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Polyhydroxyalkanoates (PHAs) are promising biodegradable and biocompatible polymers that can be obtained through
microbial fermentation of agro-industrial byproducts, e.g., milk and cheese whey by using both microbial consortia and
pure bacterial cultures.
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| 1. Introduction

Petrol-derived plastic polymers are recalcitrant to biodegradation and persist in natural environments. Approximately 50%
of all plastics are bottles and packaging materials, which are improperly disposed and floating (an average of 270,000
tons) on the surface of the sea (. Through UV light exposure and other weathering processes, floating plastic wastes
form microparticles and nanoparticles that can be ingested by marine turtles, large cetaceans, seabirds, fish, thus
reaching human beings through the food chain 2. These aspects, together with the increasing cost of oil extraction, have
prompted researchers to investigate renewable polymers.

PHAs are high molecular weight (about 105 Da) polyesters, produced by bacterial anabolism, that exhibit several features
similar to oil-derived plastics with the added value of biodegradability and biocompatibility B4, These advantages result
from the fact that the monomeric units of these polyesters are always in the R(-) configuration, due to the stereo-specificity
of PHA synthases I8l Therefore, many microorganisms can degrade PHAs using depolymerizing enzymes (e.g., PhaZ).

More than 150 naturally biosynthesized PHAs have been identified; however, chemical modification of naturally occurring
PHAs 4, as well as the use of engineered bacteria 8 to produce higher performing PHAs, can account for a larger
number of biopolymers. Among the different kinds of PHAs, the most interesting from a commercial viewpoint are poly(3-
hydroxybutyrate) (P(3HB)) and poly(3-hydroxybutyrate)-co-(3-hydroxyvalerate) co-polymer (P(3HB-co-3HV)) whose
physical and mechanical properties are very similar to those of traditional plastics .

Currently, PHAs are not competitive with oil-derived polymers because of their high cost 2%, However, the use of
inexpensive carbon sources as PHA carbon feedstock, such as industrial and agriculture byproducts, can contribute to a
reduction of about 40% of the overall production costs. PHA production using vegetable oils 1], swine wastewater 12,
molasses 13, wheat and rice bran 245l and activated sludge wastewaters enriched with milk whey X8 has been
proposed in the past two decades.

The huge amounts of carbon-rich milk whey make this industrial byproduct one of the most promising 2. Milk whey is the
watery portion after the precipitation of casein and fat from whole milk, and it is rich in lactose, lactoglobulins and
lactoalbumins, minerals, and vitamins 28, Part of the whey produced by the dairy sector is transformed in nutritional
supplements or animal feed, while the rest is disposed as waste, causing environmental problems owing to its high
biochemical oxygen demand (BOD, 40,000-60,000 ppm) and chemical oxygen demand (COD, 50,000-80,000 ppm) 22,
To increase lactose utilization, milk whey is generally pre-treated to decrease residual lipid and protein concentration (28],
A different way to exploit the caseification supernatant is to cook milk whey to produce ricotta. Ricotta is a low-fat casein-
free food, which still contains albumins, globulins, and lactoferrin as its main proteins. Once ricotta has been separated, a
supernatant enriched in salts and organic acids called scotta is obtained.

Due to all these considerations, the screening of natural bacteria able to grow on dairy byproducts has attracted and still
attracts the attention of several research groups (see the extensive review by Amaro et al. 29). The use of mixed
microbial cultures (MMCs), although they have been associated with lower yields of PHA production, has two advantages:
(i) MMCs do not require sterile conditions and (ii) they are able to adapt to changing industrial waste complex substrates
(26, 27). In fact, studies on MMCs have shown that they consist of diverse bacterial genera, which change according to
the tested fermentation carbon source (28). A very promising approach is the use of open mixed cultures, such as those



from activated sludges, since these bacteria intrinsically display plasticity and versatility to fast changing conditions [211122],
To date, the use of pure cultures for efficient production of PHA from whey is challenging, because good PHA producers
have displayed poor growth on lactose, whereas good lactose utilizers only direct a small part of their metabolism to PHA
production 29, Nevertheless, in spite of these considerations, a strain of Alcaligenes latus (Gram-negative) has been
described as a good PHA producer when grown on whey 231, |t is evident that the use of pure cultures of lactic acid
bacteria (LAB) could support better metabolic performances on whey because LAB have evolved in the milk ecological
niche and are therefore well adapted to this environment. 24, However, their use for PHA production from whey has been
poorly explored so far.

| 2. Discussion

The microbial world can provide a huge number of sustainable alternatives to petroleum-derived chemicals, including
plastic polymers (22, Several bacterial species can accumulate PHAs as carbon and energy storage material. High levels
of PHAs can be obtained by Methylobacterium organophilus 28 A. latus 21, Rhodopseudomonas palustris 28, and
especially Cupriavidus necator (originally called Alcaligenes eutrophus and later Ralstonia eutropha) 1. Very recently,
PHA production by halophilic archea has been proposed as well 2B, However, not all of these microorganisms are able
to synthesize sufficient amounts of PHA for large-scale production 1. PHA's main metabolic role is as an energy reserve
molecule, present in the cell as spherical inclusion bodies or granules B2, Recently, PHAs' additional functions in
microbial physiology have also been reported, for example, their role in protecting bacteria from hydroxyl-radical attack 23
[341185] Therefore, these molecules do not need to be abundant in the bacterial cell.

On the other hand, bio-based and biodegradable polymers constitute a real advantage only if they can be produced from
renewable resources, including industrial byproducts and not food-competing sources B87 €. necator is the most
studied PHA producing model because of its ability to synthesize large amounts of P(3HB) from simple carbon substrates
such as glucose, lactic acid, acetic acid, and P(3HB-co-3HV) from n-alkanoates 8. Nevertheless, it is unable to
metabolize more complex low-cost substrates such as molasses, starchy wastes, or whey. For this reason, mixed cultures
of lactic acid producing bacteria such as Lactococcus lactis 32 or Lactobacillus delbrueckii 29 and C. necator have been
used to bypass this bottleneck. The microbial ability to use lactose as a low cost carbon source is strictly dependent on
the presence of B-galactosidase, a glycoside hydrolase enzyme that catalyzes the hydrolysis of lactose into its
monosaccharide components, glucose, and galactose through the breaking of a glycosidic bond L4, A recent review 2%
showed that several microorganisms are able to convert whey lactose into PHA with productivity varying from 0.0035
g/L/h for MMC culture to 5.2 g/L/h for engineered E. coli strain. In the work of Raho et al. 21, a multi-step fractionation
was used to recover a RCEW fraction containing 12.6% (w/v) of lactose that was enzymatically hydrolyzed. PHA yields
obtained with Haloferax mediterranei in bioreactor tests were in the range 7-10 % (w/w), lower than those obtained in the
present work (52% wiw).

The work of Berwig et al. 231 showed that A. atus is able to convert whey lactose into PHA with a productivity of 0.11
g/L/h. Although the yields are not comparable to those obtained in conventional media, discovering new bacterial species
that can directly produce high levels of PHA from lactose is a promising step to obtaining economically competitive
production of PHAs from whey. On the other hand, using an unknown mixed microbial community to produce PHAs can
raise questions regarding biocompatibility when PHAs are to be used in medical applications. Furthermore, approaches
exploiting wild-type bacteria can also circumvent the use of genetically engineered strains that requires more controlled
production plants.

In the present study, a microbial consortium derived from an activated sludge plant was investigated for its ability to grow
on scotta and pre-treated Toma cheese whey and to produce satisfactory amounts of PHAs. Both byproducts supported
PHA production by MMC. However, the best result in term of PHA yield (0.52 g/g) and productivity (0.037 g/L/h) was
obtained in bioreactor fermentation with scotta whey medium at a controlled pH value. Scotta can be considered as a
complete medium for PHA production, without the need for any addition of other salts or substances. The application of
MMC in PHA production could represent an advantage from an economic point of view, since sterility is not necessary.
Moreover, the use of MMCs represents an interesting option for identifying new PHA producing microorganisms, as
described in the previous paragraph 29,

We found that one of the most active and abundant PHA-producing bacterial population was L. mesenteroides. Since the
microbial consortium was grown in scotta, the real origin of this bacterium is questionable. From one side we can
speculate that this strain belongs to the rich multispecies microbiota present in the activated sludge. However, it is also
reasonable to assume that it can belong to the scotta microflora, because no sterilization treatment was performed on it
prior to fermentation, since when a mixed microbial population is used no selective condition is needed. The viability of



Leuconostoc sp. in non-dairy environments such as activated sludges has been described by Lee et al. ¥2, along with its
attitude to colonizing the milk ecosystem 3], The most probable hypothesis is that the dairy environment of scotta has
promoted a positive selection on the Leuconostoc population among the other non-lactic microorganisms. Moreover,
possible syntrophic events occurring between activated sludge microbiota and scotta microbial population may have
supported improved performances. In the present study, pure cultures of L. mesenteroides in synthetic media containing
glucose or lactose as a carbon/energy source demonstrated that, in spite of the low cell number, good PHA yield was
produced. In glucose-supplemented medium (C/N ratio about 107), the average PHA concentration was 0.09 g/L, with an
average yield of 48%. In lactose-supplemented medium (C/N ratio about 112) the average PHA concentration was 0.06
g/L, with an average yield of 38%. This result is consistent with the higher energy expenditure required for galactose (in
case of extracellular lactose hydrolysis occurs) or lactose (if hydrolysis occurs inside the cell) internalization and
processing, including either permease-based proton symport systems or antiport systems involving galactose extrusion
(441 |n the latter case, only half of the carbon substrate is available for intracellular metabolism. Furthermore, the synthesis
of the beta-galactosidase enzyme also requires energy. Finally, the original ecological niche in which L. mesenteroides
was selected (activated sludges) suggests that lactose cannot be the preferred sugar substrate for this strain.

Despite the high growth rates observed in both glucose and lactose-supplemented media, L. mesenteroides displayed
poor biomass yield. This probably occurred because of a too high medium acidification, owing to the relative sensitivity of
this bacterial genus to acidic pH. Actually, being an obligate heterofermenter, L. mesenteroides, besides producing lactic
acid, also converts part of the monosaccharide substrate into gluconic acid and, in this case, acetic acid, which can lower
the pH far below the natural tolerance of this genus (optimal pH around 5.5-5.8) 421, A low tolerance of this genus to pH
lower than 4.3 was previously reported [48l. However, in this study the real cellular damage hindering growth only occurred
below pH 3.8. Furthermore, this problem can be easily overcome by performing cultures with regulated pH or by using
complex media that support other elements, possibly buffering the environment. This is the case of scotta and whey,
media rich in minerals and vitamins that exactly respond to this requirement.

To date, to the best of our knowledge, PHA synthesis in L. mesenteroides has never been reported. It would be interesting
to outline the possible biosynthetic pathway for PHA production in this strain, but any effort in this direction is merely
speculative, and out of the scope of the present investigation.

Considering that the building blocks for PHA generation are common metabolites (i.e., acetate and 2-oxobutyrate)
available in almost all cellular systems, L. mesenteroides might have acquired the capability to produce esters from these
very simple compounds by horizontal gene transfer. Recombination events, promoting enhanced metabolic and
biosynthetic capabilities, are especially frequent in both the habitat of the activated sludge and in the whey ecological
niche, where mixed and diversified bacterial populations exist. A possible strategy to better elucidate the biosynthetic
route for PHA production in this strain is to compare protein expression profiles in control conditions and during PHA
synthesis, by using intracellular gel-free proteomics. This approach will give reliable results and, therefore, deserves
further investigations in the future to improve knowledge about L. mesenteroides biology and biochemistry.
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