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Abstract

Degradable plastic mulch is being used to overcome the negative environmental impacts of burn-
ing and landfilling agricultural plastic waste. In this study P. ostreatus was used to model the ca-
pacity of a vegetal species to degrade conventional and degradable plastic films. Plastics studied
were oxo-degradable polyethylene (0OXO-PE), UV-irradiated oxo-degradable polyethylene (UV-
0XO0-PE), polylactic acid (PLA) and conventional polyethylene (C-PE). The cultivation of P. ostrea-
tus resulted in a reduction in the median of weight (78.2% - 80.2%) and volume (56.1% - 60.1%)
of the substrate (wheat straw). Degradation of the plastics embodied was evidenced by a reduc-
tion in the median of the elongation at break (0X0-PE 475% to 109%, UV-0XO0-PE 23% to 8%, PLA
596% to 398% and C-PE 505% to 304%) and an increase in the median of the carbonyl index
(OXO-PE 0.062 to 0.114, UV-OXO-PE 0.098 to 0.145 and PLA 0.024 to 0.034). The Kruskal-Wallis
test found no statistical difference (p = 0.384) between the medians of the biological efficiency for
substrates containing plastics and the substrate without plastic. In conclusion, plastics embodied
in the substrates used for cultivation of P. ostreatus are degraded and the degradation of these
plastics does not affect the short term growth of P. ostreatus.
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1. Introduction

Current lifestyle would be difficult to imagine without plastic; this is the most common multipurpose material
[1]. The industry of plastics has grown continuously since the 1950s, and global plastic production was 288 mil-
lion tons in 2012 [1]. The development of this industry has caused an increase in plastic waste. Only in the Eu-
ropean Union post-consumer plastic waste generated was 25.2 million tons in 2012. Packing represents the
62.2% of plastic waste and applications like building and construction, and electrical and electronic items
represent from 6% to 5% each [1].

Plastics are used in agriculture. Mulching was among the first methods employed to modify the microclimate
of crops, and polyethylene film was first used in a greenhouse by Professor Emmert at the University of Ken-
tucky [2]. Later, Emmert investigated the use of mulch and row covers [2]. Films occupy the largest volume of
plastics used in agriculture, and polyethylene films are widely used for mulching [2] [3]. Plastic mulch is used to
increase yield crop, prevent water losses and protect crops from severe weather, insects and birds [2]. In Mexico,
the average waste generation of agro plastics from 2006 to 2012 was 313,130 tons/year [3].

The most common end of life scenarios for plastic mulch is burning on-site and disposition in a landfill [4].
These scenarios have negative environmental impacts attached; burning plastic produces the air pollutant dioxin
and landfill is at the bottom of the waste management hierarchy. In the search of solutions, degradable plastic
films are used to reduce the negative impacts of plastic mulch; PLA and OXO-PE are two of these materials [5].

PLA is a thermoplastic produced mostly from the fermentation of starch; under controlled conditions it is
biodegradable [6]. Oxo-degradable plastics are conventional plastics modified with pro-oxidant additives made
of cobalt, manganese and iron compounds or polyunsaturated molecules [7]. These additives promote the frag-
mentation of plastics under exposition to UV radiation and temperature [8].

Once the crops have been harvested, the remaining agricultural waste can be composted or digested anaero-
bically to produce energy. In Mexico, agricultural waste is also used as substrate for the growth of edible fungus.
Cultivation of edible mushrooms in Mexico started in 1933 [9]. In 2011, Mexico was the first producer and ex-
porter of edible mushrooms in Latin America and the number 13" worldwide, producing 62,000 tons of mu-
shrooms and generating 25,000 jobs [10]. In 2000, more than 280,000 tons of agricultural wastes were used in
the cultivation of edible mushrooms [11]. Also, edible mushrooms are known for their nutritional value [12].

The production of P. ostreatus has been extensively studied to find the substrate that maximizes the mass of
mushroom generated by mass of substrate used in cultivation, called biological efficiency (BE). Examples of
some studies and the BE achieved are shown in Table 1. As can be observed, this mushroom has been used to
treat biodegradable wastes, i.e. agricultural residues with a high content of cellulose and lignin.

Table 1. BE of P. ostreatus for different substrates.

Reference Substrate BE%
[13] Sugarcane bagasse 14.2
Sugarcane bagasse and barley straw 65.1
Sugarcane bagasse and coffee pulp 97.0
[14] Water lily 170.0
[15] Sugarcane leaves 40.9-89.4
[16] Avocado and pineapple wastes 193.7
Wheat straw 281.4
Coconut husk 80.6
Coconut husk and coffee waste 152.2
Pineapple crown 2251
[17] Pine sawdust 36.1
Barley straw 106.0
[18] Coffee pulp 33.2-204.4
[19] Wheat straw 129.3-138.5
Barley straw 120.4-124.9
Banana leaves 122.6-123.3
Corn stover 82.4-829
Bean straw 67.8-77.0
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Due to incomplete degradation of the mulching film, agricultural waste used to grow edible fungus can con-
tain small fragments of plastics. In this context, the aim of this work was to assess the degradation of C-PE,
OXO-PE and PLA plastic film waste embodied in the substrate used for cultivation of the eatable fungus Pleu-
rotus ostreatus and to evaluate the effect of plastic films in the cultivation of this fungus. This species is selected
because it has been extensively studied due to its high capacity to use complex molecules such as cellulose and
lignin as a nutrient source, requires very low infrastructure for cultivation and grows relatively fast.

2. Material and Methods

This section presents the seed and substrate used for cultivation, the experimental design, the methods followed
for inoculation and harvesting of the fungus, the determination of the degradation of substrate and plastic films
and the evaluation of the effects of plastic film on the cultivation on P. ostreatus.

2.1. Seed and Substrate

The seed used for cultivation was sorghum with invasion of inoculum of P. ostreatus; the seeds were obtained
from PRODISET with the product code BGAT. The substrate used was wheat straw (WS); which is commonly
employed in commercial cultivation of P. ostreatus. Prior to substrate preparation, WS was hydrated for 24 h
with tap water, drained to remove excess water, and then sterilised in an autoclave at a pressure of 1.1 kg/m* and
a temperature of 121°C for 15 min. Sterilisation was carried out to eliminate other microorganisms which could
compete with the fungus.

The humidity content of the sterilised WS was determined experimentally. Three samples of 100 g of steri-
lised WS (wet weight) were dried in an oven at 60°C for 24 h. Then, these samples were allowed to cool to room
temperature in a desiccator. Finally, samples were weighted (dry weight). The humidity content was calculated
by dividing the difference of the wet and dry weight by the wet weight.

2.2. Experimental Design

An experimental design with four treatments, a control and five replicates was used (Table 2). The treatment
combinations were as follows: WS with inoculum mixed with strips of 1) OXO-PE, 2) UV-OXO-PE, 3) PLA
and 4) C-PE. The control 5) consisted of WS with inoculum and without strips of plastic. In all cases, plastic
strips measured 1.5 cm x 10 cm.

Treatment 2) UV-OXO-PE simulated the process of natural plastic aging in a homemade accelerated intem-
perism test UV chamber [20]. Strips of oxo-degradable plastic were irradiated at a UV-A wavelength of 340 nm
at 60°C until their elongation at break was less than 40%.

Experiments were carried out in the laboratory of Sustainable Technologies of the Universidad Auténoma-
Metropolitana-Azcapotzalco. Temperature and humidity during the cultivation of P. ostreatus were controlled.

2.3. Cultivation of P. ostreatus

For each experimental unit one kg of sterilized WS was weighted and mixed with 10 g of the relevant type of
plastic (=1% wet weight). Also, 50 g of seed were weighted (=<5% wet weight). Then, a container with a volume
of 7.9 L was lined with a thermo-resistant paper bag (40 cm x 60 cm). Consecutive layers of substrate (WS +
plastic) and seeds were placed in the container. The bag was closed, taken out of the container and transferred to
the spawning chamber.

Table 2. Substrates used for the cultivation of P. ostreatus.

Treatment Plastic (1% w/w) Substrate base 1D
1 OXO-PE WS OXO-PE
2 UV-OXO-PE WS UV-OXO-PE
3 PLA WS PLA
4 C-PE WS C-PE

5 (control) None WS WS-I
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The chamber was kept dark during spawning. On the third day in the spawning chamber, openings of 5 cm of
length in the bag were cut with a sterile razor. Bags were transferred to the luminous chamber for fruiting when
the substrate was fully invaded by the inoculum. Temperature and humidity during invasion, spawning and
fruiting were recorded with a USB data logger. Finally, fruiting bodies were harvested manually when they were
totally developed. Then, their weight was measured and recorded as fresh weight.

2.4. Determination of the Degradation of the Substrate

The degradation of the substrate was estimated with the reduction on dry weight and volume. Weight reduction
was calculated as the difference between the dry weight of the substrate at the time of sowing and dry weight of
the substrate at the end of the experiment. The volume reduction of the substrate was calculated as the difference
between the wet volume of the substrate at the time of sowing and the wet volume of the substrate at the end of
the experiment.

2.5. Evaluation of the Degradability of Plastics

Plastics were recovered from the substrate and washed with deionised water once the experiment was finished.
The degradation of plastics was estimated through the tensile test and the determination of the carbonyl index.

2.5.1. Tensile Test

The tensile test was done in accordance to the ASTM D882-10 standard test method for tensile properties of thin
plastic sheeting [21]. A vice action grip for thin film, model TG3415 by Lloyds instruments, was used to per-
form this test. For each type of plastic, 15 strips recovered from the substrates and 15 unused strips were ana-
lysed. The elongation at break was calculated with the Software NEXIGEN Plus.

2.5.2. Carbonyl Index

When plastics with pro-oxidant additives are degraded, carbonyl molecules are produced. Changes in the chem-
ical composition of plastics can be measured with the carbonyl index, which is calculated dividing the height of
the peak of the FT-IR spectrum at 1751 cm™* (C-O and C=0 bonds) between the height of the peak at 1895 cm*
(C-C bonds).This analysis was done with a Nicolet iS10 FT-IR spectrometer by Thermo Scientific. For each
type of plastic, four unused plastic strips and four plastic strips recovered from the substrates and cleaned with
deionised water were analysed.

2.6. Evaluation of the Effect of Plastics on the Cultivation of P. ostreatus

The BE was used to evaluate the effect of plastics on the cultivation of P. ostreatus. BE was calculated with the
following equation [22]:

BE = %*100

where: BE is biological efficiency, FB is fresh weight if the fruiting body and S is dry weight of the substrate.

2.7. Data Analysis

Experimental data was analysed statistically with the software SPSS version 18. Data was screened to verify that
the assumptions for parametric tests of a normal distribution (p > 0.05 in Shapiro-Wilk test) and equal variances
(p > 0.05 in Levene test) were fulfilled. Since not all data sets fulfilled both conditions, the median of data sets
was compared with the non parametric Kruskal-Wallis test.

3. Results and Discussion

3.1. Growth of P. ostreatus

According to the distributor of the seeds of P. ostreatus, optimal environmental conditions for spawning are
temperatures of 25°C - 28°C, high CO, concentration and low humidity; while temperatures of 12°C - 18°C, rel-
ative humidity (RH) of 85%, and low CO, (<800 ppm) are required for the fruiting phase. Temperatures from
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17°C to 21°C and RH from 55% to 90% were registered in the spawning chamber; while temperatures from
21°C to 29°C and RH from 97.5% to 100% were registered in the fruiting chamber.

The experimental units remained a total of 35 days in the spawning chamber. The invasion of P. ostreatus
reached a maximum of 75% in all substrates. Fruiting occurred on the 38" day for substrates OXO-PE, PLA,
C-PE and WS-1 and on the 40" day for substrate UV-OXO-PE. To illustrate the development of the mushroom
Figure 1 shows the first harvest of C-PE and UV-OXO-PE substrates.

P. ostreatus developed with morphological abnormalities during the first two weeks of fruiting; the stalk was
unusually long (around 15 cm) and twisted, and the pileus (or cap) did not open completely. These abnormalities
were caused by a high concentration of CO, in the fruiting chamber. Hence, the chamber was aired opening a
window for a couple of hours every day. P. ostreatus developed normally after the chamber was aired. The
fruiting phase lasted in total 43 days. Each experimental unit was harvested from 3 to 4 times.

3.2. Degradation of the Substrate

Reduction in the median of dry weight of all substrates was from 78.2% to 80.2% (Figure 2); while reduction in
the median of volume was from 56.1% to 60.1% (Figure 3). Also, the Kruskal-Wallis test found no statistical
difference in the medians of reduction of dry weight (p = 0.117) and reduction of volume (p = 0.420) for all sub-
strates. Since there is no statistical difference between the median of the experimental units without plastic
(WS-1) and the medians of substrates with plastic, the observed reduction in weight and volume in the substrates
was due to their degradation by the action of P. ostreatus.

(®
Figure 1. First harvest for the substrates (a) C-PE; (b)
UV-OXO-PE.
90
5 80
d = T T F+ 7T
>
S 70 -
£
c
2 60 -
(8]
=}
=]
5]
X 50 -
5
40
O T
Q Q e O =
x X
o Q
>
o

Figure 2. Box plot for percent of dry weight reduction
for the substrates OXO-PE, UV-OXO-PE, PLA, C-PE

and WS-I.



D. S. Cruz-Navarro et al.

O meg L

40 +

% Reduction in volume

30 H

20

OXO-PE
UV-OXO-PE
PLA

C-PE

WS-

Figure 3. Box plot for percent of volume reduction for
the substrates OXO-PE, UV-OXO-PE, PLA, C-PE and
WS-I.

3.3. Evaluation of the Degradation of Plastics

The degradation of plastics was evaluated through a visual inspection, the tensile test and the carbonyl index.
Figure 4 shows a comparison of the physical state of the plastics recovered from the substrate after the cultiva-
tion of P. ostreatus. The strips of UV-OXO-PE were fractured (Figure 4(b)).

3.3.1. Tensile Test

The tensile test was carried out at a crosshead speed of 50 cm-min™* and a load of 2 N for all samples with ex-
ception of the PLA strips recovered from the substrates. The load used for PLA samples was reduced to 1 N
since the break point could not be determined applying a load of 2 N.

A box plot with the results of the tensile test for unused plastics and plastics recovered from the substrate for
each type of plastic is shown in Figure 5. In all cases, the median of the percent elongation at break of the plas-
tics recovered from the substrates is considerably smaller than the median of the unused plastics. Also, UV-
OXO-PE samples have the smallest percent elongation at break. Since these samples went through the ageing
process, it was expected that elongation at break values would be lower.

The Kruskal-Wallis test found that the medians of the percent elongation at break are different for unused
plastics and plastics recovered from the substrates for OXO-PE (p = 0.000), UV-OXO-PE (p = 0.000), PLA (p =
0.000) and C-PE (p = 0.027). This test shows than plastics in the substrates went through a degradation process;
evidenced by a reduction in the elongation at break for all types of plastics [23].

Considering than the degraded PLA samples were analysed with half the load of other samples, the difference
in percentage between the medians of unused plastics and plastics recovered from substrates decreases as fol-
lows PLA > OXO-PE > UV-OXO-PE > C-PE.

3.3.2. Carbonyl Index

Box plots for the experimental data of the carbonyl index for unused plastics and plastics recovered from the
substrates are shown in Figure 6. Although the median of the carbonyl index was smaller for the C-PE strips
recovered from the substrate than for the unused C-PE strips, the Kruskal-Wallis test showed that there was no
statistical difference between these samples (p = 1.000). These results could be explained by the variability ob-
served in the carbonyl index of the C-PE strips; values ranged from 0.015 to 0.15.

According to the Kruskal-Wallis test the medians of the carbonyl index of the unused plastics and the plastics
recovered from the substrates are statistically different (p < 0.05) for OXO-PE, UV-OXO-PE and PLA,; showing
that these plastics were degraded during the cultivation of the fungus. The difference between the medians of the
carbonyl index for unused plastics and plastics recovered from the substrate decreases as follows: OXO-PE
(0.53 units) > UV-OXO-PE (0.047 units) > PLA (0.010 units). Since the mechanism for degradation of PLA is
hydrolysis, the carbonyl index does not measures accurately the degradation of this plastic.
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3.4. Evaluation of the Effect of Plastics on the Cultivation of P. ostreatus

The medians of the BE of P. ostreatus for the different substrates vary from 25.8% to 35.2% (Figure 7). The
low BE values obtained were attributed to the problems in establishing the optimum temperature and relative
humidity in the spawning and fruiting chambers [24] [25]. The Kruskal-Wallis test found no statistical differ-
ence between the medians of the BE for different substrates (p = 0.384); showing that neither plastics nor their
degradation products affect negatively the growth of P. ostreatus.

4. Conclusions

This study aimed to evaluate degradation of different types of plastic films embodied in the substrate of P. os-
treatus and the effects of plastics in the development of this fungus. The results presented indicate that: plastics
are partially degraded when embodied in the substrates used for cultivation of P. ostreatus; this was demon-
strated by a decrease in the elongation at break and the carbonyl index of plastics recovered from the substrates;
plastic samples that contained oxo-additives were degraded in the substrates regardless of previous UV irradia-
tion (simulation of natural aging); P. ostreatus considerably reduces the mass and volume of the substrate; low
concentration of plastics in the substrate does not affect negatively the growth of P. ostreatus.

@ (b) © (d)

Figure 4. Plastic strips recovered after the cultiva-
tion of P. ostreatus. (a) OXO-PE; (b) UV-OXO-PE;
(c) PLA; (d) C-PE.
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Figure 7. Box plot for percent BE for the substrates
OXO-PE, UV-OXO-PE, PLA, C-PE and WS-I.

This work serves as a reference to model the capacity of vegetal species to degrade conventional and new

plastic materials used in agriculture as well as the effects of degradation of plastics in crop yield when the agri-
cultural waste is used as a substrate.
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