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ABSTRACT

Polyhydroxyalkanoates (PHAs) are polyesters produced and accumulated in prokary-
otes as carbon and energy storage materials. These polymers can be used to produce 
biodegradable plastics. Actually, the industrial production of PHAs for the manufacture 
of biodegradable plastics has a high production cost due to the use of expensive carbon 
substrates. An alternative to reduce these costs is the use of wastes from renewable 
resources. Coconut biomass, which is the most abundant agroindustrial waste in the state 
of Guerrero, Mexico, has a promising potential as a primary or secondary feedstock for 
PHAs production. In this research, it is identified and evaluated the PHAs producing 
bacteria isolated from soil where Cocos nucifera waste and fiber in decomposition are 
accumulated. It was found six bacteria capable of producing PHAs in different con-
centrations (0.06 to 0.422 g/L). These strains belong to the genus Staphylococcus and 
Bacillus. The production of PHAs of Bacillus megaterium isolate S15 was characterized, 
and turned out to be the best PHAs accumulating bacterium. A bank of strains capable 
of producing polyhydroxyalkanoates was obtained for future studies.
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RESUMEN

Los polihidroxialcanoatos (PHA) son poliésteres que se producen y acumulan como 
materiales de almacenamiento de carbono y energía en procariotas. Sin embargo, éstos 
pueden emplearse para producir plásticos biodegradables. Actualmente, la producción 
industrial de PHA para la manufacturación de plásticos biodegradables tiene un alto 
costo de producción debido al uso de sustratos de carbón caros. Una alternativa para 
reducir los costos es utilizando residuos como sustratos a partir de recursos renova-
bles. La fibra de coco, que es uno de los residuos agroindustriales más abundantes en 
el estado de Guerrero, México, tiene un prometedor potencial como materia prima 
principal o secundaria para la producción de PHA.  En esta investigación se identifica 
y evalúa a bacterias productoras de PHA aisladas de suelo donde residuos de Cocos 
nucifera se encuentran acumulados y en descomposición. Se aislaron seis cepas capaces 
de producir PHA en diferentes concentraciones (0.06-0.422 g/L). Se identificaron las 
cepas, mismas que pertenecen a los géneros de Staphylococcus y Bacillus. Se carac-
terizó la producción de PHA en Bacillus megaterium S15, la cual fue la mejor cepa 
para acumular este poliéster. Adicionalmente, se obtuvo un banco de cepas capaces de 
producir PHA para estudios futuros.

INTRODUCTION

Polyhydroxyalkanoates (PHAs) are produced and 
accumulated in prokaryotes as carbon and energy 
storage materials (Lee 1996, Rehm 2003, González 
García et al. 2013). The PHAs are aliphatic polyesters 
of β-hydroxy fatty acids where the hydroxyl group of 
a monomer, forms an ester with the hydroxyl group of 
the adjacent monomer (Madison and Huisman 1999). 
These biopolymers have great industrial potential 
since they have thermoplastic properties similar to 
conventional plastics derived from petroleum, they 
are also biocompatible and biodegradable (Lee 1996, 
Chen 2009, Akaraonye et al. 2010). For this reason, 
some PHAs are already produced at an industrial 
scale for the manufacture of biodegradable plastics. 
PHAs can also be used in the biomedical field as su-
ture filaments, drug carriers and regeneration devices 
and scaffolds for cell growth (Poirier et al. 1995, Zinn 
2001, Lee et al. 2011, Shrivastav et al. 2013). 

In agriculture they have been used as devices to 
release growth regulators, fertilizers or pesticides 
(Van der Walle et al. 2001). The PHAs are produced 
by more than 30 bacterial species (Slater et al. 1998, 
Takase 2003, Tsuge et al. 2007, Yang et al. 2011). 
Bacteria produce and accumulate PHAs under 
unbalanced growth conditions, for instance, in the 
presence of high concentrations of the carbon source 
and limitation of some other essential nutrient, such 
as nitrogen, oxygen, phosphorous and magnesium 
(Verlinden 2007). They are stored in granules within 
the cell, and their main function is as a reserve of 
nutrients and energy (Kichise et al. 2002, Pötter et al. 

2002, Grage et al. 2009). The PHAs can be produced 
from renewable resources (Lee 1996, Steinbüchel and 
Hein 2001), but given the high cost of substrates and 
the processes for the production of PHAs at an indus-
trial level, it is still critical to reduce the expensive 
costs (Choi and Lee 1997). 

The use of bacteria for the production of bio-
polymers has become of a great relevance due to the 
benefits that they provide compared to plastics pro-
duced from petroleum. One of these benefits is that 
bacteria can produce PHAs from industrial wastes 
as carbon sources (Kourmentza et al. 2015). This is 
used as a strategy to reduce the production costs of the 
biodegradable plastics (Ponce Andrade et al. 2012). 
These economical carbon resources include: bagasse, 
methanol, wines and glycerol waste (Cavalheiro et 
al. 2009, Passanha et al. 2013, Hernández-Flores et al. 
2015a,b,c,d). 

Guerrero, is a state located in the southern part 
of Mexico, it is the first producer of Cocos nucifera. 
Therefore, a huge amount of waste is generated in its 
processing. The objective of this study was to isolate, 
characterize and evaluate PHAs producing bacteria 
isolated from coconut waste or fiber that could be 
used for the PHAs production process.

MATERIALS AND METHODS

Site and waste sampling description
The isolation of PHAs producing bacteria was 

conducted at a site with high concentrations of solid 
residues of Cocos nucifera located at Sabanillas, 



POLYHYDROXYALKANOATES PRODUCING BACTERIA 117

Guerrero, in southern Mexico (17º34'1" N, 99º23' 
52" W). Four samples from soil (SS1 to SS4) below 
ground coconut waste, and three samples from fiber 
of decomposed coconut (CS1 to CS3) were collected 
and saved in aseptic screw capped bottles.

Isolation of strains, medium and growth conditions
A quantity of 1 g of soil or fiber of coconut from 

each of the collected samples was mixed in 9 mL of 
sterile saline solution (NaCl2 0.85 %), serial dilutions 
were made (1:1000 and 1:10 000). One hundred µL of 
each dilution was plated on Luria Bertani (LB) agar 
plates and incubated at 37 oC for 48 h. Colonies dif-
fering in morphological characteristics were selected. 
For the PHAs production, the cells were grown on 5 g/L 
of peptone, 3 g/L of yeast extract in a pH of 7.0 (PY), 
and supplemented with 2 % of glucose. Liquid cul-
tures were grown in 250-mL flasks containing 50 mL 
of medium, and incubated in a rotary shaker at 250 
rpm and 37 oC.

Staining procedures and microscopy
Intracellular PHAs accumulation was screened 

using nile blue A staining (Sigma, St. Louis, Mo. 
USA) by the Ostle and Holt (1982) method. For 
staining, cells from early stationary growth phase 
were used. A 1 % of aqueous solution of nile blue 
A, was mildly heated and filtered before use. Heat 
fixed smear cells were stained with a nile blue A 
solution at 55 oC in water bath for 10 min. After 
staining, slides were washed with tap water, fol-
lowed by an 8 % acetic acid solution for 1 min 
and then washed again. Finally the stained smear 
was blotted dry with bibulous paper (remoistened 
with tap water) and covered with a glass cover 
slip. Cells were examined by phase contrast mi-
croscopy (Olympus BX41). Electron-microscopy 
was carried out as previously reported (Mejia-Ruiz 
et al. 1997).

PHA determination
The PHAs were assayed by the Law and Slepecky 

(1961) method, as previously reported, using com-
mercial polyhydroxybutyrate (PHB) as the standard 
(Segura and Spin 1998). 

DNA extraction, sequencing and phylogenetic 
analyses

Genomic DNA was extracted by using a Gene-
JeTTM Genomic DNA purification kit (Thermo Sci-
entific), according the manufacturer´s instructions. 
Bacterial 16S rDNA was amplified by polymerase 
chain reaction (PCR) using the universal bacterial 

16S rDNA primers fd1 5´-AGAGTTTGATCCTG-
GCTCAG-3´ and rd1 5´-AAGGAGGTGATC-
CAGCC-3´. The PCR products were electrophoresed 
and purified, DNA sequences were determined by 
the dideoxy chain termination method (Sanger et al. 
1977), with a Perkin Elmer/Applied biosystems DNA 
sequencer. A phylogenetic analysis of the recovered 
16S rRNA gene sequences was performed using the 
ribosomal database project II (RPD II). The evolu-
tionary distances were computed by the maximum 
composite likelihood method (Toribio-Jimenez et 
al. 2014). GenBank accession numbers for Bacillus 
thuringiensis 16S rDNA sequences are: KR902612 
and KR902615, for Bacillus cereus 16S rDNA gene 
sequences are: KR902614 and KR902613, while for 
Bacillus megaterium 16S rDNA gene sequence is: 
KR902611, and for Staphylococcus saprophyticus 
16S rDNA gene sequence is: KR902610.

RESULTS AND DISCUSSION

Isolation and screening of polyhydroxyalkanoates-
producing bacteria

With the aim of finding new strain isolates from 
coconut waste capable of accumulating polyhydroxy-
alkanoates, dilutions of soil and washing of fiber of 
decomposing coconut waste samples were plated as 
described in ‘‘Materials and methods’’. Forty and 49 
isolates were obtained from soil and fiber of coconut, 
respectively (Fig. 1). 

A first screening to search for bacteria capable of 
producing polyhydroxyalkanoates was performed 
through the direct observation of the PHAs accumula-
tion phenotype (opacity). Ten strains (8 of soil and 2 
of fiber coconut) showed positive results, suggesting 
that they are efficient PHAs producers (Fig. 2)

In order to confirm PHAs accumulation by the 
phenotype, the strains were stained with nile blue A 
and examined by microscopy to visualize the PHAs 
granules. As shown in figure 3, the PHAs granules 
were observed in strains S218, S11, S213, S110, S15 
and C115. 

Polyhydroxyalkanoates production
Nile blue A revealed that the strains can produce 

PHAs, thus we carried out the quantification of the 
polymer. Strains were grown in PY medium to early 
stationary phase (36 h) and then the cells were col-
lected to quantify the polymer. As reported in table I, 
the strains produce PHAs with different yields. 

Particularly strains S15, S110 and C115 showed 
a better production of the polymer. Due to the 
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Fig. 1. Number of units formed of colony isolates from soil (A) and coconut fiber 
(B) samples. SS = samples from soil of decomposed coconut, CS = samples 
from fiber of decomposed coconut
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Fig 2. Opacity phenotype (Polyhydroxyalkanoates accumulation) of S46, S15, S11, S17, S218, S213, 
S110, S26 corresponding to strains isolated from soil, and C115 and C26 corresponding to strains 
isolated from fiber coconut
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Fig. 3. Phase contrast microscopy of nile blue a stained polyhydroxyalkanoates granules within the cells C26 (A) and C115 (B) cor-
responding to strains isolated from coconut fiber, and S11 (C), S15 (D), S110 (E), S213 (F), S46 (G), S218 (H) corresponding 
to strains isolated from soil. In the figure only the microscopy of the isolate S46 is shown, however the isolates S17 and S26 
(data not showed) had similar microscopy at the S46.
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TABLE I. POLYHYDROXYALKANOATES (PHA) PRO-
DUCING BACTERIAS ISOLATES FROM SOILS 
WITH WASTES OF Cocos nucifera

Isolates Specie PHA
Content (mg/mL)

C115 Bacillus thuringiensis 0.385
S11 Bacillus cereus 0.310
S15 Bacillus megaterium 0.422
S110 Bacillus thuringiensis 0.403
S213 Staphylococcus saprophyticus 0.063
S218 Bacillus cereus 0.028

All determinations were made in duplicate. PHAs content is 
reported in mg of PHAs by mL of medium. These bacteria were 
identified by molecular assays. C = samples from fiber of decom-
posed coconut, S = samples from soil of decomposed coconut

accumulation of PHAs of strain S15, we carried out a 
kinetic test of that production by growing the strain in 
PY medium. As shown in figure 4, S15 strain began 
to synthesize PHAs at 8 h and reached the maximum 
accumulation at 36 h.

Electron-microscopy of strain S15 
The PHAs production by strain S15 was higher 

than the others. Electron microscopic examination of 
the PHAs granules of strain S15 incubated in PY glu-
cose medium was performed. As shown in figure 5, 
the polymer was accumulated in a large intracel-
lular granule.

16S rRNA sequence analysis
To characterize the isolated bacteria, their 16S 

rDNA sequences were obtained by amplifying and 
sequencing their DNA fragments. The results from 
the analysis using the ribosomal database project 
II (RPD II), showed that the 16S rDNA sequences 
of all isolates, gather in two clusters  (Fig. 6). The 
first one belongs to the Bacillus group and contains 
five isolates showing a 16S rDNA sequence from 
B. megaterium (S15), B. thuringiensis (C115, and 
S110) and B. cereus (S11 and S218). The second 
one (S213) belongs to the Staphylococcus group 
and displays the same 16S rDNA sequence from S. 
saprophyticus.
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Fig. 4. Kinetic of polyhydroxyalkanoates (PHA) production and growth of 
Bacillus megaterium isolate S15. OD = optical density
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Fig. 5. Electron-microscopy of the polyhydroxyalkanoates granules 
accumulated by the strain Bacillus megaterium isolate S15 
was observed in different campus A) and B) of the same 
sample. Bar, 1 and 0.5 µM.
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The PHAs have similar material properties to 
conventional plastics, but also a complete biodegrad-
ability. For this reason, PHAs are desirable candidates 
for biodegradable plastics (Gumel et al. 2013). Actu-
ally, PHAs production processes that employ several 
bacteria have been focused on the development of 
sustainable 190 and rentable economical production 
of PHAs., although the PHAs production is expen-
sive, mainly because of the type of carbon substrates 
it needs. The process can be made more competitive 
by using residues available at the factories, such as oil 
palm biomass effluent, fatty waste bagasse, methanol, 
wines and glycerol wastes (Cavalheiro et al. 2009, 
Povolo et al. 2012, Hassan et al. 2013, Passanha et 
al. 2013). Therefore, in this study we characterized 
PHAs producing bacteria isolated from soil with ac-
cumulation of coconut and its fibers to obtain a strain 
collection for future investigation about the PHAs 
production process using residues of coconut in the 
culture media. We found that seven of 10 isolates can 
accumulate PHAs. The data showed that the most 
persistent bacterial populations were members of 
two genera: Staphylococcus and Bacillus (Table I). 

It is well known that many species from the 
genus Bacillus are typical PHAs producers but 
there are no reports about the genus Staphylococ-
cus. The best PHAs producer obtained in this study 
was the strain S15 that was identified as Bacillus 
megaterium. Particularly, many PHAs producers 
can accumulate a high number of granules in cyto-
plasm such as, Alcaligenes, Azotobacter, Bacillus, 
Pseudomonas, Enterobacter, Necator, Rhodobacter, 
Aeromonas, Ralstonia and Cupriavidus (Reddy et 
al. 2003, Gao et al. 2013, Singh et al. 2013, Yun et 
al. 2013). 

In this study, Bacillus megaterium strain S15 
produced several large intracellular granules, this 
is consistent with the results reported by Liu et al. 
(2013). The production of this strain was high com-
pared with other producing bacteria (Reddy et al. 
2003, Gao et al. 2013, Singh et al. 2013, Yun et 
al. 2013). Its PHAs accumulation started at the end 
of the exponential growth and continued during the 
stationary phase, (Gumel et al. 2013). This PHAs 
accumulation was obtained in the presence of an 
excess of carbon source coupled to a limitation of 
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other nutrients. This is the first study about bacteria 
isolated from soil and fiber of coconut that reported 
the production of PHAs, which can be a key factor 
for optimizing the production of biopolymers. Fur-
thermore, it is the first study reporting species from 
the genus Staphylococcus as PHAs producers. More 
studies are required to determine if these bacteria are 
capable of using the fiber of decomposed coconut as 
carbon substrates to produce PHAs.

CONCLUSIONS

The current study is the first one to demonstrate 
that bacteria from Staphylococcus and Bacillus, 
isolated from soils with wastes of Cocos nucifera 
fibers, are capable of producing different concentra-
tions of PHAs, which may be a key factor for future 
studies on PHA production from wastes of coconuts 
or their fibers.
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