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Abstract 
Rhizobium inoculant has been developed for bean production in Lake Victoria basin. Two types of compost have 
been developed, water hyacinth compost with cattle manure culture (H+CMC) or with effective microbes 
(H+EM). Influence of Rhizobium and composts on Aphis fabae and Colletotrichum lindemuthianum were 
investigated in the field. Rhizobium and hyacinth composts increased nodulation (×2 to 5); while Aphis fabae 
population increased (×2) on Rhizobium-inoculated plants with H+EM. Incidence of C. lindemuthianum was 
high in Rhizobium-inoculated plants. Plants that received diammonium phosphate (DAP) fertilizer had few 
nodules, reduced germination, slow growth and low yields. In conclusion, the water hyacinth composts contain 
beneficial microbes that promote root nodulation by Rhizobium, which is necessary for nitrogen fixation, while 
enhancing tolerance to aboveground infestations by A. fabae and C. lindemuthianum. We raise questions on our 
results to stimulate research, considering that bean breeding programs in Africa have mainly focused on 
microbial pathogens, and not insect pests. 
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1. Introduction 
Common bean Phaseolus vulgaris is an important food security crop, and the major source of plant protein 
within the Lake Victoria basin in East Africa (David & Sperling, 1999). Beans complement the shortage of 
animal protein in East Africa, especially in the prevailing situation whereby fish production has been greatly 
impeded by the disastrous spread of water hyacinth in Lake Victoria (Ntiba et al., 2001; Hecky et al., 2010). The 
leguminous crop is also very important in agro-ecosystems, as it symbiotically fixes nitrogen through endophytic 
Rhizobium species (Bala et al., 2011; Devi et al., 2013). However, bean production has been declining to levels 
that are too low to meet the demand in East Africa (Mauyo et al., 2007). The main causes of declines in bean 
production are inferior germplasms, low soil fertility, pests and diseases (David & Sperling, 1999; Danielsen et 
al., 2013; Tittonell & Giller, 2013). Depletion of soil nutrients such as nitrogen and phosphorus has been a 
growing problem for bean production in East Africa (Kimani et al., 2007, 2008; Ayuke et al., 2011). Insect pests 
such as the black bean aphid Aphis fabae have been transmitting viral diseases (Beebe, 2012; Were et al., 2013), 
while fungal pathogens such as Colletotrichum lindemuthianum cause anthracnose disease of beans in East 
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Africa (Beebe, 2012; Kharinda, 2013). These factors have been complicated by the fact that local cultivars that 
are widely grown by smallholder farmers in East Africa have been succumbing to a complex of biotic and abiotic 
stresses (Otsyula et al., 2004; Ojiem et al., 2006; Kharinda, 2013). 

There have been efforts to enhance sustainable crop production on farmlands in the Lake Victoria basin (Mireri 
et al., 2007; de Graaff et al., 2011), while conserving the lake for fish production (Lung’ayia et al., 2001; Nunan, 
2013). Among the strategies, Rhizobium inoculants are being developed to enhance legume production by fixing 
nitrogen in the Lake Victoria basin (Bala et al., 2011). At the same time, nutrient-rich water hyacinth in the 
heavily eutrophied lake is being processed into compost, and transferred onto nutrient depleted farmlands for 
crop production (Naluyange et al., 2014). Removal of water hyacinth from Lake Victoria restores conditions that 
are favorable for fishing. Furthermore, water hyacinth compost contains phosphorus (Gunnarsson & Petersen, 
2007; Naluyange et al., 2014), which is necessary for nodulation and nitrogen fixation in Rhizobium-inoculated 
bean seeds (Ssali & Keya, 1983), through processes such as enhancement of plant growth (Robson et al., 1981), 
improvement of shoot metabolism (Jakobsen, 1985) and specific roles in nodule initiation, growth and function 
(Israel, 1987). Such specific roles of phosphorus include ATP synthesis for nodule development and function 
(Ribet & Drevon, 1996), as well as for signal transduction and cell membrane biosynthesis (Graham & Vance, 
2003). Rhizobium-inoculated beans are being promoted for improved yields and nitrogen fixation in the Lake 
Victoria region (Kihara et al., 2010; Thuita et al., 2012).  

Rhizobium inoculants, when applied on legumes, have belowground effects such as enhanced root nodulation 
associated with better plant growth (Graham & Vance, 2000). Such beneficial processes of Rhizobium are 
affected by biotic factors like rhizosphere microbes (van Veen et al., 1997) as well as abiotic factors like soil 
fertility (Rotaru & Sinclair, 2009). Belowground colonization of roots by Rhizobium has been found to interact 
with aphids and other aboveground herbivores (Kempel et al., 2009; Katayama et al., 2010, 2011; Martinuz et al., 
2012). For example, root colonization by Rhizobium has been found to promote plant resistance to insect pests 
(Thamer et al., 2011). However, Rhizobium colonization of roots has also been related to an increase in aphid and 
fungal incidences on leguminous shoots, which has been attributed to improved nutritive suitability of the host 
plant due to nitrogen fixation (Dean et al., 2009, 2014; Naluyange et al., 2014). Such effects of Rhizobium on 
legumes are modified by soil fertility amendments (El-Wakeil & El-Sebai, 2009; Dean et al., 2009). For instance, 
Rhizobium when applied using water hyacinth compost as an inoculant carrier improves the growth of faba bean 
(Mohamed & Abdel-Moniem, 2010).  

In the Lake Victoria basin, combined application of water hyacinth compost and commercial Rhizobium 
inoculant had some positive effects on performance of the commercial Rosecoco bean cultivar, depending on the 
water hyacinth compost formulation (Naluyange et al., 2014). However, farmers in the Lake Victoria basin, 
especially in Western Kenya, mostly rely on local bean cultivars obtained from the market, including the yellow 
bean ‘Mugasa’ (David & Sperling, 1999; Otsyula et al., 2004). Bean seeds from the local markets attain higher 
germination percentage than the certified commercial varieties (Otsyula et al., 2004). Furthermore, smallholder 
farmers in the Lake Victoria region rarely coat their seeds with fungicides that are always present in the 
commercial seeds. The absence of fungicides in the local bean seeds makes them ideal for Rhizobium inoculation, 
since such chemicals are potentially harmful to the inoculants (Graham & Vance, 2000; Stoddard et al., 2010). 
However, unlike commercial bean cultivars, the yellow bean is among local cultivars that are yet to be studied, 
especially in terms of Rhizobium nodulation and pest infestations under the influence of soil fertility amendments 
such as water hyacinth compost.  

The objective of this study was to determine the influence of Rhizobium inoculant and water hyacinth composts 
on the performance of yellow bean in terms of growth and yields, and how these applications affect natural 
infestation of the plants by A. fabae and C. lindemuthianum. We hypothesize that water hyacinth composts and 
Rhizobium inoculant contain plant growth promoting microbes that improve belowground nutrient acquisition 
for yellow bean growth and yields, enabling the plants to tolerate aboveground infestations by A. fabae and C. 
lindemuthianum. 

2. Materials and Methods 
2.1 Experimental Design 

The field experiment was conducted at the Masinde Muliro University of Science and Technology farm (N 00 
17.104', E 034° 45.874'; altitude 1561m a.s.l.). Soils in this region have been classified as dystro-mollic Nitisols 
(FAO, 1974; Rota et al., 2006). Nutrient composition for the soil was; total phosphorus (18.9 ppm), total nitrogen 
(0.26 %), organic carbon (2.5 %), potassium (0.41 cmolc kg−1), sodium (0.1 cmolc kg−1), calcium (2.3 cmolc kg−1), 
magnesium (0.8 cmolc kg−1), zinc (1.9 ppm) and iron (0.37 ppm), with acidic pH of 4.2 (Naluyange et al., 2014).  
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2.3 Seed Inoculation and Planting 

Seeds of the local yellow bean cultivar ‘Mugasa’ were purchased from the Kakamega town market in Western 
Kenya. These are among uncertified seeds that are widely grown by farmers (Otsyula et al., 2004). The bean 
seeds were inoculated with Rhizobium inoculant powder as per manufacturer’s directions (BIOFIX®, MEA Ltd, 
Kenya). The seeds (250 g) were mixed in gum Arabic solution (0.5 gum Arabic/ 5 mL of sterile lukewarm water). 
The gum Arabic-coated seeds (250 g) were mixed with the Rhizobium inoculant powder (1 g). Controls were 
coated with gum Arabic solution only. 

Planting holes of ~200 cm3 volume (i.e. ~5 cm diameter and ~10 cm deep) were dug using a shovel. The water 
hyacinth composts were applied using containers of 150 mL volumes per hole (i.e. ~90 g) as per the respective 
treatments and mixed with soil. Therefore, each planting hole received approximately 0.03 g phosphorus and 
0.99 g nitrogen for the H+CMC compost; or 0.02 g phosphorus and 0.90 g nitrogen in case of the H+EM 
compost. For the DAP treatment, one leveled teaspoon (4.7 g) was mixed with soil in the planting hole 
(Naluyange et al. 2014). DAP fertilizer contains nitrogen (18 %) and phosphorus pentoxide P2O5 (46 %), with 
phosphorus (P) constituting 20 % of the total mass. Hence, every planting hole in the DAP treatment received 
0.94 g phosphorus and 0.85 g nitrogen. One bean seed was sown in every planting hole at a depth of ~2 cm. 

2.4 Data Collection 

Data was recorded as described by Naluyange et al. (2014). The emergence date of every seedling was recorded 
independently, and used to determine the duration for germination. The number of seedlings that germinated out 
of the total number of seeds that were planted was used to calculate the germination percentage within 20 days 
from the planting date. When the first trifoliate leaves were fully formed in ~80% of the seedlings, plant height 
(stem base to petiole), length of the middle leaf (base to apex) and its width (widest part) were recorded. The 
date when the first flower of every plant appeared was recorded and used to calculate the duration for flowering. 
Ten days from the onset of flowering, 5 bean plants were randomly selected from each treatment per block for 
the estimation of number of root nodules associated with Rhizobium colonization. The bean plants were dug out 
with their root system still holding rhizosphere soil and transported to the laboratory in plastic bags. Rhizosphere 
soil from each bean plant was gently removed onto a white paper. Detached root nodules in the soil and those 
still attached to the roots were carefully quantified using a tally counter. This method maximized the collection 
and counting of root nodules. At harvest, the pods from every plant were packed in separate paper packets and 
sun dried for a period of five days; the weight of bean seeds per plant was recorded.  

Aphid infestations on bean plants were recorded at the vegetative and flowering stage of bean growth. Three 
screw-capped vessels each containing 10 mL of 70% ethanol were placed on every treatment row of 25 plants. 
Aphids from every 8 plants per row were collected into each container using a camel hair brush from leaves and 
stems. The collected aphids were identified under a dissection microscope (Model Z45E, Leica Inc., USA) at × 
10 magnifications using the features described by Martin (1983) and Holman (1998), and their absolute counts 
recorded using a tally counter. These insects have already been identified as the black bean aphid A. fabae 
(Naluyange et al., 2014). At the vegetative stage, the bean plants were also scored for incidence of anthracnose 
disease (C. lindemuthianum) i.e. the proportion of plants having anthracnose symptoms, characterized by dark 
brown to black lesions on leaves (Hagedorn & Inglis, 1986; Buruchara et al., 2010).  

2.5 Statistical Analysis 

Statistical analyses were conducted using SAS 9.1 software (SAS Institute Inc.) at p < 0.05 confidence level. 
Proc Means was used in the generation of descriptive statistics such as means and standard errors for nodule 
counts, aphid population, plant growth (duration and size) and yields (pod counts and seed weight). These data 
were graphically checked for normality using Proc Univariate; while Proc Transreg was used to find appropriate 
Box-Cox power transformations for normalization of data. Data for aphid population were log-transformed, 
while untransformed data were used for nodule counts. Frequencies for germination (%) and anthracnose disease 
incidence (%) were generated using Proc Freq. For plant growth and aphid population, Analyses of Variance 
(ANOVA) between treatment means for the fertility, Rhizobium and trial factors were done by Proc Mixed using 
the three blocks as random effects and the two trials (or plant growth stage for aphid data) as repeated measures. 
Means for plant growth and aphid population were separated using Ls-means when treatment effects were 
significant (p < 0.05). Anthracnose disease incidences and germination percentages were analyzed by Proc 
Genmod (χ2 test; binomial) and percentages compared using Proc Multtest. Germination percentage data for the 
two seasons were combined because they were similar. Percentage increase and decrease in nodulation, aphid 
populations, plant growth and yields were calculated using the formula:- 
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the Rosecoco bean, plants grown with the two water hyacinth composts were large in size, and exhibited 
improved growth and yields in the second trial (Naluyange et al., 2014). Differences between the yellow bean 
and the Rosecoco in terms of response towards the two types of compost may be cultivar-related (Naluyange, 
2013); although methodological differences such as statistical analysis approach need to be considered in this 
judgment. Yellow bean plants treated with DAP took the longest time to emerge and flower, while exhibiting 
reduced yields per unit area in terms of pod count (-64 %) and seed weight (-67 %) (Table 1). The low yields are 
a result of the low germination percentage in the DAP treatment (Figure 3). Despite reduction in germination 
percentage, individual mature plants from DAP treatments become large in size indicating that inhibitive effects 
of DAP are temporary (Naluyange et al., 2014). Such negative effects of DAP may be due to edaphic and 
climatic conditions specific to study locations (Ghizaw et al., 1999), because DAP has been reported to enhance 
bean yields in many other regions around the world (Zhang et al., 2008; Zafar et al., 2013). Bean plants in the 
first trial took shorter time to flower, were taller and produced higher number of pods with greater seed weight 
per unit area compared to the second trial (Table 1). The primary reason for this observation is the relatively 
more rainfall during the first trial (1012 mm) than in the second trial (622 mm) in which the relatively young 
bean plants were exposed to rain shortages in the month of July 2012 (Figure 1). 

 

Table 1. Plant growth and yields of the local yellow bean ‘Mugasa’ as influenced by Rhizobium inoculant, water 
hyacinth compost containing cattle manure culture (H+CMC) or effective microbes (H+EM) and diammonium 
phosphate (DAP) fertilizer under field conditions in Western Kenya  

  Means of means      

  Emergence 
days 

Flowering 
days 

Leaf length 
(cm) 

Leaf width 
(cm) 

Plant height 
(cm) 

Pods 
(counts) 

Yield (g) 

Overall mean  6.90±0.24 40.32±0.46 8.37±0.32 5.44±0.18 5.16±0.12 125.29±12.58 125.2±13.06 

First trial  6.87±0.14a 37.89±0.28 b 8.49±0.23a 5.76±0.12a 5.72±0.16 a 214.98±16.4 a 236.66±13.5 a 

Second trial  6.81±0.10a 42.19±0.65 a 8.28±0.76a 5.22±0.47a 4.72±0.05 b 46.29±6.0 b 25.7±1.34 b 

Fertilizer Non 6.55±0.07 b 39.86±0.35 b 8.0±0.27a 5.17±0.16a 4.95±0.18 b 132±12.12 a 136.41±14.75 a

 DAP 8.66±0.37 a 43.36±0.99 a 7.39±1.11a 4.89±0.59a 4.72±0.28 b 47.17±26.12 b 45.63±28.68b 

 H+CMC 6.26±0.17 b 38.88±0.35 b 9.28±0.21a 6.04±0.13a 5.72±0.17 a 175.17±14.56 a 167.94±15.82 a

 H+EM 6.15±0.13 b 39.18±0.25 b 8.8±0.25a 5.68±0.19a 5.24±0.06 ab 146.83±7.18 a 150.85±7.83a 

Inoculum Control 6.86±0.37a 39.98±0.49a 8.17±0.41a 5.34±0.24a 5.23±0.18a 113.75±15.19a 112.13±16.12a 

 Rhizobium 6.95±0.31a 40.66±0.78a 8.56±0.49a 5.55±0.27a 5.09±0.16a 136.83±20.18a 138.28±20.56a 

Source of 
variation 

df F values      

Trial 1,4 1.78 41.82** 0.07 1.25 30.03** 93.16*** 836*** 

Fertilizer 3,16 28.58*** 19.21*** 1.52 2.06 3.93* 10.56*** 33.57*** 

Inoculum 1,16 0.82 1.85 0.39 0.33 0.29 1.86 1.27 

Fertilizer × 
Inoculum 

3,16 0.82 1.68 0.17 0.04 0.12 0.39 0.27 

Without fertilizer (Non), diammonium phosphate fertilizer (DAP), water hyacinth compost + cattle manure culture (H+CMC) and water 
hyacinth compost + effective microbes (H+EM). Asterisk indicates the significant effect, ***P ≤ .001, ** P ≤ 0.01, * P ≤ 0.05. Means with 
the same letter(s) are not significantly different; those with more than one letter are intermediate. 

 

Populations of the black bean aphid A. fabae were generally low i.e. fewer than 1-2 aphids per plant in most 
treatments. Aphis fabae population was significantly higher in Rhizobium inoculated plants grown with hyacinth 
+ effective microbes (H+EM) than the other treatments (F7, 37; p = 0.0036) (Figure 4). This increase in A. fabae 
population by ~230 % may be linked activities of the Rhizobium inoculant, although microbes contained in the 
compost (H+EM) may have also contributed, as this effect was not evident in the other compost (H+CMC). It 
also implies that host-mediated effects of Rhizobium on aphids depend on the composition of microbial 
communities the legume symbiont interacts with in the rhizosphere (Whipps, 2001; Bais et al., 2006; 
Raaijmakers et al., 2009); as microbial communities that exist in cattle manure culture (Chachkhiani et al., 2004; 
Maeda et al., 2010), are unlikely to be similar to those in Effective Microbes® (Naluyange et al., 2014). Increase 
in aphid populations due to Rhizobium inoculation has also been reported in soybean and in the commercial 
Rosecoco bean (Dean et al., 2009; Naluyange et al., 2014). Since Rhizobium fixes nitrogen in legumes, then 
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