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Abstract: A protein-based film (PBF), obtained from black soldier fly prepupae proteins, was assessed
for its agronomic performance as mulch. PBF was investigated in a potting experiment and compared
with Mater-Bi (MB), polyethylene (PE) and bare soil. During the experiment, degraded surface
area, weight and thickness of the film, water evaporated from the pot, and the soil microbiological
content (SMC) were recorded. In addition, films were buried to assess their biodegradability and
impact on SMC. During the mulching process, the PBF showed a significant degradation. In terms
of evaporated water, the PBF performed similarly to MB and worse than PE. Regarding SMC, film
of any nature caused an increase in the Clostridia spp. and a decrease of total mesophilic aerobic
bacteria and fungi contents. When buried, only PBF recorded a faster biodegradability, showing
a reduction of surface area, thickness and weight. PBF and MB highlighted a significant increase
in contents of Clostridia spp., mesophilic aerobic bacteria and fungi. Our results reported, for the
first time, the valorization of black soldier fly (BSF) prepupae proteins as a biodegradable film for
mulching purposes. However, further study is needed to reduce the PBF biodegradability and allow
it to be used for the most important mulched crops.

Keywords: biodegradable materials; soil microbiota; sustainable agriculture; circular economy

1. Introduction

In the Mediterranean basin as well as in Northern Europe, the global temperature has steadily risen
over the last years [1,2], negatively affecting agricultural irrigation water and energy consumptions [3].

Several studies demonstrated the usefulness of mulching in enhancing crop yield and quality [4],
reducing the volume of irrigation water [4,5] and contributing to the avoidance of soil erosion
phenomena [6]. In addition, mulching offers various benefits to crop production, such as weed
control and early development due to the increase in the soil temperature and increased effectivity of
fertilizers [7].

Mulching materials are generally classified into three main groups: organic materials (agricultural,
industrial and animal by-products), inorganic materials (plastic films) and special materials
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(biodegradable plastic films) [3]. Concerning organic mulching, straw represents the most used
material, showing numerous benefits after field application, such as increased soil moisture [8].
In addition, organic mulches are cheap, easily available and improve soil quality and crop yield [3].
Sometimes, natural mulches are not effective for weed control and can contain weed seeds [9].
In addition, when not properly managed, organic mulching can lead to excess moisture, creating new
issues such as pest proliferation, anaerobic soil conditions and root rot. Finally, organic mulching is often
characterized by a high carbon/nitrogen ratio (C/N), which might imbalance nutrient availability [10].

An estimated 2.5 million tons of plastics are utilized each year in agriculture to increase crop yield
and quality [11]. Almost 50% of this amount is used as mulching films and to cover greenhouses [12].

The application of plastic mulching in agriculture has increased drastically worldwide since
2000 [13]. Several types of plastic mulching have been tested, and different compositions, thicknesses
and colors have been assessed [14]. Currently, plastic mulching is used on all soil types, in all seasons
and climatic zones; in particular, low-density polyethylene (PE), a plastic polymer derived from
petroleum refining, is the most widely used material due to its low cost, good mechanical properties
(durability) and positive effects on crop growth [10,15]. On the other hand, the durability of the PE film
is much greater than that required for the crop production [16]. Although plastic mulching has many
advantages, it has some negative consequences related to the management of waste disposal and the
environmental impacts associated with this process [13]. In addition, considering its extended and
repeated use in agricultural contexts, PE represents one of the most important sources of environmental
pollution [17]. As a non-biodegradable material, PE can remain in the environment for hundreds
of years before degrading [18]. Moreover, the incineration of PE can generate emissions of carbon
dioxide and methane, which are greenhouse gases that contribute to climate change by increasing
global temperatures [19].

In order to increase the agricultural sustainability, films based on biodegradable materials can be
considered as favorable alternatives to conventional plastic films [20].

The development and optimization of specific bio-materials (i.e., those that can be decomposed
or composted) could significantly reduce plastic waste [21]. Hence, investigators and farmers are
called upon to find and use, respectively, alternative materials that can be used as mulching films,
characterized by natural degradation and non-toxicity, allowing a drastic reduction of PE consumption
and in turn increasing the agricultural sustainability [3,16,22].

Recently, a new group of materials, the “bioplastics”, have appeared on the market. Innovative and
eco-friendly polymers are derived from renewable sources, such as oils, maize starch and vegetable fats,
and from microorganism-mediated processes and agricultural by-products [18,23]. The degradation of
bioplastic is carried out by bacteria, yeasts and/or fungi. They might also be composted and hence
used as fertilizers and soil conditioners [24].

Most of the available biodegradable films are based on polysaccharides; currently, the ones
of greater commercial interest are made of cellulose and starch. In addition, some more complex
carbohydrates like chitosan, chitin and xanthan are also being considered [25]. The use of proteins to
develop mulching sheets, a solution that has not yet been explored, could grant a greater benefit to
the soil by naturally releasing nitrogen through their degradation. An added value would be if the
proteins are derived from a process of full recovery and valorization of organic waste in a specific
circular economy strategy.

In order to demonstrate the full circularity of the process, the aim of the present work was to
assess the suitability of the innovative black soldier fly (BSF) protein bioplastic film for mulching
purposes and to evaluate its biodegradability in the soil, comparing its performance with commercially
available mulching films.
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2. Materials and Methods

Recently, the exploitation of poultry manure by rearing larvae of a scavenging insect, the black
soldier fly (BSF) Hermetia illucens (Diptera, Stratiomyidae), was proposed [26]. The larvae, after
becoming prepupae, were fractionated to obtain proteins [27]. These proteins were investigated as
base components for the rational design of biodegradable bioplastics, to be used for agricultural
purposes [28], whereas the residual larval frass was used as a soil improver [26,29].

In the present study, for the preparation of the innovative protein-based film (PBF), BSF larvae
were reared on an optimized mixture of chicken manure, water and zeolite [26], and the proteins were
obtained after proper fractionation of the prepupae [27]. PBF was obtained by mixing 0.25 g of BSF
proteins and glycerol (0.21 g) in distilled water (3.25 g), adjusted to pH 10 with NaOH (1 N) through a
wet casting technique [30]. The obtained film had a thickness of 0.36 mm. For comparison, the following
commercially available black mulching films were used: (a) a 0.02 mm thick biodegradable film made
with the corn-starch-based Mater-Bi (MB) (Novamont S.p.A., Novara, Italy) and (b) a 0.05 mm thick
non-biodegradable plastic film made with polyethylene (PE) (Lirsa, Ottaviano, Italy).

An assessment of the mulching properties of the films was performed in a short-term potting
experiment, using a growth chamber (Binder KBW 720, Tuttlingen, Germany) located in the facilities
of the University of Modena and Reggio Emilia, with programmed temperatures ranging from 25 to
19 ◦C (day/night), relative humidity ranging from 50 to 60% and a photoperiod 16:8 h L:D.

Plastic pots (diameter 10 cm and height 8 cm, 0.4 L) were filled with soil (sand 33.8%, silt 33.3%,
clay 27.9%; pH 8.20, EC 0.16 dS m−1, N 1.9 g kg−1, P 44.0 mg kg−1, K 328.4 mg kg−1, organic carbon
15.0 g kg−1) collected from Rio Saliceto, Reggio Emilia, Italy (44◦48’34.9”N 10◦46’40.3”E).

The mulching properties were evaluated after covering the tops of the pots with disks (5.5 cm
diameter) of the investigated films. An uncovered pot (bare soil) was used as control treatment (CTRL).
Each pot was placed in a pot saucer and arranged in a completely randomized design with five
replicates for each type of film.

Pots were manually irrigated (adding tap water into the pot saucer) every 2 days up to soil water
capacity while recording evaporated water and film degradability. Evaporated water was controlled
gravimetrically, weighing the pots every 2 days. After 10 days (T1) of mulching, PBF showed a faster
degradability compared to the other films; therefore, at this time, the biodegraded disk area was
measured for all the films using ImageJ software [31]. Disk thickness was measured using a caliper,
and disc weight was also recorded.

Subsequently, each film was buried 5 cm from the surface, and film degradability was measured
by weighing the films after 12 days (T2).

In addition, microbiological tests were carried out on soil contained in each pot at T1 and T2.
The total fungi were assessed by counting the fungi on potato dextrose agar (PDA, Oxoid) at pH 6,
supplemented with 150 mg L−1 of nalidixic acid and 150 mg L−1 of streptomycin [32]. The presence
of Clostridia spp. was evaluated by mixing 10 g of each sample with 90 mL of peptone physiological
solution in a sterile blender bag. The samples used for the determination of Clostridia spp. were
thermally pretreated at 95 ◦C for 10 min to activate the spores. After an appropriate dilution, the
plates were incubated at 30 ◦C for 48 h in an anaerobic environment. The medium used for the
enumeration of spore-forming content was Clostridium reinforced agar (CM0149, Oxoid). The aerobic
mesophilic bacteria were counted on selective medium (glucose, 1 g L−1; proteose peptone, 3 g L−1;
yeast extract, 1 g L−1; potassium phosphate (K2PO4) buffer, 1 g L−1; agar, 15 g L−1) supplemented with
actidione at 100 mg L−1 [29]. Every sample was plated twice, and the test was repeated five times.
Population densities were reported as log colony-forming unit (log CFU) g−1 dry weight of soil.

The recorded data were analyzed using GenStat 17th edition software (VSN International, Hemel
Hempstead, UK) for analysis of variance (ANOVA). Means were compared using Duncan’s test
at p < 0.05.
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3. Results and Discussion

In the present study, a circular economic strategy was implemented to improve sustainability in
agriculture. The mulching performance and biodegradability of an innovative bioplastic obtained from
BSF prepupae reared on chicken manure [26] was assessed in a short potting experiment and compared
with mulching films available on the market, based on polyethylene and corn starch (Figure 1).

Agronomy 2020, 10, 933 4 of 10 

 

compared with mulching films available on the market, based on polyethylene and corn starch 
(Figure 1). 

 
Figure 1. Representative films used in the experiment (left to right): Mater-Bi, polyethylene, the 
innovative protein-based film. 

The most important aspect of the mulching practice is the preservation of soil humidity. 
According the results on the amount of water evaporated from the soil (Table 1), PBF showed 
comparable values to MB and values that were 20% and 47% lower than those of PE and bare soil, 
respectively. Our data are in accordance with those available in the literature. In general, the most 
pronounced mulching effects reported in the literature concern water savings of up to 25% [33,34]. 
This characteristic is very important, especially in the cultivation of crops that require a great amount 
of irrigation, like tomato [35–38]. 

Table 1. The main characteristics of the assessed films during the pot experiment. 

Parameter  CTRL MB PBF PE 
Area, T0 (cm2) - 23.7 ± 0.02 23.7 ± 0.05 23.7 ± 0.03 
Area, T1 (cm2) -  23.7 ± 0.02 b 19.3 ± 0.04 a 23.7 ± 0.03 b 

Evaporated water (g day−1 
pot−1) 

29.1 ± 0.14 
a 

12.5 ± 0.11 cd 15.1 ± 0.09 c 18.9 ± 0.12 b 

Fresh weight, T0 (g) - 0.07 ± 0.01 c 0.84 ± 0.03 a 0.13 ± 0.02 b 
Thickness, T0 (mm) - 0.02 ± 0.003 c 0.36 ± 0.011 a 0.05 ± 0.006 b 
Fresh weight, T1 (g) - 0.07 ± 0.01 c 0.67 ± 0.04 a 0.13 ± 0.02 b 
Thickness, T1 (mm) - 0.02 ± 0.003 c 0.35 ± 0.009 a 0.05 ± 0.006 b 
Fresh weight, T2 (g) - 0.07 ± 0.01 c  0.30 ± 0.05 a 0.13 ± 0.02 b 

CTRL = bare soil; MB = Mater-Bi; PBF = protein-based film from black soldier fly prepupae; PE = 
polyethylene. T0 = parameters recorded after 10 days of mulching. T1 = parameters recorded after 
burying. Data are presented as mean ± standard deviation. Means followed by the same letter do not 
significantly differ at p < 0.05. The statistical differences were tested only between the different 
treatments at each time point. 

Considering the biodegradability, after ten days of mulching, the greatest degradation of the 
surface area was reported for PBF (~19%). The disk fresh weight and disc thickness of PBF were 
reduced by ~21% and ~4%, respectively, while MB and PE did not show any changes (Table 1 and 
Figure 2). 

Figure 1. Representative films used in the experiment (left to right): Mater-Bi, polyethylene, the
innovative protein-based film.

The most important aspect of the mulching practice is the preservation of soil humidity.
According the results on the amount of water evaporated from the soil (Table 1), PBF showed
comparable values to MB and values that were 20% and 47% lower than those of PE and bare soil,
respectively. Our data are in accordance with those available in the literature. In general, the most
pronounced mulching effects reported in the literature concern water savings of up to 25% [33,34].
This characteristic is very important, especially in the cultivation of crops that require a great amount
of irrigation, like tomato [35–38].

Table 1. The main characteristics of the assessed films during the pot experiment.

Parameter CTRL MB PBF PE

Area, T0 (cm2) - 23.7 ± 0.02 23.7 ± 0.05 23.7 ± 0.03
Area, T1 (cm2) - 23.7 ± 0.02 b 19.3 ± 0.04 a 23.7 ± 0.03 b

Evaporated water (g day−1 pot−1) 29.1 ± 0.14 a 12.5 ± 0.11 cd 15.1 ± 0.09 c 18.9 ± 0.12 b
Fresh weight, T0 (g) - 0.07 ± 0.01 c 0.84 ± 0.03 a 0.13 ± 0.02 b
Thickness, T0 (mm) - 0.02 ± 0.003 c 0.36 ± 0.011 a 0.05 ± 0.006 b
Fresh weight, T1 (g) - 0.07 ± 0.01 c 0.67 ± 0.04 a 0.13 ± 0.02 b
Thickness, T1 (mm) - 0.02 ± 0.003 c 0.35 ± 0.009 a 0.05 ± 0.006 b
Fresh weight, T2 (g) - 0.07 ± 0.01 c 0.30 ± 0.05 a 0.13 ± 0.02 b

CTRL = bare soil; MB = Mater-Bi; PBF = protein-based film from black soldier fly prepupae; PE = polyethylene.
T0 = parameters recorded after 10 days of mulching. T1 = parameters recorded after burying. Data are presented as
mean ± standard deviation. Means followed by the same letter do not significantly differ at p < 0.05. The statistical
differences were tested only between the different treatments at each time point.

Considering the biodegradability, after ten days of mulching, the greatest degradation of the
surface area was reported for PBF (~19%). The disk fresh weight and disc thickness of PBF were reduced
by ~21% and ~4%, respectively, while MB and PE did not show any changes (Table 1 and Figure 2).

The same trend was also observed after the burying period. In fact, PBF was almost completely
degraded, while MB and PE did not display any changes. Due to the high degradability of the PBF, only
the fresh weight parameter of the remaining undegraded pieces was recorded (Table 1 and Figure 3).
After being buried for 12 days, PBF showed a reduction of fresh weight of ~14%.
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the innovative protein-based film.

The faster biodegradability of the PBF disks was probably due to its completely organic composition,
as already reported by Barbi et al. [30], showing a high biodegradability of the material when completely
submerged in tap water.

According to the literature, the main causes of mulching film degradation are photodegradation,
oxidation and biodegradation. Biodegradation is performed by the action of natural microorganisms
such as bacteria, fungi and algae that mineralize organic matter into carbon dioxide or methane and
water [10]. These aspects should be verified on PBF in specific additional experiments.

The presence of water substantially influences the growth and development of the soil microbiota,
and hence mulching, by altering this property, could also affect the quantity of the soil microbial
population [3].

In the present study, the effect of the investigated films on soil microbiological contents was
measured both at the end of mulching (T1) and after burying (T2).

As reported in Figure 4, all investigated films contributed to increase the Clostridia spp. content,
with the highest value recorded using PE. Considering the mesophilic aerobic content, all assessed
films led to a reduction of 5 orders of magnitude, and the lowest value was recorded by PE. Similarly to
mesophilic aerobic content, a reduction in total fungi content was observed for all investigated films.
PBF and MB behaved in the same way, decreasing the content by 1.5 orders of magnitude, while there
was a smaller reduction in the case of PE. These data are in agreement with information available in the
literature. In fact, mulching can alter soil–air gas exchange, leading to the formation of an anaerobic
environment that can strongly alter the composition of the soil microbiota [39]. In addition, traditional
plastic films reduce soil porosity and therefore air circulation, modifying microbial communities and
reducing soil fertility [40].
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After the mulching period, the assessed films were buried to investigate their effect on the soil
microbiological contents. As shown in Figure 5, different results for the Clostridia spp. content were
obtained for the three investigated films when buried. PBF led to an increase of 2 orders of magnitude
compared to bare soil, while MB and PE maintained the content recorded at the time of mulching.
Analyzing the variation of the mesophilic aerobic content, the treatment with PBF led to an increase of
1 order of magnitude compared to bare soil, while MB and PE did not lead to any change in the aerobic
microbial population compared to the content recorded at mulching time. Observing the variation in
CFU of the total fungi, the highest values were recorded by bare soil and PBF. Compared to values
recorded at mulching time, all films showed an increased fungi population. In particular, PBF led to an
increase of 1.5 orders of magnitude, and an increase of 0.5 order of magnitude was recorded for MB.

In general, when biodegradable films are buried, an increase of the microbiological content is
observed. Bacterial populations increase under organic mulch due to the different chemical composition
and decomposition rates of these materials [41]. PBF caused a significant increase of Clostridia spp.
and mesophilic aerobic bacteria contents and, in a less relevant way, also increased the content of fungi.
These changes were probably due to the faster deterioration of the protein-based bioplastic in the soil,
which caused the release of carbon and nitrogen compounds that ultimately fed and increased the
soil microbial populations. This is in accordance with the findings of Kasirajan and Ngouajio [10],
who reported that biodegradation performed by microorganisms such as bacteria and fungi is one of
the main causes of degradation of mulching films. In addition, when organic mulch is decomposed by
microbes, an increase of the soil carbon sequestration is recorded [42]. However, further studies are
needed to verify this effect using the innovative biodegradable film investigated in the present study.
Moreover, additional research is required to reduce the PBF biodegradability, allowing its use for the
production of the most important mulched crops.

Insects like BSF already proved to be a useful tool for a circular economy in agro-food contexts by
efficiently converting the biowaste into a biomass rich in proteins, lipids and chitin [43,44]. The residual
frass after BSF larvae rearing can be used as a soil improver with compost-like properties [26,29] that is
suitable for fertilizing horticultural crops and comparable with the traditional compost obtained by
valorizing agro-industrial by-products [45,46]. Here, we report for the first time the valorization of BSF
prepupae proteins for the development of innovative biodegradable protein-based films that can be
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4. Conclusions

Our study showed that it is possible to use the protein fraction of BSF prepupae as an organic-based
material to produce a biodegradable film for mulching purposes. This innovative film can be a viable
option, especially when the converted biomass (prepupae) cannot be used in livestock farming as a feed
resource for regulatory reasons. The BSF-larvae-mediated bioconversion of agro-industrial by-products
and organic waste to high-value-added material like proteins, fats and chitin is considered an interesting
option. BSF can provide useful solutions to increase the agricultural sustainability, offering compost
and bioplastic materials that can be used as fertilizer and mulch, respectively. This presents a valid
solution that is especially useful for organic farming systems where synthetic products are not allowed.
However, further studies are required to improve the properties of the PBF investigated in this study
in order to reduce both its biodegradability and thickness when used for mulching purposes.

Author Contributions: Conceptualization, D.R.; methodology, L.S. and A.P.; software, D.R.; formal analysis, D.R.;
investigation, L.S., A.P., R.D.L., S.M., E.F., L.M., L.I.M., M.M. and S.B.; resources, E.F. and L.M.; data curation, D.R.;
writing—original draft preparation, D.R.; writing—review and editing, D.R., L.S., E.F., A.P. and L.M.; funding
acquisition, L.M. and E.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the framework of the project “ValoriBio” co-financed by 2014–2020 POR
FESR, Emilia-Romagna Region, Italy, DGR 774/2015—CUP E42I15000110009.

Acknowledgments: The authors acknowledge all the staff and students of University of Modena and Reggio
Emilia, who generously collaborated with the collection of the data.

Conflicts of Interest: The authors declare no conflict of interest.



Agronomy 2020, 10, 933 8 of 10

References

1. Cammarano, D.; Ceccarelli, S.; Grando, S.; Romagosa, I.; Benbelkacem, A.; Akar, T.; Al-Yassin, A.; Pecchioni, N.;
Francia, E.; Ronga, D. The impact of climate change on barley yield in the Mediterranean basin. Eur. J. Agron.
2019, 106, 1–11. [CrossRef]

2. Cammarano, D.; Hawes, C.; Squire, G.; Holland, J.; Rivington, M.; Murgia, T.; Roggero, P.P.; Fontana, F.;
Casa, R.; Ronga, D. Rainfall and temperature impacts on barley (Hordeum vulgare L.) yield and malting
quality in Scotland. Field Crops Res. 2019, 241, 107559. [CrossRef]

3. Kader, M.A.; Senge, M.; Mojid, M.A.; Ito, K. Recent advances in mulching materials and methods for
modifying soil environment. Soil Till. Res. 2017, 168, 155–166. [CrossRef]

4. Almeida, W.F.D.; Lima, L.A.; Pereira, G.M. Drip pulses and soil mulching effect on American crisphead
lettuce yield. Eng. Agríc. 2015, 35, 1009–1018. [CrossRef]

5. Chakraborty, D.; Nagarajan, S.; Aggarwal, P.; Gupta, V.K.; Tomar, R.K.; Garg, R.N.; Sahoo, R.N.; Sarkar, A.;
Chopra, U.K.; Sundara Sarma, K.S.; et al. Effect of mulching on soil and plant water status, and the growth
and yield of wheat (Triticum aestivum L.) in a semi-arid environment. Agric. Water Manag. 2008, 95, 1323–1334.
[CrossRef]

6. Adekalu, K.O.; Olorunfemi, I.A.; Osunbitan, J.A. Grass mulching effect on infiltration, surface runoff and soil
loss of three agricultural soils in Nigeria. Bioresour. Technol. 2007, 98, 912–917. [CrossRef]

7. Nawaz, A.; Lal, R.; Shrestha, R.K.; Farooq, M. Mulching affects soil properties and greenhouse gas emissions
under long-term no-till and plough-till systems in Alfisol of central Ohio. Land Degrad. Dev. 2017, 28,
673–681. [CrossRef]

8. Ji, S.; Unger, P.W. Soil water accumulation under different precipitation, potential evaporation, and straw
mulch conditions. Soil Sci. Soc. Am. J. 2001, 65, 442–448. [CrossRef]

9. Boyhan, G.E.; Hicks, R.; Hill, C.R. Natural mulches are not very effective for weed control in onions.
HortTechnology 2006, 16, 523–526. [CrossRef]

10. Kasirajan, S.; Ngouajio, M. Polyethylene and biodegradable mulches for agricultural applications: A review.
Agron. Sustain. Dev. 2012, 32, 501–529. [CrossRef]

11. Available online: www.plasticulture.com (accessed on 10 May 2020).
12. Briassoulis, D. The effects of tensile stress and the agrochemical Vapam on the ageing of low density

polyethylene (LDPE) agricultural films. Part I. Mechanical behaviour. Polym Degrad Stabil. 2005, 88, 489–503.
[CrossRef]

13. Kyrikou, I.; Briassoulis, D. Biodegradation of agricultural plastic films: A critical review. J. Polym. Environ.
2007, 15, 125–150. [CrossRef]

14. Wang, P.; Deng, Y.; Li, X.Y.; Wei, Z.; Hu, X.; Tian, F.; Wu, X.; Huang, Y.; Ma, Y.J.; Zhang, C.; et al. Dynamical
effects of plastic mulch on evapotranspiration partitioning in a mulched agriculture ecosystem: Measurement
with numerical modeling. Agric. Forest Meteorol. 2019, 268, 98–108. [CrossRef]

15. Haapala, T.; Palonen, P.; Korpela, A.; Ahokas, J. Feasibility of paper mulches in crop production—A review.
Agric. Food Sci. 2014, 23, 60–79. [CrossRef]

16. Moreno, C.; Mancebo, I.; Saa, A.; Moreno, M.M. Image analysis to estimate mulch residue in soil. Sci. World J.
2014, 2014, 9. [CrossRef]

17. Steinmetz, Z.; Wollmann, C.; Schaefer, M.; Buchmann, C.; David, J.; Tröger, J.; Muñoz, K.; Frörd, O.;
Schaumann, G.E. Plastic mulching in agriculture. Trading short-term agronomic benefits for long-term soil
degradation? Sci. Total Environ. 2016, 550, 690–705. [CrossRef]

18. Trivedi, P.; Hasan, A.; Akhtar, S.; Siddiqui, M.H.; Sayeed, U.; Khan, M.K.A. Role of microbes in degradation
of synthetic plastics and manufacture of bioplastics. J. Chem. Pharm. 2016, 8, 211–216.

19. Rosseto, M.; Krein, D.D.; Balbé, N.P.; Dettmer, A. Starch–gelatin film as an alternative to the use of plastics in
agriculture: A review. J. Sci. Food Agric. 2019, 99, 6671–6679. [CrossRef]

20. Krzan, A.; Hemjinda, S.; Miertus, S.; Corti, A.; Chiellini, E. Standardization and certification in the area of
environmentally degradable plastics. Polym. Degrad. Stab. 2006, 91, 2819. [CrossRef]

21. Kazmer, D. Three-Dimensional Printing of Plastics. In Applied Plastics Engineering Handbook, 2nd ed.; William
Andrew Publishing: Amsterdam, The Netherlands, 2017; pp. 617–634.

http://dx.doi.org/10.1016/j.eja.2019.03.002
http://dx.doi.org/10.1016/j.fcr.2019.107559
http://dx.doi.org/10.1016/j.still.2017.01.001
http://dx.doi.org/10.1590/1809-4430-Eng.Agric.v35n6p1009-1018/2015
http://dx.doi.org/10.1016/j.agwat.2008.06.001
http://dx.doi.org/10.1016/j.biortech.2006.02.044
http://dx.doi.org/10.1002/ldr.2553
http://dx.doi.org/10.2136/sssaj2001.652442x
http://dx.doi.org/10.21273/HORTTECH.16.3.0523
http://dx.doi.org/10.1007/s13593-011-0068-3
www.plasticulture.com
http://dx.doi.org/10.1016/j.polymdegradstab.2004.11.021
http://dx.doi.org/10.1007/s10924-007-0053-8
http://dx.doi.org/10.1016/j.agrformet.2019.01.014
http://dx.doi.org/10.23986/afsci.8542
http://dx.doi.org/10.1155/2014/617408
http://dx.doi.org/10.1016/j.scitotenv.2016.01.153
http://dx.doi.org/10.1002/jsfa.9944
http://dx.doi.org/10.1016/j.polymdegradstab.2006.04.034


Agronomy 2020, 10, 933 9 of 10

22. Llanos, J.H.R.; Tadini, C.C. Preparation and characterization of bio-nanocomposite films based on cassava
starch or chitosan, reinforced with montmorillonite or bamboo nanofibers. Int. J. Biol. Macromol. 2018, 107,
371–382. [CrossRef] [PubMed]

23. Arikan, E.B.; Ozsoy, H.D. A review: Investigation of bioplastics. J. Civ. Eng. Arch. 2015, 9, 188–192.
24. Gu, J.D.; Eberiel, D.T.; McCarthy, S.P.; Gross, R.A. Cellulose acetate biodegradability upon exposure to

simulated aerobic composting and anaerobic bioreactor environments. J. Environ. Polym. Degrad. 1993, 1,
143–153. [CrossRef]

25. Chandra, R.; Rustgi, R. Biodegradable polymers. Prog. Polym. Sci. 1998, 23, 1273–1335. [CrossRef]
26. Bortolini, S.; Macavei, L.I.; Saadoun, J.H.; Foca, G.; Ulrici, A.; Bernini, F.; Malferrari, D.; Setti, L.; Ronga, D.;

Maistrello, L. Hermetia illucens (L.) larvae as chicken manure management tool for circular economy.
J. Clean. Prod. 2020, 262, 121289. [CrossRef]

27. Caligiani, A.; Marseglia, A.; Leni, G.; Baldassarre, S.; Maistrello, L.; Sforza, S. Systematic approaches for
extraction and fractionation of biomolecules from black soldier fly prepupae. Food. Res. Int. 2018, 105,
812–820. [CrossRef] [PubMed]

28. Barbi, S.; Spinelli, R.; Ferrari, A.M.; Montorsi, M. Design and environmental assessment of bioplastics from
Hermetia illucens prepupae proteins. Environ. Eng. Manag. J. 2019, 18, 10.

29. Setti, L.; Francia, E.; Pulvirenti, A.; Gigliano, S.; Zaccardelli, M.; Pane, C.; Caradonia, F.; Bortolini, S.;
Maistrello, L.; Ronga, D. Use of black soldier fly (Hermetia illucens (L.), Diptera: Stratiomyidae) larvae
processing residue in peat-based growing media. Waste Manag. 2019, 95, 278–288. [CrossRef]

30. Barbi, S.; Messori, M.; Manfredini, T.; Pini, M.; Montorsi, M. Rational design and characterization of
bioplastics from Hermetia illucens prepupae proteins. Biopolymers 2019, 110, e23250. [CrossRef]

31. Doube, M.; Kłosowski, M.M.; Arganda-Carreras, I.; Cordelières, F.P.; Dougherty, R.P.; Jackson, J.S.; Schmid, B.;
Hutchinson, J.R.; Shefelbine, S.J. BoneJ: Free and extensible bone image analysis in ImageJ. Bone 2010, 47,
1076–1079. [CrossRef]

32. Ronga, D.; Francia, E.; Allesina, G.; Pedrazzi, S.; Zaccardelli, M.; Pane, C.; Tava, A.; Bignami, C. Valorization
of vineyard by-products to obtain composted digestate and biochar suitable for nursery grapevine
(Vitis vinifera L.) production. Agronomy 2019, 9, 420. [CrossRef]

33. Ingman, M.; Santelmann, M.V.; Tilt, B. Agricultural water conservation in China: Plastic mulch and traditional
irrigation. Ecosyst. Health Sustain. 2015, 1, 1–11. [CrossRef]

34. Jabran, K.; Ullah, E.; Hussain, M.; Farooq, M.; Zaman, U.; Yaseen, M.; Chauhan, B.S. Mulching improves
water productivity, yield and quality of fine rice under water-saving rice production systems. J. Agron.
Crop Sci. 2015, 201, 389–400. [CrossRef]

35. Hagassou, D.; Francia, E.; Ronga, D.; Buti, M. Blossom end-rot in tomato (Solanum lycopersicum L.):
A multi-disciplinary overview of inducing factors and control strategies. Sci. Hortic. 2019, 249, 49–58.
[CrossRef]

36. Ronga, D.; Francia, E.; Rizza, F.; Badeck, F.W.; Caradonia, F.; Montevecchi, G.; Pecchioni, N. Changes in yield
components, morphological, physiological and fruit quality traits in processing tomato cultivated in Italy
since the 1930′s. Sci. Hortic. 2019, 257, 108726. [CrossRef]

37. Ronga, D.; Caradonia, F.; Francia, E.; Morcia, C.; Rizza, F.; Badeck, F.W.; Ghizzoni, R.; Terzi, V. Interaction of
Tomato Genotypes and Arbuscular Mycorrhizal Fungi under Reduced Irrigation. Horticulturae 2019, 5, 79.
[CrossRef]

38. Ronga, D.; Pentangelo, A.; Parisi, M. Optimizing N Fertilization to Improve Yield, Technological and
Nutritional Quality of Tomato Grown in High Fertility Soil Conditions. Plants 2020, 9, 575. [CrossRef]

39. Li, Z.; Zhang, R.; Wang, X.; Chen, F.; Lai, D.; Tian, C. Effects of plastic film mulching with drip irrigation on
N2O and CH4 emissions from cotton fields in arid land. J. Agric. Sci. 2014, 152, 534–542. [CrossRef]

40. Yang, C.; Liu, N.; Zhang, Y. Soil aggregates regulate the impact of soil bacterial and fungal communities on
soil respiration. Geoderma 2019, 337, 444–452. [CrossRef]

41. Mukherjee, D.; Mitra, S.; Das, A.C. Effect of organic matter cakes on changes in carbon, nitrogen and microbial
population in soil. J. Indian Soc. Soil Sci. 1991, 39, 121–126.

42. Ning, C.G.; Hu, T.G. The role of straw-covering in crop production and soil management. Better Crops Int.
1990, 6, 6–7.

http://dx.doi.org/10.1016/j.ijbiomac.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/28888543
http://dx.doi.org/10.1007/BF01418207
http://dx.doi.org/10.1016/S0079-6700(97)00039-7
http://dx.doi.org/10.1016/j.jclepro.2020.121289
http://dx.doi.org/10.1016/j.foodres.2017.12.012
http://www.ncbi.nlm.nih.gov/pubmed/29433277
http://dx.doi.org/10.1016/j.wasman.2019.06.017
http://dx.doi.org/10.1002/bip.23250
http://dx.doi.org/10.1016/j.bone.2010.08.023
http://dx.doi.org/10.3390/agronomy9080420
http://dx.doi.org/10.1890/EHS14-0018.1
http://dx.doi.org/10.1111/jac.12099
http://dx.doi.org/10.1016/j.scienta.2019.01.042
http://dx.doi.org/10.1016/j.scienta.2019.108726
http://dx.doi.org/10.3390/horticulturae5040079
http://dx.doi.org/10.3390/plants9050575
http://dx.doi.org/10.1017/S0021859613000701
http://dx.doi.org/10.1016/j.geoderma.2018.10.002


Agronomy 2020, 10, 933 10 of 10

43. Barbi, S.; Macavei, L.I.; Fuso, A.; Luparelli, A.V.; Caligiani, A.; Ferrari, A.M.; Maistrello, L.; Montorsi, M.
Valorization of seasonal agri-food leftovers through insects. Sci. Total Environ. 2020, 709, 136209–136220.
[CrossRef] [PubMed]

44. Hadj Saadoun, J.; Montevecchi, G.; Zanasi, L.; Bortolini, S.; Macavei, L.I.; Masino, F.; Maistrello, L.;
Antonelli, A. Lipid profile and growth of black soldier flies (Hermetia illucens, Stratiomyidae) reared on
by-products from different food chains. J. Sci. Food Agric. 2020. In Press. [CrossRef] [PubMed]

45. Ronga, D.; Villecco, D.; Zaccardelli, M. Effects of compost and defatted oilseed meals as sustainable organic
fertilisers on cardoon (Cynara cardunculus L.) production in the Mediterranean basin. J. Hortic. Sci. Biotechnol.
2019, 94, 664–675. [CrossRef]

46. Ronga, D.; Pane, C.; Zaccardelli, M.; Pecchioni, N. Use of spent coffee ground compost in peat-based growing
media for the production of basil and tomato potting plants. Commun. Soil Sci. Plan 2016, 47, 356–368.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scitotenv.2019.136209
http://www.ncbi.nlm.nih.gov/pubmed/31884276
http://dx.doi.org/10.1002/jsfa.10397
http://www.ncbi.nlm.nih.gov/pubmed/32239772
http://dx.doi.org/10.1080/14620316.2019.1577186
http://dx.doi.org/10.1080/00103624.2015.1122803
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

