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Abstract

Phosphorus (P) and Nitrogen (N) deficiencies are recognized as the major
constraint of agricultural productivity in developing countries including
Zambia. While N deficits can be restored at least in part through the applica-
tion of crop residues and manure, the restoration of soil P can only be
achieved by use of phosphate fertilizers which are unaffordable by the small
scale farmers. The aim of the study was to assess the availability of P for crop
use from rock phosphate (RP), partially acidulated by acid produced by sulfur
oxidizing bacteria. The RP was obtained from Keren Mining Limited at Sinda
district, Zambia; the Pyrite rock (iron sulfur) and bacteria culture were ob-
tained Nampundwe mine dump. The pyrite and PR were ground and mixed
with the bacterial culture to produce the Partially Acidulated Rock Phosphate
(PARP). A pot experiment was set up in a CRB design in a greenhouse on
four soil types with four treatments of: soil alone (control), soil with GRP, soil
with PARP and soil with super single phosphate (SSP) replicated four times.
The results showed that the plant height, biomass yield and P uptake across
the different P sources showed significant differences (p < 0.01); particularly,
the PARP and SSP were significantly higher than the both control and the
GRP. A comparison of PARP and SSP within each soil based on both biomass
yield and P uptake showed no significant difference between them. Despite
the fact that the RAE values based on biomass yield were in most cases higher
than those base on the P uptake, the trend was the same. On average the
PARP was >90% effective within and across the four soils indicating that the
PARP is reactive and suitable for direct application for crop production.
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1. Introduction

Most soils in Zambia are inherently low in P (3 - 12 ppm) [1] and this seriously
limits the productivity of maize which is the staple food crop. This deficiency is
more severe in the high rainfall (800 - 1200 mm) regions of the country (Region
IIT) where predominant soils are the highly weathered Oxisols and Ultisols with
high phosphorous fixing capacities [2]. Although judicious application of inor-
ganic P fertilizers is recognized as the most effective method for alleviating P de-
ficiencies, their high cost and inaccessibility limit their use to the majority of
Zambia farmers, particularly the smallholder farms [3]. Application of farm yard
manures and crop residues does add some limited quantities at farm level [4] [5]
due to their low P content. For this reason, organic matter has been used mainly
as sources of N, while inorganic fertilizers are used to supply P.

Zambia is endowed with a number of rock phosphate (RP) deposits of igneous
origin that are associated with syenite and carbonatite related deposition. Syenite
related RP deposits are found at Chilembwe in Eastern province and Mumbwa
North, Central province. Carbonatite related RP deposits are found at Kaluwe,
Rufunsa in Lusaka province, and at Nkombwa Hill in Northern Province [6].
Out of the four RP deposits, only two (Chilembwe and Mumbwa) hold promise
of their exploitation for agricultural use [7]. The Chilembwe deposit constitutes
four ore bodies associated with syenites varying in composition from mica sye-
nites to monozonites, with the apatite rock in the form of massive lenses com-
prising apaptite, quartz, alkali feldspars, mica and amphibole with the P content
varying 10% - 12% P,O; estimated at 1.8 million tones [6] [8]. The Mumbwa
North phosphate is associated with apatite and it is estimated at 1 Mt with the
grade between 8% - 12% [9]. The Nkombwa Hill RP deposits have the grade of
4.5% P,O,, but most of the phosphorus occurs as isokite (CaMg(PO,)) though
beneficial for agricultural purposes, there is no effective beneficiation technology
that exists [8]. The Kaluwe PR 0.5% - 8.5% P,0O; grade but the Niobium in these
PRs as pyrochlore makes it technically and economically not suitable for phos-
phate extraction for agricultural purposes [10] [11].

Studies show that the agronomic effectiveness of direct application of indi-
genous ground rock phosphate (GRP) and its derivatives on major crops and
representative soils is generally inferior to triple superphosphate (TSP) and sin-
gle superphosphate (SSP), largely owing to the low solubility of RP of igneous
origin [12]. Depending on soil and climate, it could take up to 4 years of annual
application before rock phosphate treatments become as effective as super
phosphate [13]. One method of reducing this long lag phase is to increase the
solubility of rock phosphate by treating it with small amount of sulfuric acid or
phosphoric acids. Such products, commonly known as partially acidulated rock
phosphate (PARP), have not shown lag effects and have given high agronomic
effectiveness [11]. Partial acidulation can be effected by industrial processing but

this approach is capital intensive [14]. A possible alternative and probably less
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expensive [3] [15] means of producing PARP is the use of Chemolithoauto-
trophic bacteria to oxidize pyrite which in turn produces sulfuric acid that can
be used to acidulate the rock phosphate [16] [17]. The use of partially acidulated
rock phosphate by chemolithotrophic bacteria to improve available P in the soil
will be a sustainable management of soil chemical and physical properties in
such fragile ecological zone [16]. The long term effect of partially acidulated rock
phosphate application would in general be an improvement to available P in the
soil that would facilitate continuous farm land utilization as opposed to use of
SSP fertilizer as a source of available P which is very expensive for small holder
farmers to use [3] [15]. The main aim of this research was to determine agro-
nomic suitability of biologically produced PARP as a source of phosphorus for
maize in comparison to SSP fertilizer by: 1) determining the effectiveness of the
oxidizing bacteria culture for PARP production from the local rock phosphate
and 2) Comparing the P uptake by the maize among the biologically produced
PARP, SSP fertilizer and Ground Rock Phosphate when are used as source of
phosphorus.

2. Materials and Methods
2.1. The Soil for the Experiments

Soils used in this study were obtained from Mansa, Kasama, Mporokoso and
Mufulira all located in Region III of Zambia’s Agro-ecological Zone with a wet
season from November to April and dry season from May to October. The soils
were highly varied and were classified using the World Reference Base for soil
resources 2006 edition: Mansa: ferric Acrisols, well drained sandy clay loam to
sandy clay texture; Kasama at Misamfu Research station: Haplic Ferralsols well
drained, deep, highly leached, acidic, sandy clay loam with a sandy loam top soil,
developed on the quartzitic sandstone is overlain by unconsolidated schistose
formations; At Mporokoso soils were classified as Rhodic Ferrasol, well drained
and deep, clayey soils develop from developed on the quartzitic sandstone; at
Mufulira Research station soils were—Haplic Acrisol, (Chromic), highly leached,
acidic sandy loams and clay illuviation, developed from Schist parent material.
See location of the sites (Table 1).

The experiment was conducted at Zambia Agriculture Research Institute
(ZARI), Mount Makulu Research Station, Chilanga in the greenhouse, located at
Latitude 150.550'S, Longitude 280.250'E and 1213 meters above sea level.

Table 1. Geographical location and altitude of the sites selected for the study.

Site Location Altitude (M) Rainfall/Yr

Kasama (Misamfu Research station) E31°105S10°10' 1380 m >1000 mm
Mansa (Mansa Research Station) E 28°53S11°11' 1216 m >1000 mm
Mulfuria (Mufulira Research Station) E 28°14'; S 12°31' 8075 m >1000 mm
Mporokoso E 30°07'; S 09°22' 1384 m >1000 mm
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A Completely Randomized Design (CRD) experiment was laid out in the
greenhouse and the duration of the experiment was about 21 weeks. The expe-
riment was in two phases: The first phase of the experiment was the Laboratory
culturing of sulfur oxidizing bacteria for a week, 6 weeks incubation of pyrite to
produce acid and 6 weeks solubilization of rock phosphates to produce PARP.
The second phase comprised pot experiments where the four soils were mixed
with the different treatments and seven weeks of observation and measurement
in the greenhouse.

The rock phosphate was obtained from: 1) Petauke at Chilembwe Hill, 2) Sin-
da at the Mine owned by Keren Mining Limited, 3) Mumbwa at Sugar Loaf
Mountain, and 4) Petauke at Chilembwe Hill. The pyrite and the sulfur oxidizing
bacteria were obtained from Nampundwe Mine. The bacteria were collected
from the water samples and sludge along the drainage ditches near the mine.
These served as a source of inoculums for the bacteria which was used in the ex-

periments to oxidize pyrite to sulfuric acid.

2.2. Preparation of Solid Ferrous Iron-Silica Gel Medium

The Ferrous iron- silica gel medium was prepared according to [18]. To obtain a
ferrous iron-silica gel the following salts were dissolved together in 250 ml of
distilled water a flask; 6.00 g (NH,),SO,, 0.05 g KCL, 0.50 g MgSO,-7H,0, and
0.01 g Ca(NO;),. The resultant solution hereafter was referred to as solution A
was dispensed in 25 ml aliquots sterilized for 15 minutes at 1210°C. Solution B
was made of 44.22 g FeSO,-7H,0 in 290 ml distilled water acidified with 10 ml of
1 N H,SO,. A buffer solution of 13.5 g K,;HPO, in 100 ml of sterilized distilled
water. Sterilized silicic acid was distributed in 75 ml quantities. The solid me-
dium was made by aseptically adding, 1 ml of solution B to 75 ml of sterile silicic
acid, and 1 ml of the buffer solution to 25 ml of sterile solution A. The resulting
two solutions were mixed to form the silica gel medium.

The 9 K medium of Silverman and Lundgren solution was used in multiplying
the bacterial culture. The 9 K Solution was prepared by mixing 3.0 g (NH,),SO,,
0.1 g KCL, 0.5 g K,HPO,, 0.5 g MgSO,-7H,0 and 0.01 g Ca(NO,), in 700 ml of
distilled water in a 1 L flask according to [19]. 100 mls of 9 K solution and solu-
tion B from above were sterilized separately and mixed in 250 ml Erlenmeyer

flasks making the 9 K medium of Silverman and Lundgren.

2.3. Culturing of the Bacteria

The water samples collected from Nampundwe Mine was used in the culturing
of the bacteria using the [20] method. The sulfur oxidizing bacteria was identi-
fied as a gram positive, rod shaped, smooth, making concentric and white colour
colonies, classified to bacilli of Thiobacillus thiooxidans. A pure culture was ob-
tained by planting and replanting on ferrous iron silica gel every three days, over
a fifteen day period. The culture was then multiplied and maintained at room

temperature in 250 ml Erlenmeyer flasks containing 100 ml of 9 K medium of
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Silverman and Lundgren. The bacteria was multiplied by scrapping a sterile loop
on a pure culture which was growing on the solid medium in a slant tube. A ste-
rile needle and syringe was used to draw up the bacterial suspension and inocu-
late a previously autoclaved and cooled fermenter unit containing the liquid me-
dium. The fermenter was connected to an electromagnetic air pump and filter so
that there is constant supply of oxygen and also agitation of the medium. The
fermenter unit was left for a period of 3 to 4 days by which time the bacteria had

multiplied adequately.

2.4. Incubation of Pyrite and Solubilization of the Rock Phosphate

To oxidize the pyrite using sulphur oxidizing bacteria according to [21], 100 g of
ground pyrite was placed into 50 ml capacity beakers. The bacteria culture pre-
pared from the preceding phase was diluted five-fold. Appropriate amounts of
these dilute solutions were added to the pyrite to bring the moisture content to
21 percent by weight and kept 30°C in the darkness for six weeks. Five samples
from each treatment were randomly selected every week for analysis of pH and
total acidity over a period of six weeks. The FeS, + bacterial culture + nutrient
solution produced the strongest acidity among the three combinations (see Ta-
ble 2). To determine the pH, 10 g of sample was mixed with 50 ml of distilled
water, the suspension shaken for an hour after which the pH of the suspension
was measured using a digital pH meter. The total acidity of the sample was de-
termined on a 25 ml aliquot filtrate of the suspension by titration with 0.1 N
NaOH.

The four rock phosphates above were evaluated for water soluble P. The rock
phosphate from Sinda was selected for the production of PARP in this experi-
ment because it produced the highest water soluble P content under the treat-
ment of FeS, + bacterial culture + Nutrient Solution (Table 2). The bulk samples
of the selected rock phosphate were crushed and ground to produce Ground
Rock Phosphate (GRP). Portions of GRPs were treated with the acid produced
from the above procedure to produce the Partially Acidulated Rock Phosphate
(PARP) which was used as a source of P for maize in the pot experiment. Every
week, five beakers from each treatment were removed and analysed for wa-
ter-soluble P. The water soluble P, was determined from 1 g moist sample ex-
tracted with 100 mls distilled water, shaken for 30 min and filtered. The concen-
trations of water soluble P in the filtrate was measured by UV/Visible Spectros-

copy as described by [22].

Table 2. Treatment combination for incubation of pyrite.

Treat.

No Composition Additives to Pyrite
1 FeS, Distilled Water
2 FeS, + bacterial culture Microbial Culture
3 FeS, + bacterial culture + nutrient Solution ~ Microbial Culture and Nutrient Solution
DOI: 10.4236/as.2020.1111067 1037 Agricultural Sciences
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2.5. Greenhouse Experiment

The soils described above were used and were characterized by low pH and P
content, as observed in Table 3. The soils were composite samples from 0 - 20
cm soil depth in each soil.

A pot experiment to test the agronomic effectiveness of the PARP produced
from the above experiments as a source of P for maize was conducted under
greenhouse conditions. The treatments consisted four sources of P, namely: 1)
the control (soil in without any additions), 2) soils treated with Ground Rock
Phosphate (GPR), 3) soils treated with the Partially Acidulated Rock Phosphate
(PARP) and 4) soils treated with Single Super Phosphate (SSP) fertilizer. The
phosphate rock used was obtained from Keren Mining Limited at Sinda district.
PARP, GRP and SSP fertilizer were applied at rates equivalent to 40 kg (=0.9 g
P,O; per plant) P,O, per hectare from each source of P. Uniform applications
rates of 20 kg/Ha (=0.45g per plant) of Nitrogen (N) and Potassium (K) using
Urea (46% N) and Muriate of potash (62% K,O). Each treatment had 4 repli-
cates, giving a total of 64 experimental units (4 sources of P, 4 soils, 4 replicates),
see Table 4.

2.6. Setting Up of the Pot Experiment

Amounts of SSP or PAPR, GRP to give 300 mg P kg™ (0.9 g) soil were weighed
out and mix thoroughly with three (3) kg of air dried soil placed in plastic pots.
The amounts of P added were calculated on the basis of total P content of each P
source. Uniform levels of urea, KCl were added to all pots to supply 150 mg N
kg™ (0.45g) soil, including the no-P control treatment. The pots were arranged
in a randomized block design with 3 replications in the greenhouse. The pots

were sown with presoaked seeds of the indicator crop (Zea mays L.) at a rate of

Table 3. Some soil chemical properties of the four soils.

Soil sites pH P N Fe Ca oC CEC
(CaCl)  (ppm) (%) (ppm)  (ppm) (%)  (cmol/kg)

Kasama 4.2 2 0.02 57 2040 1.02 4.34

Mansa 4.3 2 0.02 66 2010 0.07 2.97

Mulfuria 4.5 3 0.03 78 2030 0.64 4.32

Mporokoso 4.2 3 0.03 59 2020 1.19 4.56

Table 4. Description of the treatments used in the study.

Treatment Description of treatment in all the four different soils
Control Soil alone (3 kg soil, 0.45 g urea, 0.45 g Muriate of potash)
Soil + GRP 3 kg soil mixed with GRP, 0.45 g urea, 0.45 g Muriate of potash
Soil + PARP 3 kg soil mixed with PARP, 0.45 g urea, 0.45 g Muriate of potash
Soil + SSP 3 kg soil, 0.9 g SSP, 0.45 g urea, 0.45 g Muriate of potash
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four seeds per pot and thinned to one plants per pot after germination. The pots
were watered as required to maintain soil moisture at about 70% of field capaci-
ty. The plants were grown for a total of seven weeks after which the above-ground
portion was harvested. Harvesting, was done by cutting the shoot close to the
soil surface, chopped into smaller pieces and oven dried at 700°C until it attains
constant weight, called the above ground dry matter yield (DMY) or the biomass
yield. Using DMY, the Relative Agronomic Effectiveness (RAE) of PARP as a
source of P for maize relative to SSP was determined as follows:

RAEDb = [(DMY treatment — DMY control)/(DMY SSP — DMY control)] x 100

RAEPut = [(P uptake treatment — P uptake control)/(P uptake SSP — P uptake
control)] x 100

2.7. Determination of P Uptake by the Crop and Other Agronomic
Parameters

Plant tissue analysis was used to determine P uptake. The P content of maize dry
matter was determined from 1 g dry ground plant material using the dry ashing
method described by [23]. The 1 g of dried ground plant material was boiled in
1% nitric acid, ignited and cooled. The residue dissolved in 20 ml 1 N nitric acid.
The solution was heated for 20 minutes on a hot plate, cooled, filtered and di-
luted to 100 ml. One milliliter of sample was used to develop color and P deter-
mined calorimetrically on a Spectrophotometer at 882nm. Agronomic parame-
ters of Plant height, the number of leaves, leaves with typical symptoms of p de-
ficiency (purple appearance on the edges of the leaves), were measured weekly
from the date of thinning to the date of harvest.

2.8. Data Analysis

Analysis of variance (ANOV A) was performed to determined significant differ-
ences in DM yield and P uptake between the various treatments. The ANOVA
was based on factorial arrangement in a randomized complete block design in
which the effects of replication, P source were accounted for as sources of va-
riance using the Genstat discovery Edition computer software.

3. Results

3.1. The Effectiveness of the Oxidizing Bacteria Culture for PARP
Production

The result of the experiment for incubation of pyrite and bacteria culture are
presented in the table and Figure 1. Figure 1 shows the pH values obtained
from the treatments over the period of six weeks.

The results in the table shows the pH values obtained from the treatments of
the pyrite incubation. The combination treatment of FeS, + Bacterial culture +
Nutrient solution produced the highest acidity, pH = 2.3 (which is closer to the
pH of sulfuric acid) compared to 3.6 and 4.3 in FeS, + bacterial culture and FeS,
respectively at the end of 6 weeks period.
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Figure 1. Showing pH values of pyrite and bacteria culture over the period of 6 weeks.

3.2. Comparing the Plant Height, P Uptake and Biomass Yield
among the GPR, PARP and SSP Fertilizer Treatments When
Used as Source of Phosphorus

The analysis of plant height, biomass yield and P uptake across the different P
sources showed significant differences (p < 0.01) among them. Particularly, the
differences were observed between the control and all other treatments except
for the GRP treatment. The average level of P uptake in the soils treated with
both PARP and SSP was significantly higher (p < 0.01) than the soils treated with
both GRP and the control. A comparison of PARP and SSP within a soil based
on both biomass yield and P uptake showed that the effect of PARP input was
comparable to that of SSP input. The biomass yield under the PARP treatment
ranged between 47.7 g in Kasama soil to 48.9 g in Mprokoso soils, while in the
SSP treatment, it ranged between 48.1g in Mufulira soil to 49.1 g in Mporokoso
soils, showing no significant differences (p > 0.05) between PARP and SSP re-
gardless of the soil. Similarly the P uptake under the PARP ranged from 0.40 in
Kasama soils to 28 in Mporokoso soil while in the SSP treatments it ranged 0.40
in Kasama soil to 0.33 in Mprokoso soil. The biologically produced PARP was as
good as SSP as there was no significant different (p > 0.05) between them within
the soil as can be seen from the letters showing the differences in Table 5 and
Figure 2(b) and Figure 2(c).

A comparison of soils P uptake among the soils show that there was more P
uptake in the Kasama soils than all other soils. The P uptake in Kasama soil (p =
0.40% P, highest) was 30% higher than the P uptake in Mporokoso soil (p =
0.28%, the lowest) in the PARP treatment while in the SSP treatment, the P up-
take was 17.5% higher in Kasama soil (p = 0.40%) compared to Mporokoso soil
(p = 0.33%). Similarly the plant height followed a similar tend while the plant
biomass yield did not show a significant difference among the soils types see Ta-
ble 5 and Figures 2(a)-(c). Irrespective of the soil, the application of PARP in-
creased the production of biomass yield in relation to the control and the GRP

treatments.
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Figure 2. Shows the mean plant height (a), % P uptake (b) and the biomass yield (c) of
maize at 7 weeks in the Mufulira, Mansa, Kasama and Mporokoso soils. (a) Mean plant
height in the four sources of P in the four soil; (b) Percentage phosphorus uptake in vari-
ous treatments in the four soils; (c) Above ground biomss weight of maize in four treat-
ments in four soils.

The agronomic suitability of the biologically produced PARP as a source of P
in maize based on biomass yield relative to Single Superphosphate recorded
above 97% throughout the four soils (with 97.8% in Mporokoso soils, 99.5% in
Mufulira soils, 99.6% in Mansa soils and 100% in Kasama soils). The calculated
RAE based on P uptake was a little lower for all the soils except for Kasama soil
with 100%; (94% in Mufulira, 85% in Mansa and 79% in Mporokoso soils),
though an ANOVA on the P uptake mean values showed no significant differ-
ence (p > 0.05) between the PARP and the SSP treatments. Similarly the RAE of
GPR ranged between 26% in Kasama soil to 33% in Mporokoso soils based on
biomass yield while the RAE based on P uptake ranged between 6.9% in Mpo-
rokoso soil to 12% in Mufulira both indicating a very low P uptake effectiveness
(see Table 5).
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Table 5. Mean value of plant height, P up taken biomass yield and the RAE % among
sources of P (control, GRP, PARP, and SSP) in the four types soils (same letter in a col-
umn were not significantly different at (p < 0.05)).

. Plant height P uptake Biomass RAE %
Soil Treat o X
(@7 weeks) (%) yield (g/pot)  p yptake  Biomass Yield

Control 6.4 0.04¢ 10.38¢

GRP 6.7 0.08° 21.57° 12.9 33.1
Mufulira

PARP 9.0 0.33* 47.67* 93.5 99.5
SSP 9.4° 0.35% 48.12% 100.0 100

Control 6.5 0.02¢ 10.83¢
GRP 7.4° 0.05° 21.88° 9.7 28.3

Mansa

PARP 9.8° 0.30* 47.77* 84.8 99.6
SSP 10.0° 0.35% 49.08* 100.0 100

Control 6.8 0.03¢ 10.32¢
GRP 7.6 0.07° 24.50° 10.8 25.8

Kasama

PARP 11.0° 0.40° 48.67% 100.0 100
SSP 11.1b 0.40a 48.92° 100.0 100

Control 6.5% 0.04° 10.20¢
GRP 6.9 0.06° 22.75° 6.9 28.1

Mporokoso

PARP 10.2° 0.28* 48.88* 78.8 97.8
SSP 10.4° 0.33* 49.12* 100.0 100

4. Discussion

4.1. Comparison of P Uptake by the Maize among Soil Treatments

The control in all the four soils from the different districts had the lowest per-
centage of phosphorous in the above ground dry matter weight. It is not sur-
prising that the lowest level of percentage phosphorous were observed in the
control treatments since the soils used in this study were strongly acidic on av-
erage of <4.5 pH (Table 3) with P ranging from 2 - 3 ppm. Similarly, in the GRP
the P uptake was slightly increased because of ground rock phosphate (GRP) ap-
plication. However, the GPR is known for its slow P release when applied di-
rectly to the soil as a fertilizer. In this study it was observed that P uptake was
only 0.06% - 0.08% P/pot in GRP compared to the 0.33% - 0.40% P in the PARP
and SSP. This low concentration of P in GRP treatment limited the P uptake and
growth of these potted plants because of its relative insolubility [24]. Mapiki and
Singh [1] also found that direct application of Chilembwe PR to all the test crops
was generally ineffective as a P source. In addition, the soil pH of <4.5 in the
soils was equally low to cause aluminium toxicity. Al toxicity is usually characte-
rised by an inhibition of P uptake and translocation with the immobilisation of P

on and in plant roots [25]. Large concentrations of Al can severely restrict root
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system development with the associated consequences on soil exploration and P
uptake. Plants growing under acidic conditions can therefore exhibit both a
stunted root system due to Al toxicity and P deficiency. Soil solution and labile P
have both been shown to reach a minimum value at pH 5.5 [26]. However, the P
uptake in the PARP and SSP treatments were significantly higher (p < 0.05) than
the control and the GRP treatments in spite of the above soil acidic conditions.
The P uptake from PARP and SSP treatments with readily available phosphorus
in soils were not significantly different (p < 0.05). The two treatments had the
highest levels of P uptake across the four soils in spite of the low pH and their
associated potential Al and Mn toxicities and P deficiency. The negative effect of
soil acidity could have been overcome by the large concentration of P provided
by its dissolution of the two fertilizers. It has been observed that maintaining an
adequate soil P status reduces the effects of soil acidity on plant growth [25] [27]
by its liming effect [25]. From the results the PARP was an effective fertilizer
comparable to SSP in providing P for the growth of the plant regardless of the
soil type. This result can be explained by the fact that these two fertilizers pro-
vided prompt release of phosphorus, making it more available to the plants. The
higher concentration of P in the plant was attributed to a higher P content in the
soil provided by the PARP and the SSP fertilizers. Phosphorus solubilizing bac-
teria play role in phosphorus nutrition by enhancing its availability to plants
through release of P from the PR by solubilization and mineralization [28] [29].
PAPRs may offer an economic means [3] of enhancing the agronomic effective-
ness of indigenous PR sources that may otherwise be unsuited for direct applica-

tion.

4.2. Comparison of Above Ground Biomass Yield of Maize among
Soil Treatments

Similarly, the biomass yield (47.7 - 49.1 g/pot range) in PARP and SSP treat-
ments followed a similar trend in all the four soils from the different districts,
however, the soil with GRP (21.6 - 24.3 g/pot range) was significantly different
(p < 0.05) from the control (10.2 - 10.9 g/pot range) as shown in Table 5 and
Figure 2(b). This shows that grinding rock phosphate and mixing it to the soil
will enhance crop growth but not as effective as water soluble P fertilizer like the
SSP or the PARP because of its slow dissolution and does not promptly release
phosphorus, for plant growth and biomass yield. On the other hand, the PARP
has been observed to be as effective as water soluble P fertilizer (the SSP) through
many studies conducted internationally [30]. The soluble P fractions in these
two fertilizers stimulated root growth and facilitated greater exploitation of P
enriched soil thereby producing higher amounts of plant biomass. The soils in
the Control and the GRP were heavily affected by the low pH (<4.1) at which Al
and Mn toxicity (pH 5.5 is the threshold for soil acidity [25] [31] is prevalent and
phosphorus fixation eminent, creating detrimental conditions for crop growth

hence the observed low biomass yields in the two treatments. The fact that there
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was no significant difference among the soils with regard to biomass yield shows
that the soils did not have other underlying factors that seriously negatively af-
fect the plant growth other than the P availability.

4.3. The Agronomic Effectiveness of the GRP and PARP

The agronomic effectiveness of GRP and PARP were measured relative to SSP (a
water soluble P fertilizer), referred to as Relative Agronomic Effectiveness (RAE).
The RAE values for GRP and PARP were calculated from the ratio of the mar-
ginal increase in Biomass yield or P uptake from the P sources in comparison to
SSP (Table 5). The RAE based on biomass was higher than the one based on P
uptake in both GRP and PARP phosphorus sources. The RAE of GRP based on
biomass ranged from 25.5% in Kasama soil to 28.8% in Mufulira compared to
6.9% in Mporokoso soil to 12.9% in Mufulira soils while that of PARP ranged
from 97.8% in Mporkoso soil to 100% in Kasama soil compared to 78.9% in
Mprorokoso soils to 100% in Kasama soil. Despite the fact that the RAE values
based on biomass yield were in most cases higher than those base on the P up-
take, the trend was the same. However, the P uptake may be a more sensitive in-
dicator of relative agronomic performance of P sources than biomass yield be-
cause P uptake reflects the differences in internal efficiency of P supplied to
plant by different P sources [32] [33] also reported that phosphorus-uptake (ac-
quisition) efficiency resulted in higher yield increase as compared to internal
P-utilization efficiency in rice [34]. Based on P uptake, the application of PARP
was 100% as effective as SSP in Kasama soil, 94% in Mufulira soils, 85% in Man-
sa soil and 79% in Mporokoso soil with an average of 90% effectiveness. Simi-
liarly, Khau ef al. (2009) [29] also found out that the use of phosphorus solubi-
lizing bacteria on PR increased P uptake. This indicates that PARP is a reactive
phosphate rock form that is suitable for direct application and its outstanding
performance at all sites is consistent with the available P provided by its applica-
tion. According to FAO [30] and Chien [35], PAPRs may offer an economic
means of enhancing the agronomic effectiveness of indigenous PR sources that
may otherwise be unsuited for direct application as the PAPRs are cheaper than
fully acidulated Water Soluble Phosphates fertilizers because less acid and energy

is required per unit of P in its production.

5. Conclusion

This study shows the importance of the local rock phosphate as a source of
phosphorus in maize plant in acidic soils. The biologically produced PARP sig-
nificantly (p < 0.01) enhanced both P uptake and biomass yield of maize com-
pared to the control and the GRP. The GRP is slow in dissolving and does not
promptly release phosphorus, for plant uptake, growth and biomass yield and
therefore not suitable for direct application. The relative agronomic effectiveness
of PARP in relation to SSP based on P uptake and biomass yield was >90% sug-
gesting that PARP is as good as SSP fertilizer and therefore a suitable alternative
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source of P for direct application in the soil for crop production. In addition,
PAPRs may offer an economic means of enhancing the agronomic effectiveness

of indigenous PR sources of P.
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