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Abstract
The rapidly increasing global human population threatens the availability of safe and nutritious food. Among others, soil fertility degradation,

insufficient use of proper fertilizers and scanty soil characterizations have major contributions in lowering the productivity of crops. To ensure the

use  of  sufficient  proper  fertilizers  for  optimum  crop  productivity,  it  is  important  to  evaluate  the  fertility  status  of  soil  which  is  a  vital  tool  in

deciding the type and the amount of fertilizer to be supplemented. This study aimed at evaluating soil fertility in the soybean growing and the

non growing areas of Tanzania and to assess their suitability for growing the soybean crop as well as prospective use of rhizobia biofertilizers

through  the  assessment  of  nodule  formation  in  non-inoculated  soybean  plants  grown  in  different  farmers'  fields.  A  total  of  81  soil  samples

including those in soybean growing and non growing areas of Tanzania, were evaluated in terms of their fertility status through different physico-

chemical parameters. From each field, three healthy plants with intense green leaves were selected for nodule counting. The study indicated that,

most of the soils (85%) have medium acidic to neutral soil pH with 58% having sufficient organic carbon and 78% at risk of nitrogen deficiency.

Soil pH, total N and OC had significant (p < 0.05) correlations (r) of 0.14, −0.22 and −0.27 with nodule number. The higher number of nodules were

in medium acidic  to neutral  soils,  with the highest  number,  8.82 in neutral  pH soils,  indicating the favorability  of  the particular  pH ranges for

rhizobia  activities.  The  results  of  this  study  suggest  that  most  of  the  soils  are  suitable  for  the  production  of  soybean  and  the  use  of  rhizobia

inoculants.
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 Introduction

Global  human  population  growth  threatens  current  agricul-
tural systems to sustain the rising demand for food and uncer-
tainty  in  securing  safe  and  nutritious  food  for  society[1].  This
highlights  the  significance  of  cultivating  high-value  crops,
particularly  those  with  high-quality  nutritional  components[2]

and  economical  production  with  application  of  only  essential
fertilizers  which  are  necessary  for  enhancing  the  nutrients  in
the  soil  and  maintaining  the  sustainability  for  production[3,4].
Soybean  (Glycine  max)  is  among  the  world's  most  important
crops  due  to  its  high-quality  plant-based  protein  and  oil
content[2−5].  Worldwide,  the  crop  is  grown  on  about  6%  of
available arable land[2] and 50% of the legume growing areas[6].
Globally,  the  major  soybean-producing  countries  include  the
United  States  of  America  (USA),  Brazil,  Argentina,  China,  and
India[7]. In Africa, the soybean crop is among the most common
legumes  grown  in  Sub-Saharan  Africa  (SSA)[1,8,9].  Despite  the
production of the crop, the yield obtained by smallholder farm-
ers  in  SSA  is  not  promising  as  compared  with  the  major
soybean  growing  areas  in  the  world[9].  This  needs  alternate
efforts to increase the productivity of crops while lowering the
cost  of  production,  which  can  be  achieved  with  the  judicious
use  of  fertilizers  with  supplementation  of  biofertilizers,  made
from  effective  rhizobia,  in  which  their  effectiveness  in  increas-
ing  productivity  lies  in  soil  fertility  evaluation  for  proper  deci-
sion in type and quantity of fertilizers to be used[10].

Sub-Saharan Africa is among the regions with a fast-growing
population  but  decreasing  crop  productivity[11].  The  decrease
in productivity of crops is contributed by different factors such
as  poor  soil  health  especially  soil  fertility  degradation  due  to
continuous  growing  and  harvesting  of  crops,  unbalanced  soil
ecology and poor  nutrient  cycling.  Other  factors  include pests
and diseases, climate change, poor crop and nutrient manage-
ment,  use  of  low  yielding  varieties  as  well  as  unappropriated
timing  of  planting[12−14].  Of  all  the  factors,  poor  soil  health,
which  includes  soil  fertility  degradation,  unbalanced  soil  eco-
logy and nutrient cycling, is the major factor, which contributes
to  stagnating  or  decreasing  crop  productivity[15] in  SSA  hence
unsustainability in agricultural systems.

Soil health, specifically soil fertility is a very important aspect
in the productivity of soil and crops. Nutrient cycling and their
availability  for  uptake  by  plants  are  among  the  key  factors,
which make the fertile soil productive and hence crop produc-
tivity.  In  the soil,  nutrients  are  harvested through the growing
and harvesting of crops. Moreover, when the crop residues are
not recycled into the soil  as  manures,  it  is  a  complete harvest-
ing of nutrients, which are taken by plants for their growth and
development[16].  Leaving  plant  residues  in  the  field  after
harvesting  the  edible  and  economic  parts  of  plants  is  impor-
tant  for  return  of  the  nutrients  into  the  soil.  The  harvesting  of
nutrients  through  crops  results  in  serious  degradation  of  soil
fertility  leading to inadequate nutrients for  meeting the crop's
requirements  in  the  following  season.  To  ensure  sustainable

Technology in
Agronomy ARTICLE
 

© The Author(s)
www.maxapress.com/tia

www.maxapress.com

mailto:nakeim@nm-aist.ac.tz
https://doi.org/10.48130/TIA-2023-0011


availability of nutrients and good soil health, soil supplementa-
tion  with  fertilizers  and  manure  is  a  key  aspect[17].  For
economical  production  of  safe  and  nutritious  food  as  well  as
environmental  resilience,  soil  fertility  evaluation  is  the  most
important aspect for decision-making on the type and amount
of  fertilizers  and,  manures  to  be  supplemented  for  optimum
growth  and  development  of  plants.  This  is  because,  excessive
use  of  fertilizers  and  manures  are  linked  to  environmental
pollution  especially  agricultural  soils,  water  and  air  as  well  as
higher levels of toxic metals in both the edible and non-edible
parts  of  plants[18] calling  for  a  shift  in  a  use  of  alternative
approaches  such  as  biofertilizers  made  from  beneficial  soil
microorganisms.

Biofertilizers  like  other  fertilizers  and  manures  supply  diffe-
rent  nutrients  in  soil  for  uptake  by  plants.  Microorganisms  as
other  living creatures  are  affected by different  edaphic  factors
including[19]:  stress  environments  such  as  moisture,  tempera-
ture,  acidity,  alkalinity,  salinity  and  nutrient  composition.  The
evidence  from  research  shows  that  the  rhizobial  effectiveness
and  populations  in  nitrogen  fixation  are  interconnected  with
the fertility  of  soil  whereby extreme soil  conditions have been
observed  to  negatively  affect  the  effectiveness  of  rhizobial
strains[20].

In  SSA,  smallholder  farmers  dominate  the  agricultural
systems  for  food  crops[21,22].  Synthetic  fertilizers  are  most
widely  available  and  accessible  ones  to  many  farmers  moreso
than organic manure, because not all of them keep livestock. In
addition,  in order to meet crop requirements through applica-
tion of organic manure, it needs larger quantities per hectare to
meet  crop  requirements.  Although,  organic  manure  contain
nutrients  in  very  small  quantities,  they  are  well  known  to
possess  the  characteristics  of  improving  the  soil  conditions[23]

making  unreplaceable  advantages  of  using  organic  manure
along  with  other  types  of  fertilizers.  Despite  their  availability,
smallholder  farmers  rarely  use  synthetic  fertilizers  due to  their
cost,  hence  less  amount  is  used.  Biofertilizers  are  observed  to
be  cheaper,  effective  and  environmentally  friendly  with  more
advantages in balancing the soil  ecosystem as well  as nutrient
cycling[24].  For  sustainability  in  agricultural  systems  the  use  of
biofertilizers  together  with  soil  fertility  evaluation  is  crucial  in
crop  production.  However,  the  evaluation  of  soil  fertility  for
decision  making  in  type  (including  biofertilizers)  and  quantity
of  fertilizers  and  the  importance  of  biofertilizers  have  been
ignored  in  smallholder  farming  systems.  This  calls  for  the
creation  of  awareness  of  importance  of  soil  fertility  evaluation
and the use of biofertilizers as an alternative approach to indus-
trial  fertilizers  in  meeting  crop's  requirements  to  improve
productivity  for  optimum  yield.  Therefore,  this  study  aimed  at
evaluating soil fertility between the soybean growing areas and
the non soybean growing areas of  Tanzania and their  suitabil-
ity for the use of rhizobia inoculants. The findings of this study
will  contribute  to  enriching  the  knowledge  which  the  resear-
chers  could  tap  into,  for  the  benefit  of  further  studies  on  the
management of soil nutrients as well as the importance of eva-
luating the fertility  status  of  soil  in  improving the productivity
of different crops in meeting the food demand.

 Materials and methods

 Description of the study area
Soils  and  nodules  for  this  study  were  collected  from  the

major  soybean  growing  regions  in  the  eastern,  northern,  and

southern highlands, of Tanzania. In the southern highlands, the
regions  included  were:  Iringa,  Njombe,  Ruvuma,  Songwe,
Rukwa,  and  Mbeya.  This  zone  is  located  between  latitudes  7°
and  11.5°  S  and  longitudes  30°  and  38°  E  with  an  elevation
ranging  from  302  to  2,925  meters  above  sea  level  (m.a.s.l.).
Rainfall  is  unimodal  falling  in  November  to  May  with  annual
rainfall  of  1,650  mm  and  dry  periods  ranging  from  June  to
September[25].  The mean annual temperature ranges from 7 to
32.2  °C.  The  eastern  zone  included  Morogoro  region  which  is
located  between  latitudes  5°  and  9°  S  and  longitudes  35°  and
38°  E.  The mean annual  temperature  ranges  from 15  to  32  °C
and  the  average  annual  rainfall  is  around  740  mm[26].  In  the
northern  zone,  Arusha  and  Kilimanjaro  regions  were  included
in the present study.  The Arusha region lies between latitudes
1° and 4° S and longitudes 34° and 37° E with an average annual
rainfall  of  873  mm  while  the  temperature  ranges  from  12.1  to
28.8 °C. The Kilimanjaro region lies between the latitudes 2° and
4° S and longitudes 36° and 38° E. The average annual rainfall in
the  Kilimanjaro  region  ranges  from  700  mm  to  2,000  mm  and
the  temperature  ranges  from  12.5   to  27  °C.  The  site  descrip-
tion of the sampled areas are presented in Fig. 1.

 Soil sample collection and soil fertility evaluation
In  each  region,  three  representative  districts  were  selected,

three  villages  in  each  district,  and  one  field  with  a  history  of
using only organic manure, for at least three seasons, consecu-
tively,  were  selected.  The  study  sites  and  sampling  location
map  was  generated  using  QGIS  3.14.0  software  (Fig.  2).  Soil
samples  were  taken  from  three  spotted  locations  per  field
depending  on  the  color  of  the  soil  because  the  area  was  too
small (< one acre). For each spotted location, about 1 kg of soil
sample was collected from a depth of 0−30 cm. One composite
soil sample was prepared by mixing three soil samples, remov-
ing  the  roots  and  crumps.  Prior  to  laboratory  analysis,  the  soil
was air-dried and sieved through 2 mm mesh.

The  soil  texture  was  determined  using  the  hydrometer
method.  Total  nitrogen was  determined by  the  micro-Kjeldahl
digestion-distillation  method.  Cation  exchange  capacity  was
measured at pH 7 with 1 M Ammonium Acetate (NH4OAc) and
exchangeable  cations  K+ and  Na+ were  determined  by  flame
photometer while, Ca2+ and Mg2+ as well as micronutrients Iron
(Fe),  Copper  (Cu),  Zinc  (Zn)  and  Manganese  (Mn)  were  deter-
mined by an atomic absorption spectrophotometer[27]. The soil
organic carbon was characterized by the wet digestion (oxida-
tion)  method  of  Walkley-Black[28].  The  soil  pH  was  measured
electrochemically in 1:2.5 (weight/volume) soil using the water
suspension  potentiometric  method[29].  The  availability  of  P  in
soils is influenced by soil pH, hence P analysis of soils was done
by  two  methods,  for  soils  with  pH  ≥ 6.5,  extractable  P  was
determined  by  the  Olsen  method  and  for  soils  with  pH  ≤ 6.5,
Bray 1 method was used[30].

 Nodules collection
The nodule samples were collected during cropping seasons

from the same sites  where the soils  were sampled.  The collec-
tion  of  nodule  samples  focused  on  the  farmers'  fields  where
rhizobia  inoculants  have  never  been  used  before  for  the
purpose of obtaining the indigenous rhizobia which can effec-
tively  form  nodules  with  soybean  in  the  soils  of  Tanzania.  At
50%  flowering,  from  each  farmer  field,  three  healthy  plants
(treated as replicates) with intense green leaves were randomly
collected by uprooting to obtain nodules in each field, making
a  total  of  243  plants  which  were  treated  as  separate
samples[31,32]. The intense greening of leaves was considered as
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sufficiency  of  nitrogen  in  plants.  The  nodules  for  each  plant
were counted and the data was recorded.

 Statistical data analysis
Different  statistical  methods  were  applied  to  analyze  the

collected  data  in  terms  of  its  distribution  and  correlation
among the studied parameters. The Principle Component Anal-
ysis (PCA) for Soil  Quality Indices was plotted by using XLSTAT
software  Version  2023.5.1.  All  the  collected  nodule  data  were
statistically  analyzed  by  Jamovi  version  2.3.2.0,  GenStat  15th

Edition  and  the  graphs  were  plotted  using  Excel  2016  in
Windows 10. The mean and standard errors within the sites for
nutrients  in  soil  as  well  as  correlation matrix  between nodules
number  and  soil  nutrients  were  calculated  by  using  Jamovi
version 2.3.2.0.  The mean separation within and between sites
for  nodule  number  were  determined  by  one-way  analysis  of
variance (ANOVA) following the factor effect model as shown in
Eqn 1.  Tukey's-HSD multiple  comparison test  at  a  threshold of
5%  in  GenStat  15th Edition  was  conducted  to  separate  mean
values  among  replications  of  the  nodule  number.  Therefore,
only one factor – the sampling site (i.e.,  81 sites) with different
soil  characteristics  was  considered  as  the  fixed  main  effect
whereas sample replicates were treated as random effect.

Yi = µ+αi+εi (1)
Where Yi is the observed response variable in the ith factor; µ is the
overall  (grand) mean; αi is  the main effect of the factor sampling
site; εi is  the  random  error  associated  with  the  observation  of
response variable in the ith factor.

 Results

 Various physico-chemical parameters of the study
areas

 Soil pH and exchangeable cations and nodule number
The data  for  soil  physico-chemical  properties  of  the  studied

sites  are  summarized  in Table  1 with  details  in Supplemental
Tables S1 & S2. The soil pH in all 81 sites was extremely acidic to
moderately alkaline with an average of 6.222 ± 0.655 and total
acidity  low  to  very  high  with  an  average  of  0.292  ±  0.589
cmol(+)Kg−1.  The CEC of the soils was very low to medium with
an  average  of  7.899  ±  4.582  cmol(+)Kg−1.  In  the  case  of
exchangeable  bases,  Ca  was  low  to  high  with  an  average  of
5.099  ±  3.698  cmol(+)Kg−1),  Mg  been  very  low  to  high  with  an
average of  1.257 ± 0.906 cmol(+)Kg−1),  while K was low to very
high with an average of 0.277 ± 0.397 cmol(+)Kg−1) and Na was
very  low  to  low  with  an  average  value  of  0.026  ±  0.034
cmol(+)Kg−1). The concentration of extractable P in the soils was
low  to  very  high  with  an  average  value  of  33.909  ±  37.264
mg·kg−1. The OC in the soils ranged from very low to high with
an average of 1.663% ± 0.893 and total N varied from very low
to medium with an average of 0.153% ± 0.074% while the ratio
of carbon and nitrogen (CN ratio) was of low quality which was
less  than  8  and  moderate  quality  which  was  greater  than  13
with  an  average  value  of  11.385  ±  2.591.  On  the  other  hand,
there was variation in the levels of micronutrients whereby Cu
and Zn ranged from very low to very high with their  averages
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Fig. 1    Map showing maximum and minimum elevations of the regions in the study sites.
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been 3.312 ± 7.984 and 4.410 ± 5.859 mg·kg−1 while Mn varied
from medium to very high with an average of 80.462 ± 43.892
mg·kg−1 and  Fe  from  high  to  very  high  with  an  average  of
66.553 ± 63.671 mg·kg−1.

Principal Component Analysis (PCA) shows that the first two
PCs explain around 43.7% of the variance and the first five PCs
explain 70.1% of the variance (Fig. 3; Supplemental Tables S3 &
S4).  These  PCs  were  selected  according  to  the  method
described  by  other  researchers[33−35].  Twelve  other  PCs  were
excluded  from  the  present  study.  The  eigenvectors  in  the
context  of  the  PCA  (Table  2; Fig.  4)  revealed  the  relationships
between the original variables (soil pH, Cu, Zn, Mn, Fe, TN-Kjel-
dahl, OC-BlkW, C/N ratio, P, CEC, Ca2+, Mg2+, Na+, K+, Total acid-
ity,  Al3+,  and  H+)  and  the  extracted  PCs  (F1  to  F5).  Results
further  indicated  that  the  first  PC  (F1)  reflect  relatively  higher
positive contributions from variables soil pH, Cu, Zn, Ext. P, CEC,
Ca2+,  Mg2+,  K+,  Total  Acidity,  Al3+,  and  H+.  The  PC  (F2)  has
notable  positive  contributions  from  variables  Fe,  Na,  K,  Total
acidity,  Al3+,  and H+.  The third  PC (F3)  is  negatively  influenced
by  the  variable  soil  pH,  Cu,  Zn,  TN-Kjeld,  OC-BlkW,  C/N  ratio,
Total  acidity,  Al3+,  and  H+ while  positively  correlated  with
extractable P, Ca2+, Mg2+, Na+, and K+. The fourth PC has strong
positive contributions from variables Cu, Zn, Mn, Fe, P, and C/N
ratio and the last component F5 is negatively influenced by Fe,
Na+, K+, Total acidity, Al3+, and H+.

 Relationships among different soil parameters with
nodulation

A  correlation  analysis  (Table  3)  performed  across  nodules
number, chemical and physical parameters of the studied soils,
showed variation across the parameters ranging from negative
non-significant to strong positive correlations. A total of 13 out
of  17  physico-chemical  parameters  were  negatively  correlated
with  nodules  number.  A  positive  significant  (p <  0.05)
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Fig. 2    Map showing soil and nodules sampling fields in different regions of Tanzania (SHZ-Southern Highland Zone, EZ-Eastern Zone and NZ-
Northern Zone).

Table 1.    Soil chemical parameters of the study sites.

Parameter Number Minimum Maximum Mean Std.
deviation

Soil pH (1:2.5)
(H2O)

81 4.480 7.923 6.222 0.655

Cu (mg·kg−1) 81 0.048 49.185 3.312 7.984
Zn (mg·kg−1) 81 0.062 40.778 4.410 5.859
Mn (mg·kg−1) 81 1.597 172.535 80.462 43.892
Fe (mg·kg−1) 81 7.840 526.726 66.553 63.671
TN-Kjeld (%) 81 0.066 0.378 0.153 0.074
OC-BlkW (%) 81 0.427 4.993 1.663 0.893
C/N ratio 81 4.670 19.778 11.385 2.591

Ext. P (mg·kg−1) 81 2.352 166.179 33.909 37.264
CEC (cmol(+)Kg−1) 81 1.913 20.801 7.899 4.582

Ca2+ (cmol(+)Kg−1) 81 0.202 14.375 5.099 3.698

Mg2+

(cmol(+)Kg−1)
81 0.177 3.479 1.257 0.906

Na+ (cmol(+)Kg−1) 81 0.000 0.255 0.026 0.034

K+ (cmol(+)Kg−1) 81 0.034 2.692 0.277 0.397
Total acidity
(cmol(+)Kg−1)

81 0.085 5.153 0.292 0.589

Exch. Al
(cmol(+)Kg−1)

81 0.000 0.847 0.045 0.125

Exch. H
(cmol(+)Kg−1)

81 0.000 4.743 0.247 0.543

Technology in
Agronomy   Tanzanian soil: soybean and biofertilizer use

Page 4 of 13   Nakei et al. Technology in Agronomy 2023, 3:11



correlations for nodules number was observed with soil pH (r =
0.14) and a negative significant (p < 0.05) correlations with total N
(r  =  −0.22),  OC  (r  =  −0.27)  and  Mg2+ (r  =  −0.24).  Soil  pH  had
positive significant (p < 0.001) correlation with P (r = 0.48), CEC
(r  =  0.46),  Ca2+ (r  =  0.52),  Mg2+ (r  =  0.39)  and p <  0.05  with  K+

(r = 0.23). Total N had positive significant (p < 0.001) correlation
with OC (r = 0.88), CEC (r = 0.47), Ca2+ (r = 0.43), Mg2+ (r = 0.50),
Na+ (r  =  0.44)  and p <  0.05  with  P  (r  =  0.22)  and  Zn  (r  =  0.25).
There  was  positive  significant  (p <  0.001)  correlation  between
OC and CN ratio (r  = 0.37),  CEC (r  = 0.47),  Ca2+ (r  = 0.44),  Mg2+

(r = 0.47) and K+ (r = 0.41) and at p < 0.01 with Zn (r = 0.33 while
at p < 0.05 with P and Na+ both with r = 0.24.

Furthermore,  extractable  P  had  positive  significant  (p <
0.001) correlation with CEC and Ca2+ (r = 0.61), Mg2+ (0.54), and
at p < 0.01 with K+ (r = 0.34) and Zn (r = 0.30). Cation Exchange
Capacity  had  positive  significant  (p <  0.001)  correlation  with
Ca2+ (r = 0.97), Mg2+ (r = 0.79), Na+ (r = 97), K+ (r = 0.62) and Zn
(r  =  0.42).  Calcium  had  positive  significant  (p <  0.001)  correla-
tion  with  Mg2+ (r  =  0.70),  Na+ (r  =  0.42),  K+ (r  =  0.52)  and  Zn
(r  = 0.46).  Magnesium had positive significant  (p <  0.001)  with
Na+ (0.38),  K+ (0.51)  and  at p <  0.01  with  Zn  (r  =  0.31).  Other
parameters  which  were  significantly  (p <  0.001)  correlated

include  Na+ with  K+ (r  =  0.64),  total  acidity  with  Al3+ (r  =  0.46)
and H+ (r = 0.98). On the other hand, there was significant (p <
0.01) correlation between total acidity and H+ with Fe (r = 0.29)
and  (r  =  0.32),  respectively,  while  K+ significantly  (p =  0.05)
correlated with Mn (r = −0.27) and Al3+ with H+ (r = 0.28).

 Nodulation as influenced by different chemical
parameters of the soils

Two  hundred  and  forty-three  plants  were  sampled  from  81
farmers'  fields  and  the  number  of  nodules  were  counted  per
plant  by  treating  one  plant  as  a  replicate.  The  distribution  of
the  number  of  nodules  was  evaluated  basing  on  the  different
physico-chemical characteristics of soils in study areas. Soil pH,
total  N,  OC,  extractable  P,  exchangeable  Ca2+ and  Mg2+ were
observed  to  influence  the  formation  of  nodules  in  different
areas (Fig. 5). In the case of soil pH, the higher average number
of  nodules  (8.82)  was  observed  in  neutral  pH  soils  which  was
closely followed by (8.67) in slightly acidic soils while the lowest
(3.3)  was  in  very  strongly  acidic  soils.  Nodules  number  were
observed to be higher (10.86) in the soils with very low total N,
closely followed by (6.98) in the soils with low total N while the
lowest  6.19  was  in  soils  with  medium  N  levels.  The  soils  with
higher  OC  had  the  highest  average  nodules  number  (15.55)
closely followed by (8.79)  in soils  with very high OC whilst  the
lowest (2.95) was in soils with very low OC.

The  highest  average  nodules  number  (10.81)  was  observed
in soils with higher P (> 10, by Olsen method of determination)
and (9.3) (extractable p > 10, by Bray method) while the lowest
(3.62)  was  in  soils  with  low  extractable  P  (p <  7,  by  Bray
method). For the case of exchangeable Ca, the highest number
of nodules (9.7) was observed in clayey soils with high Ca levels,
followed  by  sandy  soils  with  very  high  Ca  levels  (8.10)  and
loamy  soils  with  medium  Ca  levels  (8.1)  whereas  the  lowest
number (3.66) was in loamy soils with very high Ca levels. High-
est  exchangeable  Mg  levels  in  sandy  soils  favored  nodules
formation  by  exhibiting  the  highest  (9.7)  nodules  number,
followed  by  low  Mg  loamy  soils  (8.8)  and  low  Mg  clayey  soils
(5.5) while, the lowest (3.2) was in medium Mg clayey soil.

 Nodulation as influenced by exchangeable potassium,
soil texture and micronutrients

Exchangeable  potassium,  soil  texture  and  micronutrients
(Cu, Zn, Mn, and Fe) were observed to influence nodule forma-
tion (Fig. 6). In this study, sandy soils with high levels of K were
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Fig. 3    Eigen values and cumulative variability of the Principal Component Analysis.

Table 2.    Summarization of the Principal Component Analysis.

Variables F1 F2 F3 F4 F5

Soil pH (1:2.5) (H2O) 0.209 −0.143 0.520 0.031 0.033

Cu (mg·kg−1) 0.077 −0.002 −0.113 0.332 −0.515
Zn (mg·kg−1) 0.212 0.045 −0.008 0.521 0.045
Mn (mg·kg−1) −0.115 0.034 −0.066 0.406 −0.399
Fe (mg·kg−1) 0.015 0.318 −0.128 0.169 −0.008
TN-Kjeld (%) 0.291 0.104 −0.473 −0.071 −0.136
OC-BlkW (%) 0.284 0.137 −0.493 0.058 0.185
C/N ratio 0.063 0.115 −0.114 0.209 0.654
Ext. P (mg·kg−1) 0.285 0.050 0.304 0.190 −0.025
CEC (cmol(+)Kg−1) 0.406 0.089 0.157 0.021 0.010
Ca2+ (cmol(+)Kg−1) 0.396 0.008 0.171 0.093 0.025
Mg2+( cmol(+)Kg−1) 0.364 0.014 0.069 −0.014 0.006
Na+ (cmol(+)Kg−1) 0.251 0.035 −0.044 −0.431 −0.287
K+ (cmol(+)Kg−1) 0.317 0.058 −0.042 −0.345 −0.074
Total acidity (cmol(+)Kg−1) −0.103 0.606 0.171 −0.047 −0.040
Exch. Al (cmol(+)Kg−1) −0.061 0.335 0.044 −0.139 −0.026
Exch. H (cmol(+)Kg−1) −0.102 0.581 0.174 −0.021 −0.037
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Fig. 4    Principal component plot of soil physicochemical properties (81 samples).
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Fig. 5    The influence of total nitrogen, organic carbon and extractable phosphorus on nodulation (VL = very low, L = low, M = medium, H =
high and VH = very high), soil pH ratings as per Msanya[36] (VSA = very strongly acidic, StA = strongly acidic, MeA = medium acidic, SlA = slightly
acidic, N = neutral, MiA = mildly alkaline and MoA = moderate alkaline.
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observed  to  possess  the  highest  number  of  nodules
(11.17), followed by clayey soils with medium levels of K
(10.00) and clayey soils with low levels of K while loamy
soils  with  very  low  levels  of  K  had  the  lowest  (6.2)
number of nodules. Furthermore, the highest number of
nodules  (9.50)  was  observed  in  sandy  soil  closely
followed  by  sandy  loam  soil  (9.36)  while  the  lowest
(4.51) was in clay loamy soil. The soils with low levels of
Cu  had  the  highest  nodules  (11.4)  which  was  closely
followed by (9.0)  in  medium and (8.8)  in  high Cu levels
whilst the lowest (5.6) was in soils with very low levels of
Cu. For the case of Zn, the soils with very high levels had
the highest (11.1) number of nodules, this was followed
by (7.5) and (7.2) in medium and high Cu levels, respec-
tively.  Conversely,  the  soils  with  very  low  levels  of  Zn
had  the  lowest  (1.3)  number  of  nodules.  The  soils  with
very  high levels  of  Mn had the highest  (7.8)  number  of
nodules while those with medium levels had the lowest
(5.3) nodules. For the case of Fe, the soils with very high
levels possessed the highest (12.0) nodules while those
with high Fe levels had the lowest (7) nodules. However,
for the case of Mn and Fe, it is difficult to exactly deter-
mine the influence of the nutrients basing on the distri-
bution of  nodules  as  the soils  were categorized only  in
two groups.

 Discussion

 Suitability of studied soils in production of
soybean crop and rhizobia inoculants

 Soil pH, exchangeable cations, extractable phosphorus
and nodule number

Soils  in  the  study  area  can  be  characterized  as
extremely  to  strongly  acidic  (13%),  medium  acidic  to
neutral  (85%)  and  mildly  to  moderately  alkaline  (2%)
(Table  1; Supplemental  Table  S1).  This  implies  that,  the
fields with extremely to strongly acidic and alkaline soils
are most likely to be associated with the deficiencies of
phosphorus. The deficiency of phosphorus in acidic soils
is caused by its fixation on the oxides and hydroxides of
iron  and  aluminium  while  in  alkaline  soils  it  is  fixed  on
the  oxides  and  hydroxide  of  calcium  and  magnesium,
hence, unavailable for uptake by plants[37]. Nevertheless,
the  two  fields  (Supplemental  Table  S1),  one  at  the
Ikovano  site  and  the  other  at  the  Igomaa  site  were
characterized  as  alkaline  soils  (pH  >  7.5)  yet,  they  are
observed to have medium P levels which may be associ-
ated  with  addition  of  P  fertilizers  by  farmers  through
organic manure. The 69 (85%) soils of the total surveyed
fields  with  pH  ranging  from  >  5.5  to  7.5  are  within  the
favorable pH range for  most crops[38].  Furthermore,  the
soil  pH  is  observed  to  influence  some  chemical
parameters[39] such  as  low  CEC  in  soils  with  pH  <  5.5
may be attributed to less basic cations in the exchange
sites.  Although,  in  some  soils  the  total  exchangeable
acidity  was  higher,  especially  for  those  with  detectable
Al3+,  but,  their  individual  levels  of  Al3+ are  below  the
critical  concentration  of  1  cmol(+)kg−1[38].  Despite  the
inhibition  of  nutrients  availability  and  limitations  to
plant growth, which results in low productivity, extreme
soil pH, has an influence on the activity and diversity ofTa
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rhizobia[40].  This calls for the need to isolate rhizobia which are
tolerant  to  extremely  acidic  and  alkaline  soils,  as  a  starting
point  for  site  specific  biofertilizer  formulations.  Furthermore,
rhizobia which are capable of fixing N together with solubiliza-
tion  of  nutrients  such  as  P,  K,  and  Zn  have  the  added  advan-
tages  as  biofertilizers  in  particular  soil  pH  conditions[41].  For
successful  improvement  in  the  productivity  of  soybean  along
with the use of rhizobia biofertilizers, it is important to consider
the suitability or amendment of soil pH.

The findings of  this  study revealed that,  soils  in  most  of  the
surveyed  fields  (81%)  had  low  CEC  (Supplemental  Table  S1).
Such low CEC values are typical of weathered soils with limited
capacity  to  supply  essential  plant  nutrients[42].  For  instance,
under  excessive  rainfall  or  irrigation,  such  strongly  weathered
soils  are  prone  to  leaching  of  nutrients  like  Ca,  K+,  and  Mg2+

leading  to  inefficient  and  more  costly  fertilization
program[39,42]. The low CEC in acidic soils, is an indication of less
exchange  sites  for  exchangeable  bases  such  as  K+,  Ca2+ and
Mg2+ in  colloidal  surfaces,  suggesting  the  need  for  some
management practices such as addition of more organic matter
to  buffer  the  pH  of  soil,  increase  nutrients  retention  and
exchange  of  nutrients[42] to  improve  rhizobia  activities  and
hence improved productivity of soybean.

Different  soils  have  different  capacities  of  holding  the  basic
cations,  based  on  the  exchange  sites  in  colloidal  surfaces
(Supplemental  Table  S1).  This  is  categorized  based  on  the
texture  of  soils  which  are  clay  rich  in  2:1  clay  minerals,  loamy
and sandy soils.  In  this  study,  the  soil  textures  with  regards  to
Ca, fell into three categories which are clayey, loamy and sandy.
The  findings  of  this  study  demonstrated  that  only  7%  of  the
sites  had  low  levels  of  exchangeable  Ca,  suggesting  the  defi-
ciency  of  this  nutrient.  On  the  other  hand,  soils  with  high  Ca
signifies the dominance of cation in the exchange sites.  Under
highly weathered conditions, soils with high Ca levels tends to
have low organic carbon and nitrogen, with limited availability
of P, Fe, B and Zn, as well as imbalance of K and Mg[36,38,43].  To
correct K and Mg imbalance as well as P, Fe, B and Zn, it needs

addition  of  organic  matter  through  compost  or  farmyard
manure and addition of liming in Ca deficient soils, to buffer pH
and  increase  the  availability  of  essential  plant  nutrients  as
suggested  in  earlier  studies[43].  The  solubilization  of  limited  P
and Zn as  well  as  Fe  chelation by  rhizobia  is  an  added advan-
tage to Ca deficient acidic soils[44].

Despite  the  importance  in  plant  growth  and  development,
Mg  plays  a  key  role  in  defense  mechanisms  in  abiotic  stress
situations[45].  Low  Mg  concentrations  in  soils  of  most  of  the
fields,  in  all  textural  classes,  may  be  attributed  to  leaching
losses due to its high mobility, which is linked to low affinity on
the  soil  colloidal  surfaces.  Conversely,  higher  levels  of  Mg  in
some of the fields, may be attributed to natural soil fertility vari-
ations in the study site[45,46]. The amendment of high Mg levels
in  the  soils  needs  an integrated approach such as,  application
of chemicals including CaCl2 and Ca(H2PO4) 2H2O. Furthermore,
addition  of  OM  is  important  for  stabilizing  the  soil  pH  as  it  is
hampered  high  Mg  levels[45].  Correction  of  Mg  levels  for
balanced soil  nutrients  and availability,  is  essential  for  improv-
ing crop productivity  as  well  as,  the  use  of  rhizobia  biofertiliz-
ers in legume production, including soybean.

Potassium  is  among  the  major  essential  nutrients  for  plant
growth  and  development  as  well  as  rhizobia  activities.  The
observed  small  amounts  of  K  below  the  critical  recommenda-
tions,  suggests inadequacy for meeting crop nutrition require-
ments.  Potassium  in  soil  is  lost  through  various  ways  such  as,
nutrient  export  by  crop  harvesting  and  leaching  especially  in
acidic  sandy,  water  logged  or  saline  soils[38,47,48].  Optimum
levels  of  K  and  other  essential  plant  nutrients  as  well  as,  suit-
able  soil  pH  is  necessary  for  the  better  performance  of  biofer-
tilizers  as  the  nutrient  is  involved  in  regulation  of  water  in
plants, enhancement of root growth and thus, high chances of
nodulation[49].  Nevertheless,  K  natural  fertility  may  be  high  in
the soil,  but  not  necessarily  available soil  solution due to their
slow release from the secondary minerals such as mica.  There-
fore,  K  solubilizing  bacteria[50] including  N2-fixing  rhizobia  has
added  advantages  in  effective  utilization  of  the  nutrient  by
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Fig. 6    The influence of exchangeable potassium, soil texture and micronutrients on nodulation (VL = very low, L = low, M = medium, H = high
and VH = very high), soil texture (C = clay, CL = clay loam, LS = loamy sand, S = sandy, SC = sandy clay, SCL = sandy clay loam and SL = sandy
loam).
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crops.  Furthermore,  low levels  of  potassium in the soil,  can be
increased by co-addition of organic matter and biochar[51].

Conversant to varying potassium levels, the concentration of
exchangeable  Na  in  all  soils  except  for  the  NM-AIST  site  was
very  low.  Very  low  to  low  levels  of  Na  are  desirable  for  plant
growth  as  this  indicates  low  exchangeable  Na  percent,  non-
sodic  soils  and  hence  low  electrical  conductivity  with  no  yield
reduction  impact[27,36,52],  the  desirability  of  soils  in  production
of soybean. Sodium is less required in the soil for the growth of
plants as well as rhizobia activities and its roles can be replaced
by  potassium  which  is  mostly  required  for  plant  growth  and
development and, formation of symbiotic nodules[19,52].

In this study, 63% of the soils had Ca/Mg in the desired range
of  between  2  and  4,  indicating  the  balance  of  these  nutrients
for  suitability  in  the  growth  and  development  of  the  wide
range  of  crops.  On  the  other  hand,  only  23  %  had  favorable
Mg/K,  which  ranged  between  1  and  4.  The  shift  of  this  ratio
indicates that one cation is in excess and has to be amended to
increase  the  availability  of  inhibited  counterparts[36,46].  There-
fore, very high levels of soil K in this case, may be attributed to
the  large  quantities  of  mica  minerals  that  can  lead  to  imbal-
ance of other nutrients including Mg, N, P, Zn and B[53].

Most of the investigated soil samples, had sufficient amounts
of  P,  regardless  of  the  methods  used  in  the  analysis  (Supple-
mental  Table  S1).  On  the  other  hand,  low  P  levels  which  are
observed  in  some  of  the  soils  in  this  study,  indicates  the  defi-
ciency  of  the  nutrient  to  support  plant  growth  and  develop-
ment,  as  well  as,  rhizobial  activities[54,55].  Phosphorus  is  a
dynamic  nutrient  in  soil  which is  highly  affected by soil  pH.  In
acidic soils, P is fixed in the oxides or hydroxides of aluminium/
iron, while in alkaline soils the nutrient is fixed in the oxides and
hydroxides  of  calcium/magnesium  hence,  becomes  unavail-
able  for  plant  uptake.  Its  deficiency  leads  to  30%−40%  yield
reduction, necessitating excessive application of P fertilizers to
meet  crop  requirements.  However,  only  15%−20%  is  available
for  plant  uptake[56] while  the  rest  ends  up  contaminating
surface and underground water[57].  Nevertheless, P solubilizing
rhizobia  have  added  advantages  in  the  soils  with  extreme  pH
for effective utilization of the fixed P by plants[58].

 Organic carbon, total nitrogen, CN ratio, micronutrients and
soil texture

Organic  carbon is  a  very important  component of  soil  fertil-
ity as it is involved in the supply and balance of many nutrients
as  well  as  improvement  of  soil  structure  which  allows  the
exchange of nutrients and water retention[59]. The low and very
low OC (Table  1; Supplemental  Table  S2)  in  some soils  for  this
study  is  attributed  to  less  organic  matter  (OM)  whereby  the
particular soils are in the risk of unbalanced exchange of many
nutrients  including  exchangeable  bases.  The  58%  of  the  stud-
ied  soils  which  had  high  to  very  high  levels  of  OC  have  the
advantages  of  good  nutrients  exchange,  improved  water
retention  and  enough  substrate  for  symbiotic  rhizobia[51,60].
Moreover,  the  observed  good  quality  (8−13)  of  CN  ratio  for
most of the soils in this study, is an indication of their desirabil-
ity for soybean productivity along the use of rhizobia biofertiliz-
ers.

Micronutrients  play  different  essential  roles  for  the  growth
and development of plants as well as SNF[61]. The availability of
micronutrients in different soils, apart from application of fertil-
izers and pesticides is  influenced by parent rock materials,  soil
type, pH, quality and quantity of OM, redox potentials,  soluble

salts,  macro  and  micro  nutrients  interactions  and  vegetation.
The  observed  higher  levels  of  micronutrients  (Supplemental
Table  S2)  in  this  study  indicates  their  sufficiency  for  crop
requirements while the lower levels suggests the need for their
supplementation  from  various  sources[62].  However,  these
nutrients  are  required  in  very  small  quantities,  hence  excess
levels  result  in  their  toxicities  in  soils  to  plants.  Nevertheless,
rhizobia  require  more  micronutrients  in  SNF  than  their  host
plants.

In  this  study,  different  textural  classes  which  included  clay,
clay loam, sandy clay loam, sandy loam, sandy clay and loamy
sand were determined. These results are in agreement with the
previously explained textural characteristics of the soils in trop-
ics.  Soil  texture  is  also  a  determinant  of  other  factors  such  as
nutrients availability, soil pH, organic matter and CEC as well as
aeration and water movements[63−66].  In this study, soil OC and
CEC were among the factors that were clearly influenced by soil
texture. The observed decreasing trend of CEC with decrease in
clay  content  may  be  attributed  to  the  less  exchange  sites  in
colloidal particles[67]. Furthermore, soil texture has an influence
in SNF especially on nodulation whereby medium textured soils
are  observed  to  favor  more  nodulation  followed  by  light
textured  and  then  heavy  textured  soils.  Medium  texture  soils
such  as  sandy  clay  loam  allows  the  penetration  of  roots  than
heavy textured clay soils while light textured soils are linked to
low  availability  of  nutrients  and  soil  acidity  which  inhibits  the
growth of roots[68].

 Soil quality index using principle component analysis
The results of PCA are summarized in Table 2, Supplemental

Table S3 and S4. The contribution of variables to each principal
component  provides  insights  into  which  variables  play  the
most significant role in forming the patterns captured by each
component.  Higher  contribution  percentages  indicate  that  a
variable  strongly  influences  a  particular  principal  component's
variation[33,35,69].  The results  show that  the first  PC explain CEC
(16.464%),  Ca2+ (15.675%),  Mg2+ (13.241%).  These  variables
representing overall soil nutrient contents and cation exchange
capacity. The second principal component show highest contri-
bution to H+ (33.748%), Al3+ (11.243%), Cu (0.594%) that repre-
senting  soil  acidity-related  factors  and  likely  indicating  a  rela-
tionship  with  soil  acidity.  The  third  component  has  highest
contribution  to  TN-Kjeldahl  (22.340%),  OC-BlkW  (24.302%),  P
(9.242%)  representing  nutrient  availability  and  organic
content[69].  The  forth  component  has  highest  contribution:  Cu
(11.045%),  Fe  (10.112%),  Mn  (16.483%)  indicating  a  relation-
ship with heavy metals and nutrient concentrations and the last
component  has  highest  contribution  to  C/N  ratio  (42.735%),
Na+ (18.574%),  K+ (11.907%)  indicating  distinctions  in  these
variables[34,69].

The  factor  scores  represent  the  projected  values  of  that
observation  onto  each  principal  component.  These  scores
highlight  which  aspects  of  soil  properties  are  prominent  for
each  location  with  respect  to  the  identified  principal  compo-
nents  how  much  an  observation  contributes  to  each  compo-
nent.  Results  indicated  that  Songwe-Mbozi_Mbimba  show
strong  negative  score  for  F1  and  F3  suggesting  lower  values
related  to  CEC,  Ca2+,  Mg2+,  nutrient  availability,  and  organic
content. The positive score for F2 suggests higher values asso-
ciated  with  H+,  Al3+,  and  Fe  and  negative  score  for  F4  and  F5
Suggests lower values for Cu, Mn, K+, and compositional differ-
ences[33,69] Mbeya-Chunya_Kibaoni  has  positive  scores  for  F1,
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F2, and F5: indicates higher values for CEC, H+,  Al3+,  Fe, and K+

and negative score for F3: suggests lower values for TN-Kjeld, P,
and OC-BlkW while positive score for F4 indicates higher values
for  Cu,  Mn,  and  Fe.  Njombe-Wanging'ombe_Mngate  has
egative score for F1, F2, and F4: suggests lower values for CEC,
H+,  Al3+,  Fe,  Cu,  and  Mn  and  positive  score  for  F5  indicates
higher values for K+ while near-zero score for F3 suggests aver-
age values for TN-Kjeldahl, P, and OC-BlkW[69].

 Relationships between nodulation and different
physico-chemical parameters of the soil

Pearson's  correlations  among  different  soil  characteristics
and the number of nodules showed a clear pattern of influence
over  each  other,  suggesting  the  influence  of  different  factors
over  each  other  as  well  as  in  formation  of  nodules[39,45,46,53,70].
There was notable positive significant correlation between soil
pH  and  the  number  of  nodules  indicating  the  influence  of  pH
on  nodulation[40].  On  the  other  hand,  the  negative  correlation
of nodules number with OC and total N is an indication that, of
low substrate (carbon source) SNF, influenced by the sites with
low  OC  while  that  with  total  N  signifies  the  shift  of  plants  in
utilizing  mineral  N  which  is  influenced  by  the  sites  with  suffi-
cient  N  level[70].  Interestingly,  there  was  positive  significant
correlation between the soil pH and the basic cations except for
Na+,  indicating  less  cation  leaching  in  particular  soils[56,70−73].
The  observed  positive  and  significant  correlation  of  nitrogen
and OC with extractable P and all basic cations indicates that, N
enhances  the  uptake  of  the  particular  nutrients  by  plants  and
OM helps in retention and balance of nutrients[10,56,70−74].

The  positive  significant  correlation  between  extractable  P
with CEC and basic  cations except Na+ may be linked to avail-
ability  of  OM  for  cations  retention  and  less  P  fixation  due  to
stable  soil  pH[61,70,74].  The  strong  positive  and  significant  (p <
0.001)  correlation  between  CEC  and  basic  cations,  Ca2+,  Mg2+

and K+ indicates that these cations are available in soil solution
due  to  their  abundance  on  soil  colloidal  surfaces,  which  also
contributes  to  soil  CEC  optimization.  The  observed  positive
correlation  between  total  acidity  with  Al3+,  H+ and  Fe,  clearly
suggest  their  substantial  contribution  in  the  acidity  of
soils[19,56,61,63,64,74].  The  positive  significant  correlations  were
noted between Zn with soil pH, total N, OC, P, CEC, Ca and Mg,
suggesting the availability of particular nutrients without being
inhibited  by  the  availability  of  Zn  and  this  may  further  be
attributed  to  availability  of  OM  in  most  the  studied
soils[19,43,61,63,64,70].

The  positive  correlation  between  the  Fe  and  H+ may  be
attributed to the fixation of Fe by 3-layer silicate clays and OM
whereby Fe3+ is fixed in the hydroxides of exchangeable H. The
fixation results  to formation of  Fe(OH)3 as  explained by higher
CEC  and  pH  at  the  slow  and  extended  release  of  hydrogen  in
soil[19,61,63,64].  However,  the  cause  of  the  significant  negative
correlation  between  K+ and  Zn  in  this  study  is  not  clear.  The
observed significant relationships among different soils though
their  characterization  indicates  their  suitability  for  the  use  of
rhizobia inoculants.

 The effect of different physical and chemical
parameters of soil in soybean nodulation

With regards to soil pH, the highest number of nodules (8.82)
was observed in the soils with neutral pH. With the exception of
extremely acidic  soils,  there was a  distinct  pattern showing an
increase  in  nodules  from  very  strongly  acidic  to  neutral  and  a

steady decrease in nodules from mildly alkaline to moderately
alkaline  soils.  This  is  the  clear  indication  that  soil  pH  affects
rhizobia population and nodules development[40,75].  The lower
number  of  nodules  in  extremely  and  very  strong  acidic  soils,
suggest  that  the  limited  rhizobia  population,  recolonization
and the chances of nodulation in particular soils.  These results
conform  with  other  previous  studies  which  demonstrated  the
effects of soil acidity in endangering the survival of microorgan-
isms and injury of plant roots as well as impairing the nutrients
availability to plants[19,75].

Interestingly, the nodulation was higher in the areas with low
levels  of  nitrogen  with  decline  towards  the  medium  levels  of
nitrogen  as  a  sign  of  the  shifting  from  mineral  N  utilization  to
N2-fixation[70,75].  Conversely,  the  higher  levels  of  N  in  the  soil,
especially from synthetic fertilizers affects the SNF as the plants
uses  lesser  energy  to  utilize  mineral  N  than  fixing  N,  hence,
shifting  from  symbiotic  to  inorganic  N  utilization.  The  shifting
from  N2-fixation  to  inorganic  N  utilization  in  the  soils  with
higher levels of N, is attributed to reduced nitrogenase activity
and infection threads, hence, limited N2 fixation. In the case of
OC,  the highest number of  nodules were observed in the soils
with  high  levels  of  percentage  OC  followed  by  very  high  and
then  medium  levels.  This  signifies  that  rhizobia  are  carbon
limited  in  nature.  Furthermore,  for  better  activity,  rhizobia
prefer the organic carbon which is naturally available in soil  or
through  rhizodeposition[60,70,75].  Nevertheless,  application  of
biofertilizer  which is  supplement  with  organic  sources  such as
compost  and  farmyard  manure  are  observed  to  yield  many
healthy  nodules  with  higher  dry  weight  and effective  in  fixing
nitrogen.

Phosphorus plays a vital  role of energy acquisition and stor-
age  in  plants  as  well  as  utilization  for  the  SNF  process[54,76].
Adequate  levels  of  extractable  P  in  the  soils,  contributes  in
increasing  the  number,  size  and  weight  of  nodules  as  com-
pared  with  those  with  low  levels  of  extractable  P[55,76].  There-
fore,  higher  levels  of  extractable  P  are  crucial  for  effectiveness
of  rhizobia  in  fixing  nitrogen.  Similarly,  in  this  study,  higher
number  of  nodules  were  observed  in  the  soils  with  higher
levels of extractable P. Also, increase in the number of nodules
followed  the  increasing  trend  of  extractable  P,  suggesting  the
essential influence of P in nodule development[37,55,76].

Nevertheless,  exchangeable  calcium  plays  several  essential
roles  including  an  increase  in  rhizobia  abundance,  enhance-
ment  of  rhizobia  attachment  to  root  hairs,  infection  of  host
plant roots and formation of nodules[37,77] Regardless of Ca vari-
ations  basing  on  the  clayey,  loamy  and  sandy  dominance,
higher  numbers  of  nodules  were  observed  in  medium,  high
and very high levels of calcium, respectively. This is a clear indi-
cation  that,  Ca  is  essential  in  the  infection  of  plant  roots  lead-
ing  to  formation  of  nodules.  Furthermore,  higher  numbers  of
nodules  in  Ca  rich  soils  is  linked  to  its  involvement  in  plant-
bacteria signaling and recognition of nod factors from rhizobia
which increases the activity of Nod genes[19,77].

Despite  the  fact  that  the  highest  number  of  nodules  were
found in soils with low levels of Mg than in medium levels, the
nodule  formation  in  clayey  and  loamy  soils  did  not  exhibit  a
clear pattern. Nevertheless, in sandy soils, the pattern is evident
as  the  highest  number  of  nodules  were  found  in  soils  with
medium  and  higher  Mg  levels,  indicating  that  the  sufficient
levels  of  Mg  triggered  the  development  of  nodules[19,78].
Furthermore,  it  was  stated  earlier  that,  Mg  is  essential  in  the
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metabolism of rhizobia by facilitating the alteration of carbohy-
drate partitioning and transport into nodules[46,78]. Therefore, it
is  important  to  explore  more,  on  the  direct  and  clear  roles  of
Mg in the infection of  host  plant  by rhizobia and formation of
nodules.

Potassium  is  among  the  important  essential  nutrients  in
symbiotic  nitrogen  fixation  and  symbiotic  rhizobia  are  ob-
served to be more sensitive to lower levels of potassium than in
higher levels,  as compared with their  host plants.  This calls  for
special  considerations  in  the  levels  of  potassium  in  soils  for
effective symbiosis[19,52,78]. The observed higher levels of potas-
sium in sandy soils, with the highest number of nodules (11.17),
suggests  availability  of  the  nutrient  in  the  favor  of  the  light
textured  (sandy)  soils  to  allow  effective  root  penetration  and
nodulation.  However,  medium  textured  (loamy)  soils,  were
observed  to  possess  lowest  (6.2)  average  number  of  nodules,
which  may  be  attributed  to  the  lower  levels  of
potassium[49,52,75,78].

Soil  texture  has  substantial  influence  in  the  formation  of
nodules.  Heavy textured soils  are well  known for having many
exchange sites due to their large surface area for holding many
cations  and  other  nutrients.  However,  the  textural  class  is
observed to have limitations in the formation of nodules due to
poor  aeration  and  hindrance  of  plant  root  penetration[68,76,79].
Likewise,  in  this  study,  light  textured  (sandy)  soils,  possessed
the highest (9.50) number of nodules which is closely followed
(9.36)  in  medium  textured  (sandy  loam)  soils  and  lastly,  clay
loam soil which possessed the lowest (4.51) nodules.

Micronutrients play different roles in SNF, and rhizobia needs
more  micronutrients  in  their  activities  than  their  host
plants[61,63,79].  Zinc  is  an  important  micronutrient,  for  the
expression  of  superoxide  dismutase  required  by  plants  and
rhizobia  during  the  development  of  nodules.  Copper  is
required in promotion of N2-fixation per nodule as well as rais-
ing  the  levels  of  N  in  plant  tissues[61,64,79].  The  results  of  this
study  for  Zn  showed  the  clear  trend  that,  the  number  of
nodules  were  higher  in  soils  with  the  higher  levels  of  zinc.
Although,  the  levels  of  Cu  were  low  to  very  low  in  the  soils,
even the slight increase in the level  of  Cu was associated with
increased  nodule  numbers  similar  to  report  by  Kafeel  et  al.[79]

and  Rubio  et  al.[64].  Manganese  is  required  in  the  initial  colo-
nization of root, formation of nodule and N2-fixation while Fe is
the  component  of  nitrogenase  enzyme  and  co-factor  for
proteins  such  as  cytochrome  and  leghemoglobin  which  are
inside the nodules and bacteroides,  crucial  for  N2-fixation.  The
observed  higher  number  of  nodules  in  Mn  and  Fe  rich  soils,
signifies the influence of the particular nutrients in the develop-
ment  of  nodules[19,61,79].  Therefore,  it  is  crucial  to  observe  the
availability and sufficient levels of micronutrients for successful
BNF process.

 Conclusions

Basing  on  the  results  of  this  study,  the  positive  significant
correlation  between  the  number  of  nodules  and  soil  pH  is  an
evidence  that,  the  particular  soil  parameter  had  the  greater
influence  in  the  development  of  nodules.  The  positive  signifi-
cant  correlations  among  different  chemical  parameters  is  an
evidence that, there are common influencing factors across the
studied soils. Soil pH was observed as the best indicator which
favors  the  development  of  nodules  with  up  to  8.82  in  neutral
pH  soils,  however,  the  number  may  be  smaller  than  those

obtained in inoculated seeds. More interestingly, the number of
nodules were observed to be influenced by different individual
physical and chemical parameters as evidenced by the distribu-
tion  of  nodules  number  following  their  different  concentra-
tions in the soils. The results of this study suggests the suitabil-
ity of the soils for production of soybean and the use of rhizo-
bia  inoculants.  However,  the  site  specific  inoculants  will  have
added advantages  for  the  very  strongly  acidic  soils  which  had
much fewer nodules.

 Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:
conceptualization and methodology: Nakei MD, Ndakidemi PA,
and  Venkataramana PB;  original  draft  preparation:  Nakei MD;
review  and  editing:  Ndakidemi PA  and Venkataramana PB.  All
authors  have read and agreed to  the published version of  the
manuscript.

 Data availability

All data generated or analyzed during this study are included
in this published article and its supplementary information files.

 Acknowledgments

The authors thank all staff and technical experts from Nelson
Mandela  African  Institution  of  Science  and  Technology
(NMAIST),  Arusha-Tanzania  for  their  guidance  and  support
during sampling, laboratory and screen house experiments.

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  Information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/TIA-2023-
0011)

Dates

Received  26  June  2023;  Accepted  13  September  2023;
Published online 19 October 2023

References

Vanlauwe  B,  Hungria  M,  Kanampiu  F,  Giller  KE. 2019.  The  role  of
legumes  in  the  sustainable  intensification  of  African  smallholder
agriculture:  lessons  learnt  and  challenges  for  the  future. Agricul-
ture, Ecosystems & Environment 284:106583

1.

Hartman GL, West ED, Herman TK. 2011. Crops that feed the World
2.  Soybean—worldwide  production,  use,  and  constraints  caused
by pathogens and pests. Food Security 3:5−17

2.

Bashan Y, de-Bashan LE, Prabhu SR, Hernandez JP. 2014. Advances
in plant growth-promoting bacterial inoculant technology: formu-
lations  and  practical  perspectives  (1998–2013). Plant  and  Soil
378:1−33

3.

Gupta  G,  Parihar  SS,  Ahirwar  NK,  Snehi  SK,  Singh  V. 2015.  Plant
Growth  Promoting  Rhizobacteria  (PGPR):  Current  and  future
prospects  for  development  of  sustainable  agriculture. Journal  of
Microbial & Biochemical Technology 7(2):96−102

4.

Thilakarathna MS, Chapagain T, Ghimire B, Pudasaini R, Tamang B,
et  al. 2019.  Evaluating  the  effectiveness  of Rhizobium inoculants
and  micronutrients  as  technologies  for  Nepalese  common  bean

5.

Tanzanian soil: soybean and biofertilizer use  
Technology in
Agronomy

Nakei et al. Technology in Agronomy 2023, 3:11   Page 11 of 13

https://www.maxapress.com/article/doi/10.48130/TIA-2023-0011
https://www.maxapress.com/article/doi/10.48130/TIA-2023-0011
https://doi.org/10.1016/j.agee.2019.106583
https://doi.org/10.1016/j.agee.2019.106583
https://doi.org/10.1007/s12571-010-0108-x
https://doi.org/10.1007/s11104-013-1956-x
https://doi.org/10.4172/1948-5948.1000188
https://doi.org/10.4172/1948-5948.1000188


smallholder  farmers  in  the  real-world  context  of  highly  variable
hillside  environments  and  indigenous  farming  practices. Agricul-
ture 9:20
Thilakarathna MS, Raizada MN. 2017. A meta-analysis of the effec-
tiveness  of  diverse  rhizobia  inoculants  on  soybean  traits  under
field conditions. Soil Biology and Biochemistry 105:177−96

6.

Lorito  M,  Woo  SL.  2015.  Trichoderma:  A  multi-purpose  tool  for
integrated pest management. In Principles of Plant-Microbe Interac-
tions,  ed. Lugtenberg B.  Cham, Switzerland: Springer.  pp. 345−53.
https://doi.org/10.1007/978-3-319-08575-3_36

7.

Wilson RT. 2015. Value chain in Tanzania: A report from the South-
ern  Highlands  Food  Systems  Programme.  United  State:  FAO.
www.fao.org/publications

8.

Santos M. 2019. The State of Soybean in Africa: Soybean Varieties in
Sub-Saharan  Africa.  farmdoc daily  (9):155.  Department  of  Agricul-
tural  and  Consumer  Economics,  University  of  Illinois  at  Urbana-
Champaign. pp. 1–4.

9.

Aloo BN, Mbega ER, Makumba BA. 2021. Sustainable food produc-
tion  systems  for  climate  change  mitigation:  indigenous  rhizobac-
teria for potato bio-fertilization in Tanzania. In African Handbook of
Climate  Change  Adaptation,  eds.  Oguge  N,  Ayal  D,  Adeleke  L,  da
Silva  I.  Cham,  Switzerland:  Springer.  pp.  1469–95. https://doi.org/
10.1007/978-3-030-45106-6_276

10.

Nakei  MD,  Venkataramana  PB,  Ndakidemi  PA. 2022.  Soybean-
nodulating  rhizobia:  ecology,  characterization,  diversity,  and
growth promoting functions. Frontiers in Sustainable Food Systems
6:824444

11.

Singh B. 2015. Managing fertilizers to enhance soil health. Interna-
tional  Fertilizer  Association  (IFA).  pp.  1-23. www.academia.edu/
48848315/Managing_fertilizers_to_enhance_soil_health?auto=cit
ations&fromcover_page

12.

Bennett AJ, Bending GD, Chandler D, Hilton S, Mills P. 2012. Meet-
ing the demand for crop production: the challenge of yield decline
in crops grown in short rotations. Biological Reviews 87:52−71

13.

Pervaiz ZH, Iqbal J,  Zhang Q, Chen D, Wei H,  et al. 2020.  Continu-
ous  cropping  alters  multiple  biotic  and  abiotic  indicators  of  soil
health. Soil Systems 4:59

14.

Turmel  MS,  Speratti  A,  Baudron  F,  Verhulst  N,  Govaerts  B. 2015.
Crop  residue  management  and  soil  health:  a  systems  analysis.
Agricultural Systems 134:6−16

15.

Scotti  R,  Bonanomi  G,  Scelza  R,  Zoina  A,  Rao  MA. 2015.  Organic
amendments  as  sustainable  tool  to  recovery  fertility  in  intensive
agricultural  systems. Journal  of  Soil  Science  and  Plant  Nutrition
15(2):333−52

16.

Ngetich FK, Shisanya CA, Mugwe J, Mucheru-Muna M, Mugendi D.
2012.  The  potential  of  organic  and  inorganic  nutrient  sources  in
sub-saharan African crop farming systems. In Soil Fertility Improve-
ment  and  Integrated  Nutrient  Management  -  A  Global  Perspective,
ed. Whalen JK. Rijeka, Croatia: InTech. pp. 135−56. https://doi.org/
10.5772/28728

17.

Benbi  DK,  Singh  M,  Wanjari  RH,  Bansal  KN,  Gupta  N,  et  al. 2015.
Targeted yield approach of fertiliser recommendation for sustain-
ing  crop  yield. Jawaharlal  Nehru  Krishi  Vishw  Vidyalaya  Research
Journal 49(3):347−65

18.

Bonilla  I,  Bolaños  L.  2009.  Mineral  nutrition  for  legume-rhizobia
symbiosis: B, Ca, N, P, S, K, Fe, Mo, co, and Ni: A review. In Organic
Farming,  Pest  Control  and  Remediation  of  Soil  Pollutants,  ed.
Lichtfouse E. Dordrecht: Springer. pp. 253–74. https://doi.org/10.1007/
978-1-4020-9654-9_13

19.

Arora  NK.  2015. Plant  microbes  symbiosis:  Applied  facets. 381  pp.
https://doi.org/10.1007/978-81-322-2068-8.

20.

Snapp S, Rahmanian M, Batello C. 2018. Pulse crops for sustainable
farms  in  sub-Saharan  Africa.  Rome:  FAO. https://doi.org/10.18356/
6795bfaf-en

21.

Frelat  R,  Lopez-Ridaura  S,  Giller  KE,  Herrero  M,  Douxchamps  S,  et
al. 2016.  Drivers  of  household  food  availability  in  sub-Saharan
Africa  based  on  big  data  from  small  farms. Proceedings  of  the
National  Academy  of  Sciences  of  the  United  States  of  America
113:458−63

22.

Materechera  SA. 2010.  Utilization  and  management  practices  of
animal manure for replenishing soil fertility among smallscale crop
farmers  in  semi-arid  farming districts  of  the North West  Province,
South Africa. Nutrient Cycling in Agroecosystems 87:415−28

23.

Franke AC, van den Brand GJ, Vanlauwe B, Giller KE. 2018. Sustain-
able  intensification through rotations  with  grain  legumes in  Sub-
Saharan  Africa:  a  review. Agriculture,  Ecosystems  &  Environment
261:172−85

24.

Mfwango  LH,  Tripathi  SK,  Pranuthi  G,  Dubey  SK,  Gubey  VK. 2018.
Application of decision support system for agro technology trans-
fer  (DSSAT)  to  simulate  agronomic  practices  for  cultivation  of
maize  in  southern  highland  of  Tanzania. Agricultural  Sciences
9:910−23

25.

Kacholi DS. 2020. Population structure, harvesting rate and regen-
eration  status  of  four  woody  species  in  Kimboza  forest  reserve,
Morogoro region - Tanzania. Plants and Environment 2:94−100

26.

Motsara  MR,  Roy  KN.  2008. Guide  to  laboratory  establishment  for
plant  nutrient  analysis.  Rome:  Food  and  Agriculture  Organization
of the United Nations.

27.

Nelson DW, Sommers IE. 1996. Organic Carbon in Soils. In Methods
of soil analysis, Part 2, Agronomy Monograph 9, eds. Page AL, Miller
RH, Keeney DR. Madison, W.I., USA: ASA, SSSA. pp. 570–71.

28.

Thomas GW. 1996. Exchangeable cations. In Methods of Soil Analy-
sis. Part 11, Agronomy Monograph 9. 3rd Edition. Madison, W.I., USA:
ASA, SSSA.

29.

Bray RH, Kurtz LT. 1945. Determination of total, organic, and avail-
able forms of phosphorus in soils. Soil Science 59:39−46

30.

Abrar AA, Letebo TH. 2017. Isolation and characterization of rhizo-
bia  from  rhizospher  and  root  nodule  of  cowpea,  elephant  and
lablab  plants. International  Journal  of  Novel  Research  in  Interdisci-
plinary Studies 4(4):1−7

31.

Somasegaran H, Hoben P. 1994. Handbook for Rhizobia: Methods in
Legume-Rhizobium  Technology.  New  York,  USA:  Springer.
https://doi.org/10.1007/978-1-4613-8375-8

32.

de Paul Obade V, Lal R. 2016. A standardized soil quality index for
diverse  field  conditions. Science  of  the  Total  Environment
541:424−34

33.

Pouladi  N,  Jafarzadeh AA,  Shahbazi  F,  Ali  Ghorbani  M,  Greve  MH.
2020. Assessing the soil  quality index as affected by two land use
scenarios in Miandoab region. SN Applied Sciences 2:1875

34.

Abdel-Fattah MK, Mohamed ES, Wagdi EM, Shahin SA, Aldosari AA,
et  al. 2021.  Quantitative  evaluation  of  soil  quality  using  principal
component  analysis:  the  case  study  of  el-fayoum  depression
Egypt. Sustainability 13:1824

35.

Msanya  BM.  2012. Guide  To  General  Rating  of  Some  Chemical  and
Physical Soil. Sokoine University of Agriculture, Morogoro, Tanzania.

36.

Dabessa A,  Abebe Z,  Bekele S. 2018.  Limitations and strategies to
enhance biological nitrogen fixation in sub-humid tropics of West-
ern  Ethiopia. Journal  of  Agricultural  Biotechnology  and  Sustainable
Development 10:122−31

37.

Ndakidemi  PA,  Semoka  JMR. 2006.  Soil  fertility  survey  in  western
usambara mountains, northern Tanzania. Pedosphere 16:237−44

38.

Martinsen V, Alling V, Nurida NL, Mulder J, Hale SE, et al. 2015. pH
effects  of  the  addition  of  three  biochars  to  acidic  Indonesian
mineral soils. Soil Science and Plant Nutrition 61:821−34

39.

Tian CF, Zhou YJ, Zhang YM, Li QQ, Zhang YZ, et al. 2012. Compar-
ative  genomics  of  rhizobia  nodulating  soybean  suggests  exten-
sive recruitment of lineage-specific genes in adaptations. Proceed-
ings  of  the  National  Academy  of  Sciences  of  the  United  States  of
America 109:8629−34

40.

Aloo  B.  2021. Characterization  of  rhizobacteria  and  their  formula-
tion  into  biofertilizers  for  potato  (Solanum  Tuberosum L.)  growth
promotion  in  Tanzania.  Doctoral  dissertation.  Nelson  Mandela
African Institution of Science and Technology in Arusha, Tanzania.
www.nm-aist.ac.tz

41.

Xu R,  Zhao A,  Yuan J,  Jiang J. 2012.  pH buffering capacity  of  acid
soils  from tropical  and subtropical  regions of  China as  influenced
by incorporation of  crop straw biochars. Journal  of  Soils  and  Sedi-
ments 12(4):494−502

42.

Technology in
Agronomy   Tanzanian soil: soybean and biofertilizer use

Page 12 of 13   Nakei et al. Technology in Agronomy 2023, 3:11

https://doi.org/10.3390/agriculture9010020
https://doi.org/10.3390/agriculture9010020
https://doi.org/10.1016/j.soilbio.2016.11.022
https://doi.org/10.1007/978-3-319-08575-3_36
https://www.fao.org/publications
https://doi.org/10.1007/978-3-030-45106-6_276
https://doi.org/10.1007/978-3-030-45106-6_276
https://doi.org/10.3389/fsufs.2022.824444
https://www.academia.edu/48848315/Managing_fertilizers_to_enhance_soil_health?auto=citations&from=cover_page
https://www.academia.edu/48848315/Managing_fertilizers_to_enhance_soil_health?auto=citations&from=cover_page
https://www.academia.edu/48848315/Managing_fertilizers_to_enhance_soil_health?auto=citations&from=cover_page
https://doi.org/10.1111/j.1469-185X.2011.00184.x
https://doi.org/10.3390/soilsystems4040059
https://doi.org/10.1016/j.agsy.2014.05.009
https://doi.org/10.4067/s0718-95162015005000031
https://doi.org/10.5772/28728
https://doi.org/10.5772/28728
https://doi.org/10.1007/978-1-4020-9654-9_13
https://doi.org/10.1007/978-1-4020-9654-9_13
https://doi.org/10.1007/978-81-322-2068-8
https://doi.org/10.18356/6795bfaf-en
https://doi.org/10.18356/6795bfaf-en
https://doi.org/10.1073/pnas.1518384112
https://doi.org/10.1073/pnas.1518384112
https://doi.org/10.1007/s10705-010-9347-7
https://doi.org/10.1016/j.agee.2017.09.029
https://doi.org/10.4236/as.2018.97063
https://doi.org/10.22271/2582-3744.2020.sep.94
https://doi.org/10.1097/00010694-194501000-00006
https://doi.org/10.1007/978-1-4613-8375-8
https://doi.org/10.1016/j.scitotenv.2015.09.096
https://doi.org/10.1007/s42452-020-03651-9
https://doi.org/10.3390/su13041824
https://doi.org/10.5897/jabsd2018.0318
https://doi.org/10.5897/jabsd2018.0318
https://doi.org/10.1016/s1002-0160(06)60049-0
https://doi.org/10.1080/00380768.2015.1052985
https://doi.org/10.1073/pnas.1120436109
https://doi.org/10.1073/pnas.1120436109
https://doi.org/10.1073/pnas.1120436109
http://www.nm-aist.ac.tz
https://doi.org/10.1007/s11368-012-0483-3
https://doi.org/10.1007/s11368-012-0483-3
https://doi.org/10.1007/s11368-012-0483-3


Morad  Wahba  M,  Labib  MF,  Zaghloul  A. 2019.  Management  of
calcareous soils in arid region. International Journal of Environmen-
tal Pollution & Environmental Modelling 2(5):248−58

43.

Rani N, Kaur R, Kaur S. 2020. Zinc solubilizing bacteria to augment
soil  fertility  –  A  comprehensive  review. International  Journal  of
Agricultural Sciences and Veterinary Medicine 8(1):38−44

44.

Senbayram M, Gransee A,  Wahle V,  Thiel  H. 2015.  Role of  magne-
sium  fertilisers  in  agriculture:  plant–soil  continuum. Crop  and
Pasture Science 66:1219

45.

Qadir  M,  Schubert  S,  Oster  JD,  Sposito  G,  Minhas  PS,  et  al. 2018.
High-magnesium  waters  and  soils:  emerging  environmental  and
food  security  constraints. Science  of  the  Total  Environment
642:1108−17

46.

Rengel  Z,  Damon  PM. 2008.  Crops  and  genotypes  differ  in  effi-
ciency  of  potassium  uptake  and  use. Physiologia  Plantarum
133:624−36

47.

Römheld V, Kirkby EA. 2010. Research on potassium in agriculture:
needs and prospects. Plant and Soil 335:155−80

48.

Yanni YG, Rizk RY, El-Fattah FKA, Squartini A, Corich V, et al. 2001.
The  beneficial  plant  growth-promoting  association  of Rhizobium
leguminosarum bv.  trifolii  with  rice  roots. Functional  Plant  Biology
28:845

49.

Saiyad SA,  Jhala  YK,  Vyas  RV. 2015.  Comparative efficiency of  five
potash and phosphate solubilizing bacteria and their key enzymes
useful  for  enhancing  and  improvement  of  soil  fertility. Interna-
tional Journal of Scientific and Research Publications 5(2):1−6

50.

Farrar  MB,  Wallace  HM,  Xu  CY,  Joseph  S,  Dunn  PK,  et  al. 2021.
Biochar co-applied with organic amendments increased soil-plant
potassium and root biomass but not crop yield. Journal of Soils and
Sediments 21:784−98

51.

Wakeel A, Farooq M, Qadir M, Schubert S. 2011. Potassium substi-
tution  by  sodium  in  plants. Critical  Reviews  in  Plant  Sciences
30:401−13

52.

Wakeel A, Rehman HU, Magen H. 2017. Potash use for sustainable
crop production in Pakistan: a review. International Journal of Agri-
culture and Biology 19:381−90

53.

Mmbaga GW, Mtei KM, Ndakidemi PA. 2014. Extrapolations on the
use  of Rhizobium inoculants  supplemented  with  phosphorus  (P)
and  potassium  (K)  on  growth  and  nutrition  of  legumes. Agricul-
tural Sciences 5(12):1207−26

54.

Abebe Z. 2017. On-farm yield variability and responses of common
bean (Phaseolus vulgaris L.) varieties to rhizobium inoculation with
inorganic  fertilizer  rates. Journal  of  Animal  &  Plant  Sciences
32(2):5120−33

55.

Malhotra H, Vandana, Sharma S, Pandey R. 2018. Phosphorus nutri-
tion:  Plant  growth  in  response  to  deficiency  and  excess.  In Plant
Nutrients and Abiotic Stress Tolerance, eds. Hasanuzzaman M, Fujita
M, Oku H, Nahar K, Hawrylak-Nowak B. Singapore: Springer Nature.
pp. 171–90. https://doi.org/10.1007/978-981-10-9044-8_7

56.

Smith FW, Rae AL, Hawkesford MJ. 2000. Molecular mechanisms of
phosphate and sulphate transport in plants. Biochimica et Biophys-
ica Acta (BBA) - Biomembranes 1465:236−45

57.

Shukla AK, Tiwari PK. 2016. Micro and secondary nutrients and pollu-
tant  elements  research  in  India.  Coordinators  Report.  AICRP  on
Micro-  and  Secondary  Nutrients  and  Pollutant  Elements  in  Soils
and  Plants,  Indian  Council  of  Agricultural  Research-  Indian  Insti-
tute of Soil Science (ICAR-IISS), Bhopal. pp. 1–196

58.

Palm CA, Giller KE, Mafongoya PL, Swift MJ. 2001. Management of
organic  matter  in  the  tropics:  translating  theory  into  practice.
Nutrient Cycling in Agroecosystems 61:63−75

59.

Mohammadi  K,  Sohrabi  Y,  Heidari  G,  Khalesro  S,  Mohammad  M.
2012. Effective factors on biological nitrogen fixation. African Jour-
nal of Agricultural Research 7(12):1782−88

60.

González-Guerrero  M,  Matthiadis  A,  Sáez  Á,  Long  TA. 2014.  Fixat-
ing  on  metals:  new  insights  into  the  role  of  metals  in  nodulation
and symbiotic nitrogen fixation. Frontiers in Plant Science 5:45

61.

Shukla  AK,  Behera  SK,  Pakhre  A,  Chaudhari  SK. 2018.  Micronutri-
ents  in  soils,  plants,  animals  and  Humans. Indian  Journal  of  Fer-
tilisers 14(4):30−54

62.

Kasper S, Christoffersen B, Soti P, Racelis A. 2019. Abiotic and biotic
limitations  to  nodulation  by  leguminous  cover  crops  in  south
texas. Agriculture 9:209

63.

Rubio MC, Becana M, Sato S, James EK, Tabata S, et al. 2007. Char-
acterization  of  genomic  clones  and  expression  analysis  of  the
three  types  of  superoxide  dismutases  during  nodule  develop-
ment  in Lotus  japonicus. Molecular  Plant  -  Microbe  Interactions®
20:262−75

64.

McLauchlan  KK. 2006.  Effects  of  soil  texture  on  soil  carbon  and
nitrogen  dynamics  after  cessation  of  agriculture. Geoderma
136:289−99

65.

Alotaibi  KD, Cambouris AN, St Luce M, Ziadi N,  Tremblay N. 2018.
Economic optimum nitrogen fertilizer rate and residual soil nitrate
as influenced by soil texture in corn production. Agronomy Journal
110:2233−42

66.

Oguntunde PG, Fosu M, Ajayi AE, van de Giesen N. 2004. Effects of
charcoal  production  on  maize  yield,  chemical  properties  and
texture of soil. Biology and Fertility of Soils 39:295−99

67.

Al-Saedi SA, Razaq IB, Ali NA. 2016. Effect of soil textural classes on
the  biological  nitrogen  fixation  by Bradyrhizobium measured  by
15N dilution analysis. Baghdad Science Journal 13:734−44

68.

Datta A, Nayak D, Smith JU, Sharma PC, Jat HS, et al. 2022. Climate
smart  agricultural  practices  improve  soil  quality  through  organic
carbon enrichment and lower greenhouse gas emissions in farms
of bread bowl of India. Soil Research 60:455−69

69.

Li  Y,  Pan  F,  Yao  H. 2019.  Response  of  symbiotic  and  asymbiotic
nitrogen-fixing  microorganisms  to  nitrogen  fertilizer  application.
Journal of Soils and Sediments 19:1948−58

70.

Shi TQ, Peng H, Zeng SY, Ji RY, Shi K, et al. 2017. Microbial produc-
tion  of  plant  hormones:  opportunities  and  challenges.
Bioengineered 8:124−28

71.

Kirk  GJD,  Bellamy  PH,  Lark  RM. 2009.  Changes  in  soil  pH  across
England  and  Wales  in  response  to  decreased  acid  deposition.
Global Change Biology 16:3111−19

72.

Barthakur IK. 2018. Soil pH as a phenotype determinant in humans:
proposing  a  scientific  hypothesis. Open  Journal  of  Soil  Science
8:36−46

73.

Elkoca  E,  Kocli  T,  Gunes  A,  Turan  M. 2015.  The  symbiotic  perfor-
mance  and  plant  nutrient  uptake  of  certain  nationally  registered
chickpea  (Cicer  Arietinum L.)  cultivars  of  Turkey. Journal  of  Plant
Nutrition 38:1427−43

74.

Mfilinge A, Mtei K, Ndakidemi PA. 2014. Effects of rhizobium inocu-
lation and supplementation with P and K,  on growth, leaf chloro-
phyll  content and nitrogen fixation of bush bean varieties. Ameri-
can Journal of Research Communication 2(10):49−87

75.

Dexter AD, Czyż EA, Gaţe OP. 2007. A method for prediction of soil
penetration  resistance:  In Crop  Reactions  To  Water  and  Tempera-
ture Stresses in Humid, Temperate Climates, Soil and Tillage Research.
vol. 93. USA: Williams & Wilkins Co. pp. 412–19. https://doi.org/10.
1016/j.still.2006.05.011

76.

Moscatiello  R,  Zaccarin  M,  Ercolin  F,  Damiani  E,  Squartini  A,  et  al.
2015.  Identification  of  ferredoxin  II  as  a  major  calcium  binding
protein in the nitrogen-fixing symbiotic bacterium Mesorhizobium
loti. BMC Microbiology 15:16

77.

Fernández-Sanjurjo  MJ,  Alvarez-Rodríguez  E,  Núñez-Delgado  A,
Fernández-Marcos ML, Romar-Gasalla A. 2014. Nitrogen, phospho-
rus,  potassium,  calcium  and  magnesium  release  from  two  com-
pressed fertilizers: column experiments. Solid Earth 5:1351−60

78.

Kafeel  U,  Jahan  U,  Khan  FA.  2022.  Role  of  mineral  nutrients  in
biological  nitrogen fixation.  In Sustainable Plant  Nutrition:  Molecu-
lar  Interventions  and  Advancements  for  Crop  Improvement,  eds.
Aftab  T,  Hakeem  KR.  vol.  2.  UK:  Academic  Press.  pp.  87–106.
https://doi.org/10.1016/B978-0-443-18675-2.00004-3

79.

Copyright:  © 2023 by the author(s).  Published by
Maximum  Academic  Press,  Fayetteville,  GA.  This

article  is  an  open  access  article  distributed  under  Creative
Commons  Attribution  License  (CC  BY  4.0),  visit https://creative-
commons.org/licenses/by/4.0/.

Tanzanian soil: soybean and biofertilizer use  
Technology in
Agronomy

Nakei et al. Technology in Agronomy 2023, 3:11   Page 13 of 13

https://doi.org/10.1071/cp15104
https://doi.org/10.1071/cp15104
https://doi.org/10.1016/j.scitotenv.2018.06.090
https://doi.org/10.1111/j.1399-3054.2008.01079.x
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.1071/pp01069
https://doi.org/10.1007/s11368-020-02846-2
https://doi.org/10.1007/s11368-020-02846-2
https://doi.org/10.1080/07352689.2011.587728
https://doi.org/10.17957/ijab/15.0291
https://doi.org/10.17957/ijab/15.0291
https://doi.org/10.17957/ijab/15.0291
https://doi.org/10.4236/as.2014.512130
https://doi.org/10.4236/as.2014.512130
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1016/s0005-2736(00)00141-3
https://doi.org/10.1016/s0005-2736(00)00141-3
https://doi.org/10.1016/s0005-2736(00)00141-3
https://doi.org/10.1023/A:1013318210809
https://doi.org/10.5897/ajarx11.034
https://doi.org/10.5897/ajarx11.034
https://doi.org/10.5897/ajarx11.034
https://doi.org/10.3389/fpls.2014.00045
https://doi.org/10.3390/agriculture9100209
https://doi.org/10.1094/mpmi-20-3-0262
https://doi.org/10.1016/j.geoderma.2006.03.053
https://doi.org/10.2134/agronj2017.10.0583
https://doi.org/10.1007/s00374-003-0707-1
https://doi.org/10.21123/bsj.13.4.734-744
https://doi.org/10.1071/sr21031
https://doi.org/10.1007/s11368-018-2192-z
https://doi.org/10.1080/21655979.2016.1212138
https://doi.org/10.1080/21655979.2016.1212138
https://doi.org/10.1080/21655979.2016.1212138
https://doi.org/10.1111/j.1365-2486.2009.02135.x
https://doi.org/10.4236/ojss.2018.81003
https://doi.org/10.1080/01904167.2014.983123
https://doi.org/10.1080/01904167.2014.983123
https://doi.org/10.1016/j.still.2006.05.011
https://doi.org/10.1016/j.still.2006.05.011
https://doi.org/10.1186/s12866-015-0352-5
https://doi.org/10.5194/se-5-1351-2014
https://doi.org/10.1016/B978-0-443-18675-2.00004-3
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Description of the study area
	Soil sample collection and soil fertility evaluation
	Nodules collection
	Statistical data analysis

	Results
	Various physico-chemical parameters of the study areas
	Soil pH and exchangeable cations and nodule number

	Relationships among different soil parameters with nodulation
	Nodulation as influenced by different chemical parameters of the soils
	Nodulation as influenced by exchangeable potassium, soil texture and micronutrients

	Discussion
	Suitability of studied soils in production of soybean crop and rhizobia inoculants
	Soil pH, exchangeable cations, extractable phosphorus and nodule number
	Organic carbon, total nitrogen, CN ratio, micronutrients and soil texture

	Soil quality index using principle component analysis
	Relationships between nodulation and different physico-chemical parameters of the soil
	The effect of different physical and chemical parameters of soil in soybean nodulation

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	References

