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Genetic and Physiological Diversities of Bacteria from the Rhizosphere of Woody Plants
Grown on Soil from Girar Jarso District and their Effect on the Growth and Establishment

of Tree Seedlings in North Shewa Zone, Ethiopia

Alemayehu Getahun Kassa

ABSTRACT

Land degradation (LD) is one of the major problems the planet earth has been facing. It has severely affected
1.9 billion hectares and decreased ecosystem services by 60%. In Eastern Africa, particularly in the northern
highlands of Ethiopia, 1 billion tons of topsoil are lost annually. Thus, the land becomes bare, nutrient-
depleted, water-stressed and abandoned by the community. Hence, it needs urgent rehabilitation with the
application of eco-friendly microbes and organic amendments (OAs) through the exploitation of different
types of trees/shrubs. Therefore, the overall objective of the study was to rehabilitate degraded habitat through
the application of OAs and phytobeneficial bacteria for the establishment of multipurpose trees. Soil samples
were collected from nine random corners at depth of 30 cm for soil physicochemical analysis before and after
OA:s. Six different treatments (biochar, compost, manure, mixed, bacterial inoculation (BI), and control) were
considered at a 1:1 ratio of OAs per pot. Application Bl was done for field trials during transplanting and
quarterly for a year. Six plots measuring 41 m x 4 m were established in completely randomized block design
and assigned at the random block for the field trial. Following OAs, microbial counts were done for one year
every month. Bacteria were isolated from the rhizosphere of Acacia and Juniperus. The primary selection of
isolates was based on drought stress (DS) tolerance and phosphate solubilization, other stress, and plant
growth-promoting traits. The potential isolates were subjected to carbohydrate and amino acid utilization
tests, BOX PCR, and 16S rRNA profiling. DS tolerant, phosphate solubilizer strains with multiple plant
growth-promoting traits were chosen for Acacia seeds germination and field application alone and in
combination with OAs. Plant growth parameters and their survival rate at each amended plot were assessed.
There is a significant increase in soil pH (5.69-8.13), CEC (43.78-49.98 cmolc/kg), OM (2.43-3.91%), total
nitrogen (0.13-0.76%), and available P (18.9-26.31 ppm) following OAs compared the control. Combined
treatment had the largest effect on cover crops biomass with 3.43 g, 4.54 g, 0.7 g, 2.07g in alfalfa, grass pea,
and control respectively p < 0.05. The C and N utilization revealed metabolic versatility of the strains (14.29
to 100%). Ochrobactrum, Pseudomonas, and Klebsiella spp expressed remarkable metabolic versatilities.
BOX-PCR showed greater genetic diversity and confirmed by Simpson’s Index of Diversity (0.883) took the
leading position with Bacillus species. The 16S rRNA genes sequence showed 21.92% Firmicutes and

78.08% Proteobacteria with Pseudomonas 23% and Ochrobactrum 21% dominant species. Out of 73 isolates,



10 (14%) were highly tolerant of 40% polyethylene glycol. All the isolates can grow in wider ranges of pH
(5-9), temperature (15-45°C). The inoculated bacterial strains significantly p < 0.05 increased root, shoot
length, and dry biomass of acacia. According to solubilization index (SI) 45% isolates were classified as high
and medium phosphate solubilizers with 195 to 373 pg/mL. The maximum P and IAA were produced by
Pseudomonas FB-49 (373 and 659.07ug/mL), respectively. The highest (100%) seed germination caused by
Pseudomonas BS-26 and Pseudomonas FB-49. There is a significant difference in microbial counts following
OAs compared to the control. The greatest counts in bacteria, actinomycetes, and fungal (21.66, 2.29, 0.82 x
10° CFU g%) of soil, respectively in the combined amended plot. There was a significant increase in stem
height, girths, and branch numbers in amended plots relative to the control. The survival rate was observed
in apple (80%) followed by acacia (66%) and prunus (51%). The survival is in the order of Bl x OAs > Bl >
biochar > compost > manure > control amended soil. This study concluded that degraded land could be
rehabilitated with cheap OAs, potential bacterial strains, and bring multipurpose tree establishment with

greater survival rate and best performance.

Keywords: Acacia, DS, Ethiopia, Multipurpose trees, OAs, Plant growth-promoting rhizobacteria,
Rehabilitation, Survival rate, Tree establishments
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Chapter 1

1. General Introduction

Franklin D. Roosevelt, the President of the USA in 1937 coined the famous phrase “When soils fail,
civilizations fall”, while he was addressing the shock of the “American Dust Bowl” that had
destroyed millions of hectares of arable land in the Midwest of the USA. This phenomenon is still
relevant in the tropics which is a reminder to protect soil which is a valuable base for ecosystem

services and production (Schroder et al., 2017).

The world is currently in a period of rapid, anthropogenic driven environmental changes brought
about by land cover changes, fragmentation, invasive species, and pollution (Montoya-Tangarife et
al., 2017). Fragmentation of natural systems occurs whenever removal of pre-existing land cover
and replacement of other cover types occur, be it urban, agriculture, forestry production or other land
uses (Schwartz and van Mantgem, 1997). This fragmentation of natural systems leads to land
degradation (LD) which is a global long-term loss of ecosystem function and productivity due to
natural and human-induced disturbances and is a threat to the ecological, economic, and quality of

the land of the planet earth (Giuliani et al., 2020; Naseer and Pandey, 2018).

Nearly 1.9 billion hectares of land are affected and 1.5 billion people are threatened worldwide by
LD (Low, 2013). As aresult, LD decreased soil ecosystem services by 60% between 1950 and 2010
Ledn and Osorio (2014), and brought the global loss of about 5-8 million hectares of productive land
annually out of cultivation (Kirui and Mirzabaev, 2016). Land-use changes in East Africa have
transformed natural land covers to farmlands, grazing lands, human settlements, and urban centers

at the expense of natural vegetation and loss of biodiversity (Maitima et al., 2009).



Land degradation in Ethiopia is the main threat in drylands which covered about 75 million hectares
(ha) of land EARO (2000), due to agricultural intensification without soil and water conservation
leading to unsustainable crop production (Tewolde BG Egziabher, 1989). Messay Tefera (2011) also
estimated that the highland of Ethiopia covered 45% of the country and is a habitat of more than
88% of the population, and suffered from overpopulation, extensive cultivation of even stiff slopes
with croplands resulting infrequent incision by ravines and formation of gullies. It is estimated that
nearlyl billion tons of topsoil are lost annually in Ethiopia due to soil erosion costing 3% of its
Agricultural Gross Domestic Product (AGDP) (Yesuf et al., 2008). This, together with climate
change and population growth, could lead to a further decline in environmental goods and services,

including loss of biodiversity and soil fertility.

Land degradation has been identified as the most serious environmental problem in the Ethiopian
highlands (lying above 1,500 m above sea level) that comprise nearly 44% of the country’s total area
and about 88% of the human population (Amare Haileslassie et al., 2005). Currently, these areas are
typified by the degradation of vegetation cover and widespread soil degradation. The conversion of
forests, woodlands, and shrublands into croplands and cultivation of steep slopes by traditional ox
plow technology have resulted in the loss of natural vegetation cover and severe soil erosion (Aune
et al., 2001; Tagel Gebrehiwot and Veen, 2014). According to the World Bank (2001) report, the

rate of deforestation in the highlands is estimated to be 150,000 ha per year.

The continuous LD can be reversed through ecological restoration as the process of assisting the
recovery of an ecosystem that has been degraded, damaged, or destroyed (Martin, 2017). It is an
important strategy to reverse LD, rehabilitate landscape integrity, and realize the environmental
and socioeconomic benefits of natural resources (Hobbs and Cramer, 2008). Areas undergoing

restoration processes can also perform food and nutritional security, income generation,
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conservation of water resources, balance in climate and biodiversity, among others. To reverse
LD, several rehabilitation measures are recommended. These include establishing plantation
forests via afforestation and reforestation Kanninen (2010), closing areas for rehabilitation Daniel
Mengistu et al. (2016), promotion of agroforestry systems Sanchez et al. (1994) and establishing
nurseries for the production of a diverse range of tree and shrub species to enhance soil fertility

(Haase and Davis, 2017).

Area closures (enclosures) are one of the managements of rehabilitating degraded lands that have
been excluded from human and livestock interference and left to regenerate naturally (Daniel
Mengistu et al., 2016; Kiros Abay et al., 2020). Area closures aim to prevent further degradation of
the ecosystems, advance re-vegetation, and restore the overall ecological conditions of the area.
There are two types of closures 1) only closing the area from interferences of human interventions
(leaving it to natural regeneration) and 2) closing off degraded land while simultaneously
implementing additional measures such as planting of tree seedlings, mulching, and establishing

water harvesting structures to enhance and speed up the regeneration process.

In Ethiopia, enclosures are suggested to be important methods for rehabilitation and management of
degraded land and its actual and potential socioeconomic profits in various parts of Ethiopia such as
North Shewa (Mengistu Asmamaw, 2011), Rift valley (Daniel Mengistu et al., 2016; Mohammed

Kasim et al., 2015), highlands northern Ethiopia (Emiru Birhane et al., 2007).

The other option of reversing current trends in land degradation is restoration processes by planting
(afforestation) and land coverage with vegetation (green manure) Nunes et al. (2012) and
agroforestry practices. To this end, there is a strong activity worldwide to cover 4.5 million ha of

land with plants annually of which 91% was undertaken in Asia and South America (Nobre et al.,



2016). Although plantations are expanding, in Africa, they are moving at a slower pace (Clewell et
al., 2004). Agroforestry is a collective name for land-use systems and technologies where woody
perennials are deliberately used on the same land-management units as crops and/ or animals, in
either a spatial arrangement or a temporal sequence (Erdmann, 2005). Agroforestry systems can

restore important ecological processes and enabling economic returns and strengthening livelihoods.

The establishment of plants in soils in general, and that of degraded land in particular, requires the
tripartite interaction amongst the soil, the plant, and the microbes in the terrestrial habitat. Under
natural systems, this interaction is complex and dynamic and facilitates ecosystem functioning
balancing the sustainability of production (synthesis) and nutrient recycling (consumption) (Taschen

et al., 2020).

Microbes play a very important role in ecosystem functioning. They are involved in catabolic
reactions of organic substances, energy flow, and nutrient recycling (Singh and Gupta, 2018). In the
geochemical cycles carbon, nitrogen, sulfur, and phosphorus are important for building up living
things. This, together with energy flow in the ecosystem is mainly facilitated by microorganisms
(Madsen, 2011). For this reason, microorganisms are known as the “wastebasket” of the terrestrial
and aquatic ecosystem. The activities that involve microbes that are currently termed as “ecosystem
processes”- are the interactions among the biotic and abiotic elements Lyons et al. (2005),
“ecosystem functioning”- Some key ecological processes, such as energy transfer, nutrient cycles,
and oxygen and water fluxes Wallace (2007) are always regarded as synonymous with ecosystem
function” and “ecosystem services” - the benefits that humans obtain from ecosystems or enhance
social welfare Bennett et al. (2009) are implicated with energy flow and nutrient cycling that

maintain sustainable production of the global ecosystem (Chagnon et al., 2015).



Plants harbor different microorganisms as endophytes and rhizosphere microorganisms around their
roots. They release up to 30% of their daily photosynthetic products to the soil to attract as many
diverse microorganisms around the rhizosphere and rhizoplane (Schillaci et al., 2019). Introducing
native microbes to the soil speed up the microbial community to undergoing physicochemical
changes induced by organic amendments (OAs) (van de Voorde et al., 2012). There is increasing
interest in amending degraded soils to improve soil quality, rehabilitation to enhance tree growth,
and provision of ecosystem services (Wiseman et al., 2012). Organic amendments, particularly

compost, manure, and biochar are receiving renewed attention in restoring disturbed soils.

Plants and their associated microorganisms play a crucial role in the formation or modification of
soil (Pate and Verboom, 2009). Rehabilitation of degraded habitat requires designing a plant
succession that will give adequate surface cover and increase the fertility of the soil. Rapidly growing
grasses to give ground cover as quickly as possible and stabilizes the surface; legumes to fix nitrogen
and other grasses and shrubs to provide long-term cover (Tansey et al., 2008). Soil microbial
communities are recognized as below-ground ecosystem engineers and directly influence the above-
ground plant community (Kardol and Wardle, 2010). Microbial inoculations help to establish diverse

and functional microbial communities in soils and improve plant growth (De-Bashan et al., 2010b).

Inoculation of plant growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi (MF) are
beneficial to root nutrient acquisition and plant tolerance of stresses (Alguacil et al., 2011). There
has been a rebirth of interest in environmentally friendly and sustainable practices (Esitken et al.,
2005). The use of PGPR as biofertilizers are promising biotechnology to improve productivity with
cheap and eco-friendly inputs Bashan (1998), via nutrient mobilization, biocontrol, phytohormone
production, and nitrogen fixation (Glick, 1995). Among practices available for reforestation for

timber production, inoculation with PGPR and AMF is attained acceptance (Bashan et al., 2012).
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The inoculation of beneficial soil community may not be enough to assure the establishment of plant
cover. Moreover, in vitro studies reported by Diriba Muleta (2007) mentioned Bacillus, Erwinia,
Ochrobactrum, Pseudomonas, and Serratia spp. isolated from the coffee rhizosphere as the most
important isolates to act as potential biofertilizers, biocontrol agents, or both. Recently, inoculation
with PGPR and AMF was demonstrated in the screenhouse cultivation of four Sonoran Desert native

trees (Bashan et al., 2009).

For successful rehabilitation, it is necessary to improve soil quality and the ability of the plant species
to resist harsh environments through OAs (Medina et al., 2004). The beneficial effects of OAs
include the provision of plant nutrients, increased water holding capacity, improved soil structure,
and increased microbiology activity (Caravaca et al., 2002). It is one of the options to rehabilitate
soil organic matter and associated soil structure and functions in degraded soils (Huang et al., 2012).
The most commonly used OAs are crop residues and their compost, manure, un-composted organic

materials, such as sludge, plant residues, and biochar (Medina and Azcén, 2010).

Combining microbial inoculation with OAs greatly enhances the success rate and microbiological
activity. Fast-growing legumes and grasses are considered pioneer crops for early vegetation
purposes and needed to stabilize soils. They can offer superior tolerance to drought, low soil
nutrients, and other climatic stresses. The initial cover must allow the development of diverse self-
sustaining plant communities (Ranjan et al., 2015). Sometimes multipurpose trees are considered in
restoring the degraded lands besides improving soil fertility (Assel, 2006). Trees are very efficient
in biomass generation by adding more organic matter to the soil, both above and below ground than
other plants (Mertens et al., 2007). A mix of plant species is required because it is impossible to
predict the success of any one species in marginal environments where vegetation is going to receive

little or no maintenance (Tansey et al., 2008).



The selection of the most efficient beneficial rhizobacteria and the combined effect with OAs is a
critical point for rehabilitation of degraded soils. Their role in nutrient recycling is priceless to the
development and stability of an ecosystem (Clewell and Aronson, 2013). The use of OAs in the
ecosystem accelerates soil regeneration processes in degraded lands. This recovery is a result of the

rapid increment of organic matter contents in the soil in the short term (Hueso-Gonzalez et al., 2017).

PGPR confer beneficial effects through two different ways: indirectly or directly (Glick, 1995;
Kloepper et al., 2004). Indirect promotion of plant growth occurs when these bacteria decrease some
of the deleterious effects of a phytopathogenic organism (often a fungus or a bacterium) by one or
more different mechanisms. They also elicit physical and chemical changes in plants that result in
enhanced tolerance to abiotic stress such as drought, salt, and nutrient deficiency and heavy metals

with a process referred to as induced systemic resistance (ISR) (Glick, 2012; Van Loon, 2007).

The direct promotion of plant growth often includes the uptake of nutrients such as P and Fe from
the environment. The bacteria often solubilize mineral (inorganic) P through the synthesis of low
molecular weight organic acids such as gluconic and citric acid (Rodriguez et al., 2004). They
mineralize organic P through the synthesis of phosphatases (Rodriguez et al., 2006). According to
Glick et al. (2007b), PGPR produce phytohormone to promote plant growth in the presence of
environmental stresses. PGPR fix atmospheric nitrogen, synthesize siderophores that can solubilize

and sequester iron from the soil to provide to plants (Rodriguez and Fraga, 1999).

Several studies have proved that the effects of drought stress (DS) may be mitigated to a significant
extent by the application of PGPR. Leyva and Bashan (2008) showed inoculation of Azospirillum
brasilense Cd, into the legume plant mesquite amargo (Prosopis articulate) enhanced the growth of

the seedlings taller and greener (13.14 + 0.56 cm) than uninoculated plants (5.71 £ 0.34 cm) in the



Sonoran Desert of the USA. Co-inoculation of R. tropici and P. polymyxa showed a many-fold
increase in the growth, nitrogen content, phytohormone levels, and nodulation of common bean
(Phaseolus vulgaris) under three levels of drought compared with Rhizobium alone (Figueiredo et
al., 2008). P. putida, Pseudomonas sp., and Bacillus megaterium, isolated from drought affected
soil also able to stimulate mung bean, Vigna radiate growth under dry conditions (Saravanakumar

etal., 2011).

The effect of OAs on physicochemical properties, growth, and activity of soil biota has not been
sufficiently evaluated with field trials. If urgent measures are not taken, the country is headed for a
"catastrophic situation™ (Pender and Berhanu Gebremedhin, 2007). Hence, merging natural with
human-made solutions will be needed to find a way to make our ecosystems compatible between
nature and human use (Keesstra et al., 2018). The efforts made in the past have rehabilitated
degraded farmlands, improved soil water holding capacities, increased woodlots, and improved the
productivity of the pastured lands in some watersheds in Ethiopia (Sonneveld and Keyzer, 2003).
However, the current rate and status of environmental degradation still call for more extended and

coordinated intervention actions (Edward, 2000; Kindeya Gebrehiwot, 2004).

In recent years, several microbial inoculants have been formulated, produced, marketed, and applied
successfully by an increasing number of growers worldwide (Lucy et al., 2004). However, these
inoculants are not necessarily effective in all treatments that necessitate site-specific studies to fully
realize their impact on the restoration of plants in degraded landscapes. Moreover, the effect of OAs
on physicochemical properties and activity of soil biota has not been sufficiently evaluated with field
trials. The role of soil microorganisms in rehabilitation of degraded habit is not yet appreciated as

the main component of ecosystem particularly in Ethiopia. Thus, this work is its first type to move



the application of potential rhizobacteria and OAs from agricultural practices to degraded land
rehabilitation. Therefore, the main intention of the study is to assess the long-term benefits of
inoculation, OAs and their combined effect on the establishment of key plant species in the

rehabilitation of a representative degraded land.

1.1. Objectives of the study

General Objective

< The main objectives of the study are to characterize the genetic and physiological diversity of
rhizobacteria from degraded land grown woody plants, and their effect on the establishment of
key plant species in representative field plot with the application of OAs in North Shewa Zone,

Oromia National Regional State, Ethiopia.

+« Specific Objectives

The specific objectives of the current work are to:

& Assess the effect of organic amendments (OAs) application on soil physicochemical
properties and determine the growth of alfalfa and grass pea under greenhouse conditions.

& Characterize the phenotypic and genetic diversities of rhizobacteria isolated from degraded
soil through BOX-PCR and partial sequencing of 16S rRNA genes.

& Evaluate the effect of inoculating A. abyssinica seedlings with PGPR isolated from degraded
sandy clay loam soil of Ethiopia, aiming at their use to enhance drought stress tolerance

& Determine phytobeneficial traits of PGPR and also to determine their effect in enhancing
germination of A. abyssinica seeds.

& Measure microbial abundance and multipurpose tree establishment on degraded land before
and after OAs and bacterial inoculations.
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Chapter 2

2. Literature Review

2.1. The Problem of Land Degradation

Ecosystem services (ESS) are defined as the goods and benefits humans gain from healthy and
functional ecosystems. Global change processes such as large-scale land-use change and climate
change increase pressure on ecosystem functions and threaten the sustainable supply of ESS. Natural
or human-induced factors that directly or indirectly cause a change in an ecosystem are potential

drivers of changes in ecosystems (Reid et al., 2005).

The Millennium Ecosystem Assessment (MA), a major UN-sponsored effort (2005) from 2001 to
2005, and identified four major categories of ecosystem services: provisioning, such as the
production of food and water; regulating, like the control of climate and disease; supporting, like
nutrient cycles and oxygen production; and cultural, such as spiritual and recreational benefits

(Wallace, 2007).

Natural and man-made global land degradation is a reduction or loss in the biological and economic
productive capacity of the land that undermines the delivery of ecosystem goods, and services
(Higginbottom and Symeonakis, 2014). LD has become a global problem occurring in most
terrestrial biomes and agroecologies, in both low-income and highly industrialized countries. Its
effects on ecosystem services challenge conservation, management, and rehabilitation activities

(Dubovyk, 2017).

The concept of LD stems from the loss of biological productivity of an ecosystem due to long-term
loss of natural vegetation or depletion of soil nutrients (Lopez-Ballesteros et al., 2018). It harms
global agriculture, food security, ecosystems, and severely impacts the livelihood of many people

directly depending on agriculture around the world (Hazell and Wood, 2008). According to Nkonya
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et al., (2016), about 30 % of the global land area is partly or completely degraded and 3 billion
people are affected. Wang et al. (2016) indicated that, 24 to 75 billion tons of fertile soil from arable
land has been lost due to soil erosion. The rate of top soil removal is more than 10 million ha per

year (Le et al., 2016).

Approximately 40% of land degradation has occurred in developing countries, which are projected
to experience 78% of the global dryland (Huang et al., 2016). Marble and Fritschel (2014) projected
that if the current scenario of LD continues over the next 25 years, it may reduce global food
production by 12% and a 30% increase in world food prices. There is growing evidence that
biodiversity loss has a significant impact on the ecosystem and functions as climate change does or

will (Brook et al., 2013).

Currently, the cost of LD reaches about US$490 billion per year, much higher than the cost of action
to prevent it (Nkonya et al., 2013). The major causes of global biodiversity loss are anthropogenic
and are exacerbated by ongoing climate change Warren et al. (2013), particularly because climate
change accelerates habitat destruction, overexploitation, and the prevalence of invasive species

(Brook et al., 2008).

As biodiversity is lost and ecosystems are degraded, the bio-capacity of the planet to support living
organisms reduces. As bio-capacity decreases, there are diminishing resources available to support
a growing human population and increasing collective ecological footprint. As a result of soil
degradation, it is estimated that about 11.9 -13.4% of the global agricultural supply has been lost in
the past five decades (Eni et al., 2010). Besides, soil degradation is also associated with off-site
problems of sedimentation, climate change, watershed functions, and changes in natural habitats

leading to loss of genetic stock and biodiversity (Jie et al., 2002).
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2.2. Situations of Land Degradation in Ethiopia

The principal environmental problem in the Eastern African highlands is LD, manifested mainly in
the form of soil erosion, gully formation, soil fertility loss, water scarcity, and reductions in crop
yield, which has been more pronounced in Ethiopia (Seifu Tilahun et al., 2013). Although Ethiopia
is endowed with enormous land resources it has been affected by multifaceted environmental
problems including land degradation and declining biodiversity (Alebachew Gebrie, 2015). It has a
high level of soil erosion among the SSA countries (Tesfa and Mekuriaw, 2014). Land degradation,
especially in the highlands, has been identified as the most serious environmental problem in the

country (Merkineh Mesene, 2017).

The Ethiopian highland studies revealed that 44% of the country’s total highland area is seriously
threatened by soil and biological degradation and has been identified as the most serious problem
(Aune etal., 2001). Some 27 million ha, representing approximately 50% of the highlands, are have
been significantly degraded, and of this area, 14 million ha are badly eroded and if the present trend
of soil degradation continues, per capita income in the highlands will fall by 30% in 20 years.
(Genene Tsegaye, 2006) predicted that around 54% of the remaining highlands are highly

susceptible to erosion.

In Ethiopia, land degradation, low and declining agricultural productivity, and poverty are severe
and interrelated problems that appear to feed off each other (Nigussie Haregeweyn et al., 2015). If
urgent measures are not taken to arrest Ethiopia's serious land degradation, the country is headed for
a "catastrophic situation™ (Pender and Gebremedhin, 2006). Any effort towards this direction should
begin from research that aims at exploring location-specific factors influencing the adoption of land

management practices.
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People in developing countries utilize land and soil resources in an unsustainable way as evidenced
by overgrazing, destruction of forest for urban expansion, and highly intensive and unscientific
agricultural activities, and the resulted in improper land-use/land-cover changes (De Meyer et al.,
2011). Hurni (1985) predicted that degradation and loss of soil resulting from soil erosion were
estimated to be about 20 t per hectare in Ethiopia, i.e., about 1 mm of soil depth per year. Recent
estimates by Hurni et al. (2015) indicated rates of 20 Mg ha* year™* on currently cultivated lands

and 33 Mgha ! year™* on formerly cultivated degraded lands.

Ethiopia loses about 1.9 billion metric tons of fertile soil from the highlands every year and the
degradation of land through soil erosion is increasing at a high rate (Pender et al., 2012). The
Ethiopian highlands reclamation study also forecasted that soil erosion would cost the country 1.9

billion USD between 1985 and 2010 (Berry, 2003).

Today, Ethiopia has entered a new period of restoration practices where large areas of degraded
forestlands are put under rehabilitation, although deforestation has not been abated. Some land
restoration practices, such as green manure (cover crops) has been lessening the degradation process
(Nunes et al., 2012). Forest rehabilitation in Ethiopia includes different types of strategies and actors.
Various forms of agroforestry, reforestation/afforestation, area enclosure, and woodlot development

are popular strategies of restoration observed today (Mulualem Tigabu and Demel Teketay, 2014).

2.2. Causes of Soil Degradation

The land degradation is caused by excessive pressure on land to meet the competing demands of the
growing population for food, fodder and fiber (Aulakh and Sidhu, 2015). There are different causes
for the different types and forms of land degradation. Soil quality decline is one of the main causes

of land degradation and is considered to be responsible for 84% of the ever-diminishing acreage.
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Year after year, huge acres of land lost due to soil erosion, contamination, and pollution (Mishra et
al., 2015). Soil degradation implies a decline in soil quality with an attendant reduction in ecosystem
functions and services (Lal, 2009). Soil degradation may be caused by unfavorable alterations in one
or all of a soil's physical, chemical and biological properties and processes (Figure 2.1) (Lal et al.,

1989).

There are several physical factors contributing to soil degradation distinguished by the manners in
which they change the natural composition and structure of the soil. Soil physical degradation
generally results in a reduction in structural attributes including pore geometry and continuity, thus
aggravating a soil’s susceptibility to crusting, compaction, reduced water infiltration, increased
surface runoff, wind and water erosion, greater soil temperature fluctuations, and an increased
propensity for desertification (Lal, 2015b). Physical processes of soil degradation led to changes in
soil physical, mechanical, hydrological and rheological properties which have a negative effect on

crop and animal production, farm income and environmental quality (Lal et al., 1989).

Soil chemical degradation is characterized by acidification, salinization, nutrient depletion, reduced
cation exchange capacity (CEC), increased Al or Mn toxicities, Ca or Mg deficiencies, leaching of
NO3-N or other essential plant nutrients, or contamination by industrial wastes or by-products (Lal,
2015b). In the broadest sense, it comprises alterations in the soil’s chemical property that determine
nutrient availability. Chemical degradation processes include changes in soil’s chemical properties
that regulate nutrient activity and capacity; or which maintain a favorable balance among principal
nutrient elements, and the accumulation of substances possibly to toxic concentrations. Soil chemical

degradation leads to a reduction in a soil’s ability to inactivate toxic compounds (Lal et al., 1989).
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Biological factors refer to the human and plant activities that tend to reduce the quality of the soil.
Some bacteria and fungi overgrowth in an area can highly impact the microbial activity of the soil
through biochemical reactions, which reduces crop yield and the suitability of soil productivity
capacity (Aulakh and Sidhu, 2015; Lal, 2015b). Soil biological degradation reflects depletion of the
soil organic carbon (SOC) pool, loss in soil biodiversity, a reduction in soil C sink capacity, and
increased greenhouse gas (GHG) emissions from soil into the atmosphere. One of the most severe
consequences of soil biological degradation is that soil becomes a net source of GHG emissions (i.e.,
CO2 and CHgy) rather than a sink (Lal, 2015b). Solomon Abate (1994) reported that soil organic
matter content dropped from 20% to 7% in less than three years of continuous cultivation due to

mineralization.

Ecological degradation reflects a combination of other three, and leads to disruption in ecosystem
functions such as elemental cycling, water infiltration and purification, perturbations of the
hydrological cycle, and a decline in net biome productivity (Lal, 2015b). The overall decline in soil
quality, both by natural and anthropogenic factors, has strong positive feedbacks leading to a decline

in ecosystem services and reduction in nature conservancy.
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Figure 2.1. Causes and types of soil degradation. Adapted from (Lal, 2015b)
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2.3. The role of closures and plantations for restoration and rehabilitation of land degradation
Multi-purpose tree plantations with different species play an important role in restoring productivity,
ecosystem stability, and biological diversity to degraded lands. Plantations using appropriate tree
and shrub species are important for rehabilitation (Parrotta, 1992). Rehabilitation is the process of
ecological re-establishment of vegetation and trophic structure in a destroyed ecosystem mainly due
to anthropogenic activities. Likewise, restoration is defined as a tactic employed to return degraded
lands to their original condition, and rehabilitation activities aim to repair ecosystem functioning
with less emphasis on the recovery of structure and composition and more on increasing productivity
for the benefit of people (Clewell and Aronson, 2013). Thus, rehabilitation efforts are more relevant
and have multi-use with many proven approaches and technologies to progress from a less desired

to a more desired ecosystem state.

Plants are the sole producers that support all the trophic levels and sustain life on earth and interact
with both biotic and abiotic factors (Joshi, 2018). Plants exist in varied ecosystems and interact with
varied organisms ranging from antagonistic organisms to beneficial organisms (Pieterse et al., 2013).
Consequently, these interactions play large and varied roles in the establishment and maintenance of

plant community diversity and ecosystem properties (Larimer et al., 2010).

Plant-soil interactions are the foundation of effective and sustained restoration of terrestrial
communities and ecosystems. These interactions can vary greatly depending on their context
(environmental conditions, management practices, time, neighboring community, interaction with

other organisms) (Eviner and Hawkes, 2008).
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2.4. Soil-Plant-Microbe (Tripartite) Interactions: Implications to Rehabilitation of Degrade

land

Soil represents the major resource of the terrestrial ecosystem. In the natural environment, plants
interact with the rich ecosystem that harbors a diverse group of microorganisms in the soil (Jacoby
et al., 2017). Terrestrial ecosystems across the globe are currently encountering declines in their
biodiversity and ecosystem functioning due to land degradation and climate change (Theobald,
2010). Efforts to restore degraded lands primarily focus on the establishment of the aboveground

plant communities on the soil.

The soil is one of the major reservoirs of biological diversity on the planet (Swift et al., 1998). Many
processes and interactions take place in the soil, contributing to a considerable number of ecosystem
services (Coleman and Whitman, 2005). Thus, it is a habitat where plant roots and microorganisms
form tripartite mutualistic and beneficial interactions with one another (Figure 2.2) (Glick et al.,
2007a). The tripartite interaction is observed in the natural environment. Both plants and
microorganisms obtain their nutrients from soil and change soil properties by organic litter

deposition and metabolic activities, respectively (Figure 2.2).
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Figure 2.2. Interactions between plants, microbiota, and soil (Adapted and modified from (Jacoby
etal., 2017)

The root area that is under the influence of plant roots is known as rhizosphere where very important
and intensive interactions take place between the plant, soil, and microorganisms known as tripartite
interaction (Figure 2.2) (Felestrino et al., 2017). These microorganisms that enhance plant growth
and health through various mechanisms are known as plant growth-promoting microorganisms

(PGPM).

The plant microbiome stimulates germination and plant growth, enhances nutrient acquisition, and
promotes direct and indirect mechanisms of defense against pathogens and abiotic stress, and
influences plant phenology (Berg et al., 2015). Many of these functions might be indirectly
influenced by the microbial interactions that occur in the rhizosphere because the resulting plant

microbiome could be functionally different (Barea et al., 2011).

Plant-microbe relationships are pivotal for plant growth and survival (Van Der Heijden et al., 2008).
These interactions in the rhizosphere are the determinants of plant health, productivity, and soil
fertility, and serves as a reservoir of additional genes that plants can access when needed (Rout and
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Southworth, 2013). They also play vital roles in the maintenance of plant and soil productivity under

biotic (diseases) and abiotic (salinity, drought, acidity, etc.) stresses (Vimal et al., 2017).

In general, three mechanisms are usually put forward to explain how microbial activity can boost
plant growth, health, and establishment in soil habitat: (1) manipulating the hormonal signaling of
plants Verbon and Liberman (2016); (2) repelling or outcompeting pathogenic microbial strains
Mendes et al. (2013); and (3) increasing the bioavailability of soil-borne nutrients (Van Der Heijden

et al., 2008).

Soil microbial community structure and composition measures are increasingly being used to assess
ecosystem responses to anthropogenic disturbances and to provide an indicator of ecosystem
recovery (Lewis et al., 2010). They can respond more rapidly to changes in environmental conditions
than plant communities and may provide an early indication of the recovery trajectory (Harris, 2009).
However, the high level of sensitivity to numerous environmental factors can also result in long-
term shifts (in the order of decades or more) in the microbial community structure in rehabilitated

ecosystems (Jangid et al., 2010).

The ever-increasing population and concomitant land degradation, global climate change, shrinking
agricultural lands have collectively affected crop production and ecosystem services (Rashid et al.,
2016). The status of the microbial ecosystem can be assessed through the genetic characteristics of
the soil microbial community and it also gives the idea about the quality of the soil and the progress

of restoration after degradation (Singh, 2015).

The PGPR and mycorrhizae are key components of soil microbiota that play vital roles in the
maintenance of plant fitness and soil health under stressed environments (Vimal et al., 2017). The
use of microorganisms in improving nutrient availability to plants is an important strategy and

related to climate-smart practices (Hamilton et al., 2016).
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One of the most promising techniques to achieve these benefits is the use of bio-inoculants also
called biofertilizers, which are composed of selected beneficial microorganisms. The application of
beneficial microbes is already used in organic farming systems (Bender et al., 2016). Therefore, the
use of plant-associated microbes can be a useful approach for biotechnological application in plant

production (Vargas et al., 2019).

2.4.1. Diversity of important plant growth-promoting microorganisms in the rhizosphere

2.4.1.1 Rhizobacteria

Plant growth-promoting rhizobacteria (PGPR) are soil bacteria that colonize the surface and inner
tissues of roots and promote plant growth and health (Dimkpa et al., 2009). Alemayehu Getahun et
al. (2020c) finds diverse rhizobacteria (Pseudomonas, Bacillus, Serratia, Pantoea, Paenibacillus,
Acinetobacter, and others) from A. abyssinica and J. procera grown on degraded soil of North Shewa
Zone, Ethiopia. Diverse genera of rhizobacteria are used for maintaining soil fertility include
Azospirillum, Bacillus, Klebsiella, Paenibacillus, Pantoea, Pseudomonas, Serratia, and
Enterococcus, Rhizobium sp., and Mycorrhiza are to mention a few (Solanki et al., 2017; Xing et
al., 2016). Mechanisms by which PGPR stimulates plant growth are broadly categorized as direct or

indirect (Glick, 1995).

Degraded soils are often the targets of restoration efforts and are usually planted with native or exotic
perennial plants, but without including specific microorganisms the restoration attempt would often
fail (Bainbridge, 2012; Cowie et al., 2011). Consequently, the application of microbial inoculants to
the plant rhizosphere has been demonstrated to be a suitable strategy for revegetation purposes
(Armada et al., 2015; Mengual et al., 2016). The rhizobial inoculants aggressively colonize the

rhizosphere/plant roots and enhance the growth of plants when applied to the seed or drench
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inoculated to plants. Efforts to restore degraded lands with plants inoculated with microorganisms

were carried out previously in different countries around the world.

Kimet al., (2012) and de-Bashan et al., (2012) showed that if native plants are inoculated with PGPR
and/or mycorrhizal fungi, revegetation of degraded soils accelerates and soil health indicators
improve. Other studies also indicated that AMF inoculation enables plants to cope with drought
stress by overcoming the detrimental effect of water and nutrient limitations (Bashan et al., 2009).
It is also established that ecosystem functioning is largely governed by the microbial activity of both
soil bacteria and AMF, particularly autochthonous strains that are adapted to specific environmental

conditions (Azcon et al., 2010; Kim et al., 2012).

The re-establishment of shrubs and tree species is an essential strategy for recovering degraded
soils. Thus, in the process of land rehabilitation, PGPR deserves special attention as it is actively
involved in plant and soil interactions. In semiarid areas of southern Spain, a combination of
arbuscular mycorrhizal (AM) fungi, rhizobia, PGPR, and yeasts was used to promote the growth of

plants and enhance soil fertility (Armada et al., 2014; Pérez-Fernandez et al., 2016)

A field assay was carried out to evaluate the effect of multiple inoculations of native rhizobacteria
(B. megaterium, Enterobacter sp., B. thuringiensis, and Bacillus sp.) for the establishment of
Lavandula dentata L. with a remarkable synergetic effect on the host plant (Mengual et al., 2014).
Bacillus is the most abundantly represented genus in the rhizosphere and many strains have been
known as important plant growth-promoting bacteria for many years by increasing nutrient
availability of the plants (Charest et al., 2005). B. subtilis naturally present near plant roots, can
maintain stable contact with higher plants and promote their growth. Moreover, del Carmen Jaizme-
Vega et al. (2004) also suggested that Bacillus sp. can be described as a future way to increase plant

health and survival rates in commercial nurseries.
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Pseudomonas spp. is invariably present in agricultural soils having traits that make them well suited
as PGPR, and are functionally and metabolically most diverse and help in the maintenance of soil
vigor. The most effective strains of Pseudomonas have been Pseudomonas fluorescens.
Pseudomonas help in the maintenance of soil vigor and are functionally and metabolically most
diverse (Lugtenberg and Kamilova, 2009). Johri (2001) had demonstrated on field trials that P.

putida GRP3 led to a massive increase in the yield of legumes.

Other studies also showed the co-inoculation of Azospirillum brasilense and Bacillus pumilus
significantly promoted the growth and development of Atriplex lentiformis growing on nutritionally
poor mine tailings in the southwestern USA (De-Bashan et al., 2010a; De-Bashan et al., 2010b).
Another study showed that several different species of PGPR promoted the ectomycorrhizal

symbiosis of Acacia holosericea in southern Senegal (Duponnois and Plenchette, 2003).

Likewise, native trees inoculated with a consortium of PGPR performed well in degraded parkland
soils of India Ramachandran and Radhapriya (2016), and rock weathering bacteria supported plant
growth in China (Wu et al., 2017b). Furthermore, in southern Mexico and Argentina, inoculation
with the species A. brasilense significantly promoted the growth, establishment, and survival of
several legume trees and cacti in desert soils (Bashan et al., 2009; Bashan et al., 2012). All taken
together, these studies indicated that to promote plant growth and health for the rehabilitation of
degraded lands, it is essential to undertake extensive research efforts on microbial diversity, their

distribution, as well as function in soils of degraded lands.

2.4.2. The Role of Organic Amendments (OA) for Land Rehabilitation
Degraded habitat is characterized by the removal of organic matter and the nutrient-rich layer of soil

profile causes nutrient depletion, loss of soil fertility, structure, and water holding capacity
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(Montgomery, 2007). One of the options to halt these problems is the application of OAs that include
diverse techniques ranging from mulch to organic waste; compost, animal manures, crop residue,
and biochar and bio-fertilizers (Larney and Angers, 2012; Luna et al., 2016). A soil amendment is
any material added to soil to improve its physical, chemical, and biological properties. The goal is

to provide a better environment for plant roots (Davis and Whiting, 2013).

The common characteristic of soil OAs is that they contain organic matter to a certain concentration,
and are important in soil nutrient management including the macro-and micronutrient status of the
soils (Barnawal et al., 2014). The combinations of different types of amendments have demonstrated
better results than their single application (Alemayehu Getahun et al., 2020b; de Varennes et al.,
2010). The addition of animal manure, green manure, compost, and biochar have been instituted to

arrest the degradation process.

These practices have increased the amount of soil cover and improved the physical properties of the
soil (Nunes et al., 2012). Cerda et al. (2016) assessed the use of OAs as a restoration technique for
better vegetation establishment and increased soil fertility to enhance vegetation growth and
development. Amending soil with organic materials is a promising strategy to build-up C levels in
the paddy soils of subtropical China (Xie et al., 2016). Page-Dumroese et al., (2018) proposed that
biochar, manure, compost, and bacterial inoculations are an effective method to improve the physical

properties of soils and accelerate re-vegetation and rehabilitation.

2.4.2.1. Biochar for land Rehabilitation
Biochar is a carbon-rich biological material combusted under low oxygen conditions with
remarkable benefits as a soil amendment (Lehmann and Joseph, 2015). It positively impacts an array

of soil processes ranging from benefiting soil biology, controlling soil-borne pathogens, enhancing
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nitrogen fixation, improving soil physical and chemical properties, decreasing nitrate (NO73)

leaching and nitrous oxide (N2O) emission (Najar et al., 2015).

It can also affect key physical and chemical parameters of soil, (soil pH, structure, the release of
soluble C, and micronutrient availability), which in turn influence microbial community structure
and functions (Chintala et al., 2014). Its application increased agricultural yield Major et al. (2010),
reduce pollution Fellet et al. (2011), sequester Carbon in the soil Galinato et al. (2011), and restore

organic matter content in degraded soils or rocky substrates (Anawar et al., 2015).

Biochar can alter the surface area, pore space, bulk density, water-holding capacity, and penetration
resistance of the soil Mukherjee et al. (2014), improve soil moisture availability (Sohi et al., 2010).
It is a very important input for the rehabilitation of degraded land, converting poor soils for
agricultural production (Barrow, 2012). Although biochar cannot be used as a fertilizer, it can be
applied to the field every year and serve as a slow-releasing reservoir of nutrients in soils (Hossain

etal., 2011).

In general, there is a lot of interest in the potential of biochar for enhancing C sequestration and
improving soil fertility Spokas et al. (2012), restoring degraded lands Beesley et al. (2011), and
reducing greenhouse gas (GHG) emissions in agriculture (Cayuela et al., 2014). These benefits
provide the basis for recent calls for broader, even global upscaling of biochar use for environmental

protection and agricultural production (Cernansky, 2015).

2.4.2.2. Compost as an organic amendment for Rehabilitation
Compost is the most common organic soil amendment. Its application to soil is used to maintain and
improve soil structure Lillenberg et al. (2010), and reduces N2O emissions compared to mineral

fertilizers because most N is in organic form is converted to NOs (Alluvione et al., 2010). Compost
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amendments to soil increased organic matter, and N, P, and K content of the soil implying improved
biomass production and nutrient uptake before the establishment of vegetation, soil restoration, and

regeneration (Benedek et al., 2012; Miller et al., 2015).

Generally, nutrient deficiencies and poor soil fertility have emerged as major constraints in the
sustainable production in agriculture on a global scale. The use of biochar and biochar-compost
mixtures from different organic sources is all the more important for improving soil fertility,
restoring degraded land, and mitigating the emissions of greenhouse gasses associated with

agriculture (Getachew Agegnehu et al., 2017).

2.4.2.3. Manure for the rehabilitation of degraded land

Manure is the cheapest and easily accessible nutrient source to improve resources and is regarded as
soil fertility (Gavili et al., 2018). The main sources of manures are pig, duck, sheep, chicken, and
cattle farms. Khan et al. (2017), estimated that about 7 x 10° Mg (mega gram) animal manure is
generated all over the world every year. It is an organic amendment that provides nutrients for crop
production, reloads soil organic matter lost through erosion, and influences chemical, physical, and

biological properties of soil (Larney and Angers, 2012).

Other reports showed manure applications display a decrease in soil bulk density, increase soil water
retention, and improve soil hydraulic properties, soil pH, SOC, N, and P availability (Mikha et al.,
2014). Farmers preferentially apply manure to fields closest to homesteads (home fields), which are
more fertile than fields further away (outfields) (Zingore et al., 2008). Acosta-Martinez et al. (2011)
emphasized the great potential benefits of manure application on eroded land that enhances soil

biogeochemical cycling necessary for agroecosystem production.
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Another report showed that amending degraded soils with organic manure improves soil quality,
especially in urban areas where trees are grown for the rehabilitation of damaged soils (Wiseman et
al., 2012). All taken together, organic amendments with compost, biochar, and others are receiving
attention in the context of restoring disturbed ecosystems soils to improve tree growth and address

environmental degradation.

2.4.3. Cover crops for rehabilitation

Cover crop improves soil quality by improving soil organic matter content. The term “green
manure/cover crop” is coined to describe planting different species of plants, with different habits;
tree, a bush, a vine, a crawling plant or algae, to maintain or improve soil fertility or control weeds
(Altieri and Toledo, 2011). Continuous vegetative cover such as residue mulch and cover cropping

is one of the site-specific techniques of restoring soil quality (Lal, 2015a).

Green manures/cover crops are capable of adding as much as 50 metric tons/hectare (MT/ha) or
more of organic matter (green weight) to the soil each year (Chasek et al., 2015). This organic matter
has various positive effects on the soil, such as recycling nutrients back into the soil, pumping
nutrients up to the soil surface, and improving the soil’s water-holding capacity (Bunch and Kadar,
2004). Cover crops are usually leguminous crops grown to improve soil health by guaranteeing

permanent soil cover by fixing atmospheric nitrogen and adding organic matter to the soil.

Green manures and cover crops serve as mulch to the soil to prevent the soil from wind/water erosion
and moisture loss. Different studies indicated that establishment and management of forage trees
(i.e., Acacia fadherbia) Garrity et al. (2010) and grass-legume mixtures, Muir et al. (2011) improve
health and/or quality of rangeland and agricultural soils, and reduce or reverse land degradation by

increasing biomass content and biodiversity (Veum et al., 2015).
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One study showed that farmers cultivating maize and a legume, Mucuna increased the productivity
of the soil on hillsides of northern Honduras, with a 35% slope and more than 2,000 millimeters of
annual rainfall year by year, without using any other soil conservation practices (Buckles et al.,
1998). This is because the soil is protected from erosion for it is covered by Mucuna 10 months of

the year.

Alfalfa (Medicago sativa L.) is one of the world’s most versatile crops. Growers admire alfalfa for
its high yield, wide adaptation, disease resistance, and excellent feeding quality. Alfalfa makes a
tremendous contribution to world food production, a contribution that often goes unrecognized (Shi
et al., 2017). Alfalfa plays an important role in erosion control, weed suppression, drying wet soils,

nitrogen management and improving soil quality (Dinnes et al., 2002)

Grass pea (Lathyrus sativus L.) is widely cultivated for food and feed in some developing countries
including Ethiopia (Mohammed et al., 2020). Grass pea is one of the pulses suitable for relay
cropping. It has potential among grain legumes for its tolerance to harsh conditions and its
adaptability to unfavorable environments with little disease or insect problems. Grass pea has been
grown as a cover crop, generally cultivating towards the end of the monsoon rice harvest. This
system exploits the ability of grass pea to grow in swampy conditions but also, its drought tolerance,
utilizing residual moisture in the paddy fields and growing to maturity during the dry season (Das,
2000; Nazrul and Shaheb, 2015). Grass pea besides the nutritional benefits, has an important role as
a legume crop in crop rotations, reportedly adding around 67 kgha-1of nitrogen to the soil from
symbiosis with Rhizobium sp. in a single season and conferring yield and protein benefits on the
subsequent non-legume crop (Jennifer, 2003). Generally, on top of this, the application of OAs
showed a better soil fertility increment and cover plants (alfalfa and grass pea) growth parameters

under field and greenhouse experiments (Alemayehu Getahun et al., 2020b).
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2.5. Ecological diversities of PGPR
The growth performance of the bacterial strain’s community depends on the growth properties. Their
phenotypic profiling such as the ability to utilize different C and N sources revealed the metabolic
versatility of the selected strains of the bacteria (Li et al., 2017). Carbon source utilization can
determine the ability of an organism to live symbiotically or saprophytically in the soil (Briickner
and Titgemeyer, 2002). The metabolic capabilities of strains depend on their growth rates and ability

to metabolize specific metabolites (Tzamali et al., 2011).

The metabolic assets of an organism could contribute toward a particular adaptation and therefore
might provide valuable information about bacteria supportive for root colonization (Mazur et al.,
2013). It is suggested that ecophysiological versatile strains are more successful competitors in
extreme environments (Wielbo et al., 2007). Phenotypic profiling is important for understanding
genotype differences, stress responses, media composition, and changes in environmental conditions

for microorganisms (Chojniak et al., 2015).

2.6. Genotypic diversities of PGPR

The molecular techniques are often applied, these days, to investigate the genetic diversity of PGPR
from degraded soil. Polymerase Chain Reaction (PCR)-based genotyping methods are suitable tools
to examine microbial diversity (Jin et al., 2011). The development of molecular biological
techniques such as DNA sequencing, PCR fingerprinting, housekeeping genes, and BOX-PCR
analysis have dramatically changed bacterial taxonomy and phylogeny (Oren and Garrity, 2014).
For phylogenetic analysis, genes used as molecular taxonomic markers should be universal and not
show any mutation to specific conditions Patwardhan et al. (2014), and in this regard, housekeeping

genes are most suitable and useful for strain discrimination and identification of bacteria.
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The evaluation of genetic diversity amongst soil bacteria is also indicated (Hayat et al., 2013;
Upadhyay et al., 2009). The molecular RAPD-PCR technique was used to analyze the genetic
variability among P-solubilizing PGPR. Phylogenetic analysis based on 16S rRNA analysis provided
good discrimination for the better characterization of phosphate solubilizing bacterial isolates at the
species level (Mehta et al., 2015). BOX-PCR resulted in complex amplified banding patterns,
reflecting a high degree of genotypic diversity among the beneficial bacteria. Likewise, the
understanding of the molecular diversity of PGPR can be helpful in the selection of the dominant
types of the bacteria involves in phytobeneficial role which finds their use as biofertilizers (Solanki
et al., 2017). Matos et al. (2005) indicated that microbial communities with greater microbial
diversity would be less susceptible to invasion by pathogens and environmental stresses. Hence, a
complete evaluation of genetic diversity and environmental influence can be useful for the
introduction of new microorganisms into the environment to enhance plant rehabilitation in degraded

land rehabilitation.

2.7. The role of PGPR in other Plant Stress Tolerance

Abiotic stresses are considered to be the main sources of agricultural yield reduction. However, the
intensity of abiotic stress varies depending on the type of soils and plant factors (Nadeem et al.,
2010). Due to their sessile nature, plants have always been confronted with various abiotic and biotic
stresses in their immediate environment. All plants are known to perceive and respond to stress
signals such as drought, soil acidity, heat, salinity, herbivory, and pathogens (Hirt, 2009). PGPR can
improve the growth of crops under abiotic stress conditions and might therefore open new
applications for a sustainable agriculture (Egamberdieva and Kucharova, 2009). Bacteria belonging

to the genera of Rhizobium, Bacillus, Pseudomonas, Paenibacillus, Burkholderia, Achromobacter,
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Azospirillum and many others have been reported to provide tolerance to host plants under different

abiotic stress environments (Grover et al., 2011).

Drought stress is a key factor limiting crop production in the world and an increasing problem under
current climate change. There is renewed interest in rhizosphere microorganisms capable of
ameliorating plant stress via a wide range of mechanisms that span modification of plant hormone
levels and production on bacterial exopolysaccharides (Kaushal and Wani, 2016; Naveed et al.,
2014). Drought is one of the major limitations to food production worldwide and is estimated to have
reduced national cereal production by 9-10% (Lesk et al., 2016). Plants have developed several
mechanisms to cope with drought stress including morphological adaptations, osmotic adjustment,
optimization of water resources, antioxidant systems that diminish the harmful effects of reactive
oxygen species (ROS) linked to drought, and induction of a variety of stress-responsive genes and
proteins (Farooq et al., 2009). To date, creation of drought-tolerant cultivars has been the approach
used to mitigate the negative effects of drought stress on crops and crop yields (Eisenstein, 2013).
The approaches mentioned above overlook the ecological context of the soil environment in which
the crops are grown. Therefore, there is a need for microbial based approaches to mitigate drought
stress. Plant-associated microbial communities currently have received increased attention for

enhancing crop productivity and providing stress resistance (Glick et al., 2007b; Yang et al., 2009).

The effect of PGPR in general and rhizobia specifically on plants under abiotic stress conditions is
the improvement of leaf water status, especially under salinity and drought stress (Ahmad et al.,
2013). Sarma and Saikia (2014) reported that Pseudomonas aeruginosa strain has improved the
growth of Vigna radiata (mung beans) plants under drought conditions. Ahmad et al. (2013)
and Naveed et al. (2014) reported that the stomatal conductance (water vapor exiting through the

stomata leaf) of plant leaf was higher in PGPR inoculated plants than non-PGPR inoculated ones
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under drought conditions. The finding from both studies proves that PGPR-inoculated plants tend to
improve the water-use efficiency of plants. This finding could be beneficial to the environment in
terms of reducing excessive usage of water (Mnasri et al., 2007). These data clearly illustrate the
relationship between the osmotic stress tolerance of the bacterial strain and the efficiency of the
symbiosis. Similar results were reported by Swaine et al. (2007), since they found that a strain of
Bradyrhizobium elkanii isolated from a drought environment was more tolerant to an in vitro osmotic
stress than strains isolated from wet environments. Achromobacter piechaudii ARV8 which
produced ACC deaminase, conferred IST against drought and salt in pepper and tomato (Mayak et
al., 2004). Grover et al. (2014) reported that sorghum plants treated with PGPR, Bacillus spp strain
KB 129 under drought stress showed 24% increase in RWC over plants that were not treated with

PGPR. Similar results have been demonstrated in maize (Naveed et al., 2014).

Salt stressed soils are known to suppress the growth of plants (Paul, 2013). In fact, almost 40% of
the world’s land surface is affected by salinity-related problems (Zahran, 1999). Enhanced salt
tolerance of Zea mays upon co-inoculation with Rhizobium and Pseudomonas is correlated with
decreased electrolyte leakage and maintenance of leaf water contents (Bano and Fatima,
2009). Marulanda et al. (2010) reported that Bacillus megatertum strain inoculated into maize roots
increased the ability of the root to absorb water under the salinity conditions. Gond et al. (2015) also
found similar behavior when Pantoea agglomerans was inoculated into the maize roots. They found
that the ability of the maize root to absorb water in saline conditions has improved. Here, bacteria
that can grow under hypersaline conditions will be better able to colonize the root rhizospheres and
external spaces of roots that are themselves exposed to high salinity conditions. Thus, the strategy
was to first screen the bacterial isolates for their ability to grow under hypersaline

conditions. Gonzalez et al. (2015) used A. brasilense to improve the salt tolerance of the jojoba plant
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during in vitro rooting. Based on the findings obtained, A. brasilense can reduce the undesirable
effects of saline conditions on the jojoba rooting. The bacteria attenuated salinity’s effect on the
rooting ability of the jojoba plant. This indicates that A. brasilense has higher plant tolerance to salt
stress. Increased production of proline along with decreased electrolyte leakage, maintenance of
relative water content of leaves and selective uptake of K ions resulted in salt tolerance in Zea
mays co-inoculated with Rhizobium and Pseudomonas (Bano and Fatima, 2009). Fasciglione et al.
(2015) found that inoculation with Azospirillum sp. not only improves lettuce quality but also
extends the storage life of a lettuce grown under salt stress, which further improves the yield. Yao
et al. (2010) also reported that inoculation with P. putida Rs198 promoted cotton growth and

germination under conditions of salt stress.
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Abstract

Land degradation is an endless challenge in the world including Ethiopia and severely threatens
ecosystem services due to the progressive depletion of soil nutrients. Consequently, rehabilitation of
highly degraded land using organic amendment is enormously vital and an urgent priority issue for
the benefit of all life on Earth. The purpose of this study was to assess the effect of organic
amendments (OAs) application on soil physicochemical properties and determine the growth of
alfalfa and grass pea under greenhouse conditions. Biochar from the coffee husk, compost (recycled
from floriculture), and manure (farmyard manure) was used as OAs. Soil samples were collected
from nine random corners at depth of 30 cm to form a composite sample. The soil samples had sandy
clay loam texture and were deficient in nutrients and organic matter content with acidic pH values.
In each experiment, five different treatments were considered (biochar, compost, manure, mixed,
and control) at a 1:1 ratio of OAs and soil per pot, arranged in a completely randomized design in
triplicate. Similarly, the field experiment was made on a completely randomized block design and
each block contained five 41 x 4 m plots assigned at random within the block and separated by 1 m
walkways. The use of OAs increased soil pH (5.69-8.13), cation exchange capacity (43.78-49.98
cmolc/kg), organic carbon (1.41-2.46%) and organic matter (2.43-3.91%), total nitrogen (0.13-

0.76%), available P (18.9-26.31 ppm) and (iron, Fe, manganese, Mn, copper, Cu and zinc, Zn) in
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comparison to the non-treated soil. Likewise, combined treatment had the largest effect on the
biomass of cover crops with 3.43 g fivefold of the control (0.7 g) in alfalfa and 4.54 g twofold of the
control (2.07 g) in alfalfa and grass pea, respectively p < 0.05. Both in the field and greenhouse
experiment combined application biochar and other organic amendments showed a better soil
fertility increment and plant growth parameters. The study concluded that there is a synergistic effect
in OAs on the soil fertility restoration and plant growth performance indicating the significance of
organic residues be used as a practical alternative option to enhance the rehabilitation of degraded

habitats.

Keywords: Cover crops, Coffee husk, Land degradation, Rehabilitation

3.1. Introduction

Soil fertility is one of the vital ecological elements for the survival of biota and environmental
services which is described by the presence or absence of nutrients that have roles in the conservation
of biodiversity and habitats (Lone et al., 2016). Global land assets are severely threatened due to
degradation and unsustainable land-use practices that need urgent calls to curb the continually

increasing land deterioration in resources poor developing countries.

Rehabilitating degraded land is highly essential for regaining ecosystem services such as biodiversity
renovation that ensures the perpetuation of future generations (Tripathi et al., 2017). The aggravation
of LD and restoration to its original state is one of the pronounced and growing concerns in the world
(Tejada et al., 2010). It takes place in all parts of the terrestrial world and leads to an alteration of
ecological and monetary features due to a reduction in productivity and quality of the land (Naseer

and Pandey, 2018).

The management of LD has been challenged by an increase in population and global climate change.

Degraded lands are the center of attention as the world's demands for food, feed, and fuel are
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increasing whilst the agricultural land base needed for production is shrinking (Lambin and
Meyfroidt, 2011). It has been estimated that LD is severely affecting ~1.5 billion humans and ~12.2
billion hectares of total land the world over (Abhilash et al., 2016). Soil fertility degradation is
certainly regarded as the main food security constraint in Sub-Sahara African countries in general,

and Ethiopia, in particular (Verchot et al., 2007).

Soil erosion, low agricultural productivity, and poverty are too critical and interrelated problems in
the Ethiopian highlands (Yitbarek Tibebe et al., 2012). Highland places are characterized by a high
population, high rainfall, and by sloppy and fragile ecology. It is estimated that ~1 billion tons of
topsoil is lost annually in Ethiopia due to soil erosion (Kirui and Mirzabaev, 2015). In Ethiopia, the
annual costs of land degradation associated with soil erosion and nutrients loss from agricultural and
grazing lands are estimated at $106 million (about 3% of agricultural GDP) from soil and nutrient
losses (Kirui and Mirzabaev, 2016). All these translate to an annual total loss of about $139 million

(about 4% of GDP).

Land restoration efforts have been underway in Ethiopia since the 1970s, and nowadays the country
is dedicated to restoring 15 million hectares of degraded land in 2030 (Pistorius et al., 2017).
Degraded soils regularly contain low organic matter, nutrients, and microbial activity that led to poor
plant establishment (Wong, 2003). Maintenance and enhancement of the quality of degraded lands
are, in essence, dependent upon the improvement of physical, chemical, and biological properties

(Barrow, 2012).

The application of organic materials to degraded soils improves deficiencies in nutrients and organic
matter, soil porosity, and increases microbial biomass to enhance plant establishment (Sohi et al.,
2010). The addition of plant residues, manure, biochar, or compost to soil can have a positive effect

on soil microbial communities and on plant nutrient supply for the proper function of the ecosystems
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that ultimately contribute to the restoration of soil fertility of a given habitat (Suprapta, 2012). There
is increasing interest in amending degraded soils with biochar and other organic matter to enhance
the provision of ecosystem services. They are receiving renewed attention in restoring disturbed soils
and improve plant growth (Cogger, 2005). It is hypothesized that biochar and other amendments on
degraded habitat are an inexpensive solution to increase soil function and accelerate re-vegetation
and improve soil physicochemical characteristics. Hence, the major purpose of this study was to
evaluate the effect of different OAs on the physicochemical properties of soil samples collected from
degraded habitats and to assess also the growth of alfalfa (Medicago sativa) and grass pea (Lathyrus

sativus) on organically amended soils under greenhouse conditions.

3.2. Materials and Methods
3.2.1. Description of the study area

The study was carried out on degraded soils of Central Highlands of North Shewa Zone, Girar Jarso
Woreda, Torbenashe Kebele from September 2016 to May 2018. The experiments were carried out
on soil with a sandy clay loam texture. Global Positioning System (GPS) was used to identify the
geographical locations of the study site (Figure 3.1). The major soils of the North Shewa zone are

Vertisols, Cambisols, Histosols, and Lithosols.

More than 65% of the area is characterized by steep-slopes and a mountainous topography with hills,
valleys, and gorges. Its altitude extends from about 1000 located in Abay gorge in Wara Jarso district
to over 3500 m.a.s.l. located in the Degem district (Meskerem Abi and Degefa Tolossa, 2015).
According to Fiche Station meteorological data, the average rainfall of the Woreda is about 883 mm,
and maximum and minimum rainfall is about 1115mm and 651 mm, respectively. The temperature
of the Woreda ranges from a minimum of 11.5°C to a maximum of 35°C with the average relative

humidity during the year is 62%.
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Data from Woreda agriculture center indicated that cultivated land covers the largest share, 71
percent while grazing land is the second-largest land use pattern that covers 11 percent. About 8
percent of the Woreda’s’ land area is unusable (abandoned) land which is neither cultivated nor
grazed this includes, rugged topography, mountainous, exhausted degraded land areas and 0.65% is
another form of land (Meskerem Abi and Degefa Tolossa, 2015). In the study area, heavy rain started
in June and ends in September and the dry seasons occurred from (October to January) which is

followed by small rain (February to May).
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Figure 3.1. Map of study area

3.2.2. Soil collection
Four kilograms of soil samples were collected randomly from nine corners using zipped plastic bags

from a depth of up to 30 cm and stored at room temperature. Thirty soil samples were collected. The
soil samples were blended completely following a standard procedure (Margesin and Schinner,

2005). The selected properties of the soil samples are listed in (Table 3.1 and 3.2).
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Table 3.1. Physicochemical properties of the soil before organic amendments

Property Unit Mean Values Property Unit Mean Values
Moisture % 9.2 CEC cmolc/Kg  43.78
Depth cm 0-30 Ex. Na cmolc/Kg  0.18
Altitude M 3114 Ex. K cmolc/Kg 0.18
Texture Ex. Ca cmolc/Kg  25.26
Clay content % 31 Ex. Mg cmolc/Kg 12.63
Silt content % 21 Av. K meg/100g 0.14
Sand content % 49 TN % 0.13
Soil class - Sandy clay loam | OM % 243
pH (H20) pH meter  5.69 C:N - 10.92
pH (CaCly) pH meter  5.14 Cu mg/Kg 2.52
EC dS/m 0.25 Fe mg/Kg 38.62
Av. P Ppm 18.9 Zn mg/Kg 0.59
OoC % 1.405 Mn mg/Kg 4.08

Table 3.2. Average physical and chemical properties of applied biochar, compost, and manure
(means = standard deviation, n = 2).

Parameters Biochar Compost Manure P-values
Moisture 2.19°(0.16) 3.13°(0.12) 5.132(0.18) 0.001
pH (H.0) 8.66 (0.41) 8.45%(0.41) 8.47°(0.35) 0.85

EC 4.95(0.21) 1.95%(0.58) 4.942(0.43) 0.01

Na % 1.74°(0.09) 1.817(0.09) 1.985%(0.05) 0.007

K % 0.05% (0.014) 0.09%(0.007) 0.122(0.12) 0.064
Ca% 3.39%(0.19) 1.562 (0.16) 2.36%(0.08) 0.003
Mg % 1.35°(0.0.09) 0.79°(0.09) 2.24%(0.10) 0.0014
Av. K (cmol/kg)  30.7° (1.13) 25.6°(1.74) 37.64(1.56) 0.01
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TN % 1.2%(0.18) 1.63°(0.19) 1.15°(0.05) 0.09

TOC 47.98° (3.88) 22.57° (1.22) 30.97° (1.99) 0.035
Av. P (mg/kg) 1425.4°(17.02) 3238.37°(28.02) 5625.12¢ (14.78) 0.00
Cu mg/kg 11.35b (0.54) 16.65° (0.44) 30.11% (1.04) 0.0003
Fe mg/kg 2102.6° (56.9) 1998.77° (54.87) 1290.05" (2.19) 0.007
Zn mg/kg 102.61¢ (0.75) 82.99° (0.61) 161.1° (0.34) 0.00
Mn mg/kg 138.26% (1.94) 1.31.39% (1.36) 709.95% (01.17) 0.00

EC= electrical conductivity, TN = total nitrogen, TOC= total organic carbon, Av = available. Means
with the same letter across the rows are not significantly different at p < 0.05 with Duncan grouping
using (mean £ SD)

3.2.3. Sources of organic amendments
Biochar (coffee husk), compost (recycled from floriculture) was obtained from Soil & More Ethiopia

(SME), and manure (farmyard manure) was gathered from the farm.

3.2.4. Alfalfa and grass pea seeds

The seeds of alfalfa (Medicago sativa) Peruvien- DZF- 406 cultivar and grass pea (Lathyrus sativus)
of wasse variety were obtained from the Ethiopian Biodiversity Institute (EBI).

3.2.5. Soil and OAs analysis

The composite soil samples and OAs were air-dried, ground, and sieved through 2 mm mesh and
used for soil physicochemical analysis. Soil pH and electrical conductivity (EC) were measured in
soil: water suspension (1:2.5) ratio (Joshi et al., 2009). Cation exchange capacity (CEC) was
determined by Sodium equivalent by Flame Emission Spectrophotometer (FES) (Sahlemedhin
Sertsu and Taye Bekele, 2000). Ammonium acetate (pH=7) was used to extract the exchangeable

cations (Ca, Mg, K, and Na). Exchangeable Ca and Mg were measured by EDTA titrimetric method
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and exchangeable K and Na by Flame Emission Spectrophotometer (Sahlemedhin Sertsu and Taye

Bekele, 2000).

Plant available K was determined by the ammonium acetate (CHsCOONH4) method and the result
was measured by a flame photometer (Bashour and Sayegh, 2007); whilst available P was extracted
by sodium bicarbonate solution as described before (ISO., 1994) and thereafter followed by
spectrometric measurement at 825 nm. Soil organic carbon (OC) and total N (TN) content were
determined by dry combustion methods based on (1SO, 1998; 1SO., 1995) respectively. Soil organic
matter (OM) was calculated by multiplying soil organic carbon by 1.724 assuming an average C
concentration of organic matter of 58%, (%0OM = %0C x 1.724). Micronutrients (Cu, Fe, Mn, and
Zn) were extracted with ammonium bicarbonate di-ethylene tri-amine Penta-acetic acid (DTPA), as
described before (Tan, 1996). The concentrations were analyzed by flame atomic absorption
spectrophotometer (FAAS). Relative percent of soil treated with OAs and that of the control was

determined as:

Treated—Control

x 100

Control

3.2.6. Greenhouse experiments

The seeds of alfalfa and grass pea were surface sterilized with 3% sodium hypochlorite and 70%
ethanol and washed several times with sterilized distilled water from which five seeds were sown at
a depth of 2 cm separately into 3.5 Kg capacity plastic pots filled with 50:50 ratio of OAs and soil
per pot followed by a reduction to three plants 10 days later. The seedlings were thinned down to
three per pot after establishment (10 days). The experiment was arranged in five (5) treatments (Ts):

T1- Biochar, T2- Compost, T3- Manure, T4- Biochar + Compost, T5-Biochar + Manure, T6-
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Compost + Manure, T7- Biochar + Compost + Manure, and T8- Control (Soil only) using standard

methods (Elouear et al., 2016).

All pots were arranged in a randomized complete block design in triplicates in a greenhouse with 12
h photoperiod, day temperature (25+2 "C), and night temperature (17+3 ‘C). Each pot was watered
daily with tap water for 60 days. Shoot height (SH), shoot dry weight (SDW), root dry weight
(RDW), shoot fresh weight (SFW), nodule number (NN), nodule fresh weight (NFW), and nodule

dry weight (NDW) were measured.

3.2.7. Statistical analysis

Mean separation was done using the Duncan multiple grouping of means at a 5% probability level
when the ANOVA showed significant effects on soil physicochemical parameters after biochar and
other organic amendments. Duncan's multiple grouping of means was used to separate the means.
The values were presented as means * standard deviation (SD), where p < 0.05 was considered to
be statistically significant. All statistical analyses were performed using the SAS software package

(version 9.0).

3.3. Results
3.3.1. Effects of OAs on soil physicochemical properties

The amendments with biochar, compost, manure alone, or in combination had affected the
physicochemical properties of soil differently compared to the control (Table 3.3). Soil pH was
dramatically increased in BAS (8.4) with the application of the selected OAs (p < 0.05) compared
to the control (5.69). Among the four amendments, BAS had the greatest impact on pH (8.4)
followed by BCMAS (8.15). BAS, CAS, MAS, and BCMAS increased the soil pH by 2.71, 2.12,

2.26, and 2.46 units obtained by subtracting from the control, respectively. The present result
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indicated that the addition of OAs could increase soil pH. Soil pH increase was in the order of BAS

> BCMAS >CAS > MAS compared to the control.

Compared to the control, OAs increased the total Nitrogen (TN) content in the soil. The largest
increase in soil N was obtained with the biochar application (0.98%) followed by mixed (0.86%),

compost (0.66%), and manure (0.55%) (Table 3.3).

The available P content in the soil increased in each amended soil. The highest available P was found
in BCMAS (28.53 ppm) amended soil, whilst the highest available K contents were recorded from
MAS (2.16 meq/100) after 12 months of the amendment (Table 3.3). The results show a significant
increase in physicochemical properties in all the amended soil samples compared to the control (p <

0.05).
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Table 3.3. The effect of the different OAs on degraded soil physicochemical properties (means * standard deviation, n = 2)

Property
Moisture
EC

pH (H20)
Av. P
CEC

Ex. Na
Ex. K
Ex. Ca
Ex. Mg
Av. K
TN

C:N

Unit

%

dS/m

Ppm

cmolc/Kg
cmolc/Kg
cmolc/Kg
cmolc/Kg
cmolc/Kg
meq/100 g

%

BAS

12.05b (0.92)
0.58¢(0.03)
8.4a (0.33)
26.33a (0.51)
53.55a (0.89)
0.59b (0.11)
0.37a (0.06)
27.66a (1.11)
13.16¢ (0.56)
0.84b (0.33)
0.98a (0.12)

14.93a (0.38)

CAS
12.29b (0.72)
1.24b (0.17)
7.99a (0.15)
24.68ab (0.47)
46.86¢cd (0.61)
0.44b (0.06)
0.22b (0.04)
33.37b (0.66)
16.49b (0.93)
1.11b (0.18)
0.66ab (0.13)

11.85a (0.82)

MAS

12.64ab (0.75)
1.48ab (0.06)
7.96a (0.37)
25.71ab (0.74)
48. 69bc (0.62)
0.89a (0.03)
0.41a (0.03)
30.06a (0.86)
19.61a (0.98)
2.16a (0.09)
0.55b (0.11)

13.9a (0.17)

BCMAS
15.15a (0. 38)
1.24a (0.06)
8.15a (0.55)
28.53a (1.07)
50.82ab (1.89)
0.97a (0.12)
0.42a (0.05)
31.65a (0.95)
20.21a (1.24)
2.13a (0.22)
0.86ab (0.19)

13.32a (1.24)

Total mean

13.03

1.14

8.13

26.31

49.98

0.72

0.35

30.68

17.37

1.56

0.76

13.5

Control

9.2c (1.41)
0.25d (0.07)
5.69b (0.16)
18.9b (2.96)
43.78d (1.19)
0.18c (0.05)
0.18b (0.06)
25.26b (1.36)
12.63¢ (1.17)
0.14c (0.05)
0.13c (0.02)

10.92a (3.75)

Sig.
0.011
0.0006
0.004
0.041
0.002
0.001
0.012
0.003
0.002
0.001
0.007

0.314

BAS= biochar amended soil, CAS = Compost amended soil, MAS = manure amended soil, BCMAS = biochar + compost + manure

amended soil. Means with the same letter are not significantly different at p < 0.05 with Duncan grouping using (mean = SD). Av =

available, CEC= cation exchange capacity, Ex=exchangeable, EC = electrical conductivity, TN = total nitrogen, C: N = carbon to nitrogen

ratio
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The addition of biochar, compost, and manure increased Cu, Fe, Zn, and Mn concentration, as did
the biochar + compost + manure treatments. The concentration of micronutrients was found to be in
the order of Fe >Mn> Cu > Zn in almost all the amended soil of the study site (Figure 3.2). The
corresponding values are 46.84, 46.90, 48.27, 48.77 and 42.50 for Fe, 6.41, 8.06, 8.41, 7.95, 5.85 for
Mn, 3.14, 3.44, 4.25, 3.98, and 2.92 for Cu, 1.08, 1.91, 2.66, 2.30, and 0.58 mg/Kg for Zn in BAS,

CAS, MAS, BCMAS and control plots.
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Figure 3.2. The effect of the different OAs on contents of micronutrients of the degraded soil.

BAS= biochar amended soil, CAS = Compost amended soil, MAS = manure amended soil, BCMAS
= biochar + compost + manure amended soil. Means with the same letter are not significantly
different at p < 0.05 with Duncan grouping using (mean =+ SD).
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3.3.2. Effects of OAs on soil organic matter (OM) and Organic carbon (OC)

Soil OM significantly (p < 0.05) increased with the treatment of OAs were 2.69% in CAS and 4.86%
in BCMAS compared to the control (2.43% Figure 3.3). The OM content increments were 2.28%,
0.26%, 0.96%, and 2.43% in biochar, compost, manure, and mixed treated soil, respectively.
Similarly, OC was 1.63 and 3.075% in CAS and BCMAS, respectively compared to the control

(1.405%; Figure 3.3).
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Figure 3.3. The status of OC and OM of the soil after organic amendments.

BAS= biochar amended soil. CAS = Compost amended soil, MAS = manure amended soil, BCMAS
= biochar + compost + manure amended soil. Means with the same letter are not significantly
different at p < 0.05 with Duncan grouping using (mean = SD). OC = organic carbon, OM = organic
matter

3.3.3. Effects of OAs on CEC and exchangeable cations

In this study, soil CEC was higher in all amended plots than in the control and significantly (p <
0.05) different among the amended plots. Soil CEC was found to be higher in the biochar-amended
plot (53.55 cmolc/kg) followed by mixed amendments (50.82 cmolc/kg) compared to control (43.78

cmoc/kg) treatments (Table 3.3).

Compared to the control, the application of OAs alone or in combination increased the exchangeable

Ca, Mg, K, and Na contents in the soil (Table 3.3). Compared to the biochar, the compost used had
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greater proportions of exchangeable Ca and Mg, 33.37, and 16.49 cmolc/kg, respectively. The
highest exchangeable K and Na content were found in the combined treatment (0.42, 0.97 cmolc/kg,
respectively), while the least was found in the control (0.18 cmolc/kg) (Table 3.3). Among the OAs,
biochar and compost had the lowest value in soil exchangeable Na* and Mg?* compared to other
amendments. If the soil turns into sodium saturated and forms Na-clay, the soil becomes less fertile.
For soluble salts, the addition of OAs had a significant influence on K* (Table 3.3). In the present
finding, the highest increase in exchangeable K* was observed in manure and combinations amended
soils.

3.3.4. Effects of OAs on plant biomass under greenhouse

In the present study, the highest nodule number per plant was measured from BCMAS (118,
111/plant, respectively) in alfalfa and grass pea compared to the control (50, 58/plant, respectively;
(Figure 3.4). Moreover, BAS had the higher nodule numbers (91 and 93) both in alfalfa and grass
pea compared to CAS (77, 69) and MAS (84, 88) treatments both in alfalfa and grass pea,
correspondingly. The OAs application significantly (p < 0.05) increased the biomass of alfalfa and
grass pea. The significant increments were shown in response to the combined application of the
amendments (Figure 3.5, Table 3.4, and 3.5). Among eight amendments, the triple treatments had
the largest effect on the biomass, reaching 3.43 g fivefold of the control (0.7 g) in alfalfa and 4.54 g
twofold of the control (2.07 g) in grass pea (p < 0.05). The effect of single and combined organic
amendments on the growth of alfalfa and grass pea were indicated in (Figures 3.6 and 3.7) as
compared to the control treatment. The figures realized that the combined application of biochar and
other organic amendments showed better growth performance followed by a single application as

compared to the non-amended soil.
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Table 3.4. Growth performance of alfalfa on organic amended soils under greenhouse trials

Paramet BAS CAS MAS BCAS BMAS CMAS BCMAS CONT. p-value
ers

NFW 0.73b +0.09 0.83b +£0.07 0.7b £0.17 0.86b +0.11 0.88b +0.02 0.86b +0.11 1.23a+0.12 0.49c+0.07 0.00002
NDW 0.08b+0.01 0.09 b +0.02 0.08b +0.03 0.1b £0.03 0.09b +0.03 0.12b +0.08 0.29a+0.07 0.05b+0.01 0.00012
SH 72.67ab +10.78 60bcd + 7.81 53 cd +12.77 69.67 abc + 7.37 67 abc + 4.36 53.33 cd £5.51 81.67a+119 47d +3.61 0.0023
SFW 6.30ab + 1.58 10.14a + 2.60 5.26 ab + 1.47 8.29a+0.39 8.74a+6.77 9.59a+0.75 10.27 a+2.88 246b+0.24 0.038
RFW 0.69bc +0.19 1.33a+0.55 0.38c+0.14 0.58bc + 0.07 029c¢+0.16 0.76 abc + 0.40 1.05ab +0.42 0.28 ¢+ 0.09 0.0058
RDW 0.23 ab +0.06 0.25a+0.10 0.26 a+0.07 0.22 ab +0.03 0.23ab+0.11 029a+0.13 0.35a+0.09 0.1b+0.03 0.0986

NFW- nodule fresh weight, NDW- nodule dry weight, SH- shoot height, SFH- shoot fresh weight, RFW- root fresh weight, RDW- root

dry weight. BAS= biochar amended soil, CAS = Compost amended soil, MAS = manure amended soil, BCMAS = biochar + compost +

manure amended soil. Means with the same letter are not significantly different at p < 0.05 with Duncan grouping using (mean * SD).

48



Table 3.5. Growth performance of grass pea on organic amended soils under greenhouse trials.

Parameters BAS CAS MAS BCAS BMAS CMAS BCMAS CONT. P-value.
NFW 0.61 cd +0.09 0.75bc £ 0.08 0.61cd +0.14 0.83 b +0.09 0.77bc £ 0.09 0.83b+0.15 111a+0.14 0.45d +0.07 0.00011
NDW 0.07b+=0.01 0.08 b +0.02 0.07b+0.03 0.12b+0.07 0.07b+0.03 0.12b+0.09 0.28 a+0.07 0.04 ab +0.02 0.0007
SH 83.67 ab +3.78 96.33a+2.89 96a+11.27 91.67a=+10.6 98 a +28.67 96 a+19.08 107.67a+10.02  65.67b+4.04 0.069
SFwW 6.08bc + 0.66 553¢+220 6.99abc * 2.09 7.44 abc +1.23 8.31ab +0.49 8.89a+1.05 9.64a+137 2.89d+0.56 0.00042
RFW 0.15b +0.05 0.14b+0.01 0.13b+0.03 0.17b +0.05 0.19b +0.06 0.16 b+ 0.04 0.4a+0.24 0.11b +0.002 0.0333
RDW 0.07 b £0.02 0.06 b +£0.03 0.07 b £0.02 0.08 ab + 0.02 0.08 ab + 0.02 0.05 b +£0.02 0.12a+0.05 0.03b +0.02 0.0265

BAS= biochar amended soil, CAS = Compost amended soil, MAS = manure amended soil, BCMAS = biochar + compost + manure

amended soil. Means with the same letter are not significantly different at p < 0.05 with Duncan grouping using (mean + SD). NFW-

nodule fresh weight, NDW- nodule dry weight, SH- shoot height, SFH- shoot fresh weight, RFW- root fresh weight, RDW- root dry

weight
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Figure 3.4. Comparison of nodule numbers per plant of alfalfa and grass pea on organically amended
soil.

BAS= biochar amended soil, CAS = Compost amended soil, MAS = manure amended soil, BCMAS
= biochar + compost + manure amended soil. Means with the same letter are not significantly

different at p < 0.05 with Duncan grouping using (mean * SD).
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Figure 3.5. The effect of OAs on the shoot dry weight of alfalfa and grass pea

BAS= biochar amended soil, CAS = Compost amended soil, MAS = manure amended soil, BCMAS
= biochar + compost + manure amended soil. Means with the same letter are not significantly

different at p < 0.05 with Duncan grouping using (mean = SD).
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Single amendments Combined amendments Control treatment

Figure 3.6. The effect of single and combined organic amendments on the growth of alfalfa crop
compared to the control

Control treatment

Figure 3.7.The effect of single and combined OAs on the growth of grass pea crop compared to the
control
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3.4. Discussion

Soil pH is one of the major factors that affect soil chemical processes. The data showed an increase
in soil pH due to the sole application of biochar. This could be attributed to the high pH of the biochar
that contains a large amount of ash with alkaline. The change in soil acidity following OAs as
compared to the control is due to the presence of organic matter that can increase the CEC of the

soil. Hence, as the base saturation increases, the relative amount of acid cations decreases.

Similarly, Silva et al. (2017) showed the application of biochar from rice husk, sorghum silage, and
sawdust increased the soil pH by 0.76, 1.17, and 1.68 units, respectively due to biochar amendment.
The application of biosolids such as animal manure and compost on acid soils increases the soil pH

from 5.16 to 7.19 (Odoemelam and Ajunwa, 2017).

There are also other explanations for changes in pH that include decarboxylation of organic anions
due to decomposition, complexation of free H* and AI** ions with organic ligands, and increased
saturation of soil CEC by Ca?*, Mg?* Na*, and K* added by the wastes (Pavinato and Rosolem,
2008). The increase in TN of the soil after amendments is closely related to the build-up of organic
matter in the soil (Table 3.3). Similarly, Saldafia et al. (2014) reported that the increased TN content
with manure (0.36%), liquid humus (0.31%), and compost (0.31%) amendments. Dodor et al. (2018)
also showed a TN increase due to the application of biochar (1.6 g/kg) and cattle manure (11.6 g/kg)

compared to the control group (0.18 g/kg). Furthermore, it had been reported that the addition of
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organic manures (cow, sheep, and poultry) increased net N released by 42, 25, and 43%, respectively

over the control (Abbasi et al., 2007). The increase of P and K availabilities (adsorption) in organic

amendments might be due to the competition of these cations with Fe and Al ions to the negative

charges of the functional groups of the organic matter in the soil solution (Reynolds et al. (2015).

The authors also showed the application of OA also induces high microbial activity. Nziguheba et

al. (1998) have indicated that OAs may increase P availability, either directly from the

decomposition of organic matter and release of P or indirectly by increasing the amount of soluble

organic acids that increase the rate of desorption of phosphate. Melero et al. (2007) have also

observed that increase in high microbial activity induced by the addition of amendments which

increased P cycling. Moreover, P can be adsorbed by soil colloids, and the mixed OAs can bind

large quantities of macronutrients and thereby reduce their removal from soil by leaching (Withers

et al., 2003). Walker and Bernal (2008) observed poultry that the manure and compost treatments

resulted in significantly increased soil soluble K* probably related to the application of OAs.

The micronutrient availability was more pronounced in the combined amendments which might be

due to their synergistic activities (Mohhammed et al., 2016). Similarly, soil OAs with biochar,

compost, and cattle manure significantly increased the availability of these trace elements in the

range of 6.1- 460 mg/kg Carmo et al. (2016), as compared to 1.08 - 48.77 mg/kg of this finding.
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The present study indicated that the OAs significantly increased the OM and OC contents. The
increase was more pronounced in biochar amended soil (Figure 3.3). Soil OM contents of < 2.0% is
low; 2.1-3.0% is medium and > 3.1% as high as reported by (Odoemelam and Ajunwa, 2017).
Maltas et al. (2018) and Trivedi et al. (2017) have also indicated that organic amendments supplied
25 to 80 % additional C input to the soil. Tejada et al. (2006) concluded that the chemical property
of the OAs decided the effect of amendments on soil OM and OC. Application of farmyard manure

visibly enhanced the soil OC content in various cropping systems (Igbal et al., 2012).

Cation exchange capacity provides buffering against changes in pH, available nutrients, calcium
levels, and soil structure. The reason for high CEC in biochar amended plot is partly due to an
increase in the surface area and charge density on the surface. Nguyen et al. (2018) demonstrated
that biochar resulted in higher soil CEC (29 cmol. kg ™) than the control (25.6 cmolc kg™2). Biochar
from woody materials typically enhances the pH, soil water relations, and CEC and ultimately results
in improved soil fertility (Uzoma et al., 2011). The soil water-holding capacity (WHC) of 20%
biochar amendment soil was 1.9 times as pure as sandy soil. In addition, the incorporation of biochar
did not only ameliorate soil acidity at the beginning but also increased soil pH buffering capacity,
providing suitable soil pH a few months after application (Chang et al., 2021). Cheng et al. (2008)

reported that the addition of biochar during one year raised its CEC from 1.7 to 71 mmol/ kg.
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Applications of composts and manures increase soil fertility and the increase in the short term since
the added organic matter is quickly oxidized to add bases that rapidly leached (Tiessen et al., 1994).
On the contrary, the application of biochar to infertile soil provides long-lasting improvements in
soil fertility (Steiner et al., 2007). Likewise, Chan et al. (2008) reported biochar input promotes
positive changes in soil quality, such as acidity correction, increased CEC. These help greater

nutrients use efficiency and absorption by roots of plants.

The applied OAs increased exchangeable Ca?* contents of soil, which may increase the replacement
of Na" from the exchange sites, thus improving the remediation efficiency of soil (Table 3.3).
Compost had greater proportions of exchangeable Ca and Mg, 162.7, and 22.7 cmolc kg2,
respectively (Mensah and Frimpong, 2018). The increase in the exchangeable bases is a result of
the presence of ash in the biochar helps in the immediate release of mineral nutrients like Ca and K

for crop use (Abebe Nigussie et al., 2012).

Alfalfa and grass pea plants receiving biochar, manure, or compost produced more aerial fresh and
dry biomass. Plants amended with triple combination treatments produced 25% and 29% higher
fresh biomass in alfalfa and grass pea, respectively. The basic reason for the higher symbiotic

nitrogen fixation and root nodule numbers in legumes is attributed to the increased availability of
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the trace nutrients such as boron and molybdenum in biochar. The high C: N ratio of biochar in BAS

might favor the growth of free-living and plant-associated nitrogen-fixing microorganisms.

Moreover, many organic wastes are a source of N, P, Ca, and other elements such as Zn, Cu, and

Mg that are essential to plant growth. A similar study from the greenhouse experiment confirmed

that biochar increased nodule biomass and numbers in legume plants (Guerefia et al., 2015). Mia et

al. (2014) demonstrated that biochar considerably increased the number of plant root nodules in red

clover (Trifolium pratense L.). Benabderrahim et al. (2018) indicated an increase of 21 and 19%

fresh biomass of alfalfa in compost and manure-amended soil, respectively. In this study, application

of compost increase root fresh weight. This might be due to the immediate nutrient release and water

holding capacity. Stuckey and Hudak (2001) reported that, the application of large amounts of

compost (62 ton/ha, filled into the planting holes) doubled the survival rate of Pinus taeda L. and

increased growth by 41%.

The dry weight of the plants significantly increased by 1.31, 1.37, and 1.49 folds with the treatment

of rapeseed meal, manure, and biochar-amended soil compared to the control in wheat biomass

(Yang et al.; Yang et al., 2018).

3.5. Conclusion

This study revealed that the application of biochar, compost, manure alone, or in combination

significantly increased soil pH, total OC, OM, available phosphorus, total nitrogen, CEC, and
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micronutrients in soils. Moreover, mixed application and a single application of biochar, compost,
and manure increased the plant height, root length, dry and fresh matter, nodule numbers in cover
crops (alfalfa and grass pea) under greenhouse conditions. The application of biochar and other
organic amendments can recover soil fertility of degraded land. This study suggests that the
utilization of easily available bio-waste for degraded land reestablishment to benefit the ecosystem

and the community.
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Abstract

Genetic and metabolic properties of rhizobacteria are the fundamental sources for their adaptation
to cope with abiotic and biotic stresses and enhance the growth and health of plants in the soil. Thus,
this study was initiated to assess the genetic and metabolic diversities of rhizobacteria isolated from
plants grown in degraded soil through BOX-PCR and partial sequencing of 16S rRNA genes. A total
of 73 isolates were recovered and subjected to phenotypic profiling of carbohydrate and amino acid
utilization, BOX PCR, and 16S rRNA profiling. The phenotypic profiling showed that metabolic
versatility of 14.29 to 100%. Thus, Ochrobactrum spp, Pseudomonas spp, and Klebsiella spp
expressed remarkable metabolic versatility, and BOX-PCR showed greater discriminatory power for
fingerprinting of rhizobacterial isolates with a high degree of polymorphism. Bacillus spp showed
the highest Simpson’s diversity index of 0.76 of all the isolates; the 16S rRNA genes sequence
assigned the rhizobacteria to phyla Proteobacteria (78.08%) with classes Gammaproteobacteria

(56.16%) and Alphaproteobacteria (21.92%). It also showed that the phylum Firmicutes contributed
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to (21.92%) of the taxon of which the class Bacilli (21.92%). The data also showed that the most

dominant species were Pseudomonas (23%) followed by Ochrobactrum (21%). Genetic and

metabolic diversities of the rhizobacterial isolates reveal the potential of these microbes for plant

growth improvement under water-deficient soil after testing other inoculant traits.

Keywords: BOX PCR, 16S rRNA genes, genomic diversity, nutritional profile, PGPR

4.1. Introduction

Soil is considered a rich reservoir of diverse groups of microorganisms involved in the

biogeochemical cycles, and untapped resources for agricultural and industrial applications (Mhete

et al., 2020). The rhizosphere of plants is the hot spot of microbial activities dominated by bacteria

generally known as rhizobacteria. The rhizobacteria, when reintroduced by plant inoculation in a

soil containing competitive microflora, exert a beneficial effect on plant growth and are termed as

plant growth-promoting rhizobacteria (PGPR) (Schroth and Kloepper, 1978).

Metabolic diversity of rhizobacteria is reduced through intensive land-use, which may have

implications for the resistance of the soils to stress or disturbance (Ding et al., 2013). This results in

losses of characteristic flora and fauna, and may also affect microbial diversity. Hence, need the

selection and exploitation of rhizobacteria for restoration to improve soil fertility, maintain

ecological balance and environmental quality (Zahid, 2015).
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The rhizobacteria enhance plant growth by improving nutrient availability, increasing nutrient

uptake, enhance plant resistance to biotic and abiotic stresses (Mesa et al., 2015). A diverse array

of rhizobacteria is used for maintaining soil fertility that includes Azospirillum, Bacillus,

Burkholderia, Erwinia, Enterobacter, Klebsiella, Paenibacillus, Pantoea, Pseudomonas, Serratia,

and Enterococcus (Solanki et al., 2017; Xing et al., 2016).

A wide-ranging evaluation of genetic and metabolic diversities can be useful for the introduction of

new and useful microorganisms into the environment (Joseph et al., 2012). The metabolic assets of

an organism could contribute towards a particular environmental adaptation (Mazur et al., 2013).

A significant number of studies have been focused on the isolation and identification of microbes by

employing traditional physiological and biochemical methods (Liu et al., 2006). Recently, molecular

methods have been applied as the smartest means to investigate species diversity. Polymerase chain

reaction-based methods such as BOX-PCR and analysis of 16S rRNA genes are appropriate tools to

examine microbial diversity in a wider range of environments (Fakruddin et al., 2013; Srinivasan et

al., 2015). Nowadays, bacterial classification involves techniques to determine both phenotypic and

genotypic characteristics (polyphasic approach).

There is a clear incentive to exploit this microbial diversity to develop functional microbes that could

be used as a targeted bio-tools to boost soil fertility. Thus, the main purpose of this study was to
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assess the genetic and metabolic diversities of culturable indigenous soil bacteria from the

rhizosphere of degraded soil grown woody plants.

4.2. Materials and Methods

4.2.1. Rhizobacteria Isolations and Selection

Rhizosphere soil samples were taken from the rhizosphere of Acacia abyssinica and Junipers

procera grown on degraded soils. The roots were shaken carefully inside plastic bags to separate the

soil from the roots. Rhizobacteria were isolated from different sampling sites Fiche areas, Oromia

National Regional State, Ethiopia and purified using standard methods Wang et al. (2021), and

maintained in culture collection at Addis Ababa University. Totally, 250 rhizobacterial isolates were

identified and were reduced to 80 based on drought tolerance potentials. They were screened for

phenotypic carbohydrate and amino acid profiling and genetic characterization. But seven (7)

isolates come up with poor sequences and the number of isolates is reduced to seventy-three (73).

4.2.2. The phenotypic profiling of carbohydrate and amino acid utilization

The nutritional versatility of the potential rhizobacteria isolates was assessed by their ability to utilize

15 carbohydrate and 7 amino acid sources. Growths of the isolates were checked for each microbe

on the basal mineral salt medium (MSM) constructed for the tests of carbohydrates and amino acids

utilization according to (Zajic and Supplisson, 1972). The carbon sources were adjusted to a final

concentration of 1 g/L to a basal medium containing (per liter of distilled water: 1.8 g KoHPQOg4, 4.0
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g NH4Cl, 0.2 g MgS0O4.7H20, 0.1 g NaCl, 0.01 g FeSO4.7H20, 15 g agar. The amino acids were

added at a concentration of 0.5 g/L to the same basal medium from which NH4CIl was omitted

adjusted to pH 6. 9 (Amarger et al., 1997). All of the substrates were filter sterilized using a

membrane (pore size 0.45 uM, Millipore). The test rhizobacteria were grown overnight in nutrient

broth from which 50 pL of culture was streaked on the MSM agar plates and incubated at 30°C for

72 h. The results were recorded as (+) for growth or (-) for no growth in comparison with the

controls. All the experiments were performed in triplicates.

4.2.3. Genotypic characterization

To prepare 48 puL of PCR mixture, 1.5 pL of both forward and reverse primers, 2 uL of DNA

template, 1.5 pL of 10x Taq PCR buffer, 0.2 pL dNTPs, 1.5 mM MgCl», and 1.5 unit of Tag DNA

polymerase were mixed together. The genotypic characterization was done via 16S rRNA and BOX-

PCR fingerprinting (Ribeiro and Cardoso, 2012; Xavier et al., 2017).

4.2.3.1 Genomic DNA extraction

Extraction of total genomic DNA from all the selected bacterial strains was performed using the

DNeasy Tissue kit (Qiagen, Germany) according to manufacturer’s instructions. Extracted DNA

from pure cultures was used for 16S rRNA genes amplification using a universal primer pair for

forward and reverse (Table 4.1). PCR products were purified with a QlAquick PCR purification kit

(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s instructions. The amplified
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product was sequenced by Sanger sequencing platform using capillary sequencer analyzer (Applied

Biosystems, Brazil) (Paulitsch et al., 2019). The PCR condition is presented in Table 4.2.

Table 4.1. PCR conditions for BOX-PCR and 16S rRNA

Target gene Primer Sequence (5'— 3") Product size  References
16S Forward (fD1) 5-AGAGTTTGATCCTGGCTCAG-3’ 1100-1300 (Weisburg et al.
Reverse (rD1) 5-AAGGAGGTGATC CAGCC-3’ 1990)
BOX BOXAILR 5’CTACGGCAAGGCGACGCTGACG-3 50-5000 (Guir;azu et al.
2013

4.2.3.2. Genetic diversity BOX-PCR Fingerprinting

In BOX-PCR genomic fingerprint, BOXA1R primer was used (Table 4.2). To prepare 25 pL of PCR

mixture, 1 L primers, 2 uL of DNA template, 2.5 uL Taq PCR buffer, 5 uL dNTPs, 1.5 pL MgClo,

and 0.2 U Taq DNA polymerase (Promega) were mixed. The PCR reaction was carried out according

to the condition in Table 4.1. The PCR products were separated in 1.5% agarose gel with 1 kb DNA

ladder (Invitrogen). Then, the gel was stained with ethidium bromide and viewed under a UV

transilluminator (Loccus, Brazil).

The DNA band patterns were analyzed and a dendrogram was generated for each isolate by using

Bionumerics 7.3 software program (Applied Mathematics, Brazil) by applying the UPGMA

algorithm (Unweighted Pair-Group Method with Arithmetic mean) and the Jaccard’s coefficient

with 3% of tolerance (Sneath and Sokal, 1973). Differences among strains were assessed visually

based on the banding patterns of PCR products.
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Simpson’s Index of Diversity, D, was also calculated. The discriminating power of this typing

method was calculated by using Simpson’s Index of Diversity, D (Hunter and Gaston, 1988). The

higher the discriminatory index, the greater the effectiveness of a particular fingerprinting method

to discriminate different strains (Yoke-Kqueen et al., 2013). This index was given by the following

equation:

Where N is the total number of strains in the sample population, ni denotes the number of strains

belonging to the ith type.

Table 4.2. PCR conditions for BOX-PCR and 16S rRNA

BOX-PCR
PCR steps Temperature (°C) Duration (min/sec) Cycle
Initial denaturation 95 7 -
Denaturation 94 1
Annealing 53 1
Elongation 65 8 30
Final elongation 65 16' -
16S rRNA
Initial denaturation 95 2'
Denaturation 94 15"
Annealing 55 45" 30
Elongation 72 2'
Final elongation 72 5
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Sequences and accession numbers were deposited in the Gene Bank database (NCBI) and received

accession numbers MN005961-MNO006030 for 16S rRNA sequences. The accession numbers are

listed in parentheses in the phylogenetic trees. Four phylogenetic trees were constructed for both

Gram-positive and Gram-negative rhizobacterial strains.

4.2.4. Statistical Data Analysis

The carbohydrates and amino acids utilization pattern of rhizobacterial isolates was tabulated using

percentages. BOX-PCR dendrogram was established using Bionumerics software (v.7.0.2) (Sneath

and Sokal, 1973). All phylogenetic analyses were performed with the software MEGA 7 (Tamura

et al., 2013). Pairwise and multiple sequence alignments were generated with Clustal W (Larkin et

al., 2007). Tamura 3-parameter model Tamura et al. (2013) with G+I Tamura (1992) was used to

determine the 16S rRNA phylogenies.

4.3. Results

6.3.1. Carbohydrates and Amino acids Utilization

A total of 73 isolates were tested for phenotypic profiling of carbohydrate and amino acid utilization

patterns. All isolates were diversified into nine genera; Ochrobactrum, (28% of the isolates)

Enterococcus (14%), Klebsiella (14%), Pseudomonas (14%), Serratia (10%), Bacillus (5%),

Morganella (5%), Paenibacillus (5%), and Agrobacterium (5%) (Table 4.3).
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Isolates utilized 15 of the carbohydrates tested (100%) (data not shown); whereas only 36.36% of
the isolates utilized all the nitrogen sources (Table 4.3), indicating that they were more versatile to
utilize carbohydrates than they were to nitrogen sources. Among representative isolates from six
genera; Enterococcus PS-4, Ochrobactrum RS-70, Ochrobactrum RS-76, Ochrobactrum RS-77,
Agrobacterium RS-79, Pseudomonas FB-49, Klebsiella PS-2, and Serratia RS-73 utilized all the
tested carbohydrate and nitrogen sources indicating the dominance of Ochrobactrum in substrate

utilization.
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Table 4.3. Amino acids utilization patterns of some selected rhizobacterial isolates

Amino acid sources

S. No. Strains Asparagine Arginine Valine Isoleucine Serine Tryptophan Glycine Total (%)
1 Enterococcus PS-4 aF aF aF I T T T 100
2 Agrobacterium RS-79 + + + + + + + 100
3 Ochrobactrum RS-70 A A A + T + T 100
4 Ochrobactrum RS-76 + + + + + + + 100
5 Ochrobactrum RS-77 A A A + T + T 100
6 Pseudomonas FB-49 + + + + + + + 100
7 Klebsiella PS-2 A A A + A + A 100

8 Serratia RS-73 + + + + + + + 100
9 Bacillus BS-47 + + + + + - - 71.43
10 Enterococcus PS-5 + + + - - - + 57.14
11 Enterococcus PS-9 + + + + + - + 85.71

12 Paenibacillus FB-50 57.14

+
1
1
+
+
1
+
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13 Ochrobactrum RS-58 + + + + + - + 85.71

14 Ochrobactrum RS-59 + + - + + - - 57.14
15 Ochrobactrum RS-68 + + + + + - + 85.71
16 Ochrobactrum RS-72 + + + + + + - 85.71
17 Pseudomonas BS-52 + + + + + - + 85.71
18 Pseudomonas BS-41 + + + + + - + 85.71
19 Klebsiella PS-1 + + + + + + - 85.71
20 Klebsiella PS-3 + + + + + - + 85.71
21 Morganella PS-13 + + + + + + - 85.71
22 Serratia PS-54 + + + + + - + 85.71

"+" and "-” = show bacterial growth on Nitrogen supplemented sources and no bacterial growth on N supplemented sources respectively
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4.3.2. Genotypic Diversity

The BOX PCR fingerprint showed a significant genetic diversity of the rhizobacterial isolates

(Figure 4.1). The dominance pattern was different from phenotypic profiling based on C and N

utilization. Thus, Bacillus species showed the highest diversity (D = 0.762) followed by

Paenibacillus, Klebsiella, and Pantoea with D = 0.667 and Serratia (D = 0.607) values. The overall

Simpson's Index of the diversity of the current study indicated a greater bacterial diversity (D =

0.883; Table 4.4).

Table 4.4. The Simpson genetic diversity index (D) of rhizobacterial isolates from degraded soil

Genus Number (n) n(n-1) D Percent (%)
Bacillus 7 42 0.762 76
Enterococcus 6 30 0 NA
Paenibacillus 3 6 0.667 67
Agrobacterium 1 0 NA NA
Ochrobactrum 15 210 0.133 13
Acinetobacter 1 0 NA NA
Pseudomonas 17 272 0.426 43
Klebsiella 3 6 0.667 67
Morganella 9 72 0 NA
Pantoea 3 6 0.667 67
Serratia 8 56 0.607 61
Unidentified 7 42 NA NA
Total (N) 80 470 0.883 88

NA = not applicable
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4.3.3. BOX-PCR Fingerprinting

The dendrogram displaying the distance relationships between the strains is shown in Figure 4.1. At

a distance of 0.70, eleven clusters were shown (I to XI). The banding pattern of BOX-PCR

amplification yielded 5-24 bands (Figure 4.1). BS-35 strain displayed the highest number of bands

(n=24), while BS-28 strain showed the lowest number of bands (n=5). Strains RS-70/RS-74, RS-

72/RS-77, RS-60/RS-61, and BS-24/BS-41 had identical profiles. Moreover, strains BS-43/BS-

53/BS-45 showed an identical profile. On the other hand, the largest number of strains; PS-10, RS-

79, PS-55, BS-46, BS-27, PS-34, BS-31, BS-7, PS-13, BS-30, and BS-28 exhibited unique BOX

PCR genomic profiles.
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Figure 4.1. Dendrogram of similarity based on BOX-PCR profiles of rhizobacterial isolates those
strains marked in red indicate unique genomic profiles
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4.3.4. The 16S rRNA phylogeny of the rhizobacteria

In this study, the 16S rRNA sequence confirmed that Proteobacteria (78.08%) and Firmicutes
(21.92%) were the dominant bacterial phyla isolated from the study site. The two phyla belonged to
three major taxonomic classes, namely, Alphaproteobacteria, Bacilli, and Gammaproteobacteria

where the latter was most dominant (56.16%) of the other groups (21.92% each) (Figure 4.2).

Values in %

20
10
0

Bacilli Alphaproteobacteria ~ Gammaproteobacteria
Class representation of PGPR isolates

Figure 4.2. A class representation of each PGPR isolated from degraded land

The genotypic relationships of the gram-positive genera with closely related species are indicated in

Figure 4.3.
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Figure 4.3. Phylogenetic tree of 16S rRNA gene sequences of Gram-positive rhizobacteria from
degraded soil and some of their closest phylogenetic relatives using the Neighbor-Joining method.

The numbers on the tree indicate the percentages of bootstrap sampling derived from 1000
replications. Xanthobacter autotrophics Py2 (NC-009720.1) species was used for out grouping

The genus Agrobacterium with 100% similarity with A. tumefaciens, and Ochrobactrum with 100%

similarity (Figure 4.4). Sequences of the isolates affiliated to O. intermedium (n = 6) were more

polymorphic with 100 % identity, while isolates belonged to O. ciceri (n =8) had a 100% similarity.

Sequence similarity among O. anthropi, O. ciceri and O. intermedium was 98% (Figure 4.4).
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Figure 4.4. Phylogenetic tree of 16S rRNA gene sequences of Gram-negative rhizobacteria and some
of their closest phylogenetic relatives using the Neighbor-Joining method.

The numbers on the tree indicate the percentages of bootstrap sampling derived from 1000
replications. Xanthobacter autotrophics Py2 (NC-009720.1) species was used for out grouping

In this study, Pseudomonas showed the most dominant genus (Figure 4.5). Strain BS-19 was

grouped as Pseudomonas fulva with 96% similarity, while the majority of the strains were classified

under Pseudomonas para fulva with 96% identity. Moreover, strain BS-26 fell under Pseudomonas

putida with 96% similarity, while the strains FB-49 and RS-75 showed 98% similarity with

Pseudomonas fluorescens. The strain BS-27 was another single genus of which had 99% similarity

with Acinetobacter calcoaceticus (Figure 4.5).
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Figure 4.5. Phylogenetic tree of 16S rRNA gene sequences of Gram-negative rhizobacteria and some
of their closest phylogenetic relatives using the Neighbor-Joining method.

The numbers on the tree indicate the percentages of bootstrap sampling derived from 1000
replications. Bradyrhizobium diazoeficiens USDA 110 species was used for out grouping

The genus Morganella, Serratia, Klebsiella, and Pantoea were also Gram-negative rhizobacterial

groups (Figure 4.6). The genus Morganella is the third dominant genus in this study. Accordingly,

all of the strains under the genus Morganella had 99% similarity with Morganella morganii (Figure

4.6). The isolates BS-20 and RS-65 are grouped under Serratia marcescens. The remaining strains

were classified under Serratia grimesii with 99% identity. Similarly, other genera of Klebsiella and
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Pantoea had similarity indices with Klebsiella michiganensis and Pantoea agglomerans,

respectively (Figure 4.6).
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Figure 4.6. Phylogenetic tree of 16S rRNA gene sequences of Gram-negative rhizobacteria and some
of their closest phylogenetic relatives using the Neighbor-Joining method.

The numbers on the tree indicate the percentages of bootstrap sampling derived from 1000
replications. Bradyrhizobium diazoeficiens USDA 110 species was used for out grouping
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The 16S rRNA gene sequence analysis showed the diversity of the 73 rhizobacteria isolates into

different genera with 92-100% similarity indices (Table 4.5).

In general, the rhizobacterial isolates were diversified into 11 genera dominated by the genus

Pseudomonas containing 17 isolates, followed by Ochrobactrum (15 isolates; Figure 4.7). But one

isolate from Pseudomonas and two isolates from Ochrobactrum failed to get accession number and

do not incorporated in the table. The genus Morganella, Serratia, Bacillus, and Enterococcus

consisted of 9, 8, 7, and 6 isolates, respectively. (Figure 4.7, Table 4.5). These six genera constituted

more than 85% of the population of the rhizobacteria recovered from degraded sampling sites (Table

4.5). Although the genus Pseudomonas was diversified into five species; P. fulva, P. putida, P.

protogens, P. fluorescens, and P. plecoglossicida, the most dominant species was P. fulva that

contained 75% of the population. The next dominant genus, Ochrobactrum also was diversified into

O. intermedium and O anthropi; where the former constitutes more than 90% of the population.

The genus Morganella was the third most widely distributed group represented by the only species;

M. morganii which showed the same pattern as the genus Enterococcus that contained the only

species; Enterococcus gallinarum. The Gm positive genera; Bacillus (B. cereus, B. thuringensis, and

B. anthracis) and Paenibacillus (P. odorifer and P. polymyxa) were more diversified than the other

dominant gm negative genera, except Pseudomonas and Serratia, and the minor group Klebsiella
Table 4.5. Summary table of the diversity of the isolates into their respective species and strains
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Isolate Closely related to Accession 0 0% No isolates
description o
Gene identity | Query coverage
BS 22 Bacillus anthracis CP033795.1 100 100 1
BS 29 Bacillus cereus AY853168.1 100 99 1
BS 37 Bacillus cereus AJ539175.1 99 99 1
BS 45 Bacillus thuringensis KX641526.1 99 100 2
PS 4 Enterococcus gallinarum CP033740.1 99 100 4
PS 11 Enterococcus gallinarum JF915769.1 92 99 2
BS 51 Paenibacillus polymyxa CP006872.1 100 100 1
BS 30 Paenibacillus odorifer CP009281.1 100 100 1
FB 50 Paenibacillus polymyxa CP025957.1 100 100 1
RS 71 Agrobacterium tumefaciens CP033032.1 99 100 1
RS 58 Ochrobactrum intermedium KC146415.1 100 99 4
RS 60 Ochrobactrum intermedium AJ242582.2 99 99 8
RS 76 Ochrobactrum antropi KC146415.2 100 100 1
BS 27 Acinetobacter calcoaceticus KC257031.1 99 99 1
BS 19 Pseudomonas putida CP025262.1 99 99 1
BS 21 Pseudomonas fulva CP014025.1 100 99 12
BS 26 Pseudomonas MF281997.1 99 100 1
plecoglossicida

RS 75 Pseudomonas protogens MK182884.1 99 100 1
FB 49 Pseudomonas fluorescens KY228953.1 100 100 1
PS1 Klebsiella michiganensis CP033824.1 99 99 2
PS 3 Klebsiella oxytoca CP033824.2 99 99 1
BS 46 Morganella morganii CP032295.1 99 99 8
PS 13 Morganella morganii HQ774675.1 99 100 1
BS 35 Pantoea vagans CP014129.2 99 99 2
BS 20 Serratia grimesii CP033162.1 99 100 4
BS 42 Serratia grimesii MG972923.1 100 100 1
PS 54 Serratia fonticola LR134492.1 99 100 2
RS 65 Serratia marcescens CP021164.1 99 99 1

2%

M Acinetobacter

B Agrobacterium
Bacillus

B Enterococcus

B Klebsiella

B Morganella
Ochrobactrum

M Paenibacillus
Pantoea

B Pseudomonas

M Serratia

Figure 4.7. Distribution of rhizobacteria (genus level) identified by 16S rRNA genes sequencing.
Values indicate percentages of strains belonging to each genus amongst the 73 identified strains.
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4.4. Discussion

The rhizobacteria strain presents high metabolic diversities and can utilize all the carbohydrates

(26.67 to 100%) and fewer amino acids (14. 28 to 100%) data not shown as it is long Table. This

indicates that these rhizobacteria showed remarkable ecophysiological properties to utilize diverse

biomolecules under a highly nutrient deficient environment. The ability to metabolize various carbon

and amino acid sources is an indication that these isolates have numerous enzymes to hydrolyze

available biomolecules as an energy source to survive under stressful habitats. This may play a

significant role in the survival of the rhizobacteria to improve plant growth and yield even in hardy

environments (Braga et al., 2018).

The ability of rhizobacteria to utilize diverse organic substrates can be considered as an important

trait for rhizosphere competence to make them a good candidate for the development of inoculants

(Nannipieri et al., 2003). Deng et al. (2011) reported that biomolecules exploitation can permit

greater insight into the ecology and metabolism of microbial species and fundamentally essential in

determining the functionality of that particular environment. Metabolic diversity profiling showed

considerable diversity indices (Chojniak et al., 2015). There is a plethora of information on

microbial diversity in a vast range of environments (Escalas et al., 2019).

In this study, the most differentiating DNA patterns for all rhizobacteria were obtained by using

BOX - PCR that resulted in complex banding patterns, reflecting a high degree of genotypic diversity
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among them (Menna et al., 2009). The taxonomic data showed that BOX-PCR polymorphism

patterns have been effectively used for the differentiation of bacterial strains (Louws et al., 1994).

In this study, the highest diversity index was recorded from Bacillus species that may indicate their

ability to form resistant spores to adapt to that particular degraded environment. Simpson's Index

gives more weight to the more abundant species in a sample. A similar result of Simpson’s Index

of Diversity (D) of BOX-PCR (0.888) was reported for Listeria spp. and Listeria monocytogenes

(Maurice Bilung et al., 2018). Moreover, the genotypic diversity in Bacillus spp was reported using

BOX PCR patterns (Koberl et al., 2011).

In this study, two major phyla and 11 genera of rhizobacteria were identified with 92-100% similarity

indices and confirmed by lower E-values. The genera Pseudomonas and Ochrobactrum were the

dominant groups in the phylum Proteobacteria was dominated herby contributing where the two

genera 44% of the total population of the rhizobacteria. On the other hand, Firmicutes constituted

the genera Bacillus and Enterococcus. Some Gram-positive genera of Bacillus, Enterococcus, and

Paenibacillus were characterized. The dominance of Proteobacteria is of great importance to global

carbon, nitrogen, and sulfur cycling to ensure sustainable biogeochemical cycling processes

(Itdvaara et al., 2016). The authors reported that Proteobacteria constitutes the largest and

phenotypically most diverse and considered a dominant microbial clade.
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Similar to this finding, Proteobacteria (25.10%) and Firmicutes (24.8%) were reported as the most

abundant from the Taklamakan desert, in Asia (China) (An et al., 2013). In another Asian desert,

the Gobi Desert, confirming the dominance of Firmicutes (69.9 %) and Proteobacteria (12.2%) phyla

(An et al., 2013). In the dry soil, Ochrobactrum sp. was the most abundant (79%) genus while

Bacillus and Paenibacillus were found (5%) from some medicinal plants (Kéberl et al., 2011).

In contrast, in pine forest soil, 29.41% and 35.29% Proteobacteria and Firmicutes phyla were

distributed (Flores-Nufiez et al., 2018). Pseudomonas (six species) and Bacillus (four species) were

identified from wild Coffea arabica while Ochrobactrum and Serratia were also identified as single

species (Diriba Muleta et al., 2009). Another study indicated bacterial diversity isolated from kauri

(Agathis australis) forest with exotic pine (Pinus radiata) plantation forest showed Simpson's

diversity index of 0.98 (Byers et al., 2020).

A higher genetic divergence was evident in the O. intermedium than that of O. anthropic. Based on

phenotypic characteristics, the genus Ochrobactrum could be related to the genera Alcaligenes,

Achromobacter, or the members of Pseudomonadaceae. However, molecular taxonomy places

Ochrobactrum in the a-subgroup of proteobacteria that closely related to the genus Brucella

(Velasco et al., 1998). Surprisingly, 16S rDNA-based phylogeny as well as protein profiling Velasco
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et al. (1998) and AFLP analysis Leal-Klevezas et al. (2005) placed O. intermedium strains closer to

Brucella spp. than any other members of the genus Ochrobactrum.

Even though there is no generally accepted cut-off value for the bacterial species delineation, a 97%

similarity level in 16S rDNA has been proposed (Stackebrandt and Geobel, 1994). According to

this value, O. anthropic and O. intermedium were not separated. Although Ochrobactrum

intermedium is currently reported as opportunistic pathogens in humans Teyssier et al. (2005), there

are some reports on the presence of Ochrobactrum spp. from different environments including soil.

Huber et al. (2010), the rhizosphere and in internal root tissues of different plants (Trujillo et al.,

2005). Some nodulating species of Ochrobactrum spp. have been described that form nodules on

Acacia Ngom et al. (2004) and Lupinus (Trujillo et al., 2005). O. intermedium increased seed

germination, root and shoot length, and grain yield in lentil (Lens esculenta) (Faisal, 2013). The first

plant promoting roles of O. intermedium was reported as it increases the peanut shoot and root height

as well as dry weight (Paulucci et al., 2015). Moreover, in vitro studies confirmed that Ochrobactrum

spp. and others were the most important isolates to act as potential biofertilizers, biocontrol agents,

or both (Diriba Muleta, 2007).

In this study, some strains of Morganella were recovered from degraded soil. A previous study

showed that an endophytic M. morganii was reported to be effective when applied to the seeds with
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significantly higher plant growth promotion than the control (Shiomi, 2007). This may be associated

with the gene encoding for acid phosphatases. In earlier investigations, several acid phosphatase

genes have been isolated and characterized from Gram-negative bacteria (Rossolini et al., 1998).

Similarly, the acpA gene isolated from Francisella tularensis expressed an acid phosphatase with

optimum action at pH 6 with a wide range of substrate specificity (Reilly et al., 1996). Similarly, the

napA phosphatase gene from the soil bacterium M. morganii was transferred to Burkholderia

cepacia I1S-16, a strain used as a biofertilizer using the broad-host-range vector pRK293 (Fraga et

al., 2001). Generally, the current study showed degraded soil could harbor metabolically and

genetically diverse rhizobacteria. This could help to adapt to harsh environments and be involved in

plant growth-promoting activities is an implication for potential source for inocula development.

4.5. Conclusion

Degraded soil harbored metabolically diverse rhizobacterial genera of Ochrobactrum and

Pseudomonas taking the leading position. BOX-PCR showed a better discriminatory power and

differentiating DNA patterns for all strains and revealed high genotypic diversity. Based on the

genotyping analysis, PGPR isolates were heterogeneous with a high index of genetic diversity.
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Chapter 5

5. Taxonomic and Functional Diversity of Plant Growth Promoting Rhizobacteria to Enhance
the Growth of Seedlings of Acacia (Acacia abyssinica Hochst. ex Benth) on Soils Collected from

Degraded Habitat under Greenhouse Conditions

Alemayehu Getahun?, Fassil Assefal, Solomon Kiros?, Mariangela Hungria®, Diriba Muleta®

College of Natural and Computational Sciences, Addis Ababa University, Ethiopia
?AddisAbaba Institute of Technology, Addis Ababa University, Ethiopia
3Embrapa Soja, C.P. 231, Londrina, PR 86001-970, Brazil

Abstract

Drought stress (DS) is one of the most important factors that affect the ecological balance of a
particular habitat. This is particularly severe in degraded soil where plant and microbial diversity
have been lost which makes restoration very difficult. Plant growth-promoting rhizobacteria (PGPR)
are one of the most important groups necessary to support the restoration of plants in a certain habitat.
The search for potential PGPR capable of enhancing plant tolerance to drought stress is all the more
important to rehabilitate degraded lands with plants. This study evaluated the effect of inoculating
Acacia abyssinica seedlings with PGPR isolated from degraded sandy clay loam soil of Ethiopia,
aiming at their use to enhance DS tolerance. The strains were selected based on in vitro assays
associated with tolerance to drought and other beneficial traits such as salinity, acidity, temperature,
heavy metal tolerances, and biofilm formation. The strains with the best DS tolerance ability were
selected for the greenhouse trials with acacia plants. The results indicate that out of 73 isolates, 10
(14%) were highly tolerant of 40% polyethylene glycol. Moreover, 37% of the isolates were strong
biofilm producers. Isolates PS-16 and RS-79 showed tolerance to 11% NaCl. All the strains were

able to grow in wider ranges of pH (4-10), temperature (15-45°C), and showed variations in
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resistance to the tested heavy metals ranging between 50% and 100%. The inoculated bacterial
isolates significantly (p < 0.05) increased root and shoot length and dry biomass of acacia plants.
Inoculation with bacterial consortia had significantly (p < 0.05) enhanced plant biomass 57.3 cm,
19.3 cm, 2.1 g, 0.8 g, and 16.7 in SH, RL, SDW, and RDW and number of leaves per plant,
respectively compared to non-inoculated control. The inoculation of the different rhizobacteria
showed a significant difference in shoot dry weight (SDW) ranging from 1.5 g/pot to 2.9 g/pot (mean
1.93 g/pot) under normal conditions. Under stress conditions, the shoot dry matter yield was within
the range of 1.1 g/pot-1.8 g/pot (mean 1.44 g/pot) with an overall reduction of 25%. One of the
isolates identified as P. fluorescens was outstanding in enhancing DS tolerance compared to the
single inoculants and comparable to consortia. Stress tolerant PGPR could be used to enhance Acacia

DS tolerance after testing other beneficial traits.

Keywords: Beneficial microbes, Fabaceae, Greenhouse, Inoculation, Stresses alleviations

5.1. Introduction

Land degradation severely affects the ecological stability of a given habitat Glick (2014), and

increases episodes of drought, salinity, toxicity by heavy metals, soil acidity (Ma et al., 2019).

Drought stress (DS) is the most impacting phenomena that affect ecological integrity caused by loss

of plant and soil microbial diversity, soil fertility and ultimately result in poor agricultural

productivity (Khan et al., 2019). Soil bacteria inhabiting salty and arid ecosystems have the potential

to promote plant growth under salinity and drought conditions (Mapelli et al., 2013). Successful
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deployment of PGPR in stressed ecosystems depends on their ability to withstand and proliferate

under adverse environments (Gopalakrishnan et al., 2015).

Plants have evolved different mechanisms to mitigate DS, including a series of molecular, cellular,

and physiological adaptations (Saleem et al., 2018). Chodak et al. (2015) call for urgent intervention

measures using innovative and eco-friendly approaches. Hence, integrating drought-tolerant

beneficial microbes as a component of ecological systems to enhance plant drought tolerance might

represent an interesting strategy to improve environmental integrity and stability. Bashan et al.

(2014) described that the interactions between microbes and plants for enhancing plant stress

resistance stimulated great interests among researchers. At the moment, efforts have been focused

on harnessing the potential of phytobeneficial soil microbes to enhance crop production and

environmental rehabilitation to combat the negative impacts of drought (Kaushal, 2019). The

positive influence of PGPR on conferring resistance to DS in many crops and trees have been

reported (Bashan et al., 2014).

Microorganisms also confer tolerance and survival by different inherent characters that include the

formation of microbial biofilm and exopolysaccharides for protection from external stress and to

decrease microbial competition and increase soil aggregation (Asari, 2015). Sandhya et al. (2010)

have been documented the remarkable potential of many PGPR genera including Klebsiella,
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Pseudomonas, Acinetobacter, Paenibacillus and Bacillus in enhancing plant stress tolerance in

dryland areas. Plant growth promoting rhizobacteria can enhance plant stress tolerance by an array

of mechanisms that encompass the production of ACC deaminase Gou et al. (2015), regulation of

the hormonal balance of cytokinins (Shilev, 2013). Screening for stress tolerance is an important

parameter while selecting bacterial strains for the development of biofertilizers since the

performance of PGPR is constrained by environmental stresses including temperature, desiccation,

pH, alkalinity/acidity and salinity in the soil (Das et al., 2015). Due to their multiple traits, the search

for suitable and rhizosphere competent PGPR becomes interesting, once they can be used as

inoculants for bio-fertilization, phytostimulation, and bio-control purposes in agriculture, forestry,

and environmental rehabilitation.

Acacia is highly used for conserving and improving degraded soils and landscapes. Therefore, the

selection of stress-tolerant bacterial strains might be critical for improving field performance of

potent microbial strains. Hence, this work aimed to identify and characterize PGPR isolates that

could enhance stress tolerance by promoting the growth of Acacia seedlings.

5.2. Materials and Methods

5.2.1. Rhizobacteria Growth Conditions and Identification
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Rhizobacterial isolates were isolated from the woody plants described above in Chapter 4 and

deposited at culture collection of the Addis Ababa University at the Department of Microbial

Cellular and Molecular (MCMB) that had been previously collected, properly identified (genetic),

and deposited in gene banks elsewhere (Table 5.1) (Alemayehu Getahun et al., 2020c).

Table 5.1. Plant-growth promoting rhizobacteria (PGPR) isolates tested for their drought stress (DS)
capacity under in vitro conditions. Their closest species identity based on the 16S rRNA gene
sequencing analysis

Isolate  The closest relatives Best match Query % Gene bank
code cover (%)  Similarity
ID (NCBI) accessions

BS-45 Bacillus thuringiensis CP021436.1 100 100 MNO005965
PS-16  Enterococcus gallinarum JF915769.1 99 99 MNO005973
FB-50 Paenibacillus polymyxa CP025957.1 100 100 MNO005976
RS-79  Agrobacterium tumefaciens  CP033032.1 100 99 MNO005977
RS-72  Ochrobactrum intermedium  KC146415.1 100 100 MNO005988
BS-27  Acinetobacter calcoaceticus KC257031.1 99 99 MNO005992
BS-19 Pseudomonas putida CP025262.1 99 99 MNO005993
FB-49 Pseudomonas fluorescens KY228953.1 100 100 MNO006008
PS-6 Morganella morganii CP032295.1 100 99 MNO006013
RS-65  Serratia marcescens CP021164.1 99 99 MNO006026

5.2.2. Screening Drought Stress (DS) Tolerant of PGPR

The rhizobacteria were screened for potential tolerance to drought (DS) using polyethylene glycol
(PEG) and for their plant growth-promoting properties using standard methods. The twenty-two
genetically identified isolates were tested for in vitro plant growth promoting traits and drought

tolerance (osmotic stress) following the method of Alikhani and Mohamadi (2010). Thus, 1 mL of
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the bacterial culture at the concentration of 1x107/mL was inoculated into Tryptic Soya Broth (TSB)
g/L: pancreatic digest of casein 17; a peptic digest of soya bean meal 3; sodium chloride 5; dextrose
2.5 and dibasic potassium phosphate 2.5; 40% of polyethylene glycol- to adjust the osmotic pressure
at 1.76 MPa into the medium and incubated, at 28+2°C for 24 h and OD was recorded after 3 days.
The OD values of drought tolerance were determined as: Highly Sensitive OD < 0.3; Sensitive OD

= (0.3-0.39); Tolerant OD = (0.4-0.5) and Highly Tolerant OD > 0.5.
5.2.3. Qualitative and quantitative assay for biofilm formation

5.2.3.1. Plate Method (PM)

The ability to produce biofilm was tested using the method of Mathur et al. (2006). Thus, eighteen
hours old bacterial cultures were streaked on the Congo Red Agar (CRA) plates containing (g/L):
brain heart infusion broth, 37; sucrose, 5, agar, 10; Congo red dye, 0.8 and incubated at 28 +2°C for

24-48 h. Black colonies with a dry crystalline consistency indicate biofilm production.

5.2.3.2. Tube Method (TM)

Biofilm formation ability was observed by its adherence capacity to the walls of culture tubes
(Mathur et al., 2006). A loop-full of each bacterial strain grown on TSB plates for 24 h was
inoculated into 10 mL of nutrient broth with different NaCl concentrations (100 and 150 mM which
was used to show enhanced absorbance) in test tubes followed by shaking at 95 rpm for 24-48 h.
The culture medium with bacteria was discarded and the tubes were washed with 3 mL of 1X

phosphate buffer saline (PBS) of pH 7. A 3 mL of 2% crystal violet solution was added and left for
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15 min. Tubes were then washed with sterile water, allowed to dry and the tubes were visually
observed for the presence of biofilms rings on the inner walls of the test tubes. Tubes then received
1.5 mL of 33% glacial acetic acid and mixed gently to measure OD at 570 nm. Phosphate buffer
saline served as control. Biofilm formation in tubes was detected when a visible film (ring) lined the

wall and the bottom of the tubes.

5.2.4. Growth and eco-Physiological Characterization

For each biochemical and physiological test, growth was determined by reading OD at 600 nm in
Nutrient Broth (g/L): peptone, 5; NaCl, 5; beef extract, 1.5; yeast extract, 1.5. In all cases of tolerance
measurements, the viability of the isolates was checked by streaking on TSA immediately following

the OD reading and incubated at 28 + 2°C for 3-5 days (Solomon Legesse and Fassil Assefa, 2014).

5.2.4.1. Salt, pH, Temperature, and Heavy metal tolerance tests

Tolerance to salinity was evaluated by growth on TSA medium containing 1%, 3%, 5%, 7%, 9%
and 11% (w/v) NaCl (Romdhane et al., 2009). pH tolerance was tested in nutrient broth by adjusting
the pH to 4, 5, 6, 8, and 10 with either 1N NaOH or HCI (Ki¢uk et al., 2006). Temperature tolerance
was evaluated by growing bacterial cultures in TSA at 4°C, 15°C, 25°C, 35°C, 40°C, 45°C and 50°C.
The agar dilution method was used to test the heavy metal (HM) tolerance of PGPR isolates (Lee et

al., 2009). A loop-full of 24 h-old bacterial culture grown in the nutrient broth was streaked on

90



Muller-Hinton Agar (MHA) Messi et al. (2005) plate amended with increasing concentrations (50,
100 and 300 pg/mL) of different heavy metals lead from (PbCH3COO)..3H20, zinc from
ZnS04.5H,0, copper from CuCl2.2H.O, manganese from MnS04.4H,O and iron from
FeSO4.6H,0). Plates were incubated, at 28 +2°C for 24 h and examined visually for the presence or
absence of growth where the presence of growth was recorded as resistance/tolerance (R), whereas
the absence of growth was recorded as susceptible used as controls to evaluate tolerance (Hung et

al., 2005).

5.2.5. Greenhouse Experimental Trails

Pot trials were performed under greenhouse conditions at the Department of Microbial, Cellular, and
Molecular Biology, Addis Ababa University to evaluate the potential of the selected PGPR on the
growth of Acacia abyssinica plants. A. abyssinica seeds were collected from different locations of
the highland region of Ethiopia and were scarified with concentrated H>SO4 in flasks to break seed
dormancy. Eight seeds were kept in equidistance position in sterilized Petri plates containing sterile
moist filter paper and cotton for 7 days for germination (Mia et al., 2012). After germination, four
seedlings were transplanted into sterile plastic pots (20 x 15 cm) filled with 3 kg sandy clay loam
soil autoclaved for 1h. Plants were kept in well-watered conditions and fertilized with half-strength
Hoagland solution each week to obtain nutrients at a free access rate for 30 days (Saleem et al.,

2018). Plants were inoculated during and 7 days post-transplantation with test strains (108 CFU/mL)
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for 60 days. Drought stress was induced by stopping watering after 30 days of growth. The

experiment was performed with a completely randomized design and replicated three times. Plants

were harvested after 2 weeks of water stress and data on root length, shoot length, root and shoot dry

biomass were recorded.

5.2.6. Data Analysis

Analysis of Variance (ANOVA) was used to test for significant differences of measurements of each

bioassay, whereas Duncan’s Multiple Range Test (DMRT) was employed to show the significant

difference among diverse treatments (mean separation) at p< 0.05. Values are presented as means +

standard deviation (SD). All the statistical analyses were performed using Statistical Analysis

System (SAS) version 9.0 software package. Phylogenetic analysis of partial 16S rRNA gene

sequences was done using Mega 7 software version 7.0.2. (Kumar et al., 2016).

5.3. Results
5.3.1. Tolerance of rhizobacteria to stresses

5.3.1.1. Drought Stress

The ten PGPR isolates were selected from the 73 isolates based on their DS tolerance. Bacterial

isolates showed high drought tolerance (HT) (Table 5.2). Pseudomonas fluorescens FB-49 showed

the highest 0.64 OD value followed by Pseudomonas putida BS-19 with 0.60 OD.
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Table 5.2. In vitro features of the strains selected for Acacia abyssinica growth promotion under
water stress n=3.

S. Isolate  The closest relatives Mean £SD Tolerance
No. code
600 nm OD Levels

1 BS-45  Bacillus thuringiensis 0.56+0.12 HT

2 PS-16  Enterococcus gallinarum 0.54+0.17 HT

3 FB-50 Paenibacillus polymyxa 0.51+0.16 HT

4 RS-79  Agrobacterium tumefaciens 0.57+0.20 HT

5 RS-72  Ochrobactrum intermedium 0.52+0.22 HT

6 BS-27  Acinetobacter calcoaceticus ~ 0.59+0.19 HT

7 BS-19 Pseudomonas putida 0.60£0.12 HT

8 FB-49 Pseudomonas fluorescens 0.64+0.15 HT

9 PS-2 Klebsiella michiganensis 0.50+0.17 HT

10 RS-65  Serratia marcescens 0.55+0.15 HT

5.3.2. Salt, pH, Temperature, and Heavy metal tolerance

5.3.2.1. Tolerance to different NaCl Concentrations

The data showed that the PGPR strains could grow over a wide range of NaCl (1 to 11%)

concentrations (Table 5.3). Thus, Enterococcus gallinarum PS-16 and Agrobacterium tumefaciens

RS-79 showed the highest NaCl tolerance followed by Pseudomonas fluorescens FB-49 and

Paenibacillus polymyxa FB-50 with 9%. Pseudomonas putida BS-19 was the most sensitive to salt

concentration. However, higher NaCl concentration led to a drastic reduction in the growth of

bacterial isolates.
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Table 5.3. The effect of salt tolerance of the rhizobacteria grown on TSA medium at 28°C for 3-5
days (measured based on OD reading

Species NaCl concentration (OD)
1% 3% 5% 7% 9% 11%

A. calcoaceticus BS-27 | 1.02+0.16° | 0.84+0.23° 0.77+0.21° | 0.70+0.28%% 0.06+0.02¢ 0.02+0.03°
P. polymyxa PS-50 1.66+0.29% | 1.23+0.08*° | 1.08+0.03" | 0.96+0.122° 0.52+0.12¢ 0.08+0.08°
B. thuringiensis BS-45 | 1.52+0.25% | 1.22+0.05" | 1.06+0.16%® | 0.88+0.13" 0.49+0.05% 0.05+0.03°
P. fluorescens FB-49 1.77+0.47% | 1.43+0.32% | 1.31+0.10% 1.02+0.09% 0.61+0.17% 0.08+0.02°
O. intermedium RS-72 1.20+0.10° | 1.10+0.09% | 0.91+0.10% 0.63+0.07% 0.44+0.05¢ 0.08+0.03°
P. putida BS-19 1.00+0.10° | 0.95+0.13¢ 0.86+0.06°¢ | 0.82+0.07°% | 0.50+0.15¢ 0.05+0.03°
A. tumefaciens RS -79 1.89+0.11* | 1.52+0.072 1.10+0.2%¢ 1.04+0.14% 0.73+0.04° 0.07+0.04°
E. gallinarum PS-16 1.85+0.21% | 1.49+0.072 1.16+0.02% | 1.17+0.042 0.88+0.08% 0.32+0.062
S. marcescens RS-65 1.20£0.1° | 0.95+0.07% | 0.70+0.15° 0.56+0.13¢ 0.38+0.03¢ 0.05+0.04°
K. michiganensis PS-2 | 1.27+0.07° | 1.04+0.05%® | 0.76+0.17% | 0.66+0.21°% 0.17+0.05¢ 0.07+0.03°

Values represent the mean £ SD of three replicates. Treatments followed by different letters indicate

significant difference over control using Duncan’s multiple range test (p < 0.05) n=3

5.3.2.2. Growth at different pH ranges

The data also showed that the PGPR were tolerant to a wide pH range suggesting that they can

survive in both acidic and alkaline environments. All isolates showed maximum growth at pH 7

followed by pH 10.

However, fewer isolates were tolerant to pH 5. Thus, Agrobacterium

tumefaciens RS-79, Pseudomonas fluorescens FB-49, Serratia marcescens BS-65, and Klebsiella

michiganensis PS-2 grew better at pH 5; whereas the most resistant species A. tumefaciens RS-79,

P. fluorescens FB-49 were also able to grow at pH 4 data not shown (Table 5.4).
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Table 5.4. Growth determined at OD 600 nm of selected PGPR isolates at varying pH ranges

Species pH5 pH7 pH10
Acinetobacter calcoaceticus BS-27 0.44+0.04%  1.26+0.21%<  1,13+0.09%°
Paenibacillus polymyxa PS-50 0.43+0.05% 1.3240.19%¢d  1,11+0.123°
Bacillus thuringiensis BS-45 0.15+0.05° 1.39+0.09% 1.17+0.11%
Pseudomonas fluorescens FB-49 0.67+0.09" 1.46+0.11% 1.32+0.23%
Ochrobactrum intermedium RS-72 0.24+0.05% 1.05+0.04° 0.97+0.07°«
Pseudomonas putida BS-19 0.14+0.06° 1.11+0.10°« 0.80+0.11¢
Agrobacterium tumefaciens RS -79 0.84+0.06° 1.20+0.14%  0,70+0.15°
Enterococcus gallinarum PS-16 0.42+0.05% 1.39+0.06% 1.13+0.116%¢
Serratia marcescens RS-65 0.63+0.05° 1.09+0.10% 1.01+0.04a°*
Klebsiella michiganensis PS-2 0.49+0.08™  1.3440.03%¢ 1.18+0.03%®

Means with the same letter down the column are not significantly different. Mean + SD of three

replicates using Duncan’s multiple range test (p < 0.05) n=3

5.3.2.3. Response to different Temperatures

All isolates were able to grow within a broad range of temperature (20°C to 45°C), but failed to grow

at 4°C and 50°C. Maximum growth was achieved at 25°C, 35°C and 40°C, but lower at 15°C and

45°C (Table 5.5). Five (FB-50, RS-45, FB-49, and RS-79) isolates exhibited remarkable tolerance

to high temperature (45°C) followed by BS-19.
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Table 5.5. Effect of temperature on the growth of selected PGPR isolates OD readings at 600 nm

Isolates Temp 15°C  Temp 25°C  Temp 35°C Temp 40°C Temp 45°C
BS-27  0.30+0.042 0.89+0.07%  1.13+0.04%¢ 0.89+0.14%¢  0.55+0.05°
FB-50  0.25+0.07%¢ 0.98+0.11*  1.16+0.02?° 0.82+0.15" 1.01+0.092
RS-45  0.1940.04*° 0.85+0.17%  0.87+0.05" 1.1240.02%¢  0.95+0.112
FB-49  0.26£0.05®  1.21+0.14° 1.36+0.19% 1.10+0.122 0.94+0.14#
RS-72  0.16x0.01°°  0.76x0.05° 1.05+0.02° 0.73+£0.03° 0.29+0.03°
BS-19  0.22+0.02*¢ 0.93+0.07%®  1.39+0.09? 0.85+0.07%¢  0.53+0.05°
RS-79  0.21+0.04%° 0.80+0.13" 1.29+0.07%¢ 0.73+0.05° 0.55+0.03°
PS-16  0.17+0.02%¢ (0.98+0.09%  1.13+0.07%° 0.92+0.10%®¢  0.45+0.07°
BS-65  0.21+0.03%¢ 0.90+0.11%  1.15+0.09%° 0.72+0.09° 0.52+0.04°
PS-2 0.12+0.02¢ 0.75+0.06° 1.14+0.07%¢ 1.07+0.06% 0.47+0.09°

Means with the same letter down the column are not significantly different. Mean + SD of three replicates

using Duncan’s multiple range test (p < 0.05) n=3

5.3.2.4. Tolerance of PGPR to heavy metals (HMs)

Many isolates were tolerant to various concentrations of heavy metals tested (Figure 5.1). All

isolates (100%) showed resistance to 50 pug/mL of, Cu, Zn and Pb, whereas almost all isolates were

able to grow on the medium containing 100 pg/mL of Fe, Mn. However, fewer isolates grew on the

medium containing the same concentration of Zn (77% of the isolates, Pb (73%) and Cu (67%),

respectively. Moreover, bacteria growth significantly declined (p < 0.05) to 32% - 44 at 300 pg/mL

increase in concentrations of the heavy metals, except Fe (Table 5.6).
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Figure 5.1. Tolerance of PGPR isolates grown on Muller-Hinton Agar at 28 £2°C for 24 h to HM
concentration.

The different letters on the standard error (SD) bars indicate a significant difference using Duncan

multiple range test at p < 0.05. Values are means of three replicates

The inter-species difference in resistance of different heavy metals among the rhizobacteria is
shown on Table 5.6. The data showed that the different species showed variations in resistance to
the tested heavy metals ranging between 50% and 100%. Thus, all the pseudomonas spp
(Pseudomonas putida BS-19, Pseudomonas fluorescens FB-49, Pseudomonas fluorescens FB-49),
Paenibacillus polymyxa FB-50, and Acinetobacter calcoaceticus BS-27 were tolerant to all tested
heavy metals and concentrations. The sensitive strains were Ochrobactrum intermedium RS-72

and Serratia marcescens RS-65 that were able to grow on 50% of the tests.

97



Table 5.6. Heavy metal tolerance profile of ten potential PGPR strains at varying concentrations of HMs. T = Tolerance and S = Sensitive

Heavy Metals (pg/ml)

s Fe Fe Fe. Mn Mn Mn Cu Cu Cu 2Zn Zn Zn Pb Pb Pb % (R)
No. lsolates 50 100 300 50 100 300 50 100 300 50 100 300 50 100 300
1 Bacillus thuringiensis BS-45 T T T T T S T T T T T T T T T 90
2  Enterococcus gallinarum PS-16 T T T T T T T S S T T S T T T 70
3 Paenibacillus polymyxa FB-50 T T T T T T T T T T T T T T T 100
4 Agrobacterium tumefaciensRS-79 T T T T T T T T S T T S T T T 80
5 Ochrobactrum intermediumRS-72 T T T T T S T T T T S S T S S 50
6 Acinetobacter calcoaceticusBs-27 T T T T T T T T T T T T T T T 100
7  Pseudomonas putida BS-19 T T T T T T T T T T T T T T T 100
8  Pseudomonas fluorescens FB-49 T T T T T T T T T T T T T T T 100
9  Klebsiella michiganensis PS-2 T T T T T S T T T T S S T T T 70
10 Serratia marcescens RS-65 T T T T T S T S S T S S T T T 50

% (T) 100 100 100 100 100 70 100 80 70 100 70 60 100 90 90

% (S) 0o 0 0 0 O 3$ O 20 3 O 3 40 0 10 10
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5.3.3. Qualitative Biofilm Detection

Most of the isolates produced black colored colonies on CRA after 24-48 h. In the tube method, the
formation of visible thick film inside the wall of tubes and their bottom. Out of 73, 27 (37%) isolates
were strong, 49% moderate biofilm producers, and the remaining (14%) were leveled as weak or
non-biofilm producers using TM at 150 mM NaCl. By using TM but with different NaCl
concentrations (100 mM), 10.12%, 55.16%, and 34.72% were perceived as strong, moderate, and

weak biofilm-producing PGPR isolates, respectively (Figure 5.2).
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Figure 5.2. Classification and comparisons of bacterial biofilm formation abilities at 100 mM and
NaCl 150 mM NacCl concentrations

The results indicated that the activity of biofilm formation was increased with increasing NaCl
concentration. The highest significant increase was recorded in Pseudomonas putida BS-19 and
Pseudomonas fluorescent FB-49 with 0.805 and 0.765 OD respectively at 150 mM NaCl while the

lowest was observed in Klebsiella michiganensis PS-2 0.39 OD (Figure 5.3).
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Figure 5.3. The optical density (OD at 570 nm) as the measure of the activity of biofilm formation
for PGPR isolates with three NaCl (0, 100, and 150 mM) concentrations

5.3.4. Drought Stress Enhancements in Acacia under Greenhouse

Inoculation with bacterial consortia had significantly (p < 0.05) enhanced plant biomass 57.3 cm,
193 cm, 2.1 g, 0.8 g, and 16.7 in SH, RL, SDW, and RDW and number of leaves per plant,
respectively compared to non-inoculated control (Table 5.7). Of a single inoculation Pseudomonas
fluorescens FB-49 significantly enhanced the plant biomass 51.7 cm, 18.7 cm, 1.8 g, 0.55 g, and
16.6 in SH, RL, SDW, and RDW and number of leaves per plant, respectively compared to non-

inoculated control (Table 5.7).

The inoculation of the different rhizobacteria showed a significant difference in shoot dry weight
(SDW) ranging from 1.5 g/pot to 2.9 g/pot (mean 1.93 g/pot) under normal conditions (Table 5.7).
Under stress conditions, the shoot dry matter yield was within the range of 1.1 g/pot-1.8 g/pot (mean
1.44 g/pot) with an overall reduction of 25%. The inoculated plants produced higher biomass i.e.,
40-70% than the uninoculated plants. The highest dry weight was obtained from consortia

inoculation of the isolates, (2.9 g/pot), followed by single inoculation with Bacillus thuringensis BS-
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45 with shoot dry biomass yield of 2.4 g/pot, followed by Pseudomonas putida BS-19 and
Pseudomonas fluorescens FB-49, with shoot dry mass accumulation of 2.2 g/pot and Ochrobactrum

RS-72 with 2.1 g/pot, respectively

The inoculants showed variations in their effect on drought stress regarding the shoot dry weight of
the host plant (Table 5.7). In all cases shoot dry weight significantly decreased (11%-42%) with an
overall mean decrease of 25% compared to the normal treatment as a result of drought stress. The
uninoculated plants with and without drought treatment showed the same pattern of shoot dry matter
decrease of 33%. The lowest decrease of 11% was recorded from Paenibacillus polymyxa B-50;
whereas the best inoculant Bacillus thuringensis BS-45 that induced the highest shoot dry matter of
2.4 g/pot showed a drastic decrease of 42% upon treatment of drought tolerance. Interestingly, the
other best performer Ochrobactrum RS-72 showed a 38% decrease in shoot dry matter with a similar
treatment. Even though the inoculation of Klebsiella michiganensis PS-2 produced the lowest shoot
dry matter (1.4 g/pot), it showed a relatively low decrease (14%) in its response to the drought test.
In general, all plants showed a significant increase by inoculation with all rhizobacterial species, the
Paenibacillus polymyxa B-50; Pseudomonas fluorescens FB-49, performed better under drought

conditions than the other groups.

Similarly, inoculation with individual strains also improved plant biomass SH, RL, leave numbers,
SDW, and RDW. P. fluorescent resulted in the highest biomass increase in underwater restriction
followed by P. polymyxa. Klebsiella michiganensis showed the least drought stress improvement
(38.7 cm) in SH compared to the other singly inoculated plants but performed better compared to

non-inoculated control treatment (Table 5.7 and Figure 5.4).
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Table 5.7. Plant growth promotion in A. abyssinica treated with different PGPR individually and
consortium under control and drought stress conditions

Species Treatments SH (cm)/pot  RL (cm)/pot  SDW (g)/pot RDW (g)/pot Shoot: root ratio

Control 38.3+2.9' 10.0+2.6™ 0.940.2 0.12+0.01 7.50

Control +D  31.7+2.1i 7.0+2.6¥ 0.6%0.1¥ 0.1+0.02% 6.00
Acinetobacter BS-27 50.7+0.6¢ 14.0x£2" 1.9+0.4%¢ 0.4+0.06%" 4,75
calcoaceticus

BS-27+D  43.3+1.5™ 11.0+1M 1.5+0.2¢ 0.3+0.0491 5.00
Paenibacillus FB-50 52.0+2.6¢ 17.7+1.5%¢ 1.9+0.3%¢ 0.4+0.11% 4.75
polymyxa

FB-50 +D  46.3+3.1° 11.7+2.1M 1.7+0.191 0.5+0.05%1 3.40
Serratia RS-65 46.7+3.2° 16.0+19F 1.5+0.4¢ 0.3+0.09% 5.00
marcescens

RS-65+D  39.3+2.5M 11.0+2M 1.1+0.21 0.2+0.05* 5.50
Pseudomonas FB-49 61.0+1.7° 20.3+1.5%® 2.2+0.4%¢ 0.60.03%¢ 3.67

fluorescens
FB-49 +D 51.7+1.5¢ 18.7+1.5bd 1.8+0.19" 0.55+0.07¢f 3.30

Ochrobactrum  RS-72 51.7+2.1¢ 16.7+1.5¢f 2.1+0.40 0.5+0.12¢ 4.20
intermedium

RS-72+D  44.0%2% 11.3+1.5M 1.3+0.19" 0.4+0.1%" 3.25
Pseudomonas BS-19 48.3+1.5% 14,01 2.2+0.3% 0.5+0.14¢¢ 4.40
putida

BS-19+D  40.3+2.5%1 10.3+1.51 1.6+0.3%" 0.420.04%f 4.00
Agrobacterium  RS-79 43.3+2.5M" 12,742,191 1.9+0.3¢ 0.4+0.11%" 4.75
tumefaciens

RS-79+D  39.3+1.5M 8.7+1.5k 1.4+0.27 0.3+0.08¢%1 4.67
Enterococcus PS-16 46.0+2°f 11.0+1M 1.8+0.5¢" 0.3+0.12¢1 6.00
gallinarum

PS-16 +D  39.7+2.5M 8.4%2.15k 1.4+0.29 0.2+0.06%1 7.00
Bacillus BS-45 51.0+2¢ 11.3+1.5M 2.4+0.2° 0.4+0.15% 6.00
thuringiensis

BS-45+D  42.7+2.1% 9.3+1.5" 1.4+0.19" 0.2+0.08M 7.00
Klebsiella PS-2 41.3+1.591 10.0+1+ 1.4+0.19 0.2+0.07%1 7.00
michiganensis

PS-2 +D 38.7+2.1 8.3x1.5k 1.2+0.1M 0.2+0.02 6.00
FB-50+BS-27 + Consortia 70.3+1.52 22.3+2.12 2.940.3? 0.940.122 3.20
BS-19 +FB-49

Consortia 57.3+1.5° 19.3+2.5%¢ 2.1+0.20d 0.8+0.07% 2.62

+D

Means with the same letter down the column are not significantly different at (p < 0.05) by using
DMRT. Mean £ SD (n = 3) and D represents drought. Consortia = FB-50 +BS-27 +BS-19 +FB-49.
SH= shoot height, RL=root length, SDW= shoot dry weight, and RDW= root dry weight.
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Figure 5.4. Drought stress enhancements of PGPR isolates in acacia plants.

Consortia =FB-50 + BS-27 + BS-19 + FB-49 + D, single = FB-49 + D and control = without inoculation +D,

represent water stress

5.4. Discussion

Degraded soil is a potential source of DS tolerant bacteria with 40% PEG with high OD reading.
That is the reason why our PGPR strains could grow in a medium with reduced water content. The
reason for drought tolerance in bacterial strains may be due to osmoregulation, the production of
large chain EPS, and regulation of host stress response genes. Pseudomonas fluorescent FB-49 and
Pseudomonas putida BS-19 best grow at PEG 40% (Table 5.2). Rhizobacterial species possesses
high drought tolerant potentials with OD over 0.5 were selected following scale designed by
Alikhani and Mohamadi (2010). Similarly, Kumar et al. (2014) reported that Pseudomonas and
Bacillus sp. with good plant growth promoting ability which can survived 40.5% PEG. The isolates
with the highest drought-tolerant ability showed also the highest biofilm formation at higher NaCl
concentration (Figure 5.3). The survival and adaptation mechanisms to extreme drought conditions

are previously indicated as biofilm formation (Kavamura et al., 2013).
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A dramatic change was observed in bacterial ability to form a biofilm both in 100 and 150 mM NacCl
concentrations by PGPR isolates. This indicated biofilm formation was increased with increasing
NaCl concentration (Figure 5.3). This can be attributed to the higher ionic strengths that are known
to reduce the repulsion between a bacterial cell and a material surface, which are both typically
negatively charged (Lionard et al., 2012). Biofilm assists drought tolerance by producing
extracellular matrices to maintain a hydrated root environment, increasing root-adhering soil, and
stability (Sandhya et al., 2009). Moreover, salt stress induces biofilm formation (Pan et al., 2010).
The formation of EPSs by rhizobacteria is one of the important mechanisms in exerting drought

tolerance.

In this study, although the rhizobacteria showed a wider range of NaCl tolerance higher
concentrations reduced their growth (Table 5.3). Different studies showed the high osmotic strength
of some bacteria is due to the production of proline, glutamate, glycine, betaine, and trehalose in the
cells (Anjum et al., 2017). Among the tested strains, seven isolates were identified with high
temperature (45°C) tolerance (Table 5.5). One possible reason for this could be the synthesis of heat
shock proteins (Ali et al., 2009). This could be attributed to the extremely resistant and dormant
endospores produced by Bacillus spp. (Piggot and Hilbert, 2004). Sandhya et al. (2009) indicated
that a strain of Pseudomonas AKM-P6 possessing plant growth-promoting properties enhanced
tolerance of sorghum seedlings to high temperatures (47-50°C). Manasa et al. (2017) suggested that
the rhizobacterial isolates RR-1, GGP-1, and GNR-1 were both tolerant to high temperature (45°C)
and also exhibited multiple beneficial plant growth-promoting activities. Although in vitro
temperature selection is not considered promising approach for field applications but high-
temperature tolerance can be useful for isolating competitive PGPR in oscillating temperature in the

fields (Hungria and Vargas, 2000).
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Concerning heavy metal resistance, four isolates P. polymyxa strain FB-50, A. calcoaceticus stain
BS-27, P. putida strain BS-19, and P. fluorescens strain FB-49 showed 100% tolerance to all HMs
tested. This trend was similar to the tolerance of Paenibacillus spp and B. thuringiensis to HMs like
Cd, Cu, and Zn (Rathnayake et al., 2009). Surface binding/reduced uptake, increased efflux
intracellular sequestration, enzyme detoxication, and active transport are among the proven

mechanisms of tolerance (Nies, 1992).

This study proved that inoculation of PGPR strains alone or in consortia has significantly enhanced
the growth of Acacia seedlings under normal and drought conditions (Table 5.7). Bacterial
inoculation significantly increased the biomass exposed to drought stress. Almaghrabi et al. (2013)
also showed that inoculation of plants with PGPR increased the growth rate/yield and fosters
seedlings emergence in plants under greenhouse trails. This finding indicates that inoculation with
Klebsiella michiganensis PS-2 indicated shoot dry matter increment and enhanced drought stress by
50% in Acacia as compared to the control. Giongo et al. (2010) showed that inoculation with
Klebsiella sp increased in the dry matter of Lupinus albescens by 81%, compared to the non-

inoculated control.

The possible mechanisms associated with PGPR-derived drought tolerance include alterations in
host root system architecture, osmoregulation, management of oxidative stress, and transcriptional
regulation of host stress response genes (Forni et al., 2017; Vurukonda et al., 2016). This study
confirmed that acacia inoculated with Bacillus thuringiensis BS-45 induced the highest shoot dry
matter. The application of Bacillus subtilis (BERA 71) turned out to be potentially beneficial in
ameliorating the deleterious impact of salinity and drought in Acacia gerrardii plant (Hashem et al.,

2016). The application of Acinetobacter calcoaceticus BS-27 indicated a 0.6 g DS alleviation in
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acacia shoot dry matter compared to control. Liu et al. (2019) find drought enhancement in a
deciduous tree of Sambucus williamsii via the inoculation of Acinetobacter calcoaceticus X128.
described how the PGPR Paenibacillus polymyxa enhanced drought tolerance in Arabidopsis
thaliana plants. The present study finds that inoculations of potential rhizobacterial isolates
enhanced shoot dry matter of drought-stressed acacia plants in a range of 2.1- 1.1 g (Table 5.7).
Timmusk and Wagner (1999) and (Manoj et al., 2016) evaluated defense enzymes to check the
possible mechanisms of action to ameliorate DS due to the inoculation of P. putida RA Acinetobacter
and Pseudomonas enhanced shoot of drought challenged grapevines indicating PGP activity of
phytobeneficial microbes (Rolli et al.,, 2015). This study suggests the integrative use of a
combination and/or single application of PGPR strains to be a promising and eco-friendly strategy

for reducing moisture stress in plants.

5.5. Conclusion

This study revealed that PGPR strains recovered from degraded lands in Ethiopia have exhibited a
promising drought, salt, acidity temperature, and heavy metals tolerant capacity. P. fluorescent, P.
putida, A. calcoaceticus, A. tumefaciens and B. thuringensis are some of the bacterial strains
considered highly tolerant (HT) to induce osmotic stress. Most of the bacterial isolates are biofilm
formers which play protective roles under stressing conditions. Some PGPR strains such as P.
polymyxa, A. calcoaceticus, P. putida and P. fluorescens enhanced drought stress tolerance in Acacia
under greenhouse conditions. Mixed inoculation resulted in higher drought tolerance in comparison

to single inoculation.
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Chapter 6

6. Phytobeneficial Traits of Rhizobacteria Isolated from Degraded Soil and their Effect on
Improving Seeds Germination of Acacia (Acacia abyssinica Hochst. ex Benth)
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Abstract

Microbes are important components of the soil that remarkably improve ecosystem functions and
services, and plant production, particularly under degraded ecosystem. However, the effectiveness
of these microbes to effectively perform these functions depends upon the inherent characteristics
of individual species/strains under their specific environment. This, therefore, necessitates isolation
and characterization of these microbes with their multiple plant growth-promoting traits such as the
production of hydrogen cyanide (HCN), indole acetic acid (IAA), hydrolytic enzyme, siderophore,
and ammonia. Isolates with multiple plant growth-promoting traits were chosen to evaluate their
effects on acacia seeds germination. The data showed that 45% each was categorized as high
phosphate solubilizer (HPS) and medium phosphate solubilizer (MPS) with that amount of free
phosphorus released ranging from 195 to 373 pug/mL. Acinetobacter BS-27 and Pantoea BS-38 with
SI 7 and 6 showed the highest solubilization indices (SI). Similarly, Pseudomonas FB-49 produced
the maximum P and IAA with 373 and 659.07ug/mL, respectively. All the phosphate solubilizing
isolates acquired up to five multiple plant growth-promoting traits. Thus, Agrobacterium RS-79 and
Pseudomonas BS-26 showed all plant growth-promoting properties. Amongst the isolates,
Pseudomonas BS-26 and Pseudomonas FB-49 induced the highest (100%) seed germination activity

caused by similar vigor indices of 343.33 and 306.67, respectively. In general, the data showed that
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degraded soil is a potential source for effective phosphate solubilizing bacteria with multiple plant

growth-promoting traits to be used for seed germination assay.

Keywords: Hydrolytic enzymes, Multiple plant growth promotion, Phosphate solubilization, Seeds
germination assay

6.1. Introduction

Microorganisms are important components of the ecosystem that play a very important role in the
geochemical cycle of nutrient and ecosystem functioning (Widawati, 2018). It has been known that
almost all land plants form interactions with the nearby microbiota in all stages of their growth which
is associated mainly with their ability to release root exudates (Schillaci et al., 2019). However, their
activity is influenced by different environmental and human factors such as population explosion
and climate change that cause soil degradation that, in turn, reduce the bacterial abundance and their

activities, nutrient availability.

Since the earliest time, microbial utilization for plant improvements has been practiced with proven
benefits (Bhattacharyya and Jha, 2012). The genera Pseudomonas, Acinetobacter, Bacillus,
Azospirillum, Paenibacillus, Serratia, Klebsiella, Azotobacter, Enterobacter, and Agrobacterium are
the most widely known PGPR in the soil (Borriss, 2011; Shivlata and Satyanarayana, 2017;

Sivasakthi et al., 2014). They are also known to enhance crop production.

These microbes enhance plant growth and stress tolerance through direct (phytohormone and
siderophores production, N2 fixation, phosphate solubilization, and iron sequestration) and indirect
(antibiotics and lytic enzymes production, induced resistance, HCN production, and competition)
mechanisms (Ahemad and Mulugeta Kibret, 2014; Glick, 2012; Hardoim et al., 2015). According
to Gebhardt (2015), degraded soils are characterized by a reduction in soil fertility, soil organic

matter content, particularly availability of phosphorus (P). Daniels et al., (2009), estimated that
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plants require approximately 30 umol/L of phosphorus for maximum productivity, but only about 1
umol/L is available in many soils that have been recognized as a major growth-limiting factor. The
efficiency of applied phosphorus rarely exceeds 30% due to fixation in soil (Sharma et al., 2013).
Phosphate-solubilizing bacteria increase the bio-availability of phosphorus by releasing acid
phosphatases and organic acids (Rodriguez and Fraga, 1999; Schillaci et al., 2019). It is clearly
indicated that the inoculation of PGPR can reduce the application of synthetic phosphorus fertilizer

by 50% without affecting plant growth parameters (Yazdani et al., 2009).

In general, PGPR improves plant health and promotes growth by increasing seedlings' emergence,
vigor, and yield in several agriculturally and environmentally important plants (Walker et al., 2012).
They also play a pivotal role in the revegetation of degraded habitats (Ansari and Ahmad, 2018;
Gronemeyer et al., 2012). Hence, degraded areas call for the re-introduction of indigenous microbes

to maintain soil quality and fertility (Dastager et al., 2011).

Seed dormancy affects both seed germination and subsequent growth of seedlings by causing a
substantial reduction in yield loss (Leubner-Metzger, 2006). One of the important approaches used
to break dormancy in seeds is the application of PGPR. The genera of Pseudomonas, Bacillus,
Enterobacter, Azospirillum, and Acinetobacter significantly increased seed germination and
seedlings vigor (Ahemad and Mulugeta Kibret, 2014; Cakmakgi et al., 2006). Mafia et al. (2009)
had shown that Pseudomonas sp. and Bacillus sp., are the best rhizobacteria for seed germination
and growth promotion of multipurpose trees like Eucalyptus cloeziana and E. grandis. The
production of phytohormones such as gibberellins by B. licheniformis was attributed to increasing
seed germination and seedlings growth promotion in Acacia senegal and Prosopis cineraria and
hence facilitated fast rehabilitation of degraded habitats (Sunil et al., 2011). This indicates that the

practical application of PGPR as biofertilizers requires isolation and screening of multiple plant
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growth-promoting (PGP) traits to enhance adaptation of multipurpose trees such as Acacia species

under nutrient and water deficient habitats.

Therefore, this study was initiated to assess the screening of effective rhizobacteria from degraded
soil and evaluate their performance on re-introduction to improve seed germination efficiency and

growth promotion on Acacia seedlings on degraded soils under greenhouse conditions.

6.2. Materials and Methods

6.2.1. Bacterial strains, Source and their Culture Preparations

Rhizobacterial isolates were isolated from the woody plants described above in Chapter 4 and
deposited at culture collection of the Addis Ababa University at the Department of Microbial
Cellular and Molecular (MCMB) (Alemayehu Getahun et al., 2020a; Alemayehu Getahun et al.,
2020c). These strains were preliminarily screened for phosphate solubilization and the selected
isolates (34) were further evaluated for their multiple plant growth-promoting properties. For every
test, each strain was grown overnight in broth cultures from which 100 pL inoculum with
approximately 1 x 108 CFU/ mL) was inoculated on appropriate media.

6.2.2. PGPR Screening for Plant growth promotion (PGP)

Seventy-three (73) isolates were screened to evaluate their ability to produce ammonia, hydrogen
cyanide (HCN), indole acetic acid (IAA), siderophore, and phosphate solubilization, hydrolytic
enzymes activities. Apart from that, they were tested for their ability to enhance seed germination
using standard methods.

6.2.2.1. Production of Ammonia

The ability of isolates to produce ammonia was tested following the method of (Joseph et al., 2012).
The isolates were inoculated into 5 mL of peptone water (5 mL) and incubated at 30°C for 4 days.

The culture was then treated with 1 mL of Nessler’s reagent (Mercuric chloride (50 g in 50 mL in
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cold water, Potassium iodide (22 g in 350 mL of water, Sodium hydroxide (200 mL of 5N) prepared
in 1 L solution) to detect the development of faint yellow and deep yellow to a brown color indicating
ammonia production

6.2.2.2. Phosphate solubilization

The ability of the bacterial isolates to solubilize phosphate was evaluated according to the standard
method (Premono et al., 1996). The isolates were spot inoculated on Pikovaskaya's agar medium
(plates) containing g/L; (glucose 10, tricalcium phosphate (TCP) 5, (NH4)2SO4 0.5, KCI 0.2, MgSO4
0.1, MnSO4 trace, FeSO4 trace, yeast extract 0.5 and agar 15). The plates were incubated at 30+2°C
for 4-5 days to detect clear zone formation around colonies. The phosphate-solubilizing index (PSI)

was measured in centimeters (cm) and calculated according to Sridevi and Mallaiah (2009);

PS[ = Colony diameter + Halozone diameter

Colony diameter

The solubilization efficiency was also assessed based on the scale formulated by (Silva Filho and
Vidor, 2000). PSI values less than 1.0 were classified as very low solubilizers (VLS), PSI between
1.0 and 2.0, PSI between 2.0 and 3.0, and PSI above 3.0 were categorized as low solubilizers (LS),

medium solubilizers (MS), and high solubilizers (HS), respectively.

Quantitative estimation of solubilized phosphorus was done using vanadomolybdophosphoric
yellow color method in pikovskaya’s broth containing TCP (Wu et al., 2012). Thus, 0.1 ml of
bacterial culture (inoculum adjusted to 1x108 CFU/mL) was inoculated into ten milliliters of
pikovskaya’s broth and incubated at 28 &+ 2°C up to 8 days. Then, 1 ml of the supernatant was taken
and centrifuged was at 10,000 rpm for 20 min and was passed through a 0.45 mM Millipore filter,
from which 0.1 ml of the filtrate was mixed with 0.25 mL of Barton’s reagent with the following

composition (25 g ammonium molybdate in 400 ml distilled water, 1.25 g ammonium metavanadate
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in 300 ml of boiling water, 250 mL concentrated HNOs and volume was made up to 5 mL with
double distilled water. The mixture was left for 10 min, to read color change using a
spectrophotometer (6405 UV/Vis, JENWAY, United Kingdom) at 430 nm. The amount of P-
solubilized was extrapolated from the standard curve plotted against known concentrations of

potassium dihydrogen phosphate (KH2PO4) (0.2, 0.3, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0 mL.

6.2.2.3. Indole-3-Acetic Acid (IAA) Production

To test IAA production, 100 puL of each of the 48-h bacterial culture was inoculated in 5 mL nutrient
broth medium in the presence of 500 pg/mL of L-tryptophan and incubated at 30£2°C for 48 h (Shaik
et al., 2016). The culture was centrifuged at 3000 rpm for 15 minutes from which, 2 mL of the
supernatant was mixed with two drops of orthophosphoric acid and 4 mL of the Salkowski reagent
(50 mL, 35% of perchloric acid, ImL 0.5M FeCls solution). The optical density (OD) at 535 nm of
the mixture read using a spectrophotometer (6405 UV/Vis, JENWAY, United Kingdom) to
determine the intensity of color formation. The production of IAA was quantified against a standard

curve was plotted with known IAA in the range of 0-100 pg/mL.

6.2.2.4. HCN production

HCN production was done both on nutrient agar and nutrient broth amended with 4.4 g/L of glycine
and bacteria were streaked on the nutrient agar plates (Joseph et al., 2012). For plate assay, a
Whatsman filter paper soaked in the solution of 2% Na,COz and 0.5% picric acid solution was placed
on the lid (on the top of the cover) of streaked plates and sealed with parafilm. Plates were incubated
at 30+2°C for 4 days. The change in the color of filter paper from orange to red indicates HCN

production.
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In the tube test, 25 pL of the bacterial culture was inoculated into 5 ml of nutrient broth supplemented
with 4.4 g/L of glycine. Uniform strips of filter paper strips (10 x 0.5 cm?) were soaked in picric acid
solution and inserted in half of the vials and tightened with a screw cap. Vials were sealed with
parafilm and incubated for 72 h. Production of HCN was indicated by the change in color of the
filter paper strips from yellow to brown to red. The intensity of the color was recorded visually. The
color was eluted by placing the filter paper in a test tube containing 10 mL of distilled water and its

absorbance was read at 625 nm (Sadasivam and Manickam, 1992).

6.2.2.5. Protease, Cellulase, Lipase, and Chitinases activity

The qualitative assay for protease production was performed on sterile skim milk agar plates (skim
milk 15, yeast extract 0.5, agar 9.13) in g/L (Geetha et al., 2014). Isolates were spot inoculated and
incubated at 30°C and zones of clearance around the colony indicated the presence of protease
activity. The cellulase activity of isolates was undertaken on carboxymethyl cellulose (CMC) agar
plates with the following composition in g/L (CMC 2, NaNOs 1, K;HPO4 1, KCI 1, MgSOs4 0.5,
FeSO4 0.01, yeast extract 5 and agar 15) and incubated at 30°C for 2 days (Khianngam et al., 2014).

The plates were flooded with iodine to detect clear zone formation by the isolates.

The bacterial isolates were also spot inoculated on lipase medium composed of (g/L): peptone, 10;
NaCl, 5; CaCly, 0.1; agar-agar, 20 and tween 20, 10 mL (v/v) incubated at 28°C for 48 h to detect
their lipase activity (Kumari et al., 2010). The qualitative assay for chitinase production by the
isolates was performed on colloidal chitin agar (CCA) with the following components in g/L with
some modification (Colloidal chitin 4.0, K2 HPO4 0.7, KH2 PO4 0.3, MgSO4 0.5, NaCl (0.3), yeast
extract (0.2) FeSO4 0.01, MnCl, 0.001, Agar 20.0) for 5 to7 days at 30°C (Bansode and Bajekal,
2006). Development of clearance halo zone around the growing colony after the addition of iodine

was considered as positive for chitinase enzyme production.
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6.2.2.6. Siderophores production

The ability of isolates to produce siderophore was detected by growing them on Fiss Minimal
Medium with the following compositions in g/L (5.03 KH2POg, 5.03 L-asparagine, 5.0 glucose), 40
mg/L MgSO4 and 500 pg/L ZnClz, 139 ng/L FeSO4 was added to the final medium containing 0.5
uM iron) (Goswami et al. (2014). After 48 h of incubation, the cultures were centrifuged at 1000xg
for 15 min and the supernatant was examined for siderophore production using FeCls test (Jalal and
van der Helm, 2017). Thus, 0.5 mL of culture filtrate was mixed with 0.5 mL of 2% aqueous FeCls
solution. The appearance of reddish-brown or orange color was a positive indication for siderophore
production.

6.2.3. Germination assays of Acacia seeds

Seed’s germination assay for 15 selected bacterial inoculants on acacia seeds was done via
germination check of both root and shoot of the germinating seeds before pot experiment (Mia et
al., 2012). Seeds of Acacia abyssinica were collected from North Shewa Zone, Fiche, and were
surface sterilized briefly with 70% ethanol and 1% sodium hypochlorite for 2 min, followed by
repeated washing with sterile water. The seeds were placed in plates and then soaked in (10 mL)
broth containing overnight cultured bacterial isolates (108 CFU/mL) and left for 5 hrs at 30°C. Seeds

that were soaked in normal TSB were included as a control.

Seven seeds of each treatment were kept equidistant in sterilized Petri plates containing moist filter
paper and cotton. Both treated and untreated seeds (plates) were arranged in Complete Randomized
Design (CBD) in triplicates and then incubated at 28 +2°C for 7 days. Seed’s germination and

percent seedlings emergence were calculated using the following formula;

o Number of seeds germinated
Germination Percentage (GP) % = x100
Total number of seeds
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Then, the radicle and plumule length of germinated seeds were measured (Gholami et al., 2009).
The seed vigor index (VI) is calculated by determining the germination percentage and the total

seedling length (mm) (radicle plus Plumule length) of the same seed lot.

SeedVigor index (SVI) = % germination X Mean total plant length
6.2.5. Data Analysis
The means and standard deviations of the data were calculated. Three replicates were used for each
experiment. Analysis of Variance (ANOVA) was used to test for significant differences of
measurements of each bioassay, whereas Duncan’s Multiple Range Test (DMRT) was employed for
mean separation among different treatments at p < 0.05. The Statistical Analysis System (SAS Ver.
9.0) was used for the analysis. Phylogenetic analysis of partial 16S rRNA gene sequences was done

using Mega 7 software version 7.0.2.

6.3. Results
6.3.1. Plant Growth Promotion (PGP) traits

Totally 73 isolates were screened for their plant growth-promoting activities of which 38 (52.05%)
were phosphate solubilizers. Based on the solubilization index (SI), four distinct groups of PS
isolates were identified as high solubilizers (HS), medium solubilizers (MS), low solubilizers (LS),
and very low solubilizers (VLS. Thus, seventeen isolates (46.58%) each were classified as HS (high
solubilizers) and MS (medium solubilizers), groups, with Sl values >3 and between 2.1 and 3,
whereas 4.11% and 1.37% of the isolates were grouped into LS (Low solubilizers) and VLS, (very
low solubilizers) with SI values between 1 and 1.9, respectively Table 6.1). but for further study,

only 34 isolates possessing HS and MS SI values are chosen.
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Table 6.1. Qualitative and quantitative phosphate solubilizing (PS) and IAA potential of PGPR
strains isolated from acacia plants established in degraded soil after 8 days of incubation.

S.  Isolates Sl Level Concentration  Concentration of
No. of PS  of P ug/mL IAA (pg/ml)
1 Bacillus sp. Strain BS-22 3.6+0.68°% HS 354.85+44 233.15+0.033"
2 Bacillus sp. Strain BS-40 2.7+0.36"« MS 323.03£3.5¢ -

3 Bacillus sp. Strain BS-47 3+0.36"k MS 303.33+2f -

4 Enterococcus sp. Strain PS-4 2.8+0.53% MS 301.82+4f 425.74+0.028¢
5 Enterococcus sp. Strain PS-5 3.33+0.46% HS 353.33+3.5¢ -

6 Enterococcus sp. Strain PS-9 2.6+0.37k MS 204.85+3¢ -

7 Paenibacillus sp. Strain BS-30 2.6+0.531 MS 321.52+4¢ 62.78+0.021"

8 Agrobacterium sp. Strain RS-79 3£0.2¢ MS 326.06+3¢ 288.70+0.023f
9 Ochrobactrum sp. Strain RS-67 3+0.36°" MS 359.39+1¢ -

10 Ochrobactrum sp. Strain RS-70 3+0.17¢ MS 320.00+2° 92.41+0.015%
11 Acinetobacter sp. Stain BS-27 7+0.352 HS 350.30+2.5¢ 270.19+0.032f
12 Pseudomonas sp. Strain BS-19 3.34+0.4% HS 368.48+2.5% 359.07+0.021°
13 Pseudomonas sp. Strain BS-21 3.33+0.55% HS 351.82+6¢ -

14 Pseudomonas sp. Strain BS-23 3.4+0.53¢h HS 323.03t4° 351.67+0.020¢
15 Pseudomonas sp. Strain BS-24 3.66+0.38°" HS 195.76+2" 210.93+£0.018™
16 Pseudomonas sp. Strain BS-26 3+0.62% MS 213.94+4! 255.37+0.028'™
17 Pseudomonas sp. Strain BS-28 4.25+0.2° HS 353.33+2.5¢ 277.59+0.020
18  Pseudomonas sp. Strain BS-52 3.2+0.46°% HS 368.48+2% -

19 Pseudomonas sp. Strain BS-53 3+0.45%1 MS 288.18+29 436.85+0.031¢°
20  Pseudomonas sp. Strain RS-75 2.86+0.36"k MS 262.42+2 5 262.78+0.026"
21 Pseudomonas sp. Strain FB-49 3.4+0.2%9 HS 373.03+£3¢2 659.07+£0.0522
22 Klebsiella sp. Strain PS-1 3.66+0.15%¢ HS 201.82+1™" 233.15+0.028k°
23 Klebsiella sp. Strain PS-3 3+0.36%k MS 198.79+2™" -

24 Morganella sp. Strain PS-12 4+0.36% HS 363.94+3 240.56+0.040™"
25  Pantoea sp. Strain BS-48 3.4£0.36%" HS 303.33+2f 299.81+0.023f
26 Pantoea sp. Strain BS-35 2.5+0.2ik MS 257.88+3l 177.59+0.015™
27 Pantoea sp. Strain BS-38 6+0.2° HS 363.94+2.5% 188.70+0.018P
28 Serratia sp. Strain BS-20 3+0.3% MS 329.09+2.5% 218.33+£0.025™P
29  Serratia sp. Strain BS-42 2.4+0.1K MS 303.33+2f -

30 Serratia sp. Strain PS-54 3.5+0.5¢9 HS 289.70+3¢ -

31 Serratia sp. Strain RS-65 2.5+0.2ik MS 285.15+29 88.70+0.026*
32 Serratia sp. Strain RS-73 3.66+0.12¢f HS 273.03+3" 296.11+0.034f9
33 Serratia sp. Strain RS- 57 4+0.46% HS 351.82+2.51 -

34  Serratia sp. Strain RS-64 3+0.23¢% MS 300.30+2.5 107.22+0.058°

HS- high solubilizers, MS- medium solubilizers, LS- low solubilizers, and VLS- very low solubilizer. Values

are tabulated as means * the standard deviation (SD), n=3. Values followed by the same letter within a row

are not significantly different according to Duncan multiple range test at (p <0.05).

The phosphate-solubilizing rhizobacteria were classified into 11 genera; Pseudomonas (10 strains),

Serratia (7 strains), Bacillus (3 strains) Enterococcus (3 strains), Pantoea (3 strains), Klebsiella (2

strains) Ochrobactrum (2 strains), Paenibacillus (1 strain), Agrobacterium, (1 strain), Acinetobacter

(1 strain), and Morganella (1 strain) (Table 6.1). Pseudomonas and Serratia, were the most
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diversified genera representing 30% and 21% of the isolates followed by and Bacillus, Enterococcus,
Pantoea each representing 9% of the isolates, respectively. Interestingly, almost 50% of the isolates

contributed to only 40% of the selected rhizobacteria.

Among the selected isolates, Acinetobacter BS-27 showed the highest SI (7) followed by Pantoea
isolate BS-38 with Sl (6), while Morganella strain PS-6 had the lowest solubilization (0.82) SI. The
amount of solubilized phosphate they released was in the range of 195.76 - 373.03 pg/mL. The
highest P solubilization was measured in strain Pseudomonas strain FB-49 (373.76 pg/ml) followed
by Pseudomonas strain BS-19 (368.48 ug/mL) and Pseudomonas strain BS-52 (368.48 pg/mL),

respectively.

6.3.1.2. Indole-3-Acetic Acid (IAA) Production

Among the selected isolates, 67.65% showed the ability to produce 1AA ranging from 62.78(ug/ml)
up to 659.07ug/mL) (Table 6.1). Maximum IAA production was recorded from Pseudomonas strain
FB-49 (659.07pug/mL, followed by Pseudomonas strain BS-53 and Enterococcus strain PS-4

(436.85, 425.74 pg/ml) respectively.

6.3.1.3. Screening for Biocontrol traits

All the isolates were able to produce ammonia (data not shown); twenty-three (67.65%) and 24
(70.59%) of the isolates were able to produce hydroxamate type siderophore and HCN, respectively
(Table 6.2). Of the 34 PS isolates, 14 isolates (41%) produced chitinase with the highest chitin
degradation halo zone diameter of 4.75; and 30 isolates (88.24%) formed halo zones on skim milk
agar with the highest protein degradation halo zone diameter of 4.52 (Table 6.2). Similarly, cellulase

and lipase enzymes were detected from 27 (79.41%) and 26 (76.50%) of the isolates (Table 6.2).
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Table 6.2. The antagonistic and other different plant growth-promoting properties (PGPR) of the
selected rhizobacteria isolated from standing Acacia trees from degraded land from Central Ethiopia

Isolates HCN  Siderophore Chitinase Protease Cellulase Lipase
activity activity activity  activity
halo zone

Bacillus sp. Strain BS-22 + - 3.73+0.42¢F 4,52 + +

Bacillus sp. Strain BS-40 - + 2.5+0.5K 3.36 - -

Bacillus sp. Strain BS-47 - + - - + +

Enterococcus sp. Strain PS-4 + + 1.2+0.21! 2.65 + -

Enterococcus sp. Strain PS-5 + - 4.75+0.322 3.9 + +

Enterococcus sp. Strain PS-9 + + - 2.44 + +

Paenibacillus sp. Strain BS-30 - + - 2.61 - -

Agrobacterium sp. Strain RS-79 + + 3+0.3697 247 + +

Ochrobactrum sp. Strain RS-67 + + 3.67+0.40%¢ 3.34 - +

Ochrobactrum sp. Strain RS-70 + + - 247 + +

Acinetobacter sp. Stain BS-27 + + 3.67+0.32%9 2.04 + -

Pseudomonas sp. Strain BS-19 + + - 2.33 + +

Pseudomonas sp. Strain BS-21 + + - 2.68 + +

Pseudomonas sp. Strain BS-23 + - - 2.61 + +

Pseudomonas sp. Strain BS-24 + - - 2.53 + +

Pseudomonas sp. Strain BS-26 + + 3+0.39 2.15 + +

Pseudomonas sp. Strain BS-28 - + 3.87+0.31¢ 2.74 + +

Pseudomonas sp. Strain BS-52 - + - 2.66 + -

Pseudomonas sp. Strain BS-53 - - - 2.26 - +

Pseudomonas sp. Strain RS-75 - + - 3.07 + +

Pseudomonas sp. Strain FB-49 + + 3.9+0.20d 3.45 + +

Klebsiella sp. Strain PS-1 + - - - + +

Klebsiella sp. Strain PS-3 - - - - + +

Morganella sp. Strain PS-12 - + - 2.49 + +

Pantoea sp. Strain BS-48 + + 3.5+0.36%" 331 - -

Pantoea sp. Strain BS-35 + + - 2.68 + +

Pantoea sp. Strain BS-38 + - - 2.71 - -

Serratia sp. Strain BS-20 + - 3.5+0.564" 2.38 + +

Serratia sp. Strain BS-42 - + 3.5+0.58¢" 2.57 - +

Serratia sp. Strain PS-54 + - - 2.35 + +

Serratia sp. Strain RS-65 + + - 2.27 + +

Serratia sp. Strain RS-73 + + 2.25+0.21k 2.52 + +

Serratia sp. Strain RS- 57 + - - - + -

Serratia sp. Strain RS-64 + + - 2.79 + +

24 23 14 30 27 26
70.59 67.65 41 88.24 79.41 76.50

HCN = hydrogen cyanide, — = non producers, + = producers for the tested traits. Legend: data were presented
as re mean £ SD from (n =3) replications and values followed by the same letter(s) indicate no significant

difference (p > 0.05) at 95% confidence interval. - = non producers, + = producers for the tested traits

6.3.1.4. Multiple Plant Growth Promoting Traits
Isolates Pseudomonas sp. Strain BS-26 and Pseudomonas sp. Strain FB-49 and Agrobacterium RS-

79 displayed all the PGP traits tested; followed by three strains; Pseudomonas sp. Strain BS-19,
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Pseudomonas sp. Strain BS-28, Pseudomonas sp. Strain RS-75, three strains; Serratia sp. Strain RS-
65, Serratia sp. Strain RS-73 and Serratia sp. Strain RS-64, and one strain each from Bacillus sp.
Strain BS-22, Enterococcus sp. Strain PS-4, Ochrobactrum sp. Strain RS-70, Acinetobacter sp. Stain
BS-27, Morganella sp. Strain PS-12, Pantoea sp. Strain BS-35, (Table 6.3). In general, almost 50%
of the Pseudomonas and Serratia spp displayed almost all of the multiple growth-promoting
characters tested; whereas representatives of Paenibacillus sp., Bacillus sp. and Klebsiella sp.

showed less PGP properties.

Table 6.3. Multiple PGP traits of the 34 phosphate solubilizing bacteria

Isolates

SP

IAA
*| HCN

Bacillus sp. Strain BS-22
Bacillus sp. Strain BS-40
Bacillus sp. Strain BS-47
Enterococcus sp. Strain PS-4
Enterococcus sp. Strain PS-5
Enterococcus sp. Strain PS-9
Paenibacillus sp. Strain BS-30
Agrobacterium sp. Strain RS-79
Ochrobactrum sp. Strain RS-67
Ochrobactrum sp. Strain RS-70
Acinetobacter sp. Stain BS-27
Pseudomonas sp. Strain BS-19
Pseudomonas sp. Strain BS-21
Pseudomonas sp. Strain BS-23
Pseudomonas sp. Strain BS-24
Pseudomonas sp. Strain BS-26
Pseudomonas sp. Strain BS-28
Pseudomonas sp. Strain BS-52
Pseudomonas sp. Strain BS-53
Pseudomonas sp. Strain RS-75
Pseudomonas sp. Strain FB-49
Klebsiella sp. Strain PS-1
Klebsiella sp. Strain PS-3
Morganella sp. Strain PS-12
Pantoea sp. Strain BS-48
Pantoea sp. Strain BS-35
Pantoea sp. Strain BS-38
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Serratia sp. Strain BS-20 + + - - + + + + + 7
Serratia sp. Strain BS-42 + - + + + + - + + 7
Serratia sp. Strain PS-54 + - + - - + + + + 6
Serratia sp. Strain RS-65 + + + + - + + + + 8
Serratia sp. Strain RS-73 + + + + + + + + + 8
Serratia sp. Strain RS- 57 + - + - - - + - + 5
Serratia sp. Strain RS-64 + + + + - + + + + 8
% 100 676 706 676 412 882 794 765 100

PS- phosphate solubilizer, SP- siderophore production, CMC- carboxymethyl cellulose, - = negative

(non-producers), + = positive (producers), % = isolates showed positive response

6.3.1.5. Germination assay

Of the 34 PS isolates, 16 isolates with MPGP traits were examined for seeds germination assay and
showed a significant difference in germination percentage, root and shoot length and seed vigor
index compared to control (Table 6.4). The highest (100%) seed germination was observed with the
treatment of Pseudomonas BS-26 and Pseudomonas FB-49 compared to 71% germination rate with
the treatment of Acinetobacter BS-27. They showed a similar pattern in seedling vigor index (SVI)
of 343.33 and 306.67), respectively, followed by inoculation of seeds with Acinetobacter BS-27 and
Pseudomonas BS-28 with SVI of 176.17 and 104.76 (p< 0.05) compared to the uninoculated control
(38.31). Similarly, the highest plumule and radicle length increments were observed with inoculated
seeds with Pseudomonas BS-26 (2.37 and 1.07 cm) compared to uninoculated once (0.57 and 0.33
cm; Table 6.4).

Table 6.4. Effects of bacteria inoculation on acacia seed germination assay

Total
Plumule lengtl Radicle lengtl length

Isolate (cm) (cm) (cm) % Germinatior SVI
Pseudomonas BS-19 1.27+0.330c¢e 0.50+0.06°cde 1.77°  57.14 100.95
Acinetobacter BS-27 1.73+0.15% 0.7340.15%¢ 2.47%¢  71.42 176.17
Ochrobactrum RS-72 1.13+0.44c¢% 0.33+0.09° 1.47%  42.86 62.86
Bacillus BS-22 0.40£0.40° 0.17+0.17% 0.57°"  14.29 8.10
Serratia RS-65 0.60+0.32¢f 0.20+0.12¢% 0.80¢f  28.57 22.86
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Enterococcus PS-5 0.60+0.60° 0.17+0.17% 0.77¢  14.29 10.96
Pseudomonas BS-26 2.37+0.45% 1.07+0.18% 3.432 100.00 343.33
Pantoea BS-35 0.84+0.09%f 0.31+0.14¢% 1.15%" 2857 32.95
Serratia RS-73 0.63+0.35° 0.23+0.15% 0.87¢f 28.57 24.76
Pseudomonas BS-28 1.27+0.38bcde 0.57+0.220« 1.83*  57.14 104.76
Serratia BS-20 1.23+0.15bc¢® 0.53+0.290cd 1.77°  57.14 100.95
Agrobacterium RS-79 0.93+0.47¢df 0.50+0.26°ce 1.43%  14.29 20.48
Enterococcus PS-9 0.77+0.23% 0.43+0.12¢%% 1.20%  42.86 51.43
Enterococcus PS-4 0.47+0.26° 0.17+0.09% 0.63f 28.57 18.09
Pseudomonas FB-49 2.10+0.15% 0.97+0.15% 3.07® 100.00 306.67
Serratia RS-64 1.10+0. 27 ccef 0.37+0.09¢% 1.47%% 4257 62.44
Control 0.57+0.35°f 0.33+0.18%® 0.90¢°f 42.57 38.31

Mean + SD values followed by the same letter within the row are not significantly different according

to Duncan's multiple range test at (p < 0.05). SVI = Seed vigor index

The application of PGPR visibly increased the plumule height and radicle length in the germination

assay of acacia seeds compared to un-inoculated one (Figure 6.1).

Figure 6.1. Effect of PGPR strains on germination (root and shoot length) in inoculated (left) and
control (right) seedlings of acacia.

6.4. Discussion

The study revealed that of the 34 PS genera, Pseudomonas spp and Serratia spp. were the dominant
(50% of the isolates were phosphate solubilizers). Similarly, based on their solubilization potential,
45% each isolate was grouped as high and medium PS with Sl of 3.2 to 7 and 2.4 to 3, respectively.
The variable potential of phosphate solubilization based on SI on an agar plate in the present study
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may be because of the varying type, amount, and diffusion rates of diverse organic acids secreted by
rhizobacterial isolates. Batool and Igbal (2018) showed P solubilization capacity of PGPR with 4 to
7 Sl. Diriba Muleta et al. (2013) also reported phosphate solubilizing rhizobacteria isolated from the
natural coffee forest in southwestern Ethiopia with PSI values between 2.05 and 5.85. The presence
of a clear zone indicates P solubilization and is mainly related to the production of organic acids that
can form metal complexes with calcium, magnesium, and iron thereby converting into soluble forms

(Bashan et al., 2013).

Rhizobial isolates that have shown higher SI on solid agar medium did not show a similar trend in
liquid broth medium. Some isolates showed larger clear zones on agar but low phosphate
solubilization in a liquid medium. This shows that the production of higher SI on a solid medium
does not necessarily show solubilization efficiency in a liquid medium. This might be due to the type
and number of organic acids released by the isolates and some isolates with the little clear zone on
solid agar medium exhibited higher efficiency for dissolving insoluble phosphates in a liquid
medium. Firew Elias et al. (2016) also reported a similar trend in fungal isolates from plants in
Jimma Zone, Southwest Ethiopia. Phosphate solubilizing bacteria during the processes of chelation,
acidification, and exchange reactions can avail insoluble phosphate into available forms for plants

to increase crop yield (Pandey et al., 2015).

The study revealed that 68% of the rhizobacterial isolates produced IAA and the quantity produced
showed variations (p < 0.05). Sahay et al. (2012) reported that 50% of IAA producing bacterial
isolates from Sambhar Lake, an extreme hypersaline environment of India. The higher 1AA
production was observed in Pseudomonas fluorescens strains FB-49. Variation in IAA production
is most probably due to the inherent characteristics of the bacterial strain, culture condition, growth

stage, and substrate availability, and environmental conditions (Pant and Agrawal, 2014). The data

122



showed that 80% of the Pseudomonas isolates were capable of producing indole acetic acid (Table
6.1). Similarly, Aly et al. (2012) revealed the production of IAA by Azotobacter and Pseudomonas
species. The maximum production in Pseudomonas species is due to the biochemical mechanism

and pathway of IAA synthesis (Saharan and Nehra, 2011).

In this study only one isolate, Bacillus sp. Strain BS-22 produced 233 1AA (g/ml) which was much
lower than the ones produced by strains of B. pumilus and B. licheniformis to the tune of 445.5 and
335 ug/ml IAA (Singh et al., 2011). IAA producers are potential plant growth stimulators provided
that tryptophan, the precursor of IAA is available and the amount of IAA meets the plant requirement
(Cruz and Cadiente, 2016). Different bacterial groups were reported to produce IAA and involve
cell expansion, gene regulation, nutrient uptake, and root proliferation, improved seed germination,

and stimulated orchid development (Francis et al., 2010; Pandey et al., 2015).

Twenty-three (67.65%) and 24 (70.59%) of the isolates were able to produce hydroxamate type
siderophore and HCN respectively (Table 6.2). The production of siderophore and HCN are some
of the indirect PGP traits found among the PGPR implicated with plant protection and a desirable
trait to promote plant growth to induce plant resistance to stresses (Ngoma et al., 2013). The presence
of HCN in the soil can also act as an efficient biological weed control measure by inhibiting seed

germination and seedling vigor (Banerjee et al., 2010).

All bacterial isolates produce ammonia which is another important trait that indirectly influences
plant growth. The accumulation of ammonia in soil may increase in pH by creating alkaline
conditions of soil at pH 9 - 9.5. This suppresses the growth of certain fungi and nitrobacteria as it
has a potent inhibition effect. It also disturbs the equilibrium of the microbial community and

inhibits the germination of spores of many fungi (Swamy et al., 2016). The previous finding also
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indicated that inoculation of ammonia producing PGPR increases the root and shoot length and

biomass of maize; Z. mays (Marques et al., 2010).

Additional biocontrol trait is siderophores production (64%) which was verified by the development
of orange color with tetrazolium assay as indicated previously (Table 6.2). Hydroxamate type
siderophores production was reported by P. fluorescens, Magnetospirillum magneticum and root
nodulating bacteria such as genus Rhizobium (Ali and Vidhale, 2013; Calugay et al., 2003).
Siderophore secreting bacteria help in the transport of Fe3* inside the plant cell and contribute to
plant growth and productivity (Pandey et al., 2015). As a chelating agent, siderophore producers
deprived off iron from pathogenic fungi because of the higher affinity of bacteria to iron, and that
indirectly facilitates plant growth promotion (Compant et al., 2005). Rhizobacterial strains produce
a diverse range of siderophores like catechol, carboxylate, and hydroxamate types that have a higher
affinity for iron (Ashish et al., 2016; Kumar et al., 2017). Bacillus spp and Pseudomonas spp are
also reported as potential biofertilizers due to their siderophores production ability (Bjeli¢ et al.,

2018).

The hydrolytic activities of the isolates were indicated in, proteases (91%), chitinases (41%),
cellulase (79%), and lipase (77%) activities (Table 6.2). The production of lytic enzymes is a very
important mechanism for cell wall lysis that digests or deforms components of the cell wall of fungal
pathogens. PGPR control plant pathogens by producing growth inhibitors that could damage
pathogen cells, removing pathogen-specific nutrients (competition), parasitism, and inducing
resistance against the pathogen in the plant body. These potential bacteria could damage pathogens
by producing lytic enzymes, antibiotics, and siderophores oriented iron chelation that ultimately
excludes the pathogen from the niche. Velu (2013) reported that P. fluorescens produced more

protease, gelatinase, and cellulase enzymes than other enzymes such as amylase and pectinase.
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Several bacterial genera including Bacillus, Enterobacter, Ochrobactrum, Pseudomonas, Serratia,
Klebsiella, and Acinetobacter are well-known antagonistic bacteria to combat plant pathogens (Berg,
2009; Tariq et al., 2010). Pseudomonas spp produces lytic enzymes with pronounced antifungal
activity especially proteolytic enzymes that play a role in plant growth promotion of apple and pearl
(Ruchi et al., 2012). Bacillus species are also found to secret several hydrolytic enzymes such as
protease, chitinase, and cellulase which have a vital role in plant growth promotion and plant disease

management (Kumar and D AP, 2012).

Antagonistic bacteria such as Serratia marcescens reduce the mycelial network of Sclerotium rolfsii
by expressing chitinase. The consortia of lytic enzyme-producing rhizobacteria were used in the field
by expressing a potent synergistic inhibitory effect against pathogens and promote plant growth
(Someya et al., 2007). Generally, hydrolytic enzymes directly contribute to the parasitization of plant

pathogens and rescue plants from biotic stresses, and could enhance plant growth.

The rhizobacterial isolates possess multiple plant growth-promoting characters ranging from 5-10
traits under in vitro conditions (Table 6.3). Of the 34 phosphate solubilizers, 16 (47.05%) of them
exhibited greater than 70.59% multiple PGP traits by revealing at least 7-9 positive results for the
tested traits. Such multiple modes of action have been reported to exhibit more than three PGP traits,
which may promote plant growth directly or indirectly or synergistically. Multiple PGP activities

among PGPR have also been reported by other workers (Ahmad et al., 2008; de Freitas et al., 2007).

In this study, Pseudomonas BS-26 and Pseudomonas FB-49 were considered as potential strains in
increasing acacia seed germination and vigor index. These isolates would have triggered the activity
of specific enzymes that promoted early germination such as amylase, which has brought an increase
in the availability of starch assimilation (Nezarat and Gholami, 2009). In another study, the highest

seed germination percentage of Eucalyptus grandis was caused when inoculated with Pseudomonas
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fulva compared to the control treatment (Mafia et al., 2009). The improvement in seed germination
by PGPR was also found in Crataegus pseudoheterophylla Fatemeh et al. (2014), Acacia senegal
Sunil et al. (2011), Rosa damascene Kazaz et al. (2010), and Abies spp. (Zulueta-Rodriguez et al.,
2015). The germination increase may be due to the increased synthesis of hormones (Ahemad and

Khan, 2012).

Patten and Glick (2002) reported that the PGPR bacteria may enhance the growth of radicle of
seedlings by inducing phytohormones production such as auxins (usually 1AA). Also, significant
promotion in root and shoot vigor could be occurred by a better synthesis of auxins. Vigor index
reflects the health of the seedlings produced and so it takes into account the germination percent and
radical length. Accordingly, high vigor index value indicates better seedlings' health. Generally, the
use of phytobeneficial rhizobacteria can be considered as an excellent treatment to overcome seed

dormancy as reported earlier in the case of hard-coated seeds (Yadav et al., 2010).

6.5. Conclusion

The present study indicated that degraded soil is a source of potential PGPR with multiple plant
growth-promoting (PGP) traits (P-solubilization, HCN and IAA production, ammonia production,
and hydrolytic enzyme and siderophore production). Pseudomonas species are the dominant
phosphate solubilizers followed by Serratia species. Klebsiella PS-2 and Pseudomonas FB-49 had
the highest seed germination, shoot, and root length, and seed vigor index. The presence of various

PGP traits in the strains may be the possible reason to protect the plant from various stresses.
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Chapter 7

7.The effect of Bacterial Inoculation and Organic Amendment for Establishment of Some

Multipurpose Trees on Degraded Land
Alemayehu Getahun?, Diriba Muleta®, Solomon Kiros? and Fassil Assefa’
College of Natural and Computational Sciences, Addis Ababa University, Ethiopia
2AddisAbaba Institute of Technology, Addis Ababa University, Ethiopia
Abstract
Plantation of trees is one of the important approaches to rehabilitate degraded soil. To this end,
organic amendment of soil and bio-augmentation with microorganisms play an important role in
enhancing plant growth and plant establishment in the field. Hence, this study was initiated to assess
the role of organic amendments (OAs) and bacterial inoculations (BI) on tree establishment on
degraded soil under field conditions. Thus, six plots measuring 41 m x 4 m were established on
which the soil was amended with organic matter and bacterial inoculation (BI) of the transplanted
plants quarterly which were followed by monthly bacterial counts and measurement of plant growth
parameters and survival rate of the plants for one year. The highest bacterial counts of (21.66),
actinomycetes (2.29), and fungal (0.82) x 10° colony-forming unit g™ soil were recorded on plots
that received OAs. Also, there were significant (p < 0.05) increases in stem height (1, 0.42, and 0.39
m/plant), girths (12.0, 2.28, and 11.33 cm/plant), and branch numbers (5, 4, and 4.3/plant) on
transplanted apple, acacia and prunus trees, respectively compared to the control. The highest
survival rate was observed on an apple tree (Malus domestica) (80%) followed by acacia (Acacia
abyssinica) (66%). The data, in general, showed that using OAs, and Bl enhance the growth and

establishment of trees for the successful rehabilitation of degraded land.

Keyword: Acacia, Bio-augmentation, Bacterial counts, Rehabilitation, Survival rate, Tree
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7.1. Introduction

Microbes are an integral component of the soil ecosystem that enhances plant growth and health
(Shanmugam et al., 2017). Microbial diversity is a driver of soil ecosystem services that are
influenced by different environmental factors. However, land degradation decreases soil fertility and
reduces soil microbial biomass and activity due to human and nature-induced activities all over the

world (Mhete et al., 2020).

Land degradation is a problem that requires an urgent need for a proper restoration program with the
plantation of different plants. Multipurpose trees can serve as an important tool for ecological
restoration and land reclamation plans and amelioration of environmental problems (Tognetti et al.,
2013). The introduction of plants and shrubs species in degraded soils is a difficult task due to low
soil fertility, a severe drought period, and other associated stresses (Caravaca et al., 2002). The
decline in soil fertility, mainly due to the inadequate organic matter levels in the soil, seems to be
the most significant factor for the decreased sustainability of the system. Plant establishment can be
successfully implemented with a follow up of starting from seed germination, seedling recruitment
to proper transplantation. Seed treatment with PGPR has been used to reduce germination time and
to increase the growth of various crops such as vegetables (Kisiel and Kepczynska, 2016; Zhang et

al., 2016).

The re-establishment of indigenous tree species is an essential approach for improving degraded land
(Mengual et al., 2014). Transplanted plants can be established in the presence of diverse microbial
flora such as mycorrhiza, rhizobacteria to rehabilitate degraded lands. However, rehabilitation with
plantation of multi-purpose plants depending upon native microflora is very slow in a highly
degraded soil as the topsoil has lost soil fertility and its plant-associated microorganisms

(Ramachandran and Radhapriya, 2016). This needs reintroduction of organic amendments and
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phytobeneficial soil bacteria to recover the loss of soil fertility and microbial communities for

establishment of these plants on degraded soils (Bashan et al., 2012).

Applications of organic amendments (OAs) can cause changes in the physical, chemical, and
biological properties of soils on degraded land There are different types of OAs that include manure,
compost, biochar, and sewage sludge with proven increased microbial activity and improved soil
fertility (Wu et al., 2017). It provides essential nutrients necessary for rebuilding soil organic matter
content and establishment of the microbial population (Bohre and Chaubey, 2014). Several authors
have found that organic inputs increase soil microbial biomass and enhance microbial activity (Gu

et al., 2009; Hungria et al., 2009).

All taken together, revegetation requires the addition of large amounts of organic amendments and
phytobeneficial microbes to enhance the rehabilitation of degraded lands (Iverson and Maier, 2009).
Soil microbial community abundance, diversity, and activity have been used as indicators of overall
soil health and productivity of plants of which soil bacteria are the most dominant group (Alberton

& Hungria, 2010; Mbuthia et al., 2015).

Soil bacteria are so valued because they have the highest abundance and widest distribution in soils
Shanmugam et al. (2017) and play important roles in the decomposition of organic matter and release
of mineral nutrients. Their diversity and activity may regulate the health and stability of soil
ecosystems. Therefore, understanding and utilizing soil bacterial communities is of great potential
significance for maintaining ecosystem resilience and promoting sustainable practices on degraded

lands (Cookson et al., 2008; Zhang et al., 2019).

Organic amendments have long history in the field of agriculture but not in the field of rehabilitation
of degraded soil. In addition to this, the information on organic amendments and microbial

inoculations for the rehabilitation of degraded lands is very scarce (Maestre et al., 2017). This study
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hypothesized that some multipurpose trees that are essential for revegetation of degraded lands
would respond in the field to inoculation of selected bacteria and addition of and OAs. Therefore,
the present study was aimed at evaluating the response of degraded land to bacterial inoculations in

the presence of organic amendments during the field establishment of some multipurpose trees.

7.2. Material and Methods
7.2.1. Description of the study site

The study was conducted on marginal, abandoned, and degraded soil in North Shewa Zone, Oromia
National Regional State, Ethiopia. The site is located at 9°08’ 52" N and 38°56” 13" E and an altitude
of 3100 m above sea level for one year from March 2017 to February 2018. The soil of the
experimental area was sandy clay loamy in texture (>50% clay). The soil pH was 5.69 with a soil
salinity of 0.2 dS/m (Alemayehu Getahun et al., 2020b). In the study area, heavy rain starts in June
and ends in September and the dry season occurs from October to January which is followed by a

short rainy season from February to May.

7.2.2. Sources of Microorganisms and multi-purpose Plants

Rhizobacterial isolates were isolated from the woody plants grown in the study area as described
above in Chapter 4 and deposited at culture collection of the Addis Ababa University at the
Department of Microbial Cellular and Molecular (MCMB). In this study, Pseudomonas fluorescent
FB-49, Pseudomonas putida BS-19, Paenibacillus polymyxa BS-50, and Acinetobacter
calcoaceticus BS-27 Alemayehu Getahun et al. (2020c) were used for field application. The multi-
purpose plant species: Acacia (A. abyssinica), Apple (M. domestica), and prunus (P. africana), and
Coffee (C. arabica) were selected. Acacia is the dominant tree species growing in the area and was
recruited in the nursery near the plot. Apple tree was bought from the Girar Jarso farmers’ training

center (FTC) found near the study area. Seedlings of Prunus were obtained from the Ethiopian
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Biodiversity Institute (EBI) and coffee seedlings were kindly received from a farmer near the study

area.

7.2.3. Experimental Design, Field Preparation and OAs Application

A total of 984 m? (~0.1 ha) of the plot was plowed and fenced for the field experiment. Experimental
plots were prepared manually and the treatments were arranged in a completely randomized block
design (CRBD) in five blocks perpendicular to the control placed upright of the terrain to prevent
mix up of the treatments. 41 x 4 m plots separated by 1 m walkways. The different OAs used included
farmyard manure (FYM), compost (PC), biochar (BC), bacterial inoculation (Bl), Bl x OAs i.e.,
combination of FYM, BC and PC and PGPR (0.5:1:1 100 mL per plant) with the corresponding
dosage as indicated in Table 7.1, and control (CTRL). The amendments were manually mixed into
the topsoil at a concentration of 0.5% (wt. %) in each plot. Microbial counts were made from each
plot after application of the inputs and transplantation of A. abyssinica, M. domestica and P. africana

for one year according to Ramachandran and Radhapriya (2016).

7.2.3.1. Treatments

The consortium contained 108 CFU mL™ of PGPR inoculation (100 mL per plant) was done during
transplanting and at 3 months intervals after multipurpose trees planting for 12 months. The bacteria
were selected and used in the degraded land rehabilitation for multipurpose tree plantation. Each
block consisted of 6 treatments (columns) per species with 10 plants per treatment (6 treatments x
10 plants per treatment x 3 plant species = 180 trees). Since coffee seedlings couldn’t adapt to the
environment, they were excluded from the experiment. Seedlings for transplantation to the field plots
were of similar height: 45 cm for apple, 13 cm for acacia, and 18 cm for prunus. During the field
experimental trial, irrigation was done by adding 1 L of tap water to each planting hole and covered
with wheat straw to reduce evaporation.
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Table 7.1. Type of OAs, sources, and doses used for the experiment

Types of OAs Source Dose Dose (kg/plot)
(tonnes/ha)

Biochar (BC) Coffee husk 2 300

Compost (CP) Floriculture 5 800

Farm Yard Manure (FYM) Dried cow dung 5 800

Bl Isolated from the site 20 mL/plant 100 mL/plant

Bl x OAs BC: CP: FMY (1:1:1) 5 130:260:260:50 mL

Control (CTRL) No input - -

7.2.3. Plate counts of cultivable microorganisms
The total number of cultivable bacteria, fungi, and actinomyces were counted on nutrient agar (NA),
actinomyces isolation ager (AlA), and rose Bengal agar plates for the enumeration of bacteria,

actinomyces, and fungi, respectively using the serial dilution plate method (Xu and Zheng, 1986).

7.2.3.1. Enumeration of Bacterial Populations

Soil samples from each plot were collected and prepared to serial dilution agar plate method, and
inoculated into nutrient agar plates, and incubated at 28 + 2°C for 24 h to 48h for the enumeration
of soil bacteria. The bacterial counts were expressed as CFU g of soil. All the tests were done in
triplicate.

7.2.3.2. Enumeration of Actinomycetes population

One gram of soil from each site was suspended in 9 mL of sterile distilled water and further prepared
to appropriate dilution from which 0.1 mL of the suspension was spread on the actinomycetes
isolation agar (AlA) amended with nalidixic acid 100 mg/L and actidione 20 mg/L to minimize the
bacterial and fungal growth respectively. Then the plates were incubated at 30°C for 10 days to

calculate CFU g of soil.
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7.2.3.3. Fungal population count
For fungal population counts, the diluted soil samples were inoculated into Rose Bengal Agar
medium supplemented with streptomyecin sulfate (0.05 mg/L and incubated at 25 +1°C for 3-5 days.

Colony-forming units; were estimated in CFU g of soil.

7.2.4. Measurement of plant parameters

For this experiment, a non-destructive method of assessing plant parameters was taken. These were
plant height, trunk (stem) diameter (0.5 to 5 cm above soil level Bowers and Turner (2001), and the
number of developing branches that were determined periodically after 3, 6, 9, and 12 months after
planting (Ohsowski et al., 2016). Finally, the survival rate of each tree was assessed by recording
dead and alive plants after one year and the percentage of survived plants was calculated using the

formula (Glenn et al., 2001):

, Number of survived plants
The survival rate of trees = x 100
Total number of transplanted trees

7.2.5. Statistical Analysis

Microbial abundance and plant growth parameters were subjected to analysis of variance (ANOVA)
(Duncan’s test) to test the significant differences between the study plots. All the results were
reported as the means + standard deviation. Percentage analysis was done to determine tree survival
rate and overall microbial abundance of the treatments. All statistical analyses were performed using

SAS 9.0 software package (Bashan et al., 2012).
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7.3. Results
7.3.1. Effect of different amendments on soil microbial population

7.3.1.1. The Percentage and Total Microbial Abundance
In the present study, the total average bacterial count was highest (87%) in all plots followed by
actinomycetes 10% and fungi 3% (Figure 7.1). The result showed that a one-time amendment with

biochar, compost, and manure remarkably increased bacterial abundance compared to that of fungi.

Fungi Actinomycetes
3% 10%
Bacteria
87%

Figure 7.1. The percentage coverage of the overall microbial counts in the amended plots

All the microbial populations significantly increased on organically amended plots than the control
plots (Figure 7.2). The average actinomycetes, bacterial and fungal counts from biochar amended
soil were 2.01, 18.86, and 0.59 x 10°, respectively. The bacterial abundance showed a significant (p
< 0.05) difference across OAs but, there was no significant difference between fungal and
actinomycetes counts in each treatment (Figure 7.2). Similarly, the average actinomycetes, bacterial
and fungal counts from compost amended soil were 1.89, 16.96, and 0.53 x 10°, respectively. There
is a significant (p < 0.05) difference in bacterial abundance compared to actinomycetes and fungal
counts (Figure 7.2). The average actinomycetes, bacterial and fungal counts in manure amended soil
were 1.89, 16.91 and 0.57 x 10°, respectively. Compost amended soil also showed a similar pattern

in microbial counts.
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The highest abundance was observed in a mixed amended plot. Thus, the average actinomycetes,
bacterial and fungal counts were 2.29, 21.66, and 0.82 x 10°, respectively (Figure 7.2). Likewise, the
average actinomycetes, bacterial and fungal counts in nonamended (control) plots were 0.77, 3.0 and
0.39 x 10°, respectively. The bacterial abundance was still higher and significant (p < 0.05) to
actinomycetes and fungal counts. The microbial counts showed bacteria > actinomycetes > fungi in

all the amended plots.
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Figure 7.2. The abundance (CFU x 10°) of actinomycetes, bacteria and fungi at each amended plot.
Values represent means + SD (n = 3).

Different letters indicate significant differences among soil amendments (p<0.05) using Duncan’s

multiple comparison test. Mixed = biochar, compost, manure and bacterial inoculation

7.3.1.2. Actinomycetes Populations in Organic Amended Soil

This study showed that the number of actinomycetes population was significantly affected by
organic amendments compared to the control. The mean actinomycetes counts were between 2.10 x
10° — 1.02 x 108 gt dry soils in amended plots compared to 6.3 x 10°to 1.58 x10° g'dry soil of the
control plot. There was an inconsistent monthly variation in the actinomycetes population (Figure
7.3). The higher actinomycetes population count was recorded in April (wet season); whereas the

lowest count was observed in December (dry season) (Figure 7.3).
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Figure 7.3. Actinomycetes counts after different organic amendments for consecutive 12 months and
values represent means (n = 3). Mixed = biochar + compost + manure

7.3.1.3. Bacterial Populations in Organic Amended Soil

This study revealed that the bacterial loads were significantly affected by the application of organic
amendments compared to the control (Figure 7.4). Plots with organic amendments showed 2.13 x
10" -1.12x 10" g dry soil, whereas 1.76 x 10" -5.8 x 10° g% dry soil was recorded from nonamended
plots. A similar pattern was also noted for the bacterial population as observed in the case of
actinomycetes count with biochar and mixed treated plots (Figure7.4). The maximum bacterial

counts were recorded in July (wet season) and the lowest were counted in November (Dry season)

(Figure 7.4).
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Figure 7.4. Bacterial counts after different organic amendments for consecutive 12 months and
values represent mean (n = 3). Mixed = biochar + compost + manure
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7.3.1.4. Fungal Populations in Organic Amended Soil

In this study, increase in fungal counts was obtained from organically amended plots compared to
the control (Figure 7.5). The highest fungal count of 8.2 x 10* g* dry soil was recorded from mixed
amended soil, while the least number was recorded from the control plot (2.4 x 10* g%) dry soil.
There were inconsistent monthly counts of the fungal population. As compared to actinomycetes
and bacterial abundance, the fungal counts were very low. The highest fungal load was observed in

June (wet season) while the lowest count was noted in October (dry season) (Figure 7.5).
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Figure 7.5. Fungal population after different organic amendments for consecutive 12 months and
values represent means (n = 3). Mixed = biochar + compost + manure

7.3.2. Multipurpose Trees Establishment
7.3.2.1. Plant Growth Parameters

The growth of multipurpose trees amended with biochar, compost, manure, inoculated with bacteria
and their combinations were measured every three months and the result showed a significant
increase in height, branch numbers, and girth of the tree species biomass to the control (Table 7.2).
Change in height was one of the clear indicators of the plants in the field and all the tree species
showed significantly (p < 0.05) higher stem height on plots treated with OAs and BI compared to

the control (Table 7.2). The results indicated that soil enrichment generally increased the growth of
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tree species on amended soils. An integrated treatment of OAs + Bl displayed the best growth effect
on the stem height (1, 0.42 and 0.39 m/plant) in apple, acacia, and prunus tree species respectively
compared to the control (Table 7.2). The maximum increase in stem height of all the trees was
observed from Bl x OAs treatment. The trees grew in height (1 m in apple and 40 cm in acacia and
44 cm in prunus). Inoculation with bacteria significantly enhanced tree height (97.25, 34.25, 38.75
cm/plant) in apple, acacia, and prunus trees, respectively. Although their height steadily increased
with time, the growth rate was small: 55 cm/year, 29.5 cm/year, and 21 cm/year for apple, acacia
and prunus, respectively (Table 7.2).

Table 7.2. Measurements of stem height (SH) (mean * standard deviation) taken within three months
intervals at different soil treatments.

Tree Treatments

species  BAS CAS MAS 2] Bl x OAs CTRL
Apple (SH in cm from 3-12 months)

3 64.50 £3.1% 67.50+4.2®® 66.25+2.6%° 75.75+4.9% 80.75+3.1* 47.00+1.5°
6 72.7545.3%  69.5045.3% 69.25+2.8% 78.25+8.1 84.75+4.0° 50.50+4.9°
9 75.50+4.9%®  71.50+7.0®® 71.00+3.2% 79.50+1.3% 87.75+3.9% 51.50+3.1°
12 90.7548.5%  73.7546.7% 73.00+3.2% 97.25+25% 1.00+4.0°  54.25+4.9°
Acacia (SH in cm from 3-12 months)

3 18.25+1.7°¢  20.25+2.2° 20.50+2.1° 21.75+3.9° 28.75+2.5% 14.25+0.6°
6 21.50+4.2° 23.25+1.7° 22.00+2.6° 25.50+2.1% 31.50+3.1* 14.75+1.0°
9 21.75+2.5°  29.00+2.28 27.75+1.7% 30.50+2.1* 33.50+3.1* 15.25+1.0°
12 27.2542.5°  31.0042.6° 33.00+2.9% 34.25+1.7%® 4250+1.3% 16.25+a.5°
Prunus (SH in cm from 3-12 months)

3 25.742.6%¢  26.042.6%¢ 24.50+5.3° 31.75+2.6% 33.50+1.3% 19.00+1.5°
6 28.75+3.6°®  29.25+4.4% 2950+2.1% 33.50+2.6% 35.50+1.3* 21.00+2.0°
9 33.75+43.3*  31.25+2.5% 3375+3.0° 35.25+2.6% 37.00+2.22 22.50+1.0°
12 36.25+3.0°  38.75+3.32 36.25+2.9° 38.75+3.4% 39.00+3.6% 23.75+1.5°

BAS =biochar amended soil, CAS=compost amended soil, MAS=manure amended soil, PGPR=
plant growth-promoting rhizobacteria, Bl x OAs = BAS +CAS+MAS+ bacteria, CTRL=control.
Numbers in each row followed by the same lower-case letters within the row do not differ

significantly at p < 0.05 according to the Duncan test.
The largest girths of the plants were observed in plots treated with OAs and Bl compared to the

control (Table 7.3). Integrated treatment of OAs x BI showed a significant (p < 0.05) growth effect
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on the stem diameter of the tree species compared to the control (Table 7.3). The stem diameters
were also steadily increased with time, within the three months intervals: 9.5 cm/year, 1.98 cm/year,
and 9 cm/year for apple, acacia and prunus, respectively compared to the control.

Table 7.3. Measurements of stem or trunk diameter (SD) (mean + standard deviation) taken within
three months intervals at different soil treatments.

Tree Treatments

species  BAS CAS MAS Bl Bl x OAs CTRL
Apple (SD in cm from 3-12 months)

3 5.50+1.32 45+1.3%  550+1.3*  6.00+1.6* 7.00+10.8% 2.5+2.5P
6 7.00£1.8%°  4.75+1.3°° 6.00+0.8®  7.00+0.8% 8.00+0.8%  2.75+2.1°
9 7.50+2.1%¢  525+1.0% 6.50+0.6° 8.25+1.0* 10.00+2.28 3.00+2.0¢
12 8.00+1.6° 6.00£1.2°  7.00+0.8°  10.50+1.3* 12.00+1.6% 3.25+1.5°
Acacia (SD in cm from 3-12 months)

3 0.58+0.1°¢  1.25+0.8%  0.78+0.2%° 0.93+0.22° 1.13+0.2%®  0.30+0.1°
6 0.75+0.2°¢  1.43+0.8%  0.90+0.2%¢ 1.15+0.2% 1.40+0.2*®  0.38+0.1°
9 0.90+0.3°¢  1.53+0.7% 1.15+0.2% 1.35+0.2®® 1.78+0.2%  0.50+0.2°
12 1.05+0.4%  1.83+0.7%%  1.40+0.1°° 1.90+0.3%® 2.28+0.3*  0.63+0.2°
Prunus (SD in cm from 3-12 months)

3 4.68+2.6°  6.00+3.1°  4.33+2.2° 6.33+3.4% 833+4.3%  3.33+0.6°
6 6.00£3.1°°  7.00+3.6°  6.00+3.1°° 7.67+3.9° 9.33+4.8%  4.33+0.6°
9 6.3343.3°  8.00+4.1° 7.00+3.6°  9.33+4.8% 10.67+5.6° 4.67+0.6¢
12 10.0045.3°°  9.00+4.6° 8.33+4.3°  11.33+5.8% 11.33+4.8%° 5.68+0.6¢

BAS =biochar amended soil, CAS=compost amended soil, MAS=manure amended soil, PGPR=
plant growth-promoting rhizobacteria, Bl x OAs = BAS + CAS + MAS + bacteria, CTRL= control.
Numbers in each row followed by the same lower-case letters within the row do not differ

significantly at p < 0.05 according to the Duncan test.

Similarly, the number of branches produced by each species showed a significant difference between
amended and inoculated plots and the control (Table 7.4). The highest branch numbers were
observed in plots treated with OAs and Bl compared to the control (p < 0.05). Similarly, OAs x Bl
significantly (p < 0.05) displayed the highest number of branches compared to the control (Table
7.4). Generally, in all plant growth parameters, soil enrichment with OAs and microbial application

greatly increased the growth of tree species (Table 7.4). The number of branches steadily increased
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with time i.e., 4.5 cm/year, 3.75 cm/year, and 3.55 cm/year for apple, acacia, and prunus, respectively
compared to the control plots.

Table 7.4. Measurements of the number of branches (NB) (mean + standard deviation) taken within
three months intervals at different soil treatments.

Tree Treatments

species  BAS CAS MAS BI BIxOAs CTRL
Apple (NB within 3-12 months)

3 2.00£1.2°  1.2540.5%®  1.00+0.8°° 2.00+0.8% 2.5+0.62 0.50+0.6°
6 2.50+1.32 2.25+¢1.0® 150+0.6® 2.25+1.0% 3.00+0.8%  0.75+0.0°
9 3.25+1.0%  2.75+0.5® 2.25+0.5° 3.50+0.6° 3.75+0.5%  1.25+0.6°
12 4,00+0.8%  3.25+0.5°  350+0.6°  4.25+1.0®® 5.00+0.82  1.26+0.6°
Acacia (NB within 3-12 months)

3 0.50+0.6®  1.25+0.5°  1.00+0.8% 1.75+1.0° 2.00+0.82  0.25+0.6°
6 1.25+¢1.0%  2.00+0.82  1.50+0.6®® 2.25+0.5% 2.25+1.3*  0.50+00.6°
9 1.75+1.0°  2.50+0.6®® 2.25+0.5° 3.250+0.6 3.50+0.6®%  0.75+1.0°
12 2.50+0.6° 3.00+0.0°  3.00+0.8®  3.50+1.0* 4.00+0.8*  1.25+0.6°
Prunus (NB within 3-12 months)

3 1.75+1.0%¢  1.75+40.5%¢ 1.25+1.0° 2.50+0.6®® 3.00+0.82  0.75+1.0¢
6 2.50£0.6"  2.50+0.6°° 2.00+0.8° 3.00+0.8®® 3.50+0.6%  1.00+0.6¢
9 2.75+0.5° 3.50+0.6®® 3.00+0.8®  3.75+0.5® 4.25+0.5*  1.50+1.0°
12 3.50+0.6° 425+0.5% 375+1.0% 4.25+0.5® 4.30+0.82  2.00+0.6°

BAS =biochar amended soil, CAS=compost amended soil, MAS=manure amended soil, PGPR=
plant growth promoting rhizobacteria, Bl x OAs = BAS + CAS + MAS + bacteria, CTRL=control.
Numbers in each row followed by the same lower-case letters within row do not differ significantly

at p < 0.05 according to Duncan test.

7.3.2.2. Survival rate of tree species

At the end of one year after planting, the apple tree indicated the highest survival rate followed by
acacia and prunus (Figure 7.6). Without considering the types of treatments confirmed that apple,
acacia, and prunus trees exhibited 80%, 66.67%, and 51.67% survival rates, respectively (Figure
7.6). The result shows that the apple tree is the best species among the other tested species for

growing on degraded soil after OAs and bacterial inoculations.
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Figure 7.6. The total survival of transplanted plant species in OA soil treatments after One year
growing seasons at North Shewa Oromia National Regional State, Ethiopia.

Organic amendments such as biochar, compost, manure, and bacterial inoculations singly or in
combination showed 40 to 90% increases in the survival rate of the selected trees compared to the
30-50% survival rate recorded from the control plots at the end of a year after transplantation (Figure

7.7). The survival rate showed a pattern of Bl x OAs > bacteria > BAS > CAS > MAS > CTRL,

= Apple
m Acacia
I = Prunus

Bl x OAs CTRL

respectively for all the tree species studied.
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Figure 7.7. Treatments wise comparisons of survival rate of species in OA soil treatments at North
Shewa Oromia National Regional State, Ethiopia.

BAS = biochar amended soil, CAS=compost amended soil, MAS=manure amended soil, Bl x OAs
= BAS +CAS + MAS + bacteria, CTRL= control
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7.4. Discussion

This study revealed that soil microbial abundance (counts) generally increased following the
application of OAs compared to the control plot. The availability of nutrients in organically amended
plots resulted in the maximum microbial population. This might be because of the presence of sugars
and amino acids in OAs that contribute to microbiological activity and fertility and elevated levels
of enzymes secreted by soil microbes (Ali et al., 2019; Scotti et al., 2015). In this study, bacterial
dominance was shown followed by actinomycetes. The variation in microbial abundance is that
OAs incorporated into the soil tend to decompose faster and stimulate bacterial activity, whereas
those left on the soil surface decompose at a slower rate and tend to stimulate actinomycetes and

fungal activity in the soil (Lori et al., 2017).

The highest microbial counts were obtained in a combined treatment indicating the presence of a
synergistic role among treatments. Likewise, different amendments have different impacts on the
microbial activities in the soil as verified elsewhere with the general assumption that organic
fertilization increases microbial abundance (Chaudhry et al., 2012). Sabet et al. (2013) reported that
the counts of bacteria, actinomycetes, and fungi from compost amended soil ranged from 8.2 x 107
to 21.6 x 10’ CFU/g, 0.4x10° to 2.0 x 10° CFU/g, and 5.6 x 10* to 51.4 x 10* CFU/qg, respectively.
According to Nakhro and Dkhar (2010), farmyard manure treated fields increased bacterial and
fungal population counts between 2.2 x 10° CFU/g and 4.5 x 10° CFU/g, respectively compared to
the control plot. Furthermore, other researchers have shown that incorporation of OAs increased soil
microbial activity Lukac et al. (2017), microbial diversity (Girvan et al., 2004; Kirk et al., 2004),

and microbial density (Van Bruggen and Semenov, 2000). Application of organic C and clay content
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influence microbial functional diversity by 61.8-82.8% in particular at the end of the 12th month

(Lietal., 2018).

The other significant change observed in the microbial counts during the experimental period was
the inconsistent microbial count across each sampling month (Figures 7.3, 7.4, 7.5). This is mainly
associated with soil moisture, which is one of the major factors that can change the microbial
community structure and activity (Classen et al., 2015). In this study, the highest microbial counts
were recorded during the wet seasons (June, July, and April) while the lowest counts were observed
during dry seasons (October, November, and December). The reason is that soil moisture is never
stable in the natural environment. Bacteria, fungi and actinomycetes were the most abundant during
the wet season (Keya et al., 1982; Wang et al., 2016). The possible reasons for these variations might
be due to, in the wet season, the ample moisture and suitable temperature are favorable for the growth

of soil microorganisms (Lixia et al., 2004).

In the present study, there was also a significant (p < 0.05) difference observed in compost and
manure amended plots compared to the control. The data showed an increase in bacterial and
actinomycetes counts in biochar amended soil (BAS) except in the case of the fungal population
(Figure 7.2). The maximum microbial counts in BAS are attributed to its natural characteristics to
release nutrients slower compared to the others. There is a notable fluctuation in fungal counts in
biochar amended soil. The possible reason for this variation could be the antagonism among the
microflora present in the biochar (Rutigliano et al., 2014). Biochar provides shelter for soil microbes
with pore structures and surfaces and modifies microbial habitats by improving soil properties
(Quilliam et al., 2013). Palansooriya et al. (2019) have shown that biochar application as a soil
amendment can increase microbial population and activities. The other possible reasons responsible

for the increase in microbial abundance is the higher availability of nutrients or labile organic matter
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on biochar surface Bruun et al. (2012), and less competition (Lehmann et al., 2011). The microbial
reproduction rate has also been shown to increase in some biochar-amended soils (Steiner et al.,

2009).

The development of natural populations of soil microorganisms was reported in soils amended with
urban refuse del Mar Alguacil et al. (2009) and sugar beet residue (Caravaca et al., 2005). Gennari
et al. (2007) reported that the number of actinomycetes was 10° CFU g* soil in every soil studied.
However, pH and moisture content could affect the actinomycetes population among the different
OAs. According to Parham et al. (2003), cattle manure application promoted the growth of bacteria,
but not fungi when compared to the control soil. This was partially attributed to limitations of pH
values (the higher pH value may pose fungal growth) in the manure treated soils. Changes in soil
microbial communities (e.g., bacteria, actinomycetes) were more noticeable in soils subjected to
organic manure applications than in the control soils (Dong et al., 2014). In general, the application
of different OAs helps the native microbes in soil by improving soil aeration, water holding capacity
and stimulates microorganisms in the soil that make plant nutrients readily available leading to

higher yield and better quality of plants.

In this field experiment, application of OAs and inoculation with bacteria added separately or OAs
x BI, were very efficient to promote the stem growth, diameter, and branch numbers in multipurpose
trees tested (Tables 7.2, 7.3, 7.4). This could be due to the inoculation of bacteria that serve mainly
as a booster for plant growth during its initial life stages and a synergistic effect may occur.
Moreover, other soil microbes such as native rhizobia may interact with the legume trees. Also,
inoculants can play an essential role in nutrient uptake and therefore enhance the biomass promotion

in plants (Souza et al., 2015).
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Similarly, a survival rate of 60-90%, was reported on degraded desert soil after microbial inoculation
and compost amendment (Bashan et al., 2012). Moreover, the average survival rate of all inoculated
three cactus species after 3.5 years was 76% as reported in desert soil compared to the control (2%)
(Bashan et al., 2000). Similarly, Bashan et al. (2000) reported mentioned the survival rates of
mesquite amargo (Prosopis articulata) and yellow palo verde (Parkinsonia microphylla) were over
80% and the survival rate of mesquite was almost 100% after 10 months of cultivation with
inoculations of Azospirillum brasilense and Bacillus pumilus, Glomus sp. and supplementation with

compost (Bashan et al., 2009).

Native desert trees respond to inoculation with growth-promoting microorganisms in a manner
resembling crops and cacti (Bashan and De-Bashan, 2005). Inoculation of beneficial microbes to
degraded lands may improve Jatropha curcas by enhancing plant resistance to adverse
environmental stresses (water and nutrient deficiency and heavy metal contamination) (Kumar et
al., 2015). Thomas and Gale (2015) have also reported a mean biomass growth response of 41% for
woody plants after biochar amendment. Compost is another soil amendment that increased plant
growth (Soumare et al., 2003). It has been repeatedly suggested that the combination of biochar with
compost may be a promising strategy to promote plant growth and performance, having positive
synergistic effects on soil properties and plant growth responses (plant height and root biomass) (Liu
et al., 2012; Steiner et al., 2010). Synergistic effects of a biochar-compost blend on plant growth
and performance are thought to be mediated by sorption of nutrients by the porous biochar matrix
(Steiner et al., 2010), stimulation of microbial colonization (Pietikdinen et al., 2000), degradation of
possible noxious pyrogenic substances (Tuomela et al., 2000), improvement of the biochar surface
reactivity through accelerated oxidative aging (Cheng and Lehmann, 2009; Zimmerman, 2010) and

dissolved organic carbon sorption (Prost et al., 2013). Bashan et al. (2012) also indicated that, native

145



leguminous trees (mesquite amargo (Prosopis articulate), yellow palo verde (Parkinsonia
microphylla) and blue palo verde (Parkinsonia florida) responded well (height, number of branches,
and diameter of the main stem). This is achieved following the inoculation with PGPB, AM fungi,
and compost supplementation after three months of application. Generally, among the treatments,
OA s x Bl treatments and PGPR revealed their effectiveness in the field by promoting higher survival
rate, high stem height, and girth diameter and branch number of the tree species. This might be due
to the presence of microbial inoculants that could have helped in mitigating drought, protecting
plants from soil-borne pathogens and increased mineral availability.

7.5. Conclusion

From this study, it can be concluded that OAs particularly biochar, compost, manure, and their
integrated application showed a better impact on the microbial population compared to the control
plots. The higher microbial abundance was recorded in the plot with the mixed application. The
amendment of degraded soils with OAs and Bl improved plant performance under degraded soil
conditions. By and large, the application of combined treatments (Bl and OAs) seems to be the most

appropriate method to aid in the restoration of both plant cover and soil quality in degraded soil.
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Chapter 8

8. Conclusion and recommendation

Based on the results of this work, the following conclusions and recommendations are forwarded.

8.1. conclusion

The application of organic amendments (OAs) (biochar, compost, manure and their
combination) significantly enhanced soil fertility.

Mixed application of OA showed a remarkable increase in soil fertility status and the
performance of cover crops.

The rhizosphere of woody plant species from degraded soil harbor genetically and
physiologically diverse plant growth promoting bacteria (with 11 different genera).
Pseudomonas and Ochrobactrum species are the most dominant while Bacillus species are
the most diverse groups.

The rhizobacterial species of P. fluorescent, P. putida, P. polymyxa, and A. calcoaceticus
could increase soil fertility.

Rhizobacterial isolates from degraded soil showed plant growth promoting traits in vitro,
under greenhouse and field conditions.

The potentials of PGPR in degraded land rehabilitation is proved to be practical and eco-
friendly technologies to implemented.

The establishment of multipurpose trees on degraded land with the application of OAs and
rhizobacterial inoculation were successful with a survival rate of 52-80%.

The selection of the most efficient rhizobacterial strains and their combined effect with
organic inputs seems to be a critical point that drives the effectiveness of using these

biotechnological tools for the revegetation and rehabilitation of degraded soils.
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8.2. Recommendations

v The application of different types of organic amendments will be suggested as a toolbox to
transform marginal and abandoned land into productive land.

v A reliable strategy is needed to combine and communicate the available tools so that
environmental services is maintained or even increased.

v The role of potential and indigenous microorganisms in the restoration of degraded soil will
be considered for sustainable land management.

v Land-owners should be educated and aware in sustainable land use, agribusiness, marginal
lands will be unlocked and strengthened, and local stakeholders will defend their region
from further degradation to establish economically sound soil/land management systems.

v’ Large scale rehabilitation of many fragile and degraded areas will be needed using eco-
friendly bacterial application and organic inputs.

v The rhizobacterial species of P. fluorescent, P. putida, P. polymyxa, and A. calcoaceticus
are suggested for further large-scale rehabilitation.

v To this end, the finite nature of soil resources must never be taken for granted, they must be

used, improved, and restored.
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Future Research Directions

& Effective prevention of soil degradation requires both local management and macro policy
approaches that promote sustainability of ecosystem services. It is advisable to focus on
prevention, because attempts to rehabilitate degraded areas are costly and tend to deliver
limited results.

& Impacts of new technologies on land degradation and their social and economic
ramifications need more research.

& Checklist or key could be developed to facilitate identification of factors that are important
for determining the most appropriate amendments and practices.

& Application rates of OAs could be determined experimentally to establish a feasible
restoration protocol under a variety of restoration scenarios.

& There is a need to devise a strategy that properly handle and dispose solid wastes generated
by diverse sources in Ethiopia.

< Further research into the integration of these amendments into severely degraded landscapes
during restoration projects needs to be conducted and can reduce long-term maintenance

costs and create a foundation for sustainable above- and belowground communities.
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Appendix 8. Partial 16S rRNA genes sequencing of rhizobacteria, accession numbers, closest NCBI match, and %

similarity

Isolate | Gene Most closely related organisms™

Bank Species Accession % % E -value

accession description Gene Query

no. identity | coverage
BS-22 | MN005961 Bacillus anthracis CP033795.1 100 100 0.0
BS-29 | MN005962 Bacillus cereus AY853168.1 100 99 0.0
BS-32 | MN005963 Bacillus anthracis CP033795.1 100 99 0.0
BS-37 | MN005964 Bacillus cereus AJ539175.1 99 99 0.0
BS-40 | MN005965 Bacillus cereus AY853168.1 99 100 0.0
BS-45 | MN005966 Bacillus thuringiensis KX641526.1 99 100 0.0
BS-47 | MN005967 Bacillus thuringiensis KX641526.2 99 100 0.0
PS-4 MNO005968 Enterococcus gallinarum CP033740.1 99 100 0.0
PS-5 MNO005969 Enterococcus gallinarum CP033740.1 99 100 0.0
PS-8 MNO005970 Enterococcus gallinarum CP033740.1 99 100 0.0
PS-9 MNO005971 Enterococcus gallinarum CP033740.1 99 100 0.0
PS-11 | MN005972 Enterococcus gallinarum JF915769.1 92 99 0.0
PS-16 | MNO005973 Enterococcus gallinarum JF915769.1 99 99 0.0
BS-51 | MN005974 Paenibacillus polymyxa CP006872.1 98 100 0.0
BS-30 | MN005975 Paenibacillus odorifer CP009281.1 100 100 0.0
FB-50 | MN005976 Paenibacillus polymyxa CP025957.1 100 100 0.0
RS-79 | MNO005977 Agrobacterium tumefaciens CP033032.1 99 100 0.0
RS-58 | MN005978 Ochrobactrum intermedium KC146415.1 100 99 0.0
RS-60 | MNO005979 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-61 | MN005980 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-63 | MN005981 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-66 | MN005982 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-67 | MN005983 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-68 | MN005984 Ochrobactrum intermedium AJ242582.2 99 100 0.0
RS-69 | MN005985 Ochrobactrum intermedium KC146415.1 99 99 0.0
RS-70 | MN005986 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-71 | MN005987 Ochrobactrum intermedium KC146415.1 99 100 0.0
RS-72 | MN005988 Ochrobactrum intermedium KC146415.1 100 100 0.0
RS-74 | MN005989 Ochrobactrum intermedium AJ242582.2 99 99 0.0
RS-76 | MN005990 Ochrobactrum anthropi KC146415.2 100 100 0.0
RS-77 | MN005991 Ochrobactrum intermedium AJ242582.2 99 99 0.0
BS-27 | MN005992 Acinetobacter calcoaceticus KC257031.1 99 99 0.0
BS-19 | MN005993 Pseudomonas putida CP025262.1 99 99 0.0
BS-21 | MN005994 Pseudomonas fulva CP014025.1 100 99 0.0
BS-23 | MN005995 Pseudomonas fulva CP014025.1 100 100 0.0
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Table 5. Continued.

Isolate | Gene Most closely related organisms™

Bank Species Accession % % E -value

accession description Gene Query

no. identity | coverage
BS-24 | MN005996 Pseudomonas fulva CP014025.1 100 00 0.0
BS-26 | MN005997 Pseudomonas plecoglossicida | MF281997.1 99 100 0.0
BS-28 | MN005998 Pseudomonas fulva CP014025.1 99 100 0.0
BS-31 | MN005999 Pseudomonas fulva CP014025.1 100 99 0.0
BS-34 | MN006000 Pseudomonas fulva CP014025.1 99 100 0.0
BS-36 | MN006001 Pseudomonas fulva CP014025.1 99 100 0.0
BS-39 | MN006002 Pseudomonas fulva CP014025.1 100 100 0.0
BS-41 | MN006003 Pseudomonas fulva CP014025.1 100 100 0.0
BS-43 | MN006004 Pseudomonas fulva CP014025.1 99 100 0.0
BS-44 | MN006005 Pseudomonas fulva CP014025.1 99 100 0.0
BS-53 | MN006006 Pseudomonas fulva CP014025.1 99 100 0.0
RS-75 | MN006007 Pseudomonas protegens MK182884.1 99 100 0.0
FB-49 | MN006008 Pseudomonas fluorescens KY228953.1 100 100 0.0
PS-1 MNO006009 Klebsiella michiganensis CP033824.1 99 99 0.0
PS-2 MNO006010 Klebsiella michiganensis CP033824.1 99 100 0.0
PS-3 MNO006011 Klebsiella oxytoca CP033824.2 99 99 0.0
BS-46 | MN006012 Morganella morganii CP032295.1 99 99 0.0
PS-6 MNO006013 Morganella morganii CP032295.1 99 99 0.0
PS-10 | MN006014 Morganella morganii CP032295.1 99 100 0.0
PS-12 | MN006015 Morganella morganii CP032295.1 99 99 0.0
PS-13 | MNO006016 Morganella morganii HQ774675.1 99 100 0.0
PS-14 | MN006017 Morganella morganii CP032295.1 100 100 0.0
PS-15 | MN006018 Morganella morganii CP032295.1 99 99 0.0
PS-18 | MNO006019 Morganella morganii CP032295.1 100 100 0.0
RS-78 | MN006020 Morganella morganii CP032295.1 99 100 0.0
BS-35 | MN006021 Pantoea vagans CP014129.2 99 99 0.0
BS-38 | MN006022 Pantoea vagans CP014129.2 99 99 0.0
BS-20 | MN006023 Serratia grimesii CP033162.1 99 100 0.0
BS-42 | MN006024 Serratia grimesii MG972923.1 100 100 0.0
PS-54 | MN006025 Serratia fonticola LR134492.1 99 100 0.0
RS-65 | MN006026 Serratia marcescens CP021164.1 99 99 0.0
RS-73 | MN006027 Serratia grimesii CP033162.1 100 100 0.0
RS- 57 | MN006028 Serratia grimesii CP033162.1 99 100 0.0
RS- 62 | MN006029 Serratia grimesii CP033162.1 99 100 0.0
RS-64 | MN0060230 | Serratia fonticola LR134492.1 99 99 0.0

* Data obtained after BLAST analysis from NCBI database
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Appendix 10. The application of cover crop on organically amended (left) and nonamended plots (right)
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Appendix 11. Standard curve for the amount of P-solubilized and IAA produced by each potential PGPR Concentration

of P and IAA X-axis vs OD value at 530 nm on Y - axis) respectively.

Appendix 12. Burrow preparation, multipurpose tree transplanting, rhizobacterial inoculation and cultivation
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Control plot

Growth of prunus following AOs and Bi application on Control plot
degraded soil

Appendix 13. The growth performance and establishment of apple, acacia and prunus on degraded land following OAs
and microbial inoculations.

190



