number of unmarketable fruits were collected from the inoculation of K-10-27
(12.64) and MK-13-16 (11.44 fruits per plant). The overall fruit weight was significantly
improved by inoculation; therefore, the highest total fruit weight recorded from K-10-41
(2821.6 g), K-1-29 (2793.3 g), Mk-13-16 (2781.3 g) and Mk-20-7 (2780.53 g). Moreover,
this experiment showed a new horizon that efficient PSB strain inoculation together with
available possible P sources could improve tomato growth parameters like the root, leaf,
stem, flower development and fruit yield. Among P-substrates, compost and the mixture of
50% rate of compost and fertilizer applications significantly enhanced tomato vegetative
growth attributes, while bone meal and the mixture of 50% compost and fertilizer
meaningfully improved fruit yield (on average larger fruit number of 62.82 and 63.06 and a
total fruit weight of 2645.91 and 2617.39 g, respectively).

Field level host range trial of the candidate strains was another practical efficacy validation
which could strengthen the screening technique, provide a good picture about their
multidimensional benefits, broad host interaction, and responses. It might also help to catch
farmers’ attention and encourage them to practice. Five different crops (maize and wheat
from cereals, faba bean and kidney bean from legumes, and onion from tubers) were
inoculated with each PSB strains. Growth and biomass yield of these crops were analysed,;
however, because of strong biological competitors (birds, porcupines and hyena), grain yield
was not included. In summary of the obtained data from this particular experiment, maize
inoculation with Z-12-20, Mk-20-20, and Z-13-4 promoted shoot length, leaf development,
corncob number, and shoot biomass (both shoot fresh and dry weight). Similarly, wheat
inoculation with Z-1-16 and Mk-13-16 improved shoot length, leaf, tiller, and flower
development; Mk-20-7 improved shoot fresh and dry weight. Z-12-20 also considerably
promoted wheat leaf and flower development and shoot dry weight. Likewise, onion
inoculation with Mk-1-25, Mk-20-20, and Z-12-20 enhanced shoot length, leaf development,
bulb parameters, and shoot weight. The inoculation of legumes demonstrated variable
responses throughout their growth stages. Mk-13-16 and Mk-1-25 inoculation to faba bean
promoted shoot length, branch, leaf, pod, and seed development, while Z-12-20 improved
flower, seed development, and biomass (shoot fresh and dry weight). Similarly, Mk-1-25, Z-
1-16, and K-10-27 inoculation of kidney beans enhanced vegetative growth, while K-10-27
and K-10-41 induced seed development and biomass. Even though each PSB strain
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demonstrated various responses against a specific crop, generally, Z-12-20, Mk-1-25, MKk-13-

16, K-10-41, and MKk-20-20 have shown an encouraging response and wider host range.

7.2 Conclusions Remarks

To address the ever-increasing population and food demand, agricultural production is the
main target expected to be improved. Agricultural mechanisms in production, harvesting,
storage, and transportation improved progressively over time while, agricultural practices
aimed at improving crop production. Chemical fertilizers and other agrochemical applications
may improve production nonetheless, repeated and long-term practice results in soil acidity,
fertility depletion, reduced quality in consistence with environmental and health problems.
Despite the soil fertility status, environmental condition, and farming system, fruits and
vegetables, including tomatoes, required high-doze agrochemical practices. Therefore,
alternative mechanisms and biotechnological approaches are required to maintain soil fertility
and improve production sustainability. In this regard, biofertilizers and plant growth-
promoting microbes play a significant role. PSB are known plant growth-promoters with their
nutrient accessing, phytohormone production, and other multidimensional benefits with a
plus of broad host range positive interactions. The current PSB strains belong to Bacillus,
Burkholderia and Priestia species, where most of the subspecies placed in these genera have
been repeatedly and strongly mentioned in various publications for their substantial role play
in plant growth promotion, biocontrol, and agroecological traits. Therefore, among the
current strains, top 6 PSB strains (K-10-41, K-10-27, Mk-1-25, Mk-20-7, K-1-29, and Z-12-
20) were found competent and potential plant growth-promoters, possibly they can be
optimized, developed, and recommended primarily for tomato and other crop farms in the
study areas. They demonstrated encouraging and beneficial effects in nutrient access,
phytohormone production, antagonistic production, and minimize production cost. They may
have ecological, agronomic, and biotechnological impacts by promoting and optimizing
integrated soil fertility maintenance, pest management, and sustainable productivity of
smallholder farmers. To screen potential strains, hierarchical screening techniques, namely
laboratory scale, greenhouse, and field trials (i.e., lab-field efforts), are essential to
understand the actual and detail response of the strain at different levels, and that will give a
good picture in the selection procedure. As a result, these procedures were employed in the

present study.
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In conclusion, K-10-41, K-10-27, Mk-1-25, Mk-20-7, K-1-29, and Z-12-20 were found
potential inputs for tomato production. Similarly, Z-12-20, Mk-1-25, Mk-13-16, Mk-20-20,
Z-1-16, and K-10-41 demonstrated promising symbiotic interactions and responses with
different crops. These candidates (especially Z-12-20, K-10-41, K-10-27, Mk-20-7, K-1-29,
and Mk-1-25) can be applied as biofertilizers and plant growth-promotors alone or together
with other agro-inputs; hence, the application of competent strains in combination with
proper agrochemicals will improve their efficacy and productivity of smallholder farmers.
Synergetic application of organic supplements (compost, farmyard manure, bonemeal, rock
phosphate, or other biowastes), bioinoculants, and appropriate agrochemicals help to
maximize production and environmental health. This kind of farm practice is feasible for the
economic, social, and ecological sense of balance in line with soil and environmental health
maintenance. Therefore, exploring more efficient and competent strains as well as cheap,
easily available, and eco-friendly supplements for combined application are the future

prospects to improve soil fertility, plant growth, development, and farm production.

7.3 Recommendations

To develop, produce, and commercialize efficient and competent biofertilizers and plant
growth-promoters, it would be better if the future perspective focused on the followings:
o Create awareness and improve the knowledge, understanding, and skills of farmers
and stakeholders to practice biofertilizers and plant growth-promotors,
« Conduct site-specific field trials for selected potential strains,
o Commercialize and advertise competent strains by Gov’t and Agri-sectors,
o Study the detail molecular and physiological mechanisms of symbiotic interactions
and responses between the strain and host plant,
« Explore more potential strains with multidimensional benefits,
o Explore accessible cheap biowastes, and organic matters such as bone meal, farmyard,
manure, and compost and then practice synergetic application with competent strains,
e Introduce dual application of potential strains together with organic matters, proper
fertilizer rate, and other agrochemical inputs,

o Optimize carriers for storing, packaging and transporting the strains, etc
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Supplementary Materials

Figure from Isolation Experiment

Supplementary Table 3.1: Chemical properties of the Soil profile at Koka, Meki & Ziway

Zuria

Profile Ziway Zuria | Meki (surfacel) | Koka (Lumel)
Texture class sandy loam | Sandy loam Clay loam

pH 8.2 7.5 7.79
EC (ms-cm™!) (1:2.5) 0.26 1.37 0.31
Organic matter (%) 1.15 1.483 1.9
TN (%) 0.07 0.153 0.12
Available P (mg-P-kg™) 36.42 4.37 12.14
Available K (mg-K-kg ™) 717.3 2.23 3.56
Cu (mg-kg ! soil) 0.32 0.25 1.32
Fe (mg-kg ! soil) 4,58 7.0 3.37
Mn (mg-kg ™! soil) 4.63 10.5 10.66
Zn (mg-kg ! soil) 1.5 2.88 0.59

Source: Beshir et al. (2015), Negash and Mohammed (2014), Mesfin (2020).

Supplementary Table -3.2: Colony and Halo zone diameter of selected top 20 PSB isolates.

D2 D4 D6 D8 C H

Isolate pH Colony |OD | C2 |H2 |C4 |H4 |C6 |H6|C8 | H8 | AVG | AVG | SI

k-10-27 4.12 87 1561/01/02/03|/05/06/08[09|12| 048] 0.68 242
k-10-41 4.02 34 1.977 02]04/02/04/02]|04] 015] 0.30]3.00
K-1-29 5.9 18 0.14410.1]02|04|/05/06]08]|08]11| 048] 0.65|2.37
mk-1-25 | 425| 300 |1.261 02/ 05/03/06[04[09| 023] 0.50]3.22
mk-13-1 | 407| 106 [1993]/0.1/01/03|[04]04]/06]05/08| 033]| 0.48]2.46
mk-13-16 | 5.99 33 040301020507/ 07]09] 1]13] 058] 0.78]2.35
mk-13-5 | 441| 136 [1993|01/02/01[02]02]04/03|06| 0.18]| 0.35]|3.00
MK-14-1 | 4.83 23 050804060507, 05/07]07]09]| 053] 073|238
mk-17-15 | 4.84 58 1436]02/03/04[05/05/06[05|/06| 040| 0.50]2.25
mk-20-20 | 43| 118 [1931]01/02/02|04|04]06]0.7|13]| 035]| 0.63]2.79
mk-20-7 | 464| 156 [1975]/01/02/02[03]03]05/03|05| 0.23| 0.38]2.67
MK-3-28 | 3.96 25 1.907/01/03/03|/05/04/06]05][08] 033| 055269
z-1-16 5.72 44 0502]01({02(03]05/04/07|06| 1| 035 0.60]271
z-12-20 588 | 128 |0473|103]05|04 1/06/11]07]12] 050] 095|290
z-12-24 4.08 15 1.967/02(03|04|/08]05/09]/06][09] 043| 073|271
z-13-11 468| 200 |1523]/03|05[04]|06|06]09|07[11)| 0.63| 090|244
z-13-4 438| 306 |0.197]01]02]|02]04|03]05/03]|05| 0.23]| 0.40|2.78
z-13-5 355| 662 [1.844/02/03/02|03]03]05[/03]|05] 025]| 0.40]2.60
z-15-6 365| 640 [1.984/01/02/02|03]02]03[04|06]| 023]| 0.35]|2.56
Z-8-33 6.01 11 1855/04|/05/09|12]|14|16|21|25]| 120] 145|221
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Supplementary Table -3.3: mean value of PVK broth pH treated with different P-sources and
PSB isolates incubated for 10 days.

Isolate Day zero Day 3 Day 5 Day 7 Day 10
Control 7.16+0.14% | 6.95+0.07a 6.61+0.23a | 6.18+0.52a | 5.77+0.64a
K-1-29 7.03+0.12¢¢ | 6.47+0.27hc 5.76+0.23b | 5.34+0.35b | 4.98+0.38b
K-10-27 7.0+0.219 6.2+0.59cd 5.56+0.54b | 5.08+0.43bc | 4.93+0.44b
K-10-41 7.01+0.15°9 | 6.1+0.72bd 5.47+0.69bc | 5.08+0.64bc | 4.95+0.65b
Mk-1-25 | 7.00+0.27¢¢ | 6.36+0.56bcd | 5.49+0.69b | 5.25+0.65b | 5.09+0.57b
Mk-13-16 | 7.06+0.15°9 | 6.42+0.4bc 5.64+0.49b | 5.13+0.47bc | 5.05+0.55b
Mk-20-20 | 7.04+0.28% | 6.48+0.41hc 5.58+0.56b | 5.07+0.52bc | 5.04+0.62b
Mk-20-7 | 7.2+0.13? 6.54+0.47b 5.80+0.75b | 5.34+0.61b | 5.26+0.7b
Z-1-16 7.03+0.13% | 6.4+0.43bc 5.64+0.37b | 5.08+0.42bc | 5.01+0.49b
Z-12-20 7.05+0.17° | 6.3+0.53bcd 5.76+0.27b | 5.21+0.29b | 4.98+0.31b
Z-13-4 7.1+0.15%¢ | 6.34+0.43bcd | 5.11+0.27c | 4.81+0.3c 4.95+0.41b
Y] 1.8 5.58 7.86 8.67 10.07
LSD 0.102 0.29 0.36 0.37 0.41

Treatment
AlP 7.08+0.12° 6.41+0.35b 5.84+0.49ab | 5.32+0.58ab | 5.22+0.61a
BM 7.1+0.06° 6.27+0.43b 5.9+0.39a 5.48+0.41a | 5.41+0.34a
FeP 7.22+0.11° 6.89+0.15a 5.65+0.45b | 5.42+0.36c | 4.86+0.37b
TCP 6.87+0.21° 6.08+0.57¢C 5.32+40.79c | 5.37+0.76bc | 4.8+0.73b
cVv 1.8 5.58 7.86 8.67 10.07
LSD 0.062 0.18 0.22 0.22 0.25
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Supplementary table 3.4 Authentication and Symbiotic Effectiveness against Soya bean and Faba bean.

Soya bean
Strain PH (cm) SFW (g) SDW (g) SE% RL (cm) Node No NFW (g) NDW (g)
Control 50.0+4.0° 8.7+0.3° 3.0+0.1% 100.0+3.3% 15.3+1.53%  0.0° 0.0¢ 0.0°
k-1-29 61.0+6.6 10.2+1.4% 2.87+0.15° 95.57+5.1¢ 13.0+1.0° 6.67+0.6°°  0.38+0.1*¢  0.03+0.01%®
k-10-27 57.3+2.52¢ 9.8+0.4% 3.1+0.10 103.3+3.350¢€ 18.3+2.52¢  13.0+1.02 0.45+0.1% 0.08+0.01%
K-10-41  66.0+15.5%° 11.17+2.16%%€ 3.57+0.6% 118.9+19.51% 14.3+1.53°  7.3+4.2%¢ 0.3+0.1%° 0.03+0.03¢%de
Mk-1-25  50.0+7.55° 8.73+1.15¢ 3.73+0.122 124.47+3.92 16.3+0.6®®  10.0+5.3%®  0.09+0.07%  0.02+0.02%
Mk-13-16  74.67+7.37%  13.1+1.65%°¢  3.2+0.4bcde 106.67+13.35%% 1567+2.1%  6.67+1.2%°  0.28+0.14°  0.04+0.02
Mk-20-7  54.0+3.46° 15.4+0.362 3.3+0.12%c  111.1+3.81%°  1567+3.51% 4.67+2.1°°  0.5+0.35% 0.04+0.01°%
Mk-20-20 81.0+12.772 14.27+0.82%  3.6+0.4% 120.0+13.3% 14.67+0.6®  11.67+4.73% 0.45+0.05®  0.06+0.01°
Z-1-16 60.67+14.57°°  10.53+2.87°% 3.0+0.21% 101.1+3.97¢% 16.3+4.0®®  13.67+8.6%  0.57+0.22 0.06+0.02°°
Z-12-20  66.3+4.04%¢ 12.23+1.4%¢  35+40.12%¢  117.77+3.87%°  16.3+1.53® 10.3+4.51® (0.53+0.05®  0.1+0.122
Z-13-4 59.67+16.17°°  10.0+2.3% 3.6+0.15% 118.87+5.1% 16.0+42.0®®  14.0+8.92 0.56+0.31*  0.12+0.06%
CcVv 16.03 13.91 8.19 8.18 53.3 46.38 42.08
LSD 16.8 2.66 0.46 15.34 8.05 0.03 0.038
Faba bean
Control 46.67+4.73%0  14.3+1.84%  2.87+0.31%  100.0+0.0% 23.3+5.772
k-1-29 40.33+5.03%¢  12.0+1.28%  2.73+0.12° 99.97+4.2° 12.67+0.58°¢
k-10-27 40.33+3.79%€  11.87+0.4¢ 3.17+0.21%d  115.87+7.6b% 18.33+4.9%¢
K-10-41  39.67+5.51%  12.63+1.2b¢d  3.27+0.21°¢  119.5+7.6" 15.3+1.15%
MKk-1-25  35.0+7.0° 11.53+1.2¢ 3.07+0.15%¢  112.2+5.6% 21.0+4.36%
Mk-13-16 48.33+6.81%¢  13.53+1.6°¢  3.87+0.212 141.5+7.62 19.0+5.0%
Mk-20-7  39.33+2.1% 16.33+0.62 3.43+0.15° 125.6+5.6" 18.67+2.3%¢
Mk-20-20 49.67+1.53%  13.97+0.6*°  3.43+0.15° 125.6+5.6" 16.3+0.6%
Z-1-16 42.33+3.5%% 11 6+1.8¢ 3.47+0.12° 126.8+4.2° 18.67+1.2%¢
Z-12-20  54.33+6.81% 14.5+1.1% 3.43+0.15P 125.6+5.6° 22.67+4.28
Z-13-4 43.3+4.16°%  12.73+0.5°¢  3,03+0.15%%€  111.0+5.6°%% 18.0+3.6%¢
CcVv 11.38 9.17 5.62 5.62 19.28
LSD 8.39 2.05 0.31 11.31 6.06
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P Solubilization from different P-substrates
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Dissclved Tukey Grouping for Means of Isolate
(Alpha = 0.05)

Means covered by the same bar are not significantly different.

Isolate  Estimate

k-1-28 260.83 B
k-10-41 26038
k-10-2T7 241.81
Z-12-20 223.20
Mk-13-18 222.87
Z-134 221.84
Mk-20-20 221.54
Z-1-18 218.74
Wk-20-7 218.248
ME-1-25 218.77
contral 160.23

Supplementary Figure 3.1: Concentration of dissolved P from PSB inoculated PVK broth
treated with 4 different P-sources (A= Quantity of dissolved P corresponding to added P-
source, B=total dissolved P at day 10 incubation corresponding to PSB inoculum).
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Dissolved Tukey-Kramer Grouping for LS-Means of
Treatment*lsolate (Alpha = 0.05)

LS-means covered by the same barare not significantly different.

LSMean
Treatment Isolate Estimate MNumber
TCP k-10-27 34393 43
TCP k-1-29 338 44 4z
TCP k-10-41 337 .80 44
TCF Mik-13-16 220.10 36
BM MIK-1-25 228.11 12
TGP Mk-20-7 22795 ar
BM Mk-20-7 227 56 15
TCP Z-12-20 22663 ag
TCP Z-1-18 226.35 38
TCP 7134 226 .35 40
FeP Z-134 226.02 20
FeP MK-1-25 225.64 23
FeP k-10-41 225.14 33
FeP MK-20-20 225.14 24
FeP Mk-13-16 225.14 25
AP MK-20-20 22508 2
FeP k-1-29 224 90 31
BM Z-12-20 224 48 17
AP k-10-27 224 48 10
BM k-1-20 223.71 20
BM Z-134 223 .60 18
AIP k-10-41 223.38 11
TCP MK-20-20 222 51 35
BM Mk-13-16 222 45 14
BM k-10-27 22144 21
FeP 7-12-20 221.02 28
AP Z-1-16 220.80 5
FeP Mk-20-7 220.00 26
AIP Z-12-20 21043 ]
BM Z-1-18 21821 16
AP Mk-13-16 210.04 3
AP MK-1-25 217.34 1
BM MK-20-20 21572 13
AIP 7134 215 64 7
FeP k-10-27 215.58 3z
AIP k-1-20 214.50 a
BM H-10-41 212.84 22
FeP Z-1-18 212.07 27
TGP control 207 40 41
TGP MK-1-25 201.96 34
AP Mk-20-7 192.73 4
AP control 176.14 B
FeP control 125.86 30
BM contral 119.76 10 I

The LINES display does not reflect all significant comparisons. The
following additional pairs are significantly different: (13,8) (V,8)

Supplementary Figure -3.2: Total dissolved P from the interaction response of individual PSB
isolates against specific P-substrate at 10 days incubation.
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Supplementary Picture 3.1: A) HCN production detection after 72 hr incubation, B)
antagonistic test using plat dual inoculation, C) Nitrogen fixation test on plate and Nodule
formation after 45 days of sowing on sand.
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From Greenhouse Experiment

Supplementary Table 4.1: PSB isolates and external P sources application effects on tomato

fruit yield.
Isolate Total Fruit Total Fruit Treatment Total Fruit Total Fruit

No Weight No Weight
Control 3.38+1.66°  103.86+46.13° | AIP 5.27+3.05%  156.73+61.552
K-1-29 6.1+3.482 135.29+54.64%¢ | AmP 5.24+2.69%  149.61+72.38%
K-10-27 5.95+2.75%  135.1+61.52%¢ | BM 4.42+2.61°°  127.52+61.50%°
K-10-41 4.52+2.96%% 127.81+66.15%° | Com 6.03+3.28%  128.97+76.23%°
Mk-1-25 5.24+3.86%°  135.19+56.19%° | Fert 4.36+2.37°°  103.33+50.18°
MKk-13-16  4.24+1.9% 136.52+73.24%¢ | Soil 4.06+2.25°  124.52+57.04%°
Mk-20-20  5.48+2.68%° 158.71+58.57% | TCP 3.91+2.66° 127182
MKk-20-7 4,0+1.93% 117.29+74.33%¢ | CV 55.91 46.81
Z-1-16 4.62+2.22%¢ 149 19+70.79% | LSD 1.29 29.78
Z-12-20 4.43+3.27°  108.24+61.08°
Z-13-4 4.38+2.36"¢  135.14+62.14°%¢
cVv 55.91 46.81
LSD 1.62 37.33

NB: Means with similar letters have no significant difference at p=0.05.

Supplementary Table 4.6: Total number of flower buds and opened flowers at different
plantation days.

Isolates effect on tomato total flower bud number Isolates effect on total opened flower no. |
Isolate 30 days 60days 90days 30 days 60days 90days
Control 3.1+1.76¢ 12.67+3.34°  19.95+5.94% | 0.1+0.3¢ 8.43+4.32¢ 14.81+5.39°
K-1-29 4.43+0.75% 18.81+7.47% 23.19+9.16° | 0.67+0.66™ 13.81+6.47%  18.48+7.48°
K-10-27 452+1.12%¢ 16.57+5.92° 21.48+6.28% | 0.76+0.70 12.14+3.9%¢  17.71+5.51%
K-10-41 4.67+0.48° 16.81+4334* 21.19+5.93% | 0.62+0.74> 11.38+3.73"  17.00+5.07%
Mk-1-25 4.0+1.52° 16.29+6.94% 21.38+6.98% | 0.62+1.07% 12.33+4.61%° 17.24+6.1%
Mk-13-16  4.67+0.48® 15.95+4.63* 22.00+5.84? | 0.91+0.94% 12.29+3.48%c 17.48+4.76%
Mk-20-20  4.29+0.56%¢ 17.86+4.93% 22.19+6.78% | 1.24+1.09° 13.76+3.56® 17.95+5.322
Mk-20-7 457+0.68° 16.1+5.928  23.33+6.88% | 0.95+0.92® 12.00+3.65%° 17.48+5.73%
Z-1-16 4.76+0.44°  17.38+6.17%° 21.24+6.73% | 0.62+0.67 12.67+3.32%° 16.48+6.15%
Z-12-20 4.38+0.59%¢ 16.43+5.44%° 21.76+6.86° | 0.33+0.48% 11.71+4.7%¢  17.38+4.64%®
Z-13-4 4.19+0.93* 16.52+5? 20.81+5.97% | 0.43+0.6*  11.05+3.53°  16.29+4.84%®
cVv 21.17 29.46 29.15 109.84 33.01 28.8
LSD 0.56 2.96 3.07 0.44 2.4 2.39
Treatment 30 days 60days 90days 30 days 60days 90days
AIP 4.42+0.71® 14.76+4.05° 21.61+6.78" | 1.09+0.91° 11.64+3.77°¢ 16.67+6.09*
AmP 4.33+0.6% 15.49+4.63° 21.52+6.11° | 0.49+0.87% 11.18+3.41°¢ 1552+3.44
BM 4.03+1.29 15.42+4.57° 21.55+7.65° | 0.85+0.87% 12.36+3.25" 17.82+6.12°
Comp 3.88+1.75°  23.21+558% 27.21+5.75% | 0.24+0.44° 15.21+6.04°  23.27+5.28%
Fert 4.27+0.98%° 15.0343.62° 19.27+5.99° | 0.27+0.45¢ 10.21+3.15%  15.03+4.41°
Soil 4.64+0.49°  15.12+3.7° 19.1845.67° | 0.27+0.72° 10.55+3.09%  14.7+3.94¢
TCP 4.7+0.53 16.39+5.49° 21.46+5.54" | 0.94+0.93* 12.58+5.08°  16.82+4.45>
cVv 21.17 29.46 29.15 109.84 33.01 28.8
LSD 0.44 2.36 3.85 0.35 1.92 3

NB: Means with similar letters have no significant difference at p=0.05.
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Combination Effect of PSB Isolates and P-Sources on Fruit Weight
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Supplementary Figure 4.1: Amount of total tomato fruits weight collected from greenhouse
cultivation (A= fruit weight corresponding to specific isolate*P-source interaction, B=
corresponding to the respective isolate, C= corresponding to external P sources).

166



PBSE Tukey Grouping for Means of Isclate (Alpha = PBSE Tukey Grouping for Means of Treatment
0.05) (Alpha = 0.05)

Means covered by the same bar are not significantly different. e .
. ¥ Means covered by the same bar are not significantly different.

Isolate  Estimate
A Treatment Estimate A

Mk-1-25 176.55
z-12-20 144 82 Comp 150.48

K-1-29 14424
BM 128.56

Mk-20-7 130.16
K-10-27 115.14 Sail 125.75

Mk-13-16 114.83
AmP 113.25

Cantrol 11473
Z-134 114 .47 AP 100.58

Z-1-16 113.20
TCP 107.88

K-10-41 100.15

Mk-20-20 066444

Combination Effect of PSB Isolates & P-Sources on Symbiotic Effectivhess
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Root_length Tukey Grouping for Means of Isolate Root_Fresh_Wgt Tukey Grouping for Means of Root_DW Tukey Grouping for Means of Isolate
(Alpha = 0.05) Isolate (Alpha = 0.05) (Alpha = 0.05)
Means covered by the same bar are not significantly different Means covered by the same bar are not significantly different. Means covered by the same bar are not significantly different.
lsolate  Estimate lsolate  Estimate Isolate  Estimate

71220 71 C 21220 419444 D Z12:20 10,5833 E
Mik-20-7 37.0000 NK-20-7 40.4222 Z134 9.3500
Cantrol 36,5556 2134 38.2500 Contral 2.0372
K-1-29 35.4444 Contral 36.4556 Mk-20-7 8.0380
2134 34,6867 NK-20-20 33.3222 K-1-20 84333
K-1041 #6111 K-1041 32.8472 Mk-1-25 8.4056
K027 42222 Mk-1-25 30.8167 K-10-27 83444
Mi-1-25 338333 K-1-28 29.6778 K-1041 8.2222
Mk2020  33TTTR Mk-13-16 28.0333 Mk-20-20 8.1833
M13-18 332222 K-10-27 28.5167 Mk-13-16 7.0000
z1-18 32,5000 2116 27.8056 z1-18 0.9880

Supplementary Figure 4.2: Percentage of phosphate based symbiotic effectiveness (PSBE%)
(A= % of overall isolates response and substrate effect, B= % of specific isolate-substrate
interaction effect, C= Isolates effect on root length, D= isolates effect on root fresh weight,
E=isolates effect on root fresh weight).
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Tables from Field Trial

Supplementary Table 5.1: Synergetic application effect of PSB isolates and external P-

supplements on tomato fruit yield and fruit size.

Isolate Fruit yield Lager Fruit Lager Fruit Small Fruit Small Fruit
per plant length(cm) Width(cm) Length(cm)  Width(cm)
Control 17.0+5.79° 0.87+0.99%  18.93+2.12%  3.43+0.07*° 6.57+1.08%
K-1-29 21.31+3.76%  9.8+1.01? 19.242.27%  3.17+0.79*°  5.53+1.2°
K-10-27 21.82+6.76  9.87+1.06*  19.87+2.23*  3.1+0.78° 5.8+1.28%
K-10-41 21.87+6.51*  10.03+0.86% 19.27+1.67%  3.07+0.46° 5.7+1.1°¢
Mk-1-25 19.58+3.77%®  9.87+1.13? 19.13+2.0% 3.43+0.75%¢  6.3+1.243c
MKk-13-16 19.93+7.65%  9.87+1.19? 19.13+2.97®  3.67+1.08%  6.9+1.672
MKk-20-20 20.69+6.44%  9.8+0.782 18.2+2.24° 3.73+0.962 6.93+1.79?
MKk-20-7 19.8+4.22®  9.93+0.72 19.0+2.20% 3.47+0.92%¢  §.3+0.92%¢
Z-1-16 19.4+4.12%®  10.0+0.85? 19.27+2.34%  35+0.71%¢  6.3+1.27%°
Z-12-20 20.09+5.06®  10.0+0.93*  19.67+2.34® 3.67+1.03*  6.53+1.46%
Z-13-4 19.91+4.05® 9.53+1.06°  18.47+2.13*  3.37+0.58%¢  6.33+0.96%°
cVv 26.74 9.9 11.79 22.92 19.93
LSD 3.88 0.71 1.62 0.57 0.91
P-Treatment
BM 20.94+6.87%8  10.0+0.97%  18.91+2.47¢  3.55+0.94b®  6.35+1.53%®
Compost 19.29+5.44%  9.85+0.97%  18.88+1.63*  3.35+0.71*  6.09+1.31%
Fert 19.9+4.472 0.86+1.07*  19.33+2.01*  3.08+0.69" 5.79+1.272
Fert & Comp  21.02+5.228  9.82+0.88°  19.15+2.66%°  3.58+0.99? 6.61+1.3?
Soil 19.49+4.97%¢  9.82+0.88%  19.06+2.29%  3.55+0.652 6.62+1.082
cVv 26.74 0.48 11.79 22.92 19.93
LSD 2.62 9.9 1.09 0.38 0.61

*Means with similar letters has no significant difference at P=0.05.
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Marketahle_Fruit_No Tukey Grouping for LS-Means Unmarketable_Fruit_No Tukey Grouping for LS- Total_Fruit_No Tukey Grouping for LS-Means of

of Treatmentlsolate (Alpha = 0.05) Means of Treatment'Isolate (Alpha = 0.05) Treatment'lsolate (Alpha = 0.05)
L8-means covered by the same bar are not signficanty diferent, L5-means covered by the same bar are not significantly diferent, L8-means covered by the same bar are not signficantly diferent,
Treatment  Isolate  Esfimate Treatment  Isolate  Estimate Treatment  lsolate  Estimate
Camp Me207 488667 FertCom Me2020 543333 FertCom KA0T R33N
Fetom K407 410000 Sol K041 48.3333 BM K041 B4 f667
BM KAD41 408667 Sol K420 48.0000 Sol K041 B2 G667
BM Mi-1348 400000 Comp K-A027 44 6ea7 BM 1318 780000
Comp Mi-20-0 388667 FertCom KA0-27 443333 FertCom Me20-20  77.0000
Pt 134 s BM K041 44.0000 Sol K128 T5.0000
Sal 041 38333 Fer-Com 7118 40 6ea7 Comp Me207 708867
Pt K128 350000 BM 220 40.0000 Fert 7134 68 6667
Sal 120 33T BM Mi-13-16 3B.0000 Comp 2020 6R.0000
BM sl B Comp 134 7.3 Fert Me1-25  67.0000
Sal Akt nam Soi Z118 37.0000 Fetom  Z1-16 B7.0000
Fett K027 310667 Fert Mh-1-25 37.0000 Fert K128 B7.0000
Fetom KA1 318867 BM K-A027 383333 BM 21220 6 G667
Fetom M7 3033 Soi Mi-1-26 36.0000 BM kA02r 40000
Fet M5 300000 Fert-Com Mi-1-26 36.0000 FertCom K128 64,0000
Fet At 30.0000 BM Mi-20-20 350000 FertCom M5 63333
Fet Mi207 208667 FertCom K-A-20 34 .6ea7 Fert kA0T  B2.8667
BM K128 206867 Fert K041 34 .bea7 BM K128 62331
Camp L1220 2068 Comp Mh-1-25 FIREEE BM 134 620000
Fetlom K120 0.3 BM 134 31,6667 Fert Me207 618667
Camp M348 203333 Soi Control 316667 Comp kA02r  61.0000
Sal K128 20.0000 BM K120 326667 Fetlom L1434 G0.0000
Fetlom 2120 208667 FertCom Me1318 323333 Comp Me13-18  60.0000
BM aks 28333 FertCom Cantrol 23 FetCom 21220 B0.0000
Fetlom 2134 26.0000 FertCom 134 32.0000 Sol 21220 503333
BM K0T 278667 Soi Mh-20-7 32.0000 Comp Control 5.0000
Feilom M5 2733 Fert M1318 32,0000 Comp 1220 58 667
Camp K128 270000 Comp Control 320000 BM Me20-20 583333
Camp Cantral 270000 Fert Mh-20-7 320000 FertCom K041 683333
BM 120 2866ET Fert K428 320000 Sol 2118 58,0000
Camp K041 28333 Fert 20 31,6667 Fert 116 58.0000
Felom  Z1-16 2831 BM Control 31,6667 BM 116 &7 667
Sal W20 283333 Fert 134 31333 Fert 71220 il
Sal M1348  28.0000 Comp Z118 31333 Fert Me1318 563333
Fett Me20-0 25333 FertCom 0 31333 Sol Me1-25  56.0000
Fet 120 25000 Soi K-A027 31.0000 Comp Me1-25 560000
BM Me207 248667 Fert K-A027 31.0000 Fert K041 66,0000
Fet M348 243333 Comp Mi-13-18 308667 FertCom Me207 548667
BM M5 240000 Fert Contrl 30333 Sol Me207  BA33W
BM W20 233333 Fert Mi-2020 208667 Comp 7134 653333
Sal W20 2333 Comp Me2020 20333 Fert Me20-20 530000
Sal 0 23 Comp 20 20.0000 FertCom Mi-13-18 54,8067
FeCom  Me2020 226667 BM Mh-20-7 20.0000 Sol k0T B3N
Fetom M3 2233 Fert 7118 28.0000 BM Me207 538067
Camp Mi1-25 218667 BM Mi-1-25 27333 Sol 7134 52 f667
Fet 041 2133 FertCom K041 26 6667 BM Control 52331
Sal L6 21.0000 Sol 20 26 6667 Sol Me20-20 520000
BM Contral 20.8867 Soi Mi-2020 268667 BM M5 613333
Sal M5 200000 Fert-Com Mh-20-7 26333 Comp K128 613333
Camp At 18.0000 Comp K428 433 Comp 2118 603333
Camp 134 18.0000 BM 7118 433 Sol M-13-18  50.0000
Pt Cantral 173333 Soi Mi1318  24.0000 FetLom  Contul 48333
Camp 02T 18333 Comp Mh-20-7 220000 Soi Contral 47 Bee7
FetCom  Contuol 18.0000 Soi 134 203333 Fert Contral 47 Bee7
Sal Cantral 14.0000 Comp K041 200000 Comp k041 468331

Supplementary Figure 5.1: Synergetic application effect of PSB strain and P-sources on
tomato fruit yield.
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Promoting the agricultural sector with up-to-date technologies and inputs is convenient to enhance
productivity, Production intervention is needed by introducing and adopting proper agronomic
practices. Improved agricultural technologies increase production, quality, sustain food security,
economic development and natural resource conservation. Koka, Meki and Ziway are known for
their vegetable production as well as intensive agrochemicals consumption. Agrochemicals are
applied on farm to enhance soil fertility, reduce pathogens, and induce plant growth. Tomato is one
of the main commercial cash crops in these areas. Most commercially productive tomato varieties
are highly sensitive to disease, vulnerable to nutrient deficiency, and other abiotic stress that
requires rigorous agrochemical inputs. Ethiopian tomato production is very low due to various
contributing factors including lack of improved varieties, diseases, pests, poor farming system, soil
fertility maintenance as well as poor irrigation system. Farmers in the study areas applied inaccurate
agrochemicals dose, rate, and application schedule that foster repeated spray. Intense agrochemical
application leads to adverse environmental and health impacts due to deposit of toxic chemicals,
residue leakage to water bodies and air pollution. It is important to practice proper agricultural
inputs, reduce hazardous chemical residues, protect humans, other beneficial organisms and the
environment. Moreover, developing IPM technology is recommended for better healthy agricultural
production and sustainability.
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In Ethiopia, the agricultural sector is the main
livelihood shareholder for more than 80% of the people.
Most Ethiopian farmers are smallholders owned small,
fragmented land and practice a traditional farming system
that resulted in low productivity (Abera et al., 2020), Low
productivity may perhaps result from lack of awareness,
soil maintenance, poor farming/cropping system, totally
dependent on annual rainfall, poor soil and water
conservation practice, limited or no agricultural technology
input, poor pest and weed management, harvesting
methods and the likes. Almost all farmers plough their
lands in the same manner, grow similar seasonal crops
from year-to-year and cultivate once a year which is below
its potential (Alemayehu et al., 2010).

Water resource (surface and underground water) as
well as bimodal rainfall is available in most parts of
Ethiopia. Nevertheless, farmers do not properly manage

and practice this important resource very well. Most
important crops including export crops are produced in
rainfed agriculture. Low agricultural productivity (Abera
et. al., 2020) results in food shortage, poverty, lessens
farmers’ income and affects the state’s economy. In
Ethiopia, practicing small-scale irrigation in a fragmented
and traditional way has a long history. Limited amount of
irrigation practices are implemented on government and
private farmlands for vegetables, fruits, horticulture and
crops production. Most of the irrigation practices are
gravity methods (i.e. the water flows through gravitational
force from higher levels to lower levels). Irrigation types
in Ethiopia include: traditional small-scale operated by
local community, modern communal scheme built by
government, modern private scheme operated by private
sectors and public scheme built in cooperation and
operated by public enterprises (NBWRA, 2021).
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ABSTRACT

Phosphorous is an essential macronutrient for plant growth and development, Most of the soil is
deficient in plant available phosphorous and due to economic limitations majority of Ethiopian
farmers applied inadequate fertilizers. It is essential to stabilize a mechanism to access P for plants
with an efficient, cheap, and eco-friendly approach for enhanced crop growth and production. The
main objective of this study was to screen efficient phosphate solubilizing bacteria from tomato
rhizosphere soil. Using halo zone formation on PVK agar medium, more than 400 PSB isolates
were isolated from 13 rhizosphere soil samples, By evaluating SI, texture in the culture-re-culturing
process, liquid medium pH change efficiency and growth rate, upmost three promising PSB isolates
(K-1-29, K-10-27, and K-10-41) were selected. Incubation of the isolates in PVK broth for five
days showed significant pH reduction. For instance, isolate K-10-41 showed significant pH change
(4.02) which indicates the organic acid production. Isolation and evaluation of efficient phosphate
solubilizing bacteria maintain soil fertility, promote plant growth, induce plant response to
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Keywaoreds:

Koka pathogens, reduce agrochemical consumption and promote sustainable agriculture. Therefore, these
Biofertilizers sclected PSB isolates need further detailed study for taxonomic identification, plant growth
Phosphorous promotion, host range, and phytopathogen response. Local isolation improves environmental
PsB adaptation and indigenous competition.
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Introduction

Phosphorous (P) 1s an essential nutrient (Nesme et al.,
2018: Sharma et al., 2013) for plants to synthesize cellular
structures and biomolecules (Baliah et al., 2016) including
nucleic acids, enzymes/proteins, and phospholipids. It is
required for the growth and development (Kour et al.,
2021) of roots, leaves, stalks (Sharon et al., 2016), flowers,
seeds, and fruits. P accounts about 0.2-0.8% of plant dry
weight {Sharma et al., 2013). Both organic and inorganic
forms of phosphorus are found in soil (Tian et al,, 2021;
Yadav and Verma, 2012, Kkan et al., 2009), however,
organophos ranges from 30-90% of the total phosphorous.
Nevertheless, plants absorb inorganic phosphorous (Naik
et al., 2008) that is accessed by solubilizing microbes
(Khudhur, 2017) as well as from supplemented chemical
fertilizers. It is strongly precipitated (Kour et al., 2021) and
switched immediately to wnavailable forms for plant
absorption (Naik et al., 2008; Kkan et al., 2009). Most of

worldwide soils are deficient in plant-available P (Kour et
al., 2021). P supplement (Nesme et al., 2018) through
synthetic fertilizers application is a very good option for
direct plant assimilation (Yadav and Verma, 2012). Yet, it
is reported costive, spendthrift (about 75-90% is rapidly
fixed or highly reactive to precipitate with A** and Fe** in
acidic and Ca?' in alkaline soils) (Baliah et al., 2016:
Sharma et al., 2013: Kkan et al., 2009), energy-consuming
(Kour et al, 2021), and environmentally unfriend
(production, transportation and application is
environmentally deleterious). Therefore, it is necessary to
establish a mechanism to access P for plants with an
efficient, cheap and eco-friendly approach for enhanced
plant growth and production.

The majority of Ethiopian arable land needs fertilizer
supplement. However, most of the farmers applied
fertilizers below the required rate (Simtowe, 2015). The
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Phosphate solubilizing bacteria have multi-dimensional benefits in broad host range interaction, accessing nutrients, phyto-
hormone induction, stress alleviation, biocontrol activity, and eco-friend approach. This study aimed to evaluate the efficacy of
PSB isolates coinoculated with compost, bone meal, and DAP fertilizer on tomato growth response. Tomato seeds were treated
with 10 selected PSB isolates separately and grown for 20 days on seedbed, then transplanted to field that was treated with external
P-sources and enriched by PSB inoculum. PSB isolates showed positive interaction and achieved significant plant assays including
plant height, leaves, branches, flowers, and fruit development. Isolate K-10-41 significantly promoted tomato plant height, floral
development, and fruit yield, Mk-20-7 enhanced height and fruit weight whereas K-10-27 induced tomato fruit numbers.
Compost application promoted tomato-PSB interaction and induced tomato vegetative growth whereas bone meal was least
promotor for most of tomato plant assays. Bone meal was however, one of the top fruit development inducers (harvested 20.94
fruits/plant weighing 881.97 gm). Mixing 50% of recommended compost and DAP fertilizer application enhanced tomato
vegetative growth and fruit yield (21 fruits/plant harvested that weighed 872.46 gm). Based on the overwhelming performance, K-
10-41 and Mk-20-7 application together with compost and fertilizer mixture were found effective. Therefore, the results of this
study imply that application of competent PSB isolates together with nutrient supplements improved symbiotic effectiveness,
sustainable production, and environmental health. Consequently, these promising isolates would be recommended for tomato
production of higher yield and sustainability after verifying their efficacy at different agroecology and taxonomic identification.
Screening potential strains and evaluating their competence under different conditions would be the future perspectives to
develop efficient inoculants. Moreover, synergetic application of organic supplements (compost, farmyard, bone meal, or other
biowastes), bioinoculants, and proper agrochemicals maximize production and environmental health and is feasible for the
economic, social, and ecological sense of balance.

1. Introduction

Phosphorous (P} is one of the macro elements [1] essential to
plant molecular, physiological, and structural activities
[2-4]. The soil might be rich in phosphorous (400-1200 mg/
kg soil) [5] although plant available phosphorus is very
limited. Since soil P deficiency is often a limiting factor for
crop production, application of organic matter and chemical
fertilizers are common to overcome the nutrient deficiency
(1, 6]. Due to the rapid fixation nature of phosphate ions,
most of the applied fertilizer [2] converted to unavailable

https://doi.org/10.1155/2023/4717693.

residues [7]. Different complications with the deficiency of
plant available nutrients [8], the efficacy of applied chemical
fertilizers and other constraints including production cost,
environmental issue, and production demand calls organic
matters and biological inputs for sustainable crop pro-
duction [9-12]. As indicated in Rilling et al., 2019 [13] di-
verse microbial groups including beneficial microbes are
rich in the root zone competing for root exudates. Plant
growth-promoting rhizobacteria (PGPR) are considered as
efficient biological inputs [14, 15] that enrich soil fertility,
induce plant stress resistance, promote growth and
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