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ABSTRACT
Degradation rate of poly(lactic acid) (PLA), a compostable plastic, is affected by its physical
properties and environmental conditions. Since PLA with different physical properties enter
composting systems, investigation of degradation of PLA with strong physical properties in
compost at different temperatures and its influence on compost fungal community structure
are the main concerns of this study. To determine the effect of slow PLA degradation on
fungal communities, PLA granules with high degree of crystallinity, 60%, were incubated in
compost at 25 �C and 50 �C for 4months at 0, 10, 25 and 50% (w/w) concentrations; their
degradation rates were compared and impact of PLA degradation on compost fungal com-
munities was examined by terminal restriction fragment length polymorphism (TRFLP). PLA
granules in compost at 25 �C showed no physical changes but at 50 �C physical disintegra-
tion occurred after 4months. TRFLP revealed that fungal community profiles in compost
were affected by PLA, particularly at 50 �C where PLA degraded. Compost fungal commun-
ities in the presence of PLA at 50 �C had more variation, 63%, than at 25 �C (52%).
Incubation time affected fungal community structure as during 2nd month, community
structure changed specifically at 50 �C and at 50% (w/w) PLA, however, became similar to
that in the absence of PLA at the end of 4th month at both temperatures indicating PLA
with a high degree of crystallinity causes a temporal perturbation in compost fungal com-
munities. In compost containing PLA at 50 �C, abundance of certain TRFs representing fun-
gal populations increased to 30% which may involve in PLA utilization.

Introduction

Plastics have been a part of our every-day life
ever since their production began in the 1950s
(Barnes et al. 2009; Nithin and Goel 2017). In
total, 8.3 billion metric tons of plastic have been
produced since 1950s (Statista 2017a,b). By 2016,
60 million metric tons of plastic were produced
in Europe and 335 million metric tons were pro-
duced globally with China being the largest plas-
tic producers in the world (Statista 2017b).
However, recycling technology has not been
developed sufficiently to keep up with ever
increasing amounts of plastic consumption and
the array of different polymer chemistries and
additives, such as plasticizers, pigments, adhesives
and metals are considerable barriers for closed
loop recycling (Tharanathan 2003; Vink et al.
2003; Domenek et al. 2004; Siracusa et al. 2008;

Hopewell, Dvorak, and Kosior 2009). It is
reported that only 9% of 8.3 billion metric tons
of plastic produced globally had been recycled
since 1950s and it is estimated that by 2050, 12
billion metric tons of plastic waste will be depos-
ited in the environment (Geyer, Jambeck, and
Law 2017; Statista 2017a,b). Recycling is also a
costly process (Claro et al. 2016; Wyser, Leterrier,
and Månson 2000). Therefore, finding alterna-
tives to recycling of plastics such as using compo-
stable plastics has been gaining attention in the
recent years. Compostable plastics are decom-
posed to nontoxic residues by biological activities
and PLA is a compostable and a biodegradable
plastic with a potential to replace non-biodegrad-
able plastics when used as disposable containers.
Moreover, PLA has high mechanical strength
comparable to non-degradable plastics (Rafael
Auras, Harte, and Selke 2004; Lunt 1998; Claro
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et al. 2016). Biocomposites of PLA have been
produced to improve mechanical, thermal and
physical properties of PLA (Gonz�alez et al. 2019).
Mechanical properties of PLA are influenced by
its optical composition, the presence and ratio of
D and L-isomers and degree of crystallinity
which lead to have an effect on PLA degradation
rate as when D-isomer is introduced to its struc-
ture, the optical purity of PLA decreases which
also decreases crystallinity (Saha and Tsuji 2006;
H€oglund, Odelius, and Albertsson 2012). Lower
degree of crystallinity leads to PLA degradation
rate increase (Kale, Auras, and Singh 2007;
Henton et al. 2005; Urayama, Kanamori, and
Kimura 2002). Crystallinity gives more ordered
structure to a polymer, therefore, water diffusion
and hydrolysis of polymers decrease. Hence,
increasing crystallinity of PLA increases strength of
PLA which slows degradation rate of PLA (Vert,
Mauduit, and Li 1994). Environmental factors such
as temperature are also an important environmen-
tal factor to determine PLA degradation rate. Since
PLA is compostable, it is degraded by compost
microorganisms under humid conditions and tem-
peratures higher than 40 �C (Karamanlioglu and
Robson 2013; Sangwan and Wu 2008; Ghorpade,
Gennadios, and Hanna 2001). It has previously
been shown that thermophilic fungi decomposes
PLA during composting (Karamanlioglu, Houlden,
and Robson 2014). However, the impact of degrad-
ation of PLA with different physical properties on
compost microbial communities has not been
studied extensively. Since PLA can be used as an
alternative to non-biodegradable plastics, under-
standing its effect on fungal compost communities
during composting is an important parameter. In
our previous study, we examined the impact of
PLA degradation on compost fungal communities
using a PLA source with a 35% of degree of crys-
tallinity which was completely degraded at 50 �C
after 2 months (Karamanlioglu, Preziosi, and
Robson 2017). Fungal community structure
returned to community structure of compost in
the absence of PLA after a temporary shift when
PLA films were at 10–25% (w/w) concentration.
However, when PLA was 50% (w/w) in compost,
fungal community structure and diversity changed
due to acidification of compost (Karamanlioglu,
Preziosi, and Robson 2017). In the present study,

we investigated the degradation of PLA with a
higher degree of crystallinity, 60%, over time at
25 �C and 50 �C; and the effect of slower degrad-
ation of PLA at different concentrations on fungal
community structure in compost.

Materials and methods

Poly(lactic acid)

High molecular weight polylactic acid (PLA)
granules (Mw > 150,000 g/mol) with a diameter
of 5mm were obtained from Goodfellow
Cambridge Ltd, UK. According to the manufac-
turer, PLA granules had a glass transition tem-
perature of ca. 55 �C, a density of 1.24 g/cm3 and
crystallinity of 60–70%.

Compost

Commercial mature compost was purchased
from the Compost Shop, UK without any pre-
treatment and stored in sealed containers at
room temperature. Compost was in its cooling
phase which had a temperature of 44–46 �C.
Prior to use, compost was screened to 2mm in
order to eliminate particles >2mm. Water hold-
ing capacity (WHC) of compost was determined
as 60–64% (Forster 1995) and the moisture con-
tent of compost was set to 30–32% prior to burial
of PLA granules.

Preparation of compost with PLA granules

PLA granules were sterilized at 121 �C for 3 h.
Sterility was checked by incubating PLA granules
on PDA and LB plates. PLA granules were mixed
with compost 0, 10, 25 and 50% (w/w) as previ-
ously described in (Karamanlioglu, Preziosi, and
Robson 2017). Compost batches of 3 L with depth
of ca. 7 cm were incubated at 25 �C and 50 �C for
4months. During the experiment, compost boxes
were weighed periodically to adjust moisture con-
tent by addition of sterile water.

pH measurement

Compost pH was measured as described previously
(Forster 1995; Karamanlioglu, Preziosi, and Robson
2017). Briefly, compost sample and distilled water
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was mixed in 1:2 ratio and left standing for 1h and
pH was measured with a digital pH meter (Metler
Toledo, UK). Compost pH was measured initially
and during the 2nd and 4th month of incubation
in all compost samples.

Total DNA extraction from compost

Total DNA from compost was extracted as
described in our previous study (Karamanlioglu,
Preziosi, and Robson 2017). Compost samples of
three replicates were taken from compost batches
containing 0, 10, 25, 50% (w/w) PLA granules,
however, PLA granules were excluded. Power Soil
DNA extraction kit (MoBio Laboratories, UK)
was used to extract DNA from compost and
Nanodrop 1000 (Thermo Fisher Scientific, UK)
was used to quantify DNA.

Terminal restriction fragment length
polymorphism (TRFLP) analysis

Influence of PLA, temperature and incubation time
on fungal compost community structure was
assessed by TRFLP analysis. Compost samples were
removed from compost batches containing 0, 10,
25 and 50% (w/w) PLA granules before incubation
and after 2 and 4months of incubation at 25 and
50 �C. TRFLP profiles were determined as previ-
ously described (Karamanlioglu, Houlden, and
Robson 2014; Karamanlioglu, Preziosi, and Robson
2017; Kawasaki, Watson, and Kertesz 2012). In
brief, initially PCR amplification of ITS1-5.8S-ITS2
region of fungal rDNA was achieved by using
fluorescently labeled primers ITS4-HEX (hex-
TCCTCCGCTTATTGATATGC) and ITS5-FAM
(fam-GGAAGTAAAAGTCGTAACAAGG) (White,

Bruns, and Lee 1990) and purified amplicons
(300ng ml�1) were digested using HhaI (Fermentas,
10U/ll). Digested products were mixed with Hi-Di
Formamide (Applied Biosystems, Foster City, USA)
to denature DNA. GeneScanTM-500 LIZVR (Applied
Biosystems, Foster City, USA) was used as a size
standard. Capillary electrophoresis (ABI PrismVR

3100 Genetic Analyzer, Applied Biosystems Inc.,
Foster City, USA) was used to separate and detect
fluorescently labeled fragments provided by The
University of Manchester Sequencing Facility. TRF
sizes were determined by comparison with the size
standard using Peak ScannerTM software (Applied
Biosystems, Inc., California, USA). TRFs (terminal
restriction fragment) representing different fungal
populations were aligned by T-Align program (T-
Align 2012.). T-align generated a single consensus
profile for the replicates of one compost sample
and then compared consensus profiles of different
samples generating a TRF list with their relative
fluorescence intensity (Smith et al. 2005). TRF pro-
files were compared by Principal Component
Analysis (PCA). Diversity index (H’) and evenness
values (J’) were determined by MVSP software
(Ver. 3.12d, Kovach Computing Services) (Atlas
and Bartha 1986).

Results

Physical changes of PLA granules under
composting conditions over 4 months
of incubation

PLA granules incubated in compost at 25 �C and
50 �C were visually evaluated. PLA granules incu-
bated in compost at 25 �C over 4months showed
no discernible physical changes and appeared
identical to control granules (Figure 1A and 1B).

Figure 1. Morphology of PLA granules. (A) Before incubation in compost, (B) after 4 months’ incubation in compost at 25 �C, (C)
after 2 months’ incubation in compost at 50 �C, (D) after 4 months’ incubation in compost at 50 �C, (E) after 4 months’ incubation
with compost at 50 �C and granules after 4 months’ incubation with compost at 50 �C after any physical impact. Scale bar repre-
sents 2 cm.

COMPOST SCIENCE & UTILIZATION 171



When incubated in compost at 50 �C, granules
remained intact after 2 months but the surface
appeared ‘rough’ (Figure 1C). After 4 months’
incubation, color of granules changed (Figure 1D)
and was very brittle as upon any physical contact,
granules disintegrated (Figure 1E).

Determination of compost pH under different
conditions over time

Acidity of compost containing 0, 10, 25 and 50%
(w/w) PLA granules incubated at 25 �C and 50 �C
were measured before and after 2 and 4 months
of incubation in compost since lactic acid, the
monomer of PLA, is released as a result of PLA
degradation (Table 1). Initial compost pH was
7.1 ± 0.2. Neither at 25 �C nor at 50 �C, no signifi-
cant (P> 0.05) change in pH was observed in
compost in the presence of PLA granules after 4
months of incubation (Table 1).

Determination of fungal community structure
change upon PLA granules’ degradation under
different conditions over time

TRF profiles from compost incubated at 25 and
50 �C for 2 and 4 months containing 0, 10, 25
and 50% (w/w) PLA granules were analyzed and
compared with initial fungal compost community
by principle component analysis (PCA) after nor-
malization (Figure 2). Figure 2A shows that when
PLA granules were incubated at 25 �C and princi-
pal components, PC1 and PC2, showed 52% vari-
ability in total within the dataset. PC1 accounted
for 36% of the variation and showed differences
between the group comprising initial compost
and compost containing 0–50% PLA granules
after 2 months of incubation; and the group
comprising compost containing 0–50% PLA
granules incubated for 4 months. PC2 accounted
for 16% of the variation mainly showing the

difference between the group of initial compost
with compost containing 25% (w/w) PLA gran-
ules during the 2nd month; and the group of
compost containing 10% (w/w) and no PLA
granules during the 2nd month. Although fungal
community profiles at 25 �C changed over time
at each PLA concentration level, the community
change was due to incubation time rather than
PLA concentration as all compost samples con-
taining PLA clustered closely with compost con-
taining no PLA at each time period. When PLA
granules were incubated in compost at 50 �C,
PC1 and PC2 showed 63% of the variability
within the dataset (Figure 2B). PC1 accounted for
40% of the total variability and highlighted the
difference between compost containing 50% PLA
granules incubated for 2 months from the rest of
the compost samples, while PC2 explained 23%
of the total variability and mainly showed the dif-
ference between compost containing 10% PLA
granules incubated for 2 months from compost
with 50% granules incubated for 2 months. The
largest effect on the community profiles was
observed in the presence of PLA granules after 2
months’ incubation as they cluster away from the
initial compost and following 2 months’ incuba-
tion in the absence of PLA as well as separating
from each other. However, after 4 months of
incubation, community profiles in the presence
of PLA grouped together close to the compost
community incubated for 4 months in the
absence on PLA.

The influence of PLA granule concentrations
(0, 10, 25, 50%, w/w) on compost fungal diversity
was evaluated by calculating the number of TRFs,
Shannon index (H’) and evenness (J’) corre-
sponding to richness, diversity and sizes of popu-
lations, respectively (Table 2). When PLA
granules were incubated at 25 �C for 2 months,
no significant trend with respect to PLA

Table 1. Influence of PLA granule concentration (0, 10, 25, 50%; w/w) on pH of compost after 2 and 4 months of incubation at
25 �C and 50 �C.

Conditions/temperature

PLA granule concentration in compost

0% 10% 25% 50%

pH of compost Initial 7.1 ± 0.2 7.1 ± 0.2 7.1 ± 0.2 7.1 ± 0.2
25 �C 2 months 7.4 ± 0.01 7.4 ± 0.01 7.4 ± 0 7.3 ± 0.03

4 months 6.4 ± 0.01 6.4 ± 0 6.9 ± 0.01 6.9 ± 0.02
50 �C 2 months 7.1 ± 0.1 6.8 ± 0.02 6.9 ± 0.04 7.1 ± 0.02

4 months 6.6 ± 0.02 6.7 ± 0.04 6.8 ± 0.05 7.1 ± 0.02

Note. Means represent three replicates ± SEM.
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Figure 2. Principal Component Analysis (PCA) of TRFLP profiles of fungal communities isolated from initial compost and compost
containing 0–50% (w/w) PLA granules (A) at 25 �C and (B) at 50 �C after incubation for 2 and 4months.
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concentration was observed on the compost fun-
gal community in terms of number of TRFs,
diversity and evenness of the compost samples.
On the 4th month of incubation, the number of
TRFs, diversity and evenness increased compared
to 2nd month regardless of the PLA concentra-
tions. As PLA granules were incubated at 50 �C,
although the TRF numbers were more in com-
post with 10, 25 and 50% (106–162) than 0%
PLA containing compost (85); no discernible
PLA concentration effect was observed after 2
months of incubation. The number TRFs, diver-
sity and evenness were more on the 4th month
than 2nd month. At 10 and 25% (w/w) of PLA
granule concentration, number of TRFs (’148),
H’ (3.4) and J’ (0.7) were similar with compost in
the absence of PLA (TRFs ¼ 138; H’ ¼ 3.7; J’ ¼
0.8) after 4 months of incubation at 50 �C. At
50% (w/w) of PLA granule concentration, even-
ness (0.6) was less and the number of TRFs (207)
were more than those of other PLA concentra-
tions (138–148 TRFs) indicating increase of cer-
tain fungal populations in compost.

The number and distribution of TRFs in com-
post with PLA granules at 25 and 50 �C were
represented as peaks with their length in base
pairs (bp) and relative abundance (peak height)
in Figure 3. The number of TRFs that were pre-
sent only in compost containing PLA (unique
TRFs) was also determined (Table 2). These
TRFs were present in compost in the presence of
PLA but not detectable either in the initial

compost community or in compost in the
absence of PLA. When PLA granules were incu-
bated at 25 �C, between 1 and 17% of TRFs were
only recovered from PLA containing compost
while at 50 �C, they represented between 3 and
38% of all detectable TRF’s (Table 2). At 50% (w/
w) of PLA granule concentration in compost,
number of unique TRFs (38%) were more than
the other PLA concentrations (’25%) in com-
post. However, the unique TRFs all had low rela-
tive abundances (<1%). Some peaks were
common in all compost communities at either
25 �C or 50 �C with relatively high abundances.
For example, at 25 �C, TRFs of 89.71 bp,
119.83 bp, and 169.81 bp appeared in all com-
munities with relative abundances ranging from
2–38% (Figure 3A). At 50 �C, the abundance of
some TRFs, such as TRFs of 89.6 bp and
159.45 bp, increased in the presence of PLA in
compost (Figure 3B). A TRF of 165.42 bp length
had a relative abundance of only 0.02–0.1% in
compost without PLA, however, its abundance
increased greatly to 6–30% after 4 months of
incubation in compost containing PLA granules.

Discussion

We investigated the effect of degradation of PLA
with high degree of crystallinity (60%) on the
fungal community in compost at different tem-
peratures at different incubation intervals using
TRFLP. Different concentrations of PLA granules
(0–50% w/w) were incubated for 2 and 4 months

Table 2. Diversity index (H’), evenness (J’), number of TRFs and % of PLA unique TRFs of fungal communities in compost
containing 0–50% (w/w) PLA granules.

PLA% in compost Shannon diversity (H’) Evenness (J’) Number of TRFs % of PLA unique TRFs

0%, Initial compost 3.6 0.7 145
25 �C, compost 2months 0% 2.9 0.6 129

10% 2.5 0.5 162 6
25% 1.9 0.5 60 2
50% 2.7 0.5 140 1

4months 0% 3.4 0.7 149
10% 3.3 0.7 140 7
25% 3.6 0.7 162 4
50% 3.6 0.7 175 10

50 �C, compost 2months 0% 3.2 0.7 85
10% 2.7 0.6 107 22
25% 3.0 0.6 162 28
50% 2.3 0.5 106 28

4months 0% 3.7 0.8 138
10% 3.4 0.7 148 26
25% 3.4 0.7 144 23
50% 3.4 0.6 207 38

Note. Three replicates which were pooled after PCR were used for each compost sample. Two technical replicates were aligned to represent each compost
sample.
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at 25 and 50 �C. During composting, temperature
of the compost varies, therefore there are different
composting phases (Hellmann et al. 1997). In this
research, compost 25 �C and 50 �C were selected to
represent mature phase after cooling and initial
cooling phase when the number of fungi increases
in the compost, respectively. No degradation of
PLA granules was observed at 25 �C over 4
months, however, physical disintegration of PLA
granules was observed when incubated in compost
at 50 �C. As reported previously, PLA degrades

efficiently at temperatures close to its glass transi-
tion temperature (Tg, 55–62 �C) in humid environ-
ments (It€avaara, Karjomaa, and Selin 2002; Weir,
Buchanan, and Orr 2004; Kale, Auras, and Singh
2007; Saadi et al. 2012; Agarwal, Koelling, and
Chalmers 1998; Vargas et al. 2009; Karamanlioglu
and Robson 2013)

PLA granules with high degree of crystallinity
degraded relatively slowly as the degradation was
observed at the end of 4th month of incubation
when compared with the PLA films with lower

Figure 3. TRF distribution of fungal communities isolated from initial compost and compost with 0–50% PLA granules (A) at 25 �C and
(B) at 50 �C on the 2nd and 4th month of incubation. Relative abundances (%) of TRFs were shown with fragment sizes, base pairs (bp).
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degree of crystallinity (35%) from a previous
study (Karamanlioglu, Preziosi, and Robson
2017). At 50 �C, PLA films degraded at a faster
rate than PLA granules as films disintegrated
after 2 months while granules disintegrated after
4 months (Karamanlioglu, Preziosi, and Robson
2017). The slower degradation rate of PLA gran-
ules most likely reflects differences of degree of
crystallinity of PLA granules and films which is
known to affect degradation rate (Nishida and
Tokiwa 1992; R Auras, Lim, and Tsuji 2010).
PLA granules had a higher degree of crystallinity
(60–70%) than PLA films (ca. 30%). Water is less
readily able to diffuse into more ordered crystal-
line regions within PLA compared to less ordered
amorphous regions and higher crystallinity there-
fore decreases the rate of hydrolysis (Reeve et al.
1994; Fambri et al. 2002).

When PLA degrades, its monomer, lactic acid,
is released which decreases the pH of its sur-
rounding (Torres et al. 1996; Agarwal, Koelling,
and Chalmers 1998; Karamanlioglu and Robson
2013). In this study, pH of compost did not
change (Table 1) when incubated with PLA gran-
ules at 25 �C for 4 months which is consistent
with the lack of physical degradation (Figure 1B).
This result is consistent with the previous study
as PLA films, though having lower degree of
crystallization, did not show any sign of degrad-
ation after 4 months of incubation in compost at
25 �C (Karamanlioglu, Preziosi, and Robson
2017). Although PLA disintegration was observed
on the 4th month of incubation at 50 �C (Figure
1D and 1E), no significant pH change occurred
in compost containing PLA granules after 4
months of incubation (Table 1). Compost micro-
organisms would utilize PLA degradation prod-
ucts of PLA as a carbon source, therefore, pH
decrease was not observed immediately after dis-
integration of PLA granules. In accordance with
this, in another study, pH of a biotic reactor con-
taining PLA increased at 40–60 �C, whereas pH
of an abiotic reactor and sterile water decreased
(Agarwal, Koelling, and Chalmers 1998). As deg-
radation was detected only after 4 months, a lon-
ger period of incubation is needed to be studied
in order to investigate the longer term effects of
PLA degradation on pH change and on the fun-
gal community. In our previous study same trend

was observed when PLA films were buried in
compost with the exception of compost of 50%
(w/w) PLA films at 50 �C where significant pH
decrease of compost was observed after 4 months
of incubation since there was excess amount of
lactic acid to be consumed by microorganisms
after PLA disintegration on the 2nd month
(Karamanlioglu, Preziosi, and Robson 2017).
When 50% of PLA films were incubated in com-
post at 50 �C, PLA films were completely
degraded on the 2nd month and pH decreased
from 6.5 to 3.1 after 4 months of incubation
(Karamanlioglu, Preziosi, and Robson 2017). As
degradation of PLA granules occur at a lower
rate compared to PLA films due to degree of
crystallinity, the terminal release of lactic acid
may not have been reached after 4 months since
PLA disintegrated only after a physical impact
(Figure 1D and 1E).

Principal component analysis (PCA) of TRFLP
profiles (Figure 2) was used to determine the
effect of different PLA granule concentrations on
compost fungal community at 25 and 50 �C.
During incubation with PLA granules, it was
shown that fungal diversity and community
structure of compost were affected by the pres-
ence of PLA at both 25 �C where little or no deg-
radation occurred over 4 months, and at 50 �C
where extensive degradation occurred.

In the presence of PLA granules, populations
after 2 months of incubation showed the least
similarity to the populations in the absence of
PLA but those after 4 months of incubation were
similar to the population in the absence of PLA
suggesting that initial degradation caused a shift
in the population but the population became
more similar to that in the absence of PLA by 4
months. Similarly, in the presence of PLA films
with the degree of crystallinity of 35%, the great-
est divergence to the population compared to the
absence of PLA was also seen after 2 months and
became more similar to the population in the
absence of PLA after 4 months of incubation
(Karamanlioglu, Preziosi, and Robson 2017).
However, the population containing 50% (w/w)
PLA films remained divergent due to the signifi-
cant pH decrease (Karamanlioglu, Preziosi, and
Robson 2017). Some TRFs only appeared in com-
post containing PLA granules especially at 50 �C
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when PLA granules were disintegrated which is
in accordance with our previous study where
compost contained PLA films (Karamanlioglu,
Preziosi, and Robson 2017). The abundance of
unique TRFs was smaller than 1% indicating that
they did not have an extensive role on PLA deg-
radation. However, certain TRF relative abun-
dance in compost increased after incubation
with PLA specifically after PLA degradation at
50 �C (Figure 3). These TRFs may refer to fungal
populations that utilize PLA as a carbon source
and may have a role in PLA degradation. PLA
with a high degree of crystallinity causes a tem-
poral perturbation in compost fungal commu-
nity structure as the pH of compost does not
change which is consistent with the previous
results (Karamanlioglu, Preziosi, and Robson
2017). It is essential to determine the physical
properties of PLA to be used as disposable con-
tainers which enter composting systems after
use. Higher degree of crystallinity decreases PLA
degradation rate in compost which may affect
the quality of commercial composting.
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