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The scale of production and application of syn�
thetic polymers, which do not degrade in the environ�
ment, has reached 200 million tons per year, becoming
a global ecological problem. Biodegradable polyesters
of hydroxyalkanoic acids (polyhydroxyalkanoates,
PHAs) synthesized by microorganisms are real candi�
dates for the gradual substitution of synthetic plastics,
together with polylactides. At present, many countries
have pilot and small�capacity PHA plants producing
the polymer under the following labels: Biopol™,
Nodax™, DegraPol/btc®, and Mirel® [1, 2]. Due to
the decline in the cost, PHA application is more and
more directed toward the production of degradable
containers, packages, and disposable dishware and
household goods. As the volume of production
increases and the fields of PHA application are
extended, it becomes relevant to study the mecha�
nisms of their destruction under various natural condi�
tions.

Soil is an important natural reservoir for PHA deg�
radation. However, most studies of PHA degradation
in soil have been performed under laboratory condi�
tions [3–10], whereas field studies are few. In one of
the first works on PHA biodegradation under natural

conditions [11], it was noted that a golf peg made of
this polymer was almost completely destroyed in soil
during a period of four weeks; unfortunately, neither
the exact PHA composition nor the soil characteristics
were specified in the work. It is known that the process
of PHA degradation depends on the type of soil. Thus,
in mangrove and forest soils, the rate of polymer deg�
radation differs by several times [12–14]. The influ�
ence of the quantity of soil microorganisms on the
process of poly�3�hydroxybutyrate degradation in gar�
den soil has been demonstrated [15]. However, works
disclosing the mechanisms of PHA degradation in dif�
ferent types of soils with different microbial compo�
nents are extremely few.

Microorganisms degrading the polymer of 3�hydro�
xybutytic acid (poly�3�hydroxybutyrate), which is the
first and most studied representative of this family of
polymers, were isolated more than 40 years ago [16].
Later, microorganisms degrading polymers with dif�
ferent carbon chain lengths of monomers were identi�
fied and characterized [4, 17–19]. However, it is still
discussed which PHAs are degraded more actively and
under which environmental conditions.
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The goal of this work was to isolate PHA�degrading
microorganisms and to study the degradation of poly�
mers with different chemical structures by soil micro�
organisms in the root zones of coniferous and decidu�
ous trees under changing temperature conditions of
the environment.

MATERIALS AND METHODS

PHA characterization. PHA samples of two types
were investigated. One of them was a homopolymer of
3�hydroxybutyric acid (poly�3�hydroxybutyrate PHB)
with a degree of crystallinity (DC) of 61% and a weighted
average molecular weight (Mw) of 710 ± 1.5% kDa. The
other one was a copolymer of 3�hydroxybutyric and
3�hydroxyvaleric acids (poly�3�hydroxybutyrate�
3�hydroxyvalerate, PHBV) with the inclusion of 3�hydro�
xyvalerate 10 mol%, DC 50%, Mw 799 ± 3.1% (in the
experiment of 2007), and 680 ± 1.1% kDa (2010).
Polymer samples were synthesized in a culture of Wau�
tersia eutropha B5786. The strain is deposited at the
Russian National Collection of Industrial Microor�
ganisms [20, 21].

PHB and PHBV were sampled as film discs
obtained by pouring chloroform PHA solutions onto
polished surface followed by solvent evaporation
(30 mm in diameter, 0.1 mm in thickness, and 73 ± 5 mg
in weight). The chemical structure of the PHAs was
analyzed after methanolysis of the polymer samples in
a 5975 Inert chromatograph mass spectrometer (Agi�
lent, United States).

PHA biodegradation. Studies were carried out on
the territory of the arboretum of the Sukachev Insti�
tute of Forest, Siberian Branch, Russian Academy of
Sciences (Krasnoyarsk). Preweighted sterile PHA
samples were placed in synthetic fine mesh fabric (mill
gauze) covers at a depth of 5 cm in the root zones of a
Siberian larch (Larix sibirica L.) and a drooping birch
(Betula pendula L.). The sod–carbonate soil of the
arboretum consisted of a humus layer of 10–15 to 30–
40 cm and an underlying carbonate rock.

The studies were performed during two field sea�
sons differing from each other in temperature condi�
tions. The first season covered the period from July 2
to October 19, 2007; the second one was from June 7
to September 7, 2010. The second season was pre�
ceded by a severe winter with a mean winter air tem�
perature of –22.1°С (temperatures of up to –40°С are
typical of half of January and part of February), which
was by 13.5°С less than the mean air temperature of
the winter period before the first season (–8.6°С). The
second season was notable for its late spring warming;
the snow cover persisted until the end of April.

During the experiment, the covers with polymer
samples (n = 3 of each type) were pulled out of the soil;
the samples were taken out, purified from soil residues
by mechanical and enzymatic methods, washed with
distilled water, and dried at 40°С for 24 h. The soil
temperature, pH, and humidity were simultaneously

recorded using standard physicochemical methods
[22]. The samples were weighed on an analytical bal�
ance of accuracy class IV (Mettler, United States).
The molecular weight and the molecular weight distri�
bution of PHA were studied using a Breeze System
chromatograph for gel�penetrating chromatography
(Waters, United States) relative to polystyrene stan�
dards (Fluka, Switzerland, Germany). The weighted
average (Mw) and average (Mn) molecular weights and
the polydispersity (PD = Mw/Mn) were obtained. The
degree of crystallinity of the polymers (DC, %) was
determined by a D8 ADVANCE X�ray spectrometer
(Bruker, Germany).

Microbiological studies. The soil was exposed to
microbiological analysis at the moment when the sam�
ples were placed and three months later; in the latter
case, control soil samples from the root zones of the
birch and the larch at the sites of location of the PHA
samples and washouts from their surface were taken
for investigation. It was previously shown that the
qualitative composition of the microflora isolated
from the surface of PHB films did not differ from that
isolated from the surface of PHBV copolymer films
[4, 23]; therefore, the soil samples from the surface of
both PHA types were not separated.

The soil microbial communities were characterized
by the generally accepted methods of soil microbiol�
ogy [22]. The total quantity of bacteria was determined
on fish�peptone agar (FPA); the quantity of prototro�
phs and oligotrophs was determined on starch and
ammonia agar (SAA) and soil extract agar (SA),
respectively. Micromycetes were isolated on wort agar
(WA). Soil suspension (104–107 dilution) was used for
inoculation in three repeats. The plates were incubated
for 3–7 days at 30°C in order to count the bacteria and
for 7–10 days at 25°C to count the micromycetes. The
dominant microorganisms were isolated and identified
based on the cultural and morphological characters,
using standard biochemical tests [24, 25]. During the
two field seasons, 400 isolates were obtained and ana�
lyzed.

The soil micromycetes were identified by morpho�
logical characters (the structure and color of the colo�
nies and the structure of the mycelium and fruiting
organs) extensively used for identifying the systematic
affiliation of these microorganisms [26–29].

The true PHA destructors were revealed by inocu�
lation of the samples taken from the polymer surface
onto a diagnostic medium containing 0.25% powder�
like PHB as the only carbon source [30]. The growth
of microorganisms possessing PHA�depolymerase
activity was accompanied by the formation of typical
transparent zones around the colonies. PHA degrad�
ing bacteria, in addition to the generally accepted
morphological and biochemical studies, were selected
for identification by 16S rRNA gene sequencing.

DNA analysis. DNA was isolated with an AquaPure
Genomic DNA Isolation kit (Bio�Rad, United
States). The 16S rRNA gene was amplified using the
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universal primers 27F (5'�AGAGTTTGATCCTG�
GCTCAG�3') and 1492R (5'�GGTTACCTTGT�
TACGACTT�3') corresponding to positions 8–27 and
1510–1492 of the Escherichia coli gene. PCR was per�
formed in a Mastercycler Gradient DNA amplifier
(Eppendorf, Germany); a Doc Print transilluminator
(Vilber Lourmat, France) was used for visualization
and documentation. For the determination of the
nucleotide sequence, the samples were sequenced by
the Sanger method in an ABI PRISM 3100 genetic
analyzer (Applied Biosystems, United States).

Phylogenetic analysis. The determined nucleotide
sequences were compared with homologous sequences
of strains from the GenBank and the EMBL and
DDBJ databases using the NCBI BLAST software
(http://www.ncbi.nlm.nih.gov/BLAST/), aligning
them with ClustalX v. 2.08. A phylogenetic analysis
was carried out by the Jukes–Cantor model in TREE�
CON v. 1.3b [31].

The obtained nucleotide sequences (16 PHA�
degrading microorganisms) were deposited in the
GenBank database (nos. HQ689679–HQ689694).

RESULTS AND DISCUSSION

The dynamics of the changes in the polymer sample
weight presented in Fig. 1 shows that the process of PHA
degradation depends on the chemical composition of the
polymer and the location of the samples in soil.

The first field season was characterized by a signif�
icant increase in the soil temperature from 18 to 28°C
in the initial dry period (July 2007) followed by a grad�
ual decrease to 8–10°C at the end of the studies

(October 2007). The active reaction of soil was neutral
or weakly alkaline under the larch (pH 7.1–8.1, with a
short�term decrease to 6.7 in late July) and weakly acid
(pH 6.1–7.1, with an analogous drop to 4.5) under the
birch. The soil humidity from late July to late Septem�
ber was higher under the larch (18–28%) than under
the birch (11–23%). The field season of 2010 was
characterized by a soil temperature of 14–18°C in the
first month of observations and exhibited a gradual
increase to 26°C followed by a decrease to 13–18°C at
the end of observations. pH of the soil under the birch
(6.5–7.2) and larch (7.2–8.0) demonstrated insignifi�
cant fluctuations during the field season. The soil
humidity was as a whole higher than in 2007, but also
noticeably lower in the soil under the birch.

The initial soil microbial communities in the places
of growth of the two tree species under study substan�
tially differed in the total quantity (Table 1) and spe�
cies composition. The total titer of aerobic microflora
in early June 2007 under the larch was higher than
under the birch, making (1.47 ± 0.08) × 109 CFU/g
soil. In three months, the total quantity of bacteria in
the soil was (5.11 ± 0.42) × 109 CFU/g soil under the
larch and (2.21 ± 0.24) × 109 CFU/g soil under the
birch. The quantity of prototrophs and oligotrophs was
also higher in the soil samples taken under the larch,
where the coefficient of oligotrophicity (SA/FPA) was
0.75, demonstrating the active assimilation and utili�
zation of the nutrient elements from the dispersal
zone.

The bacterial component of the soil microbio�
coenosis in the root zone of the larch was represented
by the dominant bacteria Alcaligenes (25.0%), Aureo�
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Fig. 1. Dynamics of the decrease in the weight (mg) of polymer samples in the soil of the root zones of (a, b) the larch and (c, d)
birch: (a, c) 2007, (b, d) 2010, (1) PHB, (2) PHBV.
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bacterium (15.9%), Pseudomonas (4.5%), Cellulomo�
nas (52.3%), and Acinetobacter (2.3%). The soil
microflora under the birch contained a more diverse
microbial community. Pimelobacter (48.4%), Actino�
myces (16.1%), and Micrococcus (9.7%) were identi�
fied as dominant species; Flavimonas, Mycobacterium,
Corynebacterium and Arthrobacter were present in
minor quantities. The Acremonium (1.8% of the total
quantity), Mucor (5.5%), Verticillium (18.2%), and
dominating Penicillium (74.5%) micromycetes were
identified in the soil under the larch. Cladosporium
(1.7%), Hyphoderma (1.7%), Pytium (3.3%), Cepha�
losporium (8.3%), and Beltrania (31.7%) were identi�
fied under the birch in addition to the representatives
of Penicillium and Verticillium typical of the soil under
the larch; two species (Beltrania and Penicillium) were
defined as dominating. The total titer of fungi was sim�
ilar under the larch and the birch.

In the colder year of 2010, the qualitative picture of
microbial communities was as a whole analogous to
that of 2007, but the total quantity of microorganisms
in the initial soil was lower (Table 1). The total titer of
aerobic microflora in early June 2010 under the larch
and the birch was (3.16 ± 0.24) × 106 and (2.67 ± 0.16) ×
105 CFU/g soil, respectively. At the end of the experi�
ment, the total quantity of bacteria was lower by two
orders of magnitude compared to 2007: (5.28 ± 1.76) ×
107 CFU/g soil under the larch and (6.77 ± 4.51) ×
107 CFU/g soil under the birch.

The difference between the soil parameters in the
places of tree growth and the microbiocoenosis char�
acteristics influenced the process of PHA degradation
(Fig. 1a). In 2007, both types of PHAs were more
actively degraded in the more humid soil under the
larch, which was more abundantly inhabited by
microorganisms, than under the birch. At the end of
the observation, the residual masses of the PHB sam�
ples and the copolymer were 45 and 22% of the initial
values, respectively; the half�life period was 85 and

68.5 days with an average weight loss of 0.325 and
0.44 mg/day per field season, respectively. In the soil
of the root zone of the birch, in spite of the greater fun�
gal diversity, both types of PHAs were degraded slower.
In 109 days, the residual weights of PHB and PHBV
were 84 and 74% of the initial values (Fig. 1b) with
average homopolymer and copolymer weight losses of
0.097 and 0.15 mg/day, respectively.

The copolymer was degraded more actively than
the high�crystalline PHB. It is in agreement with the
results of some works, including those of our team,
showing that the copolymer PHA samples are
degraded in biological environments more rapidly
than the homopolymer PHB [4, 6, 19, 32]. However,
another work [33] demonstrated a higher rate of
homogenous PHB biodegradation compared to
PHBV; the authors explained it by the peculiarities of
the structure and surface properties of the samples.

In 2010, the PHA degradation was less active, and
at the end of observations, the residual mass of the
exposed PHB and PHBV samples was 89.9 and 74%
under the larch and 91.4 and 89% under the birch,
respectively. Because of the insignificant decrease in
the weight of the polymer samples in 2010, it was
impossible to reliably detect the differences in the
degradability of the PHA types under study.

The factors that influence PHA biodegradability, in
addition to the chemical composition and environ�
mental temperature, are stereoconfiguration, degree
of crystallinity, and the molecular weight of the poly�
mer [10, 34, 35]. PHA samples with different degrees
of crystallinity (Table 2) have been studied in this work
(Table 2). An X�ray structure analysis of the samples at
the end of the observation showed an increased degree
of crystallinity for both types of polymers, indicating
the preferable degradation (washing out) of the amor�
phous phase of the polymers compared to the crystal�
line phase in the course of PHA biodegradation in the
soil under the test conditions. It is in agreement with a

Table 1. Total quantity of bacteria in soil samples in the root zones of a larch and birch

Soil sample
Total microbial number, CFU in 1 g of soil

2007 2010

L. sibirica

Root zone at the moment of PHA placement (1.47 ± 0.08) × 109 (3.16 ± 0.24) × 106

Root zone at the end of the season (5.11 ± 0.42) × 109 (5.28 ± 1.76) × 107

PHA surfaces (1.60 ± 0.04) × 1011 (1.35 ± 0.11) × 108

B. pendula

Root zone at the moment of PHA placement (1.33 ± 0.47) × 108 (2.67 ± 0.16) × 105

Root zone at the end of the season (2.21 ± 0.24) × 109 (6.77 ± 4.51) × 107

PHA surfaces (1.29 ± 0.08) × 109 (1.96 ± 0.05) × 108
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number of works [13, 35] but differs from the results
that we obtained when studying PHA degradation in
seawater under tropical conditions, when the crystal�
linity of the polymer samples practically did not
change [36].

Since the properties of polymers considerably
depend on molecular weight values, the variations of
the latter during PHA degradation in soil have been
investigated (Table 2). The maximally degraded sam�
ples of 2007 showed an insignificant, but reliable,
decrease in the Mw value; in 2010, no significant Mw
variation was registered. The value of the polymer
polydispersity increased in all variants, indicating the
PHA chain destruction and the changed ratio of poly�
mer fragments with different degrees of polymeriza�
tion. It is in agreement with the data obtained in the
studies of the PHA destruction in seawater in the trop�
ics [36], as well as with the data of other authors dem�
onstrating the existence of a relationship between
PHA degradation and changing the Mw value [3, 37].

PHA, in contrast to other degradable polymers
(polysaccharides and polylactides), undergo true biolog�
ical degradation via cellular and humoral pathways under
the influence of phagocyting cells and PHA�depolymer�
izing enzymes excreted by the microflora [2].

Comparison of the data in respect of the total
quantity and composition of the control soil micro�
biocenes and the samples taken from the surface of the
polymer samples at the end of the observation period
revealed significant differences. The soil under both
tree species showed an approximately threefold
increase in the quantity of prototrophs compared to
the initial soil. The quantity of oligotrophs under the
birch increased to (3.81 ± 0.71) × 108 CFU/g soil,
demonstrating the higher activity of this group of
microorganisms. On the contrary, the quantity of olig�
otrophs and the coefficient of oligotrophicity were
shown to decrease in the soil under the larch. It is
probable that the higher quantity of hydrolytics (the
primary degraders of organic substances) in the soil

under the larch suppressed the development of olig�
otrophs (“microflora of dispersion”).

The quantitative parameters (Table 1) and qualita�
tive composition of the microorganisms (Fig. 2) iso�
lated directly from the PHA surface differed signifi�
cantly from those of the control soil samples. The total
quantity of microorganisms at the surface of the poly�
mer samples was by two orders of magnitude higher in
2007 and by an order of magnitude in 2010 compared
to the titer in the control soil. In the control soil sam�
ples under the larch, representatives of the genus
Micrococcus were identified as dominant (Fig. 2a);
spore�forming rods of the genus Vacillus and arthro�
bacteria were isolated as well. The isolated representa�
tives of the Gram�negative microflora were bacteria of
the genera Acinetobacter, Flavobacterium, and
Pseudomonas. Representatives of the genera Agrobac�
terium and Cellulomonas were predominant in the
samples taken from the polymer surface (Fig. 2b). The
genera Alcaligenes, Aureobacterium, Acinetobacter,
Pseudomonas, and Arthrobacter were present in minor
quantities. An analogous result was obtained during
the analysis of the control and experimental soil sam�
ples in the root zone of the birch (Figs. 2c, 2d). Bacte�
ria of the genus Micrococcus dominated in the control
sample (Fig. 2c); bacteria of the genus Bacillus domi�
nated at the surface of the polymer films. Arthrobacter,
Micrococcus, Nocardia, Actinomyces, Pimelobacter,
and Alcaligenes were also isolated (Fig. 2d).

At the end of the vegetative period, the micro�
mycetes in the control samples included representa�
tives of the genera Penicillium, Paecilomyces, Aureoba�
sidium, and Verticillium (Fig. 3) with a predominance
of Penicillium fungi. This is in agreement with the data
on the dominance of Penicillium fungi among the
micromycetes of northern soils [26]. In the soil sam�
ples from the surface of the polymer films, the total
quantity of micromycetes was shown to increase by a
factor of 36.5 in the larch rhizosphere and by a factor
of 4 in the birch rhizosphere compared to the control.

Table 2. Values of the degree of crystallinity and molecular weight of PHA samples in the course of biodegradation
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This fact demonstrates the active involvement of fungi
in PHA degradation, which is confirmed by literature
data [4, 38, 39].

The active PHA degrading microorganisms described
by now are bacteria of different species [5, 30, 34] and
fungi [3, 7, 28, 34]. The detection of such microorgan�
isms often includes the analysis of microorganisms

isolated from fouling films at the surface of polymers
exposed to soil (compost, water, etc.). However,
among these microorganisms, there may by accompa�
nying species that utilize monomers and other prod�
ucts of high�molecular�weight PHA destruction
appearing in the medium as a result of the vital activity
of true PHA destructors. For the isolation of the latter,

Acientobacter sp. IBP�SL7 (HQ689688)
Acientobacter rhizosphaerae (FN600413)
Acientobacter calcoaceticus (FJ867364)

Acientobacter schindleri (NR025412)
Acientobacter schindleri (GU339299)

Acientobac. schindleri IBP�SL13 HQ68969
Acientobacter radioresistens (GU145275)
Acientobacter sp. AsK07 (GQ503319)

Acientobacter sp. IBP�SL6 (HQ689687)
Acientobacter sp. IBP�SB14 (HQ689685)

Pseudomanas sp. G62 (FN547413)
Pseudomanas sp. IBP�SB6 (HQ689681)
Pseudomanas sp. BIM B�86 (GU784939)

Pseudomanas sp. IBP�SB8 (HQ689683)
Halomonas venusta (AJ306894g)

Pseudoalteromonas sp. (EF409423e)
Thiocapsa roseopersicina (AF113000s)
Stenotrophomonas maltophilia (GU186115)
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Fig. 4. Phylogenetic position of the tested strains of PHA�degrading bacteria (in italic) based on the comparison of the nucleotide
sequences of the 16S rRNA gene by the neighbor�joining method. The scale corresponds to 1 nucleotide substitution per every
10 sequences. The numerals show bootstrap index values of 60% and higher. 
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it is necessary to use a method of transparent zones [4],
which envisages the inoculation of the samples onto a
mineral agar containing PHA as a sole carbon source.

The study of isolated fungi showed that only five
out of the eight identified taxa possessed PHA�depoly�
merase activity. Transparent zones were formed
around the colonies of organisms from the genera Pen�
icillium, Paecilomyces, Acremonium, Verticillium, and
Zygosporium. The main PHA destructors in the soil of
the root zone of the larch were representatives of the
species Paecilomyces lilacinus (81.5%), which is in
agreement with the works of other authors [38].
Among the fungi localized at the PHA surface, Peni�
cillium sp. BP�1 and BP�2 were dominant in the birch
rhizosphere: their total quantity reached 81%.

Based on similar morphotypes, 16 strains of PHA�
degrading bacteria were selected and identified by an
array of morphological, cultural, biochemical, and
molecular genetic characters. The IBP�SB5, IBP�
SL5, IBP�SL9, and IBP�SL10 strains were referred to
the genus Variovorax; the IBP�SB4, IBP�SB7, IBP�
SB9, and IBP�SL14 strains were referred to the genus
Stenotrophomonas; the IBP�SB14, IBP�SL6, IBP�
SL7, and IBP�SL13 strains were referred to the genus
Acinetobacter; the IBP�SB6 and IBP�SB8 strains were
referred to the genus Pseudomonas; and the IBP�SL8
and IBP�SL11 strains were referred to the genus Vac�
illus (Fig. 4). An analysis of the nucleotide sequences
of the 16s rRNA gene of the isolated strains showed a
high degree of their homology with the sequences of
some previously identified strains from the GenBank
database. The strains form five separate clusters on the
tree (Fig. 4); one of them is composed of β�proteobacte�
ria of the genus Variovorax (the strains of Variovorax par�
adoxus), and the other three are composed of γ�proteo�
bacteria from the genera Stenotrophomonas, Pseudomo�
nas, and Acinetobacter. One more cluster corresponds to
the Gram�positive bacteria of the genus Bacillus.

The complex studies of the biodegradation of the
two types of PHAs by soil microbial communities of
different structures during the two field seasons with
different weather conditions showed that this process
was influenced by both the chemical composition of
the polymer and the soil characteristics: temperature,
humidity, and the microbial component. The PHA
degradation was accompanied by a decrease in the
polymer molecular weight and an increase in the
degree of crystallinity, demonstrating the preferential
destruction of the amorphous phase compared to the
crystalline phase. It has been established that a micro�
biocoenosis qualitatively different from the control
soil samples with dominant representatives of Penicil�
lium fungi and Micrococcus bacteria is formed at the
surface of the polymer samples. It has been shown that
the microorganisms developing directly at the polymer
surface, in addition to the true destructors with PHA�
depolymerase activity, also include accompanying
bacteria, which actively develop at the expense of the
PHA hydrolysis products. Among the true PHA

destructors, 20 bacterial and 5 fungal species have
been identified. The dominant PHA destructors under
the test conditions were identified as bacteria from the
genera Variovorax, Stenotrophomonas, Acinetobacter,
Pseudomonas, and Bacillus. The dominant species in
the population of soil micromycetes developing on the
polymer samples are PHA destructors Penicillium sp.
BP�1, Penicillium sp. BP�2, and Paecilomyces lilacinus
reaching 80%.
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