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obtenir du matériel pour parvenir à bien mes manipulations. Merci également à Samuel
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Abstract

The processes of plastic biodegradation take into account a wide field of study involv-

ing several multidisciplinary approaches. The aim of this present work is to investigate

plastic degradation from two ways. The first one is the study of the impact of diets on the

intestinal microbiota of Galleria mellonella caterpillar, known to assimilate polyethylene.

To this end, a denaturing gradient gel electrophoresis (DGGE) was performed, highlight-

ing specie diversity variation but a constant specie richness. Moreover, identification of

cultivable bacteria from the gut of G. mellonella larvae displays interesting species able

to degrade polymer. The second approach is the study of the adhesion of biofilms on

polyethylene surface, which is the first step of plastic biodegradation. For this purpose,

XDLVO theory was explored through Zeta potential (ZP) measurement and contact angle

measurement on microbial co-culture composed of Bacillus amyloliquefaciens and Tricho-

derma harzianum. The obtained ZP variation exhibits the complexity and heterogeneity

of biofilms through time and space. These physicochemical analyses were performed on

plastic surface supporting biofilms. Small variations were exhibited compared to the

controls. This observation can be the consequence of a chemical modification of plastic

surface caused by the microbial degradation and leading to a better adhesion of biofilm.

Keywords: Plastic degradation. Galleria mellonella. DGGE. Co-culture. Biofilm

adhesion. XDLVO theory.
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Résumé

Le processus de biodégradation des plastiques prend en compte un large champs

d’étude impliquant diverses approches multidisciplinaires. Le but de ce présent travail

est d’étudier la dégradation du plastique à partir de deux voies. La première consiste

en l’étude de l’impact des régimes sur le microbiote intestinal de la chenille de Galleria

mellonella, connue pour assimiler le polyéthylène. À cette fin, une électrophorèse sur gel

en gradient dénaturant (DGGE) a été réalisée, mettant en évidence une variation de la

diversité spécifique mais une richesse specifique constante. De plus, l’identification des

bacteries cultivables issues de l’intestin de G. mellonella montre d’intéressantes espèces

capables de dégrader des polymères. La seconde approche est l’étude de l’adhésion des

biofilms sur la surface du polyéthylène, ce qui constitue la première étape de la biodegra-

dation du plastique. Dans ce but, la théorie XDVLO a été investiguée à travers la mesure

du potentiel Zéta (ZP) et celle de l’angle de contact sur une co-culture microbienne

composée de Bacillus amyloliquefaciens et Trichoderma harzianum. Les variations des

valeurs du ZP obtenues montrent la complexité et l’hétérogénéité spatiale et temporelle

des biofilms. Ces analyses physico-chimiques ont été réalisées sur la surface de plas-

tique supportant les biofilms. De légères variations sont apparues comparativement aux

contrôles. Cette observation peut être la conséquence d’une modification chimique de la

surface de plastique, causée par la dégradation microbienne pour permettre une meilleure

adhésion du biofilm.

Mots clés: Dégradation du plastique. Galleria mellonella. DGGE. Co-culture.

Adhésion du biofilm. Theorie XDLVO.
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Abbreviations

AB Short-range Lewis acid-base.

AFM Atomic force microscopy.

AMP Antimicrobial peptide.

APS Ammonium persulfate.

BFI Bacterial-fungal interaction.

CAM Contact angle measurement.

CLP Cyclic lipopeptides.

DGGE Denaturing gradient gel electrophoresis.

DLVO Derjaguin, Landau, Verwey, and Overbeek.

DSC Differential scanning calorimetry.

EPS Extracellular polymeric substances.

FTIR Fourier transform infrared spectroscopy.

GPC Gel permeation chromatography.

HDPE High density polyethylene.

HDXLPE High density cross-linked polyethylene.

HMWPE High molecular weight polyethylene.

LDPE Low density polyethylene.

LLDPE Linear low density polyethylene.

LW Lifshitz-van der Waals.

MDPE Medium density polyethylene.
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microATR Microattenuated total reflectance.

OD Optical density.

PCR Polymerase chain reaction.

PE Polyethylene.

PET Polyethylene therephtalate.

PGPR Plant growth-promoting rhizo-bacteria.

PHB Polyhydroxybutyrate.

POP Persistent organic pollutant.

PP Polypropylene.

PS Polystyrene.

PUR Polyurethane.

PVC Polyvinyl chloride.

SD Standard deviation.

SEM Scanning electron microscopy.

TEMED Tetramethylethylenediamine.

TGA Thermo gravimetric analysis.

UHMWPE Ultrahigh molecular weight polyethylene.

ULMWPE Ultralow molecular weight polyethylene.

VLDPE Very low density polyethylene.

XDLVO Extended DLVO.

XLPE Cross-linked polyethylene.

XPS X-ray photoelectron spectroscopy.

ZP Zeta potential.
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1 Goal of this study

It is not a secret anymore; the increasing worldwide use of synthetic polymer, such as

plastics, leads to a dramatic rise of plastic debris through ecosystems, which is not without

consequences on wildlife. At the same time, the natural degradation of this waste is more

and more investigated, including several scientific disciplines working on biological, physical

and chemical aspects of this natural biodegradation.

In that context, a natural community from the gut of Galleria mellonella larvae, a

caterpillar known to assimilate plastic bags, has been studied as a microbial ecosystem. On

the other hand, a synthetic community has been cultivated on polyethylene films and explored

through its physicochemical interactions. To that end, this present work has been achieved

due to laboratory experimentations based on these multidisciplinary approaches which have

been led on abiotic and biotic systems, namely polyethylene and microbial communities.

The specie richness and the specie diversity have been investigated on the intestinal

microbiota from the Galleria mellonella larvae due to several denaturing gradient gel elec-

trophoreses (DGGE). Moreover, in order to identify cultivable bacteria isolated from this

microbiota, a 16S rDNA sequencing has been carried out.

Inspired by the natural relationship of microorganisms in soil, a synthetic community

was set up to study its adhesion on polyethylene and its abilities to degrade this synthetic

polymer. This co-culture, constituted by a bactarial strain, Bacillus amyloliquefaciens, and a

fungal one, Trichoderma harzianum, both growing on a polyethylene surface, was investigated.

Through Zeta potential and contact angle measurement, the physicochemical behavior was

explored according to the XDLVO theory.
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2 State of the art

2.1 Plastics in our current world

Since the invention of Bakelite by the Belgian chemist Leo Baekeland in the early 20th

century, the expansion of plastic manufacturing and its applications have been a revolution

in our daily life [1].

Obviously, the consequences of this revolution are more and more important, but

not always visible. Indeed, plastics are synthetic materials widely used across the world and

therefore concerns about their contributions to pollution of terrestrial and aquatic biomes,

but also their impacts on human health, are more and more investigated. This leads to the

creation of new laws such as the bannishment of micro-plastic in cosmetics, plastic bags in

supermarkets, plastic cutlery, cotton swabs and so on. Discoveries about biodegradation of

plastic are always presented as victory but public awareness about plastic issues remains

too weak, even if we are overrun with pictures and videos showing plastic pollution through

ecosystems.

2.1.1 Plastic, a synthetic polymer

Plastic materials are polymers derived from the fossil fuel cracking or bio-based prod-

ucts. Eitherway, plastic is always synthetic (as human made). As polymers, all plastics are

characterized by a long-chain molecular structure. The repeat unit along the chain, the

monomers, varies from a plastic to another one (Table 1), classified as ”resins” [2]. Com-

monly, plastics are classified into 2 main categories: thermoplastics and thermosets, char-

acterized by their ability to be reshaped by heating or not [3]. This property is due to the

individual polymer chain characteristics for thermoplastics, while thermosetting polymers are

chemically crosslinked.
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Table 1: Thermoplastics and thermosets: chemical structure of monomers

Thermoplastic Monomer

Polypropylene

(PP)
CH2 CH

CH3

( )
n

Polyethylene

(PE)
CH2 CH2

( )
n

Polyvinyl chloride

(PVC)

CH2 CH

Cl

( )
n

Polyethylene therephtalate

(PET)
O C

O

C

O

O CH2 CH2

( )
n

Polystyrene

(PS)

CH2 CH
( )

n

Thermoset Monomer

Polyurethane

(PUR)
C

O

N

H

N

H

C

O

O CH2 CH2 O

( )
n

Content source: [4]

Polyethylene is commonly used in packaging sector. Globally, LDPE and LLDPE

are found in agricultural film, food packaging film and bags. Whereas HDPE and MDPE

are mostly used to make current items such as toys, milk bottles, shampoo bottles, pipes,

houseware, etc (Table 2). Because PE is mainly manufactured for short-term and single-

use items, this type of synthetic polymer is continuously demanded on a large proportion

compared to the other kind of plastics [3].
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Table 2: Thermoplastics and thermosets: European plastic demand and common usages

Thermoplastic Demand Usage

Polypropylene

(PP)
19.3 %

Food packaging, sweet and snack wrappers,

hinged caps, microwave proof containers, pipes,

automotive parts, etc.

Polyethylene

(LDPE/LLDPE)
17.5%

Reusable bags, trays and containers, agricultural

film, food packaging, film, etc.

Polyethylene

(HDPE/MDPE)
12.3%

Toys, milk bottles, shampoo bottles, pipes,

houseware, etc.

Polyvinyl chloride

(PVC)
10%

Building (windows frames, profils, floor, wall

covering, etc.)

Polyethylene therephtalate

(PET)
7.4% Bottles for drinks and cleaners

Polystyrene

(PS)
6.7%

Eyeglasses frames, plastics cups, egg trays

packaging, building insulation, etc.

Thermoset Demand Usage

Polyurethane

(PUR)
7.5%

Building insulation, pillows and mattresses,

insulating foams, etc.

Content source: [3]

Among all these synthetic polymers, polyethylene (PE), or polythene, is the largest

tonnage plastics material manufactured and the simplest plastic in terms of structure and

composition, having the chemical formula (C2H4)nH2 [5]. Indeed, PE is a polyolefin char-

acterized by the polymerization of ethylene. However, several methods had been developed

to produce polyethylene, impacting its structure and thus its properties such as mechanical,

thermal, chemical and electrical properties [6]. So, polyethylene is classified by the chain

branching and thus by its density. These grades of PE include among others: very low den-

sity polyethylene (VLDPE), low density polyethylene (LDPE), linear low density polyethylene

(LLDPE), medium density polyethylene (MDPE), cross-linked polyethylene (XLPE), high-

density polyethylene (HDPE), high-density cross-linked polyethylene (HDXLPE), high molec-

ular weight polyethylene (HMWPE), ultrahigh molecular weight polyethylene (UHMWPE)

and ultralow molecular weight polyethylene (ULMWPE) [7].
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Packaging is the main demanding sectors of plastics reaching 39.5 % for Europe in

2014 (Figure 1). This percentage remains constant, reaching 39.9% in 2016. Polyethylene,

and especially low-density polyethylene, is the major polymer used for packaging (Figure 1)

which exposes the demand of the main sectors for the main resin types. These amounts

remain stable between 2014 and 2016, according to the facts of 2017 [3].

Figure 1: European plastics demand by polymer types in 2014

Source: [8]

Hence, it is not surprising that these single-use items constitute the greater plastic

pollutant [9]. Furthermore, they are easily transported in nature by wind and water due to

the low mass of LDPE.

2.1.2 Plastic management

Global production of plastics reached 335 million tons in 2016, with almost 18% of

it being produced in Europe. Plastic demand increases with population growth, resulting

in a higher demand which would lead to a depletion of this material if the only production

source was fossil fuel, a non-renewable source. In this context, it is time to rethink plastic

consumption and management, including valorization of plastic waste. 27.1 million tons
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of plastic waste were collected trough Europe in 2016. 31% of these collected plastics are

recycled (63% were treated inside Europe), 41.6% are turned into energy, while 27.3% are

destined for landfilling [3].

2.1.2.1 Recycling

Nowadays, the recycling turns plastic waste into a resource, leading to a circular

economy and developing an international market of recycled plastic. It also helps avoid the

processing of petrochemical feedstocks and its linked pollution [9, 10]. However, the number

of cycles of the recycling process is limited by the decrease of the quality of this synthetic

polymer. Moreover, recycling could be hazardous due to the mixing of additives included in

manufactured plastic materials [5]. Indeed, raw polymers do not meet the expected proper-

ties of plastic material. Additives are used to perform essential functions such as the thermal

stability and the durability of the material in order to obtain useful items. For example, nu-

cleating agents, antioxidants, dyes or pigments, reinforcing fibers, fillers and flame retardants

may be added to adjust the previous properties. Furthermore, other agents may also im-

prove the quality of plastic materials like surface modifiers, wetting agents, coupling agents,

biocides, plasticizers, mold release agents, etc [11]. Another limiting factor for recycling is

the required energy and water to wash items. The first key challenge to improve plastic

recycling is the efficiency of the separation of the different plastic materials. Another main

challenge is the improvement of quality of waste plastic containing undesirable additives and

contaminants in order to deliver a better quality of recycled plastic materials [9].

2.1.2.2 Landfilling

Landfilling does not solve the problem of plastic waste management and remains an

unsustainable solution. This accumulation of plastics postpones the problem to the next

generations. Moreover, lands dedicated to the landfilling are not available for more valuable

activities such as agriculture. As a further matter, a non-well-operated landfill can lead to

an uncontrolled pollution. Indeed, besides the physical pollution of plastics, landfill leachates

contain hazardous additives which could, if not treated, induce a pollution of the aquatic

environment [12,13].

Landfilling also remains an inappropriate management of plastics because of its per-

sistence in the environment. Indeed, the degradation of plastics can take between hundreds

and thousands years, according to estimations. However, inappropriate human behavior and

improper waste management are the major causes of plastics released in the environment [12].
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2.1.2.3 Pollution

The problem of plastic pollution is associated with both the physical plastic items

and chemical components included in this synthetic material (both additives and adsorbed

pollutants). Besides the persistence of plastics in nature, the low degradation rate implies

mechanical fragmentation of plastics and thus the spreading of micro- and nano-plastics in

the environment. The dissemination of those particles leads to their presence everywhere

and the disruption of the environment. For example, the ingestion of macro-plastics by

both marine and terrestrial organisms leads to a blockage of the digestive tract due to its

undigestibility in the gut. Moreover, the ubiquity of plastic also impacts all the trophic chain

trough bio-accumulation and bio-magnification [13,14].

Furthermore, plastics can act as a sorbant of hydrophobic contaminants. Among these

contaminants, persistent organic pollutants (POBs), known as carcinogenic and endocrine

disruptors, are concentrated onto plastic materials. Actually, micro- and nano-plastics present

a higher surface area to volume ratio compared to larger plastics, resulting in an higher

concentration of adsorbed contaminants by volume unit. Moreover, the smaller the plastic

item is, the higher the number of particles that can be ingested by an organism is [12]. Next

to the ingestion, chemical additives and adsorbed contaminants associated with the plastic

can be released in the organisms and accumulated in adipose tissues [13]. By this way, POPs

could be bio-accumulated in food chain, impacting more significantly the predators such as

humans [15].

Nowadays, no ecosystem is free of plastics. The well-known ”7th continent of plas-

tics”, called the Plastic Trash Vortex, is unfortunately a perfect example of marine pollution

by plastics. Many beaches are covered of plastics items whereas agroecosystems are not more

saved. Mulching film are directly involved in soil pollution while water easily transports plas-

tics, supporting aquatic pollution. Moreover, it has been demonstrated that microplastics

pass trought waste water treatment, highlighting the total uncontrolled plastic spreading [14].
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2.2 Biodegradation of plastics

Biotic degradation refers to be ”a chemical degradation of materials provoked by the

action of microorganisms such as bacteria, fungi and algae” [16].

As a synthetic polymer, the first function of polyethylene is not to be biodegrad-

able. Moreover, polyolefins, including PE, are strong linear chains or branching of carbon

without any functional groups. They thus have a high hydrophobicity, preventing an easy

fragmentation by microorganisms [17]. However, environmental conditions can lead to a

physical, chemical and biological degradation of polymers including a depolymerization step

and a mineralization one. This environmental degradation includes a range of factors such

as oxygen, heat, sunlight, moisture, water, wind, dust, living organisms, etc. Indeed, it has

been observed that degradation appears due to a natural pre-ageing, caused by the expo-

sure of UV light and heating for example. These photodegradation and thermo-oxidative

degradation result in the formation of free radicals and trigger the oxidation of the polymer

(Figure 2), with as consequence the insertion of carbonyl groups in the carbon chain. These

additional functional groups allow the propagation of Norrish type I and II reactions, leading

to the fragmentation of the PE and its oxidation, and decreasing the hydrophobicity of the

polymer [16,18–20]. So, the pre-oxidation step allows the formation of low molecular weight

fragments of polymers, the adhesion of biofilm on these fragments, the biodegradation and

the bioassimilation by microorganisms [16, 18, 19]. By this way, the carboxylic acids of the

plastics can react with coenzyme A to form acetyl-CoA and enter into the citric acid cycle.

Thus, the final biodegradation products are carbon dioxide and water in aerobic conditions,

but also methane in anaerobic environment [17].

The biodegradative ability can be charged through additives. Some conventional

plastics contain anti-oxidants preventing this natural oxidation and thus the degradability of

this polymeric material. On the contrary, some biodegradable plastics contain pro-oxidants in

order to speed up the degradation [21]. Yet, pure PE, i.e. without any additional compounds

improving the quality of plastic, is non-absorbing in UV-light due to its saturated bonds

(C-C and C-H). UV-light could have an impact due to the presence of chromophores such as

additives, impurities and chemical modifications during the processing [22]. However, it has

also been shown that micro-organisms could degrade pure PE without any pretreatment such

as photo and thermal pretreatment [23], and that additives, stabilizers and colorings could

be toxic for micro-organisms involve in the biodegradation process [16].
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Figure 2: Mechanism of photodegradation and thermo-oxidative degradation of polyethy-

lene

Source: Modified from [20]

2.2.1 Focus on Galleria mellonella

The recent work of Bombelli et al. (2017) highlights the biodegradation of polyethy-

lene by caterpillars of Galleria mellonella, the greater wax moth. Nevertheless, the digestive

mechanism of this plastic by this butterfly remains unknown. The enzymatic activities of

both the symbiotic bacteria from the gut and caterpillars itself are still not investigated,

asking the question of which species effectively entail plastic degradation [24].
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Wax moth name refers to the specie known as a pest of honeybee colonies. Indeed,

Galleria mellonella is found through the world, where beekeeping is practiced. Its ability

to consume beewax, including hydrocarbon chains (polymers), may help to understand the

ability to assimilate plastic, a synthetic polymer. The greater wax moth is a Lepidepteran

insect of the Pyralidae family. As a holometabolous insect, G. mellonella has a life cycle

with four stages : egg, larvae, pupa and adult. Stage period depends on environmental

conditions [24,25].

Galleria mellonella is commonly used as in vivo model for infection processes of many

human microbial pathogens but also used as model to value the efficiency of an antimicrobial

drug. Indeed, immune response in insects shows analogies with innate immune response

of vertebrate. Hemocytes, phagocytic cells, are involved in the immune system of Galleria

mellonella, which are similar to mammals. Moreover, the greater wax moth expresses some

proteins presenting similarities with mammalian proteins and involved in humoral immune

response as pattern recognition molecules. Finally, Galleria mellonella produces antibacterial

peptides (AMPs) against bacteria and fungi [26].

Furthermore, polyethylene degradation by intestinal bacterial strains in waxworms

gut (Plodia interpunctella, a Pyralidae) had been studied by Yang et al. (2014). It had

been observed that this waxworm was able to consume PE bags resulting in observable

deterioration of this PE film. Microbiota from gut of these insects, which had previously

chewed PE, were recovered and cultivated first in flasks containing PE films. After two

months of growth, plastic film were removed and analyzed whereas culture medium was

spread across several plates with varied compositions of medium. Colonies were isolated and

then purified in order to screen it. A total of eight bacterial strains was isolated including two

visible and cultivable colonies; Bacillus spp. and Enterobacter asburidae. These two strains

were selected to study PE degradation in a carbon-free medium. Their abilities to degrade

PE had been highlighted thanks to several analyses such as the topography analysis with

scanning electron microscopy (SEM) and atomic force microscopy (AFM) showing surface

deterioration of PE film. Microattenuated total reflectance (microATR), Fourier transform

infrared spectroscopy (FTIR) imaging and X-ray photoelectron spectroscopy (XPS) exposed

concordant results resulting in additional carbonyl group to the polyethylene [23]. Indeed,

the addition of carbonyl group to the polyethylene is known to be a mark of polyethylene

degradation. Moreover, this observed oxidation of PE appeared without pre-treatment of the

plastic.
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Nevertheless, this kind of research remain limited by the observation of impacts on

biodegradation of cultivable microorganisms. Furthermore, the enzymatic impact involved

in PE degradation remains an unexplored field of study.

2.2.2 Focus on Bacillus spp

Among the microorganisms able to degrade plastics, it has been reported that Bacillus

amyloliquefaciens (strains BSM-1 and BSM-2) can form a biofilm on low density polyethylene

(LDPE) films [27]. Moreover, biomineralization of LDPE was observed due to the excretion

of CO2 and H2O with LDPE as the sole carbon source in these culture conditions. The

metabolic activity of Bacillus amyloliquefaciens was assessed by the pH change, support-

ing the degradation of LDPE. Changes of polymer surface have been proved by a scanning

electron microscopy (SEM). Furthermore, a Fourier transform infrared spectroscopy (FTIR)

determined the addition of functional groups on the LDPE 60 days after the inoculation of

Bacillus, and thus supporting degradation of LDPE [27].

The choice of Bacillus spp. as a degrading bacteria is based on a previous study

carried out by Das MP. and Kumar S. (2013) [28]. Indeed, LDPE films coming from waste

were recovered in order to isolate attached microorganisms. The identification of the bacterial

isolates were carried out thanks to 16S rDNA method and compared with GenBank database.

Only two strains of the same specie (Bacillus amyloliquefaciens BSM-1 and BSM-2) were

demonstrated to be degrading bacteria of LDPE films and thus used to evaluate cell surface

hydrophobicity impacting the biofilm formation. However, this study presents some failures.

Indeed, the authors assume that Bacillus spp. is the only bacteria of LDPE waste able to

degrade LDPE film, without highlighting bacterial diversity of LDPE film waste and the link

between this diversity and PE degradation abilities. So with Bacillus spp. as the sole bacteria

tested for the biofilm formation among the supposed large bacterial diversity, the results could

be incorrect. Furthermore, biodegradation of LDPE was not highlighted. Indeed, firstly they

claimed a PE degradation without evidences. The hydrophobicity was measured thanks to

a ratio based on the optical density (OD), according to the well-known Rosenberg’s method

currently named ’MATH’ (microbial adhesion to hydrocarbon) [29].

The work of Roy et al. (2008) demonstrated the ability of a consortium of species

of Bacillus (Bacillus pumilus, Bacillus halodenitrificans and Bacillus cereus) to degrade

polyethylene [30]. Furthermore, this work highlights the abiotic impact to the biodegra-

dation of LDPE film. Indeed, cobalt stearate were introduce to the LDPE films who were
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irradiated with UV light, allowing a bacterial growth and hence a biodegradation of the

plastic. So, cobalt stearate led to a photodegradable plastic film.

According to these previous studies, Bacillus genus seems to be a potential candidate

to experiment polyethylene biodegradation and biofilm adhesion. Indeed, Nowak et al. (2011)

exposed the LDPE film colonization abilities of Bacillus spp. in regards to the other isolated

bacteria coming from the same soil sample [31].

Bacilli are a bacterial class representing a large group of species present in many envi-

ronments like air, water, soil and even in food. Bacillus amyloliquefaciens is a widely studied

specie in the agriculture field, inspiring new biotechnological approaches [32]. Indeed, the

ability of Bacillus to produce cyclic lipopeptides (CLPs) enhances its development on surface

due to the surface-active properties of CLPs [33]. Moreover, the capacity to sporulate is an

interesting characteristic for commercial aims [34]. These traits are desired by biotechnology

and pharmaceutical applications. Among this specie, B. amyloliquefaciens GA1 strain syn-

thetizes amphiphilic molecules such as iturin A, fengycin A and B, and surfactin. Together,

these tree lipopeptides act as biocontrol agents in the rhizosphere [33], classifying Bacillus

spp. as plant growth-promoting rhizo-bacteria (PGPR) [35]. Furthermore, lipopeptides im-

prove the cell spreading and the biofilm formation [33]. Indeed, this multicellular structure

is partially due to the social motility named swarming [36].

2.2.3 Characteristics of a biofilm

2.2.3.1 Ecology

Biofilm is defined as ”aggregates of microorganisms in which cells are frequently

embedded in a self-produced matrix of extracellular polymeric substances (EPS) that are

adherent to each other and or a surface” [37]. Biofilm is a natural mode of life widely spread

through the world. Biofilm communities can be found in soil, marine environment, in plant

and higher organisms, and even in extreme environment. It plays a key role in degradation

of organic and inorganic matter, however their presence in some industrial processes or in

the medical field is not always wanted [38].

This aggregate of microorganisms is a complex system composed of either a com-

munity or a population. From an ecological point of view, a population is characterized by

organisms of the same specie whereas a community is defined as a group of several species [38].

Biodiversity and development of microorganisms of the biofilm depend on local conditions,
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creating social and physical interactions inside the system itself but also with its external

environment. Inter-cellular communication in biofilms is possible thanks to chemical and

electric signals [38,39].

The biofilm development is characterized by 5 main steps (Figure 3) [40]. The first

step of the biofilm development itself (Figure 3 B) allows the initial attachment of planktonic

cells to the surface. Besides intrinsic mobility of bacteria, cellular motility is due to diffusion,

Brownian motion, gravitation and convection. Then, EPS production by attached bacteria

induces a stronger adhesion of cells. This second step (Figure 3 C) is characterized by

the irreversible bondings conducting to a micro-colony formation due to co-adhesion of cells

(Figure 3 D). In these conditions, maturation of the biofilm can start (Figure 3 E). The last

stage is the dispersion of free cells from the biofilm (Figure 3 F) [40–42].

Figure 3: Biofilm formation : sequential development

A: two strains in an aqueous environment containing organic matter which coverts the substratum

surface ; B: initial attachment of planktonic cells; C: EPS production and irreversible attachment ;

D: micro-colony formation; E: maturation of the biofilm; F: dispersion of the single cell from the

biofilm. Source: [40]
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2.2.3.2 Physicochemical properties

Surface attachment is the first step of biofilm formation. Besides surface roughness

and extracellular organelles interacting with the substrate surface, physicochemical properties

of both surfaces, cells and substratum, are crucial to well understand biofilm formation, and

particularly the bacterial adhesion process. Critical factors are: hydrophobicity (steric in-

teractions) [43], DLVO theory (Derjaguin-Landau-Verwey-Overbeek) and its thermodynamic

approach (surface free energy) [44]. Indeed, the work of Marshall et al. (1971) [45] seems

to be the first one highlighting the process implied in the microbial adhesion (Pseudomonas

spp.) to the substratum, taking into account the DLVO theory.

The classical DLVO theory (Equation (1)) of colloid stability results from the Lifshitz-

van der Waals interactions (V LW ), generally attractive, and from the electrostatic charge of

the cell (V EL), attractive or repulsive (depending on the surface charge), to a net interaction

(V DLV O) [46].

V DLV O = V LW + V EL (1)

The Lifshitz-van der Waals interaction includes three types of forces : orientation

forces of Keesom (dipole-dipole), induction forces of Debye (dipole-induced-dipole) and dis-

persive forces of London (induced-dipole-induced dipole interaction) [47].

The electrostatic interaction is developed by the electric double layer of the surface

(Figure 4). This electric double layer is composed of a strong layer, the Stern layer, that

balances the surface charge thanks to counter ions to reach electro-neutrality. Nevertheless,

outside this layer, the diffuse electric double layer is defined by a mix of positive and negative

charges reaching the electro-neutrality of the system. However the ions of this region are less

attached to the surface than the Stern layer, and due to this, the electrical forces during an

electrophoresis cause de detachment of the diffuse layer [48].
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Figure 4: Model of the electric double-layer at a charged interface in aqueous solution

Source: [49]

Thanks to this kinetic phenomenon, the electrophoretic mobility may be measured

and then converted into the Zeta potential (ζ) by the Helmoltz Von Smoluchowski relation

(Equation (2)) [48]:

µ =
εrε0 ζ

η
(2)

Moreover, surface potential (ψ, illustrated on Figure 4) is proportional to Zeta po-

tential. The electrostatic interaction is thus defined as (Equation (3)) [48]:

V EL ≈ ψ2e−κd (3)

Where ψ is the surface potential, d is the distance between the cell and the substratum

and κ is the Debye lenght, the inverse of the thickness of diffuse double layer. This κ

parameter depends on the dielectric constant of the solution, and hence V EL depends on the

ionic strength of the solution [44].

The surface free energy derives from the thermodynamic approach of the DLVO theory

(Equation (4)) [46]. The adhesion energy, or net interaction energy (GDLV Oslb ), is function of

the distance (d) between the bacterial cell (b) and the substratum (s), both included in a

liquid medium (l). From a thermodynamic point of view, a negative total surface free energy

(GDLV O) leads to adhesion between two surfaces whereas a repulsion occurs for a positive

GDLV O value.

GDLV Oslb = GLWslb +GELslb (4)
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However, this classical DLVO theory assumes the inert surface property. This theory

seems invalid for the bacterial surface and substratum surface immersed in a polar solvent,

due to hydrogen and chemical bonds of bacterial surface [48]. A new term, referring to the

extension of the DLVO theory (XDLVO), was introduced by van Oss et al. (1985) [47] to

explain the contribution of energy of the hydrogen bond: the short range Lewis acid-base

(AB) interactions [50]. The total adhesion energy (Equation (5)) is thus related to Lifshitz-

van der Waals forces, electrostatic forces and Lewis acid-base and is defined as:

GXDLV Oslb = GLWslb +GELslb +GABslb (5)

The Dupré equation (Equation (6)) exposes the following thermodynamic approach

including interfacial tension between two surfaces (γij):

Gadhslb = γsb − γsl − γbl (6)

In order to obtain an adhesion (i.e. Gadhslb < 0) between the cell and the substratum,

γsb value has to be lower than the sum of γsl and γbl values.

The surface tension of one substrate (γi) takes into account both apolar aspect

(Lifshitz-van der Waals) and polar aspect (Lewis acid-base) (Equation (7)) where the po-

lar component (γABi ) is defined by electron donor (γ−) and electron acceptor (γ+) surface

tension subcomponents (Equation (8)) [51].

γi = γLWi + γABi (7)

γABi = 2
√
γ+i γ

−
i (8)

Whereas apolar and polar interfacial tensions between two substrates (γij) are ex-

pressed respectively by the Equation (9) and the Equation (10).

γLWij = (
√
γLWi −

√
γLWj )2 (9)

γABij = 2(
√
γ+i γ

−
i +

√
γ+j γ

−
j −

√
γ+i γ

−
j −

√
γ+j γ

−
i ) (10)

According to Equations (6), (7) (9) and (10), the total interaction Gadh, also called the

free energy, between different substrates (i.e. cell bacteria (b) and substratum (s)) immersed

in a liquid (l) is thus described by Equation (11), neglecting the electrostatic interaction [51]:
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Gadhslb = (
√
γLWs −

√
γLWb )2 − (

√
γLWs −

√
γLWl )2 − (

√
γLWb −

√
γLWl )2+

2[
√
γ+l (

√
γ−s +

√
γ−b −

√
γ−l ) +

√
γ−l (

√
γ+s +

√
γ+b −

√
γ+l )

−
√
γ+s γ

−
b −

√
γ−s γ

+
b ]

(11)

However, the polar and apolar surface tension of substrates (γLWs , γ+s , γ
−
s , γ

LW
b , γ+b

and γ−b ) remains unknown. Thanks to Young’s relation (Equation (12) and Equation (13) for

substrate s and b respectively) [52], these values of surface tension can be found by contact

angle measurement (CAM) with 3 kind of liquids (including a polar, an apolar one and a

third one that can be either one of them) giving the contact angle value (θ) for each liquid

on the considered substrate (s or b) (Equation (14) or Equation (15) respectively). Surface

tensions of liquids (γLWl , γ+l and γ−l ) are supposed to be known.

γl. cos θ = γs − γsl (12)

γl. cos θ = γb − γbl (13)

(1 + cos θ).γl = 2(
√
γLWs γLWl +

√
γ+s γ

−
l +

√
γ−s γ

+
l ) (14)

(1 + cos θ).γl = 2(
√
γLWb γLWl +

√
γ+b γ

−
l +

√
γ−b γ

+
l ) (15)

However, Equation (11) neglects the surface free energy induced by the electrostatic

interaction (Equation (16)). If taken into account, GELslb is expressed as Equation (17) as-

suming the ion-penetrable of the spheric cell and a constant fixed charge density [53]. This

ion-penetrable layer is associated with peptidoglycan layer in the cell wall of gram-positive

bacteria, such as Bacillus amyloliquefaciens [53,54]. Indeed, ion-penetrable bacterial surfaces

do not possess a Stern layer. The measured electrical potential (ψ) is thus induced by the

ion-penetrable layer (Figure 5) [54].

Gadhslb = GLWslb +GABslb (16)

GELslb = 4πεa[ψbψse
−κh − 1

4
ψ2
b

a

a+ h
e−2κh] (17)

Where ε is the dielectric permittivity in the solution, a represents the radius of the

cell, κ is the diffuse double layer thickness including the ion-penetrable thickness layer and h

is the surface to surface separation distance between the cell and the substratum. Bacterial

surface potential (ψx) is related to the charge density resulting from the charged groups of

the surface constituting the ion-penetrable layer (Figure 5b).
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(a) Charged ion-impenetrable layer (Stern model) (b) Ion-penetrable bacterium

Figure 5: Electric potential profile (ψ)

Source: [53]

The properties of substrate surface and microorganisms surface influence the interac-

tions between each other. However, these properties are models and adapted models of abiotic

materials. The dynamic nature of cell surface of bacteria conducts to the modification of the

chemical composition of cell wall, resulting in physicochemical variations. Moreover, ionic

strength and pH of suspending medium, as well as EPS influence the surface charge. Indeed,

associated or dissociated charged groups on cell surface change with pH and ionic strength.

Furthermore, approaching a cell to the surface, either another bacterium or an inert surface,

also influences surface properties. More specifically, the electric double layer is influence by

the cell wall, in itself composed of charged groups [53,54]. The heterogeneity of the cell wall

has to be highlighted too, resulting in the heterogeneity of surface properties. Due to this

complex structure and chemical composition, the short-range steric interactions are part of

the bacterial adhesion to a substrate and have to be considered. Presence of steric interactions

is assumed to impact energy and thus is predicted in DLVO theory [55,56].

Another interpretation of the interaction energy is the Derjaguin approximation tak-

ing into account distance separation between surfaces. Concerning electrostatic interactions,

this approximation is assumed to be applied in case of: κa � 1 [57]. The total adhesion

energy (GXDLV Oslb ) is then the sum of the three followed equations (Equation (18), (19) and

(20)) [58]:
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GLWslb (d) = −Aa
6d

(18)

GABslb (d) = 2πaλGABslb e
d0−d
λ (19)

GELslb (d) = πεε0a[2ψbψsln
1 + e−κd

1 − e−κd
+ (ψ2

b + ψ2
s)ln(1 − e−2κd)] (20)

Where A is the Hamaker constant in water, a is the radius of the cell, d is the

minimum surface-to-surface separation, λ is the decay length for acid-base interaction, d0 is

the minimum separation distance due to Born repulsion, ε0 is the dielectric permittivity of

vacuum and ε is the dielectric constant of water.

Besides interactions between two different surfaces, free energy of cohesion is the

interaction of two identical surfaces and is expressed by the Equation (21) and could be

taken into account in biofilm formation [59].

∆Gcohblb = −2γlb (21)

2.3 Co-culture approach

Inspired by nature, a co-culture involves two or more populations of cells, growing

with a certain degree of contact, to reach a stable, efficient and robust consortium [5, 60].

For example, industrial applications require co-culture systems to increase productivity of

target molecules by the improvement of cell behavior thanks to the other cell population [61].

Indeed, the phenotypic expression is induced by both genotype and environmental factors

which include other cell population, itself influenced by environmental conditions.

Spatial structure is an environmental factor affecting interactions inside the co-culture

system and thus in fine impacting community dynamics. Indeed, interfaces solid-liquid, gas-

liquid and gas-solid are involved in mass transfer and molecules spreading and it could lead to

gradients of concentrations in given conditions and ultimately to conduct to localized effects,

creating ecological niches. Due to the niches complementary, this heterogeneous environ-

ment could maintain a more performed microbial consortium compared to a homogeneous

environment or a mono-culture suystem [62]. Degree of contact of populations included in

the co-culture system are variable and are provided by several technologies. Among others,
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microfluidics set up micro-scale environment in order to manage environmental conditions,

whereas the use of membrane in co-culture system allows to study the impacts of molecules

diffusion and share, without cell contact [63].

Definitively, coordination of cell populations perform specific metabolic networks [64]

and can act as catalyst [65]. These metabolic interactions are thought to reach a stable culture

of individually uncultivable microorganisms [66]. In addition, microbial consortia are more

robust to environmental variations than a single population culture [67]. Natural examples

such as lichens (biological structure including algae, fungal and bacterial symbionts) and

biofilms illustrate this resilience through environmental variations and extreme conditions

[63]. Furthermore, co-culture takes in consideration ecological interactions such as symbiosis

like mutualism, commensalism or parasitism and non-symbiotic relations like predation and

competition. In co-culture systems, the population ratio is a key factor to reach a stable and

optimized system for given conditions [61]. Indeed, faster growing population could bestride

the system and create competition for resource availabilities. Adjusting the population ratio

may solve these problems [60,63].

One the other hand, synthetic microbial ecology reaches two purposes. The first one is

to understand the community properties derive from different microbial genotypes and their

interactions. And the second one is to optimize production of synthetic microbial applications.

Controlled experimental conditions allow to well define environmental properties for the study

of microbial interactions and thus the monitoring of these microbial interactions [62]. Indeed,

genetic engineering can lead relations to a specific and desired behavior of the established

consortium [68], in a given environment [61].

The mathematical modeling is one of benefits of co-culture communities compared

to natural communities, to predict long-term and over time behavior, but also to optimize

growth or production parameters [61, 62]. Obviously, model design has to be validated by

experiments [61].

However, community studies are much more complex than individual species. Indeed,

even mono-cultures develop heterogeneous behaviors and phenotypes [61]. Moreover, co-

culture does not represent the sum of individual activities but takes into account interactions

such as energy, information and material exchanges between the different populations [68].
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2.3.1 Bacillus spp. in co-culture with Trichoderma spp.

Among the infinite combinations of co-culture involving two populations, the use

of fungal matrix for colonization by bacteria in rhizosphere was set up in vitro thanks to

Trichoderma spp. and a PGPR like Bacillus spp [69]. Indeed, Triveli et al. (2013) highlighted

the efficiency of both the biofilm formation and the co-culture system to reach an effective

production of desired molecules and the target antifungal activity [69]. According to Deveau

et al. (2018), bacterial-fungal interaction (BFI) are more and more investigated in varied

fields such as biotechnology, environment, medicine, food processing and agriculture. This

co-culture system integrates multidisciplinary studies such as chemical and microbial ecology,

-omics approaches, molecular biology, biophysics and ecological modelling [70]. Moreover,

these neighboring fungi manage bacterial spreading due to mycelial networks formed by

multicellular filamentous fungi whereas biological and physical interactions are not totally

understood [71].

As mentioned above, the common point between bacteria Bacillus spp. and fungi

Trichoderma spp. is their abilities to have a symbiotic behavior with plant roots. Both

species have a huge value for agriculture: its plant disease control and plant nutrients up-

take can therefore help plant development, plant growth and resistance to pathogens [72].

In addition, several studies highlight the interaction between Bacillus spp. and Trichoderma

spp. enhancing biocontrol properties [73–75]. Trichoderma spp. is a filamentous fungus and

ubiquitous inhabitant of soil and rhizosphere. This is a green-spored ascomycete resisting to

chemical pesticide [76]. According to Sowmya et al. (2014), T. harzianum is able to degrade

UV-treated polyethylene by laccase and manganese peroxidase. Biodegradation was mon-

itored by classical method such as SEM imaging, NMR, weight loss and FTIR. Moreover,

in that case, the UV pre-treatment seems to be essential to improve this fungal degrada-

tion, causing the oxidation of the plastic surface. Crude laccase abilities to degrade PE was

also investigated and results in FTIR spectrum modifications and weight loss, indicating a

degradation of polyethylene [77].
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3 Material and method

3.1 Extraction of microbial community from the gut of Galleria mellonella

larvae

Insects breeding and digestive tract extraction of Galleria mellonella were realized

by Samuel Latour during his Master’s thesis [78], including beneficial results to this present

work.

3.1.1 Galleria mellonella breeding

Insects breeding took place at 26 ± 3°C in boxes containing four caterpillars per box.

On one hand, 0.1 g of PE film and 4 g of wax were added to the container. On the other

hand, a standard diet was set up without plastic, thus only 4 g of wax. All larvae recovered

for the analysis were 7 days old. Studied larvae were chosen on the basis on their stoutness

and before the first stage of nymph metamorphosis.

3.1.2 Microbiota extraction

3.1.2.1 Digestive tract extraction

3 larvae of each diet were chosen for microbiota extraction. Intestinal bacteria coming

from Galleria mellonella were extracted in sterile conditions. Firstly, the larva was immersed

in ethanol in order to kill it and to disinfect the cuticle. The caterpillars was then rinsed in

pure water. Seccondly, the extraction of midgut and hindgut was realized in sterile PBS 1X

thanks to classical dissection material and a microscope, under a laminar-flow hood for sterile

conditions. Finally, the foregut was removed in order to avoid environmental contaminations

and for practical reasons linked to the method of dissection.

3.1.2.2 Microbiota recovery

The 3 digestive tracts were pooled together into 2 mL of PBS. A light vortex was

applied, followed by a stronger vortex with glass beads in order to suspend microbiota in the

PBS solution. 200 µL were recovered for the cultivation step (see below). A light centrifu-

gation was applied on the rest of the mixture in order to decant insect residues and hence to

recover the rest of the solution containing microbiota. This supernatant was then centrifu-

gated during five minutes at 13.000 rpm. Three phases appeared; the upper one (phase C)

seemed to be fat material (adipose tissues), the middle (phase B) one was the PBS solution

containing biological soluble molecules and finally the cells were in the third phase (phase A),
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thus at the bottom. Each phase was isolated separately and conserved at -20°C for further

analyses.

3.1.3 Microbiota cultivation

The microbiota coming from larvae which grew with standard diet was cultivated.

The recovered 200 µL were diluted until 106 (step of dilution: 10). 100 µL of each dilution

were spread on Petri dishes containing LB medium (10% tryptone, 5% yeast extract, 10%

NaCl, 20% agar).

Colonies were isolated and cultivated on Petri dishes (LB medium). The isolation

was realized on the basis of the phenotypic appearance of each cultivable microorganism and

identified thanks to numbers.

3.1.4 DNA screening

The main aim of the natural community investigation is the composition of intestinal

microbiota of Galleria mellonella larvae. In order to obtain it, a Denaturing Gradient Gel

Electrophoresis (DGGE) is a method used because it allows the visualization of the species

richness and diversity. However, anterior steps had to be firstly optimized.

3.1.4.1 DNA extraction

Two methods of DNA extraction were done in order to compare the yield in term of

species diversity from the recovered DNA and to compare cellular lysis efficiency to reach a

better DGGE quality.

• A : DNA extraction was set up thanks to QIAamp® DNA Micro Kit according to

the protocol for isolation of genomic DNA from urine. This protocol was applied on

intestinal bacteria from standard diet, the related isolated colonies (numbered sample)

and on intestinal bacteria from PE diet.

• B : A second method of DNA extraction was performed due to the unclear DGGE

results obtained from the first one (Appendices page 75, Figure 21). This method was

tested on intestinal bacteria from PE diet. Cells were resuspended into a 200 µL of

a lysis buffer (2% Triton X-100, 1% SDS, NaCl 0.1 M, TRIS-HCl pH 8 0.01 M and

EDTA 0.001 M) with 0.3 g of glass beads (acid washed, Sigma-Aldrich) and 200 µL of a

phenol/chloroform/isoamyl alcohol solution (25/24/1) was added. Sample was then put

into the dismembrator during 1 minute at 2000 rpm (Sartorius Mikro-Dismembrator
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U). 200 µL of TE buffer (TRIS 10 mM and EDTA 1 mM) were added and sample was

shaken during 30 seconds. A centrifugation (13000 rpm, 5 minutes, 4°C) was applied

and the aqueous phase was transfered. 1 mL of iced ethanol 100% was added and the

solution was slightly agitated. A new centrifugation was applied during 10 minutes.

Supernatant was withdrawn and the pellet was resuspended in 400µl of TE buffer. 3

µL of RNase A Roche (10 mg/mL) was added followed by an incubation at 37°C during

5 minutes. 10 µL of ammonium acetate 4 M and iced ethanol 100% were added. The

sample was slightly shaken. A third centrifugation was applied and the pellet was dried

after removing the supernatant. Salts were removed thanks a wash of ethanol 70%.

DNA was finally resuspended into 100 µL of sterile water.

3.1.4.2 DNA amplification

In order to carry out the DGGE, a polymerase chain reaction (PCR) had to be ap-

plied. Indeed, the PCR is a method amplifying nucleotide sequences. The PCR amplification

was performed with PCR Using Q5® High-Fidelity DNA Polymerase (M0491). The used

primers were Eu GC-F341-357 5’ - CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCA

CGGGGGGCCTACGGGAGGCAGCAG - 3’and Eu R518-534 5’ - ATTACCGCGGCTGCTG

G - 3’, amplifying the 16S rDNA region corresponding to the hyper-variable region V3 (po-

sition 341 to position 534). In this study case, an adjustment of thermocycling conditions

had been set up thanks to the analysis beforhead of several species and strains of Bacillus

spp. (MJ Research PTC-200 Peltier Thermal Cycler). Moreover, according to Muyzer et al.

(1993), an addition of 40-bp GC rich clamp in 5’ primer (5X Q5 High GC Enhancer) is useful

for an optimal resolution of the fragments in the acrylamide gel [79]. All PCR reactions were

checked thanks to the electroporesis gel results (2% agarose and 0.00005% midori in TAE

buffer 0.5X, migration at 100 V). Two PCR thermocycling conditions were tested in order

to enhance DGGE fingerprints.

• A: Thermocycling conditions were composed of an initial denaturation at 98°C during

30 seconds, an hybridization at 65°C and an elongation at 72°C. 35 cycles of hybridiza-

tion and elongation were applied (30 seconds per cycle and 2 minutes for the last one).

Hybridization temperature was optimized thanks to Bacillus spp. samples. A range

from 55 to 70 °C with steps of 5°C was tested. Due to the addition of an enhancer, a

hybridization temperature of 65°C was selected on the basis of the electrophoresis gel

results (0.8% agarose and 0.00005% midori in TAE buffer 0.5X, migration at 100 V)

and the Tm obtain from the online NEB Tm Calculator (Appendices page 74, Figure
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20).

• B: Due to the apparition of double bands on the DGGE with method A, some enhance-

ments had to be established. So, this PCR took into account two improvements of the

PCR cycle. Firstly, the touch down method was set up. Then, a longer final cycle of

elongation was carried out. The touch down method means that the applied tempera-

ture of hybridization is higher than the upper limit of annealing temperature [80]. By

this way, the primer binding is much more specific. In order to favor amplification of

desired sequences, the temperature is then gradually decreased to reach optimal tem-

perature of primers [79]. The Hot Start Taq DNA polymerase (NEB) was used in this

case. The second step of PCR cycle enhancement is an extension of the final cycle

of elongation including 3 phases. Indeed, according to Janse et al. (2004), this step

allows to withdraw additional strains appearing on DGGE [81]. For the first step, the

thermocycling conditions were thus an initial denaturation at 95°C during 3 minutes.

After that, for the second step, a second denaturation followed by an hybridization

and then an elongation were applied at 95°C, 65°C and 68°C and during 30 seconds, 1

minutes and 1 minutes respectively. 20 cycles were realized in these conditions, with a

reduction of 0.5°C at each hybridization cycle. Finally, the last phase was 20 cycles of

a denaturation at 95°C, an hybridization at 55°C and an elongation at 68°C during the

same times as the steps of the previous phase. However, the last elongation step lasted

15 minutes.

3.1.4.3 DNA purification

Purification step was processed thanks to the Monarch® Nucleic Acid Purification

Kit (NEB). This test was carried out after the PCR in order to avoid potential artefacts com-

ing from primers or sequence residues and appearing on the DGGE. Moreover the purification

step allows to concentrate the DNA.

3.1.4.4 DGGE

In order to assess bacterial richness and diversity in the gut of Galleria mellonella

larvae, a denaturing gradient gel electrophoresis was applied. This technique is based on

the separation of the DNA molecules by their nucleotide sequences. The DNA fragments

are exposed to a gradient of chemical denaturants, such as formamide and urea (increasing

concentration from the top to the bottom), within an acrylamide gel. The melting properties

of DNA fragments is the key factor for this electrophoretic separation. The denaturation of
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DNA involves the unzipping of the double-stranded molecule and thus the decrease of the

mobility in the gel. The higher the G-C pairing content is, the quicker the DNA fragment

progress is. Thus a higher concentration of denaturant is required to melt DNA and to

stop its migration through the gel matrix. That is the reason why a GC clamp is added to

the primer. The migration also depends on GC positioning on the DNA sequence, allowing

the differentiation of DNA comporting the same amount of GC pairing. A DNA binding

fluorescent dye permits to observe stains in the gel under a UV light. Due to the specificity

of DNA and the separation capacity, one band represents one specie of the sample and thus the

species richness. However, closed species could be not distinguished. The relative abundance

of each specie in one sample is evaluated by the intensity of their corresponding band to the

other ones, illustrating the species diversity.

In order to set up a linear denaturating gradient inside the acrylamide gel, two solu-

tions were prepared (Table 3); one with the lower concentration of denaturants (S1) and the

other one with the higher concentration (S2). The choice of both concentrations depends on

the DNA diversity. Solutions were mixed with ammonium persulfate solution (APS) 10 %

and tetramethylethylenediamine (TEMED) in order to polymerize the solutions and thus to

form the gel. A simple system based on atmospheric pressure was used to realize the linear

gradient (from S1 to S2) during the gel formation. Polymerization took several hours. After

that, the migration was realized in a TAE buffer 1X tank at 60°C (C.B.S Scientific compagny,

DGGE-2001 model). Migration time depends on voltage applied. Finally, the acrylamide gel

was immersed in a midori solution (0.015% in TAE buffer 0.5X) during one hour before being

visualized under a UV-light.

Table 3: Composition of denaturant solutions used for the acrylamide gel formation

Denaturant solutions

Components Units 20% 40% 60% 80%

40% acrylamide/bis mL 18.8 18.8 18.8 18.8

TAE buffer 50x mL 2 2 2 2

Glycerol mL 2 2 2 2

H2O mL 69.2 61.2 53.2 45.2

Formamide mL 8 16 24 32

Urea g 8.4 16.8 25.2 33.6
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DGGE was carried out with microbiota recoveries and cultivated microbiota from

free polyethylene diet or with polyethylene diet (Table 4).

• Test 1 included microbiota recovery from the standard diet (phases A and B) and the

associated cultivated microbiota (samples number 1 to 10). The gradient used was 20%

to 80%, including 80 µl of APS and 10 µl of TEMED. Migration lasted 14 hours at 60

V.

• Test 2 concerned microbiota recovery from standard diet (MSDq) and associated cul-

tivated microbiota (numbered samples). The microbiota recovery from PE diet were

divided into two samples. For DNA extraction, one (MPEDq) was treated with the

kit (Extraction A) whereas the second (MPEDp) was treated with phenol/chloroform

(Extraction B). The gradient used was 40% to 60%, including 100 µl of APS and 10 µl

of TEMED. Migration last 18 hours at 40 V.

• Test 3 took into account two improvements of PCR cycles (DNA amplification test

B). First, the touch down method was set up. Then, a longer final cycle of elongation

was carried out. These improvements were performed on cultivated microbiota from

standard diet (numbered samples) and on a mix of 3 Bacillus stains.

Table 4: Summary of achieved DGGE

DNA treatment DGGE conditions

Extraction Amplification Purification Gradient Current Time

Test 1 A A No 20 - 80 % 60 V 14 hours

Test 2 A+B A Yes 40 - 60 % 40 V 18 hours

Test 3 A+B B No 40 - 60 % 50 V 17 hours

3.1.4.5 Amplicon sequencing

The PCR for the 16S rDNA sequencing was performed with the Q5® High-Fidelity

DNA Polymerase (M0491) and the primers used were 8F and 1492R (Tm=64°C, cycle of 1

minute). The amplified fragments were sequenced by Eurofins GATC Biotech (Germany) and

the sequences were red by the software SnapGene Viewer. The obtained sequences were then

compared to the GenBank thanks to the basic local alignment tool (BLAST NCBI), avoiding

bordered nucleotides (presence of background noise). The first four species exhibiting 100%

(or 99%) of identity, the lower E-value and the 100% of query cover were taken into account.
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3.2 Design of synthetic community for degradation of LDPE

3.2.1 Strains used

3.2.1.1 Trichoderma harzianum

The strain used was Trichoderma harzianum coming from the laboratory of Microbial

Processes and Interaction (MiPI) in Gembloux Agro-Bio Tech, ULiège (Belgium). Spores

were recovered after the mycelium development on Petri dishes containing a minimal medium

(0.59 % NaNO3, 0.052 % KCl, 0.15% KH2PO4, 1% glucose, 0.2 mM MgSO4, trace elements

1X(500x: 38 mM ZnSO4, 89 mM H3BO3, 12.5 mM MnCl2, 9 mM FeSO4, 3.55 mM CoCl2,

3.2 mM CuSO4, 3.1 mM Na2MnO4 and 87 mM EDTA) and 1.6 % agar). The average

number of cells was estimated thanks to cytometry analyses (BD Biosciences, NJ USA).The

concentration inoculated in the experimental culture was equal to 106cells/mL.

3.2.1.2 Bacillus amyloliquefaciens

The strain used was Bacillus amyloliquefaciens GA1 coming from the laboratory of

Microbial Processes and Interaction (MiPI) in Gembloux Agro-Bio Tech, ULiège (Belgium).

Bacteria were inoculated on Petri dishes with LB medium (1% of tryptone, 0.5% of yeast

extract and 1% of NaCl). After 24 hours growth at 30°C, 1 colonies was recovered and

suspended in a liquid culture as pre-culture (LB medium, 120 rpm, 30°C). It was used after

17h to inoculate the experimental culture with an OD600 of 0.1 (Thermo scientific Genesys

10 Bio).

3.2.2 Plastic and culture settlement

PE used for the experimentations was low density polyethylene (GoodFellow; LDPE

Film - thickness : 0.23 mm). Squares of 8 x 5 cm of LDPE film were immersed in ethanol

70% overnight and finally dried in a laminar-flow hood. In order to study biofilm adhesion on

plastic, one square was vertically placed in a 100 mL flask and fixed thanks to the wadding.

This assembly was put in the oven at 105°C overnight.

Flasks were filled with 40 mL of TY medium (1% tryptone, 0.5% yeast extract, 0.5

% NaCl and 0.000094 % MnCl2) and then inoculated first with Trichoderma spp. (106

cells/mL) and then, after 48h of fungal growth on the plastic, with Bacillus spp. (OD600

=0.1). Mono-cultures (Bacillus amyloliquefaciens and Trichoderma harzianum individually)

were also carried out on plastic. Plastic controls were set up in a microbe-free medium.
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Analyses were achieved over time. Indeed, measurement were performed on the first, the

fourth and seventh days after the inoculation of B. amyloliquefaciens.

Each plastic square contained in a flask was cut into two parts (Figure 6). The first one

was used to measure Zeta potential (ZP) of biofilm in its natural state (see Section 3.2.3.1).

After that, sonication was applied on these samples in ice bath to remove biofilm formation

and avoiding to heat the sample (Bandelin Sonolus HD 2070 and Bandelin electronic UW

2070). Repetitions of 9 pulses were applied on biofilm during 12 seconds (power 30%). The

plastic was then immersed overnight in a KOH solution (1M) in order to lysis the cells, and

then rinsed in pure water and dried. The plastic samples were then ready to measure the

Zeta potential (see Section 3.2.3.1) and the contact angle (see Section 3.2.3.2). The second

part of the plastic square was sonicated into PBS and ice, in order to remove the biofilm.

The plastic substrate was then immersed in KOH 1M and was prepared for SEM analyses

(see Section 3.2.5).

Figure 6: Experimental design applied on the synthetic communities

A total of 9 flasks containing a plastic square were analyzed. Two factors were tested: a biological

one (mono-culture of B. amyloliquefaciens, mono-culture of T. harzianum and a co-culture of B.

amyloliquefaciens and T. harzianum) and a temporal one: 24 hours (Day 1), 96 hours (Day 4) and

168 hours (Day 7) after inoculation of B. amyloliquefaciens.
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3.2.3 Surface properties

3.2.3.1 Zeta potential measurement

In order to understand interactions between microbial surface and polyethylene, zeta

potential (ζ) is a parameter leading to electrostatic interactions establishment. Based on the

light scattering, the particle analyzer DelsaTMNano C (Beckman Coulter Inc.) converts

frequencies shift of light scattering into zeta potentials. Indeed, as previously exposed, an

electric field (E) applied to charged particles makes it move toward an electrode opposite

to the particle charge. The incident laser is scattered due to the particle moving and the

frequency shift (VD) of the light scattering is proportional to velocity of the particle (V)

(Equation (22)), itself proportional to the electrophoretic mobility (µ) (Equation (23)) [82].

n is the refractive index of the solution, λ is the wavelength of the incident light and θ is the

scattering angle.

VD =
µ n
λ

sin θ (22)

µ =
V

E
(23)

Related to the Helmholtz von Smoluchowski relation, the zeta potential could be

calculated (Equation (24)) taking into account the relative permittivity (εr), the vacuum

permittivity (ε0) and the viscosity of the solution (η):

µ =
εrε0 ζ

η
(24)

In order to carry out the Zeta potential measurement, a Flat surface cell was used. It

is used for Zeta potential measurement of solid surfaces. The viscosity and the conductivity

were monitored for each analysis. Cell center was adjusted if the intensity monitor showed

that the sample concentration was too low, and/or the pinhole was established at 50 or 100

µm, still depending on the intensity monitor. The Flat surface cell was filled with milliQ

water (Rephile, direct pure water system) previously immersed in ultrasonic water bath in

order to withdraw gas (Branson 3200). .

Three successive measurements of biofilm samples were carried out one after the

other, without removing the Flat surface cell from the instrument. After that, the water

included in the Flat surface cell was replaced with 3 mL of milliQ. This change was done

by just adding the water in the cell, pushing the old one outside. A measurement was then
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achieved. This procedure of washing was repeated 4 times on each biofilm sample, followed

by a measurement. Moreover, the Zeta potential of the plastic where the biofilm was attached

was measured. Three repetitions of this measurement were carried out on each plastic sample.

3.2.3.2 Contact angle measurement

Surface tension is calculated thanks to Young’s relation including the contact angle

measurement. The surface tension is defined by the polar aspect named Lifshitz van der

Waals component (γLW ) and the apolar aspect named Lewis acid-base (γAB), itself defined

by the basic part, electron donor (γ−), and the acidic part, electron acceptor (γ+). Thus,

the Young relation exposes 3 unknown values (Equation (25)). Three contact angles have to

be measured thanks to three solvents including at least an apolar and a polar one.

(1 + cos θ).γl = 2(
√
γLWs γLWl +

√
γ+s γ

−
l +

√
γ−s γ

+
l ) (25)

In order to carry out this measurement, TRACKER P.N./Tensiomètre/99 (I.T. Con-

cept) was used. An automated drop of 2 µL was dropped off the surface of plastics used as

solid substrate of the biofilm formation. The drop was deposited manually. Three solvents

were used: milliQ water (Rephile, direct pure water system), ethanol (absolute for analy-

sis EMSURE® ACS,ISO,Reag. Ph Eur, Sigma-Aldrich) and hexane (absolute for analysis

EMSURE® ACS, Reag. Ph Eur, MERCK) (Table 5). The software connected to a camera

carried out the measurement of the contact angle.

Table 5: Solvents used for CAM and its surface tension values (mJ/m2)

Solvent γLW γ+ γ− γTot

Water 21.8 25.5 25.5 72.8

Ethanol 18.8 0.02 68 24.1

Hexane 18.43 0 0 18.43

31



3.2.4 Statistical analyses

The SAS software was used for the statistical analyses. Results from Zeta potential

measurement of plastic surface were analyzed thanks to a two-way ANOVA; a crossed factors

and mix model (n=3) was carried out with the day as a random factor (day 1, day 4 and day

7) and the biofilm was the fix one (Bacilus amyloliquefaciens, Trichoderma harzianum and

the co-culture of both). Controls were taken into account.

3.2.5 SEM imaging

In order to observe plastic biodegradation, a scanning electron microscope imagery

(SEM) was set up on each plastic sample and on two controls. Moreover, biofilm formation

after the first day was observed thanks to this method.

First of all, several baths of ethanol were applied on the samples in order to fix

bacteria and fungi on the substrate. This procedure was also applied on biofilm-free plastic

samples and controls. The first bath consisted of EtOH 70 % during 30 minutes. The second

one was EtOH 70% overnight followed by a third during 30 minutes (EtOH 70%). Two baths

of EtOH 90% were applied during 30 minutes each. The last bath was composed of EtOH

100% and the samples were kept into this condition until the drying.

Indeed, super critical carbon dioxide allows to dry biological samples without any

impacts on the shape of cells. The Polaron Critical Point Drier was used at 38°C and 80

bars. After 20 minutes, ethanol was withdrawn, and the process was repeated two more

times.

The samples were then fixed on cylinders SEM (Ø 12.2x10 mm) with conductive

doubled sided adhesive carbon tabs. The plastic samples where the biofilm was removed

were cut into two parts in order to observe both surfaces of plastics.

SEM process is based on the surface-electron interaction. Indeed, photons are used

in classical microscopy. But in the present case, an electron beam is focused on the surface

of the sample producing various signals illustrating topography of the surface. These signals

are the consequence of energy exchange between the electron beam and the surface. This

interaction is possible due to an electronically conductive coating applied on the surface. Jeol

JFC-11000E ion sputter was used to coat samples with gold in vacuum conditions during 2

minutes. Samples were observed thanks to a SEM Jeol 7200F 2000V (University of Mons).
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4 Results and discussion

4.1 Extraction of microbial community from the gut of Galleria mellonella

larvae

The first part of this work focuses on the identification of the microbiota present in the

gut of caterpillar of Galleria mellonella, which is known to assimilate polyethylene [24]. This

identification was carried out thanks to 16S rDNA sequencing applied on isolated cultivable

colonies from the gut of the larvae fed with the standard diet (wax in this case). The results

were then compared to a database to identify species (at least up to genus). Moreover,

species richness and diversity of microbiotas were evaluated thanks to the DGGE method.

Two diets were compared, the standard one and the polyethylene diet containing LDPE and

wax. Finally, these investigations were compared to those obtained during a Master thesis

performed on the study of the microbiota of digestive tract of Galleria mellonella based on

omic approaches [78].

4.1.1 Community profiling by DGGE

Based on DNA migration, the DGGE is a method highlighting the species richness

and diversity of a microbial community. The species richness is the number of species present

in the studied ecological environment. The species diversity is the abundance of these species

in the considered environment. The species richness is thus represented by the number of

bands occurring on the gel, while the species diversity is illustrated by the intensity of these

bands, giving a relative abundance (see Section 3.1.4.4, page 25).

Several tests of DGGE including different PCR conditions and DNA extractions were

performed. Indeed, based on the first DGGE results, improvements needed to be made due to

occurring double bands of certain individual cultivated bacteria and due to the poor species

richness from the intestinal microbiota of G. mellonella larvae (Appendices page 75, Figure

21).

Firstly, the denaturating gradient was reduced (40-60%, instead of 20-80%). This

adjustment allowed to obtain a better separation of the DNA fragments and thus a better

resolution. Indeed, close species (from the same genus for example) are difficult to separate

on a larger denaturing gradient. A low species richness is illustrated by only two stains on

the DGGE, meaning that few genus are present in the microbiota of the gut of Galleria

mellonella (Appendices page 75, Figure 21). However, the band intensity depends on the
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specific abundance of DNA of the given specie. It means that other genus which are not

noticeable on a DGGE gel because of its low DNA abundance in the mix could exist. In

other words, two genus are mainly present in the gut of caterpillars of Galleria mellonella

according to the first gel. This hypothesis of non-displayed species is supported by the

comparison between microbiota and individual cultivable species (numbered samples on the

DGGE banding pattern). Indeed, these second ones do not occur systematically in the

intestinal microbiota band although individual cultivable species came from this same mix.

The double band does not occur for each individual specie, meaning that the hypothesis of

an inappropriate gradient gel is non valid.

For this technique, it is impossible to get information about the genus present in

the mix without any positive control, and thus to know the bacterial flora of the gut in

this case. A sequencing of the DGGE fingerprints could be an alternative to this lack of

information. However, a positive control does not ensure a perfect match, close species may

not be separable.

Secondly, intestinal bacteria from standard diet (MSD) was compared to intestinal

bacteria from PE diet (MPED). Concerning this last one, two methods of DNA extraction

were evaluated (see Section 3.1.4.1, page 23). The first one was the DNA kit extraction

(samples MSDq and MPEDq) and the second one was phenol/chloroform DNA extraction

(sample MPEDp) (Figure 7a). As mentioned above, the intensity of stains depends on DNA

abundance. The purpose of testing another type of DNA extraction is to increase the amount

of recovered DNA. In this way, underrepresented species may appear on the DGGE through

supplementary bands for both microbiotas (from standard diet and PE diet). Moreover, a

supplementary step was performed on the extracted DNA. Indeed, a DNA purification was

carried out in order to isolate high-molecular-weight DNA by removing primers, including the

enhancer. Indeed, double bands could be a consequence of the manifestation of inappropriate

nucleotide sequences or shorter amplicons (Figure 7a). The expected improvements have not

been achieved. Indeed, the stains appear weaker and scatter and no new stain occurs. Defini-

tively, DNA extraction with phenol/chloroform is less efficient. Concerning the purification

step, it has no impact because the double bands persist.

Finally, a combination of two PCR improvements was performed. The DNA extracted

from the kit (without a purification step) went trough a PCR touch down and a longer final

elongation time. The PCR touch down combined with the Hot Start polymerase is used to
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increase the specificity. Moreover, this enzyme is known to be more accurate. The gradual

decrease of annealing temperature increases yield of the amplification while higher annealing

temperatures at first are used to be highly specific. Indeed, a misplaced nucleotide or a wrong

one is enough to carry out a different migration than one from the correct DNA fragment.

Concerning the longer final elongation time, it is believed to upset undesirable structure

blocking the polymerase action [81]. However, no improvements are observed (Figure 7b).

Indeed, the double bands and the smears persist. Thus, all these adjustments do not allow

to withdraw double bands which arey a bias for species richness and diversity investigations.

(a) Comparison of DNA extraction methods (b) DGGE results from the PCR ”touch

down” combined with a longer final

elongation time

Figure 7: DGGE results from the pre-treated DNA adaptation

MSDq: Intestinal bacteria from standard diet (DNA kit extraction); MPEDq: Intestinal bacteria

from PE diet (DNA kit extraction); MPEDp: Intestinal bacteria from PE diet (phenol chloroform

DNA extraction) ; Numbered samples: Isolated colonies from standard diet; Enterococcus spp.

(1); Bacillus spp. (2); Paenibacillus spp. or Brevibacillus spp. (4); Unidentified (5); Micrococcus spp.

(6); Bacillus spp. (8); Paenibacillus spp. or Brevibacillus spp. (10)
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Numbered samples related to isolated colonies from standard diet microbiota were

identified (see next section), proving to purity of samples and stating the fact that double

bands don’t come from a contamination. For a better understanding, DGGE fingerprints

were gathered and named with letters (Figure 8).

Next to these issues, Figure 8, showing a gel, gives interesting information about

microbiota richness and diversity and its evolution between the standard diet and the PE

diet. Indeed, the bands B and E of PE diet (sample MPEDq) don’t occur in the case

of standard diet (MSDq). The reverse is also true; bands A and D of standard diet are not

present in the mix of PE diet. Moreover, identical bands C appear for both diets but thickness

of these bands varies between the diets. It means that the ratio of bacterial diversity from a

diet to the other differs. On the other hand, species richness (number and kind of species) of

each diet could be equal, only the species diversity (its abundance) could be different between

both diets. Indeed, low abundant species can be underestimated and may not be displayed

on DGGE fingerprint.

Some isolated cultivable microorganisms are present in the standard diet microbiota

where they came from; samples 4, 5 and 10 are included in the sample MSDq (square D,

Figure 8). Sample 1 occurs both in the standard diet microbiota and in PE diet microbiota

meaning that it is not impacted by the diet, even if its proportions could vary. Surprisingly,

the bands called ”A” do not occur in the PE mix whereas sample 1 is proved to be pure. In

other words, squares A et C should represent together one specie whereas the A part is not

present in the PE mix. At the reverse, the samples 2, 6 and 8 are not represented in any of

two mixes. These species are thus underrepresented in both initial microbiotas. Based on

this simple comparison between mixes and isolated colonies, species richness investigation has

no sense in this case. Indeed, multiple bands occur but represent only one specie. Species

richness and diversity are thus distorted. Furthermore, according to the DGGE results,

standard diet mix contained only two major species (or genus) represented by the letters A

and D (the letters C and A represent the same specie, according to sample 1), corresponding

to samples 1 (A), 4, 5 and 10 (D). This hypothesis confirms that posited for the first unclear

test. Concerning the species richness of PE diet microbiota, it is not more diversified. This

mix displays the stains B, C and E on DGGE. However, B and E were not cultivated while

stains A, C and D are sequenced strains and thus cultivable. A sequencing of excised bands

B and E should be a way to overcome this lack of information.
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Concerning isolated colonies, samples 4, 5 and 10 show the same profile meaning that

these three samples may be the same species. Thus, number of isolated species is reduce to

5 (samples 1, 2, 4, 6 and 8). However, samples 5 and 10 display light supplementary bands

above the square D. Sample 8 also shows 2 main bands and some lighter ones above them

(Figure 8).

Figure 8: DGGE results of bacterial diversity and richness from the gut of G. mellonella

and the associated cultivable strains

MSDq: Intestinal bacteria from standard diet (DNA kit extraction); MPEDq: Intestinal bacteria

from PE diet (DNA kit extraction); MPEDp: Intestinal bacteria from PE diet (phenol chloroform

DNA extraction) ; Numbered samples: Isolated colonies from standard diet; Enterococcus spp.

(1); Bacillus spp. (2); Paenibacillus spp. or Brevibacillus spp. (4); Unidentified (5); Micrococcus spp.

(6); Bacillus spp. (8); Paenibacillus spp. or Brevibacillus spp. (10)

In the case of this work, DGGE is not fit for species richness and diversity investiga-

tion. To overcome this issue, more reliable methods of diversity analyses are possible such as

metagenomic approach. The low species richness could be due to a wrong bacteria recovery

from the gut of larvae or, as suggested previously, it could be due to outstanding classes (Ba-

cili and Actinobacteria). Indeed, the preliminary step of bacteria extraction from the gut was
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not necessary for a DNA extraction of microbiota. Universal and specific primers were used

for 16S rDNA amplification, excluding the hypothesis of a wrong amplifications regarding the

set up of PCR optimization, although unsuitable primers for the entire diversified genome

present in microbiota is not excluded [83].

However, diversity analyses by DGGE are currently carried out on caterpillar guts.

Among other, the work of Shi et al. (2011) exhibited a low species richness of intestinal

microbiota of silkworms. The DGGE results showed 13 stains including clearly double-band

occurrence which were not examined by the authors [84] .

4.1.2 Amplicon sequencing for species identification

Microbiota of larvae fed with the standard diet (i.e. wax) was recovered and culti-

vated on Petri dishes. Obtained colonies were then isolated to get pure one. Its 16S rDNA

sequencings were achieved and compared to GenBank database. Table 6 displays microbial

ecology related to cultivable bacteria isolated from the gut of caterpillar of greater wax moth.

Based on literature investigation, a sum up of its biology is then reported. Finally, these cul-

tivated species are correlated to the global genomic and phylogenetic analyses of microbiotas

(from standard diet and PE diet) of the gut of Galleria mellonella from [78].

First of all, all identified species change from a sample to another one, except for

samples 4 and 10 showing the same results (Table 6), supporting the previous established

hypothesis concerning the same isolated colonies according to the DGGE outline. However,

sample 5, presenting the same stains profile than samples 4 and 10, is a mix of different

species, as previously suggested. But concerning samples 8 and 10, lighter upper bands are

definitively artefacts and are not a consequence of a hypothetical contamination because

sequencing exhibits pure samples. As a reminder, the first four species (with high Query

cover, 100% of identity and low E value) matching with the database were selected as potential

present species in the gut (Appendices page 75, Tables 7 and 8). This comparison between

DGGE results and sequencing allows to state that sampling based on the appearance of

colonies on Petri Dishes is a limiting method. Indeed, it proves that the phenotype as a

selection criteria for sampling is not satisfactory. Ideally, a maximum of isolated colonies

should be considered to avoid any lack of genotype. Moreover, DNA sequencing proves the

purity of samples. Thus, double bands occurring on the DGGE results are not a consequence

of the presence of a mix of species in the numbered samples.
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Table 6: Identification of cultivated bacteria from standard diet based on 16S rDNA se-

quencing results

Specie Forward Reverse

Sample 1

Enterococcus casseliflavus Yes Yes

Enteroccocus avium No Yes

Enterococcus gallinarium No Yes

Sample 2

Bacillus amyloliquefaciens Yes Yes

Bacillus velezensis Yes Yes

Bacillus subtilis No Yes

Sample 4

Peanibacillus larvae Yes (99%) No

Brevibacillus laterosporus Yes (99%) Yes

Brevibacillus halotolerans No Yes

Sample 6

Micrococcus yunnanensis Yes Yes

Micrococcus aloaevera Yes Yes

Micrococcus luteus Yes Yes

Sample 8

Bacillus cereus Yes Yes

Bacillus thuringiensis Yes Yes

Bacillus subtilis No Yes

Bacillus wiedmannii No Yes

Sample 10

Paenibacillus larvae Yes No

Brevibacillus laterosporus Yes Yes

Brevibacillus halotolerans No Yes

Enterococcus casseliflavus is a lactic acid bacterium belonging to the bacilli class,

used in probiotic manufacturing and yogurt processing [85]. Tang et al. (2016) showed the

ability of this bacterium to degrade decabromodiphenyl ether, a flame retardant considered

as a persistent organic pollutant (POP) [86]. This molecule is uptaken into the microbial

cell by transmembrane transport and used as carbon source through enzymatic activity.

Absorption of POP is possible due to the hydrophobic characteristic of this substance and

the cell membrane. This kind of flame retardant is used during plastic manufacturing. Its

biodegradation is thus a complement to polyethylene degradation. Such as Enterococcus

casseliflavus, E. avium produces a bacteriocin against Listeria monocytogenes, isolated from

a honeybee beebread [87]. Moreover, E. gallinarium and E. casseliflavus were both classified
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as lignocellulose degrading bacteria, a complex polymer [88].

The being of Bacillus spp., and more specifically Bacillus amyloliquefaciens is not

odd. Indeed, as previously mentioned, B. amyloliquefaciens is an ubiquitous bacterium. On

the other hand, surprisingly, B. thuringiensis is used as bioinsecticide due to the production

of crystal proteins upsetting the peritrophic matrix of the insect gut [89]. The consequence is

an easier access of virion to intestinal epithelial cells of lepidopterans [90]. Genes coding for

that viral enhancin protein are also found in Bacillus cereus genome [91,92]. B. cereus group

includes B. thuringiensis and the novel specie B. wiedmannii. This last one is found in dairy

product and is able to hydrolyse starch and casein [93]. Concerning Bacillus subtilis, Vimala

P. and Mathew L. (2016) demonstrated the ability of this Gram positive bacteria to degrade

PE. They concluded that a UV light pretreament of plastic improves the degradation, as

well as an addition of biosurfactant synthesized by B. subtilis. After 30 days of incubation,

weight loss percentage of 9.26% were achieved for LDPE 18 µm of thickness [94]. Bacillus

velezensis acts as biocontrol agent such as B. amyloliquefaciens and B. subtilis, by CLPs

production [95]. Furthermore, among other Bacillus spp. [96], B. velezensis is able to degrade

azo dye thanks to an azoreductase [97]. The degradation of this synthetic pigment was

tested in a batch biofilm reactor with polyethylene used as packing media and thanks to

microorganisms from wastewater treatment plant [98]. This process seems to be an efficient

method of bioremediation against azo dye. The LDPE used to feed Galleria mellonella larvae

was supposed to be pure, thus without any pigments. However, current plastic items are

plenty of additives including dyes. This approach is thus complementary to PE degradation.

Another isolated bacilli is Paenibacillus larvae, a pathogen responsible of American

Foulbrood of honey bees. According to Ebeling et al. (2016), this parasite is present in

only one host: the gut of honey bee larvae [99]. However, its presence in the caterpillar

gut of G. mellonella is not meaningless because of the characteristic of this lepidopteran

parasiting this hymenoptera. P. larvae secretes a chitin-degrading protein hydrolyzing the

polymer composing the peritrophic matrix coating the gut epithelium of most insects [100].

Brevibacillus laterosporus exhibits a chitinase activity, just as P. larvae [101]. Furthemore,

P. larvae is able degrade dye as well as Bacillus velezensis [102]. Brevibacillus halotolerans

is a novel aerobic bacteria found in saline soil (China). Its 16S rDNA is close to that of B.

laterosporus [103].

Another phylum takes part of the microbiota present in the gut of G. mellonella

caterpillar: Actinobacteria represented by Micrococcus spp. Among them, Micrococcus luteus
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is able to degrade azo dye, according to Singh et al. (2015) [104]. This biodegradation is

carried out by laccase [105], an oxidoreductase enzyme also synthesized by fungus and proved

to be able to degrade PVC [106] and gamma-irradiated LDPE in fungal cultures [107]. Indeed,

as previously mentioned, laccase, synthesized by Trichoderma harzianum, is involved in the

degradation of UV-treated PE [77]. On the other hand, M. luteus seems able to synthesize

a biopolymer, the polyhydroxybutyrate (PHB), a substitute for petrochemical plastic [108],

itself degraded by Bacillus genus thanks to PHB depolymerase [31]. M. yunnanensis and M.

aloeverae species were also isolated from the gut of the greater wax moth larvae and produce

alkaline protease [109].

This investigation gives a global view of cultivable microorganisms present in mi-

crobiota of the caterpillars of interest and its potential applications in terms of plastic and

polymer degradation and bioremediation abilities. Indeed, according to literature, some of

bacteria are able to degrade plastic or complex polymer such as lignocellulosic material, while

others synthesize enzymes involve in biodegradation of plastic additives like flame retardant

and azo dye. However, no assertion related to plastic biodegradation can be claimed because

no bacteria from those microbiotas was cultivated on LDPE during this work. Definitively,

the lack of replicates gives weak outcomes resulting in light interpretations. Moreover, the

BLAST results is limited by the obtained sequence. Indeed, bordered nucleotides were arbi-

trary removed due to background noise, discriminating stains comparison. Moreover, several

species have a 100% identity match when their sequences are compared to the database,

preventing the assertion of the presence of one or the other species in the considered mi-

crobiota. Concerning sample number 10, two genera are possible of Paenibacillaceae family;

Brevibacillus and Paenibacillus, while other samples exhibit one genus but several species

and strains.

Cultivable microorganisms from microbiota impacted by PE diet were not cultivated

and sequenced. Obviously, it could be interesting to compare cultivable microorganisms from

both diets and to investigate the ability of polyethylene degradation in both mono- and co-

culture systems. Furthermore, plastic digestibility could be possible thanks to a consortium of

microorganisms living in precise conditions, involving perhaps non-cultivable microorganisms.

On the other hand, concerning the composition of cultivated microorganisms, it depends on

ratio; overrepresented species in microbiota could prevent the growth of other cultivable

species. Moreover, the culture conditions selected themselves the cultivable bacteria, while a

universal medium was used.
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According to the results obtained from the Master thesis [78], the three main identified

phyla present in intestinal microbiota of G. mellonella larvae are Firmicutes, Proteobacteria

and Actinobacteria for both standard diet and PE diet (Appendices page 77, Figure 22). Mi-

nor and unclassified phyla represent maximum 20% of total phyla. The tree main represented

families in these microbiotas are Enterococcaceae, Comamonadaceae and Oxalobacteraceae,

increasing the relative abundance of minor and unclassified families (Appendices page 77,

Figure 23). Comamonadaceae and Oxalobacteraceae are both included in the Burkholderi-

ales order, representing 21.8 % of total order of these microbiotas (average on PE diet and

standard diet). This order is known to assimilate plastic [110]. Finally, the most represented

genus is Enterococcus. This genus is displayed in DGGE and represented by square A on Fig-

ure 8, according to the sequencing of sample 1. This comparison matches with the hypothesis

of overrepresented specie. However, surprisingly, Paenibacillus and Brevibacillus, illustrated

by square D and thus present in microbiota from standard diet, are underrepresented even

nonexistent according to the other Master thesis results [78]. Moreover these two genus are

obtained for the same sample (according to nucleotide alignment), decreasing the fidelity of

this result. The relative abundance of the genus Bacillus is not obtained but the Bacillaceae

family is not negligeable (Appendices page 78, Figure 24) [78].

Furthermore, according to the results obtained from the Master thesis [78], there is

no significant difference between both diets in terms of species richness and diversity, while

DGGE results exhibit a visual difference. Again, this difference of species richness could be

distorted by a wrong DNA extraction and thus non-displayed DNA fragments, leading to a

potential species diversity instead of a species richness. In order to assess if DNA extraction

impacted by bacteria isolation from the gut was not well performed, a comparison between

DNA from [78] samples and extracted DNA carried out during this experimentation could

be done, by depositing them side by side on the same gel. Moreover, a direct link between

the Master thesis [78] and the efficiency of DGGE (in terms of species richness and diversity

interpretation) would be highlighted.
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4.2 Design of synthetic community for degradation of LDPE: mono- and

co-culture of Bacillus amyloliquefaciens and Trichoderma harzianum

Next to this natural community investigation, a synthetic community was set up.

The aim is to understand the biofilm development and its action on low density polyethylene.

Bacillus amyloliquefaciens GA1 seems to be a perfect candidate for this approach. Indeed,

as previously demonstrated, Bacillus genus is present in intestinal microbiota of Galleria

mellonella, known to degrade plastic [24], and its biofilm formation abilities are well known

[33]. Assessing the fact that the first step of microbial biodegradation of plastic is the biofilm

development, it is hence logical to bear interest to physicochemical relation between biological

systems and a plastic surface. Moreover, a co-culture settlement with the fungus Trichoderma

harzianum was studied because of its relationship with Bacillus spp. Furthermore, this fungus

synthesized laccase, an enzyme implied in PE degradation [77].

Mono- and co-culture of Bacillus amyloliquefaciens and Trichoderma harzianum were

performed in flasks including a LDPE film. The analyses were performed over time, resulting

in 9 flasks from which biofilm and plastic samples were extracted (Figure 9). Controls, with-

out microbial inoculation, were carried out (see Section 3.2, page 28). The samples ”Day 1”

correspond to analyses performed on B. amyloliquefaciens after 24h of culture, T. harzianum

after 72h of culture and the co-culture after 24h of co-culture (B. amyloliquefaciens was inoc-

ulated 48h after inoculation of T. harzianum). Physicochemical investigations of biotic and

abiotic surfaces were achieved due to Zeta potential (ZP), while contact angle measurement

(CAM) was only performed on plastic surfaces. Concerning ZP measurement on biologic

systems, 3 repetitions of measurement were carried out. After that, the water included in the

Flat surface cell was replaced with fresh one and a measurement was performed. This pro-

cedure of washing was repeated 4 times on each biofilm sample, followed by a measurement.

Biological systems were then removed from plastic and ZP and CAM were performed on these

abiotic surfaces. Finally, SEM imaging was achieved on the 9 plastic surfaces. Furthermore,

on day 1, the three biological systems fixed on plastic surfaces were observed by SEM.
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Figure 9: Experimental design applied on biofilms and plastics, including physicochemical

analyses and SEM imaging

4.2.1 Properties of biofilm surfaces and plastic surfaces colonized by microbial

systems

In order to understand interactions between biological systems and substrates, elec-

trostatic aspect and the hydrophobicity of surfaces, both dictated by the XDLVO theory,

enable the highlight of the physicochemical approach of these interactions. Indeed, short-

range and long-range contributions (Lewis acid-base and Lifshitz-van der Waals respectively)

are expressed with surface tensions calculated from CAM, while electrostatic aspect is related

to Zeta potential of surfaces.

4.2.1.1 Zeta potential of biofilm

First of all, for each biofilm sample formed on PE, 3 repetitions of the Zeta potential

analyses were performed for the same culture times (day 1, day 4 and day 7). For one

analysis, the instrument considers 7 measurements according to 7 positions (x and y axes) on

the surface. The averages were then calculated (named M1, M2 and M3) and compared in

function of culture time and the considered biofilm (B. amyloliquefaciens, T. harzianum and

the co-culture of both of them) (Figures 10, 11 and 12). Moreover, instrument performed

one measurement of ZP on pure water where biofilms were immersed.
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Biofilm formed by B. amyloliquefaciens discloses an expected negative value of ZP

after 24 hours of growth (Figure 10) [53], in previously determined conditions. This Zeta po-

tential increases until 4 days of growth (96h), reaching its maximum value of approximately

zero, and then decreases slightly reaching a minimum mean value of -2.31 mV (Appendices

page 79, Table 10). This evolution could be associated to the accommodation of the biolog-

ical system to its environment and substrate, secreting various EPS dictating the ZP of the

biofilm. It must be emphasizes that the ZP measurement was achieved on the biofilm part

which is not directly in contact with polyethylene but at the opposite side. Thus, this mea-

surement could reflect distorted values of ZP really involved in biofilm-substrate interaction.

The 3 successive measurements follow the same trend in function of time, although

standard deviations (SD) are high for all the measurements, especially on day 1 and day 7

(24h and 168 respectively). This broad spectrum of ZP values for one analysis makes us

believe a heterogeneity in terms of charges (positive and negative) as well as in terms of

absolute values. Indeed, for the first day (24 h), the minimum value is equal to -15.6 mV

and the maximum is close to 1 mV whereas for the seventh day (168h) the values goes from

-14.89mV to 3.84 mV (Appendices page 79, Table 10). Moreover, small variations between

successive measurements could traduce a possible molecular exchange from biofilm to pure

water in which microbial system is immersed, reaching osmosis. This hypothesis is supported

by the measurement of ZP of pure water carried out simultaneously. Indeed, the instrument

performed one ZP measurement of water contained in the Flat surface cell where the biofilm

was immersed. These values are not negligible in this case, supporting the loss of charged

molecules from biofilm surfaces (Appendices page 79, Table 11). The other hypothesis is

that the light variation between the three measurements may still display an heterogeneity

of charged surface.
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Figure 10: Evolution of Zeta potential of B. amyloliquefaciens biofilm surface in function

of culture time and succesive measurements (M1, M2 and M3)

On the other hand, mycelium formed by T. harzianum gives more constant ZP values

for successive measurements (Figure 11). Indeed, the three curves have the same behavior -

excepted for the first measurement at 72h after fungal inoculation, meaning that interaction

between fungal surface and aqueous environment is negligible in terms of charged molecules

or that the surface is much more homogeneous in terms of charge distribution. Surprisingly,

global drift is similar to ZP of B. amyloliquefaciens, however the ZP flatten out and becomes

closed to zero between 144 and 192 hours of fungal growth. This last observation is unex-

pected. As filamentous fungus, Trichoderma spp. secretes hydrophobins, a surface-active

proteins found at the interface of hyphae and the surrounding environment, as well as spore

surfaces [111]. According to Singh et al., the ZP values of different strains of T. harzianum

ranged from -39 to -11 mV. Moreover, ZP values decrease with culture age, becoming more

negative [112]. Nevertheless, the maximum value and the minimum one reach 37.9 mV and

-33.29 mv respectively, and thus the standard deviations of measurements for the first day

(72 hours) are really broad (Appendices 79, Table 10). In other words, surface heterogeneity

of the fungus is demonstrated for the first day, while an homogeneous surface is display at

a longer culture time. The ZP measurements concerning pure water associated to biofilm

exhibits remarkable positive values for the three first measurements on the first day (Ap-
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pendices page 79, Table 11) while the ZP of water of the last day (day 7 i.e. 192 hours)

are insignificant which correlates with SD obtained for the ZP biofilm. Again, it may mean

that molecular exchanges could lead to a variable ZP value of the mycelium surface such as

previously expose in the case of Bacillus amyloliquefaciens.

Figure 11: Evolution of Zeta potential of T. harzianum mycelium surface in function of

culture time and successive measurements (M1, M2 and M3)

Concerning the co-culture, the ZP seems to reach an equilibrium from 24h to 168h

(Figure 12). Indeed, the three measurements remain close to each other while its time evolu-

tion maintains the same level of ZP values (around zero) (Figure 12). Moreover the standard

deviations are low compared to ZP scale and negligeable compared to the SD values obtained

for T. harzianum after 72h of culture. This means that the charged surface of the co-culture

is more homogeneous than mono-culture and stable over time. This ZP measurement is

particular due to the fact that 3 surface interactions, immersed in an initial inert aqueous

medium, are considered. Indeed, T. harzianum and B. amyloliquefaciens are in co-culture

and adhere on the plastic surface. Plastic-fungus, plastic-bacteria and bacteria-fungus sur-

faces are thus taken into account. These low ZP values possibly highlight an equilibrium

in terms of electrostatic interactions between all these surfaces. Or, on the contrary, that

electrostatic interactions are negligible compared to other involved forces, such as hydropho-
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bicity, hydrogen bonding and Lifshitz-van der Waals interaction. Finally, it should not be

forgotten that the ZP measurement is directly linked to the charge concentration and pH.

Even if methodology was identically replicated from one sample to another concerning the

culture conditions and the ZP measurement, these two factors have to be taken into account.

Figure 12: Evolution of Zeta potential of co-culture in function of culture time and succes-

sive measurements (M1, M2 and M3)

In order to understand impact of water on the Zeta potential measurement performed

on biological systems, 4 washes with pure water were applied on these biofilms included in

the Flat surface cell.

Concerning the Bacillus sample, the first and last wash do not express a variation and

this for both ZP measurement (biological system and water) (Appendices page 80, Figures

25a and 25b respectively). Moreover, wash 2 on day 7 and wash 3 on day 4 express the same

values of ZP for both systems (biofilm and water) and thus seem to reach a perfect charge

equilibrium between both environments. At the reverse, the second wash of day 4 displays

an opposite value (positive and negative) for both environment studied, as if the positive

charges of the biofilm went through water.

However, the ZP of water for the third wash on day 1 is not insignificant but is not
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correlated to a similar ZP value for the biological system. Globally, the ZP behavior varies

over time.

The ZP of water associated to Trichoderma is widely effected on day 1 (Appendices

page 80, Figure 26b). This observation is in line with these displayed previously (Figure 11),

even though washes 1 and 2 do not cause a ZP modification on mycelium. On the contrary,

washes 3 and 4 display negative ZP values on day 1 (Figure 26a, correlated to those obtained

for water data (Figure 26b).

At last, ZP measurements on co-culture after wash stay constant between -1 and 1 mV

(Appendices page 81, Figure 27a), as the values obtained in previous experiment (repetition

on measurement, Figure 12). Whereas ZP values of associated water (Appendices page 81,

Figure 27b) are much higher and globally included between -50 and 50 mV. Furthermore, the

extreme values such as 250 mV or above are considered as artefacts.

No global trend can be highlighted between both investigated environment (solid and

liquid) and this over time, while ZP of water shows an interesting behavior of the associated

biofilms. Indeed, it emphasizes that a loss of charges (ions or hydrophilic and amphiphilic

molecules, such as lipopetides) from the biological systems to water is not minor and thus

has consequences on the ZP measurement of biofilms interacting with its surrounding envi-

ronment. With more replicates, this method of ZP measurement could give interesting data

concerning electrostatic aspect of biofilm and its behavior in aqueous environment.

4.2.1.2 Zeta potential of plastic

A two way ANOVA was performed on the ZP values of plastic that underwent a

biofilm growth (Appendices page 81, Table 12). The p-value of the interaction between

both factors (biological systems and time) is higher than 0.05 meaning that there is no

significant interaction. The p-values of independent factors exceed 0.05. The null hypotheses

are then accepted, meaning that the averages of each factor are equal. In other words, the

Zeta potential of plastic is not impacted in a significant way by the interaction nor by the

individual factors (Appendices page 82, Table 13).

Nevertheless, light variabilities of the ZP values are displayed on Figure 13, although

it remains low compared to the global ZP scale. These light variations could be a sign of a

chemical modification of the plastic surface attacked by micro-organisms, compared to the

control. Indeed, biodegradation results in functional groups on the plastic surface which may
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be dissociated for a given pH and ionic strength. This statement raises questions because

the surface is supposed to be immersed in pure water. It is not excluded that ionic residues

remain or that functional groups react with oxygen or carbon dioxide dissolved in water

(although a prior degassing was performed).

Figure 13: Zeta potential values of plastic in function of time and biofilm

Obviously, more replicates have to be carried out and this at longer culture time to

assert a real modification of the LDPE surfaces. Anyhow, the obtained ZP values remain

low meaning that other forces are involved in adhesion like that including hydrophobicity.

Moreover, some ZP values are positive while most of them are negative such as ZP of biological

systems (see Section 4.2.1.1). At this state of investigation, it is difficult to link the ZP of

biofilms with ZP of plastics due to the lack of replicates.
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4.2.1.3 Contact angle measurement and surface tension calculation

Surface tensions of solid material can not be directly measured but it is evaluated

thanks to the contact angle measurement (Appendices page 82, Table 14) and Young’s relation

(Equation 25, page 31).

Unsurprisingly, the polar contribution remains low (Appendices page 82, Table 14,

γAB) and close to the control plastic and this for all surfaces. Nevertheless, slight evolution

could be observed on Figure 14, illustrating total surface tension (the sum of the polar

and apolar components). Indeed, surface tension of plastic having supported the Bacillus

biofilm decreases by 7% between the first and the seventh day. Concerning that supporting

Trichoderma mycelium, a decreasing evolution is visible but far less important in terms of

percentage of variation. On the other hand, evolution of surface tensions of plastic related to

co-culture does not show an absolute reduction of the surface tension like both mono-cultures.

Figure 14: Surface tension of plastic having supported biofilms

Surface tension of polymers are dictated by molecular weight and crystallinity [113,

114]. Indeed, according to Wei et al. (2010), surface tension goes down with increasing
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percentage of crystallinity [114]. On the other hand, an amorphous polymer is more ac-

cessible to enzymes biosynthesized by microorganisms, increasing thus the percentage of

crystallinity [115]. These observations could explain the decline of surface tension of plastic

surface associated to mono-cultures, suggesting a polyethylene biodegradation. This remains

only a supposition and must be confirmed by various measurements, such as differential scan-

ning calorimetry (DSC), and more replicates. Moreover, lower surface tension increases the

bioavailibilty of polymer for microorganisms and hence is a compatible way to explain surface

tension reduction over time due to the addition of functional groups coming from biodegra-

dation. Furthermore those groups are polar and hence increase hydrophilicity of plastic. It

needs to be added that the roughness of surface was not be taken into account in this case

while it impacts contact angle measurement.

4.2.2 SEM imaging

SEM imaging was performed in order to observe biofilm formation on polyethylene

substrate and plastic degradation at the micrometer scale. Biofilm imaging was carried out

after a growth of 24 hours for mono-culture of Bacillus amyloliquefaciens, a growth of 72h

for mono-culture of Trichoderma harzianum, while the co-culture imaging was achieved after

72h of fungal growth and 24h of bacterial growth (inoculated on 48h old fungal culture).

4.2.2.1 Biological systems

Biofilm formation is achieved by 6 main steps (see Section 2.2.3.1, page 13), while

four of them are perfectly illustrated on Figure 15, the planktonic phase and the released

cells are not seen. The first step is the adhesion of planktonic cells to plastic substrate (1).

These isolated cells on plastic proceed then to interact with each other, producing EPS (2)

and leading to irreversible adhesion. Micro-colonies are then formed (3) and grow to reach a

mature biofilms (4). It is not excluded that short-range EPS seen on Figure 15 are actually

fimbriae, macromolecular extracellular complexes formed by proteins and involved in the

biofilm formation and the bacterial motility [116,117].
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Figure 15: Biofilm formation of B. amyloliquefaciens after 24h of growth on polyethylene

substrate

1: Initial attachment of planktonic cell on plastic; 2: EPS production and cells interaction; 3:

Micro-colonies formation; 4: Biofilm maturation

After 24 hours of bacterial growth, the biofilm reaches a mature state involving strong

relations of cells to cells (Figure 16a). This link is physically visualized thanks to EPS struc-

ture looking like a fiber network. This arrangement of EPS is unexpected because EPS is

usually present as a matrix overlaying and confining bacteria. In fact, herein, the EPS mor-

phology is impacted by the dehydration step during the sample preparation [118]. Indeed,

EPS is characterized by a highly hydrated structure while the aim of SEM is to dehydrate bio-

logical substrate and to preserve native shape. Bacterial structure are not impacted by dehy-

dration. Hence, SEM exhibits an inaccurate morphology of the initial biofilm. Long-distance

interaction without substrate adhesion is shown on Figure 16b. Indeed, the development

was formed above the plastic without adhering to it in the forefront, while a micro-colony is

displayed in the background on the plastic surface. However, the EPS matrix between cells

and plastic surface may been removed or contracted during drying.
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(a) Mature biofilm (b) Long distance interaction

Figure 16: Biofilm formation of B. amyloliquefaciens after 24h of growth on polyethylene

substrate

SEM imaging is a way to consider the physical interaction between T. harzianum

and B. amyloliquefaciens (Figures 17 and 18). At the peripheral part of mycelium, the

relation between Bacillus amyloliquefacines and Trichoderma harzianum is visible (Figure

17). Indeed, bacteria are attached to fungus thanks to EPS, even if this attachment remains

light (Figure 17b). In fact, bacterial concentration is low but a lot of EPS residues are present.

Longer distance interactions, from a hypha to another one, and stronger interaction arise

(Figure 17d and 17c respectively), still at the external part of the mycelium. Moreover, EPS

residues on hyphae indicates the spreading of these excreted molecules and thus the biofilm

development. The cell division in the picture can also correlate this statement (Figure 17d).

These EPS residues are probably due to B. amyloliquefaciens, according to the fact that an

experiment showed that T. harzianum alone does not form a biofilm (Appendices page 83,

Figure 28). However, the physiology of mono-culture is supposed to be different than in a

co-culture context.
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(a) General overview (b) Light interaction bacteria/fungus with high EPS residues

(c) Bacillus colonization from a hypha to another one (d) Bacterial growth and adhesion on hypha

Figure 17: B. amyloliquefaciens and T. harzianum interaction at the peripheral part of

mycelium formation on polyethylene substrate

On the other hand, inside the mycelium, relation and bacterial settlement seem to

be different (Figure 18). Indeed, bacteria concentration is higher than at the external part

(Figure 18a). Excretion of EPS is still visible on hyphae and below the bacterial cells (Figure

18b). However it does not form a global network between bacterial cells, contrary to the mono-

culture. Indeed, bacterial cells are accumulated inside the mycelium, without displaying a

biofilm state neither a close and physical interaction with the fungus. Either the EPS were

lixiviated during sample preparation or mature biofilm state is not reached and bacteria

are just confined inside hyphae, preparing a development of the biofilm and thus stronger

interactions with the mycelium. It is also possible that the molecular composition of EPS
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matrix may be influenced by the presence of Trichoderma, exhibiting a different behavior

and thus a different appearance on SEM imaging. According to the results of a PhD thesis

in progress, led on co-cultures of Bacillus amyloliquefaciens and Trichoderma harzianum on

structured packing metals, B. amyloliquefaciens does not express surfactin in a 24h old co-

culture with T. harzianum, while it does it at 48h. However, the structure of this lipopeptide

is different to that the one expressed in a mono-culture condition [119] (see Appendices page

84, Figure 30). These results suggest a modification in the biofilm formation and in the

behavior in terms of molecular composition released in surrounding environment which, in

return, influences this bacterial behavior.

(a) (b)

Figure 18: B. amyloliquefaciens and T. harzianum interaction in the bulk of biomass

formation on polyethylene substrate

4.2.2.2 Plastic surfaces

Polyethylene surfaces scanned by SEM allow to observe the presence or absence of

visible plastic degradation. Indeed, according to Figure 19, holes are displayed on plastic

substrate having supported a 24h old biofilm of B. amyloliquefaciens (Figure 19a) and on

a plastic surface having supported the co-culture B. amyloliquefaciens (24h old) and T.

harzianum (72h old) (Figure 19b). However, plastic controls display holes too (Appendices

page 83, Figure 29a), compared to smooth plastic surface (Appendices page 83, Figure 29b).
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(a) Plastic surface having supported a 24h old biofilm of B.

amyloliquefaciens

(b) Plastic surface having supported the co-culture B. amy-

loliquefaciens (24h old) and T. harzianum (72h old)

Figure 19: SEM of polyethylene surfaces having supported a microbial growth

In any case, this kind of observation itself is not reliable enough to prove a synthetic

polymer degradation. Combination of several tests such as, among other, FTIR, molecular

weight, weight loss and thermo gravimetric analysis (TGA) can determine a biodegradation

achievement. Indeed, biodegraded plastic is affected by the addition of functional groups [16]

visible thanks to FTIR (where the wavelength corresponds to a particular chemical bond

associated to a particular functional group). Molecular weight measurement also determines

chemical variation of plastic and can be performed by a gel permeation chromatography

(GPC), currently used for polymer examination. Another analytical tool is TGA, including

DSC. Indeed, amorphous regions of polymer are consumed instead of the crystalline one,

increasing thus the crystalline part of the polymer.

In addition, CO2 evolution measurement in a close culture is a method to assume

that plastic degradation results from microbial consumption of polyethylene as the sole carbon

source. Indeed, variation in FTIR and/or DCS spectra could be the consequence of abiotic

factors impacting chemical composition of plastic, such as UV-light and heating, affecting

conclusion about PE biodegraded from a microbial attack.
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5 Conclusion and outlook

Plastic degradation is a developing field of study including lot of scientific approaches

such as polymer degradation itself and its chemical structure variation leading to thermal

and physical modifications of the degraded plastic. Microbial involvement constitutes an

important field of research, especially marine bacteria, whereas some microorganisms from

soil are able to degrade plastics. Nevertheless, it remains a complex field of study because

of the wide plastic family and its associated additives impacting positively or negatively

biodegradation. Moreover, this natural degradation takes into account abiotic factors such

as UV-light and heating. In the case of the plastic biodegradation, these abiotic factors are

considered as an essential pretreatment leading firstly to the biofilm adhesion on polyethylene

and secondly to the speeding up of the plastic degradation processes. Thus, impact of abiotic

factors and a longer culture times are both missing in this present work and constitute

therefore fundamental outlooks.

This work was focused on a natural community and a synthetic community both

supposed to be able to degrade plastic. The natural one was extracted from the gut of the

caterpillar of Galleria mellonella, a larvae known to assimilate polyethylene. The impact

of diets of larvae on the specie richness and diversity of the intestinal microbiotas was in-

vestigated due to several denaturing gradient gel electrophoreses (DGGE). Unfortunately,

despite several enhancements, this aim was not reached whereas DGGE is a current method

to analyze specie richness and diversity. Indeed, double bands occur on DGGE fingerprints,

resulting to a distorted interpretation of specie richness and diversity. The first step of extrac-

tion of intestinal microbiotas may have been deficient, while performed DNA amplification

and its improvement were based on literature. Moreover, low abundant species can be under-

estimated and may not be displayed on DGGE fingerprint. Thus, the diet seems to impact

species diversity, while the species richness can remain stable. Furthermore, according to

literature, the sequenced cultivable bacteria, extracted from the intestinal microbiota of G.

mellonella larvae exhibit interesting behavior in terms of polymer degradation abilities. In

the future, these cultivable bacteria should be cultivated on polyethylene surface to study its

degradation. Mono- and co-culture of these bacteria should be performed. Indeed, physiology

of species can depend on the behavior of the other species of the community. It also means

that the degradation ability of cultivable bacteria can depend on non-cultivable species.
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Currently, a combinaison of the metagenomic and bioinformatic analyses lead to a

powerful understanding of the specie richness and diversity of the microbiota, as well as a

phylogenic view of the community composition. At this end, high-throughput sequencing is

a technology widely used. Finally, in order to understand enzymatic activities involve into

the polymer degradation, functional proteomic should be analyzed on this microbiota coming

from Galleria mellonella.

As a reminder, the biofilm adhesion to the plastic surface is the first step of the

plastic degradation. The understanding of biofilm attachment is thus the main point for the

investigation of plastic degradation. To this end, the XDLVO theory was investigated on

polyethylene and on the synthetic community constituted by Bacillus amyloliquefaciens and

Trichoderma harzanium.

The Zeta potential measurements led on biofilm, thus including the extracellular

polymeric substances (EPS) matrix, is totally exploratory. Indeed, nowadays, ZP analyses

on biological systems are carried out on planktonic cells or resuspended cells from biofilm, not

on a biofilm state. In this work, the Zeta measurement were performed due to a Flat surface

cell and an electrophoretic light scattering analyzer under an applied electric field. Due to

the cell configuration, it has been observed that the Zeta potential of both biological systems

and external water varies in function of the measurement. It is thus difficult to attribute a

fixed ZP value of biological systems in given conditions of growth, because ZP water support

loss of charge from the biological surfaces. This ZP variation exhibits the complexity and

heterogeneity of biofilms through time and space. Moreover, the ZP potential measurements

were carried out simultaneously on bacterial surfaces and EPS matrix, both involved in a

given surrounding environment. As a perspective, ZP investigations should be led separately

on resuspended bacteria and recovered EPS and then compared. Moreover, more replicates

and longer culture time can give a global view of ZP evolution. The quantification of biological

systems due to real-time qrRT-PCR as well as the quantification of synthesized lipopetides

due to a chromatographic method leads to a better relation between the bacterial growth,

biofilm formation and the Zeta potential evolution. Concerning the hydrophobic aspect,

contact angle measurement should be carried out on biofilm surface. To conclude this point,

the surface free energy, the thermodynamic approach of the XDLVO theory, is the best way

to express the interaction between a biological surface and a substrate.
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Finally, small variation of ZP of plastic surface, as well as contact angle measurement,

can assume a chemical modification of plastic surface leading to a better adhesion of biofilm

and suggesting a biodegradation. As a perspective, differential scanning calorimetry (DSC)

and Fourier transform infrared spectroscopy (FTIR) are two methods expressing a chemical

variation of the polymer surface. Indeed, DSC gives the percentage of crystallinity of the sub-

strate, which is supposed to increase with microbial degradation. On the other hand, FTIR

carries out information about chemical composition in terms of functional groups absorbing

or reflecting at precise wavelengths, leading to spectral fingerprints associated to chemical

structures. Indeed, presence of functional groups on plastic surface is a sign of degradation.

Ultimately, culture conditions should be free of carbon source in the culture medium, where

polyethylene is both the substrate and the carbon source for biofilms.

Together, these suggested improvements will better understand the interactions be-

tween biofilms and polyethylene and the biodegradation of the latter.
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[20] Mélanie Gardette, Anthony Perthue, Jean Luc Gardette, Tünde Janecska, Eniko
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[43] Björn Dahlbäck, Malte Hermansson, Staffan Kjelleberg, and Birgitta Norkrans. The

hydrophobicity of bacteria - An important factor in their initial adhesion at the air-

water inteface. Archives of Microbiology, 128(3):267–270, 1981.

[44] Malte Hermansson. The DLVO theory in microbial adhesion. Colloids and Surfaces B:

Biointerfaces, 14(1-4):105–119, 1999.

[45] K. C. Marshall, R. Stout, and R Mitchell. Mechanism of the Initial Events in the

Sorption of Marine Bacteria to Surfaces. Journal of General Microbiology, 68(3):337–

348, 1971.

[46] E. J W. Verwey and J. TH. G. Overbeek. Theory of stability of lyophobic colloids.

Esevier Publishing Compagny, INC., 1948.

[47] C.J Van Oss, R.J Good, and M.K Chaudhury. The role of van der Waals forces and

hydrogen bonds in “hydrophobic interactions” between biopolymers and low energy

surfaces. Journal of Colloid and Interface Science, 111(2):378–390, 1985.

[48] Sonia Bayoudh, Ali Othmane, Laurence Mora, and Hafedh Ben Ouada. Assessing bac-

terial adhesion using DLVO and XDLVO theories and the jet impingement technique.

Colloids and Surfaces B: Biointerfaces, 73(1):1–9, 2009.

[49] David Fairhurst. An overview of the zeta potential (particle sciences, technical brief, vol.

2). https : //www.americanpharmaceuticalreview.com/Featured−Articles/133232−

An−Overview−of−the−Zeta−Potential−Part−1−The−Concept/, (2018−03−21).

[50] Carel Jan Van Oss. Long-range and short-range mechanisms of hydrophobic attraction

and hydrophilic repulsion in specific and aspecific interactions. Journal of Molecular

Recognition, 16(4):177–190, 2003.

65



[51] C.J. Van Oss. Hydrophobic, hydrophilic and other interactions in epitope-paratope

binding. Molecular Immunology, 32(3):199–211, 1995.

[52] T. Young. An essay on the cohesion of fluids. Philosophical Transactions of the Royal

Society London, 95:65–87, 1805.

[53] Albert T Poortinga, Rolf Bos, Willem Norde, and Henk J Busscher. Electric double

layer interactions in bacterial adhesion to surfaces. Surface Science Reports, 47(1):1–32,

2002.

[54] Albert van der Wal, Willem Norde, Alexander J.B. Zehnder, and Johannes Lyklema.

Determination of the total charge in the cell walls of Gram-positive bacteria. Colloids

and Surfaces B: Biointerfaces, 9:81–100, 1997.

[55] Yea-ling Ong, Anneta Razatos, George Georgiou, and Mukul M Sharma. Adhesion

Forces between E . coli Bacteria and Biomaterial Surfaces. Langmuir, 15:2719–2725,

1999.

[56] Terri A. Camesano and Bruce E. Logan. Probing Bacterial Electrosteric Interactions

Using Atomic Force Microscopy. Environmental Science and Technology, 34(16):3354–

3362, 2000.

[57] Subir Bhattacharjee and Menachem Elimelech. Surface Element Integration : A Novel

Technique for Evaluation of DLVO Interaction between a Particle and a Flat Plate.

Journal of Colloid and Interface Science, 285(193):273–285, 1997.

[58] Eric M V Hoek and Gaurav K Agarwal. Extended DLVO interactions between spherical

particles and rough surfaces. Journal of Colloid and Interface Science, 298:50–58, 2006.

[59] C. J. van Oss and R. F. Giese. Role of the properties and structures of liquid water

in colloidal and interfacial systems. Journal of Dispersion Science and Technology,

25(5):631–655, 2004.

[60] J. Andrew Jones and Xin Wang. Use of bacterial co-cultures for the efficient production

of chemicals. Current Opinion in Biotechnology, 53:33–38, 2018.

[61] Lisa Goers, Paul Freemont, and Karen M Polizzi. Co-culture systems and technologies :

taking synthetic biology to the next level. Jornal of the Royal Society Interface, 11(96),

2014.

66
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[113] José Carlos Moreira and Nicole Raymonde Demarquette. Influence of temperature,

molecular weight, and molecular weight dispersity on the surface tension of PS, PP,

and PE. I. Experimental. Journal of Applied Polymer Science, 82(8):1907–1920, 2001.

[114] H. Wei, R. B. Thompson, C. B. Park, and P. Chen. Surface tension of high den-

sity polyethylene (HDPE) in supercritical nitrogen: Effect of polymer crystallization.

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 354(1-3):347–352,

2010.

[115] T. Volke-Seplveda, G. Saucedo-Castaeda, M. Gutirrez-Rojas, A. Manzur, and E. Favela-

Torres. Thermally treated low density polyethylene biodegradation by Penicillium

72



pinophilum and Aspergillus niger. Journal of Applied Polymer Science, 83(2):305–314,

2002.

[116] Xia Zhao, Yun Wang, Qianhan Shang, Yuyao Li, Haiting Hao, Yubao Zhang, Zhihong

Guo, Guo Yang, Zhongkui Xie, and Ruoyu Wang. Collagen-like proteins (ClpA, ClpB,

ClpC, and ClpD) are required for biofilm formation and adhesion to plant roots by

Bacillus amyloliquefaciens FZB42. PLoS ONE, 10(2):1–16, 2015.

[117] Xia Zhao, Ruoyu Wang, Qianhan Shang, Haiting Hao, Yuyao Li, Yubao Zhang, Zhihong

Guo, Yun Wang, and Zhongkui Xie. The new flagella-associated collagen-like proteins

ClpB and ClpC of Bacillus amyloliquefaciens FZB42 are involved in bacterial motility.

Microbiological Research, 184:25–31, 2016.

[118] Alice C. Dohnalkova, Matthew J. Marshall, Bruce W. Arey, Kenneth H. Williams,

Edgar C. Buck, and James K. Fredrickson. Imaging hydrated microbial extracellular

polymers: Comparative analysis by electron microscopy. Applied and Environmental

Microbiology, 77(4):1254–1262, 2011.

[119] Barbara Fifani. Exploitation du dialogue moléculaire bactérie/champignon pour le di-
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A Appendices

Tm adjustment of PCR: results

Four annealing temperatures were tested and compared to the addition of an enhancer

(GC clamp), E letter on Figure 20.

Figure 20: PCR adjustment carried out on a mix of Bacillus spp.
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DGGE results

Figure 21: DGGE result from microbial mix of standard diet and classical PCR applied

Numbered sample: Isolated colonies from the standard diet; A and B: Microbial mix from phase

A and B (see section 3.1.2.2, page 22)

Species identification

Table 7: Species identification from forward primer based on 16S rDNA sequencing

Specie Max score Total score Query cover E value Identity

Sample 1 Enterococcus casseliflavus 603 603 100% 1E-168 100%

Sample 2
Bacillus amyloliquefaciens 880 880 100% 0.0 100%

Bacillus velezensis 880 880 100% 0.0 100%

Sample 4
Paenibacillus larvae 942 942 100% 0.0 99%

Brevibacillus laterosporus 942 942 100% 0.0 99%

Sample 6

Micrococcus yunnanensis 294 294 100% 4E-76 100%

Micrococcus aloeverae 294 294 100% 4E-76 100%

Micrococcus luteus 294 294 100% 4E-76 100%

Sample 8
Bacillus cereus 1149 1149 100% 0.0 100%

Bacillus thuringiensis 1149 1149 100% 0.0 100%

Sample 10
Paenibacillus larvae 1074 1074 100% 0.0 100%

Brevibacillus laterosporus 1074 1074 100% 0.0 100%
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Table 8: Species identification from reverse primer based on 16S rDNA sequencing

Specie Max score Total score Query cover E value Identity

Sample 1

Enterococcus casseliflavus 1000 1000 100% 0.0 100%

Enterococcus avium 1000 1000 100% 0.0 100%

Enterococcus gallinarium 1000 1000 100% 0.0 100%

Sample 2

Bacillus velezensis 909 8126 100% 0.0 100%

Bacillus subtilis 909 9096 100% 0.0 100%

Bacillus amyloliquefaciens 909 909 100% 0.0 100%

Sample 4
Brevibacillus laterosporus 907 907 100% 0.0 100%

Brevibacillus halotolerans 907 907 100% 0.0 100%

Sample 6

Micrococcus yunnanensis 944 944 100% 0.0 100%

Micrococcus luteus 944 944 100% 0.0 100%

Micrococcus aloeverae 944 944 100% 0.0 100%

Sample 8

Bacillus cereus 1055 1055 100% 0.0 100%

Bacillus subtilis 1055 1055 100% 0.0 100%

Bacillus thuringiensis 1055 1055 100% 0.0 100%

Bacillus wiedmannii 1055 1055 100% 0.0 100%

Sample 10
Brevibacillus laterosporus 1013 1013 100% 0.0 100%

Brevibacillus halotolerans 1013 1013 100% 0.0 100%

Metagenomic approach: relative abundance of taxa

Figures 22, 23 and 24 are based on Samuel’s results. Horizontal axes are samples,

one sample represent one larvae (8 Standard diets (STD) and 8 polyethylene diet (PE)).

Vertical axes are relative abundance of considered taxa. The top three of most abundant

taxa are illustrated, while Figure 24 takes into account Bacillaceae.
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Figure 22: Relative abundance of phyla in function of samples and diets

Figure 23: Relative abundance of families in function of samples and diets
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Figure 24: Relative abundance of families in function of samples and diets

Zeta potential measurement: instrument parameters

Table 9: Implemented parameters for Zeta potential measurement

Parameters Flat surface cell

Temperature 20°C

Measurement type Type 1

Cell constant 66

Accumulation time 10

Cell position 0.8/0.6/0.3/0/-0.3/-0.6/-0.8

Applied voltage 60

Conversion equation Smoluchowski

Solvent properties Flat surface cell

Refractive index 1.3328

Dielectric constant 78.3
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Zeta potential measurement

Table 10: Mean values of Zeta potential of biofilms (mV)

Day 1 Day 4 Day 7

Sample Average
Minimum

Value

Maximum

Value
Average

Minimum

Value

Maximum

Value
Average

Minimum

Value

Maximum

Value

B -3,50 -12,22 1,25 -1,09 -3,24 -0,36 -2,31 -11,66 1,59

B -7,39 -15,60 0,27 -0,10 -0,35 0,54 0,02 -8,92 2,80

B -5,82 -14,16 0,63 0,53 -0,03 1,04 -1,84 -14,89 3,84

T -0,83 -27,19 37,19 -0,21 -0,62 0,54 0,14 -0,47 1,65

T -7,07 -33,29 9,66 0,65 0,17 2,56 -0,18 -0,53 0,36

T -7,69 -26,35 5,89 -0,17 -0,65 0,18 -0,30 -0,94 0,86

BT 0,16 -0,48 0,79 -0,20 -0,61 0,19 0,04 -0,74 0,65

BT 0,17 -0,17 0,43 0,01 -0,47 0,25 -0,76 -1,32 -0,12

BT 0,19 -0,11 0,74 -0,16 -1,00 1,27 0,52 0,05 1,14

Repetition of measurement on each sample (T: Trichoderma harzianum; B: Bacillus amyloliquefa-

ciens; BT: co-culture of Trichoderma harzianum and Bacillus amyloliquefaciens)

Table 11: Zeta potential values of water associated to biofilms (mV)

Sample Day 1 Day 4 Day 7

B 17.08 -0.22 -6.5

B -58.92 11.94 -15.25

B 14.63 100.65 9.1

T 57.11 0.3 -0.81

T 24.03 0.08 0.5

T 38.72 -10.36 -0.86

BT -25.33 -0.47 0.02

BT 11.96 -0.48 0.53

BT 7.3 0.6 -0.16

Repetition of measurement on each sample (T: Trichoderma harzianum; B: Bacillus

amyloliquefaciens; BT: co-culture of Trichoderma harzianum and Bacillus amyloliquefaciens)
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(a) ZP of biological system (b) ZP of associated water

Figure 25: Zeta potential evolution of water and biofilm formed by B. amyloliquefaciens,

impacted by washes in function of culture time

(a) ZP of biological system (b) ZP of associated water

Figure 26: Zeta potential evolution of water and mycelium of T. harzianum, impacted by

washes in function of culture time
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(a) ZP of biological system (b) ZP of associated water

Figure 27: Zeta potential evolution of water and biofilm co-culture, impacted by washes in

function of culture time

Table 12: Zeta potential values of plastics after adhesion of biofilms (mV)

Day 1 Day 4 Day 7

Sample Average SD Average SD Average SD

B 0.01 0.21 -3.34 7.06 0.39 0.1

B -0.31 0.72 0.87 2.5 -0.05 0.21

B 0.13 0.21 0.98 0.74 0.17 0.1

T -0.38 0.21 0.06 0.30 -0.41 0.55

T -23.26 1.75 -0.51 1.41 -0.08 0.23

T -0.26 0.99 0.1 0.73 -0.39 0.62

BT -0.27 0.25 -0.43 1.22 -0.14 0.5

BT -0.10 0.27 0.10 1.17 -0.02 0.59

BT 0.53 0.41 -2.06 2.73 -0.40 0.51

Repetition of measurement on each sample (T: Trichoderma harzianum; B: Bacillus

amyloliquefaciens; BT: co-culture of Trichoderma harzianum and Bacillus amyloliquefaciens)
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Table 13: Results of the ANOVA model tested on ZP values of PE surface

Factor p-value

Day 0.4430

Biofilm 0.3900

Day*Biofilm 0.4160

Table 14: Contact angle measurement of plastic surfaces after adhesion of biofilm and

surface tension calculation

Samples θW θEtOH θHexane γAB γ+ γ− γLW γTot

LDPE Control 92.9 14.5 20.25 0.01 0.005 0.011 17.31 17.32

B D1 78.8 25.5 11.6 0.02 0.004 0.023 18.06 18.08

B D4 98.8 24.15 18.2 0.01 0.004 0.008 17.52 17.53

B D7 69.25 25.3 25.25 0.03 0.004 0.0036 16.71 16.74

T D1 79.85 10.8 11.9 0.02 0.005 0.021 18.04 18.06

T D4 96.4 29.85 16.25 0.01 0.004 0.01 17.7 17.71

T D7 82.55 25.55 17.2 0.02 0.004 0.02 17.61 17.63

BT D1 78.6 11.8 11.9 0.02 0.005 0.024 17.35 17.37

BT D4 95.5 14.1 12.75 0.01 0.005 0.009 17.98 17.99

BT D7 100.95 27.75 15.55 0.01 0.004 0.007 17.76 17.77

T: Trichoderma harzianum; B: Bacillus amyloliquefaciens; BT: co-culture of Trichoderma

harzianum and Bacillus amyloliquefaciens; D1, D4 and D7: first, fourth and seventh day after the

inoculation of Bacillus amyloliquefaciens
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SEM imaging

Figure 28: SEM of a 72h old mycelium formation of T. harzianum on plastic surface

(a) Polyethylene manufacturing defect (b) Smooth surface

Figure 29: SEM of polyethylene surface controls
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Lipopeptides: UPLC results from [119]

Figure 30: Differences of lipopeptide production between monoculture (B. amyloliquefa-

ciens) and co-culture (B. amyloliquefaciens and T. harzanium)
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