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Abstract  Most soils in western Kenya are characterized by high acidity level and phosphorus (P) deficiency, 
which affect nodulation and nitrogen fixation of groundnut (Arachis hypogaea L.). This study aimed at 
characterising rhizobia capable of nodulating groundnut in P deficient soils in Western Kenya. Sixty four isolates out 
of the 68 were confirmed to be rhizobia due to their ability to nodulate groundnut. Ninety six percent of the isolates 
exhibited semi-globose to globose colony shape on yeast extract mannitol agar (YEMA). Groundnut was nodulated 
by both fast and slow growing rhizobia isolates with 81% being fast growers. Fifty one isolates representing 75% 
produced acid on YEMA medium supplemented with bromothymol blue (BTB). The isolates varied in their 
response to pH with 39 and 61 growing at pH 4.0 and 5.5, respectively. All the isolates grew at pH 7.0 and 8.5. 
YEMA medium containing glucose, sucrose, starch and citrate had 64, 61, 56 and 5 isolates growing, respectively. 
Sixty four isolates exhibited clear zone of solubilization on medium containing dicalcium phosphate as source of 
inorganic phosphate. Solubilization index (SI) varied from 1.1 to 6.8. Fast-growing rhizobia isolates N01, B02, I06, 
Q01, F05, C02, E01, Q03, I01 and B01 recorded the highest solubilization index of 3.8, 4.5, 4.6, 4.6, 4.7, 5.0, 5.1, 
6.1, 6.1 and 6.8, respectively. Groundnut rhizobia showed variation in their potential to solubilize inorganic 
phosphate and effectively nodulate the host. The most promising isolates from this study would be used as  
bio-fertilizer upon further validation in the greenhouse and field. 
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1. Introduction 

Groundnut (Arachis hypogaea L) is a popular legume 
grown by small scale farmers in Western Kenya due to 
high nutritional value and potential to fix atmospheric 
nitrogen (N). The legume fixes up to 188 kg ha-1 of N [1]. 
It is rated among crops that can withstand phosphorus (P) 
deficiency and might contribute to improved soil  
P-availability [2]. In this sense, it has a dual role to play in 
enhancing both P and N in nutrient deficient soils. 
Although groundnuts have a high biological N fixation 
ability, grain yields as low as 200-400 kg ha-1 have been 
reported in Western Kenya [3]. Low soil P is one of the 
major constraints to groundnut production in the region. 
Western Kenya is characterized by acid soils with P 
deficiency [4]. Due to low solubility and fixation of P in 
acidic soils, only a small fraction in soil solution is readily 
available to plants. Orthophosphate (Pi), the fully oxidized 
form of P, is extremely insoluble in most soils of Western 
Kenya because it forms a complex with aluminium and 
iron oxides and gets fixed into organic forms that render it 
largely inaccessible to plants [5]. Soils with high P 
fixation capacity require application of chemical 
phosphate fertilizers in order to achieve adequate amounts 

of P for optimal plant growth and yield. Unfortunately,  
75% to 90% of the phosphatic fertilizers applied to soils 
precipitate into the insoluble forms and become 
unavailable to plants hence increasing the P requirement 
of crops [6]. Owing to continuous application of 
phosphatic fertilizers, most agricultural soils contain 
significant reserves of accumulated P that can be 
mobilized for plant use [7]. One strategy to mobilize such 
soil P reserves is through inoculation with phosphate 
solubilizing microorganisms. By using indigenous 
rhizobia strains with known ability to solubilize P, it 
would be possible to improve the productivity of 
groundnut in the P deficient soils of Western Kenya. 

Legume nodulating bacteria (LNB) belonging to the 
genera Rhizobium, Bradyrhizobium and Mesorhizobium 
are known to solubilize insoluble inorganic phosphates in 
the soil and consequently increase the availability of 
nutrient P to the plants [8]. Inoculation of groundnut with 
rhizobia has been shown to enhance yields through 
fixation of N in the soil with the help of P solubilizing 
substances in the cell wall [9]. Therefore, the productivity 
of groundnut in P deficient soils in Western Kenya could 
sustainably be improved through the use of rhizobia 
technology. To harness this technology, there is need to 
identify suitable strains that can establish effective 
symbiosis with groundnut under the prevailing field 
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conditions in its production areas. Several indigenous 
rhizobia that have the potential to fix nitrogen have been 
isolated from cowpea, green gram and bambara groundnut 
in various parts of Kenya [10,11]. Such diversity of 
rhizobia presents opportunity for strain selection from 
among indigenous rhizobia in various groundnut growing 
agro-ecologies. Although groundnut freely nodulates with 
native rhizobia present in the soils in western Kenya, the 
capacity of these bacteria to solubilise fixed P is not 
known. The present study sought to characterize 
indigenous rhizobia that nodulate groundnut in P deficient 
soils and identify isolates with ability to efficiently 
mobilize insoluble P for development of inoculants. 

2. Materials and Methods 

2.1. Study Area and Collection of Groundnut 
Root Nodules 

Groundnut root nodules were collected from Teso 
South (0.36° N, 34.16° E), Butula (0.34° N, 34.28° E), 
Mundika (0.42N°, 34.15° E), Samia (0.30° N, 34.14° E), 
Gem (0.33°N, 34.2° E), Ugenya (0.24° N, 34.9° E) and 
Rarieda (0.13° N, 34.28° E) in Western Kenya. These sites 
were chosen because they are in different agro-ecological 
zones based on altitude, annual rainfall amount & 
distribution and temperature [12]. The sites also lie  
within a region known to have P deficient soils [4] and are 
in the main groundnut growing area of Western Kenya. 
Agro-ecological zones represented by the collection sites 
ranged from the Lower Midland (LM1) Sugarcane Zone to 
the drier Cotton/Sorghum/Sunflower Lower Midlands 
classified as LM2, LM3 and LM4 [13].  

2.2. Soil Sampling and analysis 
Individual farms sampled in a given locality were about 

3 km apart. Three soil samples were taken from each 
groundnut field following a zigzag scheme where by five 
sampling points per acre are considered appropriate [14]. 
The sampled fields had no previous history of LNB 
inoculation. From each sampling point, a soil sample was 
extracted using an Edelman soil auger at a depth of 0 to 20 
cm and all undecomposed plant material were removed by 
hand. The individual soil samples from each field were 
analyzed for pH and available P following standard 
procedures [14]. The soil pH was determined from a 1:2.5 
suspension of soil in water using a glass pH electrode. 
Available soil P was determined following the sodium 
bicarbonate extraction method [15]. 

2.3. Isolation of Rhizobia from Nodules 
Three to five well-formed nodules were sampled per 

plant and categorized depending on the size (small or 
large) for isolation. Nodules were surface sterilized by 
immersion in 96% ethanol for 3 seconds followed by 
immersion in 2% sodium hypochlorite for 3 minutes and 
finally rinsed several times in sterile water [16]. Nodules 
from individual plants were crushed in bulk in three drops 
of sterile water using a sterile glass rod and streaked on 
Yeast Extract Mannitol Agar (YEMA) media with 10% 

Congo red (CR) and repeated on YEMA with 0.5% 
Bromothymol blue (BTB) [17]. The plates were sealed 
and incubated in dark cabinets at 28°C and observed daily 
for bacterial growth. Repeated streaking of single colonies 
on fresh YEMA plates resulted in sixty eight isolates 
which were allocated identities as per the collection site 
(Table 1).  

2.4. Phenotypic Characterization of Bacterial 
Isolates 

Bacterial isolates were morphologically characterized 
based on size, relative growth, shape, elevation, consistency, 
gram stain and acid or alkaline reaction [16]. Other 
biochemical tests including Congo red dye uptake, 
Hoffer’s alkaline broth and lactose agar were performed to 
characterize indigenous groundnut rhizobia [2]. Growth 
on glucose, sucrose, starch, citrate and tolerance to 
temperature and pH was tested as described by [18]. 

2.5. Phosphate Solubilization  
Phosphate solubilizing ability of each bacteria isolate 

was tested by plate assay using National Botanical Research 
Institute’s (NBRIP) growth medium [19] supplemented 
with insoluble dicalcium phosphate (CaHPO4) as a sole 
source of P and the pH adjusted to 7.0 to ensure stability 
of the phosphate. DCP was used for screening in this 
study because calcium phosphates are major components 
of rock phosphate which is often applied as supplemental 
P fertilizer in all soil types. An aliquot of 10 μl of fresh 
bacterial culture containing 108 cfu/ml was spotted onto 
the plates and incubated at 28°C for 7 days. Formation of 
a halo around the colonies indicated solubilizing ability. 
Solubilization index (SI) of each isolate was determined 
from colony and halo diameters according to the procedure 
described by [20] as: 

 lub .Halo zone diameterSo ilization index
Colony diameter

=  

2.6. Confirmation of Rhizobia Isolates 
through Nodulation Test 

The ability of each isolate to nodulate groundnut as host 
plant was tested in growth bags containing sterile cotton 
wool [21]. Healthy Red Valencia groundnut seeds were 
washed with soap then sterilized using 1% hypochlorite 
solution for 10 minutes, rinsed thoroughly with sterile 
distilled water to remove traces of hypochlorite. Seeds 
were left to imbibe in sterile distilled water for 30 minutes 
and plated aseptically onto 0.8% (w/v) water agar in  
Petri dishes. Seeds were germinated in an incubator at 
28°C for two days. Pre-germinated groundnut seeds were 
inoculated with individual rhizobia isolates in triplicate 
and transferred to the growth bags. The growth bags were 
irrigated every two days with distilled water and fertilized 
with quarter-strength of Broughton and Dilworth N-free 
nutrient solution weekly [22]. The plants were maintained 
in a growth chamber at a constant temperature of 28°C 
and 12 h day/night photoperiod. The number of nodules 
formed per plant was determined after six weeks of 
growth [21]. 
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Table 1. Agro-ecological zones, collection sites and bacteria isolates used in this study 

Agro-ecological zone Collection Site Soil pH P ( mg/kg) No. of Isolates Isolate Identity 

Low midland 1 

Alupe 5.6-6.1 1.2-2.3 5 A01, A02, A03, A04, A05 

Butula 4.9-5.6 4.3-6.1 4 B01, B02, BO3, B05 

Ugunja 4.9-5.1 2.3-12.3 3 L01, L03, L05 

Got-Nanga 5.1-5.6 2.6-4.7 5 Q01, Q02, Q03, Q05, Q06 

Sega 4.9-6.6 1.2-4.9 4 K01, K03, K04, K05 

Low midland 2 
 

Lukolis 5.0-6.5 2.3-5.9 5 C01, C02, C03, C05, C06 

Matayos 5.0-5.7 2.5-5.0 3 D01, D03, D05 

Bumala 5.4-6.3 2.7-3.9 5 E01, E02, E03, E05, E06 

Chakol 5.8-6.7 2.6-7.4 4 F01, F03, F04, F05 

Akala 5.2-6.4 2.1-5.0 2 M01,M05 

Siaya town 4.9-6.2 0.9-2.6 3 N01, N03, N06 

Low midland 3 

Nangina 4.9-6.3 3.2-4.9 4 H01, H03, H04, H05 

Amagoro 5.8-6.5 3.8-5.9 5 G01,G02, G03, G05, G06 

Muhanda 5.8-6.8 2.3-5.0 3 O01, O03,O05 

Nyamninia 5.4-6.5 3.6-4.8 4 P01, P03, P05, P06 

 
Low midland 4 

Siginga 7.1-8.0 2.8-4.5 5 I01, I02, I03, I05, I06 

Namasali 5.6-5.9 2.0-5.0 4 J01, J02, J03, J05 

Note: Soil pH and P values are range values for the different farms in a collection site. 
 

2.7. Statistical Analysis  
Nodulation data was log-transformed to stabilize 

variance. Phosphate solubilization data was converted to 
SI [20] prior to analysis. Solubilization index and 
nodulation data were subjected to one-way analysis of 
variance and means separated using Turkey’s test at  
p < 0.05 using the statistical package R 3.2.5 [23]. 

3. Results 

3.1. Soil Characteristics  
The pH and available P values of the soils from nodule 

sampling sites in this study are presented in Table 1. Soil 
samples from Ugunja in LM1 had the lowest pH at 4.9-5.1 
while Siginga in LM4 recorded the highest pH of 7.0- 8.0. 
Results showed that all the study sites had P-deficient 
soils. Soils sampled from farms around Siaya town in 
LM2 had the lowest P levels of 0.9 - 2.6 mg P kg-1 of soil. 

3.2. Phenotypic Characterization of Bacterial 
Isolates 

In this study, 68 bacteria isolates were obtained from 
root nodules of groundnut (Table 1). Bacteria colonies 
appeared on YEMA medium between 1 to 5 days after 
incubation at 28°C. The diameter of the colonies ranged 
from 2 mm to 4 mm. Fifty five of the isolates representing 
81% were fast-growing with colonies appearing within 1 
to 2 days (Table 2). On other hand, 19% of the isolates 
were slow growing and showed visible growth in culture 
after 3 to 5 days of incubation. Sixty five isolates 

exhibited semi-globose to globose colonies after 1-5 days 
of incubation on YEMA medium at 28°C. The remaining 
three isolates D05, I01 and J05 had dome shaped colonies. 
All colonies had a smooth entire margin and raised surface 
with exception of D05, E02 and J05 that were pulvinate. 
The bacterial isolates had white, creamy, translucent and 
glistering colonies. Forty nine isolates representing 72% 
produced mucoid colonies while the rest were viscous. 
Microscopic observation showed that 63 of the isolates 
were gram negative rod shaped cells occurring in chains 
(Table 2). Four isolates coded as B03, D01, L01 and  
N06 were gram positive with single cells while one gram 
positive isolate, P06, had paired cells. Fifty one isolates 
altered the colour of YEMA medium supplemented  
with bromothymol blue (BTB) from blue to yellow within 
24 hours of incubation indicating they produced acid 
while 17 isolates retained the blue colour (Table 2). 
Among all the isolates only J05, L01, N06 and P06 
absorbed Congo red dye. Three isolates B01, D01 and 
N01 exhibited detectable growth in Hofer’s alkaline  
broth. None of the isolates demonstrated 3-ketolactose 
production (Table 2). 

Medium containing glucose (monosaccharide), sucrose 
(disaccharides), starch (polysaccharides) and citrate as 
sole sources of carbon supported the growth of 64, 61, 56 
and 5 isolates, respectively (Figure 1). Fifty two isolates 
out of 64 that utilized glucose were fast-growing while  
80% of the isolates that utilized sucrose and starch were 
fast growing. Five isolates Q06, F04, C05, C01 and B02 
that used citrate as carbon source were fast growers that 
could also utilize the other carbohydrates sources. In 
contrast, among the slow growers 19 % utilized glucose, 
20% sucrose and starch respectively while none of them 
could utilize citrate. 
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Table 2. Morphological and biochemical characteristics of bacterial isolates from groundnut grown in western Kenya 

ID S (mm) G CS E C GS B CR HAB LA 
A01 3 Fast Globose Raised Mucoid - Yellow - - - 
A02 4 Fast Globose Raised Mucoid - Blue - - - 
A03 4 Fast Globose Raised Viscous - Yellow - - - 
A04 4 Fast Globose Raised Viscous - Yellow - - - 
A05 4 Fast Globose Raised Viscous - Yellow - - - 
B01 4 Fast Globose Raised Mucoid - Yellow - + - 
B02 4 Fast Globose Raised Mucoid - Yellow - - - 
B03 2 Slow Semi globose Raised Mucoid + Blue - - - 
B05 3 Fast Globose Raised Viscous - Yellow - - - 
C01 4 Fast Globose Raised Viscous - Yellow - - - 
C02 4 Fast Globose Raised Viscous - Yellow - - - 
C03 4 Fast Globose Raised Viscous - Yellow - - - 
C05 4 Fast Globose Raised Mucoid - Yellow - - - 
C06 4 Fast Globose Raised Mucoid - Yellow - - - 
D01 4 Fast Globose Raised Mucoid + Yellow - + - 
D03 2 Slow Semi globose Raised Viscous - Yellow - - - 
D05 3 Fast Domed Pulvinate Viscous - Yellow - - - 
E01 4 Fast Globose Raised Mucoid - Blue - - - 
E02 4 Fast Globose Pulvinate Mucoid - Yellow - - - 
E03 4 Fast Globose Raised Mucoid - Yellow - - - 
E05 4 Fast Globose Raised Mucoid - Yellow - - - 
E06 3 Fast Globose Raised Mucoid - Yellow - - - 
F01 3 Fast Globose Pulvinate Mucoid - Yellow - - - 
F03 4 Fast Globose Raised Mucoid - Yellow - - - 
F04 4 Fast Globose Raised Mucoid - Yellow - - - 
F05 4 Fast Globose Raised Mucoid - Yellow - - - 
G01 4 Fast Globose Raised Mucoid - Yellow - - - 
G02 4 Fast Globose Raised Mucoid - Yellow - - - 
G03 4 Fast Globose Raised Mucoid - Yellow - - - 
G05 4 Fast Globose Raised Mucoid - Yellow - - - 
G06 4 Fast Globose Raised Mucoid - Yellow - - - 
H01 2 Slow Semi globose Raised Mucoid - Blue - - - 
H03 2 Slow Semi globose Raised Viscous - Blue - - - 
H04 2 Slow Semi globose Raised Viscous - Blue - - - 
HO5 4 Fast Globose Raised Viscous - Yellow - - - 
I01 4 Fast Domed Raised Viscous - Yellow - - - 
I02 4 Fast Globose Raised Viscous - Blue - - - 
I03 4 Fast Globose Raised Mucoid - Yellow - - - 
I05 2 Slow Semi globose Raised Viscous - Blue - - - 
I06 4 Fast Globose Raised Viscous - Yellow - - - 
J01 4 Fast Globose Raised Mucoid - Blue - - - 
J02 2 Slow Semi globose Raised Mucoid - Blue - - - 
J03 2 Slow Semi globose Raised Viscous - Blue - - - 
J05 4 Fast Domed Pulvinate Mucoid - Yellow + - - 
K01 2 Slow Semi globose Raised Mucoid - Yellow - - - 
K03 2 Slow Semi globose Raised Mucoid - Blue - - - 
K04 2 Slow Semi globose Raised Mucoid - Blue - - - 
K05 4 Fast Globose Raised Viscous - Yellow - - - 
L01 3 Fast Globose Raised Mucoid + Yellow + - - 
L03 4 Fast Globose Raised Mucoid - Yellow - - - 
L05 4 Fast Globose Raised Mucoid - Yellow - - - 
M01 4 Fast Globose Raised Mucoid - Yellow - - - 
M05 3 Fast Globose Raised Viscous - Blue - - - 
N01 4 Fast Globose Raised Mucoid - Yellow - + - 
N03 4 Fast Globose Raised Mucoid - Yellow - - - 
N06 2 Slow Semi globose Raised Mucoid + Blue + - - 
O01 4 Fast Globose Raised Mucoid - Yellow - - - 
O03 4 Fast Globose Raised Mucoid - Yellow - - - 
O05 4 Fast Globose Raised Mucoid - Blue - - - 
P01 4 Fast Globose Raised Mucoid - Yellow - - - 
P03 4 Fast Globose Raised Mucoid - Yellow - - - 
P05 4 Fast Globose Raised Mucoid - Yellow - - - 
P06 2 Slow Semi globose Raised Mucoid + Blue + - - 
Q01 4 Fast Globose Raised Mucoid - Yellow - - - 
Q02 4 Fast Globose Raised Mucoid - Yellow - - - 
Q03 4 Fast Globose Raised Mucoid - Yellow - - - 
Q05 4 Fast Globose Raised Mucoid - Yellow - - - 
Q06 4 Fast Globose Raised Mucoid - Yellow - - - 

ID-Isolate identity, S-Colony diameter, G-Relative Growth, CS-Cell shape, E-Elevation, C-Consistency, GS-Gram staining, BTB - Bromothymol blue, 
C.R- Congo red, HAB - Hofer’s alkaline broth, LA - Lactose agar, - means negative/absence, + means positive/presence. 
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Figure 1. Growth of groundnut bacteria isolates on culture medium enriched with different carbon sources (Data presented are from three replicates) 

 
Figure 2. Tolerance of groundnut nodulating bacteria isolates to different pH levels (Data presented are from three replicates) 

All the isolates showed growth on YEMA upon 
incubation at the temperature of 28°C. With the exception 
of isolate L01, all the sixty eight isolates grew when 
incubated at 37°C. The isolates exhibited variation in their 
ability to grow on the same medium at pH 4.0, 5.5, 7.0 
and 8.5 (Figure 2). Thirty nine and 61 of the isolates grew 
at pH 4.0 and 5.5 respectively, indicating that they are acid 
tolerant. Thirty four of the isolates that grew at pH 4.0 
were fast growers. All the isolates grew at pH 7.0 and 8.5. 

3.3. Phosphate Solubilization 
The phosphate solubilization index (SI) of groundnut 

nodule bacteria varied significantly at P ≤ 0.05 (Table 3). 

A total of sixty four isolates representing 94% showed a 
clear zone of solubilisation around the colonies after 7 
days of incubation on medium containing insoluble 
dicalcium phosphate (CaHPO4) as the sole P source (Table 3). 
The zone of solubilisation showed progressive increase 
with prolonged incubation. Solubilization index ranged 
from 1.1 to 6.8. Fast growing isolates N01, B02, L01, I06, 
Q01, F05, C02, E01, J05, Q03, I01 and B01 recorded the 
highest SI ranging from 3.8 to 6.8. All the isolates except 
B03, J05, L01, and P06 were identified as rhizobia. Slow 
growing bacteria isolates J02, N06, J03, K01, H01, I05 
and H04 had fairly high SI of 2.4, 2.4, 2.7, 3.0, 3.3, 3.7 
and 4.0, respectively. Four isolates B03, G01, G02, and 
I02 did not solubilize dicalcium phosphate. 
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Table 3. Nodulation ability and phosphate solubilization efficiency of groundnut nodule bacteria 

Isolate 
Identity 

Nodule Number 
(Mean ± SE) 

Colony Diameter 
in mm (Mean ± SE) 

Halo Diameter 
in mm (Mean ± SE) 

Phosphate Solubilisation 
(Mean ± SE) 

A01 37.0 ± 0.0 a-f 4.7 ± 0.3 c-g 18.3 ± 0.3 c-g 4.0 ± 0.1 d-i 
A02 38.8 ± 0.3 abcd 5.9 ± 0.1 e-h 12.1 ± 0.1 i-s 2.1 ± 0.2 l-t 
A03 36.7 ± 0.0 a-f 3.9 ± 0.1 e-k 9.0 ± 0.1 n-t 2.3 ± 0.0 k-t 
A04 38.6 ± 0.0 abcd 4.0 ± 0.0 e-i 6.0 ± 0.0 p-t 1.5 ± 0.0 t 
A05 42.4 ± 0.1 abc 5.0 ± 0.0 b-e 5.7 ± 0.0 q-u 1.1 ± 0.1tu 
B01 29.3 ± 0.7 f 2.3 ± 0.3 j-t 15.7 ± 0.3 e-k 6.8 ± 0.2 a 
B02 37.3 ± 0.0 a-f 4.0 ± 0.0 e-i 18.0 ± 0.0 d-i 4.5 ± 0.1 c-g 
B03 00.0 ± 0.0 g 4.0 ± 0.0 e-i 0.0 ± 0.0 u 0.0 ± 0.0 u 
B05 40.3 ± 0.0 abcd 7.9 ± 0.1 a 9.1 ± 0.1 n-t 1.2 ± 0.0 tu 
C01 37.3 ± 0.0 a-f 1.0 ± 0.0 t 3.0 ± 0.1 stu 3.0 ± 0.0 h-o 
C02 42.2 ± 0.0 abc 3.0 ± 0.0 h-o 15.0 ± 0.1 f-k 5.0 ± 0.0 b-e 
C03 33.0 ± 0.0 b-f 7.8 ± 0.7 ab 14.2 ± 0.2 h-p 1.8 ± 0.0 n-t 
C05 37.0 ± 0.0 a-f 4.0 ± 0.0 e-i 14.0 ± 0.0 h-q 3.5 ± 0.1 f-k 
C06 42.9 ± 0.0 ab 5.0 ± 0.0 b-e 13.0 ± 0.0 i-r 2.6 ± 0.0 i-s 
D01 40.0 ± 0.0 abcd 3.0 ± 0.0 h-o 11.0 ± 0.0 j-t 3.7 ± 0.1 e-k 
D03 36.7 ± 0.0 a-f 5.3 ± 0.3 e-h 7.7 ± 0.0 m-t 1.5 ± 0.0 p-t 
D05 37.3 ± 0.0 a-f 5.7 ± 0.3 e-h 9.3 ± 0.3 n-t 1.7 ± 0.2 o-t 
E01 37.3 ± 0.0 a-f 4.0 ± 0.1 d-i 20.9 ± 0.1 abc 5.1 ± 0.0 bcd 
E02 40.0 ± 0.0 abcd 3.0 ± 0.0 h-o 4.0 ± 0.0 r-u 1.3 ± 0.0 q-u 
E03 35.4 ± 0.0 a-f 4.0 ± 0.0 e-i 11.0 ± 0.0 j-t 2.8 ± 0.0 h-p 
E05 32.8 ± 0.0 c-d 5.0 ± 0.0 b-e 13.0 ± 0.0 i-r 2.6 ± 0.1 i-r 
E06 40.0 ± 0.0 abcd 5.0 ± 0.0 b-e 13.0 ± 0.0 i-r 2.6 ± 0.1 i-r 
F01 40.5 ± 0.3 abcd 7.3 ± 0.7 abcd 11.7 ± 0.7 i-k 1.6 ± 0.0 o-t 
F03 38.4 ± 0.1 abcd 6.3 ± 0.3 e-h 11.7 ± 0.3 i-k 1.9 ± 0.1 n-t 
F04 40.0 ± 0.0 abcd 4.0 ± 0.0 e-i 6.0 ± 0.0 p-t 1.5 ± 0.0 o-t 
F05 38.3 ± 0.0 abcd 5.3 ± 0.3 e-h 24.7 ± 0.3 ab 4.7 ± 0.1 c-f 
G01 37.0 ± 0.0 a-f 4.0 ± 0.0 e-i 0.0 ± 0.0 u 0.0 ± 0.0 u 
G02 39.0 ± 0.0 abcd 2.3 ± 0.3 k-t 0.0 ± 0.0 u 0.0 ± 0.0 u 
G03 38.7 ± 0.8 a-f 3.7 ± 0.3 e-k 4.3 ± 0.3 r-u 1.2 ± 0.0 tu 
G05 44.1 ± 0.5 a 6.8 ± 0.2 ab 11.1 ± 0.2 i-t 1.6 ± 0.0 o-t 
G06 37.0 ± 0.0 a-f 4.7 ± 0.3 c-f 15.3 ± 0.3 f-k 3.3 ± 0.0 f-l 
H01 39.1 ± 0.0 abcd 4.0 ± 0.0 e-i 13.0 ± 0.0 i-r 3.3 ± 0.0 g-m 
H03 37.3 ± 0.0 a-f 4.0 ± 0.0 e-i 13.0 ± 0.0 i-r 3.3 ± 0.0 g-m 
H04 38.6 ± 0.0 abcd 3.7 ± 0.3 e-k 14.3 ± 0.3 h-p 4.0 ± 0.1 d-h 
H05 39.6 ± 0.0 abcd 4.0 ± 0.0 e-i 5.0 ± 0.0 q-u 1.3 ± 0.0 stu 
I01 40.3 ± 0.0 abcd 2.3 ± 0.3 j-t 2.3 ± 0.3 tu 6.1 ± 0.0 ab 
I02 38.0 ± 0.0 a-f 2.0 ± 0.0 n-t 0.0 ± 0.0 u 0.0 ± 0.0 u 
I03 37.6 ± 0.0 a-f 4.0 ± 0.0 e-i 5.0 ± 0.0 q-u 1.3 ± 0.0 stu 
I05 38.3 ± 0.0 abcd 3.0 ± 0.0 h-o 11.0 ± 0.0 j-t 3.7 ± 0.1 e-k 
I06 36.1 ± 0.0 a-f 3.7 ± 0.3 e-k 16.3 ± 0.3 e-j 4.6 ± 0.1 c-g 
J01 34.6 ± 0.0 a-f 6.3 ± 0.3 g-i 16.7 ± 0.3 e-j 2.7 ± 0.0 h-q 
J02 36.5 ± 0.2 a-f 4.9 ± 0.1 c-f 12.1 ± 0.1 i-s 2.4 ± 0.0 j-t 
J03 35.3 ± 0.0 a-f 4.8 ± 0.2 c-f 13.1 ± 0.2 i-r 2.7 ± 0.0 h-p 
J05 00.0 ± 0.0 g 2.0 ± 0.0 n-t 11.0 ± 0.0 j-t 5.5 ± 0.0 bc 
K01 36.7 ± 0.9 a-f 2.0 ± 0.0 n-t 6.0 ± 0.0 p-t 3.0 ± 0.0 h-o 
K03 38.0 ± 0.0 a-e 5.9 ± 0.1 j-t 11.1 ± 0.1 l-t 1.9 ± 0.1 n-t 
K04 40.0 ± 0.0 abcd 6.7 ± 0.3 e-f 8.3 ± 0.3 o-t 1.3 ± 0.0 r-u 
K05 37.3 ± 0.0 a-f 7.3 ± 0.7 abcd 12.7 ± 0.7 i-s 1.8 ± 0.0 n-t 
L01 00.0 ± 0.0 g 3.3 ± 0.3 f-k 14.7 ± 0.3 g-m 4.5 ± 0.1 c-g 
L03 39.7 ± 0.4 abcd 4.0 ± 0.0 e-i 5.0 ± 0.0 q-u 1.3 ± 0.0 stu 
L05 37.3 ± 0.0 a-f 7.5 ± 0.3 abc 9.4 ± 0.3 n-t 1.3 ± 0.0 stu 
M01 37.0 ± 0.1 a-f 4.0 ± 0.0 e-i 12.0 ± 0.0 i-s 3.0 ± 0.0 h-o 
M05 37.0 ± 0.0 a-f 3.2 ± 0.2 g-m 4.8 ± 0.2 q-u 1.5 ± 0.0 p-t 
N01 36.0 ± 0.5 a-f 3.2 ± 0.2 g-m 11.8 ± 0.2 i-K 3.8 ± 0.1 e-j 
N03 38.0 ± 0.0 a-f 2.0 ± 0.0 n-t 4.0 ± 0.0 r-u 2.0 ± 0.0 l-t 
N06 29.1 ± 0.0 e-f 5.0 ± 0.0 b-e 12.0 ± 0.0 i-s 2.4 ± 0.0 j-t 
O01 32.2 ± 0.0 e-f 4.0 ± 0.0 e-i 5.0 ± 0.3 q-u 1.3 ± 0.0 stu 
O03 33.0 ± 0.0 c-d 4.2 ± 0.0 c-g 13.0 ± 0.0 i-r 3.1 ± 0.0 h-n 
O05 33.0 ± 1.0 b-f 4.0 ± 0.0 e-i 6.4 ± 0.0 p-t 1.6 ± 0.0 p-t 
P01 35.0 ± 0.0 a-f 4.0 ± 0.0 e-i 14.0 ± 0.0 h-q 3.5 ± 0.0 f-k 
P03 40.0 ± 0.0 abcd 5.0 ± 0.0 b-e 18.0 ± 0.0 d-i 3.6 ± 0.1 f-k 
P05 40.0 ± 0.0 abcd 5.0 ± 0.0 b-e 15.0 ± 0.0 f-k 3.0 ± 0.0 h-o 
P06 00.0 ± 0.0 g 2.0 ± 0.0 n-t 4.0 ± 0.1 r-u 2.0 ± 0.0 l-t 
Q01 38.0 ± 0.0 a-e 5.0 ± 0.0 b-e 23.0 ± 0.3 ab 4.6 ± 0.1 c-g 
Q02 41.6 ± 0.0 abcd 7.0 ± 0.0 a-e 10.0 ± 0.0 k-t 1.4 ± 0.0 p-t 
Q03 34.6 ± 0.0 a-f 3.1 ± 0.1 h-n 18.9 ± 0.0 bcd 6.1 ± 0.1 ab 
Q05 38.7 ± 0.0 abcd 3.0 ± 0.3 h-o 3.7 ± 0.0 tu 1.2 ± 0.0 tu 
Q06 35.9 ± 0.4 a-f 4.8 ± 0.2 c-f 9.2 ± 0.0 n-t 1.9 ± 0.0 m-t 

Means with similar letters in a column are not significantly different at P < 0.05. Data are means of three replicates. 
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3.4. Confirmation of Rhizobia Isolates 
through Nodulation Test 

The number of nodules formed varied significantly  
(P ≤ 0.05) among the groundnut nodule bacteria isolates 
(Table 3). Ninety four percent representing 64 of the 
isolates were confirmed to be rhizobia due to their ability 
to nodulate groundnut (Table 3). Four isolates B03, L01, 
P06 and J05 failed the nodulation test. Five isolates; that 
were fast growing namely, G05, A05, C06, C02 and Q02 
recorded the highest number of nodules (Table 3). In 
contrast, the slow growing isolate N06 recorded the lowest 
number of nodules (29). Symbiotically active nodules 
showing pink colouration occurred on both taproots and 
lateral roots of the groundnut plants inoculated with the 
effective rhizobia isolates. The leaves of the nodulated 
plants appeared dark-green while uninoculated and 
unfertilized control plants showed yellowing typical of 
nitrogen deficiency. 

4. Discussion 

In this study, phenotypic characterization of groundnut 
nodulating bacteria isolates from P deficient soils in 
Western Kenya was carried out based on morphological 
and biochemical attributes. All the isolates produced colonies 
on YEMA medium with diameter ranging from 2 to 4 mm 
indicating that they belong to different growth categories 
and probably distinct taxonomic groups. Colony size 
variation has been used as the primary character for 
differentiating rhizobial isolates of various legumes 
including common bean and Bambara groundnut [11,24]. 

The bacterial isolates observed in this study were 
divided into two groups on the basis of their growth rate 
on YEMA medium. These were fast and slow growing 
indigenous groundnut rhizobia. The results showed that 
groundnut was nodulated by both types of rhizobia. The 
predominant of either type of rhizobia at each site was 
dependent on the pH of the sampling location. The 
presence of fast growers in the sampled sites in Western 
Kenya is consistent with their appearance in many tropical 
soils [25]. However, previous studies [26] observed that 
slow-growing rhizobia are predominant in tropical soils. 
The present study showed contrary findings with 81% of 
the isolates comprising fast growing bacteria. These 
results are in agreement with previous studies which 
showed that over 54% of root nodule bacteria isolated 
from Cratylia mollis Mart. ex Benth. Calliandra 
depauperata Benth and Mimosa tenuiflora (Willd.) Poir 
[27], selected tree legumes [28] and soybean, respectively 
were inhabited by fast-growing rhizobia [29]. In another 
study where Leucaena leucocephala was nodulated by 
both fast and slow-growing rhizobia, effective nitrogen 
fixing nodules were only formed with the fast-growing 
strains [26]. These findings indicate that the fast-growing 
nodule bacteria are predominant and play critical role in 
N2 fixation in P deficient soils in Western Kenya. 

The colonies were elevated, had smooth entire margins 
and a white, creamy, translucent, gummy, glistering 
appearance. Microscopic observation indicated that 63 of 
the tested bacteria isolates were gram negative. The 
differences in colony morphology observed in this study 

suggest existence of high phenotypic diversity in bacteria 
nodulating groundnut in P deficient soils of Western 
Kenya. The diversity of the bacterial isolates may be 
influenced by the different chemical composition of the 
groundnut root exudates as well as land cultivation history 
[27]. Rhizobia diversity is correlated to the variety of 
legume species in the location indicating evolutional 
adaptations of both symbiotic partners [30]. Morphological 
diversity of bacteria nodulating different legumes has been 
reported in various agro-ecologies worldwide [21,29]. 

Seventy three percent of the isolates produced mucous. 
The tendency of the bacterial isolates in the current study 
to produce mucous could be a reflection of their 
adaptation to the acid soils of Western Kenya. Mucous 
production is also important in maintaining minimum 
moisture in the immediate environment of the 
microorganisms. Through its high moisture holding 
capacity, mucous prevents desiccation and serves as a 
potential source of energy under conditions of scarcity 
[31]. The ability of the bacterial isolates to produce the 
mucous in-vitro is an indication that this process is 
independent of the plant host and that the kind of 
polysaccharides making up the mucous are completely 
dependent on the genotype of the bacteria. Seventy 
percent of bradyrhizobia and indigenous rhizobia isolates 
from acidic soils of the Brazilian tropical Savannah 
produced mucous [27,32].  

On the basis of bacterial isolates growth on YEMA 
medium supplemented with BTB, the isolates were 
classified as acid producers or as alkalizers. These results 
showed that groundnut was nodulated by both types of 
rhizobia although the acid producers were more 
predominant compared to the alkalizers. Soils at the 
sampled sites had low pH and therefore, production of 
acid by majority of the isolates reflects a survival strategy 
in such adverse acidic conditions. This study suggests that 
acid producers play an important role in nodulation and 
nitrogen fixation in groundnut in P-deficient soils of 
Western Kenya. Acid and alkaline producing bacteria 
isolates have been reported in different legume root 
nodules in tropical soils [27,28].  

Most bacterial isolates exhibited typical characteristics 
of rhizobia species on YEMA medium supplemented with 
Congo red. However, four isolates J05, L01, N06 and P06 
absorbed Congo red dye indicating that these isolates may 
not belong to groundnut nodulating bacteria [21]. Further, 
the isolates B01, D01 and N01 showed growth in Hofer’s 
alkaline broth at pH 11 suggesting tolerance to alkaline 
conditions. Rhizobia have been reported to show optimal 
growth at a pH of 6-7 whereas agrobacteria grow in a pH 
range of 4-11 [18]. Four isolates J05, L01, B03 and P06 
did not nodulate the groundnut plants indicating that they 
could be non-nodulating bacteria [33]. Therefore, 
molecular characterization of the non-nodulating bacteria 
that reside in groundnut root nodules using DNA 
sequencing tools is needed to establish their taxonomic 
status. Bacterial isolates in this study did not produce 
ketolactose indicating the absence of agrobacteria. 
Agrobacteria utilize lactose to form the reduced product 3-
ketolactose, through activity of the enzyme ketolactase 
[25]. In this sense, lactose agar test was unable to 
discriminate rhizobia from non-nodulating bacteria as 
Congo red and Hofer’s alkaline tests. 
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The bacterial isolates were able to degrade different 
sources of carbon. The degree of utilization varied from 
one carbon source to another depending on the isolate. 
Fast growing isolates showed greater ability to utilize 
different carbon sources than slow growers indicating that 
they possess both uptake systems and catabolic enzymes 
for a variety of carbohydrates [29]. Slow growing isolates 
and majority of the fast growing ones did not utilize citrate 
as source of carbon suggesting that they may lack 
enzymes for citrate uptake and breakdown such as 
permease, citrate lyase and oxaloacetate decarboxylase 
[34]. Other reports show that fast-growing rhizobia 
isolates utilize a wider range of carbohydrates than slow 
growers [29]. Degradation of diverse carbon sources by 
the bacteria isolates would be useful in preparation of 
inoculants since it would permit flexibility of choice of 
carbon source for inoculants production. Similar results 
where bacterial isolates utilized different sources of 
carbon has been reported in previous studies [18,21,24]. 

The isolates varied in their response to different 
temperature levels. Sixty seven isolates showed growth at 
37°C. All isolates grew at 28°C indicating it was optimal 
temperature for their growth. This demonstrates that the 
isolates in this study are able to tolerate a wide 
temperature regime. Rhizobia are mesophiles that tolerate 
temperatures ranging between 10 and 37°C, with 28°C as 
an optimum temperature for growth [35]. Increased 
temperature optima of these isolates may be beneficial for 
their application in temperature stressed conditions since 
the symbiotic performance of different rhizobial strains 
under temperature stress has been correlated with their 
ability to grow in pure culture at elevated temperature [36]. 

The bacterial isolates differed in their response to pH 
levels between 4.0 and 8.5. Thirty nine isolates 
representing 57% of the entire collection grew at a pH of 
4.0 whereas thirty four were fast growers. Isolates that 
showed tolerance to low pH were sampled from the sites 
with pH ranging from 4.9 to 6.6 hence they were adapted 
to acidic conditions. The fact that fast growing isolates 
were dominant in acidic sites in this study suggests 
adaptation strategy based on the reduction of the 
generational interval [30]. Tolerance of isolates to low pH 
could be attributed to expression of acid tolerance genes. 
Transcriptional analysis of ten mesorhizobia isolated from 
chickpea showed a relationship between higher levels of 
transcriptional induction of chaperone genes such as dnaK 
and groESL upon acidic shock and tolerated low pH [37]. 
All isolates grew at pH 7.0 and 8.5 indicating that optimal 
growth occurs in neutral/near-neutral conditions. The 
optimum pH for rhizobia ranges between 6.5 and 7.0 [38]. 
The isolates in this study survived on a wide pH range and 
therefore they are potential candidates for further strain 
improvement targeting use as inoculants in highly acidic 
or alkaline conditions. 

The isolates demonstrated significant variation in 
utilising insoluble dicalcium phosphate as a sole P source. 
Sixty four isolates showed a clear zone of solubilisation 
with SI ranging from 1.1 to 6.8. The marked differences in 
the size of the halos, strongly suggests that the phosphate 
solubilising activity of the isolates might be the result of 
long-term adaptive changes under acidic soil conditions. 
Fast growing isolates showed greater solubilisation ratio 
than slow growers, probably due to increased exudation of 

protons or acid production [7,39]. Exudation of gluconic 
acids has been demonstrated as the main mechanism of P 
solubilisation by gram negative bacteria 20]. Several 
genes involved in gluconic acid synthesis including 
glucose dehydrogenase have been reported in rhizobia [7]. 
In addition, genes encoding proteins involved in the 
biosynthesis and transport of glucose dehydrogenase 
cofactor, pyrroloquinoline quinine have also been 
implicated [40] as a mechanism to adapt to low –P soils. 
Isolates B03, G01, G03 and I02 that originated from sites 
with slightly higher available P did not show a clear zone 
of solubilisation indicating that they might lack 
mechanisms to utilize insoluble calcium phosphates. That 
all the strains of Rhizobium could not solubilize phosphate 
was reported earlier [20] indicating that phosphate 
solubilisation is not a widespread character among 
rhizobia. The strong ability of groundnut rhizobia to 
solubilise phosphates has already been demonstrated [2]. 
From the present study, higher SI of isolates (1.1-6.8) was 
observed as compared to rhizobia isolated in several 
tropical legumes that had solubilizing index ranging from 
1.61 and 2.13 using dicalcium phosphate [8]. In another 
study, rhizobia isolates from Vigna trilobata recorded SI 
values ranging from 0.4-1.2 upon screening using 
tricalcium phosphate as a the insoluble P [39]. This 
variation may be partly attributed to differences in the 
source of insoluble P and nitrogen used for screening. 
Dicalcium phosphate is solubilised more readily than 
tricalcium phosphate by some bacteria [41], which is 
consistent with the relative solubilities of the two 
phosphates. Further, the high SI observed in the present 
study might indicate a better adaptation of the isolates to 
efficiently acquire adequate P out of a limited resource in 
the P-fixing soil environment from which they were 
obtained. Indigenous rhizobia isolates; N01, B02, I06, 
Q01, F05, C02, E01, Q03, I01 and B01 should be key in 
releasing fixed P in the soils in Western Kenya due to their 
strong solubilising, nodulating and N-fixing capacities. 

Ninety five percent of the isolates were confirmed to be 
rhizobia due to their ability to form effective root nodules 
on groundnut. These isolates showed significant variation 
in nodule number indicating that they were compatible 
with the test plant. Previous studies [42] also reported that 
lentil rhizobia nodulated their host very well with different 
level of infectivity. The cross-section of effective nodules 
showed red coloration, indicating the presence of 
leghemoglobin, a trait related to nitrogen fixation 
efficiency. The leaves of the nodulated plants were dark-
green, while uninoculated unfertilized control plants 
showed yellowing typical of nitrogen deficiency. The best 
nodulation was achieved using the isolates G05, C06, A05, 
C02, Q02, F01, I01, B05, L03 and P03 that produced 40-
44 effective nodules per plant.  

5. Conclusion 

The study revealed that a high phenotypic diversity of 
indigenous groundnut rhizobia exists in P deficient soils 
of Western Kenya. Several rhizobia isolates including N01, 
B02, I06, Q01, F05, C02, E01, Q03, I01 and B01 
demonstrated potential to nodulate, fix nitrogen and 
solubilize P. These isolates would be useful for 
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formulation of biofertilizer upon further validation under 
green house and field conditions in P deficient soils  
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