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Abstract: Agriculture depends on fertilizers to provide nutrients for plants. Phosphorus (P) is one of
these nutrients and is the second-most necessary for plant growth. Global production of P fertilizer is
concentrated in Morocco, China and the United States. A large amounts of P resources are found in
organic wastes that can be transformed through phosphate-solubilizing microorganisms during the
composting process. In this study, we first determined the enzymatic activity of phosphatases and
phytase from Pseudomonas aeruginosa ATC 15442. Second, we evaluated the mineralization of P in
mature compost when inoculated with P. aeruginosa ATC 15442, phytases, a cocktail of phosphate-
solubilizing enzymes and their combinations. Finally, we evaluated different concentrations of the
cocktail trying to release more P in the compost. The results indicated that P. aeruginosa exuded
alkaline phosphatases, acid phosphatase, neutral phosphatase and phytase. The enzymatic cocktail
increased inorganic P (Pi) when added to the mature compost: this was able to release up to 95%
more Pi in the compost compared to the amount of Pi released in the control compost. The current
study demonstrated the importance of adding the cocktail to enhance Pi in mature compost; however,
further studies are required to confirm the results and practical applications.

Keywords: enzymes; agriculture; organic wastes; nutrients; phosphate-solubilizing bacteria

1. Introduction

Phosphate rock deposits provide Phosphorus (P) to the world, and scarcity of these
rocks is predicted by the middle or end of the century [1]. This indicates that phosphate
rock is decreasing in quantity and increasing in cost, which raises phosphate fertilizer prices
for agriculture [1,2]. For food safety, this outlook is not hopeful, as this may compromise
agriculture in the near future [3,4]. Plants are the basis of the global food supply and are
the only ones that absorb and integrate P from rock into the food chain [2].

Faced with this challenge, an alternative is found in organic wastes that are unsustain-
ably disposed of in open dumps. Organic wastes that are poorly disposed could generate
nutrients when properly treated [5]. Waste conversion into beneficial materials is important
for recycling and recovery. It can provide nutrients for plant growth from organic wastes
and soil improvers, such as in the case of P, which would alleviate the global dependence
on phosphate rock [6]. Currently, it has been estimated that 40% of P absorbed by plants
worldwide comes from organic waste decomposition in soil [7,8].

An ecological, economical and practical way to recycle organic P (Po) in wastes is
through composting; however, composting generates low conversion rates of Po into
inorganic P (Pi). One way to increase Pi in compost is to add phosphate-solubilizing
microorganisms (PSM) [7]. However, they compete with native microorganisms; other
times, abiotic conditions are not favorable to them, or even a small change in the compost
mixture may reduce its effectiveness, resulting in Po not being converted into Pi [8]. In this
case, the general biochemical route by which PSM convert Po into Pi involves extracellular
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enzymes [9], and the addition of these enzymes can avoid the biotic and abiotic competition
of PSM to increase Pi in compost.

Enzymes degrade wastes due to their capacity to solubilize substrates [10]. A single
enzyme only acts on a particular substrate; compost is a combination of many substrates
containing different Po compounds, such as proteins, nucleic acids, phospholipids and
phytic acid, and thus a combination of enzymes is needed to increase Pi in compost [11]. Po
conversion is achieved by alkaline phosphatase, neutral phosphatase and acid phosphatase,
which catalyze compounds such as phosphate monoesters or diesters, polyphosphates
and phosphonates present in different forms in the residues. Phytases convert the Po
of phytic acid that exists in large quantities in the feces of ruminants because it is the
largest reservoir of P in vegetables [11–15].Nevertheless, there is little information on the
application of enzymes in the composting process for the degradation and/or conversion
of nutrients [16,17]. A report of the application of phytase on a potted Malus hupehensis
yielded an increased phosphatase activity and Pi in the potted substrate [18]. Feng et al. [8]
reported the application of enzymes in compost; ligninolytics were applied, increasing the
degradation rate of lignin and hemicellulose by 5.24% and 11.74%, respectively, compared
to the control. The use of enzymes from microorganisms in vitro is applied as pretreatments
in organic solid waste, a culture of Aspergillus niger in anaerobic fermentation was used
to provide an enzymatic pretreatment for agro-industrial products, which was shown to
yield a better performance of 3.2–3.6 times more methane than the control [19].According
to this the following hypothesis is stated. The addition of phosphate-solubilizing enzymes
on mature compost will increase Pi compared to conventional composting.

The aims of this study were to (1) evaluate the enzymatic activity of alkaline phos-
phatase, neutral phosphatase, acid phosphatase and phytase of a P. aeruginosa culture in
potato dextrose broth (PDB) selected to allow further commercial scale because their main
components are easy available, (2) study the addition to mature compost of P. aeruginosa
and the enzymatic cocktail produced from the PDB culture and (3) identify enzymatic
treatments to increase Pi in mature compost.

2. Materials and Methods
2.1. Bacterial Culture and Enzyme Determination

PSB Pseudomonas aeruginosa ATC 15442, kindly provided by the National Polytechnic
Institute from Querétaro, México. P. aeruginosa ATC 15442 was activated by incubation in
LB media to 24 h. The activated bacteria were inoculated in selective media (p-nitrophenol
phosphate NBRIP (SYGMA-ALDRICH Co., St Louis, MO, USA) and phytase production
medium (SYGMA-ALDRICH Co., St Louis, MO, USA) designed to confirm the presence
of phytases and of alkaline, acid and neutral phosphatases in the culture according to
a previous report by Tabatai and Bremner [20]. Once the presence of the enzymes was
confirmed, liquid cultures were established under the following conditions: phytase
production medium (PHY) containing sodium phytate [14] and potato dextrose broth, PDB,
(MCD LAB S.A. de C.V., Oaxaca, México) were inoculated with activated P. aeruginosa ATC
15442 and incubated on an orbital shaker (4300 W) at 200 rpm and 30 ◦C. Growth was
monitored by optical density with a spectrophotometer to 16 h and a cfu/g count on solid
phytic medium PHY and PDA by the most probable number method.

The cultures were centrifuged at the maximum point of the exponential phase (9 h)
at 5000 rpm to 5 min, and the supernatant was used for enzymatic activity assays as
described below.

Phytase enzymatic activity was determined by measuring the amount of phosphate
released from PHY during the enzymatic reaction avoiding the addition of ammonium
molybdate to stop the reaction [14].

The supernatant was also evaluated for phosphatase activity by the method outlined
by Tabatabai and Bremmner [20]. One milliliter of supernatant was measured at 420 nm
using a UV-Vis spectrophotometer (SP-UV 1100, DLAB) to determine Pi. A standard
p-nitrophenol curve was used to determine the enzyme unit [15]. One unit (U) of en-
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zyme was defined as the amount of the enzyme required to produce 1 µmol of inorganic
orthophosphate per milliliter per minute under assay conditions.

Protein content was determined by Bradford’s method [21]. One enzymatic activity
unit (U) expressed as U per mg of protein (U/mg protein).

All treatments were set up in triplicate. The supernatant solution was used as a crude
enzyme for further analysis [8].

2.2. Composting Preparation

Samples of mature cow manure compost were obtained from the Universidad Autónoma
de Querétaro, Mexico

The physicochemical composition of the compost used is described in Table 1. In the
laboratory, stones and different materials were separated from the compost. Then, the
material was sifted in a mesh of 0.29 mm to obtain a homogenized mixture. The compost
samples used were 50 g for each experiment.

Table 1. Enzymes and bacteria combinations of P. aeruginosa ATC 15442 on the compost.

Physicochemical Composition Values (%)

Total nitrogen 1.955
Total phosphorus 0.790

Carbon/nitrogen ratio 3.298
Organic matter 11.158

Moisture content 77.767
Ashes 11.165

2.3. Assesment of Phosphate-Solubilizing Activity of Enzymes, Bacteria and Combinations to
Increase Pi on Mature Compost

The experiment consisted of increasing the moisture content in the compost to satu-
ration with phosphate-solubilizing treatments at a ratio of 1:1 volume/weight (compost).
The compost was spread in a plate to obtain a uniform thickness, a 10% volume of each
phosphate-solubilization treatment was applied, and the volume was complemented with
deionized water. The treatments of phytase, phosphate-solubilizing enzyme, bacteria and
their combinations were evaluated at 10% of phosphate-solubilizing activity according to
the increment of the established percentages of PSB inoculation [8,22]. On the other hand,
this is one of the first evaluations to increase Pi in mature compost at 24–72 h.

The treatments are described in Table 2. A control group was established by adding
deionized water.

Table 2. Phosphate-solubilizing combination of P. aeruginosa ATC 15442 applied on mature compost.

Treatment Code Description-Composition

PhoEnz Enzymatic cocktail with phytases and alkaline, acid and neutral
phosphatases on PDB

P. aeruginosa P. aeruginosa ATC15442 as phosphate-solubilizing bacteria on
PDB

Phy Phytases on PHY
PhoEnz + P. aeruginosa Combination of 5% and 5%

PhoEnz + P. aeruginosa + Phy Combination of 3.3%, 3.3% and 3.3%
W Deinoized water (control group)

Compost triplicate samples were obtained at 24, 48 and 72 h to quantify Pi by the
Olsen method. The Total P was determined by digestion in nitric acid. Pi values were
reported as percentages of Total P.
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2.4. Assesment of PhoEnz in Higher Percentages to Increase Pi on Mature Compost

PhoEnz at 24 h had the highest conversion of Po into Pi, and thus it was selected for
a second experiment, in which only the percentages of PhoEnz were increased. In this
experiment, the compost was prepared as outlined above. PhoEnz was added at 20, 40, 60,
80 and 100% at a ratio of 1:1 volume/weight (compost). There was also a control group
(W) and the inactivation (InacPho) of phosphate solubilizing enzymes was carried out in
the same volumes by heating the enzymes at 95 ◦C for 25 min. Compost triplicate samples
were quantified for Pi by the Olsen method and for total P by digestion in nitric acid.

2.5. Statistical Analysis

Data were subjected to statistical analysis using S Statgraphics Plus, version 5.1 (1992).
The effects of the experimental factors studied were determined by one-way analysis of
variance (ANOVA). Mean comparisons were carried out by the Tukey (p < 0.05) test. The
experimental designs for bacterial culture and enzyme determination were completely
random, and for each phosphate-solubilizing assay conducted on compost, they followed
an incomplete factorial design.

3. Results
3.1. Bacterial Count and Specific Activity

The abundance of culturable P. aeruginosa ATC 15442 on PHY medium was 1 × 107 cfu/g,
and the average phytase enzymatic activity was 0.113 U/mg protein. On PDB medium,
the abundance of P. aeruginosa ATC 15442 was 1 × 108 cfu/g, and the values for enzymatic
activity are presented in Table 3.

Table 3. Enzymatic activity of P. aeruginosa ATC15442 on PDB. Values (±) represent the standard de-
viation.

Enzyme Type Average Enzymatic Activity (UmgProtein)

Alkaline phosphatase 0.242 ± 0.0086
Acid phosphatase 0.259 ± 0.0098

Neutral phosphatase 0.161 ± 0.0072
Phytase 0.005 ± 0.0003

3.2. Phosphate-Solubilizing Activity ofEnzymes, Bacteria and Combination to Mature Compost

The phosphate-solubilizing activity of different treatments was evaluated by mea-
suring Pi in mature compost. PhoEnz treatments showed an increment in Pi presence
compared with all the treatments and 20% compared to W. Interestingly, treatments PhoEnz
+ P. aeruginosa and PhoEnz + P. aeruginosa + Phy showed no difference from W which sug-
gests interference between enzymes and the bacteria, on the other hand, treatment Phy 72
showed a Pi increment, which is only enzymes (Figure 1).

3.3. PhoEnz in Higher Percentages to Increase Pi on Mature Compost

The phosphate-solubilizing enzymatic cocktail (PhoEnz) was increased on percentages
to raise Pi on mature compost. The PhoEnz treatment’s percentage increases were not
proportional to Pi release. PhoEnz treatments at 20, 40, and 60% showed the highest Pi
release, on other hand, PhoEnz 80 and 100% led to a drastic drop in Pi release.

InacPho treatments showed no significant difference between them, but Pi was higher
than W.

PhoEnz 40% had 12.55% Pi release on mature compost, however we had a large
quantity of Total P retained in compost, which represents 87.45% (Figure 2).
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4. Discussion

The present work is one of the first to report the addition of PSB, phytases and
phosphatases aiming the increase of Pi in mature cow manure compost. Differences
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have arisen between the different treatments with high Po conversion with this proposed
technology compared to traditional compost.

In soil, P is present in different chemical forms such as Pi available for plants or
microorganisms, the immobilized P is solubilized through organic acids exudated by PSM;
and the Po is mineralized through enzymes exudated by PSM. Once the immobilized
P and Po have been solubilized, P becomes Pi. Po has been reported to be present in
several organic forms in manure compost such as phytic acid, phospholipids and nucleic
acids [23–25]. These molecules are substrates for enzymatic activity specially phytic acids
represent about the 80% of organic waste; however, their links are very difficult to break.
Phytases are the only enzymes that convert Po present in phytic acid into Pi. On the other
hand, phosphatases manage the convertion of the other biological forms of Po [4].

The mechanism by which phytases and phosphatases mineralize Po depend mainly
on the presence of the organic forms, working as enzymatic substrates. As we know, most
of the organic wastes and therefore, compost processes contain phytic acid, phospholipids
and nucleic acids, suggesting that this Pi release mechanism is suitable through compost
processes with different organic matter sources.

According to the literature, researchers have focused on increasing Pi by the inoc-
ulation of PSB or the addition of inorganic fertilizers directly into compost. Although
the inoculation of bacterial strains in soil or compost has been reported as an efficient,
environmentally friendly and viable approach [26]. Direct inoculation of bacteria in com-
post or soil led to competition with endogenous microorganisms and poor adaptation of
laboratory-cultivated microorganisms to environmental conditions, results in decreasing
concentration of the inoculated bacteria as reported previously [27].

As an alternative to the inoculation of bacteria in compost, we evaluated the addition
of an enzymatic cocktail in order to increase Pi. Our first results indicate an increase in
20% of the content of Pi in the compost treated with the enzymatic cocktail compared to
treatment where the bacterial culture was directly inoculated.

Focusing on the phosphate-solubilizing enzymes, bacteria from different genera have
been evaluated by their genetic and metabolic capacity to produce specific enzymes. Behera
et al. [15] identified an acid phosphatase concentration of 76.8 U/Ml in a Serratia sp. culture.
Later, Ghorbanzadeh et al. [28] found alkaline phosphatase activity in a soil combined
with pomace inoculated with Pseudomonas [29]. These results are in accordance with earlier
results where inoculated Bacillus sp. MQH-19 produced phytases and achieved an increase
of 8–13% in Pi in cattle manure [12]. Since phosphate solubilization may be achieved by
several different enzymes, in the present study, we evaluated for the first time, in our
knowledge, four different phosphate-solubilizing enzymes within a single bacterium.

Another important factor in this approach is the culture media for inoculated bacteria,
which for the obtention of enzymes, the medium where each bacterium is culturedseems
to be a fundamental factor for phosphate-solubilizing enzyme production and activity.
It has been reported that Pseudomonas kilonensis PK11 had a higher phosphatase activity
at pH 6.5 in presence of the nanocarriers nanoclay and alginate [7]. Here, we report an
activation of phosphate-solubilizing activity from different exudated enzymes including
phytases, acid, neutral and alkaline phosphatases by P. aeruginosa ATC 15442 cultured in
commercial potato dextrose broth. This result may indicate a genetic or metabolic triggered
by a specific component of PDB.

This is one of the first reports on the addition of an enzymatic cocktail for Po release in
composting, which revealed a significant increase in Pi. Enzyme cocktail treatment offers
several advantages, mainly due to the easy reproduction of P. aeruginosa grown and low
cost of the basic components of PDB.

The addition of the phosphate-solubilizing enzymatic cocktail to compost, according
to our results, allows to increase Pi by 94.8% compared to conventional composting pro-
cess, the treatment that achieve this percentage was PhoEnz40% which released 12.56%
Pi compared to control W which released 6.45% Pi and PSB P. aeruginosa ATC1544521
addition which released 6.27% Pi. These results and findingsindicatethatphosphate-
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solubilizingenzymaticcocktailisimportantforthe Pi released on mature compost where
all the phosphatase and phytase activity from endogenous PSB has already happened.

Interestingly, treatments consisting of the addition of a heat-inactivated enzymatic
cocktail showed statistical differences with control treatments, suggesting that the same
component of the media that activated a phosphate-solubilizing enzymes production in
P. aeruginosa, activated the production on compost endogenous bacteria. However, active
enzymes generated statistical differences compared to inactive enzymes.

This is a post-composting procedure evaluated in a compost from cow manure. Results
should be evaluated in composts with different organic matter as raw material and different
physico-chemical properties such as pH and presence of cations and anions. The enzymes
phosphatase (acid, neutral and alkaline) and phytase obtained from microorganism culture
under controlled conditions may be suitable for use on an industrial scale.

5. Conclusions

A 94.8% Pi increase was obtained on mature compost with the addition of phosphate-
solubilizing enzyme cocktail compared with traditional composting. This was a pilot short
study which represents an alternative to P transformation during composting; however,
we only released 12.7% of Total P hence further research is required to validate the study.
To our knowledge, this is one of the first reports to evaluated phosphate-solubilizing
enzymatic activities in a Pseudomonas aeruginosa PDB culture, and the joint addition of acid
phosphatase, neutral phosphatase, alkaline phosphatase and phytase on mature compost.
The phosphate-solubilizing enzymatic cocktail has the advantage of increasing Pi on
mature compost acting directly over Po substrate avoiding the competence between native
and exogenous microorganisms on the compost. We think that the enzymatic cocktail
methodology could be used successfully in the same manner in other sources of compost.
The use of PDB needs further investigations to confirm real scale production and the final
product needs to be evaluated on agriculture.
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