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Abstract

Rhizobia inoculation can increase soybean yield, but its performance is influenced by soybean
genotype, rhizobia strains, environment, and crop management among others. The objective of
the study was to assess soybean response to rhizobia inoculation when grown in soils amended
with urea or Vermicompost to improve nitrogen levels. Two greenhouse experiments and one
field trial at two sites were carried out. The first greenhouse experiment included soils from sixty
locations, sampled from smallholder farms in Western Kenya. The second greenhouse
experiment consisted of one soil selected from soils used in the first experiment where
inoculation response was poor. The soil was amended with Vermicompost or urea. In the two
greenhouse experiments, Legumefix® (inoculant) + Sympal (legume fertilizer blend) were used
as a standard package. Results from the second greenhouse experiment were then validated in the
field. In the first greenhouse trial, soybean response to inoculation was significantly affected by
soil fertility based on nodule fresh weight and shoot biomass. Soils with low nitrogen had low to
no response to inoculation. After amendment, nodule fresh weight, nodule effectiveness, nodule
occupancy, and shoot dry biomass were greater in the treatment amended with Vermicompost
than those amended with urea (Legumefix® + Sympal + Vermicompost and Legumefix® +
Sympal + urea). Under field conditions, trends were similar to the second experiment for
nodulation, nodule occupancy, and nitrogen uptake resulting in significantly greater grain yields
(475, 709, 856, 880, 966 kg ha!) after application of Vermicompost at 0, 37, 74, 111, and 148 kg
N ha-!, respectively. It was concluded that soybean nodulation and biological nitrogen fixation in
low fertility soils would not be suppressed by organic amendments like Vermicompost up to 148
kg N ha'l.

Keywords: Rhizobia inoculation, nodule occupancy, nodule effectiveness, Vermicompost, grain

yield.
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Introduction

Soybean (Glycine max L. Merr) is one of the world’s most important legumes in terms of
production and trade and has been a dominant oilseed since the 1960s [1]. The crop is well
known for its high protein content (about 40%) [2]. Additionally, it can improve soil properties
and soil biological health by soil nitrogen enrichment through N, fixation and subsequent
mineralization of shoot and root biomass [3]. It therefore represents a significant opportunity in
sub-Saharan Africa (SSA), where over 80% of the soils are nitrogen deficient [85], and over 39%
of the children under 5 years are stunted because of malnutrition caused by nutrient deficiency,
particularly proteins [4], contributing to over one third of child deaths [5]. Integration of soybean
in smallholder farming systems would thus not only improve human nutrition when the crop is
included in diets but also soil productivity. Such benefits would materialize when good
agronomic practices, including integrated soil fertility management, are implemented in soybean

production systems.

Crop production, including soybean, faces several constraints which include abiotic and
socioeconomic factors accounting for production discrepancies across regions in SSA.
Consequently, grain yields remain low compared to other regions in the world [6]. Integrated soil
fertility management (ISFM), has been proposed as a viable way towards the sustainable
intensification of smallholder agriculture [7]. The high cost of inputs for nutrient replenishment
or soil amendment has however limited their adoption by resource-constrained smallholder
farmers [8]. Utilization of soybean varieties with high biological nitrogen fixation (BNF)
potential and application of rhizobia inoculants would represent a cost-effective option to reduce

mineral N application [9-14). Studies on N, fixation in soybean using different methodologies
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revealed that soybean shows a strong demand for nitrogen, up to 80 kg N per 1000 kg of soybean
grain for optimal development and grain productivity [15, 16]. Soybean can fix N from the
atmosphere ranging from 0 to 450 kg N ha'! [17, 18]. Under environments conducive for N
fixation, over 60 to 70% of the N requirement of the soybean can be derived from BNF [19],
while the balance could be derived from the soil N stock. Conversely, it has been reported that
BNF could be as low as 5 kg N ha'! in depleted soils, which are quite common in the smallholder
farming systems in SSA, which would imply reliance on nitrogen fertilizers even for legume

crops [20].

Low soil fertility in SSA is often characterized by low available phosphorous (P), nitrogen (N),
organic matter (Coy), and soil acidity, among others [21]. Such parameters must be corrected as
they are an integral part of the interaction of legume genotype, rhizobia strain, environment, and
crop management, which determines the performance of BNF in particular and legume
productivity in general [22-25]. Soil organic carbon is a key driver of soil fertility that could
even impede the performance of non-limiting factors, when it is below a certain level in a
specific soil type [26]. Response to inorganic fertilizers could be enhanced by the addition of
organic matter [27]. However most agricultural soils in SSA contain low levels of organic carbon
due to competing use of organic residues [28, 29]. Initiatives that promote rhizobia inoculation in
legume production in Africa generally recommend the application of nutrients such as P, and
lately, more balanced blends have been developed for use with inoculums but do not include N
[14, 23, 30, 31]. This is due to the general assumption that rhizobia would supply the N required
by the legume and applying mineral N would inhibit nodulation. While such inhibition has been

well-documented [32], this could be different in low fertility soils that are N deficient [33].
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80  Starter N is sometimes needed to achieve a substantial yield of legumes including soybean when

81  the symbiotic N; fixation is unable to provide enough nitrogen [34].

82  The objective of the study was thus to assess whether soils with a low inoculation response could
83  be improved by amendment. It was hypothesized that an organic amendment would perform
84  better than a mineral N fertilizer, given the expected high correlation between organic carbon

85  and total nitrogen in agricultural soils [35].

s6 Materials and methods

87 Characterization of the study soils

88  Two greenhouse experiments were established at the International Centre of Insect Physiology
89  and Ecology (icipe), Duduville campus, Nairobi, Kenya. Soils were collected from sixty farms of
90  Siaya County where low soybean response to inoculation was observed [25, 84] (Fig 1) (where a
91  wvaried response to an ISFM soybean package had been observed) at a depth of 0—20 cm, air
92  dried, and thoroughly mixed to pass through a 2-mm sieve. Subsamples were analyzed for
93  physical, chemical, and microbiological properties prior to planting. The soils parameters
94  analyzed were organic Carbon determined by chromic acid digestion and spectrophotometric
95 analysis [37], total N (%) determined from a wet acid digest [38], and N analyzed by
96  colorimetric analysis [39]. Soil texture was determined using the hydrometer method; soil pH in
97  water determined in a 1:2.5 (w/v) soil: water suspension; available P using the Mehlich-3
98  procedure [40] and the resulting extracts analyzed using the molybdate blue procedure [41]; and
99  exchangeable cations (Ca, Mg, and K) extracted using the Mehlich-3 procedure and determined

100 by atomic absorption spectrophotometry. Estimation of rhizobia in the soils was done using the
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101  most probable number count [42]; soybean variety TGx1740-2F was used as a trap crop grown

102  in N free and autoclaved sterile sand.

103 Greenhouse experiments

104  The first greenhouse experiment was laid as a Completely Randomized Design (CRD) including:
105 (i) 60 soils collected from the sites indicated in Fig 1, with N and C,,, ranges of 0.029-0.21%
106  and 0.53-2.1%, respectively, (i) two treatments, i.e., with and without inoculation (Legumefix®
107  + Sympal) replicated 3 times for a total number of 360 experimental units. Co-application of
108  Legumefix® and Sympal, as an inoculation package, was informed by previous findings [23,
109  36]. Sympal is a legume-specific fertilizer blend (N: P,Os: K,0 0: 23:15 + 10CaO + 4S + 1MgO
110  +0.1Zn) and was applied at a rate equivalent to 30 kg P ha-! and thoroughly mixed with the soil
111 for the inoculated treatments (i.e., *300 kg Sympal ha-'). Soybean variety (TGx1740-2F) was
112 selected due to its better nodulation with a range of rhizobia than local varieties in different parts
113 of Kenya [43]. Seeds were surface-sterilized by soaking in 3.5% NaClO solution for 2 min and
114  rinsed thoroughly 5 times with sterile distilled water. Soils were weighed to fill perforated 2.5-kg
115  pots. Legumefix® for soybean (containing Bradyrhizobium japonicum strain 532c¢) from
116  Legume technology Inc (UK) was used at a rate of 10 g per kg soybean seeds for the inoculated
117  treatments. Three healthy seeds of uniform size were then planted per pot and thinned to one
118  plant per pot of comparable height and vigor at 2 weeks after planting. Routine management
119  practices such as watering were carried out till termination of the experiment, i.e., at 50%
120  podding. This trial was thus intended to determine soybean response to co-application of

121  inoculation and Sympal in various soils characterized by a gradient of nitrogen content.
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122 In the second greenhouse experiment, one of the 60 experimental soils (Trial Site 17 in Figl),
123 that showed low response to inoculation in the 1% greenhouse experiment based on low nodule
124  fresh weight and shoot dry weight observed was amended either with Vermicompost (Phymyx)
125  or urea. Vermicompost was chosen as a slow release form of N compared to urea. A slow N
126  release would reduce the negative effect of N application to nodulation at the early growth stages
127  of soybean. The soil was collected from an area of 4 x 3 m at a depth of 0—20 cm and
128  homogenized after air drying and sieving. Vermicompost (Vc) was applied at 5 levels with even
129  intervals including a control (at rates equivalent to 0, 2.5, 5, 7.5, and 10 t V¢ ha!). Equivalent
130  amounts of N were applied using urea (46% N). The rates of N were thus 0, 37, 74, 111, and 148
131 kg N ha'l. Selected chemical properties of the batch of the Vermicompost used in this study
132 based on the product analysis were: total N (0.88%), organic C (7.31%), available P (0.39%), Ca
133 (0.29%), Mg (0.1%), K (0.22%), in addition to a pH that was approximately neutral (6.7%). It
134 was also expected to contain trace micronutrients (not determined) and is made by composting
135  plant residue and livestock manure. The Legumefix® for soybean inoculant was used at the same
136  rate as the 1% greenhouse experiment. The trial was laid as a CRD and each treatment replicated
137 3 times for a total of 60 experimental pots. Planting, management, and harvesting were done as
138  described in the 1% greenhouse experiment. The trial was thus intended to determine whether
139  application of starter N would improve soybean response to co-application of inoculant and
140  Sympal in a soil with both low nitrogen levels and response to inoculation, and whether there

141  was a systematic difference between Vermicompost and urea as sources of N.

142 Field trial
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143 The field trial was intended to validate the findings of the second greenhouse trials in field
144  conditions with a focus on the best performing source of N and determine the yield performance.
145 It was conducted at trial site 17 (Soil B) and site 7 (Soil A) (Fig 1). Site 17 was the farm at which
146  soil was collected for the second greenhouse experiment. Soils from both sites had similar
147  response trends in nodulation and shoot biomass as the first greenhouse experiment even though
148  they did not have the same physical chemical characteristics (Table 1) and thus were chosen for
149  the field trial validation. The field trial was conducted during the long rains (April to August) of
150  the 2016 cropping season. The treatments at each site were laid out in a full factorial randomized
151  complete block design (RCBD) where Sympal was applied at the rates used in the greenhouse
152 trials (0 and 30 kg P ha'!). The five rates of Vermicompost used in the second greenhouse
153  experiment were applied, i.e., equivalent to 0, 2.5, 5, 7.5, and 10 t ha-!, whereas inoculation was
154  done using Legumefix® for Soybean at the same rate as the greenhouse trials. The maximum of
155 10 t ha! was based on the general recommendation for compost application in the region. The
156  plot sizes were 3 m x 3 m with a 0.5 m alley between the plots and 1 m between the three blocks.
157  Soybean was planted at a spacing of 50 cm (between rows) x 5 cm (within rows) at the onset of
158  the long rainy season (April 2016). Vermicompost and Sympal were applied in furrows and
159  mixed with soil before placement of seeds to avoid direct contact with the seed. Seed sterilization
160  and inoculant application rates were as used in the greenhouse trials. The trials were kept weed

161  free by mechanical weeding.

162 Data collection

163 In the greenhouse experiments the plants were harvested at 50% podding. Shoots were cut using

164  a clean, sharp knife at 1 cm above the soil surface. The pots were emptied into a 2-mm sieve and
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165  soil washed to isolate the nodules from the roots. Nodule fresh weight, shoot biomass, and
166  nodule occupancy were captured in both greenhouse experiments, whereas in the second

167  greenhouse experiment additional data collected were nodule effectiveness and N uptake.

168  Fresh nodules were surface sterilized and stored in glycerol for nodule occupancy determination.
169  Nodule occupancy was then done using the Polymerase chain reaction-Restriction fragment
170  length polymorphism (PCR-RFLP) method. This involved amplification and restriction of the
171 16S-23S rDNA intergenic spacer region. A maximum number of eight nodules from each of the
172 three replicates per treatment (24 nodules) were crushed separately in 150 pl of sterile water and
173  DNA extracted [44]. Amplification of DNA (PCR) was conducted using rhizobia specific
174  primers [45, 46]. Due to the low number of nodules in the low rates of Vermicompost and urea
175  treatments, only the three upper rates and their respective combinations (74, 111, and 148 kg N
176  ha'!) were considered. In addition, restriction was only conducted for PCR products of a single
177  band of 930-1050 bp with restriction endonucleases Moralla species (Msp 1). The stain with
178  1identical fragment size and number were classified into the same profile and the profiles used to

179  score the inoculant (Legumefix® for soybean) efficacy in percentages [13].

180  Nodule effectiveness was carried out [47]. Fresh shoots were dried at 60 °C until constant weight
181  (approximately 48 hours) to obtain the dry weight. The shoots were later milled for total N
182  analysis by the modified Kjeldahl method. Nitrogen uptake at 50% podding was determined as
183  the product of shoot dry biomass and the respective nitrogen content in the shoot and reported as

184  gN plant!.

185  In the field trial, the parameters recorded at 50% podding were nodule fresh weight, nodule

186  effectiveness, nodule occupancy, shoot dry biomass, and N uptake, while at harvest grain yield
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187  was determined. Eight to ten plants were taken from one of the inner rows about 50 cm from the
188  beginning of the line at 50% podding. Nodules were dug out and washed for nodule fresh weight
189  determination and shoots collected for drying and weighing. A sample, i.e., 10% of the total
190  number of nodules counted per treatment, was taken and used for determining nodule
191  effectiveness. At physiological maturity, when 95% of the pods had turned golden yellow, all
192 plants were harvested from the net plot excluding the outer rows. Number and weight of all
193  plants were recorded from each plot and grains and haulms separated and weighed. The grains

194  were later oven-dried to a constant weight.
195 Data analysis

196  In the two greenhouse trials and the field trial, the analysis of variance (ANOVA) was conducted
197  to assess the effects of the various sources of variation, i.e., treatments using SAS version 9.4.
198  The effects of the various factors and their interactions were assessed using standard error of
199  difference (SED) on the mean. The significance level of the models was set at p < 0.05. In the
200  first greenhouse experiment, box-and-whisker plots were also used to summarize the information
201  on nodule fresh weight and shoot biomass given the large number of experimental soils (sixty
202  data points). The assessment of nodule occupancy for the greenhouse and field trials was based
203  on profiles with similar bp fragments in size after restriction and compared to the IGS profile of

204  strain B. japonicum 532¢ and converted to a percentage for each IGS profile group.

205 Results

206  Soil properties
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207  Selected soil properties of the experimental soils including details of trial sites 7 and 17 before
208  the beginning of the greenhouse and field trials are presented in Table 1. A wide variation in soil
209  properties was noted with coefficients of variance (CV) ranging from 11 to 208% with most of
210  the parameters falling under what is considered low. There was a strong correlation between total
211  Nand C, (r = 0.94). Rhizobia population for the selected soils ranged from 0 to 2.83 x 102 CFU

212 g of soil; hence, the response to inoculation was expected.

213  Nodulation

214  In the first greenhouse experiment, the nodule fresh weight (NFW) significantly varied across
215  soils irrespective of inoculation, which was related to the wide variation in soil properties (Table
216  2; Fig 2). On average inoculated (with) plants had higher NFW than uninoculated (without)
217  plants (Fig 2). The NFW was generally low in the soils of low fertility, which calls for further

218 investigation to reduce the spatial variability.

219  In the 2™ greenhouse experiment, co-application of starter N in the form of Vermicompost or
220  urea (at low rates), inoculation, and Sympal significantly increased nodule fresh weight (p <
221 0.05) (Table 2). The upper rate of urea led to a decrease in NFW contrary to Vermicompost,
222 which could be related to the difference in the availability of N from the two sources.
223 Vermicompost co-applied with inoculation and Sympal consistently recorded a significantly

224 higher nodule fresh weight than urea co-applied with inoculation and Sympal (Fig 3a).

225  In field conditions, NFW was improved by inoculation at Trial site 17 compared to Trial site 7
226  (Fig 3b), which could be related to the initial fertility level of the sites (Table 1). Conversely, in

227  the absence of inoculation, Trial site 7 performed better than Trial site 17 (Fig 3b), which could
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228  be associated with the abundance of soybean nodulating rhizobia at Trial site 7 (Table 1).
229  Regardless of the sites and inoculation, application of Sympal (Fig 3c) and Vermicompost (Fig
230  3d) improved NFW, which implied that the nodulation of soybean by native rhizobia could be

231  improved with good soil fertility management.

232  Nodule effectiveness

233 In the 2" greenhouse experiment, N-amendment using Vermicompost or urea co-applied with
234 inoculation and Sympal significantly increased the percentage of effective nodules (p < 0.05)
235  (Table 2; Fig 4a). Vermicompost co-applied with incoulation and Sympal consistently had a
236  higher percentage of effective nodules compared to urea, inoculation and Sympal (Fig 4a). In
237  field conditions, inoculation at Trial Site 7 and Trial Site 17 improved nodule effectiveness at
238  both sites, but co-application with Sympal showed better performance at Site 17 than Site 7 when
239  compared to inoculation without Sympal (Fig 4b). Conversely, in the absence of inoculation,
240  Sympal improved nodule effectiveness at Site 7 more than Site 17, but when Sympal was not
241  applied, nodule effectiveness was similar at both sites (Fig 4b). While Sympal contributed to the
242  improvement of nodule effectiveness, the magnitude of the response demonstrated that
243  inoculation was very critical to enhance the percentage of effective nodules. This suggested the
244  introduced strains not only increased the abundance of rhizobia cells in the rhizosphere, but were
245  also effective in field conditions. Significant improvement of nodule effectiveness following
246  Vermicompost application was made at a total N rate > 74 kg ha'! irrespective of inoculation and

247  Sympal at both sites (Fig 4c).

248  Nodule occupancy
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249  For nodule occupancy, IGS profiles as a function of total number of nodules with PCR-RFLP
250  (930-1050 bp) bands was used. In the 1t greenhouse experiment, three IGS profile groups were
251  obtained from PCR-RFLP analysis. The IGS profile I (91%) (inoculant strain) was dominant in
252 the inoculated soils, while IGS profiles I and III, were in almost equal proportion in unioculated
253 soils (46 and 40%) respectively (Table 3). In the 2" greenhouse experiment, nodule occupancy
254 by the inoculant strain consistently increased with the increase in Vermicompost rates in the
255  uninoculated treatment, showing that the strain in the rhizobia inoculant is present in the study
256  region due to a previous history of soybean cultivation with the inoculant strain in the two sites
257  (Table 4). An increased rate of N from Vermicompost up to 148 kg ha! did not suppress nodule
258  occupancy by the inoculant strain, while at a rate of 148 kg N ha'! urea nodulation was

259  suppressed to the extent

260  that no nodules were found, with and without inoculation. This could be related to the slow
261  release of N in Vermicompost compared to urea. For the rates of 74 and 111 kg N ha!, under co-
262  application of the rhizobia inoculant and Sympal, all the nodules analyzed carried the inoculant
263  strain. Based on the results reported in Fig 3a (nodule fresh weight) and Fig 4a (nodule
264  effectiveness) at 148 kg N ha'! from urea, it is likely that some native strains that can nodulate
265  soybean were not detected by the specific primers used to assess the nodule occupancy and thus
266  total number of nodules analyzed were not equal in all the treatments. This often occurs when
267  some bacteria have acquired genes that enable nodulation but may not have all the required

268  genes to allow detection by the set of primers; further investigation would be required.

269 In the field trial, the highest inoculant strain recovery was observed with the combination of

270  inoculation, Vermicompost, and Sympal demonstrating the relevance of the combination to
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271  supply additional nutrient, organic matter, and rhizobia particularly in the low fertility soil at Site
272 7 (Table 4). The highest inoculant strain recovery was attained when Vermicompost was applied
273 at 74 kg N ha! and 111 kg N ha'! and combined with Sympal and inoculation at Site 7 (94%),
274  while there was a slight reduction at 148 kg N ha-! for the same inputs though the inoculant strain
275  recovery was still higher than 66% (Table 4). At Site 17, which was slightly more fertile than
276  Site 7, the value addition of co-applying inoculation and Sympal in the presence of
277  Vermicompost was reduced, except at 111 kg N ha'! (Table 4). In the absence of the rhizobia
278  inoculant, co-application of Vermicompost and Sympal did enhance the nodule occupancy by
279  native strains other than the inoculant strain, which could be less effective based on the results on
280  nodule effectiveness (Fig 4b). In general, a consistently higher percentage of nodules occupied
281 by the inoculant strain was observed in the inoculated and amended soils for both greenhouse
282  and field conditions at moderate levels of N (74 and 111 kg N ha! regardless of the source of N).
283  This suggests that the introduced strain was more competitive in the amended soils and explains
284  the higher percentage of effective nodules (Fig 4b). The recovery of the inoculant strain from the
285  uninoculated treatments (especially in the 2" greenhouse experiment) was attributed to the

286  previous history of soybean cultivation with the same inoculant in the two farms.

287 Shoot biomass

288  On average, the inoculated treatment gave a higher shoot dry weight than the uninoculated soils
289  in the 1% greenhouse trial, with an increase of 38% over the control (Fig 2), but the improvement
290  of shoot biomass following inoculation significantly varied across soils (Table 2). In the 2nd
291  greenhouse experiment, co-application of N amendments (Vermicompost or urea) with

292 inoculation and Sympal enhanced shoot dry biomass (Fig 5a). When N was applied as


https://doi.org/10.1101/476291
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/476291; this version posted November 21, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

15

293 Vermicompost, the value addition of inoculation and Sympal was found at the low rate of N
294  (equivalent to 37 kg N ha!) and in the untreated control (no N). Conversely, when N was applied
295  as urea, the value addition of inoculation and Sympal was found across the five rates of N. The
296  difference between the two sources of N can be related to the additional nutrients in
297  Vermicompost compared to urea that only supplied N. Across treatments, the highest shoot dry
298  biomass at 50% podding was found at 148 N kg-!' applied as urea and combined with inoculation
299  and Sympal. This could be attributed to the fact that nitrogen from urea was readily available for
300 uptake and resulted in vigorous vegetative growth and more biomass accumulation at the early

301  stage of the crop with minimal N losses in greenhouse conditions.

302 In field conditions, co-application of Vermicompost and inoculation significantly improved
303  shoot dry biomass compared to Vermicompost in the absence of inoculation, particularly when
304  Sympal was not applied (Fig 5b). When Sympal was added to both combinations (Vermicompost
305  with and without inoculation), the difference in shoot dry biomass was reduced, which could be
306 related to improved utilization of N when other limiting nutrients are added. On average, the
307  shoot dry biomass was higher at Site 17 than Site 7 irrespective of the treatments (Fig 5c), which

308  was consistent with the initial chemical properties of the two sites (Table 1).

309 Shoot biomass N uptake

310 In the 2" greenhouse experiment, co-application of Vermicompost or urea as a source of starter
311 N with inoculation and Sympal significantly increased biomass N uptake when compared to the
312  starter N sources in the absence of inoculation and Sympal (Table 2; Fig 6a). When
313  Vermicompost or urea was not co-applied with inoculation and Sympal, increased rates of

314  Vermicompost enhanced biomass N uptake, while increased rates of urea reduced N uptake. This
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315  could be related to the improved soybean growth in the presence of Vermicompost related to the
316  additional nutrients in the inputs, which would have improved the root system development (data
317  not collected) and consequently N uptake. Application of inoculation and Sympal to both starter

318 N treatments further enhanced plant development and therefore N uptake.

319  In the field conditions, co-application of Vermicompost and Sympal enhanced N uptake at Site 7
320  (which was less fertile) more than Site 17 (Fig 6b). In the absence of Sympal, N uptake was
321  similar at both sites when Vermicompost was applied. On average, rhizobia inoculation showed
322 higher N uptake than uninoculated plants, irrespective of trial sites, Vermicompost, and Sympal

323 (Fig 7c¢).

324  Grain yield

325  When soybean was inoculated, yields were higher at Site 17 than Site 7, while both sites had
326  similar yields in the absence of inoculation (Fig 7a). Hence, the apparent difference in soil
327  fertility at the two sites (Table 1) was not enough to show a difference in yields without soil
328 amendment. Amendment with Vermicompost increased soybean grain yield from a rate of 74 kg
329 N ha'! compared to the absolute control (Fig 7b); this rate of N was equivalent to five tons of
330  Vermicompost ha'!. Grain yields significantly increased on amendment (475, 709, 856, 880, 966
331 kg ha') after application of Vermicompost at 0, 37, 74, 111, and 148 kg N ha'!, respectively. All
332 the measured parameters reported correlated significantly to grain yields particularly at Site 7
333  (data not shown), which showed that amending low fertility soils using various combinations of
334  inputs like rhizobia inoculant, Sympal, and Vermicompost could enhance soybean growth and

335  yield assuming no other limiting factors.
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336 Discussion

337 In this study, overall the effects of four key factors: site (soil), rhizobia inoculant, starter N
338  (Vermicompost or urea), and a legume-specific fertilizer blend (Sympal) and their interactions
339  on soybean productivity traits including nodulation, nodule effectiveness, nodule occupancy,
340  shoot dry weight, N uptake, and yield were evaluated. These productivity traits were improved
341 by various combinations of the three inputs, but in most cases, there was a significant site or soil
342  effect. Previous studies demonstrated that legume response to inoculation is generally affected
343 by (i) legume genotype, (ii) rhizobia strain, (iii) environments like soil fertility, soil amendment,
344  and water management, and (iv) crop management such as weeding, spacing, and pest and
345  disease control [23, 48]. In this study, the focus was on aspects related to soil fertility
346  improvement to enhance soybean productivity traits. The hypothesis that starter N, particularly in
347 its organic form, would improve soybean response to rhizobia inoculants and legume-specific
348  fertilizer blends (without N) in low fertility soils was confirmed and it is crucial to understanding

349  the underlying mechanisms.

350 Need for starter N to improve soybean response to inoculation in

351  low fertility soils

352  The soils used in the three experiments were low in nitrogen levels as reported [36]. Nitrogen is a
353  major limiting factor in plant growth and development. In low fertility soils, there is a need to
354  explore various nutrient replenishment avenues to establish best practice management options for
355 improved soybean response to inoculation [23]. In soils with low nitrogen, a moderate amount of

356  “starter nitrogen” would be required by the legume plants for nodule development and root and
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357  shoot growth before the onset of BNF [49, 50]. In the low N soil used in the second greenhouse
358  experiment, amendment with two nitrogen sources (Vermicompost and urea) significantly
359 increased soybean productivity traits suggesting the nitrogen supplied played a great role in
360 soybean growth before a symbiotic relationship of the host crop and rhizobia was fully
361  functional. Although insignificant responses of starter N have been reported [51], positive
362 responses have been reported by several studies which demonstrates the need of starter N,
363  particularly in low fertility soils as it was the case in this study [52-56]. There is need to
364  determine the threshold value of soil N content (% or g N kg™! soil) above which, starter N would

365 not be required.

366 Preference of an organic source for starter N in low fertility soils

367 The Vermicompost treatments performed better in all the measured parameters compared to the
368 urea treatments. Although N supplied by urea was readily available for the plant uptake, N alone
369  could not explain the significant increase in the soybean growth traits observed. Vermicompost
370  not only was a source of slow-release N, but also other essential nutrients such as Ca, Mg, and K,
371  which are essential for optimal plant growth. Organic sources of N also improve soil organic
372  carbon, which has a significant effect on soil fertility including rhizobia survival [57]. In general,
373  soil total N and organic matter are highly correlated as found in this study. In low organic matter
374  soils, organic amendments act as a source of nutrients, improve soil structure, and increase
375  Dbiodiversity and activity of the microbial population [58, 59]. Use of organic amendments to
376  improve nutrient-depleted soils in SSA in general and western Kenyan in particular [23] would
377  improve the physical, chemical, and biological characteristics of soil [58]. This implies that soil

378  amendment with Vermicompost, or similar organic inputs, would be a good practice to improve
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379  soybean response to inoculation as nodulation and nodule effectiveness were not suppressed up
380 to a rate of 148 kg Vermicompost-N ha!. Furthermore, use of organic amendments including
381  organic fertilizers in integrated soil fertility management to supply both nutrients and organic
382  matter would be more conducive to sustainability and resilience of the cropping systems than

383  sole application of inorganic fertilizers.

384 Balanced fertilization to improve soybean response to inoculation

385  Significant variation of soybean response to rhizobial inoculation was observed across the sixty
386  soils in greenhouse conditions, which was validated in field conditions at two sites. Success of
387  soybean rhizobia inoculation is dependent on soil fertility and site location [59]. Based on
388  recommendations [60] and the soil analysis results, the study soils from sixty locations in
389  western Kenya had very low to moderate fertility, which agreed with earlier report [23]. This
390  wide variation in soil properties with most of the parameters falling under low to very low [61,
391  62] could explain the variation of the soybean response to inoculation. Similar findings of spatial
392  wvariation of soybean response to biological inoculants across locations was previously reported
393  [36]. Edaphic factors such as nutrient P and N availability and soil pH determines the
394  effectiveness of inoculant used [36]. This has also been confirmed in our ongoing investigation
395 on the effect of soil acidity and liming on soybean productivity traits under inoculation
396  (unpublished). Soil amendment to improve the fertility including balanced fertilization is
397  therefore crucial to reduce the spatial variability of soybean response to inoculation, assuming no

398  other limiting factors.
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399 In field conditions, nodule fresh weight and effectiveness were improved by the application of
400  Sympal and/or Vermicompost. Shoot dry weight was enhanced by co-application of
401  Vermicompost, Sympal, and inoculation, while a combination of Vermicompost and Sympal
402  increased biomass N uptake and Vermicompost boosted grain yield. This was in line with
403  previous findings [ 6, 63-66]. Soil amendment improved the effectiveness of the nodules and the
404  competitiveness of the introduced strain to occupy a significant number of nodules, as shown by
405  the nodule occupancy. Vermicompost and Sympal contained various nutrients including macro-,
406  secondary, and micronutrients, which are essential to plant growth and effective nodulation. A
407  package of fertilization interventions based on proper soil fertility diagnosis in legume cropping
408  systems including organic inputs, a legume-specific fertilizer blend conducive to nodule
409  formation, and efficacious rhizobia inoculants would be more effective than a sole application of
410  one component of the package [65, 67-70]; though profitability analysis would be required to
411  inform the choice of package to recommend. Hence, current development initiatives that promote
412  rhizobia inoculation without necessary soil fertility diagnosis or only focus on co-application of
413  phosphorus and rhizobia inoculants must be revisited to consider balanced fertilization. Effective
414  legume rhizobia inoculation only adds N in the cropping systems so there is a need to ensure that
415  the other nutrients are available at appropriate levels for optimum plant growth. Availability of
416  essential nutrients and moderate levels of nitrogen generally enhance nodule formation and
417  functioning [71, 73]. High rates of nitrogen fertilizers however have been shown to inhibit
418  nodule formation in both controlled and field conditions [24, 34, 74, 75]. Hence, investigations
419  to determine the threshold values, depending, among others, on soil types, below which starter N

420  would be required to improve legume response to inoculation in low fertility soils, are needed.

421 Effectiveness of inoculant rhizobial strains
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422  Response to rhizobia inoculation is expected in soils of low native rhizobia or where the
423 compatible rhizobia of the host legume are absent [76, 77]. The rhizobia populations in the sixty
424 soils were below 1.0 x 10° CFU g-! of soil, which has been reported as the minimal population of
425  native rhizobia for a response to inoculation to be achieved for legume crops like soybean [78].
426  The capacity of an inoculant strain to occupy nodules on the host depends on environment
427  factors such as the presence of indigenous rhizobia and soil type [79, 80]. The increased nodule
428  weight and shoot biomass over the control due to rhizobia inoculation indicated that the
429  introduced strain was more effective than the indigenous bradyrhizobia. This was in line with
430  previous studies [13, 56, 81-83] which reported significant increases in nodulation and biomass
431  with rhizobia inoculation. The soybean increased biomass, nodulation, and effective nodules due
432  to inoculation confirms the need to inoculate soybean seeds in the soils of the selected sites.
433  Even though the variety TGx1740-2F is promiscuous, nodule occupancy analysis confirmed
434  successful inoculation. Inoculation with Legumefix® for soybean significantly increased the
435  percentage of effective nodules and nodule occupancy both in greenhouse and field experiments.
436  Nodule effectiveness and occupancy are important indicators of efficient soybean rhizobia
437  symbiosis [47, 80]. The yield increase following inoculation at both sites was in line with other
438  reported findings [14, 65, 81, 87]. As mentioned above, to optimize soybean response to rhizobia
439  inoculants, soil amendment with organic sources of nutrients and legume-specific fertilizer
440  blends in low fertile soils will be of great importance not only in Siaya County of Kenya, but
441  also across SSA where nutrient depletion is widely spread [4, 86] in addition to address issues
442  related to factors like legume genotype, efficacy of rhizobia strains, as well as good crop and

443  water management.
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444 Conclusion

445  Soil amendment with Vermicompost, inoculation, and Sympal in low fertility soils increased
446  soybean productivity traits including yields. Soybean response to inoculation was affected by
447  soil properties. Vermicompost supplied both nutrients and organic carbon, while Sympal
448  contributed additional nutrients, which improved the nutrient status of the low fertility soils and
449  consequently soybean response to inoculation. Development initiatives focusing on legume
450  inoculation or co-application of rhizobia inoculants and phosphorus fertilizers only, without
451  proper soil fertility diagnosis, must be revised to optimize the benefits expected from inoculation
452  including BNF. Starter N in the form of Vermicompost in low fertility soils at the rates used in
453  this study did not suppress soybean nodulation, and it improved the productivity traits of the
454  crop. However, further investigation is required to determine the threshold value of soil N
455  content above which there will be no need to recommend starter N when rhizobia inoculants are
456  applied to legume crops. This was beyond the scope of this study as many factors will have to be
457  considered including soil types, mineralogy, weather conditions, legume genotype, rhizobia

458  strains, and crop management.
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