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A B S T R A C T

The utilization of agri-food wastes holds significant importance from both environmental and economic stand
points. Whey permeate, a by-product of cheese manufacturing with high lactose content, could be considered a 
promising substrate for microbial growth to yield value-added products. Whey permeate was therefore inves
tigated as a potential feedstock for the production of polyhydroxyalkanoates (PHAs) by Hydrogenophaga pseu
doflava DSM1034. Although the ability of this microorganism to grow and accumulate PHAs on whey permeate 
has been previously demonstrated, the PHAs yields were notably low. Therefore, a meticulous inoculum opti
mization was performed, taking into consideration adaptation to lactose-containing substrates, initial bacterial 
concentration, and growth kinetics. In media containing lactose as a carbon source, the lag phase, exceeding 
40 hours in non-optimized conditions, decreased to only 4 hours. In whey permeate, a cell dry weight (CDW) of 
5.49 ± 0.08 g/L was obtained. PHAs fraction in CDW and PHAs yield were 52.48 ± 3.14 % of CDW and 0.144 g/g 
of consumed sugar, respectively. Furthermore, these results were achieved in flask without hydrolysis of lactose 
contained in the permeate. Moreover, no galactose remained unutilized in the spent broth demonstrating that 
H. pseudoflava DSM1034 metabolized both sugars contained in lactose. Additionally, in culture media containing 
mixtures of glucose and galactose, microbial growth was lower compared to growth on comparable amounts of 
lactose. This study underscores the potential of whey permeate as a valuable resource for the production of PHAs, 
offering a sustainable solution for the utilization of dairy industry by-products, mitigating its environmental 
impact and promoting sustainable resource utilization.

1. Introduction

Nowadays, fossil-based plastics are massively employed in many 
sectors such as packaging, personal care, vehicles, households, etc. 
Plastic demand is set to continue growing for the foreseeable future and 
is expected to grow at a compound annual growth rate of 4.2 % from 
2024 to 2030 [1]. For these reasons, searching for innovative and 
environmentally friendly materials possessing properties comparable to 
those of fossil-based plastics is a prominent endeavour, and 
bio-produced materials such as polyhydroxyalkanoates (PHAs) could 
emerge as a feasible alternative.

PHAs are a class of biodegradable polymers accumulated by various 
microorganisms. Although initially regarded merely as carbon and 

energy storage materials, recent discoveries have highlighted their 
complex biological roles in microbial cells. Notably, it has been 
demonstrated that PHAs granules within prokaryotic cells significantly 
boost microbial resilience, enhancing resistance to various environ
mental stress factors like extreme temperatures, freezing, oxidative 
damage, and osmotic pressure [2].

PHAs are biocompatible and show chemical and mechanical prop
erties similar to those of petroleum-based plastics such as poly
propylene, making them attractive for various applications [3]. In 
addition, these polymers are considered promising alternatives to 
traditional petrochemical-based plastics due to their renewable nature 
and biodegradability in natural aerobic and anaerobic environments as 
defined by the International Association for Testing Materials (ASTM 
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method ASTM D5338–15, 2021; ASTM D6954–18 etc.) and other in
ternational organizations [4].

PHAs find applications in packaging, to manufacture films, con
tainers, and other disposable items; in agriculture, they can be employed 
for controlled-release fertilizers and soil conditioners; in medicine PHAs 
are utilized to produce biodegradable implants, drug delivery systems, 
and tissue engineering scaffolds [3]. The versatility of PHAs continues to 
drive research and development efforts to expand their range of appli
cations and enhance their performance, making them a promising and 
sustainable solution in the quest for environmentally friendly materials. 
The high cost of PHAs is a significant issue affecting their extensive 
commercial adoption. One of the main contributors to this cost is the 
carbon source used by the microorganisms in the fermentation process. 
Traditionally, the carbon sources are plant-based simple sugars or 
vegetable oils, usually termed “1st generation feedstocks”, which can be 
expensive and competitive with food production [5]. Consequently, 
research efforts have focused on evaluating waste streams and 
by-products from various industries as potential substrates for PHAs 
production to make them more comparable with traditional plastics in 
terms of both performances and costs. Therefore, there is a growing 
interest in exploring alternative cheap and sustainable substrates 
including agricultural residues, food waste, wastewater from industrial 
processes, and even carbon-rich gases such as CO2 and methane [6–9]
(2nd generation feedstocks). In addition, 3rd generation feedstocks refer 
to algae, which are a promising and sustainable carbon source due to 
their rapid growth, minimal land requirements, and ability to utilize CO₂ 
efficiently [10].

The use of waste streams not only could help to reduce the overall 
production cost of PHAs but also aligns with the principles of sustain
ability by repurposing materials that might otherwise pose disposal and 
environmental challenges [11].

Among industrial food residues, whey, and whey permeate, deriving 
from the dairy industries, could be a good alternative. Whey is the liquid 
fraction resulting from the coagulation of milk by rennet and the sub
sequent separation of the curd. It has a yellowish/greenish colour, 
sometimes with blue reflections, depending on the type and quality of 
the starting milk. On average, approximately 9 liters of whey are ob
tained for every kilogram of produced cheese [12].

According to Ramos et al. [13], in 2021 the annual production of 
whey in the world was about 190 Mt of which 76 Mt in Europe. In the 
last 10 years, there has been a trend of increasing cheese production, so 
the amount of whey produced in the world increases by 1–2 % every 
year. Only in Italy, 5.5 Mt of whey were produced in 2021 [14].

Whey composition and sensory characteristics, can differ due to 
factors such as whey type (acidic or sweet), milk source (cow, sheep, or 
goat), animal diet, cheese-making process, season, and lactation stage; 
despite this variability, whey remains consistently rich in complete 
proteins, including β-lactoglobulin, α-lactalbumin, bovine serum albu
min, lactoferrin, lactoperoxidase, glycomacropeptide, and protease- 
peptone, containing all essential amino acids, although their concen
trations may vary [15].

It also contains lactose the sugar found in milk, at concentration 
ranging 38–50 g/L, and various minerals like calcium and potassium, 
even if its composition can differ depending on the type of cheese pro
duced and the processing methods used [16]. Given its nutritional 
content, whey is used in animal feed and as an ingredient in the food and 
beverage industry [17]. It is also employed in the production of 
protein-rich products, such as protein supplements, protein bars, and 
certain types of beverages.

Whey permeate is the liquid derived from the whey filtration pro
cesses aimed to obtain high-protein products (e.g., whey or milk protein 
isolates and concentrates). At present, this abundant by-product stream 
is partially sold as low-value products and used as animal feed, fertil
izers, or field spread [18]. Unfortunately, both whey and permeate are to 
be included among polluting by-products, unsuitable for a direct release 
into the environment because of their high biochemical oxygen demand 

(BOD) and a chemical oxygen demand (COD) [19]. Therefore, they 
require proper disposal processes, often incurring in high costs.

Without sustainable practices, whey becomes a major environmental 
pollutant in the dairy industry, as significant amounts are discarded as 
wastewater, leading to serious ecological risks [17].

Sustainable whey and permeate management should be focused on 
biotechnological and food applications to create value-added products 
like whey powder, functional foods and beverages, lactic acid, bio
ethanol, bioplastics, and biogas. This sustainable approach aligns with 
Agenda 2030 goals, contributing to SDG 6: Clean Water and Sanitation, 
SDG 9: Industry, Innovation, and Infrastructure, and SDG 12: Respon
sible Consumption and Production and supporting improvements in 
water quality, sustainable infrastructure, reductions in global food waste 
and losses, and waste generation minimization.

The ongoing expansion of the cheese industry, coupled with envi
ronmental regulations requiring whey treatment before disposal, has 
encouraged producers and researchers to explore innovative approaches 
to transform whey and derivatives from a liability into a valuable asset. 
The permeate, obtained after the extraction of whey proteins, can be 
used as food additive, or in the production of prebiotic drinks or sports 
beverages. More recently whey and whey permeate have been some
times used as a substrate for the production of biofuels or in anaerobic 
digesters for the generation of biogas [20]. Their use as substrates for 
biomass growth could therefore represent a good alternative for disposal 
and valorization. Converting whey permeate to PHAs could create an 
additional income for dairy processors, and possibly reduce PHAs high 
production cost making it more competitive in the bioplastic market. 
Although whey and whey by-products use for PHAs production has been 
explored by several authors as revised by Favaro et al. [5], only a limited 
number of wild-type microorganisms, such as Bacillus megaterium, Hal
oferax mediterranei, Paracoccus denitrificans, Sinorhizobium meliloti, or 
Hydrogenophaga pseudoflava can directly convert the disaccharide 
lactose into PHAs with H. pseudoflava showing very promising features 
in terms of PHAs yields [21]. The ability of H. pseudoflava DSM1034 to 
accumulate PHAs from whey was previously demonstrated with per
centages around 10 % of cell dry weight (CDW) [22]. These amounts of 
PHAs, although obtained in flasks and therefore expected to increase 
upon fermenters growth, cannot support an economically sustainable 
production and hence it is necessary to fine-tune growth conditions in 
order to allow the scaling up of the process to larger industrial plants.

The purpose of the research project is therefore the optimization, in 
laboratory conditions, of fermentation parameters for the production of 
PHAs from whey permeate. To the best of our knowledge, this is the first 
attempt to optimize the growth of H. pseudoflava DSM1034 in non- 
hydrolyzed permeate. These results will allow the exploitation of these 
residues to a high-value product. Hence this research is relevant to the 
processing of such low-cost food waste into a bioplastic with applica
tions in a wide range of sectors.

2. Materials and methods

2.1. Feedstocks and chemicals

All chemicals used in this research were purchased from Sigma 
Aldrich (Milano, Italy) or indicated otherwise.

Whey permeate, kindly donated by Serum Italia (Cazzago S. Martino, 
Brescia, Italy) is derived from milk whey sourced from Northern Italy, 
primarily from the regions of Lombardy, Piedmont, Veneto, and Emilia 
Romagna. This whey is obtained following Parmigiano Reggiano and 
Grana Padano cheese production that involves mainly rennet precipi
tation. Dry matter was 12.0 % and protein content 0.8 %; fat and ash 
were 0.5 and 1.5 %. Glucose, lactose, and galactose concentrations were 
0.50, 151.96, and 1.74 g/L respectively.

L. Favaro et al.                                                                                                                                                                                                                                  New BIOTECHNOLOGY 87 (2025) 72–81 

73 



2.2. Bacteria and culture media

H. pseudoflava DSM1034, adopted in this study as a PHAs-producing 
strain, was obtained from DSMZ (Braunschweig, Germany). The strain 
was maintained at − 80 ◦C in a 25 % glycerol solution and plated on 
nutrient agar (NA; g/L: peptone 15, yeast extract 3, NaCl 6, glucose 1, 
agar 18) when needed.

Ramsay Minimal medium (MM medium) [23] used in the experi
ments, contained per liter: 6.7 g Na2HPO4•7 H2O, 1.5 g KH2PO4, 1.0 g 
(NH4)2SO4, 0.2 g MgSO4•7 H2O, 60 mg ammonium iron citrate, 10 mg 
CaCl2•2 H2O and 1 mL trace element solution (containing per liter 0.3 g 
H3BO3, 0.2 g CoCl2•6 H2O, 0.1 g ZnSO4•7 H2O, 30 mg MnCl2•4 H2O, 
30 mg NaMoO4•2 H2O, 20 mg, NiCl2•6 H2O, 10 mg CuSO4•5 H2O). If 
necessary, pH was adjusted at 7.0 with a concentrated NaOH solution. 
To obtain a solid medium, 18 g/L agar agar was added before 
autoclaving.

All media and solutions used in the experiments were sterilized by 
autoclaving at 120◦C for 15 minutes before utilization.

2.3. Utilization of sugars by H. pseudoflava DSM1034

The ability of H. pseudoflava DSM1034 to utilize lactose and galac
tose as carbon sources were conducted in MM medium supplemented 
with 30 g/L of each sugar.

Preliminary experiments were conducted using the Spark®10 M in
strument (Tecan Group Ltd) that allows to obtain growth curves in 
micronized volumes of 200 µL. The inoculum was achieved incubating 
H. pseudoflava DSM1034 under shaking in MM medium supplemented 
with glucose 30 g/L (as described in Fig. 1S, non adapted inoculum). 
After overnight growth, cells were centrifuged (6000 ×g for 15 min), 
washed twice in sterile NaCl 0.9 % (w/v), and suspended in the same 
saline solution. Bacteria were then aerobically inoculated at 30 ◦C for 
66 h in 96-well plates loaded on a TECAN SPARK 10 M reader, 
measuring optical density (OD600 nm) every hour as described in Costa 
et al. [8]. The tests were performed in MM medium containing 30 g/L of 
lactose and galactose. Cultures’ optical densities were measured every 
20 minutes over a 93-hour incubation period. Reference tests with 
glucose as the carbon source were conducted in parallel as a positive 
control.

After these preliminary tests, the experiments were repeated in 
100 mL flasks, in a working volume of 30 mL, replicating the conditions 
described for the experiment with TECAN. Growth was monitored by 
measuring OD600 nm. After 94 hours, cells were separated by centrifu
gation, the pellet washed with sterile NaCl 0.9 % and immediately 
frozen at − 80◦C together with the supernatants. CDW and PHAs in 
bacterial pellet and residual sugars (lactose, glucose, and galactose) in 
the supernatants were analysed as described below.

2.4. Optimization of H. pseudoflava DSM1034 production of PHAs

2.4.1. Effect of sugars on the growth and PHAs production by H. 
pseudoflava DSM1034

To optimize the growth conditions for H. pseudoflava DSM1034, tests 
were conducted using media containing 10 and 20 g/L glucose, 20 g/L 
lactose, 10 g/L galactose, and a mixture of 10 g/L glucose and 10 g/L 
galactose. Experiments were performed in 100 mL flasks containing 
30 mL of MM and the sugars. 24 hours’ cultures in MM medium 
amended with 10 g/L glucose, were washed, re-suspended in sterile 
0.9 % NaCl, and used to inoculate the flasks with sugars at two starting 
OD600 nm (ODi= 0.3 and 0.6). Flasks were incubated under shaking at 
30◦C. Growth was monitored by measuring OD600 nm. After 148 hours, 
cultures were centrifuged and cells and supernatants were immediately 
frozen at − 80◦C. CDW and PHAs determined in the pellet and residual 
sugars in the supernatants respectively as described below.

2.4.2. Optimization of H. pseudoflava DSM1034 inocula and growth
With the purpose of reducing lag phase, experiments were conducted 

focused to adapting H. pseudoflava DSM1034 on a substrate containing 
lactose and fine-tuning fermentation conditions of the microorganism. 

a) Bacterial adaptation on liquid and solid substrates. 
Experiments aimed to adapt inoculum were performed on liquid 

and solid media as described in Fig. 1S. In short, for adaptation in 
liquid (Fig. 1S A), a culture of H. pseudoflava DSM1034 grown at 
30◦C for 48 hours in MM medium containing glucose (Pre-Inoculum) 
was used to inoculate a subsequent culture in MM with 20 g/L lactose 
(Inoculum). As indicated in Fig. 1S, this suspension was used to 
inoculate 100 mL flasks containing 30 mL of MM + 20 g/L lactose 
(Experiment). In the case of the non-adapted inoculum, a culture in 
MM + 20 g/L glucose (Inoculum) was used to inoculate flasks con
taining lactose (Experiment) as described above for adapted pre- 
cultures. 

For optimization of inoculum on solid substrates (Fig. 1S B), a 
culture of H. pseudoflava DSM1034 on Nutrient Agar (NA) was used 
to inoculate MM agar plates containing 10 g/L lactose as a carbon 
source. A loop of grown culture was used to inoculate 100 mL flasks 
containing MM + 20 g/L lactose, which were then incubated at 30◦C 
for 48–72 hours (Inoculum). 

In the case of the non-adapted inoculum a culture of H. pseudoflava 
DSM1034 on Nutrient Agar (NA) was used to inoculate MM agar 
plates containing 10 g/L glucose. A loop of grown culture was used to 
inoculate 100 mL flasks containing MM + 20 g/L glucose, which 
were then incubated at 30◦C for 48–72 hours (Inoculum). 

These suspensions (Inocula), adapted and non-adapted on liquid 
and solid, were then used to inoculate flasks containing MM + 20 g/L 
lactose (Experiment). 

These flasks were incubated under shaking at 30◦C and growth 
was monitored by measuring OD600 nm. After 76 hours, cultures were 
centrifuged and CDW, PHAs, and residual sugars were determined in 
the supernatants as described below.

b) Effect of initial bacterial concentration and incubation time.

The experiments were conducted in 100 mL flasks containing 30 mL 
of MM and 20 g/L lactose using inocula adapted on solid media. Three 
initial optical densities (ODi= 0.3, 0.6, and 1.0) were adopted. The flasks 
were incubated under shaking at 30◦C and growth was monitored by 
measuring OD600 nm. After 76 hours, cultures were centrifuged, samples 
frozen at − 80◦C and CDW, PHAs, and residual sugars were determined 
in the pellet and the supernatants respectively as described below. For 
the ODi= 0.3, CDW, PHAs and residual sugars were also monitored at 48 
and 72 hours of incubation.

2.5. Production of PHAs from whey permeate by H. pseudoflava 
DSM1034

After optimization in synthetic substrates containing lactose, the 
growth and PHAs accumulation by H. pseudoflava DSM1034 were 
evaluated on whey permeate. Preliminary experiments were conducted 
and indicated that autoclaving did not influence the sugar concentration 
in the permeate. Therefore, the media containing permeate were ster
ilized by autoclaving.

Since the lactose concentration in the permeate was approximately 
150 g/L, the volumetric ratio between MM and permeate was calculated 
in such a way that the initial lactose concentration was 20 g/L. There
fore, the growth in permeate was conducted in 100 mL flasks containing 
26 mL of MM medium and 4 mL of permeate. Bacteria after pre- 
adaptation in MM containing permeate or lactose, were centrifuged at 
3000 g for 10 minutes and re-suspended in sterile NaCl 0.9 %. 
Approximately 500 µL of bacterial suspension were used to inoculate the 
flasks containing permeate at an ODi= 0.3. In parallel, controls were 
conducted in MM + 20 g/L lactose. The experiments were performed in 
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triplicate, and the growth was evaluated up to 96 hours. At the end of the 
30◦C incubation, biomass was separated by centrifugation and pellets 
and supernatants were immediately frozen at − 80◦C. CDW, PHAs in the 
pellet and residual sugars (lactose, glucose, and galactose) in the su
pernatant quantified as described below.

2.6. Chemical analyses

CDW and PHAs were determined as previously described in [24]. In 
short, CDW was measured by drying to constant mass at 80◦C washed 
pellets obtained from 10 mL of the bacterial suspensions. CDW yields 
were calculated by dividing the amount of CDW produced by the 
amount of on consumed sugar (glucose or lactose).

PHAs concentration was determined by gas chromatography in 
frozen, lyophilized pellets following the method of Braunegg et al. [25]. 
Thermo Finnigan Trace GC, equipped with FID detector and ATWAX 
capillary column (30 m × 0.25 mm × 0.25 µm, Alltech Italia s.r.l., Milan, 
Italy) and helium as the gas carrier, at flow rate 1.2 mL/min, were used 
to quantify 3-hydroxyalkyl esters. The split/splitless injector, detector 
and oven temperatures were 250, 270 and 150◦C, respectively. Benzoic 
acid served as internal standard, and the external standards were Poly 
(3-hydroxybutyric acid) (PHB), Poly(3-hydroxybutyric acid-
co-3-hydroxyvaleric acid) P(3HB-co-12 mol% 3HV), Poly 
(3-hydroxybutyric acid-co-4-hydroxybytyric acid) P(3HB-co-11.2 mol 
% 4HB) as indicated by Gamero et al. [26]. Results were expressed as 
percentage of PHAs on cell dry mass and PHAs per mL of broth. PHAs 
yields were calculated by dividing the amount of PHA produced by the 
amount of on consumed substrate (glucose or lactose).

Lactose, glucose and galactose in culture supernatants were deter
mined by using high pressure liquid chromatography (HPLC) as previ
ously described [27]. A Biorad model 2700 chromatographer equipped 
with a refractometer (Biorad model 1755) as detector and an Aminex 

column HPX 87 C (Biorad, Italy) were used to separate sugars by iso
cratic elution, carried out with 0.03 % H2SO4. Lactose, glucose and 
galactose were separated at 65 C with a carrier flux rate of 0.3 mL/min 
in a total time of 30 min. Standards of lactose, glucose and galactose 
(Sigma–Aldrich, Italy) were used for quantification.

All experiments were conducted in triplicate and standard deviation 
reported.

3. Results

3.1. Utilization of sugars by H. pseudoflava DSM1034

With the aim to use whey permeate as a carbon source, experiments 
finalized to fine-tune experimental conditions were conducted with pure 
lactose (30 g/L). The ability of H. pseudoflava DSM1034 to utilize lactose 
as carbon source was firstly investigated on a micro-scale level using the 
Tecan. Growth curves obtained for lactose and galactose, together with 
glucose as a reference, are reported in Fig. 2S.

H. pseudoflava DSM1034 showed good growth in glucose with 
maximum OD600 values around 1.5, reaching the stationary phase after 
72–76 hours. On lactose, the same strain achieved the maximum OD600 
at around 1.3, similar to that obtained with glucose, suggesting that the 
strain produced comparable biomass from both carbon sources. Among 
the tested sugars, the weakest but still appreciable growth was found on 
galactose, indicating that this substrate is a poor candidate to support 
the growth of H. pseudoflava DSM1034, at least in the experimental 
conditions here adopted.

To confirm the results obtained with Tecan, the experiments were 
replicated at larger volumes, namely 100 mL shaken flasks. OD600 was 
monitored and, at the end of the incubation, bacterial pellet was 
analyzed for CDW and PHAs content (Fig. 1).

Although the above experiments were conducted in non-optimized 

Fig. 1. Growth (OD600) in flasks of H. pseudoflava DSM1034 at 30 ◦C in MM medium supplemented with 30 g/L glucose (blue line), lactose (green line) and galactose 
(yellow line). (A). CDW and accumulated PHAs after 94 hours of growth (B). The data are the means of three replicates ( ± SD). If not reported, SD was below 5 %. 
The inoculum was not adapted.
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conditions, the capability of H. pseudoflava DSM1034 to grow on the 
tested sugars (Fig. 1A) was clearly confirmed, even though with 
different performances. As expected, the best results were observed with 
glucose where OD600 reached values above 16, considerably superior 
than those obtained on lactose (7.89) and galactose (3.95). Likewise, in 
terms of PHAs, glucose, here used as a reference, gave the best perfor
mances (79.85 % of CDW) although a noticeable 52.64 % and 39.53 % 
were obtained respectively on lactose and galactose (Fig. 1B). Overall, 
only PHB has been detected.

3.2. Optimization of H. pseudoflava DSM1034 production of PHAs

Once adopted renewable waste sources as a strategic choice, the 
refinement of fermentation processes becomes critical to maximize 
PHAs yields, ensuring both efficient and cost-effective production [28]. 
A comprehensive understanding of how the microorganism responds to 
the manufacturing conditions could indeed provide crucial insights for 
the development of sustainable and efficient industrial processes based 
on renewable resources. In view of scaling up the process to (pre)in
dustrial level, further experiments to fine-tune the growth conditions of 
H. pseudoflava DSM1034 were conducted in flasks using the same three 
synthetic carbon substrates (glucose, lactose, or galactose) at different 
concentrations and starting with two initial inoculum size (ODi = 0.3 
and 0.6). In addition, tests using a mixture of glucose and galactose were 
also performed to explore potential industrial applications of lactose 
enzymatic hydrolysis into the two monosaccharides, before its utiliza
tion as a carbon source. At the end of the incubation, CDW, PHAs, and 
sugars remaining in the spent broth were determined (Fig. 2 and 
Table 1). As expected, the best performances, in terms of growth and 
PHAs, were achieved using 20 g/L glucose as a substrate, with both 
initial concentrations of inoculum (ODi = 0.3 and 0.6): after 78 hours, 
the maximum OD600 was reached, and only 6.95 and 14.80 % of glucose 
remained in the spent medium (ODi 0.6 and 0.3, respectively). CDW 
percentages, biomass yields and PHAs were satisfactory and related to 
the glucose concentration (Table 1). These results show that, in the 
tested conditions, the inoculum size did not significantly influence 
bacterial growth and stored PHAs. In fact, the growth curve pattern, the 
dry biomass content, the PHAs yields, as well as the glucose consump
tion, appeared similar for both tested initial inoculum size (ODi). The 
tests confirm the ability of H. pseudoflava DSM1034 to utilize lactose, 
albeit less efficiently than glucose (Fig. 2, Table 1) as demonstrated by 
lower biomass yields with lactose if compared to glucose at the same 
sugar concentration. It is interesting to note that the strain accumulated 
PHAs up to 55 % of CDW. The analyses of remaining sugars in the 
exhausted broth revealed that between 70.55 % (ODi=0.3) and 77.55 % 
(ODi=0.6) of the lactose present in the medium was consumed (Table 1).

Galactose alone was also capable of supporting the growth of 
H. pseudoflava DSM1034, although less successfully than glucose and 
lactose (Fig. 2). As reported in Table 1, biomass yield with galactose was 
only 0.09 g per g of consumed sugar; the CDW and PHAs yield obtained 
with 10 g/L galactose (1.46 g/L and 0.026 g/g) were approximately 
only 43 and 13 % of those recorded with 10 g/L glucose (3.41 g/L and 
0.204 g/g). The concentration of 20 g/L of lactose, once enzymatically 
hydrolyzed, should provide approximately 10 g/L of glucose and 10 g/L 
of galactose, which, in turn, could potentially generate 4.87 g/L of CDW 
(3.41 g/L from glucose and 1.46 g/L from galactose, respectively) and 
2.47 g/L of PHAs (2.04 g/L from glucose and 0.43 g/L from galactose, 
respectively). However, as reported in Table 1, when lactose was used as 
the carbon source, only 3.98 g/L of CDW and 2.15 g/L of PHAs were 
obtained, respectively. This difference in biomass and PHAs when using 
lactose, compared to equivalent amounts of glucose plus galactose, 
could be due to several factors such as a) the metabolic pathway 
involved in lactose utilization might be less efficient than that associated 
with glucose and galactose, leading to lower biomass production; b) 
lactose requires to be transported inside the cell and an additional 
intracellular enzymatic hydrolysis step before being used by microor
ganisms, which could slow down the metabolic process compared to 
glucose and galactose. In addition, lactose hydrolysis may necessitate 
additional energy, influencing the overall biomass yield.

When a mixture of glucose and galactose was used as a carbon 
source, cell growth was negatively affected if compared to the equiva
lent standard curves on 10 g/L glucose or galactose (Fig. 2) and only 
53.40 % and 39.80 % of the glucose and galactose, respectively, avail
able in the mixture, were consumed (Table 1). The lower cell growth 
observed in the tests made with the mixture of glucose and galactose, 
compared to the standard curves on glucose, could likely be attributed to 
competition between the two substrates. Microbial transporters 
responsible for importing glucose and galactose into the cells could have 
different specificities or affinities for the substrate as described for other 
microorganisms [29]. Once inside the cell, glucose and galactose may 
also enter competing pathways, and the metabolic intermediates from 
one pathway may inhibit the other leading to a suboptimal utilization of 
both substrates. For example, in Escherichia coli, the 2-deoxy-D-glucose/ 
D-galactose-binding protein of the ABC transporter MglABC, binds gal
actose/glucose [30] and previous studies demonstrated the inhibitory 
effect of glucose on the induction of the enzymes required for galactose 
utilization [31]. H. pseudoflava DSM1034 seems to have a higher affinity 
for glucose that may outcompete with the utilization of galactose, 
resulting in lower overall cell growth.

3.2.1. Adaptation of inocula in liquid and solid media
In the experiments reported in Fig. 2a prolonged initial lag phase 

(exceeding 40 hours), independent of the inoculum concentration, was 
observed on lactose.

This could potentially be attributed to the time required by the 
microorganism for the activation of specific gene sequences for the 
disaccharide utilization as described for other bacteria [32,33]. There
fore, experiments involving successive inoculation steps in minimal 
substrates (both solid and liquid) containing lactose as the carbon source 
were carried out. The adaptation methods are shown in Fig. 1S. Once 
induced, these bacteria were used as a new starter inoculum and the 
growth of H. pseudoflava DSM1034 on lactose was measured (Fig. 3).

After the adaptation procedure on solid media, a significant reduc
tion in the lag phase was observed (Fig. 3A). Although similar results 
were obtained with adaptation on liquid media (data not shown), the 
acclimatization strategy on solid proves particularly advantageous 
compared to adaptation in liquid, as it allows for a continuous supply of 
a lactose-adapted culture that can be reused for various experiments. 
Furthermore, in terms of growth kinetics, between inoculation in lactose 
from a plate containing lactose and inoculation in lactose from a plate 
containing glucose, no substantial differences were observed. At the end 
of the experiment, the amounts of PHAs and CDW obtained from the 

Fig. 2. Growth in flasks of H. pseudoflava DSM1034 in MM and lactose, glucose, 
galactose as the carbon source. Solid lines: ODi= 0.6; dashed lines ODi= 0.3. 
Values represent the averages of three replicates ( ± SD). The inoculum was 
not adapted.
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inocula adapted on solid media were comparable (Fig. 3B). Additionally, 
the PHAs concentration (g/L) obtained in 20 g/L lactose are similar to 
those reached using 10 g/L glucose (Fig. 3B and Table 1), although 
slightly lower than the theoretical attainable from the hydrolysis of 
lactose into glucose and galactose. In addition, when adapted inocula 
were used, the PHAs and biomass yields in lactose were superior 

(Fig. 3B) than those found with the non-adapted (Table 1); besides, the 
same quantities of PHAs were obtained in only 72 hours instead of 140. 
In all experiments, a certain amount of lactose remained non-utilized in 
the spent medium (37.15–44.90 % of the initial lactose). Surprisingly 
although more than 60 % of lactose was utilized, only low amounts of 
galactose were found, indicating once again the ability of H. pseudoflava 

Table 1 
CDW and accumulated PHAs by H. pseudoflava DSM1034 after growth on lactose, glucose and galactose as carbon source. Two different ODi (0.3 or 0.6) were used as 
inoculum. The percentages of sugars consumption in spent broth are indicated in parentheses. Values represent the averages of three replicates ( ± SD).

Carbon source 
ODi

CDW (g/ 
L)

PHAs (g/ 
L)

PHAs (% 
CDW)

Remaining sugars 
(g/L)

PHAs Yield (g PHAs/g of consumed 
substrate)

Biomass Yield (g biomass/g 
of sugar)

Time 
(hours)

10 g/L Glucose 
ODi= 0.6

3.41 
± 0.09

2.04 
± 0.05

60.00 
± 0.28

0 0.204 0.34 78

20 g/L Glucose 
ODi= 0.6

6.52 
± 0.24

5.12 
± 0.10

78.50 
± 3.23

1.39 ± 0.47 
(− 93.05 %)

0.275 0.35 78

20 g/L Glucose 
ODi= 0.3

6.39 
± 0.46

4.69 
± 0.24

73.52 
± 1.55

2.96 ± 0.80 
(− 85.20 %)

0.275 0.37 78

20 g/L Lactose 
ODi= 0.6

3.98 
± 0.32

2.15 
± 0.20

53.97 
± 0.79

4.49 ± 1.84 
(− 77.55 %)

0.139 0.26 148

20 g/L Lactose 
ODi= 0.3

3.95 
± 0.30

2.18 
± 0.23

55.22 
± 1.71

5.89 ± 1.21 
(− 70.55 %)

0.154 0.28 148

10 g/L Galactose 
ODi= 0.6

1.46 
± 0.03

0.43 
± 0.04

29.25 
± 2.69

3.38 ± 0.02 
(− 66.20 %)

0.026 0.09 78

10 g/L Glucose +
10 g/L 
Galactose 
ODi= 0.6

2.04 
± 0.07

0.87 
± 0.04

42.56 
± 2.32

Glu: 4.66 ± 0.08 
(− 53.40 %) 
Gal: 6.02 ± 0.05 
(− 39.80 %)

0.093 0.21 78

Fig. 3. Growth (OD600) of H. pseudoflava DSM1034 at 30◦C in MM containing 20 g/L lactose with inoculum adapted in solid media (▴, solid line: from plates 
containing lactose; Δ, solid line: from plates containing glucose) and non-adapted (▴, dotted line) (A). Sugars remaining in the spent broth, CDW, and accumulated 
PHAs by H. pseudoflava DSM1034 grown in lactose as the carbon source, and solid adapted inoculum (B). The percentages of sugars consumption in spent broth are 
indicated in parentheses. Values represent the averages of three replicates ( ± SD).
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DSM1034 to utilize both monosaccharides generated by the hydrolysis 
of lactose.

The initial OD selection is crucial to assess fermentation costs; 
therefore, to validate the aforementioned results, growth experiments 
on lactose to assess the impact of initial bacterial concentration were 
conducted. These experiments were replicated utilizing the solid 
adapted inocula and three different initial optical densities (ODi = 0.3, 
0.6, and 1.0).

From the results reported in Fig. 4, obtained with adapted inocula, no 
substantial differences occurred between ODi 0.6 and 1, in terms of 
produced biomass and PHAs yield. Although with ODi 0.3 the growth 
kinetics appeared to be slower compared to ODi 0.6 and 1, after 76 hours 
of incubation, almost the same optical density and the same CDW were 
reached for all three different culture conditions. Once again, at the end 
of the experiment and for all starting ODi values, neither glucose nor 
galactose were detected in the medium (data not shown), while a sig
nificant residue of lactose was present (29.90 % of the available at T0 for 
ODi=0.3 and 45.85 % for ODi=0.6) (Fig. 4B). The lower initial number 
of cells could be the cause of the increased lactose consumption, 
considering that, at the end, the produced biomass was almost the same 
for all the cultures.

Once the growth conditions in flasks using pre-adapted inoculum 
were established, the most suitable incubation time for PHAs accumu
lation purposes was also evaluated. With this aim, the growth of 
H. pseudoflava DSM1034 was then monitored in MM with 20 g/L of 
lactose. After 48 (end of logarithmic phase), 72, and 96 hours of incu
bation, CDW, accumulated PHAs, and the concentration of residual 
sugars in the culture medium were measured (Table 2).

The maximum amount of accumulated PHAs was around 50 % of the 
CDW between 72 and 96 hours. Neither glucose nor galactose were 
detected in the exhausted broths at any time, while high concentrations 
of lactose were still present. The results indicate that incubation times 
around 72 hours appear to be the most appropriate in terms of biomass 
and PHAs. In fact, although the maximum yield was obtained at 
48 hours, only around 40 % of the lactose was consumed.

In summary, the results here reported indicate the ability of 
H. pseudoflava DSM1034 to efficiently utilize lactose as a carbon source 
and accumulate considerable amounts of PHAs (around 50 % of CDW in 
flask experiments). Furthermore, this bacterial strain confirmed the 
capability to use both sugars (glucose and galactose) derived from the 
hydrolysis of lactose.

However, Povolo et al. [22] reported significantly lower values of 

Fig. 4. Growth of H. pseudoflava DSM1034 in MM with lactose (20 g/L) at different initial ODi: 0.3 (Δ dotted line), 0.6 (▴dotted line), and 1 (▴solid line) (A). The 
inoculum was previously pre-adapted to lactose in solid medium. Residual sugars, CDW, and PHAs accumulation and yields (B). The percentage of residual sugars in 
spent broth is indicated in parentheses. Values represent the averages of three replicates ( ± SD).
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PHAs for the above strain grown in flask with lactose as a carbon source 
and with yeast extract. In terms of PHAs content, only 35.2 % of CDW 
was indeed reported, even though a double amount of sugar was added 
(20 g/L in a first step and 20 g/L in an additional second step).

In the present study, once the optimised inoculum and fermentation 
conditions were obtained in lactose, growth and PHAs synthesis were 
evaluated on a real residue such as whey permeate as a carbon source. 
The inocula were adapted on lactose and on whey permeate. The growth 
(OD600) was measured for up to 96 hours (Fig. 5A). At the end of the 
incubation, PHAs in the bacterial pellet and residual sugars (lactose, 
glucose, and galactose) in the supernatant were quantified (Fig. 5B). In 
whey permeate, H. pseudoflava DSM1034 showed good growth capa
bility reaching high cell densities (OD600 above 20). With both inocula, 
the growth kinetics in permeate were similar and with a short lag phase 
(Fig. 5A). The growth of the microorganism was better in permeate as 
compared with pure lactose (Fig. 4); in fact, higher optical densities, 
CDW and concentration of PHAs in terms of g/L were reached in 
permeate compared to growth in pure lactose (Figs. 4 and 5). These data 

suggest that the residue may contain one or more other nutrients (e.g. 
vitamins, other growth factors) that could better support microbial 
growth and/or lactose hydrolysis. After 94 hours of incubation in the 
test with pure lactose, above 40 % of the sugar remained unused in the 
culture medium (Table 2); on the contrary, although initial lactose 
concentration was the same (20 g/L), in whey permeate neither lactose 
nor glucose and galactose were detected (Fig. 5B) and CDW (5.49 g/L) 
was superior to that obtained in lactose (4.09 g/L, Table 2). In both 
permeate and lactose, accumulation of PHAs was approximately 50 % of 
CDW but the final PHAs concentrations were higher in permeate than in 
pure sugar (2.88 and 1.97 g/L respectively, Fig. 5B and Table 2).

The results here obtained can be compared with those achieved in 
flask by Koller et al. [34]. These authors reported, for the same bacte
rium, a CDW and a PHAs concentration of 3 and 1 g/L, respectively, 
from whey permeate, lower than those achieved in this study. Moreover, 
whey lactose was hydrolyzed by lactase before incubation to allow an 
apparently faster utilization of the carbon source. The results from our 
study suggest that, with H. pseudoflava DSM1041, using non-hydrolyzed 

Table 2 
CDW, residual sugars, and accumulated PHAs by H. pseudoflava DSM1034 incubated for 48, 72, and 96 hours in MM with 20 g/L lactose. Initial optical density (ODi) 
was 0.3, and inoculum was pre-adapted on lactose. The percentage of sugars consumption in spent broth is indicated in parentheses. Values represent the averages of 
three replicates ( ± SD).

Time 
(hours)

CDW (g/ 
L)

PHAs 
(g/L)

PHAs (% 
dw)

Remaining 
lactose (g/L)

Remaining 
glucose (g/L)

Remaining 
galactose (g/L)

BiomassYield (g biomass/ 
g of lactose)

PHAs Yield (g PHAs/ 
g of lactose)

48 3.48 
± 0.00

1.53 
± 0.13

43.80 
± 3.77

12.52 ± 0.12 
(− 37.40 %)

0 0 0.46 0.204

72 4.09 
± 0.59

1.97 
± 0.50

47.87 
± 5.47

9.62 ± 0.70 
(− 51.90 %)

0 0 0.39 0.189

96 3.09 
± 0.47

1.56 
± 0.41

50.09 
± 5.77

8.38 ± 0.24 
(− 58.10 %)

0 0 0.27 0.134

Fig. 5. Growth (OD600) of H. pseudoflava DSM1034 in whey permeate. ▴: preinoculum in permeate; ■: preinoculum in lactose (A). The initial lactose concentration 
was 20 g/L. CDW, sugars remaining in the exhausted broth, and PHAs accumulated after 94 hours (B). The values represent the averages of three replicates ( ± SD).
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lactose may be more advantageous. As shown in Fig. 2, the presence of a 
glucose and galactose mixture appears to reduce bacterial performance 
in terms of both growth and PHA accumulation.

The results, obtained here in flasks with whey permeate, are even 
better than those reported in the bio-reactor for hydrolyzed whey [35]. 
These authors reported a yield of 0.12 g/g for PHAs from whey lactose 
and a PHAs content of 30 % CDW.

In addition, our results suggest that the use of permeate as a substrate 
could be advantageous for achieving higher CDW compared to lactose 
alone, as evidenced by the higher CDW obtained. Because PHAs yield (g 
PHAs/g of consumed lactose) from lactose (0.189 g/g) was higher with 
permeate (0.144 g/g), the results seem to indicate that, while the 
permeate better promotes biomass production, the accumulation of 
PHAs is reduced. These effects could be attributed to the presence of 
nitrogen sources in the permeate, which may influence the carbon-to- 
nitrogen (C/N) ratio of the substrate. This altered C/N ratio could 
potentially promote biomass production over the accumulation of PHAs.

4. Conclusion

While other PHAs accumulators, such as Cupriavidus necator 
DSM545, are not able to grow on substrate containing only lactose as a 
carbon source, H. pseudoflava DSM1034 showed growth and PHAs 
accumulation not only in minimal media containing this disaccharide, 
but also on lactose containing dairy waste streams such as whey 
permeate. Evaluating microbial performances on synthetic substrates 
enables an accurate assessment of microbial response to culture condi
tions, effectively identifying key parameters influencing growth and 
production of desired compounds, namely PHAs.

Parameters such as the starting microbial concentration or the 
adaptation of the inocula, often depend on the type of process, the 
microorganism involved, and the specific goals of the fermentation. 
Although the use of high microbial numbers as starter for a bioreactor 
could be advantageous, this practise increases costs, and therefore it 
may be crucial to balance with the specific needs of the process or the 
quality of the final product.

The investigation into novel and environmentally sustainable uses 
for polluting dairy waste, such as the production of biodegradable PHAs 
plastic, aligns with the modern principles of the bio-economy, The 
intersection of sustainable development objectives with innovative so
lutions underscores the interconnectedness of global challenges and the 
potential for holistic approaches to address them towards the efficient 
and cost-effective PHAs production from organic waste streams.
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