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Abstract A microbial consortium was directly taken from activated sludge and was used
to solubilize rock phosphates (RPs) in a lab-scale bioreactor in this study. Results
showed that the microbial consortium could efficiently release soluble phosphorus (P)
from the RPs, and during 30-day incubation, it grew well in the bioreactor and reduced
the pH of the solutions. The biosolubilization process was also illustrated by the
observation of scanning electron microscopy combined with an energy dispersive X-
ray spectroscopy (SEM–EDX), which showed an obvious corrosion on the ore surfaces,
and most elements were removed from the ore samples. The analysis of microbial
community structure by Illumina 16S ribosomal RNA (rRNA) gene and 18S rRNA gene
MiSeq sequencing reflected different microbial diversity and richness in the solutions
added with different ore samples. A lower richness and diversity of bacteria but a higher
richness and diversity of fungi occurred in the solution added with ore sample 1
compared to that of in the solution added with ore sample 2. Alphaproteobacteria and
Saccharomycetes were the dominating bacterial and fungal group, respectively, both in
the solutions added with ore samples 1 and 2 at the class level. However, their abun-
dances in the solution added with ore sample 1 were obviously lower than that in the
solution added with ore sample 2. This study provides new insights into our understand-
ing of the microbial community structure in the biosolubilization of RPs by a microbial
consortium directly taken from activated sludge.
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Introduction

Phosphorus (P) is one of the most important macronutrients for plant growth [1]. Plant
available P is relatively low in soils because the large portion of P is often bound by calcium
(Ca) and magnesium (Mg) in calcareous soils and by iron (Fe) and aluminum (Al) in acidic
soils, resulting in less available for the plant [2].

To reduce P deficiencies and ensure plant productivity, the use of natural rock phosphates
(RPs) as an alternative source of P fertilizer has received significant interest in recent years and
more particularly in China, the second-largest producer of RPs (behind the USA).
Unfortunately, RPs is not plant available where the pH of the soils is greater than 5.5–6.0 and
even when conditions are optimal, plant yields are lower than those obtained with soluble P [3].

Traditionally, RPs was chemically processed with sulfuric acid or phosphoric acid into P
fertilizer. However, this strategy is not recommended to process mid-low grade RPs because of
its high cost and inevitably environmental pollution [4].

With the current tendency for reduced process cost and environmental pollution,
interest in biosolubilization of RPs through the action of P-solubilizing microorganisms
and its use in agriculture are receiving greater attention recently. Naturally occurring P-
solubilizing microorganisms can solubilize RPs and release a soluble form of P (HPO4

2−

and H2PO4
−) into the soils solution where solubilized P can be absorbed by plant roots

[5–7]. This process has been traditionally associated with chelation, ion exchange, and
the production of organic acids [8, 9].

However, most current studies on biosolubilization of RPs were limited in only using single
or few known strains. It was suggested that in bioleaching operations, multiple microorgan-
isms assist bioleaching activities more effectively when presented as symbiotic consortia [10].
Hence, more researches are needed to understand the usage of various microbial consortia for
the biosolubilization of RPs. In addition, most studies focused on the isolation of P-
solubilizing microorganisms from soils, and seldom report is available so far in literature for
biosolubilization of mid-low grade RPs by microorganisms collected from activated sludge. In
this study, a microbial consortium enriched from activated sludge of a municipal wastewater
treatment plant in Canada was used to solubilize mid-low grade RPs. Chemical analysis of the
release of soluble P, pH, and microbial growth in the bioreactor was performed to follow the
overall process. The analyses of ore surfaces by scanning electron microscopy and energy
dispersive X-ray spectroscopy (SEM–EDX) to assess the corrosivity of the microbial consor-
tium to the RPs were also examined. For a comprehensive understanding of the activity and
distribution of the solution containing different RP samples, their microbial community
structures were analyzed based on high-throughput Illumina MiSeq sequencing platform.
The results in this study would provide theoretical guidance for the practical application of
microbial consortium from activated sludge in the biosolubilization of mid-low grade RPs in a
lab-scale bioreactor.

Materials and Methods

RP Samples

The samples of mid-low grade RPs used in this study were obtained from the Yunnan
phosphate mines in China. They were originated from marine sedimentary phosphorite
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deposit. The main elements in the ore samples by X-ray fluorescence (XRF) analysis are
shown in Table 1. X-ray diffraction (XRD) analysis showed that ore sample 1 was mainly
composed of quartz and francolite, and ore sample 2 was mainly composed of quartz,
dolomite, and francolite. Ore samples used inside the bioreactor were initially crushed and
screened to a particle size in the range of 100–200 mesh before used.

Microorganisms

Activated sludge was collected from a municipal wastewater treatment plant in
Edmonton, Canada. The microbial consortium in activated sludge were enriched by a
modified Pikovskaya medium consisted of the following compounds (per liter): 10 g
glucose, 0.5 g yeast extract, 0.5 g (NH4)2SO4, 0.2 g KCl, 0.1 g MgSO4·7H2O,
0.0001 g MnSO4·H2O, and 0.0001 g FeSO4·7H2O [11]. About 5 g/L Ca3(PO4)2 was
added to the medium as a sole P source for selectively screening of P-solubilizing
microorganisms. The enrichment was carried out in 2.5 L aeration tank aerated at a
rate of 45 L/h of air at ambient temperature and initial pH 7 for 3 days, and
subcultured at 2-week intervals.

Biosolubilization Experiments

The biosolubilization experiments were performed in a 2.5 L completely mixed batch
bioreactor agitated by stirring at 200 rpm and aerated at a flow of 1.2 L/min. Two liters
of reaction solution including modified Pikovskaya medium inoculated with microbial
consortium was added to each bioreactor. The concentration of the microbial consortium
in reaction solution was adjusted to optical density (OD) at 0.6 under 600 nm by a
spectrophotometer before used in this study. Autoclaved, uninoculated medium served as
control. The two samples of RPs were then fed into the bioreactor at 2% (w/w),
respectively. The experiment was entirely tested at ambient temperature and initial pH
7 for 30 days. During the experiment, 50 mL solution was taken daily from the
bioreactor and analyzed to determine microbial growth, pH, and soluble P content. All
experiments were performed in triplicate.

SEM–EDX Analysis

A small amount of ore residues were taken at random from the bioreactor on operation days 10
and 30. The residues were washed three times with P buffer and dehydrated by using a graded
ethanol series, air-dried, and gold-coated for SEM–EDX observation. The analysis was
performed using a VEGA3 (TESCAN, Czech) SEM equipped with an energy dispersive
spectrometer at an accelerating voltage of 20 kV.

Table 1 The main elements in the ore samples (%)

P2O5 MgO SiO2 CaO Fe2O3 Al2O3 K2O MnO TiO2 Na2O F

Ore sample 1 22.62 6.23 10.38 40.71 0.85 0.81 0.33 0.28 –a 4.70 2.79

Ore sample 2 21.08 1.00 34.80 31.57 1.32 2.09 0.50 0.26 0.14 – –

a Not detected
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Microbial Community Analysis

After 30 days operation, microorganisms in the bioreactor were sampled to analyze the
microbial community inside them via Illumina MiSeq sequencing. Genomic DNA was first
extracted from the bioreactor using the PowerBiofilm™ DNA Isolation Kit (MO BIO
Laboratories, Inc., Carlsbad, CA, USA) according to its standard procedure.

Sequencing amplicon libraries were generated by PCR following the B16S Metagenomic
Sequencing Library Preparation - Preparing 16S Ribosomal RNA Gene Amplicons for the
Illumina MiSeq System^ protocol (Illumina Part # 15044223 Rev. B, https://support.illumina.
com). Internal parts of the 16S ribosomal RNA (rRNA) gene, covering variable regions V3
and V4, were PCR-amplified with the KAPA HiFi HotStart ReadyMix (KAPA Biosystems)
and the primers 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTAC
GGGNGGCWGCAG-3′ and 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AGGACTACHVGGGTATCTAATCC-3′ and purified with the Agencourt AMPure XP kit
(Beckman Coulter Genomics). 18S ribosomal RNA primers are: 5′-TCGTCGGCAGCGTC
AGATGTGTATAAGAGACAGCCAGCASCYGCGGTAATTCC-3′ and 5′-GTCT
CGTGGGCTCGGAGATGTGTATAAGAGACAGACTTTCGTTCTTGATYRA-3′. The
PCR process was conducted as follows: 95 °C for 3 min, followed by 25 cycles at 95 °C
for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final extension at 72 °C for 5 min. PCR reactions
were performed in triplicate. Each 25 μL PCR reaction mixture contained 12.5 ng of microbial
DNA, 5 μL of each primer (1 μM), and 12.5 μL 2× KAPA HiFi HotStart ReadyMix. Purified
amplicons were pooled in equimolar and sequenced on an Illumina MiSeq platform using the
MiSeq Reagent Kit v3 in the 2 × 300 bp Paired-End mode. The sequencing data analysis was
conducted by Mothur [12] following MiSeq SOP (http://www.mothur.org/wiki/MiSeq_SOP).
Firstly, the raw paired-end reads were assembled to reduce sequencing and PCR errors of the
reads, and then the reads containing ambiguous bases, incorrect barcode or primer sequences,
or longer than 275 bp were excluded from further analysis. Putative chimeras were detected
and excluded from previously treated sequences with UCHIME algorithm within Mothur.
Taxonomy was assigned with Silva database using kmer searching method with cutoff of 80%.
Reads were clustered into operational taxonomic units (OTUs) at 97% identity. Rarefaction
and diversity statistics including library coverage, Chao value, and Shannon index were
calculated for each sample after OTUs clustered. Finally, the raw reads were deposited into
the National Center for Biotechnology Information Sequence Read Archive (SRA) database
under accession SRP066037.

Analytical Methods

Microbial growth was measured as the optical density at 600 nm using a spectrophotometer
(UV-3600; Shimadzu Corporation, Kyoto, Japan). The pH in the broth was recorded using
water with a pH meter (AR 15, Accumet, Fisher Scientific) equipped with glass electrode (Cat.
#13-620-108, Accumet, Fisher Scientific). Content of soluble P in the solution was determined
by using the vanadium–ammonium molybdate colorimetric method by taking KH2PO4 as a
standard according to the Standard Methods for Examination of Water and Wastewater [13].
The soluble P was expressed in terms of milligrams per liter P released in the solution. Values
were given as mean ± standard deviation for triplicate samples. Data were analyzed by analysis
of variance (ANOVA) and the means were compared with Duncan’s multiple range test
(DMRT) at P < 0.05 level.
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Results and Discussion

RP Biosolubilization by Microbial Consortium from Activated Sludge

A microbial consortium from activated sludge was used to solubilize mid-low grade RPs in a
lab-scale bioreactor in this study. The concentration of the microbial consortium, pH, and
content of soluble P in the solution with the two ore samples is illustrated in Fig. 1. Results
showed that the microbial consortium could grow well during 30 days inoculation, although
obvious fluctuation of the microbial concentration was observed during the experiment. The
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Fig. 1 Changes in microbial concentration, pH, and content of soluble P in solutions added with different ore
samples (a ore sample 1, b ore sample 2). Results represent the mean of three replicates ± standard deviation
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pH in the solution decreased sharply from the start of the experiment to the third day, and then
the pH was fluctuant and kept at values of 3–5 for the duration of the experiment.

As a result of pH reduction, a significant increase of soluble P in the solution was observed
during the experiment. The result showed that the microbial consortium could effectively
solubilize the RPs in the lab-scale bioreactor. As for the two different ore samples, the
microbial consortium could solubilize ore sample 2 (Fig. 1b) more effective than that of ore
sample 1 (Fig. 1a). Moreover, ore sample 2 effected the larger reduction of pH than that of ore
sample 1. However, there was no obvious difference of the microbial concentration in the
solutions between with the two ore samples.

SEM–EDX Analysis

SEM observation revealed the morphological features of ore residue surfaces solubilized by
the microbial consortium after 10 and 30 days (Fig. 2). As it can be seen from the images, the
surfaces of ore samples without biosolubilization (Fig. 2a, b) were approximately smooth
compared to surfaces in the presence of the microbial consortium, which presented as scraggly
and formed many chasms (Fig. 2c, d, e, f). This suggests that the corrosion of the ore surface is
due to the proton attack and thus made it scraggly and formed many chasms. In all cases, the
microbial consortium could make different extents of corrosion of the residue surfaces with
different ore samples, and the corrosion was becoming more serious when the action time was
increased from 10 to 30 days.

EDX analyses were performed on all these features individually in order to find out if
the amounts of the elements in the ore residues, especially P and Ca, had any changed.
Results exhibit an obvious reduction of elements P and Ca in the residues of both ore
sample 1 and ore sample 2 solubilized by the microbial consortium compared to the
control (Fig. 3). It indicated that the main composition of RPs had undergone an obvious
transformation, and it was solubilized successfully by the microbial consortium.
Similarly, different extents of transformation were performed with different ore samples,
and the amounts of P and Ca were reduced obviously when the action time increased
from 10 to 30 days.

Microbial Community Structures

Since the functions and behavior of microorganism influenced the microbial concentration and
activity, further investigation by Illumina MiSeq sequencing was conducted to analyze the
microbial community diversities and phylogenetic structures of the microorganisms in the
solution added with different ore samples. Totally, 859,737 optimized sequences of the 16S
rRNA gene and 726,392 optimized sequences of the 18S rRNA gene that widely represented
the diversity of microbial community after removing low quality sequences and chimeras were
generated from the microorganisms in the solutions added with ore sample 1 and ore sample 2,
respectively. The sequence information of the samples and calculated microbial diversity index
are listed in Table 2.

Illumina MiSeq sequencing results revealed the significant difference of microbial diversity
between the solution added with ore sample 1 and ore sample 2. A total of 2582 bacterial
OTUs and 4681 fungal OTUs from the solution added with ore sample 1 were obtained based
on 97% similarity, while a total of 4826 bacterial OTUs and 3160 fungal OTUs from the
solution added with ore sample 2 were obtained based on 97% similarity (Table 2).
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The number of OTUs indicates the richness of the microbial community, whereas Shannon
indexes represent the microbial diversity [14, 15]. The richness of the microorganisms was
analyzed by number of OTUs through the rarefaction curve (Fig. 4). Results showed a lower

Fig. 2 SEM images of typical ore surface. a Ore sample 1 without biosolubilization (control). b Ore sample 2
without biosolubilization (control). c Ore sample 1 after 10 days of operation. d Ore sample 2 after 10 days of
operation. e Ore sample 1 after 30 days of operation. f Ore sample 2 after 30 days of operation
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richness of bacteria but a higher richness of fungi occurred in the solution added with ore
sample 1 compared to that of in the solution added with ore sample 2. Although curves show
similar patterns, none of the curves approached a plateau, suggesting that further sequencing
would have resulted in more OTUs in each group [16].

Analysis of Shannon index revealed that the diversity of the bacterial community in the
solution added with ore sample 1 was lower than that in the solution added with ore sample 2,
whereas the diversity of the fungal community in the solution added with ore sample 1 was
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Fig. 3 Typical EDX spectrums and elements content (embedded table) of the ore surface. a Ore sample 1
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higher than that in the solution added with ore sample 2 (Table 2 and Fig. 2). A possible
explanation for the differences of microbial community structure after application of activated
sludge with different RPs could be related to the differences in the elemental composition of
the two RPs. Several studies have indicated that mineral composition influences not only
quantitative differences in the microbial concentration but also the microbial community
structure [17–19].

All sequences were classified to the class level according to the Mothur software using the
Silva classifier (Fig. 5). Results showed that multiple microorganisms existed in the microbial
consortium from activated sludge, and they were jointly responsible for the biosolubilization of
RPs. Many studies also indicated that activated sludge is a highly complex biological mixture
with bacteria as the dominant group, but also contains eukaryotes, archaea, and viruses as
determined by conventional molecular techniques and next-generation sequencing methods
[20, 21]. These mixed microbial cultures can be used as seeds in biological conversion
processes and enable them to better survive in the heterogeneous and challenging environment
often encountered in the biosolubilization of mid-low grade RPs.

The relative bacterial community abundances at the class level of the microorganisms in the
solutions added with ore sample 1 and ore sample 2 are illustrated in Fig. 5a. The relative
abundances of dominant taxa varied between the microorganisms in the two solutions. Based
on average abundance analysis, the bacteria in the solution added with ore sample 1 were
mainly composed of TM7_class_incertae_sedis (34.52%), Alphaproteobacteria (21.76%),
Gammaproteobacteria (19.84%), and Flavobacteria (9.91%). The most abundant bacterial
species in the solution added with ore sample 2 belonged to Alphaproteobacteria, which
abundances was 82.68%, obviously higher than that in the solution added with ore sample 1.

As is well known, Alphaproteobacteria was highly versatile in pollutant degradation
capacities and detected in various biotreatment systems such as phenol-containing wastewater,
domestic wastewater and coking wastewater [22]. In this study, Alphaproteobacteria was the
dominant class, especially in the solution added with ore sample 2. This observation was
similar to what was observed in studies on activated sludge using microarray analysis [23, 24].

The relative fungal community abundances at the class level are presented in Fig. 5b.
Results showed that Saccharomycetes was the only dominant fungi at the class level in the
solutions, especially in the solution added with ore sample 2, which abundances reached to
99.41%. However, its abundance in the solution added with ore sample 1 is 44.87%, which

Table 2 Community richness and diversity indices for bacteria and fungi in solutions added with ore sample 1
and ore sample 2 at a genetic distance of 3%

Sampling site Optimized
sequencing
number

OTU
number

Coverage
(%)

Chao Shannon
index

Bacteria in solution added
with ore sample 1

746,283 2582 99.7 19,545
(16,550, 23,181)

1.57

Bacteria in solution added
with ore sample 2

767,155 4826 99.5 29,492
(26,553, 32,827)

3.25

Fungi in solution added with
ore sample 1

510,677 4681 99.4 16,401
(15,121, 17,837)

2.68

Fungi in solution added with
ore sample 2

674,934 3160 99.6 17,234
(15,224, 19,580)

0.86
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was obviously lower than that in the solution added with ore sample 2. Notably, 53.53% were
not classified at the class level in the solution added with ore sample 1. The results of this study
further indicated the existence of multiple organisms in the microbial consortium from
activated sludge, and further studies are required in order to determine these unclassified
organisms.

The diversity and abundance of both bacterial species and fungal species were different in
the solutions added with ore samples 1 and 2. It indicated that the microbial composition can
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Fig. 4 Rarefaction curves and Shannon curves of bacterial community (a) and fungal community (b) in
solutions added with ore sample 1 and ore sample 2 at a 97% similarity level
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vary greatly with different ore samples. The microbial composition of activated sludge can
vary greatly with source, temperature, pH, organic loading, environmental conditions, and
operational parameters [25]. Therefore, the cause for the different structures of microbial
community in the solutions added with different ore samples needs further studies.

Conclusions

A microbial consortium directly taken from activated sludge could efficiently solubilize mid-
low grade RPs in a lab-scale bioreactor with modified Pikovskaya medium. During the 30-day
incubation, the microbial consortium grew well in the bioreactor and reduced the pH in the
solutions, which caused an acidic environment and thus facilitated the biosolubilization of the
RPs. The biosolubilization process was also illustrated by SEM–EDX observations. Illumina
MiSeq sequencing reflected different microbial community structures in the solutions added
with different ore samples. A lower richness and diversity of bacteria but a higher richness and
diversity of fungi occurred in the solution added with ore sample 1 compared to that in the
solution added with ore sample 2. Multiple microorganisms existed in the microbial consor-
tium from activated sludge, and the relative abundances of dominant taxa varied from different
ore samples.
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