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ABSTRACT
Fenugreek (Trigonella foenum-graecum L.) is among spices produced in different high land areas of Ethiopia. It grows in a wide range of altitudes and fixes nitrogen with rhizobia and performs well in less fertility soils. However, the effectiveness in nitrogen fixation varies depending upon the host varieties, type of strain and different environmental characters. It is, therefore, necessary to evaluate the efficiency of different isolates from different sampling areas. Thus, 18 fenugreek rhizobial isolates (11from North and 7 from East Shewa) were isolated and characterized based on their morphological, cultural, and physiological properties. These isolates were re-inoculated on sand culture using “chala” variety of fenugreek to authenticate nodulation and determine their symbiotic effectiveness. All but 2 isolates were authenticated as root nodule bacteria with their capacity to infect and nodulate their host. Inoculation of Fenugreek by the isolates showed significant differences in percent effectiveness (45%-84%). Most of the isolates displayed fast doubling time (1.8-3.3hrs) and colonies diameter of (2-5 mm) and all but 2 changed the BTB-YEMA media to yellow which showed that they are acid producers and fast growing rhizobia.. The preliminary screening of the isolates for symbiotic effectiveness on sand culture showed that isolates AAUFR-26 and AAUFR-30 of North Shewa were highly effective whereas, 67% were found to be effective. Isolates from North Shewa responded better in shoot dry weight than isolates from East Shewa indicating that some soil-related factors such as pH affect symbiotic effectiveness. Isolates were also exhibited different characterstics for their tolerance to different eco-physiological features such as pH, temperature, salt concentration, intrinsic antibiotic resistance and utilization of different carbon and nitrogen sources. These results showed the presence of wide eco-physiological diversity between isolates. Plants inoculated with different isolates displayed differences with respect to nodule number, nodule dry weight and shoot dry weight. The numerical analysis of isolates based on 60 phenotypic features showed the presence of diversity among isolates and also statistical analysis indicates their diversity towards symbiotic effectiveness. 
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[bookmark: _Toc351330537]1. INTRODUCTION
Grain legumes are a major source of proteins in human and animal nutrition and play a key role in crop rotations in most parts of the world. When grown in rotation with other crops they can improve soil fertility and reduce the occurrence of weeds, diseases and pests (Mwanamwenge et al., 1998). The modification of soils with nitrogen fertilizers is a common practice for raising the yield of agronomic crops. However, chemical fertilizers pose a health hazard and affect the microbial population in the soil, leading to a lack of oxygen in the plants root zone besides being expensive and making the cost of production high (Nagnanda et al., 2010). Nitrogen inputs in agricultural systems, owing to biological N-fixation by nodulated legumes, are straightforward to sustainable and economic production especially in less developed countries (Howieson et al., 2009). Hence, grain legumes should be used as a means of N acquisition in cropping systems in response to the depletion of non-renewable sources of energy. 
With increasing costs of chemical fertilizers and farmers inability to purchase them, the need to exploit inexpensive means of soil fertility maintains such as biological nitrogen fixation is becoming important (Tekalign Mamo and Asegelil Dibabe, 1994).furthermore, international emphasis on environmentally sustainable development with the use of renewable resources is likely to focus attention on the potential role of BNF in supplying N for agriculture (Dixon and Wheeler, 1986; Peoples et al., 1995). 
Fenugreek (Trigonella foenum-graecum L.) is a common leguminous plant used as condiments and medicinal purposes (www. ANAGEN.Net). It is among spices of a common crop plant. Since older time it is being prevailed to be used as potent anti-diabetic (Puri, 2002), digestive, antipyretic, lactogogue, hypolipidemic, antioxidant and so many other purposes (Bhatti and khan, 1996). Fenugreek is a good soil renovator and widely used as a green manure (Saeed and Elsheikh, 1995). 
In Ethiopia although, the present production scale makes it rank 6 among the highland pulses (Million Fikreselassie et al., 2012). Its cultivation and economic importance in the Ethiopian agriculture dated back to a long period of history. Even though the hectarage is limited, the species has a considerable genetic diversity in seed color, maturity and other morpho agronomic characters (FAO, 1996). The total area under production may reach 39,965 hectares and the production is estimated to be over 362,939 quintals (CSA 2012).
Nitrogen is the most important nutrient for plant growth and its availability has a major impact on both crop yield and product quality in agriculture (Stougaard, 2000).  Even though, it is the most abundant element in the atmosphere, plants do not directly utilize atmospheric nitrogen because they lack the genes encoding the nitrogenase enzyme that reduce dinitrogen (N2) and transform it in to biologically utilizable compounds.
Organisms that can fix nitrogen, i.e., convert the stable nitrogen gas in the atmosphere into a biologically useful form; all belongs to a biological group known as prokaryotes. All organisms which reduce dinitrogen to ammonia do so with the aid of an enzyme complex, nitrogenase. The nitrogenase enzymes are irreversibly inactivated by oxygen, and the process of nitrogen fixation uses a large amount of energy (Dixon and Wheeler, 1986; Postgate, 1982). 
Rhizobium is one of bacteria which can form nodules on roots or stems of leguminous plants. free living diazotrops promote the efficiency of rhizobia by altering root architecture by providing more niches for nodulation and thus enhance the nitrogen fixing ability of legumes (Nagnanda et al., 2010).The symbiotic association between rhizobia and legumes play a significant role in world agricultural productivity by annually converting approximately 120 million tons of atmospheric nitrogen into ammonia (Freiberg et al., 1997).
Biological nitrogen fixation can be affected by different factors, such as the effectiveness of Rhizobium strain, the genetics of the host plant, physical factors of the environment and agronomic practice (Nutman, 1976). In order to realize an effective fenugreek-Rhizobium for agricultural production, it is important to evaluate the compatible rhizobium and legume genotypes. The criteria for screening of the symbionts include the ability to compete and form effective N-fixing nodules, tolerance to environmental stress and persistence in the soil (Lupwayi and Haque, 1994).
Although fenugreek is a legume, it doesn’t always fix nitrogen. For this to happen, the right bacteria (Sinorhizobium meliloti) need to be present in the soil (Willems.,et al 2003). These are more likely to be present, if fenugreek has been grown on the site before. However, low pH and other soil-related factors severely affected survival, nodulation and nitrogen fixation of their indigenous rhizobia and the process can be resolved by inoculation of effective rhizobia. 
Although it is well known fact that fenugreek is a good source of atmospheric nitrogen fixation by Rhizobium present in its root nodules, effort was not made to study the indigenous rhizobia present in nodules of this plant. Thus no enough information is available concerning symbiotic effectiveness of fenugreek rhizobia. Hence, this study was initiated with the aim to isolate rhizobia nodulating fenugreek and characterize phenotypically and its symbiotic performance from some fenugreek growing areas of East and North Shewa Ethiopia.



[bookmark: _Toc351330538]2. OBJECTIVES
[bookmark: _Toc346189046][bookmark: _Toc351330539]2.1 General objective
-To evaluate phenotypic and symbiotic diversity of Rhizobium strain isolated from fenugreek plant grown in North Shewa and East Shewa, Ethiopia.
[bookmark: _Toc346189047][bookmark: _Toc351330540]2.2 Specific objectives
- To isolate and characterize rhizobia nodulating fenugreek
-To examine the morphological and physiological characteristics of the isolates. 
-To evaluate the symbiotic performance of the isolates under greenhouse experiment.
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[bookmark: _Toc346189049][bookmark: _Toc351330542]3.1. The Legumes
Legumes are economically most important and belong to third largest plant family. Plant sources contribute about 70% of the human protein need, and leguminous seeds account for 19% of this amount (Peoples and Herridge, 1990). Grain legumes are a key source of nitrogen-rich edible seeds, providing a wide variety of high-protein products and constituting the major source of dietary protein in the diets of the poor in many countries like Ethiopia. The legumes are combined with cereals or grains for a complete protein balance. Although legume crops commonly have lower yields than cereal or root crops, their protein concentration is much higher, largely because of biological nitrogen fixation. Even with lower yields, farmers can obtain more protein from legumes than from cereal or root crops. Of all plants used by man, only the grasses (Gramineae) are more important than the legumes in their protein accumulation (Allen and Allen, 1981). Leguminous plants are also used as forage for the cattle, and their cultivation alternated with cereals or other plants improves soil fertility.
Based on floral differences, the family Leguminosae is estimated to contain 16,000- 19,000 species in about 750 different genera (Rendle, 1979; Allen and Allen, 1981), and divided into three subfamilies; subfamily Mimossoideae with Approximately 3,000 species (compound inflorescences with reduced petals) subfamily Caesalpinioideae with approximately 2,500 – 2,800 species (flowers usually with five petals apparently radially symmetrical), and subfamily Papilionoideae which consists 12,000-13,500 species (pea like flowers) (Polhill and Raven, 1981). Leguminosae are found throughout the world but the greatest diversity is found in the tropics and subtropics whereas herbaceous legumes are common in the temperate regions. Most legumes in the tropics are trees and bushes. All legumes bear pods, the characteristic by which they can easily be recognized (NAS, 1979). Nodulation is common among the subfamilies Mimosoideae and Papilionoideae but within the Caesalpinioideae subfamily, only few species or genera can nodulate (Sprent, 2001).
[bookmark: _Toc351330543]3.2 Botanical description and distribution of fenugreek
Fenugreek (Trigonella foneum-graecum L.) is an annual dicotyledonous plant belonging to the Legume family (=Fabacecae), subfamily Papilionaceae.  Like other legumes it is a good source of dietary protein for consumption by man and animals. (Mehrafarin et al., 2011).Fenugreek is an erect annual herb, growing about 2 feet high, similar in habit to Lucerne. The seeds are brownish, about 1/8 inch long, oblong, rhomboidal, with a deep furrow dividing them into two unequal lobes. The seeds are contained, ten to twenty together, in long, narrow, sickle-like pods. (http://botanical.com).
Although the main area cultivated with fenugreek is concentrated in some countries of Asia and Africa, however it has been distributed in many countries throughout the world under different environments. This wide distribution of its cultivation in the world is characteristic of its adaptation to variable climatic conditions and growing environments (Petropoulos, 2002). It is native to an area extending  from Iran to Northern India and widely  cultivated in China, India, Egypt Ethiopia, Morocco, Ukraine, Greece, Turkey, etc ( Polhil and Raven,1981; Petropoulos, 2002; Acharya et al., 2006). India is the leading fenugreek producing country in the world (Edison, 1995). According to Petropoulos, (2002) the genus Trigonella has about eighteen species(Table 1).     



Table 1. Common species of the Trigonella genus according to Petropoulos (2002)
	
Genus

	Species


	Trigonella

	T. foenum-graecum, T. anguina, T. arabica, T. caerulea, T. corniculata, T. cariensis, T. rigida,, T. suavissima, T. torulosa,T. spinosa, T. polycerata, T. radiata, T. platycarpos, T hamosa,T. cretica, T. occulta, T. arcuata, and T. striata



[bookmark: _Toc346189052][bookmark: _Toc351330544]3.2.2. Distribution of fenugreek in Ethiopia
The production and distribution of fenugreek in Ethiopia is nearly similar to those of other cool season food legumes such as fababean, field pea, lentils, chickpea, and grass pea, etc. In Ethiopia, although it can grow up to 3000 m.a.s.l, its main zone of distribution is between 2150-2400 m a.s.l (Sinskaya, 1961). Well-drained loams and generally slightly alkaline soils are ideal for production of fenugreek (Rosengarten, 1969). However, heavy and wet soils limit fenugreek growth and the optimum pH for growth is between 8 – 8.5 ( Basu, 2006).
[bookmark: _Toc346189053][bookmark: _Toc351330545]3.2.3 Economical importance of fenugreek
The word 'fenugreek' is derived from the two Latin words 'foenum-graecum' meaning Greek hay indicating its use as a forage crop in the past. Ancient Egyptians called it "hairs of the earth” and used throughout the world to increase breast milk supply in lactating women (Basch et al., 2003). In one study of ten women, the use of fenugreek significantly increased volume of breast milk (Swafford, 2000).The word fenugreek in Amharic is abesh, and has been used for thousands of years for its various medicinal properties both as an herb and as a spice. Besides increasing breast milk supply, crushed fenugreek seed appears to lower blood sugar and has been used as a treatment for diabetes in Ethiopia. (http://www.alveo.com)

Supplements of fenugreek seeds were shown to lower serum cholesterol, triglyceride, and low-density lipoprotein in human patients and experimental models of hypercholesterolemia and hypertriglyceridemia (Basch et al., 2003). Several human intervention trials demonstrated that the anti-diabetic effects of fenugreek seeds ameliorate most metabolic symptoms associated with type-1 and type-2 diabetes in both humans and relevant animal models (Basch et al., 2003; Srinivasan 2004).In recent research, fenugreek seeds were experimentally shown to protect against cancers of the breast (Amin et al., 2005) and colon (Raju et al., 2006). The hepato protective properties of fenugreek seeds have also been reported in experimental models (Raju and Bird, 2006)

[bookmark: _Toc346189054]Fenugreek is also a common ingredient in curry powder and adds a maple syrup flavor to artificially flavored maple syrup (http://www.ehow.com). It is also sometimes used as an ingredient in the preparation of clarified butter, flavoring bread and injera by adding texture and aroma and drinking the powder to keep uniform skin color. Furthermore, it is very useful legume crop for incorporation into short-term rotation (Moyer et al., 2003), for hay and silage (livestock) and allow fixation of nitrogen in soils. Rhizobium inoculation of fenugreek has been reported to increase the biomass of the plant and seed production (pio et al., 1991).
[bookmark: _Toc351330546]3.3. Rhizobia Taxonomy and Host Specificity
Rhizobia or sometimes Rhizobium is the general name given to a phylogenetically diverse group of soil bacteria that form nitrogen fixing symbioses with leguminous plants. They were originally classified together with their nodulating members of leguminosae. (Somasegaran and Hoben ,1994). Rhizobia were classified as Gram negative, aerobic, non-sporulated and motile rods (Bergey et al., 1923 cited in Marina et al., 2002). However these criteria’s could not allow their differentiation from other soil bacteria with the same phenotypic characteristics (Raúl et al., 2009). Therefore their ability to induce nodules in legumes was from this date the basic criteria for differentiation of rhizobia and their taxonomy reached lower development than that of other soil related bacteria whose taxonomy was much more developed just due to their inability to form plant nodules (Raúl et al., 2009).

The species of genus Rhizobium were divided into two groups containing the fast and slow growing species on YMA medium (Vincent and Humphrey,1970).The fast growing species were R. leguminosarum nodulating Pisum, R. trifolii nodulating Trifolium, R. phaseoli nodulating Phaseolus and R. meliloti nodulating Medicago. The slow growing rhizobia included R. lupini and R. japonicum nodulating Lupinus and Glycine, respectively
The taxonomy of rhizobia, bacteria capable of nodulating leguminous plants, has changed considerably over the last 20 years, with the original genus Rhizobium, a member of the alpha-Proteobacteria, now divided into several genera. The study of new geographically dispersed host plants has been a source of many new species and is expected to yield many more (Willems, 2006). 
Since taxonomy of root and stem nodule bacteria has been expanding, recently six genera have been distinguished : Rhizobium, Bradyrhizobium, Sinorhizobium, Mesorhizobium, Azorhizobium and Allorhizobium (Rengel,2002).These genera were once divided into three categories, the Rhizobium, Sinorhizobium, Mesorhizobium and Allorhizobium branch,the Azorhizobium branch and the Bradyrhizobium branch.
The Sinorhizobium  was described by (Chen et al. in 1988 cited in Raúl et al., 2009) as a separate genus of fast-growing soybean rhizobia, renaming R. fredii as Sinorhizobium fredii, and proposing a second species, S. xinjiangense. After phylogenetic data were presented to support the criteria a third genus (Sinorhizobium) definition was emended and not restricted to the fast-growing soybean rhizobia (de Lajudie et al., 1994) because it has wide range of host plants. S. meliloti genome was isolated and sequenced from nodules and soil primarily from host plants such as Medicago (alfalfa and perennial and annual medics), Melilotus (sweet clover), and Trigonella (fenugreek) species (Marina et al.,2002). The genus Sinorhizobium is now widely accepted and currently has 11 valid species as described in table 2 (William 2006). 
Sinorhizobium meliloti is a gram-negative bacterium. As are other rhizobia, S. meliloti can be found as normal, free-living microorganisms in the soil (Marina et al., 2002). However, it is for its nitrogen-fixing symbiotic relationships with legumes that S. meliloti is studied. S. meliloti cells detect substances particularly made up of amino and organic acids, released by the roots of plants (Milcamps et al.,2001)




Table 2 Species of  Sinorhizobium
	Name
	
	Yeara
	Host plant
	Reference

	S.meliloti
	
	1926
	Melilotus,medicago,Trigonella
	Dangeard (1926)

	S.fredii
	
	1984
	Glycine,Vigna,Cajanus
	Scholla and Elkan(1984)

	S.xinjiangense
	
	1988
	Glycine
	Chen et a l(1988)

	S.saheli
	
	1994
	Sesbania,Acacia(Senegal)
	de Lajudie et al(1994)

	S.terangae
	
	1994
	Sesbania, Acacia(Senegal)
	de Lajudie et a(1994)

	S.mdicae
	
	1996
	Mdicago (Syria,France)
	Rome et al.(1996)

	S.arbosis
	
	1999
	Acacia,Prosopsis(Sudan,Kenya)
	Nick et al.(1999)

	S.kostiense
	
	1999
	Acacia,Prosopsis(Sudan)
	Nick et al.(1999)

	S.kummerowiae
	
	2002
	Kummerowia stipulacea
	Wei et al(2002)

	S.morelense
	
	2002
	Leucaena leucocephala(Mexico)
	Wang et al.(2002)

	'’S.adhaerens''b
	
	2003
	Medicago sativa(Spain),
	Willems et al.(2003)

	
	
	
	leucaena leucocephala(Brazil), Pithecellobium dulcea(Brazil)
	

	S.americanum
	
	2003
	Acacia spp.(Mexico)
	Toledo et al.(2003)


 ayear of first description
bEnsifer adhaerens was proposed to belong sinorhizobium, however the name Sinorhizobium adhaerens remains not valid pending judicial opinion (Willems.,et al 2003)  Source Willems, (2006) .

[bookmark: _Toc346189055][bookmark: _Toc351330547]3.4. Biological Nitrogen Fixation (BNF)
Nitrogen is an essential element for plant growth and reproduction. Lack of mineral nitrogen in the soil often limits plant growth (Trevaskis et al., 2002). It is converted into utilizable form of ammonia and nitrate through industrial fertilizer production and biological nitrogen fixation.  World production of fixed nitrogen in the form of chemical fertilizers accounts for about 25% of the earth’s newly fixed nitrogen, and biological processes accounts for about 60% (FAO, 1990).  
Biological Nitrogen fixation is undertaken by a wide range of organisms. However, only a very small proportion of species are able to do so; about 87 species in 2 genera of archaea, 38 genera of bacteria, and 20 genera of cyanobacteria have been identified as diazotrophs or organisms that can fix nitrogen (Dixon and Wheeler, 1986; Zahran et al., 1995).
The symbiotic association between rhizobia and legumes play a significant role in world agricultural productivity by annually converting approximately 120 million tons of atmospheric nitrogen into ammonia (Freiberg et al, 1997). For this reason, in many developing agricultural regions of the world, legumes are still used extensively for these purposes. Thus, legumes provide a relatively low-cost method of replacing nitrogen in the soil, enhancing soil fertility and improve subsequent crop yields. 
About 78% of the Earth’s atmosphere is atmospheric nitrogen (N) which is the biggest reservoir of nitrogen in the world. However, because of the strong triple bond between the two nitrogen atoms (N≡N), it cannot be used directly by animals or plants. The only living organisms capable of reducing N to a form that is accessible to plants and animals belong to the domains of Bacteria and Archaea. The reduction process is known by the name biological nitrogen fixation. It is the conversion of atmospheric N gas, to ammonia (NH3) used to make essential organic molecules such as amino acids and nucleotides (Moat and Foster, 1988). 
Approximately, half of the 23 million metric tons of nitrogen consumed as human food sources (Grains and livestock) comes from biological nitrogen fixation by prokaryotes (Socolow, 1999). Out of this, rhizobia in root nodules are estimated to carry out between 50-70% of the world’s biological nitrogen fixation (Burris and Roberts, 1993) and the estimated annual biological fixation of atmospheric nitrogen varies between 100x106 and 180x106 Mt per year (Burris and Roberts, 1993). 
Biological nitrogen fixers may be symbiotic or non-symbiotic (Tilak et al., 2005). The free-living nitrogen fixers such as Cyanobacteria, Azospirillum, Azotobacter fix N independently of other organisms using chemical energy in the case of non-photosynthetic forms or light energy in the case of photosynthetic forms. The associative N fixers live in closer to or inside the plant (present in rhizosphere, rhizoplane or grow endophytically) for their energy source to the energy intensive nitrogen fixing process (Tilak et al., 2005). 
Specific Gram-negative soil bacteria, which are members of the proteobacteria and lie within the order Rhizobiales, possess the unique ability to infect the roots of leguminous plants and so elicit formation of a specialized organ (nodule), which they colonize. As intracellular symbionts, the bacteria fix N using a conventional Mo-based nitrogenase and provide this fixed N to the plant. Thus, this symbiosis assumes agricultural and ecological importance by providing a ready source of limiting fixed N for plant growth (Gary, 2007).
[bookmark: _Toc346189056][bookmark: _Toc351330548]3.5. Biochemistry of BNF 
If nitrate formed by the oxidation of ammonia is completely changed to nitrogen gas by the denitrifying bacteria, plants cannot utilize nitrogen sources and the surface of Earth might become sterile soil and bare mountains. However, actually nitrogen-fixing bacteria reside which reduce nitrogen gas to ammonia, so plants can grow utilizing the ammonia and its related nitrogen compounds. This ammonia does not mean ammonia itself or ammonia compounds contained in the chemical fertilizers; ammonia (or ammonium ion) formed by the bacteria is immediately incorporated into organic compounds, mainly into amino acids at once when it is formed (Yateo, 2008).
The reduction of nitrogen gas to ammonia is catalyzed by nitrogenase complex. Nitrogenase complex is composed of a reductase component (Fe protein) and a nitrogenase component (MoFe protein). Nitrogenase is an oxygen sensitive enzyme. The low oxygen tension condition is realized through compartmentation in cyanobacteria (heterokysts in Anabaena azollae), active respiration (in Azotobacter) and synthesis of leghemoglobin (in Rhizobium legume) (Mulongoy, 2005). FeMo-Co, located at the active site of the nitrogenase enzyme is ultimately responsible for biological nitrogen fixation, a process that transforms inert atmospheric N2 into a form that can be metabolized by organisms (Luis, 2011). 
Although only a small group of bacteria and archea are able to fix nitrogen, this essential natural process supports life on earth. Due to its great commercial (agricultural) significance, nitrogenase has been subjected to extensive biochemical, genetic, and structural analyses. Understanding the details of FeMo-Co synthesis and nitrogenase assembly could, in the long term, improve the agronomical applications of biological nitrogen fixation. (Luis, 2011).
Biological nitrogen fixation is a high energy demanding reaction .Twelve molecules of ATP are theoretically necessary for the reduction of one molecule of nitrogen gas catalyzed by nitrogenase. But actually at least 16 molecules of ATP are required for the enzymatic reduction of nitrogen gas, because hydrogen gas is inevitably produced during the reduction of nitrogen gas and ATP is necessary also for the production of hydrogen gas. For nitrogen fixation, many ATP molecules are consumed. As ATP is the source of the energy necessary for the life processes, nitrogen-fixing bacteria stop fixing nitrogen to save energy when nitrogen compounds such as ammonia and amino acids are available ( Yateo, 2008).
	    Nitrogenase
N2+8e+16ATP+16H2O                                      2NH3+H2+16ADP+16Pi+8H+
Nitrogen fixation, which involves the chemical reduction of N2 to NH3 or NH4, requires a source of electrons. Sources of electrons for the nitrogenase activity vary with the organism. They are all small proteins and highly reductive molecules such as flavodoxin, ferredoxin, nicotinamide, or adenine dinucleotide (phosphate). 
The roots of the leguminous plants have many nodules in which the nitrogen-fixing bacteria, rhizobia, are present. Although the rhizobia reside also in soil in a free living state, they do not ﬁx nitrogen in this state. The bacteria ﬁx nitrogen only in the nodules (symbiotic state) , because in the root nodules, leghemoglobin occurs, which combines oxygen very strongly (Wittenberg et al., 1972; Wittenberg, 1974). 
As nitrogenase is very labile in the presence of oxygen the insides of the nodules are kept anaerobic and nitrogenase in the rhizobia functions regardless of the effect of oxygen, while the bacteria can respire tearing off oxygen from oxyleghemoglobin (leghemoglobin bound to oxygen). Namely, the root nodules are the place where anaerobiosis and aerobiosis coexist. Leghemoglobin is composed of heme and globin, a protein similar to animal hemoglobin. However, the affinity for oxygen of leghemoglobin is much higher than that of animal hemoglobin (Wittenberg et al., 1972; Wittenberg, 1974). The function of animal hemoglobin is to combine and to release oxygen; i.e., hemoglobin is a carrier of oxygen, while the function of leghemoglobin is only to combine oxygen. The globin part of leghemoglobin is biosynthesized by leguminous plants (Sidloi-Lumbroso and Schulman, 1977; Baulcombe and Verma, 1978), while for heme this is done by rhizobia (Cutting and Schulman, 1969; O’Brian et al., 1987).
[bookmark: _Toc346189057][bookmark: _Toc351330549]3.6. Factors affecting BNF
Legumes can meet 5–83% of their N requirements, whereby fenugreek (Trigonella foneum-graecum L.) can drive 48% of its demand by fixing atmospheric nitrogen under field conditions (Desperrier et al., 1985) and the remaining demand is met from the soil N pool. However, the soil environment is under a constant state of change and, as such, can be relatively stressful for both macro- and microorganisms. BNF is directly depends on edaphic factors likes excessive soil moisture, drought, soil acidity, P deficiency, excess mineral N, and deficiency of Ca, MO, CO and B.(Herridge and Rose, 2000; Giller, 2003). Climatic factors like high temperature and availability of light and biotic factors like absence of the required rhizobia species, excessive defoliation of host plant, crop competition and   insects and nematodes (Montanez, 2000). In the Rhizobium-legume symbiosis, N fixation is strongly related to the physiological state of the host plant (Zahran, 1999). 
[bookmark: _Toc346189058][bookmark: _Toc351330550]3.6.1. Extreme temperature 
Extreme temperature affect N2 fixation adversely. This is easy to understand because N2 fixation is an enzymatic process. Rhizobia are mesophiles and most have a poor growth at temperature below 100 C or above 370 C (Graham, 1992). Although response to temperature is strains dependent, rhizobia are found to tolerate between 4 and 42.4 0C. However, growth at 40C is rare, and only R. meliloti can grow at 42.50C .For most rhizobia, the optimum temperature range for growth in culture is 28 to310C. ( Bordeleau  and  Prevost, 1994 ).  
Temperature fluctuation strongly affects bacterial infection and N fixation in several legume species (Arayankoon et al., 1990; Kishinevsky et al., 1992). Nodulation and symbiotic nitrogen fixation depend on the nodulating strain in addition to plant cultivars (Arayankoon et al., 1990). High temperature may delay nodule initiation and development, and interfere with nodule structure and functioning in temperate legumes, whereas nitrogen fixation efficiency is mainly affected in tropical legumes. Furthermore, temperature changes affect the competitive ability of Rhizobium strains (Bordeleau and Prevost, 1994). It also influences nitrogen fixation by decreasing leg-hemoglobin synthesis, nitrogenase activity and allocation of fixed nitrate in nodules (Hungaria et al., 1989; Bordeleau and Prevost, 1994). Likewise, it was also found that low temperature decrease nodulation and nitrogen fixation (Waughman,1977).
 In general, high temperature is resulted in physiological and genetic modifications in bacteria, including plasmid deletion and genomic rearrangement. Although, heat shock proteins have been found in Rhizobium (Aarons and Graham, 1991), they cannot be produced during salt and osmotic stress (Zharan, 1999), which indicates that it is a specific response to heat stress.
[bookmark: _Toc346189059][bookmark: _Toc351330551]3.6.2. Soil acidity and alkalinity
Agricultural production is mainly affected by soil acidity in many areas of the world and limits legume productivity (Bordeleau and Prevost, 1994; Correa and Barneix, 1997). Most leguminous plants require a neutral or slightly acidic soil for growth, especially when they depend on symbiotic nitrogen fixation (Bordeleau and Prevost, 1994). Acidity affects early steps in the infection process, including the exchange of molecular signals between symbiotic partners and attachment to the roots. Some rhizobial species can tolerate acidity better than others, and tolerance may vary among strains within a species (Brockwell et al., 1995). The optimum pH for rhizobial growth is considered to be between 6.0 and 7.0 (Jordan, 1984) and relatively few rhizobia grow well at pH less than 5.0 (Graham et al., 1994).
Tolerance to diferent pH among strains of Rhizobium and Bradyrhizobium is not clear (Correa and Barneix, 1997) however differences in lipopolysaccharides composition, proton exclusion and extrusion accumulation of cellular polyamines, and synthesis of acid shock proteins (Zarhan, 1999), and composition and structure of outer membrane (Graham et al., 1994), have been implicated with pH tolerance of endosymbionts. Vlassak and Vanderleyden, (1997) reported that, nodulation of legumes is reduced in acidic soil, mainly because of sensitivity of early nodulation events, such as attachment, root hair curling and initiation of infection thread formation. In addition, low pH can affect the production and excretion of nodulation factors in some strains of rhizobia. Lapinskas et al. (2005) showed that soil acidity was a decisive factor in the spread and symbiotic efficiency of R. leguminosarum bv.viceae.     
[bookmark: _Toc346189060][bookmark: _Toc351330552]3.6.3. Drought stress
Symbiotic relationship between legumes and-Rhizobium have been found to be tremendously sensitive to drought stress. Field experiment with soybean showed that the reduction of nodule number and dry weight after a severe drought (Sinclair et al., 1987). Additionally, a number of temperate and tropical legumes and shrub legumes show signs of a reduction in nitrogen fixation when subject to soil moisture insufficiency. This is due to the fact that water stress affects the formation and longevity of nodules, synthesis of leghaemoglobin and nodule function (Guerin et al., 1991).
Rhizobial strains are fairly resistant to soil desiccation and can survive in water films surrounding soil particles when compared to the host plants (Williams and De Mallorca, 1984). Fast-growing rhizobia, however, are sensitive to soil dehydration as compared to slow-growing strains (Sprent, 1971). Experiments indicated that the decline of soyabean nitrogen fixation under drought was associated with a decline in photosynthesis (Zahran et al., 1994).  On the other hand excessive moisture and water logging also have adverse effect on BNF because it prevents the development of root hairs which are sites of nodulation, and interfere with a normal diffusion of O2 in the root system of plants (Sprent et al., 1983).
[bookmark: _Toc346189061][bookmark: _Toc351330553] 3.6.4. Soil salinity 
Plant–microbe symbioses in degraded ecosystems are highly affected by Salinity and desertification. The legume-Rhizobium symbioses and nodule formation on legumes are more sensitive to salt or osmotic stress than are the rhizobia (El-Shinnawi et al., 1989). Many species of bacteria adapt to saline conditions by intracellular accumulation of low molecular weight organic solutes (example trehalose) called osmolytes (Csonke and Hanson, 1991).
[bookmark: _Toc346189062]Salt stress inhibits the initial steps of Rhizobium-legume symbioses. According to Tu (1981), soybean root hairs showed little curling or deformation when inoculated with Bradyrhizobium japonicum in the presence of 170 mM NaCl and nodulation was completely suppressed by 210 mM NaCl. Rhizobial cells subjected to high salt stress change their morphology (Zahran, 1999). The cell ultra-structure is severely affected and the cell envelop is distorted. These alterations affect the hosts and the symbiotic interactions that lead to changes in lipopolysaccharides and surface antigens; which are the major determinants for adaptation and symbiosis (Zahran, 1999). These structures affect the capacity of Rhizobium to infect and form effective nodules and hence the amount of nitrogen fixed per unit weight of nodules with salt stress (El-Shinnawi et al., 1989; Miller and Wood, 1996)
[bookmark: _Toc351330554]4. MATERIALS AND METHOD
The rhizobium isolation, identifications, characterization and pot experiments were carried out at the Department MCMB, Addis Ababa University.
[bookmark: _Toc346189063][bookmark: _Toc351330555]    4.1. Sample collection sites
Soil samples from east Shewa were collected randomly from ten farmer’s field where fenugreek has grown previously at depth of 10-15 cm in Oct. 2010 (Table 3) and placed in alcohol sterilized plastic bags. The samples were taken to the laboratory of the department of MCMB, AAU, for further analysis. Whereas nodule samples of fenugreek plant from north Shewa were pooled, composited and kept in closed alcohol sterilized plastic vials with silica gel at room temperature until the isolation of rhizobia was undertaken .
Table 3. Sample location, altitude and soil pH
	Isolates
	Zone
	Wereda
	Soil pH
	 Altitude in meter

	AAUFR-03
	North Shewa
	Debre Birihan
	6.83
	2807

	AAUFR-04
	North Shewa
	Debre Birihan
	6.82
	2876

	AAUFR-13
	North Shewa
	Debre Birihan
	6.78
	2844

	AAUFR-14
	North Shewa
	Debre Birihan
	7.02
	2912

	AAUFR-17
	North Shewa 
	Debre Birihan
	6.68
	2871

	AAUFR-20
	North Shewa 
	Debre Birihan
	7.03
	2931

	AAUFR-26
	North Shewa
	Debre Birihan
	7.01
	2897

	AAUFR-27
	North Shewa
	Debre Birihan
	6.88
	2994

	AAUFR-30
	North Shewa
	Debre Birihan
	6.75
	2984

	AAUFR-45
	 East  Shewa
	Bishoftu
	6.86
	2101

	AAUFR-46
	 East  Shewa
	Bishoftu
	6.78
	1890

	AAUFR-47
	 East  Shewa
	Bishoftu
	6.67
	2004

	AAUFR-48
	 East  Shewa
	Bishoftu
	6.85
	2001

	AAUFR-49
	 East  Shewa
	Bishoftu
	7.04
	1995

	AAUFR-50
	 East  Shewa
	Bishoftu
	7.01
	2010

	AAUFR-51
	 East  Shewa
	Bishoftu
	6.96
	1914



[bookmark: _Toc346189064][bookmark: _Toc351330556]  4.1.1. Induction of nodulation
Induction of nodulation was undertaken using plant trap method (Vincent, 1970). Each soil sample was weighed and added into 3kg capacity surface sterilized (95% ethanol) plastic pots. Undamaged and uniform fenugreek seeds variety named Chala (obtained from EARI, Debrezeit) were surface sterilized by 70% ethanol for 3 minutes followed by 3% hydrogen per oxide for 3 minutes (Somasegaran and Hoben, 1994). The seeds were rinsed with several changes of sterile distilled water to remove the effect of sterilizing chemicals. Five pre germinated seeds per pot were sown and latter thinned down to three and allowed to grow for 45 days with regular watering at full field capacity every three days after planting.
[bookmark: _Toc346189065][bookmark: _Toc351330557] 4.1.2. Collection and isolation of rhizobia
Isolation of rhizobia from soil samples collected from East Shewa was followed after 45 days of growth of the plants .The plants were up rooted and the nodules were collected aseptically and isolation of Rhizobium was followed. While nodule samples collected from north Shewa were imbibed in water for 24 hours before crushing. Then the undamaged nodules were sterilized by 70% ethanol for 10sec and transferred to a 3% solution of hydrogen peroxide for 3min. Then, the nodules were rinsed repeatedly by sterilized water to remove the effect of the chemical and then crushed with sterile glass rod in normal saline solution (0.85% NaCl) as indicated in Somasegaran and Hoben (1994). Then suspension was streaked on yeast extract manitol agar (YEMA). The purity of cultures was checked by repeatedly streaking the bacteria on YEM agar medium (Jordan, 1984).




The components of Yeast Extract Manitol Broth (YEMB) were Manitol - 10g, K2HPO4 - 0.5g, MgSO4.7H2O - 0.2g, NaCl- 0.1g, Yeast Extract - 1g, Distilled Water - 1L and adjusted to pH 7.
Yeast Extract Manitol Agar Medium with Congored (YEMA-CR) was composed of (g/l) YMB plus Agar-15g and Congored-0.0025%w/v (Somasegaran and Hoben 1994).
[bookmark: _Toc346189066][bookmark: _Toc351330558]4.1.3. Purification and preservation of isolates
Single colonies was picked from YEMA plates after 3-5 days of incubation with sterile inoculating loop and re-streaked on new sterile YEMA plates and incubated at 28+20C. The purity of colony types was carefully examined through repeated re-streaking and a single well isolated colony was picked and transferred to YEMA slant containing 0.3% (w/v) CaCO3 and incubated at 28+20C. When sufficient growth was observed, the culture was preserved at 40C for future use (Vincent, 1970).
[bookmark: _Toc346189067][bookmark: _Toc351330559]4.2. Presumptive test of the isolates
[bookmark: _Toc346189068][bookmark: _Toc351330560]4.2.1. Gram staining test
All isolates were tested in gram stain for rapid means of identification of gram-positive contaminants as indicated in Lupwayi and Haque (1994).
[bookmark: _Toc346189069][bookmark: _Toc351330561]4.2.2.   Growth on Peptone-glucose medium
Three days old yeast extract manitol broth culture was streaked on yeast-manitol agar plus 25 ppm Congored (YEMA-CR), and glucose-peptone agar plus 25 ppm bromocresol purple (BCP) to observe the growth after having incubated at 28+20C for 3-5 days (Lupway and Haque, 1994)



Peptone-glucose medium composed of the followings. Glucose-5g, Peptone-10g, Agar-15, Bromocresol purple (BCP) -10ml, Distilled water-1000ml and pH-7. Source Lupwayi and Haque (1994)
[bookmark: _Toc346189070][bookmark: _Toc351330562]4.3. Designations of isolates
All isolates were designated as AAUFR (Addis Ababa University Fenugreek Rhizobia), with different numbers for each isolates.
[bookmark: _Toc346189071][bookmark: _Toc351330563]4.4. Authentication of rhizobia and preliminary screening of symbiotic effectiveness   on     sand culture
All the purified isolates were screened for infectivity and effectivity using 3kg capacity pots containing 3kg of sterilized and nitrogen-free sand. Plastic pots were surface sterilized with 95% ethanol whereas the river sand was sterilized with concentrated sulphuric acid (H2SO4) and then again autoclaved as indicated in Lupwayi and Haque (1994). Five surface sterilized and pre-germinated seeds were transferred into the pots, which were thinned down to three seedlings per pot after a week of germination. Each Rhizobium isolate was grown on YEMB to approximatly109 cells/ml and inoculated into each seedling. The experiment was statistically laid out with three replicates as Randomized Complete Block Design (RCBD). Each block contained three pots, negative control (T0) and positive control (TN) with uninoculated seedlings. The positive control was supplied with N weekly at a rate of 70 mg/l applied as 0.05% KNO3 (w/v) solution. Plants were also fertilized with nitrogen-free nutrient solution once a week (Broughton and Dilworth 1970, cited in Somasegaran and Hoben (1994)
[bookmark: _Toc346189072][bookmark: _Toc351330564]4.5. Relative effectiveness of the isolates
After 45 days of planting upon re-inoculation, the plants were uprooted to measure nodule number, nodule dry weight and shoot dry weight. The effectiveness of isolates in accumulating plant shoot dry matter was calculated as described in Somasegaren and Hoben (1994) and Molungoy (2004) as follows:
SE = Inoculated plant D.M. X 100,
         N-Fertilized plant D.M.
Where, D.M. = dry matter, S.E. = symbiotic effectiveness
The rate of nitrogen fixing effectiveness is evaluated as: Highly effective > 80%, Effective 50-80%, Lowly effective 35-50% and Ineffective <35%.
Table 4. N-free Nutrient Solution (Broughton and Dilworth, 1970)
	
	Stock solution
	
	Chemical
	
	g/liter

	
	1
	
	CaCl2 2H2O
	
	294.4

	2
	
	KH2Po4
	
	136.1

	3
	FeC6H5O7 ’3H2O
	
	

	
	
	     6.7

	
	
	    MgSo47H2O
	     123.3

	
	
	
	K2So4
	
	87

	
	
	
	MnSo4 H2O
	
	0.338

	
	4
	
	H3BO3
	
	0.247

	
	
	
	ZnSo4 7H2O
	
	0.288

	
	
	
	CuSo4 5H2O
	
	0.1

	
	
	
	CoSo4 7H2O
	
	0.056

	
	
	
	Na2MoO2 2H2O 
	
	0.048



     
        Source Somasegaran and Hoben (1994)
[bookmark: _Toc346189073][bookmark: _Toc351330565]4.6. Characterization of isolates
[bookmark: _Toc346189074][bookmark: _Toc351330566]4.6.1. Colony morphology
A loop full of test isolates from broth culture of 72 hrs were inoculated by streak plating onto YEMA medium and incubated at 28+2oC. They were checked after 5-7 days. Colony diameter and morphology were recorded as small dry, large mucoid and large watery according to Ahmed et al. (1984).
[bookmark: _Toc346189075][bookmark: _Toc351330567]4.6.2. Determination of Mean Generation Time (MGT)
Each isolate was streaked on YEMA plates and single colony was transferred into test tubes containing 10 ml Yeast Extract Manitol Broth (YEMB), and incubated on a rotary shaker (125rev/min) at room temperature for 48 hrs. One ml of cell suspension was transferred into 250 ml Erlenmeyer flasks containing 100 ml of YEMB and incubated on rotary shaker (125rev/min) at 280C. Turbidity was measured every 6 hrs. at 540 nm using spectrophotometer (UV-7804C). Mean generation time or doubling time was calculated from the logarithmic phase (White, 1995).
[bookmark: _Toc346189076][bookmark: _Toc351330568]4.6.3. Acid-Base production test
The ability of isolates to produce acid or alkaline in the medium were evaluated by inoculating on YEM broth containing bromothymol blue (BTB) (0.125%) as indicator. After 3-7 days of incubation the color change was observed.
[bookmark: _Toc346189077][bookmark: _Toc351330569] 4.6.4.   Phosphorus solubilization test
Rhizobial isolates were tested for synthetic tricalcium phosphate solubilization following the method of Alikhani et al. (2006).

The ingredients of the Basal Sperber agar medium (g/l) were Glucose-10, Yeast extract-0.5,
CaCl2-0.1, MgSO4.7H2O-0.25, Ca3 (PO4)2-2.5 and Agar-15.

All isolates were tested with three replications. Inoculated plates were incubated at 28+20C and the growth was observed after 3-5 days of incubation with respect to phosphate solubilization ability of the isolates.
[bookmark: _Toc346189078][bookmark: _Toc351330570]4.7. Physiological characteristics
Every tests was carried out in triplicates on YEM agar plates and Growth was determined qualitatively and recorded as (++) for maximum growth (+) for medium growth and (-) for no growth.
 Percentage of eco-physiological tolerance and heterotrophic competence was calculated as follows;  
          Growth or tolerance at different testes   ×100
     Total levels of testes or all the tasted carbon and nitrogen sources

[bookmark: _Toc346189079][bookmark: _Toc351330571] 4.7.1. Salt Tolerance
All isolates were tested for their tolerance to the salinity in YEM agar medium supplemented with NaCl at concentrations of 0.1, 1, 2, 3, 4, 5 and 6 % (w/v) (Lupwayi and Haque, 1994).
[bookmark: _Toc346189080][bookmark: _Toc351330572] 4.7.2 Temperature Tolerance
This test was applied to determine the ability of bacterial isolates to grow at low and high temperatures  using YEMA medium incubated at 150C, 200C, 250C ,300C,370C and 400C (Lupwayi and Haque, 1994).     
[bookmark: _Toc346189081][bookmark: _Toc351330573]4.7.3 PH Tolerance
The ability of the isolates to grow in acid and alkaline media was tested by inoculating them into YEMA medium adjusted to pH 4.5, 5.5, 6.5, 7, 8.5 and 9.5 with HCl or NaOH as described by Bernal and Graham (2001).
[bookmark: _Toc346189082][bookmark: _Toc351330574]4.7.4 Utilization of Carbohydrates
Carbon source utilization of isolates was determined following the method of Somasegaran and Hoben (1994) on sixteen carbohydrates. Carbohydrates were prepared as 10% (w/v) solution in steriled water. Carbohydrates free medium is essentially similar to YEMA medium, but modified by reducing the yeast extract to 0.05g/ liter. Heat labile carbohydrates (Sorbitol, Citrate, Manose, Maltose, Galactose, Arabinose, Raffinose, Cellobiose, Trehalose and Rhamnose) already were sterilized by membrane filtration using millipore with pore size of 0.45µm and added to the autoclaved carbohydrate free basal medium. The heat-stable carbohydrates (Manitol, lactose, fructose, Glycerol, Sucrose, and Starch) were autoclaved together with the medium. YEMA medium without carbon source and with manitol were used as negative and positive controls, respectively.
[bookmark: _Toc346189083][bookmark: _Toc351330575]4.7.5 Amino acid utilization of isolates
Variety of amino acids; L-alanine, L-arginine, asparagene, L-glutamate, L-leucine, L- lycine,  L-methionine, L-phenylalanine, L-tryptophane, L-valine, and L-tyrosine were used in this experiment in order to determine the ability of the isolates to utilize the amino acids as a nitrogen source. These amino acids were added at a concentration of 0.5 g/l to a basal medium source that lack NH4 (SO4)2 and supplemented with 1 g/l of manitol. The membrane filter sterilized amino acids were added to the autoclaved and cooled (approximately at 550C) basal medium as indicated in Amargar et al. (1997). Finally 48 hrs old rhizobial suspensions were inoculated into these basal media and incubated at 300C for 3-5 days.
[bookmark: _Toc346189084][bookmark: _Toc351330576]4.7.6 Intrinsic Antibiotic Resistance (IAR)
The resistance of isolates to different antibiotics at different concentration was evaluated by streaking each isolate on YEMA containing filter sterilized antibiotics using 0.45µm sized membrane filters. The stock solution of each antibiotic was first prepared as described in Lupwayi and Haque (1994) and was kept in refrigerator until they were used in the test. The antibiotics were kanamycine, erythromycin, ampicillin, chloroamphinicol, streptomycin, nalidixic acid, and gentamycine. Each antibiotic was tested at the following concentrations. ampicilin at 3 µg/ml and 10 µg/ml, chloroamphinicol at 5 µg/ml and 10µg/ml, nalidixic acid 5 µg/ml and 10 µg/ml, erythromycin at 5 µg/ml and 10 µg/ml, gentamycine at 3 µg/ml and 5 µg/ml, kanamycine 3 µg/ml and 5 µg/ml and streptomycin at 3 µg/ml and 5 µg/ml. Erythromycin was dissolved in ethanol, whereas the others were dissolved in sterilized water. The stock solution of each antibiotic was prepared by dissolving 2 g of each antibiotic in 100 ml of water. The required concentration was aseptically added to the medium using a single pipette for each antibiotic. The stock solution of each antibiotic was filter sterilized using a Millipore filter sized 0.45 µm and aseptically added to autoclaved YEMA media approximately cooled to 450C. 
[bookmark: _Toc346189085][bookmark: _Toc351330577]5.    DATA ANALYSIS
Comparison between treatments was analyzed by one-way ANOVA (Turkey’using GMP-5) software
1
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[bookmark: _Toc346189086][bookmark: _Toc351330578]6. NUMERICAL ANALYSIS
A computer cluster analysis of phenotypic variables of the isolates was carried out using a similarity coefficient and phenogram was constructed by the un weighted pair group method with the average (UPGMA) clustering method, using (NTSYS Version 2:1) software
[bookmark: _Toc351330579]7. RESULTS
[bookmark: _Toc346189088][bookmark: _Toc351330580]7.1. Isolation of Rhizobium Isolates
A total of sixteen fenugreek rhizobial isolates were selected from two Weredas of North Shewa (9) and East Shewa (7) for further characterization.
[bookmark: _Toc346189089][bookmark: _Toc351330581]7.1.1. Presumptive Tests 
All isolates were found to be gram negative and rod in shape, and failed to grow on PGA-BCP medium, except isolates AAUFR-17, AAUFR47 and AAUFR-50 (Table 1).Except isolates AAUFR-03, AAUFR-30 and AAUFR-47, other isolates did not absorb Congo red from YEMA media(Table 5).  
[bookmark: _Toc346189090][bookmark: _Toc351330582]7.2. Characteristics of the isolates
[bookmark: _Toc346189091][bookmark: _Toc351330583]7.2.1. Morphological Cultural Characteristics
The isolates showed variation in colony diameter, texture, shape and mucus or polysaccharide production .Most of isolates displayed large mucoid (LM) colonies and isolates AAUFR-03 and AAUFR-04 exhibited small mucoid (SM) whereas isolates AAUFR-14, AAUFR-26, AAUFR-49 and AAUFR-30 showed small creamy (SC) texture. The diameter of isolates colony ranged from 2-5mm. The largest diameter was recorded by isolates AAUFR-46 and AAUFR-47 with 5mm and 4.5mm, respectively followed by AAUFR-17, AAUFR-20and AAUFR-50 each with 4mm diameter. The smallest diameter was recorded by isolates AAUFR-30 with 2mm followed by AAUFR-49, AAUFR-14 and AAUFR-26each with 2.5mm diameter (Table-5).Almost all isolates changed the color of BTB-YEM broth from blue to yellow. However, Isolates AAUFR-14and AAUFR-45 did dot changes the color of BTB (Table-5).Most isolates displayed generation times between 1.8-3.3hrs except, AAUFR 14and AAUFR-45 took 5.6 and 6.3 hrs, respectively to double their population (Table-5).Isolates AAUfR-17 AAUFR 20 showed the fastest doubling time of 1.4 and 1.5hrs, respectively (Table-5).
	ISOLATES
	Collection site
	Colony characters 
	
Colony diameter
	Mean 
generation time
	PSE
	Presumptive taste

	
	
	
	
	
	
	Growth on YEMA-CR
	Growth on BTB
	PGA-BCP

	AAUFR-03
	NS
	SM
	3.5
	2.8
	-
	light red
	yellow
	-

	AAUFR-04
	NS
	SM
	3
	2.1
	-
	Colorless
	yellow
	-

	AAUFR-13
	NS
	LM
	3.5
	1.8
	-
	Colorless
	yellow
	-

	AAUFR-14
	NS
	SC
	2.5
	5.6
	-
	Colorless
	blue
	-

	AAUFR-17
	NS
	LM
	4
	1.4
	-
	Colorless
	yellow
	+

	AAUFR-20
	NS
	LM
	4
	1.5
	+
	Colorless
	yellow
	-

	AAUFR-26
	NS
	SC
	2.5
	3.2
	+
	Colorless
	yellow
	-

	AAUFR-27
	NS
	LM
	3.5
	2.3
	+
	Colorless
	yellow
	-

	AAUFR-30
	NS
	SC
	2
	1.9
	-
	light red
	yellow
	-

	AAUFR-45
	ES
	LM
	3.5
	6.3
	-
	Colorless
	blue
	-

	AAUFR-46
	ES
	LM
	5
	1.9
	-
	Colorless
	yellow
	-

	AAUFR-47
	ES
	LM
	4.5
	2.1
	-
	light red
	yellow
	+

	AAUFR-48
	ES
	LM
	3.5
	3.1
	-
	Colorless
	yellow
	-

	AAUFR-49
	ES
	SC
	2.5
	3.3
	-
	Colorless
	yellow
	-

	AAUFR-50
	ES
	LM
	4
	2.2
	-
	Colorless
	yellow
	+

	AAUFR-51
	ES
	LM
	3.5
	2.1
	-
	Colorless
	yellow
	-

	SM=small mucoid,   LM=large mucoid,  SC=small creamy,  ES=East Shewa,  NS=North Shewa



[bookmark: _Toc346189092][bookmark: _Toc351330584]7.2.2. Phosphate Solubilization Test

The phosphate solubilizing ability of the isolates showed that only AAUFR-20, AAUFR-26 and AAUFR-27 (19%) isolates were able to solubilize phosphate on the basal Sperber agar medium (Table-5).
[bookmark: _Toc346189093][bookmark: _Toc351330585]7.3. Eco-physiological characters
[bookmark: _Toc351330586]7.3.1. Salt Tolerance
All isolates grew at 0.1- 3% w/v NaCl. However, isolates AAUFR-17and AAUFR-30 grew on media adjusted to 4% w/v NaCl whereas isolates AAUFR-46 and AAUFR-27 tolerated 5%w/v and 6% w/v NaCl concentrations, respectively (Table-6)
Table- 6. Salt tolerance of isolates grown on YEMA medium incubated at 300Cfor 3-7 days
	
	NaCl
	

	Isolates
	
	tolerance in %

	
	0.1%
	1%
	2%
	3%
	4%
	
	5%
	6%
	

	AAUFR-03
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-04
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-13
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-14
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-17
	++
	++
	++
	++
	+
	
	-
	-
	71

	AAUFR-20
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-26
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-27
	++
	++
	++
	++
	+
	
	+
	+
	100

	AAUFR-30
	++
	++
	++
	++
	+
	
	-
	-
	71

	AAUFR-45
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-46
	++
	++
	++
	++
	+
	
	+
	-
	86

	AAUFR-47
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-48
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-49
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-50
	++
	++
	++
	++
	-
	
	-
	-
	57

	AAUFR-51
	++
	++
	++
	++
	-
	
	-
	-
	57

	
	16
	16
	16
	16
	4
	
	2
	1
	

	%
	100
	100
	100
	100
	25
	
	13
	6
	





 







 (++)=abundant growth,(+)=medium growth,(-)= no growth
[bookmark: _Toc346189094][bookmark: _Toc351330587]7.3.2. pH tolerance of isolates
All isolates (100%) were found to tolerate pH 5.5 to 9.5 with abundant growth at pH 6.5-8.5 (Table7). However, all isolates (56%) except, AAUFR-04, AAUFR-14, AAUFR-17, AAUFR-30, AAUFR-48, AAUFR-50and AAUFR-51 were found to be tolerant to pH 4.5. However isolate AAUFR-49 showed abundant growth at all the tested pH values. In general, 56% of the isolates were able to grow at all pH media.
Table- 7. PH tolerance of isolates grown on YEMA medium incubated at 300Cfor 3-7 days
	Isolates
	
	
	
	  pH
	
	
	
	
tolerance in   %

	
	4.5
	5.5
	6.5
	7
	8.5
	9.5
	

	AAUFR-03
	+
	+
	++
	++
	++
	+
	100

	AAUFR-04
	-
	++
	++
	++
	++
	++
	83

	AAUFR-13
	++
	++
	++
	++
	++
	+
	100

	AAUFR-14
	-
	+
	++
	++
	++
	+
	83

	AAUFR-17
	-
	+
	++
	++
	++
	++
	83

	AAUFR-20
	+
	++
	++
	++
	++
	++
	100

	AAUFR-26
	+
	++
	++
	++
	++
	++
	100

	AAUFR-27
	+
	+
	++
	++
	++
	++
	100

	AAUFR-30
	-
	+
	++
	++
	++
	++
	83

	AAUFR-45
	+
	++
	++
	++
	++
	++
	100

	AAUFR-46
	+
	++
	++
	++
	++
	++
	100

	AAUFR-47
	++
	++
	++
	++
	++
	+
	100

	AAUFR-48
	-
	+
	++
	++
	++
	+
	83

	AAUFR-49
	++
	++
	++
	++
	++
	++
	100

	AAUFR-50
	-
	+
	++
	++
	++
	++
	83

	AAUFR-51
	-
	++
	++
	++
	++
	++
	83

	Total 
	9
	16
	16
	16
	16
	16
	

	%
	56
	100
	100
	100
	100
	100
	


(++)=abundant growth, (+) =medium growth, (-) = no growth

7.3.3 Temperature tolerance of isolates

The ability of isolates to grow at different temperature levels is shown in (table 8). The data showed that 50% of the isolates were failed to grow at a temperature of 150C. All isolates were found to grow between 250C and 300C;whereas 75% of the isolates failed to grow at 200C and 370C.Although 50% of the isolates grew at temperature of 150C ; only 3 isolates were tolerant to grew at 400C.In general the most temperature tolerant isolate was AAUFR-27 that grew on all tested temperature(150C - 400C),followed by AAUFR-03, AAUFR-13, AAUFR-14, AAUFR-46, and AAUFR-48 that were able to tolerate to most of the tested temperature ranges. The most tolerant isolates to highest temperature were isolates AAUFR-27, AAUFR-46 and AAUFR-50

	Table-8. Temperature tolerance of isolates grown on YEMA medium incubated at 300C for 3-7 days

	Isolates
	150C
	200C
	250C
	300C
	370C
	400C
	tolerance in %

	AAUFR-03
	+
	++
	++
	++
	+
	-
	83

	AAUFR-04
	-
	+
	++
	++
	++
	-
	67

	AAUFR-13
	+
	++
	++
	++
	++
	-
	83

	AAUFR-14
	+
	++
	++
	++
	+
	-
	83

	AAUFR-17
	-
	+
	++
	++
	-
	-
	50

	AAUFR-20
	+
	++
	++
	++
	-
	-
	67

	AAUFR-26
	-
	++
	++
	++
	+
	-
	67

	AAUFR-27
	+
	++
	++
	++
	++
	+
	100

	AAUFR-30
	+
	++
	++
	++
	-
	-
	67

	AAUFR-45
	-
	-
	++
	++
	+
	-
	50

	AAUFR-46
	-
	++
	++
	++
	+
	+
	83

	AAUFR-47
	-
	-
	++
	++
	+
	-
	50

	AAUFR-48
	+
	+
	++
	++
	++
	-
	83

	AAUFR-49
	+
	++
	++
	++
	-
	-
	67

	AAUFR-50
	-
	-
	++
	++
	++
	+
	67

	AAUFR-51
	-
	-
	++
	++
	+
	-
	50

	Total 
	8
	12
	16
	16
	12
	3
	

	%
	50
	75
	100
	100
	75
	19
	






                                            



















[bookmark: _Toc346189096](++)=abundant growth, (+) =medium growth, (-) = no growth
[bookmark: _Toc351330588]7.3.4. Amino acid utilization of isolates
The isolates were able to utilize a variety of amino acids as their nitrogen sources. All isolates grew on, arganine, phenylalanine, tryptophan, and tyrosine followed by asparagene that support the growth of all isolates except isolate AAUFR-46. Few isolates used methionine and alanine as nitrogen source and many isolates utilized glutamate, leucine and valine. The isolates AAUFR- AAUFR-13, AAUFR-30, AAUFR-47, AAUFR-48, AAUFR-50 and AAUFR-51 utilized all (100%) amino acids whereas isolates AAUER-20 and AAUFR-27 each utilized (64%) few amino acids compared to other isolates. (Table 9). 
Table 9. Amino acid utilization of isolates grown on YEMA medium incubated at 300Cfor 3-7 days
	Isolates
	 Alanine
	 Arganine
	 Asparagene
	Glutamate
	 Leucine
	 Lycine
	 Methionine
	 Phenylalanine
	 Tryptophan
	 Tyrosine
	 Valine
	   %

	AAUFR-03
	++
	++
	++
	++
	++
	++
	+
	++
	++
	++
	-
	91

	AAUFR-04
	-
	++
	++
	++
	++
	+
	+
	++
	++
	+
	+
	91

	AAUFR-13
	+
	++
	+
	+
	++
	+
	+
	++
	+
	+
	++
	100

	AAUFR-14
	++
	++
	+
	-
	++
	++
	++
	++
	+
	+
	+
	91

	AAUFR-17
	++
	++
	++
	+
	++
	++
	-
	+
	+
	++
	++
	91

	AAUFR-20
	++
	+
	++
	++
	-
	-
	-
	+
	+
	++
	-
	64

	AAUFR-26
	++
	++
	++
	+
	++
	-
	++
	+
	++
	+
	++
	91

	AAUFR-27
	-
	++
	++
	-
	-
	++
	-
	++
	++
	++
	++
	64

	AAUFR-30
	++
	++
	++
	++
	++
	+
	++
	++
	++
	+
	++
	100

	AAUFR-45
	-
	+
	++
	++
	++
	++
	++
	+
	++
	+
	-
	82

	AAUFR-46
	-
	++
	-
	++
	++
	++
	++
	++
	++
	++
	++
	82

	AAUFR-47
	+
	++
	+
	++
	++
	++
	++
	+
	++
	++
	++
	100

	AAUFR-48
	++
	++
	++
	++
	++
	++
	++
	++
	+
	+
	+
	100

	AAUFR-49
	++
	+
	++
	++
	++
	+
	-
	++
	++
	++
	+
	91

	AAUFR-50
	++
	++
	++
	++
	+
	++
	++
	+
	+
	++
	++
	100

	AAUFR-51
	++
	++
	++
	++
	++
	++
	++
	++
	+
	+
	++
	100

	Total 
	12
	16
	15
	14
	14
	14
	12
	13
	16
	16
	13
	

	%
	75
	100
	94
	88
	88
	88
	75
	81
	100
	100
	81
	


(++)=abundant growth, (+) =medium growth, (-) = no growth

[bookmark: _Toc346189097][bookmark: _Toc351330589]7.3.5. Utilization of Carbohydrates
Almost all of the fenugreek rhizobia were able to catabolize many of the tested carbon substrates (Table 10). Almost the isolates grew on all tested carbohydrates, except a few failed to grow on starch. No isolate was found to utilize Na-citrate (Table 10). The relatively fastidious isolates were AAUFR-14, AAUFR-26, AAUFR-46 and AAUFR-49 that failed to grown on starch. 
Table 10. Carbohydrates Utilization of isolates grown on YEMA medium incubated at 300Cfor 3-7 days
	ISOLATES
	Arabinose
	fructose
	Galactose
	  Rhamnose

	lactose
	Maltose
	Manitol
	Manose
	Starch
	Sucrose
	Sorbitol
	Raffinose
	Cellobiose
	Na-citrate
	Glycerol
	Trehalose
	%

	AAUFR-03
	++
	++
	++
	  ++
	+
	++
	++
	++
	++
	++
	++
	++
	++
	-
	++
	++
	94

	AAUFR-04
	++
	+
	+
	  ++
	+
	+
	++
	+
	+
	+
	++
	+
	++
	-
	++
	++
	94

	AAUFR-13
	++
	++
	++
	  ++
	++
	++
	++
	++
	+
	++
	++
	++
	++
	-
	++
	++
	94

	AAUFR-14
	++
	++
	++
	++
	++
	+
	++
	++
	-
	++
	++
	++
	+
	-
	++
	++
	86

	AAUFR-17
	++
	++
	++
	++
	++
	++
	++
	++
	+
	++
	++
	++
	++
	-
	++
	+
	94

	AAUFR-20
	++
	++
	+
	++
	+
	++
	++
	++
	+
	++
	++
	++
	++
	-
	+
	++
	94

	AAUFR-26
	++
	++
	++
	++
	++
	++
	++
	++
	-
	++
	++
	++
	++
	-
	++
	++
	86

	AAUFR-27
	++
	++
	++
	++
	++
	++
	++
	++
	++
	++
	++
	++
	+
	-
	++
	+
	94

	AAUFR-30
	++
	+
	+
	++
	++
	+
	++
	+
	++
	++
	+
	++
	++
	-
	++
	++
	94

	AAUFR-45
	++
	++
	+
	++
	++
	+
	++
	+
	+
	++
	++
	++
	++
	-
	+
	++
	94

	AAUFR-46
	++
	++
	++
	++
	++
	++
	++
	++
	-
	++
	++
	++
	++
	-
	++
	++
	86

	AAUFR-47
	++
	++
	++
	++
	++
	++
	++
	++
	+
	++
	++
	++
	++
	-
	+
	++
	94

	AAUFR-48
	+
	++
	++
	++
	++
	++
	++
	++
	+
	+
	+
	++
	++
	-
	++
	++
	94

	AAUFR-49
	++
	++
	++
	++
	+
	++
	++
	++
	-
	++
	++
	++
	++
	-
	++
	++
	86

	AAUFR-50
	+
	++
	++
	+
	++
	++
	++
	++
	+
	++
	+
	++
	++
	-
	++
	++
	94

	AAUFR-51
	++
	++
	++
	++
	++
	++
	++
	++
	+
	++
	++
	++
	++
	-
	++
	++
	94

	Total 
	16
	16
	16
	16
	16
	16
	16
	16
	12
	16
	16
	16
	16
	0
	16
	16
	

	%
	100
	100
	100
	100
	100
	100
	100
	100
	75
	100
	100
	100
	100
	0
	100
	100
	


(++)=abundant growth, (+) =medium growth, (-) = no growth
Table -11 Intrinsic Antibiotic Resistance grown on YEMA medium incubated at 300Cfor 3-7 days	
	Isolates
	
	Antibiotics  µg/ml
	
	
	
	
	
	

	
	Amp
	
	Chl
	Nal 
	Ery
	Kan
	Gen
	Str
	
%

	
	3
	10
	5
	10
	5
	10
	5
	10
	3
	5
	3
	5
	3
	5
	

	AAUFR-03
	++
	+
	+
	-
	++
	+
	-
	-
	-
	-
	-
	-
	-
	-
	36

	AAUFR-04
	++
	+
	+
	+
	++
	++
	-
	-
	-
	-
	-
	-
	-
	-
	43

	AAUFR-13
	+
	+
	++
	+
	+
	+
	-
	-
	-
	-
	+
	-
	-
	-
	50

	AAUFR-14
	+
	-
	+
	-
	++
	+
	+
	+
	-
	-
	-
	-
	-
	-
	43

	AAUFR-17
	+
	-
	+
	-
	++
	++
	+
	-
	-
	-
	-
	-
	-
	-
	36

	AAUFR-20
	+
	+
	++
	-
	++
	+
	+
	-
	-
	-
	-
	-
	-
	-
	43

	AAUFR-26
	++
	+
	-
	-
	++
	++
	-
	-
	-
	-
	-
	-
	++
	+
	43

	AAUFR-27
	+
	+
	+
	+
	++
	++
	+
	+
	-
	-
	-
	-
	+
	-
	64

	AAUFR-30
	-
	-
	+
	-
	++
	++
	-
	-
	-
	-
	+
	-
	-
	-
	29

	AAUFR-45
	++
	+
	-
	-
	++
	++
	+
	-
	-
	-
	-
	-
	+
	-
	43

	AAUFR-46
	+
	+
	+
	+
	++
	++
	+
	+
	-
	-
	-
	-
	++
	+
	71

	AAUFR-47
	+
	+
	++
	+
	++
	++
	+
	-
	-
	-
	-
	-
	-
	-
	50

	AAUFR-48
	+
	-
	+
	-
	++
	+
	-
	-
	-
	-
	-
	-
	-
	-
	29

	AAUFR-49
	++
	++
	++
	+
	++
	++
	+
	+
	-
	-
	-
	-
	++
	+
	71

	AAUFR-50
	-
	-
	+
	-
	++
	++
	-
	-
	-
	-
	-
	-
	+
	-
	29

	AAUFR-51
	++
	+
	-
	-
	++
	++
	-
	-
	-
	-
	-
	-
	-
	-
	29

	Total
	14
	11
	13
	6
	16
	16
	8
	4
	0
	0
	2
	0
	6
	3
	

	%
	88
	69
	81
	38
	100
	100
	50
	25
	0
	0
	13
	0
	38
	19
	


Ery=Erythromycin, Kan=Kanamycin, Str=Streptomycin, Nal= Nalidixic acid, Chl= Chloramphinicol, Amp= Ampicilline, Gen=Gentamycine
[bookmark: _Toc346189098]
[bookmark: _Toc351330590]7.3.6. Intrinsic Antibiotic Resistance
All isolates from fenugreek were tolerant to nalidixic acid at all concentrations ( Table 11).followed by many isolates (88%and 81%)that were resistant to Amp (3µg/ml)and Chloramphinicol (5 µg/ml),respectively. All the isolates were found to be sensitive to kanamycine and gentamycine (5 µg/ml). In general many isolates were found to be sensitive to chloramphinicol (10µg/ml) and erythromycin. the intra-isolates difference in resistance showed that isolates AAUFR-46 and AAUFR-49 were the most resistant isolates, followed by AAUFR-27.The most sensitive once were AAUFR-30, AAUFR-48, AAUFR-50 and AAUFR-51 compared to the rest of the isolates
Table 12 Intrinsic antibiotic resistance of isolates at different antibiotic concentrations grown on YEMA medium incubated at 300C for 3-7 days	
	
	% Resistance of isolates

	Antibiotics
	3 .0μg/ml
	5.0μg/ml
	10μg/ml

	Ampicillin 
	88
	
	-
	
	69

	Chloramphenicol
	-
	
	81
	
	38

	Erythromycin 
	-
	
	50
	
	25

	Kanamycin 
	0
	
	0
	
	-

	Nalidixic acid 
	-
	
	100
	
	100

	Streptomycin
	38
	
	19
	
	-

	Gentamycine
	13
	
	0
	
	-








The overall pattern of resistance to antibiotics showed that fenugreek isolates well tolerate to nalidixic acid, ampicilline chloramphinicol and well sensitive to kanamycine and gentamycine (Table 12)

[bookmark: _Toc351330591]7.4. Numerical analysis
Numerical analysis based on different phenotypic characteristics puts the isolates into different diversity groups (Fig.1). AAUFR26, AAUFR45 and AAUFR46 were found to be separately grouped and the rest were clustered in to two main clusters at a boundary level of 0.92 average distances. Cluster I comprises (25%) AAUFR14, AAUFR20, AAUFR27 and AAUFR49, cluster II which is the biggest cluster encompassed 9 isolates (56%) AAUFR-03, AAUFR-04, AAUFR-13, AAUFR-17, AAUFR-30, AAUFR-47, AAUFR-48, AAUFR-50 and AAUFR-51 that displayed two sub–clusters at 94% level of relative similarity. Isolate AAUFR14, AAUFR-50 and AAUFR27 had been left out of the clusters at 93%, 94% and 94% level of similarity respectively. Generally, the physiological examination with respect to high salt percentage, tolerance to extreme temperatures, to high and low pH and to high concentrations of various antibiotics clearly revealed that there is diversity among the isolates (Fig 1)
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Figure 1 Dendogram of the isolates from fenugreek showing their tolerance to different stresses and utilization of carbohydrates







Table 13:  The effect of rhizobia nodulating fenugreek on nodule number (NN), nodule dry weight (NDW) and shoot dry weight (SDW) of fenugreek grown on sand culture under greenhouse conditions.

	Isolates 
	
NN/Plant± S.E.
	NDW(mg/plant±S.E.)
	SDW(mg/plant±S.E )
	%SE
	
Effectiveness

	AAUFR-03
	24±3.28abcd
	14.67±1.76abcd
	71.67±4.18bcd
	71
	E

	AAUFR-04
	19±2.19bcd
	12.00±3.51bcde
	65.33±4.06bcde
	64
	E

	AAUFR-13
	29±3.76abc
	20.33±1.20abcd
	70.33±0.88bcd
	69
	E

	AAUFR-14
	22±2.91bcd
	18.33±1.86abcd
	68.00±4.62bcd
	67
	E

	AAUFR-17
	17±1.45bcd
	13.33±2.96abcde
	66.00±5.29bcde
	65
	E

	AAUFR-20
	22±3.05bcd
	16.33±2.91abcd
	65.33±3.52bcde
	64
	E

	AAUFR-26
	41±6.64a
	27.33±3.28a
	80.67±1.76bc
	80
	HE

	AAUFR-27
	33±3.84ab
	24.67±2.96ab
	74.33±6.12bcd
	73
	E

	AAUFR-30
	30±2.40ab
	25.00±2.64ab
	85.66±2.19ab
	84
	HE

	AAUFR-45
	11±3.61cd
	10.00±2.08cde
	46.33±3.38ef
	45
	LE

	AAUFR-46
	16±3.06bcd
	10.67±4.18bcde
	55.67±3.48de
	54
	E

	AAUFR-47
	20±4.73bcd
	16.33±2.19abcd
	60.67±1.20cde
	59
	E

	AAUFR-48
	10±2.08d
	6.00±0.57de
	46.33±1.86ef
	45
	LE

	AAUFR-49
	25±3.46abcd
	17.33±2.03abcd
	68.00±1.53bcd
	67
	E

	AAUFR-50
	22±1.76bcd
	20.33±5.24abcd
	73.33±7.31bcd
	72
	E

	AAUFR-51
	28±2.33abc
	22.67±3.84abc
	67.00±1.53bcd
	66
	E

	TN
	0
	0
	101.67±4.48a
	100
	

	T0
	0
	0
	29.00±4.62f
	28
	


· Key: NN= nodule number, NDW= nodule dry weight, SDW= shoot dry weight, %SE= % of symbiotic effectiveness, 
· Numbers in the same column followed by the same letter(s) are not significantly different a   p≤0.05



Table 14 Comparative analysis of relative symbiotic effectiveness of the isolates
	Absence of
nodulation
	Mildly
Effectives
	
Effectiveness
	Highly effective

	AAUFR-19 AAUFR-34
	AAUFR-45
AAUFR-48
	AAUFR-03,AAUFR-04, AAUFR-13, AAUFR-14, AAUFR-17, AAUFR-20, , AAUFR-27, AAUFR-46, AAUFR-47, AAUFR-49, AAUFR-50, AAUFR-51
	AAUFR26 AAUFR-30

	   11%
	  11%
	                       67%
	    11%



[bookmark: _Toc346189100][bookmark: _Toc351330592]7.5. Authentication of the Isolates and Evaluation of Their Symbiotic Effectiveness
[bookmark: _Toc346189101][bookmark: _Toc351330593]7.5.1. Authentication of the Isolates
To verify the induction of root nodules, all the isolates were re-inoculated to the host plant grown on sand culture under greenhouse conditions. All the isolates except AAUFR-19 and AAUFR-34 were found to induce root nodules and verified as rhizobial isolates nodulating fenugreek. Both positive and negative controls failed to form nodules (Table 13).
[bookmark: _Toc346189102][bookmark: _Toc351330594]7.5.2. Evaluation of Symbiotic Effectiveness of Isolates
The symbiotic effectiveness of all isolates on the sand culture showed that isolates differences in their ability to fix atmospheric nitrogen and enhance growth. the symbiotic effectiveness of the isolates was determined based on growth parameters, nodule numbers, nodule dry weight and shoot dry weight in relation to the N-fertilized positive control (Table 13).
The inoculated plants showed variation in the number of nodules (Table 13). The number of nodules recorded was ranging from 10 to 41 nodules/ plant. The plants inoculated with isolate AAUFR-26 and AAUFR-27 showed the largest number of nodules with 41 and 33 nodules/ plant respectively. Whereas, isolates AAUFR-48 andAAUFR-45 induced the least number of nodules with 10 and 11 nodules/plant respectively. The inoculated plants also showed variation in nodule dry weight ranging from 6mg/plant up to 27 mg/plant. The plants inoculated with isolate AAUFR-26 and AAUFR-30 displayed the highest nodule dry weight of 27 and 25 mg/plant respectively, while plant inoculated with isolate AAUFR-48 showed the least nodule dry weight of 6 mg/plant.
The inoculated plants also displayed variations on shoot dry weight ranging from 46mg/plant up to 85 mg/plant. The plants inoculated with isolate AAUFR-30 showed the highest shoot dry weight. Whereas, the least shoot dry weight was recorded by isolates AAUFR-45 and AAUFR-48 both with 46 mg/plant.
The symbiotic effectiveness of the isolates was calculated as the percentage of shoot dry weight of inoculated plant over N fertilized or positive control plant. The highest symbiotic effectiveness was recorded by isolate AAUFR-30 with 84% of symbiotic effectiveness. This isolate was categorized as highly effective (SE ≥ 80%). However, most isolates (81%) were found to be effective (SE of 50-79%). Two isolates (AAUFR-45 and AAUFR-48) were characterized as less effective (SE of 35-49).






Table 15. Summary of biochemical and physiological properties of highly effective and effective isolates of fenugreek nodulating rhizobia from different sampling sites
	

Isolates
	

Site
	
No of Carbon sources utilized (16*)
	
No of N Sources utilized11*)
	NaCl% tolerated
	
pH tolerated
	
T(C0)tolerated
	
Antibiotics(14*)resisted
	
%SE
	
Rate
	Values of HC and ET

	AAUFR-27
	NS
	15
	8
	0.1-6
	4.5-9.5
	15-40
	9
	73
	E
	13

	AAUFR-46
	ES
	14
	10
	0.1-5
	4.5-9.5
	20-40
	10
	54
	E
	15

	AAUFR-13
	NS
	15
	11
	0.1-3
	4.5-9.5
	15-37
	7
	69
	E
	15

	AAUFR-49
	ES
	14
	10
	0.1-3
	4.5-9.5
	15-30
	10
	67
	E
	16

	AAUFR-03
	NS
	15
	10
	0.1-3
	4.5-9.5
	15-37
	5
	71
	E
	18

	AAUFR-14
	NS
	14
	10
	0.1-3
	5.5-9.5
	15-37
	6
	67
	E
	19

	AAUFR-47
	ES
	15
	10
	0.1-3
	4.5-9.5
	25-37
	7
	59
	E
	19

	AAUFR-30
	NS
	12
	11
	0.1-3
	5.5-9.5
	15-30
	4
	84
	HE
	20

	AAUFR-26
	NS
	14
	10
	0.1-3
	4.5-9.5
	20-37
	6
	80
	HE
	20

	AAUFR-04
	NS
	15
	11
	0.1-3
	5.5-9.5
	20-37
	6
	64
	E
	20

	AAUFR-20
	NS
	15
	7
	0.1-3
	4.5-9.5
	15-30
	6
	64
	E
	21

	AAUFR-50
	ES
	15
	11
	0.1-3
	5.5-9.5
	25-40
	4
	72
	E
	21

	AAUFR-51
	ES
	15
	11
	0.1-3
	5.5-9.5
	25-37
	4
	66
	E
	22

	AAUFR-17
	NS
	15
	9
	0.1-4
	5.5-9.5
	20-30
	5
	65
	E
	23


[bookmark: _Toc346189103]SE= symbiotic effectiveness, HC=heterotrophic competence, ET=ecophysiological tolerance  



[bookmark: _Toc351330595]7.6. Evaluation of isolates for their heterotrophic competence (HC) and ecophysiological tolerance (ET) in relation to symbiotic effectiveness
The isolates were also evaluated for their heterotrophic competence (HC) and ecophysiological tolerance (ET) in relation to symbiotic effectiveness to select an elite isolate for further work (Table 15). The overall value of isolates on HC and ET was between 13 and 23. The lowest value of 13 was recorded for AAUFR-27 followed by AAUFR-46 and AAUFR-13 both with a value of 15 that showed the wide range of tolerance of the isolates to different environmental conditions. However, the highly effective (HE) isolates AAUFR- 30 and AAUFR-26 were found in a narrow range of tolerance.
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8. DISCUSSION
Sixteen isolates from the fenugreek plant were obtained and morphologically characterized. Nine out of these were isolated directly from field-collected nodules and seven of them were isolated from nodules induced under greenhouse conditions. Out of the 18 isolates, 16 of them were authenticated as root nodule bacteria according to Vincent (1970). According to Brockwell (1998), the ability to form nodules along with the subsequent capacity of fixing nitrogen are widely used means to evaluate the natural links between the rhizobia and their host plant. Although failure to nodulate could originate from loss of symbiotic plasmids (Sym-plasmids) that govern the symbiotic interaction between the two partners (Zhange et a.l, 2001), the failure of these two isolates to re-nodulate their parent host may be due to other intruding bacteria that penetrated the nodule (Johnston and Beringer, 1976) or they may not originally be a rhizobial isolate. 
All isolates showed diversity in phenotypic and symbiotic characteristics. The colonies were having sticky appearance showing the production of mucous though at lower levels. Analysis of colony morphology indicated round colonies, white colored till 3-4 days of growth. However isolates AAUFR-3, AAURF-27 and AAUFR-30 turned yellowish in color after 4 days of incubation at 300C those were similar to the isolates from fenugreek plant of Baljinder et al., (2008). 
The isolates in general were rod shaped and gram negative nature, with colony diameter of 2.5-4.5 mm. All isolates, except AAUFR-03, AAUFR-30 and AAUFR-47those slightly absorbed congo red all others did not absorb it. However, three isolates AAUFR (17, 47 and 50) showed poor growth on PGA medium (Table 1). According to Somasagaran and Hoben (1985), rhizobia grow poorly, if at all, on peptone glucose agar media (PGA) and cause little change in pH, when incubated at 25‑300C.  All but two (AAUFR-14 andAAUFR-45) changed the BTB-YEM broth to yellow color indicating the production of acid. 

The mean doubling time of most isolates was found to be 1.8-3.3hrs except, AAUFR 14 and AAUFR-45 which took 5.6 and 6.3 hrs respectively which was slower in their growth rate than the other isolates. Isolates AAUFR-17 and AAUFR-20 exhibited the fastest generation time to double its population. (Table-5). 
Almost all isolates except AAUFR-14 and AAUFR-30 exhibited large colonies, doubling time (2-4 hrs) and acid production on BTB-YEM broth. Therefore, according to the classification of the family Rhizobiaceae ((Jordan, 1984;Somasagaran and Hoben, 1994) isolates of fenugreek showed typical properties of fast growing Rhizobium, Hence, based on criterion of cross-nodulation host pattern fenugreek isolates could be categorized into Sinorhizobium meliloti. This result is in line with the work of (Fikadu Shimekite, 2006) who reported almost the same characteristics of Rhizobium isolated from alfalfa plant. Additionally Bertrand et al., (1985) reported that isolates of R. meliloti, like other fast-growing Rhizobium species, usually have a generation time of 2 to 4 h and are acid producers on YEM growth medium. 

The performance of salt tolerance of isolates showed that, except isolates AAUFR-27 and AAUFR-46 those tolerated 6% and 5% w/v of NaCl respectively and isolates AAUFR-17 and AAUFR -30 those tolerated 4% w/v of NaCl all other isolates were sensitive to salt concentrations above 3%w/v(Table-6).  However, Baljinder et al., (2008) results indicated that, isolates from fenugreek were unable to grow at higher than 1% NaCl concentrations. According to Hanaa and Mustapha, (2009) as the salt concentration increased, growth inhibition of the isolates also increased .This result is more or less similar with previous work of (Fikadu Shimekit, 2006) who reported the growth of most isolates from alfalfa at 1-5% NaCl concentrations. Furthermore, Assefa Keneni et al., (2010) found that rhizobial strains isolated from faba bean of Wollo region were able to grow variably throughout the different sodium chloride (0.5% to 5%). Some rhizobial isolates from bean were found to grow under high salt conditions (4-5%) (Kucuk et al., 2006). Fast growing isolates were generally more tolerant to high NaCl concentrations than slow growing isolates.
The results of pH tolerance indicated that except 44% of isolates those failed to grown at pH 4.5, all others were able to grow at pH 4.5-9.5(table 7). However there was variation in growth at pH 4.5, 5.5 and 9.5 where 38%, 44% and 31% of isolates showed medium growth respectively while others grow abundantly at all tested pH.  All the isolates (100 %) were found to tolerate pH 5.5 to 9.5 with abundant growth at pH 6.5 to 8.5. The results were more or less in line with previous studies of Fikadu Shemekite (2006) who reported the tolerance of all isolates from alfalfa at pH 5-9. Additionally, Mulissa and Fassil (2012) found the tolerance of all isolates from chickpea at pH 5.5-8 and 25% of isolates also found to grow at pH 9.5.
Temperature tolerance of the isolates showed that maximum growth of all tested isolates was obtained between 25 and 30°C (Table 8). The growth of isolates below and above these values decreased to reach 75% at 20°C and 37°C. Only 50% and 19% of the tested isolates could be able to tolerate a temperature of 200C and 400Crespectively. Similarly it has been reported that 17% chickpea rhizobia were thermotolerant which could be able to grow at temperature of 40°C (Mulissa Jida and Fassil Assefa, 2012). Fikadu Shemekite, (2006) also reported the tolerance of many isolates from alfalfa to 400C. Although  Baljinder et al.,(2008) reported in contrast to this work that no isolates of fenugreek Rhizobium were able to grow at 370c However, temperature 29.4°C is the optimum parameter for growth of the organism (Kucuk et al., 2006). 
All of the tested isolates (100%) were able to catabolise L-tryptophan, L-tyrosine, and L-arginine (Table 9). Methionine supported the growth of 75 % of isolates whereas the rest amino acids supported the growth of more than 80% of the isolates. Previous works reported that most of rhizobia nodulating common bean utilized most of nitrogen sources (Sessitsch, et al, 1997b; Anteneh Argaw,2007). Similarly, Alemayehu Workalemahu, (2006) reported all the tested isolates of common bean from south Ethiopia utilized L-tryptophan and L-tyrosine. 
Almost all of the rhizobial isolates showed growth on the tested carbohydrates except Starch on which the isolates showed greater diversity in growth. Starch supported the growth of 75 % of isolates but none of isolates grew on citrate (Table 10). Previous works upon utilization of starch indicated that 80% of isolates from common bean (Anteneh Argaw, 2007), 69% of isolates from grass pea (Musa Adal, 2009) metabolized starch for growth and energy. Zerihun Belay, (2006) and Fikadu Shimekit, (2006) reported in line with this work that isolates from faba bean and alfalfa respectively, did not metabolize citrate as sole source of carbon.  However, in contrast to our result both authors reported the utilization of citrate by 61% and 69% of isolates respectively. According to Jordan, (1984) and Stowers (1985), all fast growing rhizobia utilize a wide range of carbohydrate as a carbon source without gas formation. Whereas Graham and Parker, (1964) found that utilization of citrate as sole sources of carbon was restricted to slow-growing bradyrhizobia. It is very remarkable that the types of carbohydrates utilized also varied among fenugreek rhizobia. Such characteristics are usually used as investigative features for root nodule bacteria (Küçük and Kıvanç, 2008; Hungria et al., 2001).
In the present study of intrinsic antibiotic resistance (IAR) all the isolates exhibited random susceptibility to different concentrations and types of antibiotics. Obviously, most of rhizobial cultures showed a significant ability to resist the effect of many of the tested antibiotics.
The IAR in most isolates was decreased with the increase of the concentration given in the culture medium since; the high concentrations were more suppressive for bacterial growth. At low concentration out of the 16 isolates (88, 81, 100, 50, 13 and 38%) tolerated Ampicillin, chloramphenicol, nalidixic acid, erytromycin, gentamicin and streptomycin respectively. Whereas, at higher antibiotic concentration the corresponding numbers were 11, 6, 4 and 3 (69, 38, 25 and 3%) tolerated ampcilline, chloramphenicol, erythromycin and streptomycin respectively. Nalidixic acid was 100% tolerated by all isolates at both concentrations (Table 11). However, kanamycin and gentamycin have a distinct suppressive effect on most isolates. Except 2 isolates those grown slightly, no others were tolerated both concentrations of gentamycine. however no growth was obtained under the low and high concentrations of Kanamycin. A similar observations has also been made by Fikadu Shimekit,(2006) who reported the sensitivity of Rhzobium isolates from alfalfa to kanamycine, while many isolates resisted ampicillin, chloramphenicol and nalidixic acid. Anteneh Argaw, (2007) and Keneni et al., (2010) also reported the sensitivity of isolates from common bean to kanamycine and streptomycin 
Evaluation of isolates for their heterotrophic competence (HC) and ecophysiological tolerance (ET) in relation to symbiotic effectiveness to select the best isolate for further work showed wide range of difference in tolerance to a variety of physiological characteristics (Table15). Isolate AAUFR-27 showed the smallest value of 13 for its heterotrophic competence (HC) and ecophysiological tolerance (ET) followed by isolates AAUFR-13 and AAUFR-46 for which a value of 15 was recorded. However isolates AAUFR-26 and AAUFR-30 which are highly effective isolates were found to be in narrow range of tolerance to different environmental conditions both with HC and ET value of 20.Utilization of wide range of carbon and nitrogen sources by isolates and adapting to different environmental conditions give more ecological competence in the soil and used for their differentiation and it is also one of the required characteristics for selection of isolates for preparation of  inoculants (Küçük and  Kıvanç ,2008 ;Hungria et al., 2001;).
A cluster analysis on fenugreek rhizobia was carried out to evaluate the phenotypic relationships among the isolates of the different districts of North Shewa and East Shewa. The dendrogram displayed the occurrence of a high level of diversity among the isolates. At 92% similarity coefficient, the sixteen isolates grouped into three clusters (Figure 1). Each cluster and sub-cluster encompasses isolates of different sampling areas. The dendrogram indicated that relatedness of the isolates decrease as similarity coefficient level increase. As similarity coefficient increase, the number of clusters increased. This shows that similarity analysis of all phenotypic characteristics could be helpful to determine the genetic diversity among the isolates.
The preliminary screening for infectiveness (ability to form nodules) and effectiveness (ability to form enough nitrogen) of the isolates were evaluated on the basis of nodule number, nodule dry weight and shoot dry weight. All tested isolates of fenugreek rhizobia showed great variation in their capacity to induce the formation of nodule on the host plant root under glasshouse conditions. The mean nodule number per plant varied from 10 to 41 which were induced by isolate AAUFR-48 and AAUFR-26, respectively (Table 13). The highest nodule dry weight was recorded for isolateAAUFR-26, that is, 27.33 mg/plant whereas the lowest was 6 mg/plant which were recorded for isolate AAUFR-48 (Table 13).

All tested fenugreek rhizobia exhibited high diversity in their capacity to fix atmospheric nitrogen and thus shoot dry matter accumulation. In comparison with TN control which represents 100% level of shoot dry matter and T0 control which represents 28%, all isolates showed shoot dry matter yield ranging from 46 to 85 mg per plant (Table 13). The relative effectiveness, which is expressed in percent of TN control, showed that isolates AAUFR-30 and AAUFR-26 both from (north Shewa)  were the most efficient with more than 80% dry matter yield while isolates AAUFR-45 and AAUFR-48 that were both from East Shewa were the least efficient  both with 45% relative effectiveness (Table 13). 
The data also showed a pattern of effectiveness on the basis of site of collection. Accordingly, 56% of the isolates from north Shewa and 31% of the isolates from east Shewa induced effective nodulation and nitrogen fixation and shoot dry weight accumulation (Table 14). Most of the effective isolates were recorded from North Shewa.
The most infective and highly effective isolates must be chosen to prepare biofertilizer for fenugreek inoculation trail at different zones under Ethiopian soil and climatic conditions. In this study, Although there was a discrepancy in nodule number and weight among the treated plants, a significant difference existed with respect to their shoot dry matter at P=0.05.Similarly, Mulissa Jida and Fassil Assefa (2012) have also reported that there was no positive relationship between the increase of shoot dry matter or the number and the dry weight of nodules. However, Dudeja et al. (1981) demonstrated that the dry matter yield was rather correlated with the nodule leghaemogblobin concentration than with the number or the dry weight of nodules.
[bookmark: _Toc346189105]
[bookmark: _Toc351330597]9.  CONCLUSION AND RECOMMENDATION
[bookmark: _Toc346189106]
[bookmark: _Toc351330598]9.1. Conclusion
This particular study that focused on the phenotypic and symbiotic characterization of rhizobia nodulating fenugreek in major growing areas of north Shewa and east Shewa has not yet been reported in Ethiopia. In this study, some of the isolates showed outstanding physiological characteristics. All but two isolates changed the YEMA-BTB medium to yellow color. With the exception of few isolates, all the isolates showed a mean doubling time of less than four (4) hrs, and induced nodulation on fenugreek. All these and other characteristics can qualify these isolates of the cross-inoculation group of Sinorhizobium meliloti.

Some of the isolates were tolerant for most of the environmental factors like high pH and low pH, high and low temperature, low and high salt concentrations. The majority of the isolates was able to utilize a wide variety of carbon and nitrogen sources and also displayed a considerable resistance to many of the tested antibiotics. When the physiological test result of fenugreek rhizobia is compared with the result of other cool Season legumes that were carried out in the past few consecutive years, the tolerance of fenugreek rhizobia to these extreme abiotic factors was found to be slightly better than other isolates from some other cool season legumes.
This capacity may favor the establishment of the rhizobia in the soil and may represent an advantage to be used as inoculants for fenugreek. This gives an ecological advantage in colonizing the soil or rhizosphere as compared to strains having limited preference and competitive advantage for the isolates when they live as saprophytes in the soil. This is an essential component in strain selection and for production of inoculants. The fact that 87% of the isolates were effective in screening trials indicates that some of the fenugreek growing areas evaluated mostly in East Shewa are in need of inoculants that could enhance the symbiotic performance of the crop.
Therefore, based on Heterotrophic competence (HC), Ecophysiological tolerance (ET) and symbiotic effectiveness the isolates AAUFR-13, AAUFR-27 AAUFR-46 and AAUFR-47 are the best candidates for production of inoculums. 
[bookmark: _Toc346189107]
















[bookmark: _Toc351330599]9.2. Recommendations
Based on this research work, the following points are recommended:
· The isolates were taken from two sampling sites of east Shewa and north Shewa. Therefore; collection, isolation and characterization of large number of fenugreek nodulating rhizobial isolates throughout the country are strongly recommended in order to arrest the true character of fenugreek rhizobia.

· The highly effective isolates that have been tested at greenhouse level need to be tested at field condition to ensure their competitiveness ability within the soil.

· Phenotypic characterization should be supplemented with polyphasic approach that includes genetic characterization to reveal the true diversity of fenugreek rhizobia.
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Appendix 1 Induction of nodules from soil samples collected around Debrezeit at AAU green house
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    Appendix 2 cultural characteristics of isolates.  
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Large mucoid colony texture of isolate AAUFR-46 on YEMA medium  


      Appendix 3 authentication of isolates at green house condition 
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                                                                            Fenugreek inoculated by isolate AUUFR-26 and 
                                                                                     positive control

 Appendix 4 nodules obtained after re-inoculation of isolates to fenugreek  
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            Nodule of isolate AAUFR-30                                                   Negative control	     
                         

                       
            
           
   Appendix 5 Physiological tests of isolates
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     Alkaline or Acid predictability of isolates (yellow acid, green alkaline) on YEM broth with BTB    
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           Isolates AAUFR 13 and48 Vs pH5.5                       Isolates AAUFR14 and 20 Vs Erthromycine10µg/ml
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 IsolateAAUFR-26Vs Erthromycine 10µg/ml         Isolate AAUFR26Vs Nalidixic acid 10µg/ml         
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