
25 June 2026

Cucini, C., Leo, C., Vitale, M., Frati, F., Carapelli, A., Nardi, F. (2020). Bacterial and fungal diversity in the
gut of polystyrene-fed Alphitobius diaperinus (Insecta: Coleoptera). ANIMAL GENE, 17-18
[10.1016/j.angen.2020.200109].

Bacterial and fungal diversity in the gut of polystyrene-fed Alphitobius
diaperinus (Insecta: Coleoptera)

Published:

DOI: http://doi.org/10.1016/j.angen.2020.200109

Terms of use:

Open Access

(Article begins on next page)

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. Works made available under a Creative Commons license can be used according to the terms and
conditions of said license.
For all terms of use and more information see the publisher's website.

Availability:

This version is availablehttp://hdl.handle.net/11365/1120596 since 2021-11-04T12:53:54Z

Original:

This is the peer reviewed version of the following article:

http://doi.org/10.1016/j.angen.2020.200109


1 
 

Bacterial and fungal diversity in the gut of polystyrene-fed Alphitobius diaperinus 1 

(Insecta: Coleoptera) 2 

 3 

Claudio Cucinia*, Chiara Leob, Matteo Vitaleb, Francesco Fratia, Antonio Carapellia and Francesco Nardia 4 

 5 

aDepartment of Life Sciences, University of Siena, 53100 Siena, Italy 6 

bDepartment of Life Sciences, Imperial College London, London, UK 7 

 8 

*Correspondence: claudio.cucini@student.unisi.it (C. Cucini) 9 

  10 



2 
 

Abstract 11 

The use of plastics burgeoned in the last decades to become an essential component of our society. An 12 
environment friendly method to dispose of plastic waste is not available yet, to the outcome that these 13 
accumulate in landfills or are scattered as microplastics. New researches reported that some coleopteran species 14 
are able to destroy plastics thanks to their chewing mouthparts and the metabolic activity of their gut 15 
microbiota. This study shows that the lesser mealworm Alphitobius diaperinus is capable of feeding on, and 16 
apparently degrading, polystyrene. The gut microbiota of polystyrene-fed larvae was characterized using an 17 
NGS metagenomic approach, targeting both bacteria and fungi. Several microbe taxa emerged as differentially 18 
abundant between treatment and control groups (Cronobacter, Kocuria and Pseudomonas as bacteria, 19 
Aspergillus, Hyphodermella, Trichoderma as fungi). Some of them have been found in association with plastic 20 
compounds and/or have been proposed to be capable of plastic degradation. This research supports the notion 21 
that, although synthetic molecules, unlike most natural compounds, do not generally enter the natural food 22 
chain to be degraded by the environmental microbiota, some microbial communities may be able to decompose 23 
plastics. We speculate that, once identified, such communities may open to the possibility of devising 24 
bioreactors for plastic degradation. 25 
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1. Introduction 30 

Since 1950 the yearly plastic demand has risen at untenable rates, from 2 to the 360 million of tons produced 31 
in 2018, with a trend that is not expected to level over time. Polystyrene ((C8H8)n) is one of the most commonly 32 
used plastic materials world-wide, the seventh in terms of quantity. Food packaging, building insulation and 33 
electrical equipment are the main applications of this product [1]. 34 

Although new technologies enabled the development of several recycling strategies, still an important 35 
percentage of plastics end up in landfills with no chance of being recycled or processed to produce green 36 
energy [2]. Furthermore, synthetic debris are causing important concerns such as environmental and water 37 
pollution, as well as the accumulation of microplastic that are jeopardizing animal and human wellness (i.e. 38 
cellular chemical toxicity, physical damage of tissues, modification of protein’s secondary structure, etc.) [3-39 
7]. 40 

Unlike most natural compounds, plastics are synthetic materials of relatively recent origin, and are not 41 
generally deteriorated. Nevertheless, several authors have recently identified insect species that are able to feed 42 
on and, eventually, degrade various types of plastics [8-12]. While some Lepidoptera species were identified 43 
that are able to degrade polyethylene, the most studied group in terms of polystyrene degradation are 44 
tenebrionids. Mealworms and superworms are known to degrade up to 0.12 mg/d and 0.58 mg/d of polystyrene 45 
respectively [11, 13]. It was also demonstrated that the insect gut’s microbial community plays a key role in 46 
the process, as supported by the observation that the suppression of microbial gut communities with antibiotics 47 
leads to a disruption of plastic degradation [11-15]. Multiple bacterial species appear to be involved in the 48 
process. Yang and colleagues [12] identified Exiguobacterium sp. as capable of creating biofilms and 49 
degrading PS in Tenebrio molitor’s gut. Later works on the same tenebrionid beetle indicated other 50 
Enterobacteriaceae as possible candidates for plastic consumption [14,16]. 51 

Furthermore, many free-living or insects’ gut-associated bacteria have been identified as capable of the 52 
breakdown of synthetic products [16-18]. Generally, Pseudomonadaceae and Enterobacteriaceae are reported 53 
to be the main actors in insect’s gut, although it is still not clear which environmental conditions may promote 54 
polystyrene degradation. 55 

Besides, some authors have described free-living fungi that appear to be efficient in synthetic polymers 56 
degradation [20-22]. While the possible role of fungi  in the breakdown of polystyrene inside insects’ guts has 57 
never, to our knowledge, been investigated in detail, synergic effects arising from the joint metabolic activities 58 
of bacterial and fungal communities may play a key role in polystyrene biodegradation within insects’ gut 59 
[23]. 60 

We focused on the lesser mealworm, Alphitobius diaperinus (Insecta: Coleoptera), which is a well-known pest 61 
of stored food grain products. Despite previous works tried to highlight the bacterial and fungal pathogens 62 
within this species, focusing on its possible role as an alternative food-source, a similar survey was never 63 
conducted in relation to plastic degrading [24,25]. We initially confirmed, in an experimental setting, that A. 64 
diaperinus is actually capable of feeding on, and apparently degrading, polystyrene. Then, to better understand 65 
which metabolic processes may be involved, we investigated both bacterial and fungal communities harboured 66 
inside its gut. Finally, we compared our results with those from previous studies on other Tenebrionidae and 67 
free-living organisms, trying to further highlight which bacterial and fungal forms may be responsible for 68 
polystyrene breakdown. 69 
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2. Materials and Methods 71 
 72 

2.1. Lesser mealworm sources and feedstock 73 

Alphitobius diaperinus last instar larvae (approximately 7-10 mm in length) were purchased from Agripet 74 
Garden (Padua, Italy; reared according to the factory protocol, see: https://www.agripetgarden.it/). Larvae 75 
were separated into two groups. One group (treatment group, henceforth PS; 350gr of larvae, corresponding 76 
to ~17,500 larvae) was reared on 20 gr of polystyrene (see below); the second (control group, henceforth CT; 77 
150 gr of larvae, corresponding to ~7,500 individuals) was reared on 12gr of commercial organic carrots, 78 
renewed every 2-3 days, as a combined source of energy and water as in [26]. Larvae were thus subdivided to 79 
account for a higher mortality in the PS group (observed in preliminary experiments) and maintain the two 80 
colonies at comparable numbers for the most part of the period (i.e. no transfer between groups was done). 81 
Both groups were reared using the commercial substrate as in [26]. 82 

Both colonies were reared at the Department of Life Sciences of the University of Siena under controlled 83 
conditions (20 ± 2°C; 12L:12D photo-period; 50-70% RH) for 30 days. The expanded polystyrene foam used 84 
as feedstock for the PS group was purchased from Toscoespansi s.r.l. (https://www.toscoespansi.it/). This 85 
product, known under the commercial name of Extir® (CAS 9003-53-6), had a density of 0.01 gr/cm3 and, 86 
according to the manufacturer information, contained no extra additives or catalysts. 87 

2.2. Survival and polystyrene consumption 88 

At time 0 and after 30 days of rearing, the total weight of larvae, from both treated and control groups, was 89 
assessed. 90 

At the end of the experiment, undegraded polystyrene fragments were similarly weighted. In order to separate 91 
these latter from contaminating dead larvae, exuviae and faecal pellets, polystyrene fragments were washed in 92 
a 0.2x SDS 10%/1x Tween 20® solution at pH 3.5 in a magnetic stirrer for 10-15 minutes. The polystyrene 93 
was then dried in absorbent paper and incubated overnight at 59°C to remove all remaining humidity and 94 
carefully observed under a stereomicroscope to confirm the absence of organic materials (e.g. exuviae). 95 
Undegraded substrate, ideally composed of not eaten PS debris and fecal pellets, was sieved to separate the 96 
two components. The resulting PS fraction was weighted and added to the above figure. 97 

2.3. DNA extraction of gut microorganisms, markers amplification and sequencing 98 

At the end of the experiment, total DNA was extracted from A. diaperinus guts to characterize its microbial 99 
communities. Lesser mealworm larvae were collected and the whole intestines dissected under a Leica Wild 100 
M3C stereomicroscope using Petri dishes filled with sterilized paraffin as support. Total DNA was extracted 101 
using the QIAamp PowerFecal® DNA Kit according to the manufacturer’s protocol. Extractions were made in 102 
triplicates from each group, i.e. three individual larvae were used to have triplicate observations from the PS 103 
group and three from the control group. DNA extractions were used for a metabarcoding analysis of the fungal 104 
and bacterial communities using the ITS1 and the 16S v3-v4 region as molecular marker, respectively (details 105 
in Protocol S1; Supplementary material). 106 

2.4. Data analysis 107 

Raw sequences were demultiplexed based on their indices and primer sequences were removed. Quality 108 
trimming/filtering was performed in trimmomatic v.0.39 [27] and then processed using the Quantitative 109 
Insights Into Microbial Ecology v.2 software (QIIME2 - v.2019.7) [28] as described in Protocol S2 110 
(Supplementary material).  111 
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Diversity analyses were performed in QIIME2 and data for both markers were rarefied at the minimum 112 
sampling depth observed among samples prior to analyses. Good’s coverage, Simpson and Shannon diversity 113 
indices (α diversity), were calculated for both markers, using the Kruskal-Wallis test to compare values across 114 
groups. Bray-Curtis Principal Coordinates Analysis (PCoA) was performed on both datasets. The phylogeny-115 
based Unifrac distances (weighted and unweighted) PCoA were applied to the bacteria dataset only (β 116 
diversity). QIIME2 work-flows are provided as Protocol S3 (bacteria) and Protocol S4 (fungi) (Supplementary 117 
material). 118 

Differential abundance of OTUs was evaluated for both datasets (on the original non rarefied datasets) using 119 
the Phyloseq and DESeq2 packages in R v.3.6.1 (R Core Team 2018, http://www.R-project.org/) [29, 30], and 120 
OTUs with an associated adjusted p-value (padj) < 0.05 were retained. The custom R script for this procedure 121 
is supplied as Protocol S5 of Supplementary material. 122 

3. Results 123 
 124 

3.1. A. diaperinus survival rate and polystyrene weight loss 125 

Alphitobius diaperinus underwent a reduction of 77% and 89% of total weight in the CT and PS group, 126 
respectively. Reduction was more severe in the PS compared to the CT group (1.2x). 127 

The weight of the polystyrene decreased during the experiment from 20gr (time zero) to 16gr (day 30) 128 
(s=2.83). Henceforth, 4gr (20%) of polystyrene was presumably degraded during 30 days of incubation. 129 

3.2. Diversity of bacteria 130 

The resulting sequencing data are available in Result R1 (Supplementary material).  131 

The taxa bar plot showed the presence of six predominant bacterial phyla, mostly with different relative 132 
frequencies: Proteobacteria (76% and 57% in PS and CT, respectively), Bacteroidetes (3% and 26%), 133 
Firmicutes (13% and 8%), Actinobacteria (4% and 8%), Fusobacteria (3% and <1%) and an unassigned 134 
phylum (<1% in both groups) (Figure 1a). 135 

Clustering at the level of classes identified eight predominant entities, often represented with different relative 136 
frequencies: Gammaproteobacteria (76% and 57%), Bacteroidia (3% and 25%), Bacilli (13% and 7%), 137 
Actinobacteria (4% and 8%), Fusobacteria (3% and 1%), Alphaproteobacteria (<1% and 1%), Erysipelotrichia 138 
(<1% both) and an unassigned class (<1% both) (Figure 1b).  139 

Shared OTUs count indicated that ~ 30% OTUs were shared among treatment and control groups, ~ 50% were 140 
observed in control only and ~ 20% in treatment only (Figure 2). 141 

The Good’s coverage index, an estimate of the representativity of the data, produced values higher than 0.99 142 
for both PS and CT groups, thus indicating that the sequencing depth could be considered appropriate to 143 
provide an adequate estimation of the bacterial diversity in the samples. The Shannon and Simpson (Table 3) 144 
produced high values overall, with the only exception of one PS sample (library PS3). Based on the Simpson 145 
index, species richness appeared to be slightly lower in PS samples (0.43-0.87) compared to CT samples (0.88-146 
0.90). The Shannon index provided comparable results, with PS samples displaying a more limited diversity 147 
(1.54-3.60) than CT samples (3.72-4.71). This disparity in richness between PS and CT groups emerged as 148 
statistically supported by the Kruskal-Wallis test (p-value < 0.05). 149 

Based on beta-diversity measures, PS and CT samples appeared in PCoA plots as separate clusters according 150 
to all estimators, nevertheless this difference was not recovered as statistically significant (p-value > 0.05). 151 
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Four bacterial families appeared as differentially abundant between PS and CT samples (Figure 4a). 152 
Pseudomonadaceae, Micrococcaceae, Bacillaceae and Enterobacteriaceae were recovered as significantly 153 
more abundant in PS samples than in CT samples, whereas all others appeared to be more abundant in CT (i.e. 154 
depleted in PS samples). At the genus level, one Gram-positive (i.e. Kocuria) and two Gram-negative bacteria 155 
(i.e. Cronobacter and Pseudomonas, with two species) were found to be significantly over-represented in PS 156 
samples, with a Log2-fold change between 4.1 and 6.5. Two Gram-positive bacteria (i.e. Pseudogracilibacillus 157 
and Virgibacillus) were similarly over-represented in PS samples, with Log2-fold change of 4.8 and 5.8, 158 
respectively (Table 2). Noteworthy, two different OTUs from both these latter genera were also under-159 
represented in PS samples (Log2-fold change of -7.4 and -7.3 respectively) (Figure 4). 160 

The resampling analysis, performed to support the identification of differentially abundant OTUs in PS 161 
specimens, showed that the two Pseudomonas species resulted as overrepresented in all resamples (100%), 162 
whereas Pseudogracilibacillus and Kocuria were recovered in 75-80% of resamples. At variance, Cronobacter 163 
and Virgibacillus were recovered in a mere 25% of resamples, possibly questioning the significance of this 164 
result (Figure 4b). 165 

3.3. Diversity of fungi 166 

The resulting sequencing data are available in Result R1 (Supplementary material).  167 

The taxa bar plot showed that, at the phylum level, Ascomycota were predominant overall over Basidiomycota. 168 
On average, Ascomycota accounted for 70% of taxa in PS samples and 85% in CT samples (Figure 5a). 169 
Basidiomycota were also well represented in PS samples (29% on average), although with large differences 170 
among replicates, while appearing to be utterly rare in CT samples, where a single library showed a mere 0.4%. 171 
A significant portion of detected fungal entities remained unidentified. These accounted for 14% on average 172 
in CT groups and as much as 39% in one single CT sample (CT1), while unidentified taxa were rare in PS 173 
samples (<1%). 174 

Among these groups, six predominant classes were recorded (Agaricomycetes, Saccharomycetes, 175 
Sordariomycetes, Dothideomycetes, Eurotiomycetes, Leotiomycetes), plus one unidentified taxon (Figure 5b). 176 
Good’s coverage indices higher than 0.99 for both CT and PS samples indicated an adequate estimation of 177 
fungal diversity. Both the Shannon and Simpson indices were generally higher in PS samples (Simpson: 0.58-178 
0.69 in PS, 0.19-0.63 in CT; Shannon: 1.65-2.72 in PS, 0.73-1.67 in CT), with the exception of one replicate 179 
(CT2) which had values in line with PS specimens (Table 1). The differences observed in both indices were 180 
nevertheless recovered as non-significant by the Kruskal-Wallis test (p > 0.05). 181 

Shared OTUs count indicated that ~10% OTUs were shared among treatment and control groups, ~ 30% were 182 
observed in control only and ~ 60% in treatment only (Figure 2). 183 

Non-phylogenetic β diversity, as described by the Bray-Curtis PCoA, suggested a marked difference in OTUs 184 
presence and abundance between the CT and PS groups (Figure 3d). Nevertheless, the β diversity measures 185 
resulted as non-significant in a PERMANOVA analysis (p-value > 0.05), most likely as an outcome of the 186 
small number of included samples. 187 

The differential abundance analysis performed with DESeq2 identified five genera that appeared to be 188 
overrepresented in PS samples compared to CT samples: Trichoderma, Penicillium, Hyphodermella, 189 
Aspergillus plus an unidentified genus belonging to the Agaricomycetes class, with a Log2-fold change 190 
between 11.8 and 18 (Figure 6a; Table 2). Among them, only Aspergillus, Hyphodermella and the unidentified 191 
agaricomycete were recovered with a sizeable frequency in resamples (80%), whereas Penicillium and 192 
Trichoderma were recovered rarely (25%), possibly questioning the significance of this result (Figure 6b). 193 
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4. Discussion 194 

The fairly high reduction observed in larvae weight during the experiment may be dependent on the overall 195 
stressful rearing conditions, exacerbated in the PS group by the use of polystyrene as the only source of food 196 
[26]. Nevertheless, both groups survived for the entire length of the experiment and, in the following weeks, 197 
several larvae underwent pupation and moult into adult forms (data not shown). However, further and more 198 
focused eco-physiological experiments are needed to evaluate the ability of A. diaperinus, alongside alternative 199 
plastic-degrading insects, to actually survive for more than one generation on a non-conventional food source 200 
such as polystyrene. The use of a combined source of energy and water in the PS treatment might improve the 201 
insect's physiological resistance to the stress caused by the use of an unnatural food source [31]. This possibility 202 
may be considered in following experiments if the total PS degradation rate is to be maximised, but did not 203 
seem the primary choice in this initial phase where the differences between PS and control groups was to be 204 
maximised. 205 

Alpha-diversity estimates (Table 1), as well as the count of shared OTUs, highlighted that the bacterial 206 
microbiota harboured in A. diaperinus’ gut of PS samples is significantly impoverished compared to CT 207 
specimens (Figures. 1-2). This may be the outcome of the critical conditions encountered, that may not be 208 
viable for a portion of bacterial species naturally occurring in A. diaperinus’ gut. Alternatively, it might be the 209 
result of the reliance on one single and simple source of carbon, that possibly favoured only one degradation 210 
pathway at the expense of others. Alpha-diversity estimates of the fungal microbiota, on the other hand, 211 
indicate that PS samples display a richer microbial diversity than CT (although differences between the two 212 
groups appear not to be statistically significant). This observation may be associated with the almost total 213 
absence, in CT samples, of Basidiomycota, a phylum of fungi that is is encountered at fairly high frequency in 214 
PS samples. 215 

Apart from sheer species richness, some differences in the presence and relative abundance of individual taxa 216 
(i.e., β diversity) are highlighted by PCoA plots of PS compared to CT samples (Figure 3), although these 217 
differences are not recovered as statistically supported. In fact, all distance measures produced plots where PS 218 
and CT samples are separated over at least one of the major axes. This difference is further supported by visual 219 
observation of the taxa bar plots (Figure 1 for bacteria, 5 for fungi). In some instances, differences tend to 220 
emerge from the presence of specific taxa in some samples that are absent in others, such as, in the fungi 221 
dataset, Basidiomycota that are present at sizable frequency in at least 2 PS samples and nearly absent in all 222 
CT samples. Similarly, in the bacterial dataset, Bacteroidetes are well represented in CT samples and nearly 223 
absent in PS ones. In other instances, a large increase in relative frequency of a given taxon, as in the case of 224 
Proteobacteria in PS samples, produces a proportional shrinkage in the relative frequency of all other taxa, 225 
suggesting these as, possibly, the driving cause of observed differences. 226 

Given that the main focus of this study is the identification of microbial species that are associated with 227 
polystyrene-fed insects, and hence potentially involved in plastic degradation, a detailed OTUs differential 228 
abundance analysis was performed (Figures. 4,6; Table 2). The bacteria genera Pseudomonas, Kocuria, 229 
Cronobacter, Pseudogracilibacillus and Virgibacillus were generally found to be significantly more abundant 230 
in PS compared to CT samples and henceforth possibly associated and/or involved in polystyrene degradation 231 
in the beetles’ gut. 232 

Pseudomonas has already been identified in the context of studies on plastic degradation and has been proposed 233 
to be strictly associated with polystyrene consumption [17,18,32-34] as well as with the degradation of other 234 
plastic materials [35-38]. Following from the observation that this mechanism of plastic degradation would 235 
require an initial breakdown of the polymer, previous studies tried to identify the enzyme classes that, based 236 
on their structure and functional parameters, may be responsible for the degradation of several different types 237 
of polystyrene and other synthetic polymers [18, 38-41]. As an example, Azotobacter beijerinckii HM121 is 238 



8 
 

known to produce a Hydroquinone Peroxidase capable of polystyrene degradation in a dichloromethane-water 239 
system [42]. In Pseudomonas the alkb gene was identified as the key enzyme in alkane biodegradation during 240 
polyethylene (PE) breakdown [40]. Furthermore, Mooney et al. [41] reconstructed the entire process of styrene 241 
breakdown, identifying styrene monooxygenase as the first enzyme along the styrene degradation pathway, 242 
describing its subunit structure (styA and styB) and its regulation by styS and styR. In addition, an unknown 243 
type of esterase produced by Pseudomonas and Bacillus was associated with high impact polystyrene (HIPS) 244 
degradation [18]. Yet, Pseudomonas seems to be strictly associated with lesser mealworm larvae as assessed 245 
in previous metabarcoding researches on A. diaperinus, indicating the constant presence and the resilience of 246 
this microorganism even in different rearing conditions [24-25]. 247 

The genus Kocuria, found to be significantly overrepresented in the gut of polystyrene-fed larvae has never 248 
been recorded as associated with plastic consumption. Nevertheless, Parshetti et al. [43] demonstrated that K. 249 
rosea is able to degrade malachite green, a chemical compound that is used as a textile dye or as an antimicrobic 250 
in aquacultures. Interestingly, malachite green shows a styrene core structure, a molecular substructure that is 251 
also present in polystyrene. It can therefore be envisioned that Kocuria may be able to produce enzymes that, 252 
using the styrene core as substrate, may be effective in the degradation of polystyrene. 253 

The Gram-negative Cronobacter, similarly overrepresented in PS, is known to create biofilms on plastic 254 
surfaces, but it has never been recorded as involved in plastic breakdown [44]. However, Cronobacter is a 255 
member of the Enterobacteriaceae, a bacterial family that includes a number of species that were shown to 256 
degrade HIPS, PHA and EPS as free-living organisms [18,19,33,45] or as part of insects’ gut microbiota 257 
[9,14,16]. The presence of similar enzymatic pathways, involved in polystyrene breakdown, is therefore 258 
possible. 259 

Although bacteria are probably more abundant and diverse, they are not the only microbial component 260 
characterizing a particular environment. As such, since no previous work (to our knowledge) focused on 261 
insect’s intestinal fungi as related to plastic consumption, we deem the inventory of the fungal community in 262 
A. diaperinus’ gut of significant interest for the characterization of its microbiome at large. At variance with 263 
bacteria, α diversity measures, alongside taxa bar plots (Figure 5; Table 1), show a higher intrinsic variability 264 
of fungi in PS compared to CT samples. It has been shown that fungal species are able to produce a variety of 265 
readily used vitamins [46] amino acids and sterols [47,48]. This capability may provide fungi with a substantial 266 
advantage under stringent conditions, where a single and uniform source of carbon and no food source with a 267 
high-water content are available. It is therefore possible to speculate that the added nutritional role of these 268 
compounds may explain the higher abundance of fungi observed in the gut of polystyrene-fed larvae compared 269 
to control. 270 

Five genera plus an unidentified form belonging to the Agaricomycetes class appear to be over-represented in 271 
PS compared to CT samples (Figure 6; Table 2).  272 

Agaricomycetes, especially abundant in PS samples, is a very diverse and species rich class (at least 21,000 273 
species according to Kirk et al. [49]) but no study seems to associate species of this group to plastic breakdown. 274 
No reference relevant to plastic breakdown is similarly available for Hyphodermella. 275 

On the other hand, relevant information is available for Aspergillus, Trichoderma and Penicillium, three genera 276 
that have variously been associated with plastic degradation. All of them were found to be over-represented in 277 
PS samples. Some Aspergillus species were reported that are capable of degrading several plastic materials 278 
[50-52]. Trichoderma viride and Aspergillus nomius were both screened as soil free-living fungi able to attack 279 
and destroy LDPE [53]. Yamada-Onodera and colleagues [20] described the capacity of Penicillium 280 
simplicissimum to break the C=C bond of polyethylene. More recently, Penicillium variabile was shown to 281 
mineralize polystyrene after long incubation [54]. These two fungal species have been already described as 282 
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associated with A. diaperinus in a previous study [25] and may be part of the natural insect associated 283 
microbiota. 284 

In full evidence, while association studies are definitely relevant to identify microbial species possibly 285 
associated with plastic degradation, these do not provide a proof of their functional role in the process. 286 
Culturing studies are underway in order to establish whether these selected microbial species are (or are not) 287 
culturable. Chemical and biochemical studies may be warranted in the near future, in line with previous works 288 
on Tenebrio and Zophobas atratus [11-17]. Moreover, translational studies to deploy the microbial chain that 289 
naturally emerged as capable of plastic degradation in the insect’s gut may be functional for the possible future 290 
development of artificial, sustainable and eco-friendly waste degradation technologies. In addition, due to the 291 
cannibalistic capability of tenebrionids in sub-optimal rearing condition, an improved rearing protocol should 292 
be adopted in further works to eliminate this further breeding variable. Lastly future studies should focus on 293 
other commensals or parasites that are known to be present in the Coleoptera’s gut (i.e. gregarines [55]). 294 

5. Conclusion 295 

In this study we compared the gut microbial community of three A. diaperinus larvae reared on polystyrene 296 
with three control larvae fed on vegetable food. Several bacterial and fungal entities were significantly 297 
modulated in polystyrene fed animals. Some of these correspond to taxa already reported in this context in 298 
other organisms, some had never been reported but display biochemical features that suggest a possible role 299 
in this process. Future studies on A. diaperinus should focus on a chemical analysis of faeces to confirm plastic 300 
degradation and characterize the chemical reactions taking place. Moreover, since it is not known if these 301 
species are culturable, microbiological studies to assess the necessary culturing parameters are required in 302 
order to assess the possibility to culture these microbes in biochemical reactors aimed at degrading synthetic 303 
polymers. 304 
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Table 1. Coverage and alpha-diversity estimators calculated per dataset/group/marker 483 
Dataset Group Sample Good’s coverage Simpson index Shannon index 

Bacteria PS PS1 0.99 0.87 3.60 

 PS PS2 0.99 0.82 3.30 

 PS PS3 0.99 0.43 1.54 

 CT CT1 0.99 0.88 3.72 

 CT CT2 0.99 0.88 4.27 

 CT CT3 0.99 0.90 4.71 

Fungi PS PS1 0.99 0.69 2.72 

 PS PS2 0.99 0.58 1.69 

 PS PS3 0.99 0.63 1.65 

 CT CT1 0.99 0.63 1.67 

 CT CT2 0.99 0.38 1.08 

 CT CT3 0.99 0.19 0.73 

 484 

  485 
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Table 2. Species that appeared to be over-represented in PS vs. CT groups. 486 

Bacteria     

Phylum Class Species Log2-FC padj 

Proteobacteria Gammaproteobacteria Pseudomonas sp. 6.5 2.31 × 10-3 
Proteobacteria Gammaproteobacteria Pseudomonas sp. 4.1 1.89 × 10-2 
Proteobacteria Gammaproteobacteria Cronobacter sp. 5.8 4.73 × 10-2 
Actinobacteria Actinobacteria Kocuria sp. 4.2 2.48 × 10-2 
Bacilli Bacillaceae Virgibacillus sp. 5.8 4.14 × 10-2 
Bacilli Bacillaceae Pseudogracilibacillus sp. 4.8 2.41 × 10-2 

Fungi     

Phylum Class Species Log2-FC padj 

Ascomycota Eurotiomycetes Aspergillus sp. 13.9 1.33 × 10-2 
Ascomycota Eurotiomycetes Penicillium sp. 16.3 2.54 × 10-3 
Ascomycota Agaricomycetes Unidentified 18.0 8.66 × 10-4 
Ascomycota Agaricomycetes Hyphodermella sp. 12.0 4.00 × 10-2 
Ascomycota Sordariomycetes Trichoderma sp. 11.8 4.00 × 10-2 

 487 
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Figure Legends 489 

 490 
1. Figure 1. Bacterial OTUs diversity. Taxa bar plots of (a) phyla and (b) classes of bacteria. Taxa are 491 

colour coded. 492 
2. Figure 2. Venn diagram of bacterial and fungal OTUs. Number of OTUs shared/not shared between 493 

treatment and control. (a) bacteria; (b) fungi. 494 
3. Figure 3. PCoA based on β diversity indices. (a) bacteria, Bray-Curtis; (b) bacteria, unweighted 495 

Unifrac distances; (c) bacteria, weighted Unifrac distances; (d) fungi, Bray-Curtis. Black dots 496 
represent treated samples, white dots controls. 497 

4. Figure 4. Bacterial OTUs differential abundance. (a) DESeq2 differential abundance of bacteria 498 
clustered by genus. Taxa are colour coded. Species recovered as significantly more/less abundant in 499 
PS with respect to CT samples correspond to positive/negative of Log2-fold change, respectively. 500 
Asterisks indicate taxa that are observed at a frequency above 0.1% in the original data. (b) DESeq2 501 
differential abundance in resampled data set. Columns are colour coded according to the frequency a 502 
taxon is recovered significantly over/under expressed in the resamples. Red error bars indicate the 503 
range of Log2-fold changes in the resamples. 504 

5. Figure 5. Fungal OTUs diversity. Taxa bar plots of: a) phyla and b) classes of fungi. Taxa are colour 505 
coded. 506 

6. Figure 6. Fungal OTUs differential abundance. (a) DESeq2 differential abundance of fungi clustered 507 
by genus. Taxa are colour coded. Species recovered as significantly more/less abundant in PS with 508 
respect to CT samples correspond to positive/negative of Log2-fold change, respectively. Asterisks 509 
indicate taxa that are observed at a frequency above 0.1% in the original data. (b) DESeq2 differential 510 
abundance in resampled data set. Columns are colour coded according to the frequency a taxon is 511 
recovered significantly over/under expressed in the resamples. Red error bars indicate the range of 512 
Log2-fold changes in the resamples. 513 
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