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With increasing concerns about future oil depletion and plastic pollution, bioplastics saw an increasing interest from scientists and industrials. Among bioplastics, the polyhydroxyalkanoates (PHA) are a promising family of polyester which are both biosourced and biodegradable. Biosynthesized by microorganisms, especially bacteria, control of their monomeric composition, and thus their thermal and mechanical properties, is still a challenge to really make tailor-made syntheses. Moreover, one way to decrease the high cost of production is to use waste as substrates for the microorganisms. In this study, a marine bacteria, Halomonas sp. SF2003 was grown on agroindustrial effluents as the sole carbon sources and was able to produce poly(3-hydroxybutyrate) (PHB) with a productivity of 1.3 g.L -1 in 40h of culture and a number-average molar weight of 342,000 g.mol -1 . With the addition of valeric acid in the substrates, poly(3-hydroxybutyrate-co-3hydroxyvalerate) (PHBHV) with controlled proportion of hydroxyvalerate (HV) monomers were obtained. Their thermal and mechanical characteristics were investigated as a function of HV amount and showed a decrease of the glass transition and melting temperatures and in Young modulus with the HV content increase.

Highlights

• A marine bacteria produced poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV).

• Poly(3-hydroxybutyrate) (PHB) was produced using agro-industrial effluents as carbon sources.

• Optimization of the process allowed to increase the final molar weight when using agroindustrial effluents as substrates while improving productivity.

• The production of PHBHV with tunable proportions for HB and HV was achieved.

Introduction

With the increase in production and in use of plastics, the production of non-petroleum based and biodegradable plastics is of need [START_REF] Narancic | Plastic waste as a global challenge: are biodegradable plastics the answer to the plastic waste problem?[END_REF]. Polyhydroxyalkanoates (PHA) are a family of natural polyester which are produced intracellularly by a wide range of microorganisms mostly as reserve of carbon of energy and could help alleviate issues caused by conventional non-biodegradable petroleum based polymers. Indeed, these polyesters are thought to be one of the solutions to both oil dependence and plastic pollution [START_REF] Deroiné | Natural Degradation and Biodegradation of Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) in Liquid and Solid Marine Environments[END_REF][START_REF] Iwata | Biodegradable and Bio-Based Polymers: Future Prospects of Eco-Friendly Plastics[END_REF] for they are biosynthesized by various microorganisms from renewable resources and, furthermore, they exhibit good biodegradability potential [START_REF] Ong | Effects of polyhydroxyalkanoate degradation on soil microbial community[END_REF]. As a family of polymers, they are characterized by their monomeric compositions and mainly the length of the alkyl side chains which lead to a great range of thermal and mechanical properties. They are divided into two main types: scl-PHA (short chain length) with monomers with three to five carbon atoms and mcl-PHA (medium chain length) with monomers with more than six carbons [START_REF] Anderson | Occurrence, Metabolism, Metabolic Role, and Industrial Uses of Bacterial Polyhydroxyalkanoates[END_REF][START_REF] Steinbüchel | Metabolic engineering and pathway construction for biotechnological production of relevant polyhydroxyalkanoates in microorganisms[END_REF]. While scl-PHA can be found in more than 300 species of Gram-positive and Gram-negative bacteria [START_REF] Keshavarz | Polyhydroxyalkanoates: bioplastics with a green agenda[END_REF] and even in some species of archea [START_REF] Poli | Synthesis, Production, and Biotechnological Applications of Exopolysaccharides and Polyhydroxyalkanoates by Archaea[END_REF], mcl-PHA are found almost exclusively in Pseudomonas [START_REF] Prieto | A holistic view of polyhydroxyalkanoate metabolism in Pseudomonas putida: Polyhydroxyalkanoate metabolism in Pseudomonas putida[END_REF]. Scl-PHA are the most studied of PHA and consist mainly of poly(3-hydroxybutyrate) (PHB) and poly(3hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV). PHB is the most wildly available and has properties similar to that of conventional polymers. However, its brittle nature due to its high crystallinity and its melting temperature close to its degradation temperature make it difficult to process and find a path to a commercial application. Copolymers of PHBHV can lead to lower crystallinity and thus less brittleness of the material with the increasing proportion of HV monomers. Despite their alleged potential as material, PHBHV with high HV content and controlled proportion of HV are not as studied as PHB as the volumes needed for mechanical testing and processing studies does not adequate with typical laboratory scale productivity [START_REF] Albuquerque | Mixed culture polyhydroxyalkanoate (PHA) production from volatile fatty acid (VFA)-rich streams: Effect of substrate composition and feeding regime on PHA productivity, composition and properties[END_REF]. Higher scale productions are expensive to conduct and the substrates can amount up to 60 % of this cost [START_REF] Wang | Polyhydroxyalkanoates, challenges and opportunities[END_REF]. Thus, the use of cheaper substrates has been studied using for example carbon dioxide [START_REF] Park | Optimization of Carbon Dioxide and Valeric Acid Utilization for Polyhydroxyalkanoates Synthesis by Cupriavidus necator[END_REF], methane [START_REF] Cal | Methanotrophic production of polyhydroxybutyrate-co-hydroxyvalerate with high hydroxyvalerate content[END_REF] or diverse agricultural wastes [START_REF] Koller | Producing microbial polyhydroxyalkanoate (PHA) biopolyesters in a sustainable manner[END_REF][START_REF] Koller | Liquefied Wood as Inexpensive Precursor-Feedstock for Bio-Mediated Incorporation of (R)-3-Hydroxyvalerate into Polyhydroxyalkanoates[END_REF]. Ahn et al. [START_REF] Ahn | Increased 3HV Concentration in the Bacterial Production of 3-Hydroxybutyrate (3HB) and 3-Hydroxyvalerate (3HV) Copolymer with Acid-Digested Rice Straw Waste[END_REF], for example, produced PHBHV from rice straw waste which was acid-digested. Varying the conditions of the pretreatment lead to changes in the composition which enable the production of PHBHV with different content in HV up to 23%. Bhattacharyya et al. [START_REF] Bhattacharyya | Production of poly-3-(hydroxybutyrate-co-hydroxyvalerate) by Haloferax mediterranei using rice-based ethanol stillage with simultaneous recovery and re-use of medium salts[END_REF] used stillage water from rice based ethanol manufacturing to produce PHBHV, but without controlling the HV proportion. Cal et al. managed to produce PHBHV with controlled HV up to 60% of HV from methane and valerate using a methanotrophic bacterial strain [START_REF] Cal | Methanotrophic production of polyhydroxybutyrate-co-hydroxyvalerate with high hydroxyvalerate content[END_REF].

In this study, we use the marine bacteria Halomonas sp. SF2003, which was previously studied by our team [START_REF] Elain | Valorisation of local agro-industrial processing waters as growth media for polyhydroxyalkanoates (PHA) production[END_REF][START_REF] Elain | Rapid and qualitative fluorescence-based method for the assessment of PHA production in marine bacteria during batch culture[END_REF], to produce scl-PHA from agro-industrial effluents. These effluents came from local industry so as to lessen the environmental impacts of the life cycle of the PHA produced. The growth of this strain on these substrates was already studied but not its ability to biosynthesize PHA from it. The process of the biosynthesis was improved to lessen the future cost of the production and obtain a PHA with the expected properties. For this, valeric acid was added to the substrates to induce the production of PHBHV with controlled proportion of HV monomers. Thermal and mechanical properties of the PHB and PHBHV produced were then investigated.

Experimental section

Materials

All the culture media components were purchased from Difco Laboratories (Detroit, MI) with the exception of the sea salts (Instant Ocean, United Pet Group, Cincinnati, OH). Other chemicals used in this study were analytical grade and obtained either from Sigma Chemical Co. (St. Louis, MO) or Thermo Fisher Scientific (Whaltham, MA). Agro-industrial effluents and industrial tryptone were kindly supplied by industrial partners.

Strain

A moderately halophilic bacterial species belonging to the genus Halomonas and named Halomonas sp. SF2003, known to produce PHB from glucose and agro-industrial wastewaters [START_REF] Elain | Valorisation of local agro-industrial processing waters as growth media for polyhydroxyalkanoates (PHA) production[END_REF] was used to evaluate the feasibility of PHBHV production on agro-industry effluents and valeric acid. The cells were grown in Zobell broth (glucose 10 g.L -1 , Difco tryptone 4 g.L -1 , Difco yeast extract 1 g.L -1 and sea salts 11 g.L -1 , pH 7.5) and stored as glycerol stocks (20 % v/v) at -80°C until being used.

Agro-industrial wastewaters

The two agro-industrial effluents tested in this study came from soybean industry (effluent 1) and fruit industry (effluent 2). Effluent 1 was freeze-dried to allow storage and effluent 2 was kept at 4°C. Compositions are given in Table 1. All experiments in this study were made from the same batches of effluents. Two-step process of production of PHA PHB and PHBHV were produced using a two-step batch process in 5L bioreactors (BioStat B plus, Sartorius, Germany) with a first growth step on a growth medium followed by an accumulation step on an accumulation medium. First, the strain was grown on 100 mL of a pre-culture medium (Glucose 10 g.L -1 , Difco tryptone 4 g.L -1 , Difco yeast extract 1 g.L -1 , sea salts 11 g.L -1 ) from a glycerol cryostock for 17h in a 500 mL Erlenmeyer flask at 25°C and 200 rpm. Two 100 mL pre-culture broths were then transferred in the bioreactor containing a final volume of 2L of the growth medium (Table 2). The agitation rate was fixed at 400 rpm, pH was regulated at 7.5 with HCl 1M and NaOH 1M. Aeration rate was kept to a minimum to maintain a dissolved oxygen concentration above 0% while keeping the formation of foam at reasonable levels. After 17h of growth, the cultivation broth was centrifuged (8000 rpm, 10 min, 4°C) in sterile conditions and washed twice with a sterile saline solution (sea salts 11 g.L -1 ). The bacterial cell pellets were inoculated in a second bioreactor containing 2L of the accumulation medium (Table 2). The agitation rate was fixed at 200 rpm, pH was regulated at 7 with HCl 1M and NaOH 1M. Aeration rate was kept to a minimum to maintain a dissolved oxygen concentration above 0% while keeping the formation of foam at reasonable levels. After 72h, the bacterial cells were recovered by centrifugation (8000 rpm, 10 min, 4°C), washed two times with demineralized water and lyophilized.

One-step process of production of PHBHV from agro-industrial effluents

PHB and PHBHV from agro-industrial effluents and valeric acid were produced in one-stage in a 5L bioreactor. Preculture and growth stage are as described previously. After 17h of growth, 2L of the sterile accumulation medium were added directly in the reactor, bringing the final volume to 4L. The agitation rate was fixed at 400 rpm, pH was regulated at 7 with HCl 1M and NaOH 1M. Aeration rate was kept to a minimum to maintain a dissolved oxygen concentration above 0% while keeping the formation of foam at reasonable levels. After 23h, the bacterial cells were recovered by centrifugation (8000 rpm, 10 min, 4°C), washed two times with demineralized water and freezedried.

Table 2: Compositions of culture medium for growth and accumulation steps.

Medium Composition

Glucose growth Glucose 10 g.L -1 Difco tryptone 1 g.L -1 Yeast extract 0.5 g.L -1 Sea salts 11 g.L -1

Glucose production

Glucose 20 g.L -1 Yeast extract 0.4 g.L -1 Sea salts 11 g.L -1

Industrial effluents growth Effluent 1 30 g.L -1 Industrial tryptone 8 g.L -1 Effluent 2 50 mL.L -1

Industrial effluents accumulation Effluent 1 20 g.L -1 Effluent 2 50 mL.L -1

PHA extraction and characterization

Pellets of freeze-dried cells were grounded with a mortar and pestle. PHA was isolated from the resulting powder in an excess of chloroform (50 mL of solvent per g of dry biomass) at 60°C for 24h. After cooling down, 25 mL of water was added, the solution was vigorously agitated and then centrifuged at 5000 rpm for 10 min. The organic layer was recovered, filtered on glass cotton to remove cellular debris and then evaporated. The PHA content (% w/w) is defined as the PHA to dry matter (DM) percent ratio. Films were solvent-casted in 9 cm-wide glass Petri dish after dissolution in chloroform (300 mg in 15 mL). The Petri dish were covered with their lid and put under a fume hood. The lids were displaced once a day to allow renewal of the air within. After 48-72 h, constant weight was achieved and the films were allowed to age for 21 days at room temperature before thermal and mechanical analyses.

The composition of the polyesters produced was determined by gaz chromatography (GC). The precipitated PHA was first subjected to propanolysis according to Riis et al. [START_REF] Riis | Gas chromatographic determination of poly-beta-hydroxybutyric acid in microbial biomass after hydrochloric acid propanolysis[END_REF] Approximately 8 mg of precipitate was dissolved in 2 mL of 1,2-dichloroethane and then propyl esterified (20 h at 80°C) with a solution consisting of 1.6 mL of propanol and 0.4 mL of 37% HCl. After cooling, the organic phase was washed with water (1 mL). Samples were injected on a Perkin Elmer Clarus 480 gas chromatograph 1 equipped with a 30 m x 0.32 mm DB-5 column (HP) with splitless injector and flame ionization detector (FID). The oven temperature was kept at 70°C for 3 min followed by a ramp of 10°C/min to 240°C. It was held at this temperature for 10 min. The nitrogen flow was 0.9 mL/min at 70°C. PHBHV (3%HV) from Sigma-Aldrich was used as standards.

PHA (10 g.L -1 ) molar mass distribution was determined by Size Exclusion Chromatography (SEC). The stationary phase was composed of three columns from Polymer Labs: 2 x ResiPore and 1 x PL gel Mixed C. The chloroform was used as eluent at a temperature of 45°C and a flow rate of 0.8 ml.min -1 .

Detection system was composed of refractometer and a UV detector. The elution profiles were analysed by the software Empower GPC module (Waters). Molecular mass calculations were based on calibration curves obtained from polystyrene standards with molecular weights ranging from 580 g.mol -1 up to 900 000 g.mol -1 . The weight-average molar weight (M w ) and number-average molar weight (M n ) were determined using the software Empower GPC module (Waters). The polydispersity index (Đ) is calculated as M w /M n .

Differential Scanning Calorimetry (DSC) analyses were performed by using a Mettler-Toledo DSC-882 equipment. Samples of about 5 mg were taken from the aged films and analyzed with two heating cycles: First, the sample was equilibrated at 25 °C, then heated to 190 °C at 10 °C.min -1 and kept isothermal for 2 min followed by a cooling to -40 °C at 10 °C.min -1 before being heated to 190 °C at 10 °C.min -1 . Melt temperatures and enthalpy were measured from the first heating ramp and glass transition temperature from the second heating ramp.

Tensile testing was done on dumb-bells samples using an Instron MTS Synergie RT/1000 with a 10kN static load cell. Tests were done at room temperature at a rate of 1 mm.min -1 . 4 samples for each PHA were done.

Results & discussion

Production of PHB and PHBHV in two-stage fermentation

The two-stage fermentation process was adapted from Elain et al. [START_REF] Elain | Valorisation of local agro-industrial processing waters as growth media for polyhydroxyalkanoates (PHA) production[END_REF]. While the first step, the growth step, was identical, several proportions of valeric acid and glucose were used in the second step to assess the ability of the strain to synthesize copolymer of PHBHV (Supplementary Figure 1). As seen in Table 3, for each production the ratio of PHA in the dry biomass was above 50%.

Increasing the ratio valeric acid/glucose in the medium, lead to an increase of the hydroxyvalerate monomer (HV) in the copolymer obtained. Although it seemed to start almost linearly, the increase in HV monomers in the copolymer did not follow the ratio in the substrate with only 27% of HV monomers when the substrate contained 46 mol% of valeric acid. The ratio of PHA in the dry mass (DM) are between 50 and 70% on glucose and valeric acid which are the usual values with this strain. To study the ability of the strain to grow and produce PHA from untreated agro-industrial effluents, mixtures of two different effluents were made for each culture steps (Table 2). The composition of those mix were made so that each nutrients category (glucides, proteins, salts…) were similar to the medium with pure substrates. That is why a tryptone had to be added in the growth medium for the effluents did not contained sufficient nitrogen sources. So, when this protocol was used with industrial effluents as substrates, PHB was obtained and a number of observations were made. First, the dry matter value was more than two time the one measured on glucose, 5.73 g.L -1 instead of 2.43 g.L -1 . This particular parameter was not deemed much relevant because the industrial effluents were used without treatment apart from freezedrying for one of them so as to keep the cost as low as possible. As such, they contain a lot of insoluble matter, which are collected with the biomass when centrifuged. The ratio of PHA in the dry matter is thus lowered and cannot be compared to the ratio obtained from production where all substrates are soluble and the only dry matter collected at the end of production are PHA and non-PHA cellular biomass. Consequently, we found that, in this study, the relevant parameter for comparing productions is the PHA yield. And for the production of PHB from industrial effluents, the PHA yield of 1.89 g.L -1 is close to the one obtained from pure glucose, 1.57 g.L -1 . Looking only at the yields, the substitution of glucose by industrial effluents with the strain Halomonas sp. SF2003 seemed a good way to reduce substantially the cost of production of PHB without a loss in productivity. This productivity is in range with the productivity of other strains grown on feedstock from agro-industry [START_REF] Ahn | Increased 3HV Concentration in the Bacterial Production of 3-Hydroxybutyrate (3HB) and 3-Hydroxyvalerate (3HV) Copolymer with Acid-Digested Rice Straw Waste[END_REF][START_REF] Morais | Conversion of fatcontaining waste from the margarine manufacturing process into bacterial polyhydroxyalkanoates[END_REF][START_REF] Verlinden | Production of polyhydroxyalkanoates from waste frying oil by Cupriavidus necator[END_REF]. Molar mass and polydispersity of the extracted copolymers from glucose and valeric acid are similar with number average molar masses in the range of 263,000 to 441,800 g.mol -1 and dispersity from 1.21 to 1.70. These are common values for PHB and PHBHV [START_REF] Laycock | The chemomechanical properties of microbial polyhydroxyalkanoates[END_REF]. But the use of the industrial effluents as substrates gave a PHB with a much lower number average molar weigh of 46,500 g.mol -1 . This loss in molar weigh was then further investigated. The first explanation of this loss in molar weight was to link it with the substrate. In the literature, few studies are focused on this issue [START_REF] Anderson | Studies on opolyester synthesis by Rhodoous ruber and factors influencing the molecular mass of polyhydroxybutyrate accumulated by Methylobacterium extorquens and Alcaligenes eutrophus[END_REF]. Most of the time, a given strain would biosynthesize PHA with more or less molar mass in a given range. This loss of almost an order of magnitude could be detrimental for the use of this PHA with process known for their thermal degradation (i.e. most melt processing) [START_REF] Bugnicourt | Polyhydroxyalkanoate (PHA): Review of synthesis, characteristics, processing and potential applications in packaging[END_REF]. So molar masses were measured on PHA obtained at the end of the growth step and compared to the one obtained at the end of the production step with glucose or industrial effluents for all the combination of steps. As the quantity of PHA at the end of growth steps was very low (Table 4), the whole volume of the culture needed to be extracted to ensure that enough quantity would be obtained and allow SEC analyses. Four cultures were realized: two with only a growth step using glucose or industrial effluents as substrates and two with glucose as growth substrate and industrial effluents as production substrate and industrial effluents as growth substrate and glucose as production substrate. A schematic representation of the measured values of number average molar weight is pictured in Figure 1. It appeared that the nature of the substrates was not the main parameter explaining the low molar weight observed. Although at the end of the growth step, the molar mass of PHA was lower when cultivated on industrial effluents than on glucose, most of the loss happened after the transition to the production step. What are the possible biological mechanisms behind these observations can only by hypothesized at this stage. The high molar weight PHA chains in the cells during the growth phase might still be present at the end of the production step but mixed with lower molar weight chains produced in greater number, thus lowering the average molar weight. The molar mass might also be controlled by the ratio between active PHA-polymerase and PHAdepolymerase [START_REF] Sim | PHA synthase activity controls the molecular weight and polydispersity of PHB[END_REF]. In this case, the stress induced by the centrifugation and the change in the medium might alter this ratio. It is difficult to study this particular phenomenon without the possibility to follow the molar mass of the PHA through the process. A minimal quantity is required for SEC analyses which can be difficult to obtain especially when PHA content is low at the beginning of the culture. It was observed that the transition between the two steps through centrifugation at 4°C and washing was responsible for this massive loss. To alleviate this phenomenon, a one-step process was designed with the industrial effluents.

Production of PHB and PHBHV in one-stage fermentation from agro-industrial effluents

For this process, the pre-culture and growth steps are the same, then when the growth step reached 17h of culture, the 2L of the production step was added, under sterile conditions, directly in the fermentor. Tests showed that a maximum of production was achieved after further 23h of culture (data not shown). This brought the total time of culture in the bioreactor to 40h compared to the 89h of the two-stage process. Furthermore, only one bioreactor vessel is used and risks of contamination is lowered. As can be seen in table 5, the resulting PHA yield of 1.30 g.L -1 was similar to the two-stage process yields (see table 3) but this time the number average molar mass was much higher and in the range of the ones obtained on glucose and valeric acid. Therefore, the change of medium in the previous protocol might induce stress in the bacteria cells which leads to a decrease in molar weight.

Further studies need to be done to elucidate the molecular basis for this behavior. Valeric acid was also used as a co-substrate with industrial effluents in this process to produce PHBHV. Yields and molar weight were comparable between the PHB and PHBHV obtained. The amount of HV monomers in the final copolymer was higher than expected but this can be explained by the complexity of the carbohydrate composition of the industrial effluents. Their consumption by the strain might necessitate several different metabolic pathways which make the valeric acid easier to metabolize than some complex sugars.

Characterizations of PHA obtained from agro-industrial effluents

In this study, PHB and several PHBHV with different ratio of HV/HB monomers were biosynthesized by a marine bacteria Halomonas sp. SF2003 from either glucose or industrial effluent and valeric acid as a precursor for HV monomers. Films of these PHA were made by solvent casting with a very slow evaporation rate (over 48h). Picture of these films is showed in Figure 2. The increasing transparency when the HV proportion increased can be noted. Thermal characterisations were done by DSC. To ensure all samples had the same thermal history, all films were casted on the same day, were aged for 21 days at room temperature after drying and analyzed on the same day. Melt temperature and enthalpy were measured from the first heating ramp and glass transition temperature from the second heating ramp. Results are shown in Table 6. Two melting temperatures were found for each samples even for PHB. This may be an indicator that different crystalline microstructures are present [START_REF] Laycock | The chemomechanical properties of microbial polyhydroxyalkanoates[END_REF]. For the PHB, on the second heating, only one melting temperature was observed at 177.0 °C. For the PHBHV, two melting temperatures and even three for PHBHV with 15%HV were observed on the second heating ramp with some differences between first heating and second heating ramp temperatures. Thus, the thermal history of the PHA can induced very different microstructures as it has been reported elsewhere [START_REF] Laycock | The chemomechanical properties of microbial polyhydroxyalkanoates[END_REF][START_REF] Crétois | Physical explanations about the improvement of PolyHydroxyButyrate ductility: Hidden effect of plasticizer on physical ageing[END_REF][START_REF] Xie | Influence of cooling rate on the thermal behavior and solidstate morphologies of polyhydroxyalkanoates[END_REF]. Melting enthalpy regularly decreased when the proportion of HV rose from 101.7 J.g -1 for PHB to 24.7 J.g -1 for the PHBHV with 35% of HV. This possibility to drastically decrease the crystallinity of scl-PHA constitutes a very interesting result since the high PHB crystallinity is considered as one of the main drawbacks of this polymer. The increasing transparency when the HV proportion increased can be explained by the decrease of the crystallinity of samples and will lead a large range of applications. This highlighted that the production of PHBHV with different ratios HB/HV is also an efficient and promising way to modulate the opacity vs transparency of PHA-based films. Moreover, the regular decrease of the temperature of glass transition when the HV amount increases, illustrates that the molecular mobility of polymer chains in the amorphous phase was improved due to the steric hindrance of HV units superior to that of the HB units. Mechanical analyses were achieved from films of PHB and PHBHV. Young Modulus, elongation and tensile strength were measured (Table 7). As expected PHB exhibited the highest Young modulus and max strain and the lowest elongation at break comparable to previously analyzed commercial PHB [START_REF] Corre | Morphology and functional properties of commercial polyhydroxyalkanoates: A comprehensive and comparative study[END_REF]. Young modulus and proportion of HV monomers in the copolymers could be correlated (Figure 3). Young modulus sharply dropped from 1422.0 MPa for PHB to 531.0 MPa for PHBHV with 15% of HV monomers. For a HV proportion from 15 to 27% the modulus is seen to slightly decrease before another sharp drop of the modulus at 44.6 MPa observed for the PHBHV with 35% of HV. Elongation at break was the smallest for PHB at 2.7% and longer for the other PHBHV. As for the modulus, the tensile strength was higher for PHB at 21.06 MPa, at the same levels for PHBHV with 15, 23 and 27% at around 10.68 MPa and the lowest at 1.22 MPa for the PHBHV with 35% HV. These evolutions of the mechanical properties are directly correlated to the crystallinity variations. This constitutes a major result as the incorporation of HV units in the PHBHV with tunable proportions allows modifying the polymer morphology and then the mechanical behavior. 

Conclusions

In this study, PHB was produced using agro-industrial effluents as substrates by a marine bacterial strain. The initial two-step process was improved after it was observed a crippling loss of molar weight in the produced polymer. It was demonstrated that this decrease in molar weight was due to the process and not the nature of the substrates. Thus, a one-step process was designed and allowed the production of PHB with a number-average molar weight of 342,000 g.mol -1 with decreased process costs and better productivity. Furthermore, the ability of the strain to produce PHBHV through the addition of valeric acid in the culture medium was investigated. It was found that the strain was able to produce PHBHV with up to 35% of HV. Thermal and mechanical characterization were undergone and the differences between PHBHV and the homopolymer PHB were discussed. The strain is thus thought to be a good candidate to produce tailor-made scl-PHA from cheap substrates.

Finally, this study reveals how the biosynthesis of PHA can be an efficient way to obtain various polymers of desired compositions, structures and morphologies by controlling the synthesis parameters. Moreover, the tunable nature of the properties and functionalities of the PHA with regard to their morphology makes it possible to synthesize tailor-made polymers. This opens many routes to more largely study and develop scl-PHA. Clearly there is a great potential for this approach allowing the biosynthesis of PHBHV with tunable proportions in HB and HV. 
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 1 Figure 1: Schematic representation of the change in molar weight of the PHA at the end of step 1 and 2 depending on the substrates used.

Figure 2 :

 2 Figure 2: Pictures of PHBHV films (thickness 40 µm). From left to right: PHB, PHBHV with 15, 23 and 27% of HV.

Figure 3 :

 3 Figure 3: Young modulus and tensile strength compared to the proportion of HV monomers in copolymers of PHBHV.

Table 1 : Composition of the agro-industrial effluents /100g. * Effluent 1 was freeze-dried for long- term storage. Components Effluent 1 Effluent 2 Industrial tryptone

 1 

	Water	70*	72	3
	Proteins	4	0.4	58
	Carbohydrates	14	2.6	7
	Saccharose	5.4		
	Raffinose	1.0		
	Stacchyose	5.1		
	Lipids	0.6	0	32
	Ashes	11.4	24	4
	NaCl	2.3	21.1	

Table 3 : Production of PHB on glucose or industrial effluents and production of PHBHV on glucose and valeric acid with the two-stage fermentation process. (DM: Dry Matter).

 3 

	Substrates	DM (g/L)	%PHA	Yield (g PHA .L -1 )	%HV	Mn (g.mol -1 )	Đ
	Glucose	2.43	64	1.57	0	263,000	1.70
	Industrial effluents	5.73	33	1.89	0	46,500	1.55
	Glucose + valeric acid (10 mol%)	1.38	50	0.69	15	344,100	1.43
	Glucose + valeric acid (24 mol%)	1.08	56	0.61	23	353,800	1.35
	Glucose + valeric acid (46 mol%)	2.06	70	1.44	27	441,800	1.21

Table 4 : Molar weight of PHB extracted at the end of step 1 and 2 for all combination of substrates.

 4 

	Culture conditions	PHB yield (g.L -1 )	Mn (g.mol -1 )	Đ
	Glucose growth medium	0.08	438,600	1.52
	Industrial effluents growth medium	0.06	269,000	1.52
	Glucose growth medium Glucose production medium	1.57	263,000	1.70
	Glucose growth medium Industrial effluents production medium	0.48	367,900	1.36
	Industrial effluents growth medium Glucose production medium	1.43	40,500	1.72
	Industrial effluents growth medium Industrial effluents production medium	1.89	46,500	1.55

Table 5 : Results from one-stage production of PHA from industrial effluents. Substrates DM (g/L) %PHA Yield (g PHA /L) %HV Mn (g/mol) Đ

 5 

	Industrial effluents	4.21	31	1.30	0	342,000	1.41
	Industrial effluents/valeric acid	6.22	23	1.43	35	389,000	1.38

Table 6 : Thermal characteristics of the PHA obtained. T m were taken at the two visible maximum of the endotherm. ∆H m was taken from the beginning of the melting until all crystallites were melted.

 6 

	PHA	T g (°C)	T m (°C)	∆H m (J/g)

Table 7 : Mechanical characteristics of the PHBHV obtained.

 7 

	PHBHV	Young modulus (MPa)	Elongation (%)	Tensile strength (MPa)
	35%	44.6 ± 6.4	12.9 ± 2.3	1.22 ± 0.04
	27%	335.5 ± 55.7	13.5 ± 4.3	10.35 ± 0.45
	23%	373.5 ± 48.8	15.4 ± 4.4	10.75 ± 0.81
	15%	531.0 ± 40.9	8.8 ± 4.7	10.94 ± 1.04
	PHB	1422.0 ± 108.1	2.7 ± 0.6	21.06 ± 1.75
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