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This study was conducted to isolate and characterize soil microorganisms capable of solubilizing
Chilembwe and Sinda rock phosphates readily available in Zambia. Single isolates were obtained by
direct plating and enrichment cultures with succinate, cellulose and glucose as the carbon sources.
Isolates were differentiated using colony morphology (form, margin, elevation and colour) and a subset
of 20 was chosen for identification using the 16S rRNA gene sequences. After being cultured in nutrient
broth and defined medium with tricalcium phosphate as the sole phosphate source, ten isolates were
characterized for acid phosphatase enzyme activity. Over 80 isolates were obtained from different rock
phosphate-sugar combinations. Isolates had varying morphological characteristics and the 20 strains
identified showed a large diversity of organisms belonging to the genera Enterobacter, Burkholderia,
Arthrobacter, Bacillus, Beijerinckiaand two genera not previously reported to have P-solubilizing
capabilities, Dyella and Curtobacterium. Both the observed growth and genera to which isolates
belonged were dependent on the type of rock phosphate. Almost all isolates tested showed acid
phosphatase activity that were similar to previously reported levels, ranging from 0.62 to 4.8 ug p-
nitrophenol per 10% cells per hour. This work will be useful as the basis for the development of
appropriate seed inocula that can enhance Sinda and Chilembwe rock phosphate dissolution and
increased plant available P for crop production.

Key words: Chilembwe, Sinda, Rock Phosphate, Burkholderia, Enterobacter, Rhizobia, Dyella, Arthrobacter,
Curtobacterium, Dyella.

INTRODUCTION

Phosphorus is second only to nitrogen as an inorganic major physiological role is in the storage and transfer of
nutrient required by both plants and microorganisms. Its biochemically useful energy through the phosphate
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anhydride bond (Plante, 2007). It is also found in different
cellular components as a constituent of genetic material
and phospholipids. Phosphorous is primarily rock derived
and therefore, large amounts of P are found either in soll
minerals or organic matter (Syer et al., 2008). There is
very little P present in soil solution, with concentrations
usually 0.1 to 1 pg/g at any given time (Plante, 2007),
accounting for about 0.1% of the total soil P (Sharma et
al., 2013).

The availability of native P in most Zambian agricultural
soils is relatively low, especially in highly weathered and
high P-sorption soils such as Alfisols, Ultisols and Oxisols
(Yerokun, 2008). The limiting levels of available P
necessitates the use of commercially produced fertilizers
to supplement P for crop production. Alternatives to
commercially available fertilizers include crop residues
and animal manure; these sources cannot, however, on
their own mitigate soil fertility decline because of limited
guantities available on farms (Ademiluyi and Omotoso,
2007) and alternate uses of the residues as forage, silage
and fuel. For example, the green biomass of
Tithoniadiversifoloia has been recognized to be high in
nutrients and effective as a nutrient source for lowland
rice and maize (Ademiluyi and Omotoso, 2007).
Particularly, T. diversifolia has been shown to have
relatively high concentrations of N, P and K in its green
biomass (Jama et al., 2000) and tissue concentrations of
P can be greater than the critical 2.5 g kg™ for net
mineralization (Palm et al., 1999). Guano excreted by
seabirds, seals or bats is another source of organic P that
can be used as fertilizer. In Zambia, Guano enriched with
P can contain as high as 4.03% P and contains beneficial
fungi and bacteria that act as a natural control of plant
diseases and that participate in organic matter
decomposition (Sikazwe and de Waele, 2004).

Phosphorus can also be obtained from minerals; this
mineral form of P is known as rock phosphate (RP),
which consists of different forms of mineral apatite. Most
of the world’s fertilizers are produced from RP resources
(Van Straaten, 2007). There are several deposits of RP in
sub-Sahara Africa, including Zambia which are found in
two types of igneous rocks: carbonatitesand syenites
(Van Straaten, 2002).

Plant roots associated with certain soil microorganisms
can enhance the dissolution of these mineral forms of P
by the production of organic acids such as acetic, citric,
lactic, malic, oxalic, succinic, tartaric, glycolic, formic, and
ketogluconic acids (Whalem and Sampedro, 2010).
Organic acids dissolve Al- and Fe-P complexes and
hasten the weathering of apatite-rich rock fertilizers as
well as other primary minerals. Carbonic acid produced
from the respiration of plant roots and soil
microorganisms promotes the dissolution of calcium and
magnesium P compounds (Plante, 2007). The production
of other organic acids, such as gluconic acid, seems to
be the most frequent means of mineral phosphate
solubilisationbybacteria suchasErwiniaherbicola,

Burkholderiacepacia, Rhizobium leguminosarium,
Rhizobium meliloti, and Bacillus firmus (Brempong,
2013).In vitro assays have shown reduction in the pH of
cultures by at least one unit due to the production of acid
by phosphate solubilizing microorganisms (Kang et al.,
2002). Microorganisms are also able to release inorganic
P from minerals through other reactions such as the
formation of chelating agents which are able to sequester
aluminium, iron, calcium and magnesium ions from the
mineral (Altomare et al., 1999). Several works have
demonstrated that phosphate solubilising strains of
Rhizobium, Bradyrhizobiumand Azotobacter increase the
growth and phosphate content in both non-leguminous
and leguminous plants (Khan et al., 2007).

Soil microorganisms also produce other compounds
such as acid and alkaline phosphatase enzymes, which
hydrolyse ester bonds of organic matter releasing P into
solution for plant and microbial uptake (Nannipieri et al.,
2011). While acid phosphatase is derived mainly from soil
microbial communities, production by roots has also been
observed (Dick et al., 1983; Juma and Tabatabai, 1988a,
b, c¢).Recent studies have shown that some
microorganisms that have the capability of producing
organic acids involved in RP solubilisation also have
enzyme activity through the production of acid
phosphatase and pyrophosphatase enzymes (Traoré et
al., 2013).

The activities of phosphatases, and organic acids and
chelating compounds in making organic and mineral P
sources available, respectively, depend on several
factors such as soil properties and interactions among
soil microorganisms. For example, the effect of soil type
on the ability of the microorganisms to solubilise P has
been shown in Ghana on rice fields (Brempong, 2013).
This suggests the importance of selecting microor-
ganisms appropriate for particular soil types when
developing inoculants.

This study was conducted to isolate and characterize
Chilembwe and Sinda RP solubilizing soil microor-
ganisms and to determine if these organisms can make
organic forms of P available through acid phosphatase
activity. This work serves as the first step to the develop-
ment of inoculants that would increase the agronomic
effectiveness and value of Chilembwe and Sinda RP
readily available in Zambia for crop production.

MATERIALS AND METHODS
Soil sampling, processing and characterization

Soils were collected from the Pinney Purdue Agricultural Center in
Wanatah, in northwestern Indiana, USA (latitude 41.44278,
longitude -86.92905). Six random soil samples (approximately 3
kilograms each; P1-P6) were collected from the periphery of a
soybean field and immediately put on ice for transportation back to
the laboratory. Soils were then processed by sieving and
apportioned for different tests before storing at either 4°C or -10°C.
About 250 g of soil previously stored at 4°C was prepared and sent
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Chilembwe Rock Phosphate

Figure 1.Crushed Sinda and Chilembwe rock phosphates.

for chemical analysis at the A & L Great Lakes Laboratories (Fort
Wayne, IN). Soils were characterized for organic matter,
phosphorous, potassium, magnesium, and calcium concentrations,
pH, and cation exchange capacity using standard laboratory
procedures.

Culture medium preparation

To isolate soil microorganisms that have the capability to solubilize
P and that use different carbon sources, two rock phosphates
readily available in Zambia were used: Sinda (S-RP) and
Chilembwe (C-RP) (Figure 1). Minimal media (MM) were prepared
according to the procedure of Traoré et al. (2013) with modifications
to the carbon source and their amounts. Three carbon sources
were used to enrich for growth of soil microorganisms: succinate
(S), glucose (G) and cellulose (C). The media contained per litre of
distilled water: carbon source (1.9 g glucose, 1.4 g succinate or 1.9
g cellulose), 5 g rock phosphate (Sinda or Chilembwe), 5 g
MgCl,.6H,0, 0.25 g MgS0,.7H,0, 0.2 g KCI, and 0.1 g (NH4),SO,.
Plates for isolating rock phosphate dissolving microorganisms were
made with the same medium with 10 g agar added. All media
preparations were adjusted to pH 7 before autoclaving at 121°C
and 15 psi for 30 min. With the three carbon sources and two rock
phosphates, a total of six treatments were used and each replicated
six times (according to the soil samples collected). No-soil and no
rock-phosphate controls were also included.

Soil enrichments and direct plating

Culturing of soil microorganisms was done either as soil
enrichments or as direct plating of soil dilutions. Direct plating was
achieved using 100 pl of a 100-fold dilution of soil solution (in
deionized water) that was spread evenly on a plate; plates were
then sealed with parafilm and incubated upside down at 30°C until
colonies developed. The soil enrichments were prepared by diluting
soil a 100-fold into a total volume of 120 ml of MM solution. Flasks
were then sealed with cotton plugs and incubated at 30°C in an
environmental shaker (120 rpm) for a week before sub-culturing into
fresh medium. At the time of sub-culturing, sub samples were
obtained from the week old cultures and diluted serially to a million
fold and 100 pl was plated onto corresponding agar plates made

with corresponding carbon sources. Microorganism growth on agar
plates and in enrichment cultures was then observed and recorded.

Isolation and characterization of single isolates

As previously mentioned, plating of sub samples was conducted at
each subculture and growth was observed. Single colonies were
obtained from the plates, streaked onto fresh individual plates and
purified. Morphological characterization of isolates was done based
on colony form, colour, elevation, and margin. Colonies that
showed growth of hyphae were recorded as ‘fungal’ and the colour
of the mycelia recorded.

For genetic characterization and identification of isolates, 60
isolates were selected initially.Selected isolates were cultured
overnight in Difco nutrient broth (NB); cultures with ODgqo readings
of 1-1.5 were immediately used for DNA extraction. DNA was
isolated from only 36 out of the 60 selected isolates due to poor
growth of some of the isolates in the nutrient broth. DNA was
extracted from the cells using the FastDNA SPIN Kit (Q-Biogene;
Solon, OH). The isolated DNA was then assessed for quality using
gel electrophoresis (0.8% agarose gel run for 10 minutes at 100 V)
and the 260/280 nm OD and quantified using a NanoDrop 3300
fluorospectrophotometer (Thermo Scientific, Wilimington, DE).

A subset of (20) isolates was carried through for identification
using the almost full length 16S rRNA gene (approximately 1500
bp) that was PCR amplified using bacteria specific primers (27F, 5'-
AGA GTT TGA TCC TGG CTC AG--3' and 1452R, 5-AAG GAG
GTG ATC CAG CCG CA—3). The gene was amplified in a 50 pl
PCR reaction mix containing 1x PCR buffer, 75 umol MgCl,, 4
nmoldeoxynucleoside triphosphates, 100 pmol of forward and
reverse primers, and 50-100 ng of template DNA. The thermal cycle
protocol began with an initial denaturation at 95°C for 5 min, then
thirty cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s,
followed by 10 min at 72°C. The PCR products were directly
sequenced using the Sanger Sequencing method at the Purdue
University Genomics facilities. Best matches to nucleotide
sequences in the GenBank database (NCBI) were determined
using the BLASTn program (Altschul et al., 1997). The best
matches to bacterial type strains were determined using SeqMatch
and the RDP database (Cole et al., 2014).

To illustrate the relatedness of the identified isolates to type
strains of officially classified taxa, a phylogenetic tree was
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Table 1.Selected chemical characteristics of soils* used in this study.

Organic matter P

Exchangeable bases Cation exchange

Sample pH (mg kg™ capacity
(%) (mg kg-1) K Mg Ca (cmol+/ kg)
P1 7.0 3.3 28 200 650 1800 14.9
P2 6.4 3.3 11 113 470 1500 12.9
P3 6.6 3.6 9 123 490 1350 12.3
P4 6.4 3.7 8 108 465 1400 12.4
P5 6.7 4.3 8 103 575 1700 14.8
P6 6.4 4.1 11 118 565 1700 15.9
Mean 6.6 3.7 12.5 128.7 535.8 1575 13.9

*Soils were from the Pinney Purdue Agricultural Center in Wanatah, Indiana, USA

generated. Clustal Omega (Sievers et al.,, 2011) was used for
multiple sequence alignment and the neighbour-joining method to
build the tree using 1000 reiterations. Only isolates for which the full
16S rRNA gene sequence was obtained were used for the
phylogenetic tree along with the best matching type strains.

Biochemical
assay method

characterization using the acid phosphatase

Selected isolates were grown in nutrient brothand also in MM with
tricalcium phosphate (TCP) as the sole P source instead of rock
phosphate for the acid phosphatase assay. The second medium
was used to test enzyme activity in the absence of any organic
phosphate source. Growth in both media was observed and
recorded. Acid phosphatase activity for each isolate was
determined by the method of Eivazi and Tabatabai (1977), however
rather than using 1 g of soil, 1 mL of broth culture was used. In
brief, one 1 mL of broth culture was mixed with 4 mL of pH 6.5
modified universal buffer (MUB) and 0.2 mL of toluene to inhibit
cellular metabolism, then 1 pL of 0.05 M disodium p-nitrophenyl
phosphate (PNP) tetrahydrate substrate solution was added. The
mixture was incubated for 1 hour at 37°C. The reaction was
stopped by adding 1 mL of 0.5 M CaCl, and 4 mL of 0.5 M NaOH.
The resulting solution was filtered using Whatman #2 filter paper,
the solution’s yellow colour intensity was measured at 410 nm on a
spectrophotometer and compared to a standard curve to determine
the concentration of released substrate. Acid phosphatase activity
was then normalized to pg of PNP released/10® cells. Cell density
was estimated by measuring the optical density at 600 nm. This
value was then converted to cells/mL using the E. coli cell density
conversion of an ODego Of 1.0 being equivalent to 8 x 10° cells/mL.

RESULTS
Soil characteristics

Selected soil chemical characteristics are shown in Table
1. In order to set up subsequent isolation experiments, it
was important that the selected soil samples were low in
available phosphorous. The results indicated that only
Pinney 1 had medium levels (28 mg kg'l) of P while the
others had either low or very low P concentrations (Table
1). The pH ranged from 6.4 to 7.0 with an average of 6.6.
The levels of potassium ranged from medium to high

(103 to 200 mg kg™) with an average of 128.7 mg kg™.
Magnesium levels were all very high and ranged from
465 to 575 mg kg™. Calcium levels were low in one of the
samples (Pinney 3) but the rest were in the medium
range (1350 to 1800 mg kg™*) with an average of 1575 mg

1

kg™

Effect of carbon source and rock phosphate on
microbial growth

Growth in all carbon source- rock phosphate
combinations was observed, except in the cellulose +
Sinda (C+S-RP) combination. Growth of glucose cultures
was faster than in both the succinate and cellulose
cultures (Table 2).

Growth was also observed in some of the no-soil
(control) cultures (Figure 2; Table 2). No- soil control
cultures with the all carbon sources tested and
Chilembwe rock phosphate combinations (G+C-RP, S+C-
RP, and C+C-RP) as well as G+S-RP and S+S-RP,
showed growth of microorganisms encapsulating the rock
phosphate. The growth observed in these control
enrichment cultures differed and depended on the
carbon-rock phosphate combinations. The G+S-RP
combination resulted in three different forms of growth
around the rock phosphate (Figure 2D-F). The cultures
with C-RP showed more growth when compared to the S-
RP cultures when cellulose was used as the carbon
source, which exhibited no growth at all (Figure 3). The
lack of growth was confirmed by failure of colonies to
develop on corresponding C+S- RP plates when 100 pl of
culture was plated.

Morphological characterization of isolates

Once individual colonies were isolated, they were
assigned a unique identity and their morphological
characteristics recorded. Over 80 colonies were isolated
and characterized (Supplemental Table 1). In summary,
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Table 2.Summary of growth in enrichment cultures after 1-week incubation at 30°C.

Soil* G+C-RP G+S-RP S+C-RP S+S-RP C+C-RP C+S-RP
P1 -+ - - + -
P2 +++++++++ +++++++++ - - + -
P3 +++++++++ ++ - + + -
P4 +++++++++ ++ - - + -
P5 ++ ++++++++ - - + -
P6 +++++++++ +++++++++ - - + -
No soil 1 + - ++ - + -
No soil 2 + + - + + -
No soil 3 - ++ - - + -

G, Glucose; S, succinate; C, cellulose; C-RP, Chilembwerock phosphate; S-RP, Sindarock phosphate. *Soils were from the
Pinney Purdue Agricultural Center in Wanatah, Indiana, USA. + indicates extent of growth after 1 week of culture; -
indicates lack of observable growth afterone week of culture.

Figure 2.Growth of microorganisms encapsulating Chilembwe
(CRP) and Sinda (SRP) rock phosphates in carbon enrichment
cultures without soil addition. A. Glucose (G) + CRP; B. Succinate

+CRP; C. Cellulose + CRP; D-F.G + SRP.

41, 28, 8, 4 and 3 isolates were obtained from G + C-RP,
G+SRP, C+C-RP, S+CRP and S+S-RP carbon source -
rock phosphate combinations, respectively, giving a total
of 86 (Table 3). Based on their characteristics, isolates
were assumed to be either bacterial or fungal (Figures 4
and 5). The bacterial isolates had circular, irregular,
rhizoid and spindle forms, with white, cream, pink, yellow
and translucent colouration. All the isolates from the S+C-
RP combination were translucent (Figure 4; Supple-
mental Table 1). The types of bacterial colony elevations
observed included flat, convex, pulvinate and umbonate.

Colony edges were filamentous, entire and undulate. The
fungal isolates had mycelia with grey, green, white or
yellow colouration. Of the 86 isolates, twenty repre-
sentative bacterial isolates were chosen for further
characterization.

Molecular characterization and tentative

identification of isolates

Based on their 16S rRNA gene sequences, 20 isolates
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Microbial mat
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the
Chilembwe
Rock
Phosphate

A- Cellulose + Chilembwe Rock Phosphate
B- Cellulose + Sinda Rock Phosphate

Figure 3.Growth of microorganisms in enrichment cultures with cellulose +
Chilembwe rock phosphate cultures, 19 days sub-culture.

Table 3.Summary of 86 isolates purified from each carbon-rock phosphate-soil combination.

Soil* G+C-RP S+C-RP C+C-RP G+S-RP S+S-RP C+S-RP
P1 3 - - 2 - -
P2 13 - - 1 - -
P3 5 - - 5 2 -
P4 7 - - 4 - -
P5 6 - - 6 - -
P6 3 - - 5 - -
No soil 1 1 4 1 - - -
No soil 2 2 - 7 1 1 -
No soil 3 1 - 4 - -
Total 41 4 8 28 3 0

G, Glucose; S, succinate; C, cellulose; C-RP, Chilembwe Rock Phosphate; S-RP, Sindarock phosphate. *Soils
were from the Pinney Purdue Agricultural Center in Wanatah, Indiana, USA.

were identified as belonging to a total of seven different
phyla. Five different bacterial genera were isolated from
the C-RP enrichments, while four were isolated from the
S- RP enrichments. Chilembwe and Sinda RP isolates
had two genera in common, Burkholderia and
Enterobacter. Isolates were most commonly identified
asEnterobacter, representing 9 out of 20 sequenced
isolates. The closest genetic matches for the
remainingisolates were to type strains in the genera
Bacillus,Burkholderia, Arthrobacter, Dyella,
Curtobacterium andBeijerinckia(Table 4) and illustrated in
a phylogenetic tree (Figure 6).

Acid phosphatase activity of selected isolates

Only a subset of six isolates identified by 16S rRNA gene

sequencing and two others were tested for growth in MM-
TCP both and for phosphatase activity. All isolates grew
in nutrient broth but three isolates could not use TCP as a
phosphate source when grown in minimal medium (Table
5). The isolates that grew in both the nutrient and TCP
broths were from the genus Enterobacter whereas
Bacillus, Curtobacterium and two isolates without 16S
rRNA gene sequences (Table 5, Figure 6) grew only in
nutrient broth. Apart from AM16S-17, all isolates tested
showed acid phosphatase activityrangian from 0.62 to
4.80, and 1.02 to 2.15 pg PNP 10° cells™ hr' in nutrient
and MM-TCP broths, respectively (Figure 7). The highest
enzyme activity (4.80 PNP x10° cells™ h™') was observed
in an unidentified isolate (AM16S-43) from the control
cultures of S+C-RP. Comparing isolates that grew in
both media, the enzyme activity was higher in MM-TCP
broth than NB for isolates from Chilembwe rock
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Figure 4.Selectedstreak plates showing bacterial isolates with varying colony forms,
colours, edges, and elevation.A. Glucose (G) + Sinda rock phosphate (SRP) - P3-38; B.
G+S-RP P4-50; C.G+ Chilembwe Rock Phosphate (CRP) P5-85; D.G+CRP P5-84;
E.Succinate (S) +CRP Control 1-47; F: S+SRP Control-2-88.

Figure 5.Selectedstreak plates showing fungal isolates.A. G + C-RP Control. B. G
+ S-RP Control.

phosphate (AM16S-19 and AM16S-21) whereas it was Chilembwe and Sinda rock phosphates were isolated
about the same for isolates from Sinda rock phosphate from the soils and control cultures. Most (69) isolates
(AM16S-25 and AM16S-88). were isolated from the cultures with glucose as the
carbon source. This was attributed to more growth in
glucose cultures resulting in more colonies on plates
DISCUSSION which were isolated compared to succinate and cellulose
(Table 2). Glucose is more readily metabolised than
A total of 86 bacterial and fungal isolates growing on cellulose and succinate by soil microorganisms. Out of
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Table 4.Best matches of 20 microbial isolates to bacterial type strains based on 16SrRNA gene sequences.

Isolate ID Carbon source Rock phosphate source Soil sample Best type strain match (RDP)* Genbank ID Identity %
AM16S-3 Glucose Chilembwe P6 Arthrobacternicotinovorans DSM 420 X80743 1395/1398 99
AM16S-4 Glucose Chilembwe P4 Arthrobacterdefluvii 4C1-a AM409361 1391/1411 99
AM16S-6 Glucose Sinda P5 Burkholderiastabilis LMG14294 AF097533 1384/1391 929
AM16S-9 Glucose Sinda P3 Curtobacteriumpusillum DSM 20527 AJ784400 1404/1412 99
AM16S-10  Glucose Sinda P4 Enterobacterasburiae JCM6051 AB004744 1349/1358 99
AM16S-11  Glucose Sinda P4 Enterobacterasburiae (T); JCM6051 AB004744 1310/1335 98
AM16S-17  Glucose Chilembwe P5 Bacillus megaterium 1AM 13418 D16273 1441/1450 99
AM16S-19 Glucose Chilembwe P2 Enterobacterasburiae JCM6051 AB004744 840/843 99
AM16S-21  Glucose Chilembwe P2 Enterobacterasburiae JCM6051 AB004744 859/869 99
AM16S-25 Glucose Sinda P6 EnterobacterasburiaeJCM6051 AB004744 7371742 99
AM16S-40  Glucose Sinda P5 Beijerinckiafluminensis UQM 1685 EU401907 1363/1374 99
AM16S-50  Glucose Sinda P4 Enterobacterasburiae JCM6051 AB004744 1345/1373 98
AM16S-51  Glucose Sinda P4 Enterobacterasburiae JCM6051 AB004744 1310/1346 97
AM16S-66  Glucose Chilembwe P2 Burkholderiacepacia ATCC 25416T u96927 1400/1407 99

Burkholderiametallica R-16017 AM747632 1403/1411 99
AM16S-67  Glucose Chilembwe P2 Burkholderiacepacia ATCC 25416T u96927 1410/1414 99

Burkholderiametallica R-16017 AM747632 1410/1414 929
AM16S-81  Glucose Chilembwe P3 Dyellakoreensis BB4 AY884571 1361/1388 98
AM16S-88  Succinate Sinda Control Enterobacterasburiae JCM6051 AB004744 787/795 99
AM16S-93  Cellulose Chilembwe P3 Enterobacterludwigii EN-119 AJ853891 1408/1414 99

*Best match to type strains determined using SeqMatch and the RDP database (Cole et al., 2014).

the total, 24 were isolated from control plates or
enrichment cultures without soil (Table 3). The
observed growth in the control cultures was
attributed to the possibility that rock phosphate
solubilizing fungi and bacteria had colonized both
the Chilembwe and Sinda rock phosphates, and
that these organisms must have been in a form
that was able to withstand the moist heat and
pressure of the autoclaving process. Some rod-
shaped, endospore forming bacteria, such as
those of the genus Bacillus have been shown to
possess this characteristic (Wolska et al., 2007).
The isolate AM16S-88, tentatively identified as

Enterobacterasburiae, from a control culture of
succinate + Sinda-RP was among this group;
species from this genus are known to be rod-
shaped, non-spore forming Gram negative bacilli
(Khunthongpan et al., 2013). This observation
prompts further analysis of these isolates.

The type of rock phosphate appeared to influence
microbial growth. The cultures with Chilembwe-
RP showed more growth of microorganisms when
compared to the Sinda-RP cultures (Table 3 and
Figure 3). The observed differences were
attributed to the possible differences in the
mineralogy and subsequent solubility between the

two rock phosphates. The Chilembwe-RP
deposits has been characterized as being
composed mainly of apatite, quartz, feldspar,
biotite, hornblend, magnetite-haematite-goethite
and ilmenite, with an average of 12 % P,0Os and a
solubility of 1-1.7% P,0Os in neutral ammonium
citrate (Appleton, 2002). In the absence of
information on the mineralogical characteristics of
the Sinda-RP, it can be inferred that Sinda-RP
potentially has an even lower solubility than
Chilembwe-RP, and therefore microorganisms
metabolizing RP as a source of P would prefer the
latter RP. Otherwise, othermineralogical attributes
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Figure 6. Phylogenetic tree of 16S rRNA gene sequences of representative isolates and most closely
related type strains. Sequence alignment was made using CLUSTAL Omega and the phylogenetic
tree generated using the neighbour-joining method with 1000 iterations. The type strain ID and
GenBank accession numbers are included in the figure.

Table 5.Summary of growth in nutrient broth and minimal medium amended with tricalcium phosphate.

Carbon + rock phosphate Acid phosphatase

Strain ID Soil source* Growth nutrient broth Growth MM-TCP broth

combination’ activity

AM16S-9 G+S-RP P3 + - Yes
AM16S-11 G+S-RP P4 + + Yes
AM16S-17 G+C-RP P5 + - No

AM16S-19 G+C-RP P2 + + Yes
AM16S-21 G+C-RP P2 + + Yes
AM16S-25 G+S-RP P6 + + Yes
AM16S-43 S+C-RP Control 1 + - Yes
AM16S-69 G+C-RP P2 + - Yes
AM16S-88 S+S-RP Control 2 + + Yes

TG, Glucose; S, succinate; C, cellulose; CRP, Chilembwerock phosphate; S-RP, Sindarock phosphate. *P, Pinney Purdue Agric. Center. Control 1
and 2 were enrichments with no soil added

may be considered to be responsible for the observed sation of the isolates, results show a wide range of
differences. characteristics and genera among the isolates so far
Based on the morphological and molecularcharacteri- identified. Previously, Bacillus spp., Rhizobia spp.,
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Figure 7.Acid phosphatase activity of microbial cells grown in nutrient and MM-tricalcium phosphate

(TCP) broths.

Azotobacterspp., Arthrobacter spp. and Burkholderia spp.
have been isolated and reported to have rock phosphate
solubilizing capacities (Halder et al., 1991; Illmer and
Schinner, 1992; Kumar et al., 2001). Fungal species such
as Trichodermaspp., Aspergillusspp., Rhizoctonia spp.
and Penicillium spp. have also been isolated and
characterized for this capability (Fankem et al., 2014;
Babana et al., 2013; Jacobs et al., 2002; Altomare et al.,
1999; Motsara, et al.,, 1995). We report here the
identification, based on the 16S rRNA gene sequences,
of 20 isolates. The results indicate a large diversity of
organisms capable of solubilizing rock phos-phate across
the two rock phosphates, including two genera that have
not previously been associated with P-solubilization,
Dyella and Curtobacterium(Table 4; Figure 6). However,
because Curtobacteriumpusillum (AM16S-9) could not
grow in TCP broth, its capabilities to effectively solubilize
RP remain questionable. The results show five different
bacterial genera from the enrichments with Chilembwe-
RP and four from the Sinda-RP.

The results of the phosphatase enzyme activity of the
10 isolates were comparable to previous research
employing this method to measure acid phosphatase
activity in bacterial isolates (Traoré, et al., 2013). Some
of the microorganisms that had acid phosphatase activity
failed to grow in TCP broth suggesting that they are
incapable of utilizing both inorganic and organic forms of
P. Previous studies have, however, shown that some
microorganisms capable of solubilizing RP by producing
low molecular weight organic acids also have acid
phosphatase activity and that 70-80% of the microbial
population in soils produce phosphatases (Plante, 2007).

In this study, that the tested organisms were incapable of
solubilizing tricalcuim phosphate after being isolated with
RP as the only source of phosphorus may be explained
by the composition of the RP. In addition, this observation
does not agree with earlier findings that show that
isolates preferred tricalcium phosphate to rock phosphate
as a source of inorganic P in culture media (Asuming-
Brempong and Keri, 2014).

In conclusion, over 80 isolates were isolated that were
able to grow on Chilembwe and Sinda rock phosphates
with varying marphological characteristics. Of these
isolates, 20 were tentatively identified based on their 16S
rRNA sequences, representing a large diversity of
organisms capable of solubilizing rock phosphate.
Biochemically, almost all the isolates tested had acid
phosphatase enzyme activity. The ability to grow in
culture, the genera represented as well as the enzyme
activity of the isolates, all depended on the type of rock
phosphate. The findings from this study provide a basis
for developing appropriate seed inocula that can enhance
availability of P from Chilembwe and Sinda RP resources
for crop production.
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Supplementary Table.Colony morphological characteristics.

Culture  Carbon- Rock Phosphate- Characteristic+S-RP Fungal/
ID Soil Form Colour Elevation Margin bacterial/ Dk
1 G+C-RP CONTROL 2 Circular Cream Flat Entire Bacterial
2 G+C-RP CONTROL 2 Fungal Grey - - Fungal
3 G+C-RP P6 Circular Cream Convex Entire Bacterial
4 G+C-RP P6 Circular Cream Convex Entire Bacterial
5 G+S-RP P5 Circular Yellow Flat Entire Bacterial
6 G+S-RP P5 Circular Yellow Flat Entire Bacterial
7 G+S-RP P5 Fungal White - - Fungal
8 G+S-RP P3 Circular Cream Pulvinate Entire Bacterial
9 G+S-RP P3 Circular Cream Pulvinate Entire Bacterial
10 G+S-RP P4 Irregular Pink- white Convex Entire Mixed
11 G+S-RP P4 Circular Cream Convex Entire Bacterial
12 G+S-RP P6 Fungal Green - - Fungal
13 G+S-RP P6 Fungal Green - - Fungal
14 G+C-RP P1 Fungal Cream - - Fungal
15 G+C-RP P1 Fungal White - - Fungal
16 G+C-RP P1 Fungal Clear - - Fungal
17 G+C-RP P5 Spindle Cream Convex Entire Bacterial
18 G+C-RP P5 Circular Orange Flat Entire Bacterial
19 G+C-RP P2 Circular Cream Convex Entire Bacterial
20 G+C-RP P2 Fungal Brown Fungal
21 G+C-RP P2 Circular Cream Convex Entire Bacterial
22 G+C-RP P3 Fungal Green - - Fungal
23 G+C-RP CONTROL 1 Fungal Yellow&green - - Fungal
24 G+C-RP P5 Circular White Flat Entire Bacterial
25 G+S-RP P6 Circular White Convex Entire Bacterial
26 G+S-RP P6 Circular White Convex Entire Bacterial
27 G+C-RP P4 Spindle Pink Convex Entire Bacterial
28 G+C-RP P4 Spindle Pink Convex Entire Bacterial
29 G+C-RP P4 Circular Pink -white Convex Entire Bacterial
30 S+S-RP P3 Circular White Raised Entire Bacterial
31 S+S-RP P3 Irregular White Raised Entire Bacterial
32 G+S-RP P5 Circular White Convex Entire Bacterial
33 G+C-RP P4 Rhizoid Cream Raised Filamentous Bacterial
34 G+C-RP P4 Filamentous  Translucent Flat Filamentous Bacterial
35 G+S-RP P1 Irregular White Umbonate Curled Bacterial
36 G+S-RP P1 Circular White Convex Entire Bacterial
37 G+S-RP P3 Circular Yellow Pulvinate Entire Bacterial
38 G+S-RP P3 Circular Yellow Entire Bacterial
39 G+S-RP P3 Circular White Umbonate Entire Bacterial
40 G+S-RP P5 Circular Translucent Pulvinate Entire Bacterial
41 G+S-RP P6 Circular Yellow Convex Entire Bacterial
42 G+C-RP P6 Fungal White - - Fungal
43 S+C-RP CONTROL 1 Irregular Translucent Flat Undulated Bacterial
45 S+C-RP CONTROL 1 Circular Translucent Convex Entire Bacterial
46 S+C-RP CONTROL 1 Circular Translucent Convex Entire Bacterial
47 S+C-RP CONTROL 1 Circular Translucent Convex Entire Bacterial
48 G+C-RP P3 Rhizoid Cream white Convex Filamentous Bacterial
49 G+C-RP P4 Circular Cream white Convex Entire Bacterial
50 G+S-RP P4 Circular Cream white Convex Entire Bacterial
51 G+C-RP P4 Circular Cream white Convex Entire Bacterial
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Culture  Carbon- Rock Phosphate- Characteristic+S-RP Fungal/
ID Soil Form Colour Elevation Margin bacterial/ Dk
52 G+S-RP P4 Circular Cream white Convex Entire Bacterial
53 G+S-RP P2 Rhizoid White Umbonate Filamentous Bacterial
54 G+S-RP CONTROL 2 Fungal Green - - Fungal
55 G+C-RP P2 Fungal White - - Fungal
56 G+C-RP P2 Fungal Green - - Fungal
57 G+S-RP CONTROL 3 Fungal White - - Fungal
58 G+S-RP CONTROL 3 Fungal White - - Fungal
59 G+S-RP CONTROL 3 Fungal Green - - Fungal
60 G+S-RP CONTROL 3 10-4 Fungal Grey - - Fungal
61 G+C-RP CONTROL 3 10-6 Fungal Grey - - Fungal
63 G+C-RP P2 Fungal Green - - Fungal
64 G+C-RP P2 Fungal Green - - Fungal
65 G+C-RP P2 Circular Cream Convex Entire Bacterial
66 G+C-RP P2 Irregular White Raised Undulated Bacterial
67 G+C-RP P2 Circular Cream Raised Entire Bacterial
68 G+C-RP P2 Circular White Raised Entire Bacterial
69 G+C-RP P2 Circular White Convex Entire Bacterial
70 G+C-RP P2 Circular White Raised Entire Bacterial
71 C+C-RP CONTROL 210-5  Circular White Umbonate Entire Bacterial
72 C+C-RP CONTROL 1 Fungal White - - Fungal
73 C+C-RP CONTROL 2 10-4 Circular White Umbonate Entire Bacterial
74 C+C-RP CONTROL 2 10-4 Circular White Raised Umbonate Bacterial

75a C+C-RP CONTROL 2 10-4 Fungal White - - Fungal
75b C+C-RP CONTROL 2 Filamentous  Cream Flat Filamentous Bacterial
76a C+C-RP CONTROL 2 10-4 Fungal White - - Fungal
76b C+C-RP CONTROL 2 Filamentous  Cream Flat Filamentous Bacterial
7 C+C-RP CONTROL 2 10-4 Fungal White - - Fungal
79 C+C-RP CONTROL 2 Filamentous  Cream Flat Filamentous Bacterial
80 G+C-RP P3 Fungal Cream Fungal
81 G+C-RP P3 Mixed
82 G+C-RP P3 Filamentous  Cream Convex Filamentous Bacterial
84 G+C-RP P5 Rhizoid Cream Raised Filamentous Bacterial
85 G+C-RP P5 Circular Mixed
86 G+C-RP P5 Spindle Cream Convex Entire Bacterial
88 S+S-RP CONTROL 2 Circular Cream Umbonate Entire Bacterial
90 G+S-RP P5 Circular Translucent Pulvinate Entire Bacterial




