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a b s t r a c t

In order to prepare the multi-functional biofertilizer, thermo-tolerant phosphate-solubilizing microbes
including bacteria, actinomycetes, and fungi were isolated from different compost plants and biofertilizers.
Except Streptomyces thermophilus J57 which lacked pectinase, all isolates possessed amylase, CMCase,
chitinase, pectinase, protease, lipase, and nitrogenase activities. All isolates could solubilize calcium
phosphate and Israel rock phosphate; various isolates could solubilize aluminum phosphate, iron
phosphate, and hydroxyapatite. During composting, biofertilizers inoculated with the tested microbes
had a significantly higher temperature, ash content, pH, total nitrogen, soluble phosphorus content, and
germination rate than non-inoculated biofertilizer; total organic carbon and carbon-to-nitrogen ratio
showed the opposite pattern. Adding these microbes can shorten the period of maturity, improve the
quality, increase the soluble phosphorus content, and enhance the populations of phosphate-solubilizing
and proteolytic microbes in biofertilizers. Therefore, inoculating thermo-tolerant phosphate-solubilizing
microbes into agricultural and animal wastes represents a practical strategy for preparing multi-functional
biofertilizer.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In addition to nitrogen, phosphorus is one of the most
important nutrients for plant growth. Phosphorus contributes to
the biomass construction of micronutrients, the metabolic process
of energy transfer, signal transduction, macromolecular biosynthe-
sis, photosynthesis, and respiration chain reactions (Shenoy and
Kalagudi, 2005). Unfortunately, phosphorus is one of the least
available and the least mobile mineral nutrients for plants in the
soil (Takahashi and Anwar, 2007). Many soils have a high reserve
of total phosphorus accounting for about 0.05% of soil content on
average; however, only 0.1% of the total phosphorus is available
to plants (Zou et al., 1992). Therefore, phosphatic fertilizers, such
as costly chemical fertilizers that contain large amounts of soluble
phosphorus, have been applied to the agricultural fields to maxi-
mize production (Del Campillo et al., 1999; Shenoy and Kalagudi,
2005). However, the soluble phosphorus in phosphatic fertilizers
is easily and rapidly precipitated to insoluble forms with cations
such as Ca2+, Fe3+, Al3+, Co2+, or Zn2+, or adsorbed to calcium car-
bonate, aluminum oxide, iron oxide, and aluminum silicate,
ll rights reserved.
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depending on the particular properties of the soil (Del Campillo
et al., 1999; Wakelin et al., 2004). This transformation decreases
the efficiency with which soluble phosphorus can be taken up by
the plants and decreases the effectiveness of the fertilizer, resulting
in the application of increasing amounts of phosphatic fertilizers to
agricultural fields. The unmanaged use of phosphatic fertilizers has
increased agricultural costs and instigated a variety of environ-
mental problems (Del Campillo et al., 1999). Therefore, the concept
of adding phosphate-solubilizing microbes to fertilizers as provid-
ers of soluble phosphorus presents an economically and environ-
mentally promising strategy.

Phosphate-solubilizing microbes play fundamental roles in bio-
geochemical phosphorus cycling in natural and agricultural eco-
systems. Phosphate-solubilizing microbes can transform the
insoluble phosphorus to soluble forms HPO2�

4 and H2PO�4 by acidi-
fication, chelation, exchange reactions, and polymeric substances
formation (Delvasto et al., 2006). Therefore, the use of phos-
phate-solubilizing microbes in agricultural practice would not only
offset the high cost of manufacturing phosphatic fertilizers but
would also mobilize insoluble phosphorus in the fertilizers and
soils to which they are applied (Rodríguez and Fraga, 1999). Appli-
cation of the phosphate-solubilizing microbes Agrobacterium, Bacil-
lus, Enterobacter, Pseudomonas, Aspergillus, Trichoderma and Glomus
around the roots of plants, in soils, and in fertilizers has been
shown to release soluble phosphorus, promote plant growth, and
protect plants from pathogen infection (Rodríguez and Fraga,
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1999; Rudresh et al., 2005; Zayed and Abdel-Motaal, 2005a,b;
Biswas and Narayanasamy, 2006; Ouahmane et al., 2007).

Compost preparation is very popular in Taiwan and Asian coun-
tries as a means of recycling agricultural by-products, poultry, live-
stock, industrial, and municipal wastes. The application of compost
to soil can improve the soil quality, supply nutrients to plants and
soil microbes, and reduce environmental pollution (Yang, 2003),
and inoculation of the appropriate microbes during compost prep-
aration can shorten the maturity period and improve the quality of
compost (Yang and Chen, 2003; Zayed and Abdel-Motaal, 2005a,b;
Biswas and Narayanasamy, 2006). However, all phosphate-solubi-
lizing microbes studied and applied to date have been mesophiles
that could only be used under mesophilic conditions. These types
of microbes are not appropriate for biofertilizer preparation at
the high temperatures (over 50 �C) that occur during the first stage
of composting (Yang and Chen, 2003).

In Taiwan, more than 60% of farmland soils are acidic and their
organic contents are less than 2% due to the high temperature, fre-
quent rainfall, and intensive agriculture (Huang, 1991). Therefore,
about 20 tons of organic matter per hectare per year is used to re-
duce the mineralization and phosphorus immobilization in soil, to
improve the soil quality, and to recover the soil fertility (Lee, 1999).
In 2006, the annual animal solid waste production was 13.1 million
tons. Chicken waste was the major component, accounting for
44.3%, followed by hog waste, which accounted for 39.4% (Yang
et al., 2003; Council of Agriculture/Taiwan, 2007). These animal
wastes can be mixed with various biological bulking materials,
such as agricultural by-products, crop residue, tea residue, saw-
dust, vegetable-market waste, waste mushroom media, food pro-
cessing waste, and municipal refuse, and then inoculated with
the appropriate microbes to prepare biofertilizers with high solu-
ble phosphorus content (Yang, 2003).

Composting is a microbiological process that transforms
various organic wastes into biofertilizers and soil conditioners.
Microbes that survive compost preparation can adapt to wide
temperature variations, tolerate high temperatures, and have
various enzyme activities responsible for decomposing complex
organic wastes (Yang, 2003). Therefore, we isolated thermo-
tolerant multi-functional phosphate-solubilizing microbes from
different stages of compost preparation and from different biofer-
tilizers, and investigated the effects of these microbes on the
maturity, quality, and phosphorus-movement of compost during
biofertilizer preparation.
2. Methods

2.1. Raw materials

The agricultural and animal wastes were kindly provided from
one compost plant located in Taoyuan County, Taiwan. The wastes
were crushed into the granules roughly below 40.0 mm in diame-
ter and contained 15% chicken waste, 15% Chinese herbal residue,
35% sawdust, 10% tea residue, 10% paper pulp, and 15% mixture of
food proceeding sludge and waste form poultry and livestock
slaughter houses. The raw materials had pH 6.9 ± 0.1, moisture
content of 51.9 ± 1.2%, ash content of 39.3 ± 6.0%, total organic car-
bon of 47.0 ± 1.8%, total nitrogen of 1.83 ± 0.08%, carbon-to-nitro-
gen (C/N) ratio of 25.8 ± 1.6, soluble phosphorus content of
4.1 ± 0.3 g kg�1, total phosphorus content of 33.3 ± 0.3 g kg�1,
and alfalfa seed germination rate of 54.7 ± 2.3%.

2.2. Tested microbes

Thermo-tolerant phosphate-solubilizing microbes including
three bacteria (Bacillus coagulans C45, Bacillus licheniformis A3,
Bacillus smithii F18), one actinomycete (Streptomyces thermophilus
J57), and one fungus (Aspergillus fumigatus O4) were isolated from
different compost plants and biofertilizers. Brevibacillus borstelensis
SH168, Streptomyces thermonitrificans NTU-88, and A. fumigatus
NTU-132 were used as reference strains (Chang et al., 2001; Yang
and Chen, 2003; Tsai et al., 2007). The bacteria and actinomycetes
were cultivated in nutrient agar; while fungi were cultivated in po-
tato dextrose agar.

2.3. Enzyme activity

Enzyme activity was measured by plate and broth assay at 25
and 50 �C for 5 and 10 days, respectively. a-Amylase activity was
assayed by soluble starch-yeast extract medium (Tsai et al.,
2007; Kammoun et al., 2008). CMCase activity was determined
by Mandels–Reese medium with carboxymethylcellulose as the
sole carbon source (Tsai et al., 2007; Lee et al., 2008). Protease
activity was assayed by skim milk medium (Tsai et al., 2007; Mah-
anta et al., 2008). Chitinase and pectinase activities were deter-
mined in Mandels–Reese medium with chitin and pectin as the
sole carbon source, respectively (Mandels et al., 1981; Tsai et al.,
2007). Lipase activity was measured with tributyrin medium (Tsai
et al., 2007). Nitrogenase activity was determined in Winograd-
sky’s nitrogen-free mineral medium. Excluding nitrogenase, the
halo ratios of clear zone (CZ)/ colony size (CS) were calculated as
enzyme activity indices (EAI), while CS was used to evaluate nitro-
genase activity (Aquilanti et al., 2004).

2.4. Inorganic phosphate-solubilizing activity

Inorganic phosphate-solubilizing activity was measured by
plate and broth assay at 25 and 50 �C, respectively. Pikovskaya’s
medium (PVK) was used to measure calcium phosphate
[Ca3(PO4)2]-solubilizing activity, while PVK replaced with 5 g of
aluminum phosphate (AlPO4), iron phosphate (FePO4), hydroxyap-
atite (HA), or Israel rock phosphate (RP) from tricalcium phosphate
as the sole phosphorus source was used to measure AlPO4, FePO4,
HA, and RP-solubilizing activities, respectively (Reddy et al., 2002).
Plate assays were performed for 5 days, and the phosphate-solubi-
lizing activity index (PSAI = CZ/CS) was calculated (Nautiyal, 1999;
Chang et al., 2001). Broth assays were performed for 10 days, and
pH and soluble phosphorus in the supernatant were determined
with a pH meter (Horiba pH meter F-21) and by the colorimetric
molybdate blue method, respectively (Olsen and Sommers, 1982;
Nautiyal, 1999).

2.5. Biofertilizer preparation

Each gram of dry raw material was inoculated with tested mi-
crobes at about 1 � 105 CFU cells, spores, and fragments of bacte-
ria, actinomycetes, and fungi, respectively, at an initial moisture
content of 60–65% in a 35-l impermeable plastic container (37-
cm inner diameter at the top, 28-cm inner diameter at the bottom,
and 45-cm height). The compost was turned over every three to
four days for 56 days. Non-inoculated raw material was used as
the control (Yang and Chen, 2003).

2.6. Microbial populations

Microbial populations were determined by serial dilution and
pour plate methods. Mesophilic microbes were grown at 25 �C
and thermo-tolerant microbes were grown at 50 �C for five days.
Bacteria, actinomycetes, fungi, phosphate-solubilizing bacteria,
phosphate-solubilizing actinomycetes, phosphate-solubilizing fun-
gi, and proteolytic microbes were counted on nutrient agar (NA),
glycerol-yeast extract agar, Rose-Bengal agar, PVK, glycerol-yeast
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extract agar replaced with 5 g of Ca3(PO4)2 from KH2PO4 as the sole
phosphorus source, Rose-Bengal agar with 5 g of Ca3(PO4)2 from
KH2PO4 as the sole phosphorus source, and skim milk agar, respec-
tively (Reddy et al., 2002; Zayed and Abdel-Motaal, 2005a,b; Chang
and Yang, 2006; Tsai et al., 2007).

2.7. Analysis

Temperatures were determined in situ with a mercury ther-
mometer. pH was measured directly in the tested composts or in
1:10 (w v�1) compost to water suspensions using a pH meter.
Moisture content was determined by drying samples at 105 �C to
a constant weight. Ash content was measured after heating at
550 �C for 24 h. Total organic carbon was estimated using a TOC-
5000A total organic carbon analyzer (Code HI 8424 C, Shimadzu,
Japan; Hegde et al., 2003). Total nitrogen was measured by a mod-
ified Kjeldahl method (Yang et al., 1991). Alfalfa seed germination
rate was determined as described by Pai et al. (2003). The dry
weight loss was the percentages of dry weight decreasing during
preparation. The dry weights of composts were counted as fresh
weight minus moisture content (Chang and Yang, 2006). Color
and odor were judged personally. Total phosphorus was measured
by the colorimetric molybdate blue method following Kjeldahl
digestion. Soluble phosphorus was extracted using Bray no. 1
extraction solution (0.025 N HCl and 0.03 N NH4F) and determined
by the colorimetric molybdate blue method (Olsen and Sommers,
1982; Chang and Yang, 2006).

2.8. Statistical analysis

All experiments were carried out in triplicate or more. All data
are reported as means ± SD (standard deviation). The Independent-
Samples t-test was used to compare means and the variance homo-
geneity determination (ANOVA) was conducted with the General
Linear Model using type II sum of squares and Tukey’s Honestly
Significant Difference (P = 0.05) using statistical analysis system
software (SAS Institute, 2002).
3. Results and discussion

3.1. Isolation of phosphate-solubilizing microbes

The composts were gathered from one hog waste compost
plant, five chicken waste compost plants, two cow waste compost
plants, two commercial biofertilizers, and two biofertilizer prepa-
rations consisting of rice straw, hog, and poultry wastes treated
with polyelectrolyte oxygen detoxifier. The temperatures of chick-
en, cow, and hog waste composts, and biofertilizers were 19–84,
31–77, 19–74, and 26–62 �C, respectively. The total phosphorus
contents were 23–92, 23–29, 10–55, and 12–27 g kg�1, respec-
tively. Therefore, all the samples were the suitable sources to iso-
late thermo-tolerant phosphate-solubilizing microbes, and 977
phosphate-solubilizing microbes were isolated. It included 202
mesophilic bacteria, 621 thermo-tolerant bacteria, 40 mesophilic
actinomycetes, 49 thermo-tolerant actinomycetes, 42 mesophilic
fungi, and 23 thermo-tolerant fungi. After performing a series tests
of phosphate-solubilizing and enzyme activities, three bacteria (B.
coagulans C45, B. licheniformis A3, B. smithii F18), one actinomycete
(S. thermophilus J57), and one fungus (A. fumigatus O4) isolates
were selected. At 50 �C in PVK medium, B. coagulans C45 had yel-
lowish-white and formed round colonies, B. licheniformis A3
formed white and hairlike colonies, B. smithii F18 formed white
and round colonies, S. thermophilus J57 had yellowish-brown and
round colonies, and A. fumigatus O4 formed yellow and round
colonies.
3.2. Thermo-tolerant test

Bacillus coagulans C45, B. licheniformis A3, and B. smithii F18
grew on nutrient agar at 25–75 �C, while S. thermophilus J57 grew
at 25–65 �C. Aspergillus fumigatus O4 grew on potato dextrose
agar at 25–65 �C. Bacillus coagulans C45, B. smithii F18, S. thermo-
philus J57, and S. thermonitrificans NTU-88 had the significantly
(P < 0.001) largest colonies at 50 �C; however, A. fumigatus O4
and A. fumigatus NTU-132 had the significantly (P < 0.001) largest
colonies at 25 �C. Bacillus licheniformis A3 and Bv. borstelensis
SH168 formed swarming colonies at 50 �C. Bacillus coagulans C45,
B. licheniformis A3, and B. smithii F18 had cell densities of
1.4 ± 0.2 � 1010, 1.4 ± 0.1 � 1010, and 1.3 ± 0.3 � 1010 CFU ml�1 at
50 �C for 2 days incubation in PVK broth, respectively; while the
cell densities were 9.3 ± 0.8 � 109, 8.5 ± 1.8 � 109, and 2.3 ± 0.2 �
109 CFU ml�1 at 25 �C. Streptomyces thermophilus J57 and A. fumig-
atus O4 had the mycelium dry weights of 5.3 ± 0.2 and 3.1 ± 0.3 mg
ml�1, respectively at 50 �C in PVK broth where tricalcium phos-
phate was replaced by RP as the sole phosphorus source. The
mycelium dry weights were 4.2 ± 0.4 and 6.8 ± 0.2 mg ml�1 at
25 �C, respectively. The phosphate-solubilizing bacteria had been
isolated from the root-free soil, rhizosphere, and rhizoplane in
alkaline soils (Johri et al., 1999), the rhizosphere of chickpea and
alkaline soils (Nautiyal et al., 2000), and coastal sand dune legumes
(Arun and Sridhar, 2005). However, they grew and solubilized
phosphate at 35–45 �C only. In this study, B. coagulans C45, B.
licheniformis A3, B. smithii F18, S. thermophilus J57, Bv. borstelensis
SH168, and S. thermonitrificans NTU-88 were thermo-tolerant mi-
crobes and grew faster at 50 �C than at 25 �C, while A. fumigatus
O4 and A. fumigatus NTU-132 were mesophilic microbes and grew
faster at 25 �C than at 50 �C. All the tested strains could tolerate
high temperatures to grow and solubilize phosphate during
composting.

3.3. Enzyme activity

The enzyme activities of tested isolates are shown in Tables 1
and 2. At 50 �C, B. coagulans C45, B. licheniformis A3, B. smithii F18,
Bv. borstelensis SH168, S. thermonitrificans NTU-88, A. fumigatus
O4 and A. fumigatus NTU-132 had amylase, CMCase, chitinase,
pectinase, protease and lipase activities; S. thermophilus J57 had
all enzyme activities except pectinase. Bacillus coagulans C45, B.
licheniformis A3, and S. thermophilus J57 manifested higher ther-
mo-stable a-amylase activities than 65.23 U ml�1 and 53 U ml�1

produced by Bacillus sp. PN5 (Saxena et al., 2007) and isolate
Bacillus sp. YX-1 (Liu and Xu, 2008), respectively. All tested
strains possessed higher CMCase activities than that of thermo-
philic Bacillus spp. (about 5.6 U ml�1) grown at 20–60 �C isolated
from composts (Mayende et al., 2006). Bacillus coagulans C45, B.
licheniformis A3, and B. smithii F18 had higher protease activities
grown at 50 �C than 25 �C that was similar as the thermo-stable
protease generated by thermophilic Bacillus sp., such as B.
licheniformis and B. stearothermophilus (Haki and Rakshit, 2003).
Therefore, all the tested isolates had much presumable potential
for many industrial and biotechnical applications. Regarding to
nitrogenase activity, B. coagulans C45, B. licheniformis A3, S. ther-
mophilus J57, S. thermonitrificans NTU-88, A. fumigatus O4, and
A. fumigatus NTU-132 had colony sizes of 2.4 ± 0.2, 4.0 ± 0.3,
1.7 ± 0.5, 8.2 ± 0.2, 26.2 ± 2.1, and 20.1 ± 1.90 mm on Winograd-
sky’s nitrogen-free mineral medium at 25 �C, respectively, while
they had colony sizes of 5.0 ± 1.1, 13.8 ± 3.8, 4.9 ± 1.2, 21.3 ± 1.3,
5.1 ± 0.3, and 3.8 ± 0.4 mm at 50 �C, respectively. Brevibacillus bor-
stelensis SH168 formed swarming colonies at 25 and 50 �C. Bacil-
lus smithii F18 had a colony size of 3.8 ± 0.6 mm at 50 �C. Thus, all
the tested isolates had multiple enzyme activities grown at 25
and 50 �C.



Table 1
Enzyme activity indices of tested thermo-tolerant phosphate-solubilizing isolates after five days incubation

Isolates Amylase CMCase Chitinase Pectinase Protease Lipase

B. coagulans C45
25 �C 1.11 ± 0.07 1.00 ± 0.00 ND 1.00 ± 0.00 1.54 ± 0.05 1.22 ± 0.12
50 �C 1.32 ± 0.15 1.05 ± 0.01 1.04 ± 0.01 1.00 ± 0.00 1.09 ± 0.07 1.26 ± 0.23

B. licheniformis A3
25 �C 1.84 ± 0.17 2.76 ± 0.33 1.18 ± 0.04 1.00 ± 0.00 3.41 ± 0.31 1.78 ± 0.04
50 �C 1.52 ± 0.26 2.31 ± 0.50 1.15 ± 0.09 1.00 ± 0.00 2.54 ± 0.33 1.11 ± 0.02

B. smithii F18
25 �C 1.10 ± 0.06 1.00 ± 0.00 ND 1.00 ± 0.00 ND ND
50 �C 1.10 ± 0.11 1.19 ± 0.04 1.11 ± 0.05 1.00 ± 0.00 1.76 ± 0.37 1.10 ± 0.04

Bv. borstelensis SH168
25 �C 1.20 ± 0.10 1.05 ± 0.02 1.00 ± 0.00 1.00 ± 0.00 1.07 ± 0.01 1.61 ± 0.32
50 �C 1.20 ± 0.03 1.04 ± 0.22 1.00 ± 0.00 1.00 ± 0.00 1.07 ± 0.08 1.04 ± 0.02

S. thermophilus J57
25 �C 1.53 ± 0.07 1.00 ± 0.00 1.00 ± 0.00 ND 1.00 ± 0.00 1.44 ± 0.15
50 �C 1.88 ± 0.31 1.53 ± 0.10 1.00 ± 0.00 ND 1.10 ± 0.06 1.29 ± 0.13

S. thermonitrificans NTU-88
25 �C 1.43 ± 0.17 1.23 ± 0.07 1.00 ± 0.00 1.00 ± 0.00 1.13 ± 0.09 3.72 ± 0.41
50 �C 1.24 ± 0.14 1.54 ± 0.19 1.00 ± 0.00 1.00 ± 0.00 1.13 ± 0.07 1.68 ± 0.35

A. fumigatus O4
25 �C 1.05 ± 0.04 1.00 ± 0.02 1.10 ± 0.03 1.00 ± 0.00 1.11 ± 0.00 1.22 ± 0.03
50 �C 1.82 ± 0.26 2.06 ± 0.25 1.27 ± 0.13 1.00 ± 0.00 1.09 ± 0.03 1.97 ± 0.35

A. fumigatus NTU-132
25 �C 1.09 ± 0.04 1.05 ± 0.00 1.03 ± 0.03 1.00 ± 0.00 1.15 ± 0.05 1.34 ± 0.06
50 �C 1.63 ± 0.20 1.74 ± 0.27 1.20 ± 0.10 1.00 ± 0.00 1.16 ± 0.11 1.74 ± 0.29

The enzyme activity index is the halo ratio of clear zone/colony size of tested isolates.
Data are the means ± SD (n P 3). ND: Not determined because the strain did not grow very well.

Table 2
Enzyme activities of tested thermo-tolerant phosphate-solubilizing isolates

Isolates a-Amylase (U ml�1)a CMCase (U ml�1)a Protease (U ml�1)b

B. coagulans C45
25 �C 50.2 ± 8.6 35.5 ± 0.8 405.2 ± 50.2
50 �C 79.6 ± 5.5 77.5 ± 6.9 982.5 ± 10.4

B. licheniformis A3
25 �C 68.2 ± 8.9 58.2 ± 2.8 805.2 ± 90.2
50 �C 99.5 ± 8.5 97.2 ± 9.5 1102.2 ± 50.2

B. smithii F18
25 �C 15.2 ± 0.2 10.2 ± 1.5 60.2 ± 10.2
50 �C 62.1 ± 8.2 52.2 ± 5.8 888.2 ± 75.4

S. thermophilus J57
25 �C 67.2 ± 7.5 20.2 ± 2.9 352.2 ± 58.2
50 �C 97.2 ± 8.5 98.2 ± 6.9 452.2 ± 38.2

A. fumigatus O4
25 �C 79.9 ± 6.9 90.1 ± 8.2 1002.5 ± 20.5
50 �C 15.0 ± 0.9 25.0 ± 2.8 258.5 ± 64.5

Data are the means ± SD (n P 3).
a One unit (U) of enzyme activity is defined as the amount of enzyme for pro-

ducing 1 lmol ml�1 of glucose per minute.
b One unit (U) of protease activity is defined as the amount of enzyme for lib-

erating 1 lg ml�1 of tyrosine per minute.
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3.4. Inorganic phosphate-solubilizing activity

The animal wastes contained substantial amounts of phospho-
rus. Sixty to ninety percent of the phosphorus in animal waste is
in inorganic forms and 10–40% is in organic forms (Barnett,
1994). Therefore, the Ca3(PO4)2, AlPO4, FePO4, hydroxyapatite
(HA), and rock phosphate (RP)-solubilizing activities of the isolates
were determined, and the phosphate-solubilizing activities are
shown in Tables 3 and 4. Bacillus coagulans C45, B. smithii F18, A.
fumigatus O4, and A. fumigatus NTU-132 could solubilize all phos-
phate substances at 25 and 50 �C. Bacillus licheniformis A3 and S.
thermophilus J57 could solubilize HA; while Bv. borstelensis SH168
and S. thermonitrificans NTU-88 could solubilize AlPO4 at 25 and
50 �C.

Bacillus smithii F18 had the highest Ca3(PO4)2-, AlPO4- FePO4-,
and RP-solubilizing activities along with the lowest pH in broth
at 50 �C; followed by B. coagulans C45 (Table 4). However, A. fumig-
atus O4 and A. fumigatus NTU-132 had high AlPO4- and FePO4-sol-
ubilizing activities along with appropriate low pH value at 25 �C; B.
coagulans C45 had high Ca3(PO4)2-solubilizing activity, and S. ther-
mophilus J57 had high RP-solubilizing activity along with low pH.
Bacillus coagulans C45, B. licheniformis A3, B. smithii F18, Bv. borstel-
ensis SH168, and S. thermonitrificans NTU-88 had higher phos-
phate-solubilizing activities at 50 �C than those at 25 �C; while S.
thermophilus J57, A. fumigatus O4 and A. fumigatus NTU-132 had
higher activities at 25 �C than those at 50 �C. Therefore, the former
isolates are thermo-tolerant phosphate-solubilizing microbes and
the latter are mesophilic phosphate-solubilizing microbes. Bacillus
coagulans C45 had high phosphate-solubilizing activity at both 25
and 50 �C and appeared to be the best candidate phosphate-solubi-
lizer for enhancing soluble phosphorus concentration during bio-
fertilizer preparation. There is no definite correlation between
PSAIs with plate assay and phosphate-solubilizing activities with
broth assay in thermo-tolerant phosphate-solubilizing microbes.
Nautiyal (1999) reported that the phosphate-solubilizing bacteria
Pseudomonas aerogenes could not produce halo when it grew on
PVK or NBRIP plate; but it could solubilize 14 and 31 lg ml�1 of
phosphorus when it grew in PVK and NBRIP broth, respectively.
Pseudomonas sp. 1 also could not produce halo on PVK plate; but
it could mobilize 8 lg ml�1 of phosphorus in PVK broth. Similar
phenomena were also found in this study. Bacillus smithii F18
growing at 25 �C had small halos, but it could solubilize five kinds
of phosphate substrates; S. thermophilus J57 and A. fumigatus O4
also had small clear zones and PSAIs at 25 and 50 �C, but they could
manifest significantly (P < 0.001) higher phosphate-solubilizing
activities at 25 �C than those at 50 �C (Tables 3 and 4).

3.5. Biofertilizer preparation

During biofertilizer preparation, microbes decomposed the or-
ganic matter and released the fermentation heat (Yang, 2003).
The biofertilizer temperatures increased rapidly during compost-
ing, peaking on day 7 (P < 0.001), and then decreased gradually
for the maturation of biofertilizer (Fig. 1). The temperature pat-
terns were similar to the commercial composting processes (Pai



Table 3
Phosphate-solubilizing activity indices of tested thermo-tolerant phosphate-solubilizing isolates for five days incubation

Isolates PVK Medium AlPO4 Medium FePO4 Medium HA Medium RP Medium

B. coagulans C45
25 �C 1.09 ± 0.00 1.10 ± 0.03 1.00 ± 0.00 1.80 ± 0.43 1.10 ± 0.04
50 �C 2.45 ± 0.25 1.11 ± 0.01 1.38 ± 0.13 2.06 ± 0.15 1.10 ± 0.08

B. licheniformis A3
25 �C 1.54 ± 0.02 ND ND 1.10 ± 0.04 1.12 ± 0.05
50 �C 1.96 ± 0.23 ND ND 1.12 ± 0.04 1.12 ± 0.01

B. smithii F18
25 �C 1.10 ± 0.01 1.10 ± 0.03 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
50 �C 1.36 ± 0.08 1.12 ± 0.06 1.24 ± 0.02 1.17 ± 0.06 1.06 ± 0.01

Bv. borstelensis SH168
25 �C 1.08 ± 0.00 1.08 ± 0.03 ND ND 1.07 ± 0.05
50 �C 1.09 ± 0.04 1.09 ± 0.07 ND ND 1.07 ± 0.02

S. thermophilus J57
25 �C 1.08 ± 0.03 ND ND ND 1.07 ± 0.02
50 �C 1.00 ± 0.00 ND ND 1.10 ± 0.01 1.05 ± 0.02

S. thermonitrificans NTU-88
25 �C 1.04 ± 0.01 1.06 ± 0.03 ND ND 1.05 ± 0.03
50 �C 1.05 ± 0.02 1.06 ± 0.02 ND ND 1.06 ± 0.03

A. fumigatus O4
25 �C 1.06 ± 0.02 1.11 ± 0.02 1.07 ± 0.02 1.08 ± 0.04 1.07 ± 0.05
50 �C 1.04 ± 0.01 1.02 ± 0.01 1.07 ± 0.01 1.07 ± 0.04 1.07 ± 0.06

A. fumigatus NTU-132
25 �C 1.08 ± 0.03 1.23 ± 0.07 1.02 ± 0.01 1.08 ± 0.04 1.09 ± 0.05
50 �C 1.08 ± 0.02 1.20 ± 0.11 1.03 ± 0.02 1.06 ± 0.01 1.05 ± 0.02

The phosphate-solubilizing activity index is the halo ratio of clear zone/ colony size of tested isolates.
Data are the means ± SD (n P 3). ND: Not determined because the strain did not grow very well.

Table 4
Phosphate-solubilizing activity and pH of tested thermo-tolerant phosphate-solubilizing isolates

Isolates PVK Broth AlPO4 Broth FePO4 Broth RP Broth

B. coagulans C45
25 �C soluble P (lg ml�1) 370.2 ± 16.0 9.5 ± 0.3 6.4 ± 0.7 95.2 ± 10.5
pH 4.4 ± 0.1 5.8 ± 0.1 6.2 ± 0.1 5.0 ± 0.1
50 �C soluble P (lg ml�1) 466.8 ± 21.2 77.5 ± 6.9 8.3 ± 0.4 171.2 ± 13.2
pH 4.0 ± 0.1 5.0 ± 0.1 5.9 ± 0.1 4.8 ± 0.1

B. licheniformis A3
25 �C soluble P (lg ml�1) 58.4 ± 6.5 ND ND 14.8 ± 1.5
pH 4.8 ± 0.1 ND ND 5.2 ± 0.1
50 �C soluble P (lg ml�1) 80.2 ± 3.3 ND ND 18.2 ± 1.0
pH 5.1 ± 0.0 ND ND 5.5 ± 0.0

B. smithii F18
25 �C soluble P (lg ml�1) 7.3 ± 0.3 6.6 ± 0.3 3.6 ± 0.2 7.3 ± 1.1
pH 6.0 ± 0.0 6.2 ± 0.0 6.4 ± 0.1 6.1 ± 0.0
50 �C soluble P (lg ml�1) 544.2 ± 30.2 119.9 ± 3.1 10.2 ± 0.4 451.1 ± 24.9
pH 4.0 ± 0.0 5.1 ± 0.1 5.8 ± 0.1 4.8 ± 0.1

Bv. borstelensis SH168
25 �C soluble P (lg ml�1) 172.5 ± 11.5 5.6 ± 0.2 ND 10.9 ± 1.4
pH 5.0 ± 0.0 6.3 ± 0.0 ND 5.5 ± 0.1
50 �C soluble P (lg ml�1) 205.6 ± 19.9 37.0 ± 2.5 ND 102.1 ± 13.0
pH 4.5 ± 0.0 5.3 ± 0.1 ND 5.1 ± 0.0

S. thermophilus J57
25oC soluble P (lg ml�1) 111.7 ± 9.2 ND ND 288.1 ± 38.6
pH 5.1 ± 0.0 ND ND 4.8 ± 0.1
50 �C soluble P (lg ml�1) 78.2 ± 7.3 ND ND 190.2 ± 17.6
pH 5.2 ± 0.1 ND ND 5.0 ± 0.0

S. thermonitrificans NTU-88
25 �C soluble P (lg ml�1) 4.1 ± 0.3 6.2 ± 0.7 ND 6.9 ± 0.9
pH 6.7 ± 0.0 6.1 ± 0.0 ND 5.9 ± 0.1
50 �C soluble P (lg ml�1) 57.0 ± 2.7 9.4 ± 1.0 ND 10.2 ± 1.4
pH 5.2 ± 0.0 5.8 ± 0.0 ND 5.6 ± 0.1

A. fumigatus O4
25 �C soluble P (lg ml�1) 113.1 ± 15.1 106.2 ± 7.9 92.4 ± 5.8 130.4 ± 13.4
pH 5.2 ± 0.1 5.2 ± 0.0 5.5 ± 0.0 5.1 ± 0.1
50 �C soluble P (lg ml�1) 11.6 ± 2.3 6.5 ± 0.6 5.4 ± 1.0 11.5 ± 1.1
pH 5.2 ± 0.0 6.0 ± 0.0 6.1 ± 0.1 6.0 ± 0.1

A. fumigatus NTU-132
25 �C soluble P (lg ml�1) 12.6 ± 1.2 22.4 ± 3.2 14.2 ± 0.7 45.7 ± 4.5
pH 5.6 ± 0.0 5.5 ± 0.1 5.7 ± 0.1 5.5 ± 0.1
50 �C soluble P (lg ml�1) 7.0 ± 1.1 6.4 ± 0.7 2.6 ± 0.3 6.6 ± 0.5
pH 5.9 ± 0.0 6.2 ± 0.0 6.5 ± 0.0 6.1 ± 0.1

Data are the means ± SD (n P 3). ND: Not determined because the strain did not grow very well.
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Fig. 1. Temperature profiles during biofertilizer preparation with thermo-tolerant phosphate-solubilizing microbes. Control without microbial inoculation (d), B. coagulans
C45 (h), B. licheniformis A3 (j), B. smithii F18 (�), Bv. borstelensis SH168 (D), S. thermonitrificans NTU-88 (s), S. thermophilus J57 (e), A. fumigatus NTU-132, (.), A. fumigatus O4
(N), and air temperatures (r). Data points are means and vertical bars are standard deviations (n P 3).
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et al., 2003), preparation of biofertilizers treated with polyelectro-
lyte oxygen detoxifier (Chang and Yang, 2006), and preparation of
food waste biofertilizers (Tsai et al., 2007). Compost inoculated
with B. smithii F18 had the significantly (P < 0.01) highest temper-
ature, followed by B. coagulans C45, B. licheniformis A3, Bv. borstel-
ensis SH168, S. thermophilus J57, S. thermonitrificans NTU-88, A.
fumigatus O4, A. fumigatus NTU-132, and the non-inoculated con-
trol compost had the lowest. Moisture content decreased gradually
during composting due to the vaporization in high temperature
(Chang and Yang, 2006). Moisture content of compost inoculated
with B. smithii F18 decreased faster along with the higher temper-
ature, while that of the non-inoculated control compost decreased
less for the lower temperature. The final moisture content of com-
post inoculated with S. thermonitrificans NTU-88 was the lowest
(42.7 ± 1.9%), while the moisture content of control compost with-
out inoculation manifested the highest (44.2 ± 0.8%). Therefore,
inoculation with thermo-tolerant phosphate-solubilizing microbes
stimulated the organic matter decomposition, increased the tem-
perature, and decreased the moisture content of biofertilizer. Same
phenomenon has also found in open field composting (Pai et al.,
2003).

The pH of composts increased gradually over time to a slightly
alkali pH after 56 days composting due to the degradation of nitro-
gen-containing materials, the formation of NHþ4 ions and the re-
lease of OH� by hydrolysis. The compost inoculated with B.
smithii F18 had the highest pH (8.8 ± 0.1), followed by B. coagulans
C45 (8.7 ± 0.1) and B. licheniformis A3 (8.7 ± 0.1); the control com-
post without inoculation had the lowest pH (8.3 ± 0.0). The slight
alkaline pH of biofertilizer is benefit in agriculture because of this
contributes to the neutralization the acidic agricultural soil
(Huang, 1991; Fageria and Baligar, 2001).

The ash content increased significantly during preparation since
the organic materials were decomposed to form the metabolic
gases, such as CO2, H2O, or N2O (Yang and Chen, 2003; Chang
and Yang, 2006). Compost inoculated with B. smithii F18 had the
highest ash content (52.8 ± 2.1%), followed by B. coagulans C45
(51.8 ± 1.1%) and B. licheniformis A3 (50.8 ± 2.1%), and the non-
inoculated control compost had the lowest (46.9 ± 1.9%).
Total organic carbon decreased significantly during composting
due to the degradation of organic matter (Chang and Yang, 2006).
Compost inoculated with B. smithii F18 possessed the lowest final
total organic carbon content (21.6 ± 1.1%), followed by B. coagulans
C45 (22.5 ± 0.7%) and B. licheniformis A3 (23.4 ± 1.3%); the control
compost without inoculation manifested the highest (27.9 ±
2.1%). Total nitrogen increased throughout preparation. Compost
inoculated with B. smithii F18 and B. coagulans C45 had the highest
total nitrogen content (1.95 ± 0.01%), and the non-inoculated
control compost had the lowest (1.90 ± 0.01%). The C/N ratios de-
creased significantly during composting. Compost inoculated with
B. smithii F18 presented the lowest final C/N ratio (11.1 ± 0.6), fol-
lowed by B. coagulans C45 (11.5 ± 0.4), B. licheniformis A3 (12.1 ±
0.8), Bv. borstelensis SH168 (12.8 ± 0.8), S. thermophilus J57
(12.9 ± 1.3), S. thermonitrificans NTU-88 (13.0 ± 1.2), A. fumigatus
O4 (13.1 ± 1.1), A. fumigatus NTU-132 (13.4 ± 0.7); the control com-
post without inoculation showed the highest C/N ratio (14.6 ± 1.0).
Therefore, compost inoculated with thermo-tolerant phosphate-
solubilizing microbes can accelerate the decomposition of agricul-
tural and animal wastes that is similar with the results reported by
Yang and Chen (2003). Bacteria decomposed the wastes faster than
those of actinomycetes and fungi.

The germination rate of alfalfa seed increased significantly dur-
ing first 35 days composting, and then remained steady till day 56.
The composts inoculated with B. smithii F18 and B. coagulans C45
manifested germination rates of 92.0 ± 4.0 and 90.7 ± 2.3% for 14
days composting, respectively, but those of the other treatments
were below 90%. After 21 days composting, the germination rates
persisted above 90% throughout till day 56. Inoculation with ther-
mo-tolerant phosphate-solubilizing microbes increased the germi-
nation rate of alfalfa seed. During composting, organic matter is
degraded, and phytotoxic compounds that inhibit seed germina-
tion, such as ammonia, ethylene oxide, acetic acid, propanoic acid,
and n-butyric acid, are removed and enhanced the germination
rate (Yang and Chen, 2003).

Dry weight loss increased significantly during preparation due
to the production of metabolic gases, such as CO2 and N2O (Chang
and Yang, 2006). Compost inoculated with B. smithii F18 expressed
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the highest dry weight loss (40.9 ± 0.3%), followed by B. coagulans
C45 (40.2 ± 4.8%) and B. licheniformis A3 (33.2 ± 0.7%); the control
compost without inoculation had the significantly (P < 0.001) low-
est dry weight loss (29.3 ± 1.3%).

The color and odor of biofertilizers during preparation initially
were grayish brown, pungent, and smelled strongly of ammonia.
Because the humic substance content rose gradually during com-
posting, the colors of the compost became dark brown (Yang and
Chen, 2003). Over 21 days composting, the color of compost inoc-
ulated with B. coagulans C45, B. licheniformis A3, B. smithii F18, Bv.
borstelensis SH168, and S. thermophilus J57 changed from grayish
brown to deeply brown. Similar color transformations took place
over 28 days in the compost inoculated with S. thermonitrificans
NTU-88, A. fumigatus O4, and A. fumigatus NTU-132, and in the
non-inoculated control compost. After 49 days of composting, the
composts inoculated with thermo-tolerant phosphate-solubilizing
microbes smelled fragrant, earthy, and generally ‘‘good”. It has
been reported that rice straw and hog waste composts inoculated
with S. thermonitrificans NTU-88, Streptococcus sp. NTU-130, A.
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thermonitrificans NTU-88 (s), S. thermophilus J57 (e), A. fumigatus NTU-132, (.), and A.
(n P 3).
fumigatus NTU-132, and mixed cultures of these three strains re-
duced the odors and improved the smell to earthy or odorless
(Yang and Chen, 2003). Similarly, it had been reported that the
odor of volatile fatty acids was removed with the inoculations of
thermophilic Streptomyces sp. No. 101, Thermoactinomyces sp. No.
64, and Micromonospora sp. No. 604 during cereal shochu-distillery
waste composting (Tanaka et al., 1995). Thus, inoculating raw
waste materials with the tested strains can reduce the odor and
improve the smell associated with composting.

3.6. Phosphorus content

Total phosphorus content increased significantly during
composting due to the decomposition of organic waste through
the loss of dry weight (Fig. 2a). Compost inoculated with B. smithii
F18 had the highest total phosphorus content of 56.3 ± 1.0 g kg�1,
followed by B. coagulans C45 (56.2 ± 1.3 g kg�1); the control com-
post without inoculation had the lowest (49.2 ± 1.4 g kg�1). The
soluble phosphorus content decreased significantly by day 7
g period (days)

6356494235

hosphate-solubilizing microbes. (a) Total phosphorus content (g kg�1); (b) soluble
C45 (h), B. licheniformis A3 (j), B. smithii F18 (�), Bv. borstelensis SH168 (D), S.
fumigatus O4 (N). Data points are means and vertical bars are standard deviations
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(2.5 ± 0.1–3.5 ± 0.1 g kg�1), then dropped gradually and ultimately
stabilized at 1.4 ± 0.1–3.0 ± 0.2 g kg�1 after 56 days composting
(Fig. 2b). The soluble phosphorus content of compost inoculated
with B. smithii F18 had the highest, followed by B. coagulans C45,
B. licheniformis A3, A. fumigatus O4, Bv. borstelensis SH168, S. ther-
mophilus J57, A. fumigatus NTU-132, and S. thermonitrificans NTU-
88; the control compost without inoculation had the lowest solu-
ble phosphorus content. The microbial activities and populations
amplified more vigorously at early composting period resulting
in the consumption of soluble phosphorus for microbial growth.
Inoculation of thermo-tolerant phosphate-solubilizing microbes
can tolerant high temperature and solubilize phosphate to supply
microbial growth and increase the soluble phosphorus content in
composts (Chang and Yang, 2006).

Initially, the percentage of soluble phosphorus in the total phos-
phorus was 10.6 ± 1.3–11.5 ± 1.0%, and the value decreased signif-
icantly (P < 0.001) to 7.1 ± 0.6–9.2 ± 0.8% by day 7 for the microbial
growth and decreased gradually. After 56 days of composting, the
Composting period (days)
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Fig. 3. Microbial populations in biofertilizers during composting with thermo-tolerant
tolerant bacteria (CFU g�1); (c) mesophilic phosphate-solubilizing bacteria (CFU g�1

proteolytic microbes (CFU g�1); (f) thermo-tolerant proteolytic microbes (CFU g�1). Contr
smithii F18 (�), Bv. borstelensis SH168 (D), S. thermonitrificans NTU-88 (s), S. thermophilu
and vertical bars are standard deviations (n P 3).
compost inoculated with B. smithii F18 had the highest percentage
(5.3 ± 0.6%) of soluble phosphorus in the total phosphorus of com-
posts, followed by B. coagulans C45 (4.9 ± 0.7%), B. licheniformis A3
(4.5 ± 0.6%), A. fumigatus O4 (4.3 ± 0.7%), Bv. borstelensis SH168
(3.9 ± 0.4%), S. thermophilus J57 (3.7 ± 0.2%), A. fumigatus NTU-132
(3.6 ± 0.1%), and S. thermonitrificans NTU-88 (3.2 ± 0.3%); the con-
trol non-inoculated compost had the lowest (2.9 ± 0.2%). These re-
sults indicate that inoculation with thermo-tolerant phosphate-
solubilizing microbes can increase the soluble phosphorus content.
Bacteria solubilize phosphate more effectively than do actinomy-
cetes and fungi. Similar phenomena were also reported by Zayed
and Abdel-Motaal (2005a,b) and Biswas and Narayanasamy (2006).

3.7. Microbial population

During composting, the populations of mesophilic and thermo-
tolerant bacteria, phosphate-solubilizing bacteria and proteolytic
microbes increased rapidly to reach their peaks on day 14 com-
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phosphate-solubilizing microbes. (a) Mesophilic bacteria (CFU g�1); (b) thermo-
); (d) thermo-tolerant phosphate-solubilizing bacteria (CFU g�1); (e) mesophilic
ol without microbial inoculation (d), B. coagulans C45 (h), B. licheniformis A3 (j), B.

s J57 (e), A. fumigatus NTU-132, (.), and A. fumigatus O4 (N). Data points are means
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posting and then decreased gradually for the maturation of biofer-
tilizer (Fig. 3). Compost inoculated with B. smithii F18 had the larg-
est populations, followed by B. coagulans C45 and B. licheniformis
A3; the control compost without inoculation had the lowest micro-
bial populations.

The numbers of mesophilic and thermo-tolerant actinomycetes,
fungi, phosphate-solubilizing actinomycetes and phosphate-solu-
bilizing fungi increased gradually during 56 days composting.
Compost inoculated with S. thermophilus J57 had the largest popu-
lations of mesophilic actinomycetes (2.3 ± 0.1 � 106 CFU g�1), ther-
mo-tolerant actinomycetes (1.3 ± 0.1 � 106 CFU g�1), mesophilic
phosphate-solubilizing actinomycetes (1.8 ± 0.1 � 106 CFU g�1),
and thermo-tolerant phosphate-solubilizing actinomycetes
(1.0 ± 0.0 � 106 CFU g�1), followed by S. thermonitrificans NTU-88,
B. smithii F18, B. coagulans C45; the non-inoculated control com-
post had the lowest populations of mesophilic actinomycetes
(1.2 ± 0.1 � 105 CFU g�1), thermo-tolerant actinomycetes (1.0 ±
0.1 � 105 CFU g�1), mesophilic phosphate-solubilizing actinomy-
cetes (7.8 ± 1.0 � 105 CFU g�1), and thermo-tolerant phosphate-
solubilizing actinomycetes (6.7 ± 0.7 � 104 CFU g�1).

Composts inoculated with A. fumigatus O4 had the significantly
highest numbers of mesophilic fungi of 1.7 ± 0.1 � 106 CFU g�1,
thermo-tolerant fungi of 7.4 ± 0.7 � 105 CFU g�1, mesophilic phos-
phate-solubilizing fungi of 1.4 ± 0.1 � 106 CFU g�1, and thermo-tol-
erant phosphate-solubilizing fungi of 6.5 ± 0.7 � 105 CFU g�1,
followed by A. fumigatus NTU-132, B. smithii F18, and B. coagulans
C45; the control compost without inoculation manifested the low-
est numbers of mesophilic fungi of 8.9 ± 0.4 � 105 CFU g�1, ther-
mo-tolerant fungi of 7.2 ± 1.1 � 104 CFU g�1, mesophilic
phosphate-solubilizing fungi of 7.5 ± 0.2 � 105 CFU g�1, and
Composting period (days)
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Fig. 4. Percentages of phosphate-solubilizing bacteria and proteolytic microbes in the to
phosphate-solubilizing microbes. (a) Percentage of mesophilic phosphate-solubilizing
phosphate-solubilizing bacteria in the total thermo-tolerant microbes (%); (c) percent
percentage of thermo-tolerant proteolytic microbes in the total thermo-tolerant microbe
A3 (j), B. smithii F18 (�), Bv. borstelensis SH168 (D), S. thermonitrificans NTU-88 (s), S. th
are means and vertical bars are standard deviations (n P 3).
thermo-tolerant phosphate-solubilizing fungi of 6.0 ± 0.6 � 104

CFU g�1.
Inoculations with B. coagulans C45, B. licheniformis A3, and B.

smithii F18 increased the percentages of mesophilic phosphate-sol-
ubilizing bacteria and proteolytic microbes in the total mesophilic
microbes, and thermo-tolerant phosphate-solubilizing bacteria in
the total thermo-tolerant microbes from day 0 to day 7; these per-
centages dropped on day 14, remained steady until day 28, and
then increased gradually until day 56. After 56 days, compost inoc-
ulated with B. smithii F18 had the highest percentages of these mi-
crobes, followed by B. coagulans C45 and B. licheniformis A3 (Fig. 4).

Inoculation with B. smithii F18 also increased the percentages of
thermo-tolerant proteolytic microbes in the total thermo-tolerant
microbes between day 0 and day 7, dropped on day 14, remained
steady until day 28, and then gradually increased until day 56.
After 56 days, compost inoculated with B. smithii F18 had the high-
est percentages of these organisms, followed by B. coagulans C45
and B. licheniformis A3 (Fig. 4).

The percentages of mesophilic actinomycetes, fungi, phosphate-
solubilizing actinomycetes, and phosphate-solubilizing fungi in the
total mesophilic microbes, and the percentages of thermo-tolerant
actinomycetes, fungi, phosphate-solubilizing actinomycetes, and
phosphate-solubilizing fungi in the total thermo-tolerant microbes
during the first 14 days of composting dropped significantly to the
lowest of 0.004–0.34%. The populations of mesophilic and thermo-
tolerant actinomycetes and fungi, mesophilic and thermo-tolerant
phosphate-solubilizing actinomycetes and fungi had the highest on
day 56 composting. The composts inoculated with S. thermophilus
J57 manifested the highest percentages of mesophilic actinomy-
cetes (8.2 ± 0.8%), thermo-tolerant actinomycetes (17.7 ± 1.9%),
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mesophilic phosphate-solubilizing actinomycetes (6.3 ± 0.7%), and
thermo-tolerant phosphate-solubilizing actinomycetes (14.2 ±
0.9%), followed by S. thermonitrificans NTU-88, and the non-
inoculated control compost possessed the lowest percentages of
mesophilic actinomycetes (5.0 ± 0.4%), thermo-tolerant actinomy-
cetes (3.3 ± 0.3%), mesophilic phosphate-solubilizing actinomy-
cetes (3.4 ± 0.1%), and thermo-tolerant phosphate-solubilizing
actinomycetes (2.2 ± 0.3%).

The composts inoculated with A. fumigatus O4 presented the
highest percentages of mesophilic fungi (6.4 ± 0.9%), thermo-toler-
ant fungi (11.0 ± 0.9%), mesophilic phosphate-solubilizing fungi
(5.2 ± 0.6%), and thermo-tolerant phosphate-solubilizing fungi
(9.7 ± 1.0%); followed by A. fumigatus NTU-132; and the control
compost without inoculation had the lowest percentages of
mesophilic fungi (3.9 ± 0.4%), thermo-tolerant fungi (2.3 ± 0.4%),
mesophilic phosphate-solubilizing fungi (3.3 ± 0.4%), and thermo-
tolerant phosphate-solubilizing fungi (1.9 ± 0.2%).

The compost inoculated with thermo-tolerant phosphate-
solubilizing bacterium B. smithii F18 had the highest soluble
phosphorus content that helped microbial growth and composting
organic wastes. Therefore, the composts manifested the highest
numbers and proportions of mesophilic and thermo-tolerant
phosphate-solubilizing and proteolytic microbes, and the fastest
maturity rate. Same results were also found in thermo-tolerant
phosphate-solubilizing actinomycete S. thermophilus J57 and
thermo-tolerant phosphate-solubilizing fungus A. fumigatus O4.

4. Conclusions

Thermo-tolerant multi-functional phosphate-solubilizing
microbes with six types of enzyme activities and three types of
inorganic phosphate-solubilizing activities at 25 and 50 �C were
isolated from the composts and biofertilizers. Inoculation with
these microbes into compost accelerated the decomposition of
agricultural and animal wastes during the preparation of biofertil-
izers with high soluble phosphorus content. Inoculation with B.
smithii F18 had the shortest maturity period, the highest soluble
phosphorus content, and the highest microbial populations, fol-
lowed by B. coagulans C45 and B. licheniformis A3. Inoculation with
thermo-tolerant phosphate-solubilizing bacteria released more
soluble phosphorus than did inoculation with actinomycetes or
fungi. Compost inoculated with thermo-tolerant phosphate-solu-
bilizing bacteria might be a good strategy for biofertilizer prepara-
tion, and B. smithii F18 appears to be the best candidate for
converting agricultural and animal wastes into biofertilizer. Mixed
cultures of B. smithii F18 and other functional microbes can convert
agricultural, animal and food wastes, vegetable and fruit market
wastes, and poultry and livestock wastes into multi-functional bio-
fertilizers for bioresource recycling and sustainable agriculture
applications.
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