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A B S T R A C T   

The exploitation of agri-food wastes is of great importance for environmental and economic reasons. Date wastes 
are attractive biomasses that could be used as a carbon source for the growth of microorganisms to obtain added- 
value products. In this work, spoilage date syrup, containing 102.01 and 101.00 g/L of glucose and fructose, 
respectively, was assessed as a feedstock for the production of bioethanol and polyhydroxyalkanoates (PHAs) by 
Saccharomyces cerevisiae MEL2 and Cupriavidus necator DSM 545, respectively. The waste date syrup was first 
evaluated as a carbon source for microbial growth and resulted to sustain the growth of both strains. 47.95 g/L of 
ethanol, corresponding to the 93.52% of the theoretical yield, were obtained from the fermentation of date syrup 
by S. cerevisiae MEL2, here adopted as a proficient bioethanol yeast strain. Furthermore, C. necator DSM 545, a 
well-known PHAs-producer, was able to accumulate up to 79.20 % (w/w on dry mass) of PHAs. This study 
demonstrates that bioethanol and PHAs can be obtained from date wastes, contributing to developing cost- 
effective exploitation of these residues with economic and environmental advantages.   

1. Introduction 

Global greenhouse gas (GHG) emissions are increasing and without 
further actions aimed at their reduction, global warming is expected to 
exceed the temperature by 2 ◦C above the pre-industrialized levels [1]. 
Two-thirds of total GHG are produced by fossil fuel consumption, while 
more than 80% of carbon dioxide emissions are caused by fossil fuels [2] 
which amounted to 35 billion metric tons of carbon dioxide in 2020 [3]. 
This is almost a 1 billion metric ton increase from 2019 [4]. The GHG 
emissions associated with conventional plastics production accounted 
for 3.8% of total global GHG emissions in 2015 [5]. 

Fuels and plastics are mainly obtained from petroleum; the decline of 
fossil reserves and the increase of global warming stimulated researchers 
to look for new strategies to achieve comparable but environmentally 
sustainable products [6]. Biofuels and bioplastics recently received 
considerable attention from both the scientific and industrial 

communities. 
Bioethanol is the most widespread biofuel in the world because of the 

low atmospheric emissions of GHG during combustion. Furthermore, it 
can be easily mixed with petrol and, for this reason, could be rapidly 
integrated into fuel distribution systems [7]. 

Plastics are employed in many sectors such as agriculture, house-
holds, automobiles, packaging, etc., and thus are manufactured in 
massive amounts. The demand for plastics has increased by 5% every 
year since 1990 [8]. Unfortunately, these materials are mostly inert to 
microorganisms and chemical attacks and thus remain intact in the 
environment for long periods [9]. As a consequence, every year, millions 
of metric tons of plastics are estimated to reach the oceans [10] and in 
the last 40 years, plastic waste in the North Pacific Ocean has increased 
by 100-fold [8]. For these reasons, the search for innovative and 
eco-friendly materials with characteristics similar to those of fossil 
plastics is a hallmark and bioplastics such as polyhydroxyalkanoates 
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(PHAs) could become an alternative [11]. Synthesized and accumulated 
by a wide range of microorganisms, PHAs are natural polyesters of hy-
droxy alkanoic acids, with physico-chemical and mechanical properties 
similar to those of synthetic plastics, but they are renewable, biode-
gradable, and biocompatible with mammals’ blood and tissues. There-
fore, they can be processed and tailored for interesting applications in 
medicine, food packaging, or agriculture [12]. 

Although the substitution of fossil-derived products with bioethanol 
and PHAs could contribute to the reduction of environmental pollution 
and carbon dioxide emissions, their utilization may raise concerns and 
problems. Indeed, bioethanol is currently obtained by Saccharomyces 
cerevisiae fermentation on food feedstocks such as corn, sugarcane, and 
sugar beet, causing competition between food-for-food and food-for- 
products [13,14]. Furthermore, the industrial production of PHAs is 
costly because fermentation broths usually contain expensive highly 
pure simple sugars such as glucose affecting up to 50% of the total 
manufacturing costs [15]. Consequently, the large-scale production of 
PHAs is limited and its utilization is restricted [11,16]. Hence, to 
broaden bioethanol and bioplastics utilization and increase their in-
dustrial sustainability and commercialization, the search for new 
renewable and cheap carbon sources is critical, and thus further studies 
are needed. Biomass is the only green source available in nature that 
offers a direct replacement for fossil fuels [17]. Therefore, to reduce 
costs, a possible solution could be the utilization of surplus or waste 
biomass that can be elevated to the role of feedstocks for the biotech-
nological production of both bioethanol and biopolymers. 

Ideally, a waste stream suitable as a feedstock should be easily used 
by microorganisms as a carbon source [18], possibly in facilities inte-
grated into already existing production lines to diminish transportation 
costs [19]. In this context, date fruit wastes could be a good alternative 
to expensive carbon sources in fermentation processes. Dates from palms 
(Phoenix dactylifera L.) are among the major fruits in North Africa and 
they have been used as food for thousands of years [20]. Worldwide, 
about 120 million date palm trees are cropped on 800,000 ha in more 
than 30 countries [21]. Arab countries hold 70% of the 120 million 
world’s date palms and are responsible for 67% of the global date pro-
duction [22]. In 2021 in Tunisia, date production reached an average of 
345,000 tonnes (http://www.fao.org/faostat/en/#home) but more 
than 30% of this large quantity is constituted by low-quality dates. 
Indeed, the time from harvesting to processing of the dates and during 
their storage can lead to excessive softening and fruit spoilage. These 
“spoilage dates” are not consumed by humans because of fungal con-
taminations and/or insect infestation or their inadequate texture and 
poor sensorial quality, lack of marketing and export [23,24]. In most of 
the developing countries, environmentally sustainable waste disposal is 
still in the beginning due to limited economic resources and infra-
structure. As a result, large amounts of organic wastes are generated and 
abandoned in the environment or simply landfilled [25]. Thus, large 
amounts of date wastes are discarded daily by the processing industries 
causing also environmental problems [26]. Dates flesh has a relatively 
long time of conservation and reducing sugars (mainly sucrose, glucose, 
and fructose) are the main components with up to 75% of dry matter 
[27]. Moreover, dates biomass does not need special treatments to 
release sugars and could be a potential alternative as cheap feedstock for 
microbial growth and bioconversion, aimed to substitute expensive 
carbon sources during any fermentation process [28]. 

Recently, several authors conducted studies on the possible valori-
zation of date wastes taking into consideration the nutritional value and 
the chemical composition of the date fruit. By-products obtained from 
date palm wastes have been suggested for various food and non-food 
applications. As an example, they could be an excellent and inexpen-
sive source of functional food components such as dietary fiber and 
phenolic acids or used as an adsorbent in wastewater purification and 
chemical recovery in the electronic industry [29]. In the area of date 
cropping, no conversion industry is established to transform the huge 
amount of date residues into economically useful products such as PHAs 

and bioethanol. For a sustainable and economically feasible PHAs and 
bioethanol production, new renewable, elements-rich, and inexpensive 
carbon feedstocks are required to be explored [11] Thus, the present 
work was devoted to evaluating the feasibility of waste date extract as a 
cheap and locally available carbon source to produce both bioethanol 
and PHAs by the two industrial strains Saccharomyces cerevisiae MEL2 
and Cupriavidus necator DSM 545, here selected as proficient fermenting 
yeast and PHAs accumulator, respectively. 

Although in previous works, date wastes have been utilized in mi-
crobial fermentations for the production of organic acids, biofuels, and 
enzymes [29], to the best of our knowledge, this is the first time that 
waste dates were evaluated as a feedstock for both bioethanol and PHAs 
production by two proficient strains and thus this research is relevant to 
the processing of such low-cost agricultural wastes into biofuel and 
bioplastics with applications in a wide range of sectors. Moreover, 
looking for new and environmentally friendly utilization of date wastes 
well combines with the current concepts of bioeconomy as suggested by 
the 2030 Agenda for Sustainable Development, adopted by all United 
Nations Member States in 2015, that provides a shared blueprint for 
peace and prosperity for people and the planet, suggesting strategies 
that improve health and education, reduce inequality, and spur eco-
nomic growth, all tackling climate change and working to preserve our 
oceans and forests. 

2. Materials and methods 

2.1. Raw material and preparation of date syrup 

Spoilage dates (dates of poor taste quality) used in this work were a 
mixture of three varieties, Bouhattam, Kenta, and Lemsi, abundantly 
present in the region of Gabes (Tunisia). A blend of 10 kg of each variety 
from 3 different palms, was harvested in the oasis of Gabes during 
September and October 2017. The mixture was immediately frozen at 
− 20 ◦C before being processed as described below. 

The extraction of date syrup was performed as described by Chniti 
et al. (2014) with some modifications [23]. In short, the fruits were 
thawed, pitted, crushed with a sharp knife to obtain the pulp, and then 
lyophilized. Seeds were frozen until analyses were performed. To obtain 
the syrup, deionized water was added to 300 g dry date pulp to reach a 
volume of 1 L. The extraction of soluble sugars was carried out on a hot 
plate at 85 ◦C for 45 min. The resulting juice was centrifuged at 5500 
rpm for 30 min at 4 ◦C, the supernatant was then pasteurized for 20 min 
at 75 ◦C and frozen at − 20 ◦C until utilization. 

2.2. Bioethanol production by S. cerevisiae MEL2 in date extract 

S. cerevisiae MEL2, previously isolated in Italy from grape marcs and 
described as a highly efficient fermenting yeast [30], was adopted to 
assess the fermentability of date syrup. Inocula were prepared in 200 mL 
of 6.7 g/L Yeast Nitrogen Base (YNB) without amino acids supplemented 
with 20 g/L glucose in 500 mL Erlenmeyer flasks and incubated on a 
rotary shaker (30 ◦C) at 150 rpm for 24 h. The yeast cells were collected, 
centrifuged (5400×g for 5 min), washed twice with sterile distilled 
water, and used to inoculate 50 mL YNB without amino acids containing 
date syrup to obtain a sugar concentration of 51 and 49 g/L of glucose 
and fructose, respectively. To prevent bacterial contamination, ampi-
cillin and streptomycin were added to a concentration of 100 and 75 
mg/L, respectively. To simulate the simple sugars content available in 
the date syrup, a reference fermentation in the same broth supplemented 
with 100 g/L glucose was also performed. The initial optical density 
(OD600 nm) was 1.0. The fermentations were conducted in 60 mL glass 
serum bottles as described in Favaro et al. [31]. The bottles were incu-
bated at 30 ◦C on a rotary shaker (200 rpm). Yeast growth was period-
ically monitored by measuring the OD600nm. Samples were also analyzed 
for sugars (glucose, fructose), ethanol, and glycerol by 
High-Performance Liquid Chromatography (HPLC) as previously 
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described [32]. The ethanol yield, (g of ethanol/g of used glucose 
equivalent) was determined as reported in paragraph 2.4 Chemical 
analyses. 

2.3. Culturing C. necator DSM 545 with date extract as a carbon source 
and PHAs production 

C. necator DSM 545 was provided by DSMZ (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen, Germany. The strain was main-
tained in glycerol stock at − 70 ◦C and used in this work as PHAs pro-
ducer. To evaluate the ability to develop in date syrup, C. necator DSM 
545 was inoculated into 250 mL flasks containing 150 mL of DSMZ 81 
medium [33] supplemented with the date syrup as a carbon source to 
have a concentration of glucose and fructose in the medium equal to 
15.5 g/L and 14.5 g/L respectively. The initial optical density at 600 nm 
(OD600nm) was 0.05; the flasks were incubated at 30 ◦C on a rotating 
shaker at 250 rpm. For an assessment of the cell growth, samples were 
withdrawn and OD600nm was monitored by a spectrophotometer 
(Spectronic® Genesys™ 2 PC). In parallel, reference experiments were 
performed using glucose at 30.0 g/L as equivalent simple sugars avail-
able in the date syrup experiments. 

To evaluate the ability of C. necator DSM 545 to accumulate PHAs, 
two production strategies, named one-step and two-steps, were adopted as 
described below. 

In the case of the one-step, bacterial pre-cultures, obtained overnight 
in DSMZ 81 broth supplemented with 30 g/L glucose, were used to 
inoculate 250 mL flasks containing 150 mL of the same medium 
formulated with 1 g/L NH4Cl and date syrup as a carbon source to reach 
a concentration of glucose and fructose of 15.5 g/L and 14.5 g/L, 
respectively. The initial OD600nm was 0.05. After 144 h of aerobic 
growth at 30 ◦C under shaking (150 rpm), the cells were harvested by 
centrifugation at 4 ◦C (4000×g for 10 min), washed twice with sterile 
distilled water, frozen for 24 h at − 80 ◦C and then lyophilized (Freeze 
Dryer Modulyo, Edwards). After freeze-drying, cell dry mass (CDM) of 
samples was then measured and PHAs quantified as described in para-
graph 2.4 Chemical analyses. 

In the two-steps procedure, C. necator DSM 545 was firstly grown in 
DSMZ 81 medium for 72 h under shaking at 150 rpm, as described above 
for the one step. Successively, cells were aseptically centrifuged, residual 
sugars were analyzed in the supernatant and the cell pellet was washed 
with sterile water. To promote PHAs accumulation, the cells were then 
transferred into the same broth used for biomass production containing 
only one-third of the nitrogen and incubated at 30 ◦C for additional 72 h. 
At the end of the second step, cells were recovered and CDW, PHAs, and 
residual sugars were measured as described below. 

All experiments were performed in triplicate and standard deviation 
was reported. 

2.4. Chemical analyses 

In date seeds, pulp, and syrup moisture was determined by drying in 
an oven at 100 ◦C to constant weight; cellulose, hemicellulose, lignin, 
and protein analyses were performed as described in Basaglia et al. 
(2021) [14]. In lyophilized date pulp, syrup as well as in fermentation 
experiments, the concentrations of sucrose, glucose, and fructose 
together with ethanol and glycerol when required, were quantified by 
HPLC as previously described [34]. Samples were filtered through 0.22 
μm cellulose acetate membrane and analyzed through a Shimadzu 
Nexera HPLC system, equipped with a RID-10A refractive index detector 
(Shimadzu, Kyoto, Japan). The chromatographic separations were car-
ried out using a Phenomenex Rezex ROA-Organic Acid H+ (8%) column 
(300 mm × 7.8 mm). The column temperature was set at 65 ◦C and the 
analysis was executed at a flow rate of 0.6 mL/min using isocratic 
elution, with 5 mM H2SO4 as a mobile phase. Analytes were identified by 
comparing their retention times and the concentrations were calculated 
using calibration curves of the corresponding external standard. 

Quantification of PHAs in lyophilized cells obtained from the one step 
and the two steps mode was performed by Gas Chromatographic (GC) 
analysis as described by Abbondanzi et al. [35] and detailed in Favaro 
et al. [36]. A ThermoFinnigan Trace GC, equipped with FID detector and 
AT-WAX column (30m × 0.25mmx 0.25 μm) was used for the analyses. 
The gas carrier was helium at a flow rate of 1.2 mL/min and a split/s-
plitless injector with a split ratio of 1:30 was set at 250 ◦C; the FID 
temperature was 270 ◦C and the oven was set at 150 ◦C. 3-hydroxybutyr-
ic acid (Sigma–Aldrich, Italy) and a P(3HB-co-3HV) copolymer (Bio-
pol™; Imperial Chemical Industries, Great Britain) were used as 
standard. The content of PHAs is reported as % of PHAs on cell dry 
matter (CDM). 

The ethanol yield, YEtOH/S, (g of ethanol/g of utilized glucose 
equivalent) was determined considering the amount of glucose/fructose 
consumed during the fermentation and compared to the maximum 
theoretical yield of 0.51 g of ethanol/g of consumed glucose equivalent. 

Statistical analyses were assessed using the Graphpad Prism 5 
package (Graphpad Software, Inc., San Diego, California). Descriptive 
statistics, mean values, and standard deviations were calculated. Data 
were analyzed also by two ways factorial ANOVA (Analysis Of Variance) 
with Duncan test. 

3. Results and discussion 

3.1. Chemical composition of spoilage dates and dates syrup 

The average chemical composition of the evaluated date waste is 
reported in Table 1. Dry matter of date pulp and seeds was 64.63 ± 1.34 
and 83.19 ± 2.60 % of wet weight respectively. Regarding date seed, 
cellulose and hemicellulose were the main components with low content 
in terms of ash and protein, and no free sugars have been detected. This 
is in accordance with other reports dealing with date by-products 
characterization and valorization [37,38]. However, date seeds are 
often discarded as waste since they require complex and costly 
pre-treatments to convert their polysaccharides into simple sugars and 
fatty acids to be used by microbial strains and converted into valuable 
products [39]. Therefore, their biotechnological exploitation potential is 
quite limited. On the contrary, this work focused on date pulp as a 
promising substrate for the co-production of PHAs and bioethanol. 

As expected, the pulp had a low content of ash, hemicellulose, cel-
lulose and lignin (Table 1). Reducing sugars were predominant (25.85 
and 25.20 % of the date pulp for glucose and fructose, respectively). 
Overall, these data agree with those reported for Arab Emirates date 
fruits [40,41] while sugar content in the date pulp was lower than those 
described for other Tunisian dates [27,42]. The difference in the 
chemical compositions could be due to the varieties of dates, different 
ripening stages, or local agricultural conditions. In accordance with data 
reported by Salah and colleagues, the high content of reducing sugars in 
flesh is probably related to the date cultivars used in this work [43]. 

Free sugars are indeed readily available in date pulp and have been 
extracted with high efficiency using hot water. The shares of sugars 
found in syrup approximately reflect their contents in date pulp reported 
in Table 1: after 45 min of extraction, a date syrup containing 102.01 

Table 1 
Chemical compositions of spoilage date wastes.   

Date pulp Date seeds 

Glucose (% DM) 35.25 ± 0.25 – 
Fructose (% DM) 34.33 ± 0.38 – 
Ash (% DM) 2.23 ± 0.01 1.40 ± 0.08 
Cellulose (% DM) 2.82 ± 0.09 45.45 ± 1.07 
Hemicellulose (% DM) 3.14 ± 0.10 22.07 ± 0.85 
Lignin (% DM) 2.57 ± 0.10 3.74 ± 0.41 
Raw proteins (% DM) 3.60 ± 0.03 6.20 ± 0.50 

DM: dry matter; Results are the means of three replicates and, when relevant, the 
standard deviations are reported. 
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and 101.00 g/L of glucose and fructose, respectively, was indeed ob-
tained. This corresponds to an overall extraction efficiency of 97.2% 
since the theoretical total amount of free sugars potentially obtainable 
from date pulp was 208.86 g/L (105.75 and 103.11 g/L, of glucose and 
fructose, respectively). 

3.2. Bioethanol production by S. cerevisiae MEL2 in dates syrup 

Fig. 1 reports the growth of S. cerevisiae MEL2 yeast in date syrup 
(Fig. 1A) and in glucose (Fig. 1B), together with sugar consumption, 
ethanol, and glycerol production. 

Ethanol production started immediately within the first hours of 
fermentation in both substrates. With date syrup, S. cerevisiae MEL2 
completely metabolized all fructose as well as glucose (Fig. 1A) within 
the first 24 h of incubation; ethanol concentration increased rapidly 
reaching a steady-state approximately 30 h after inoculation with a 
maximum value of 47.95 g/L at 46 h. 

YEtOH/S is the ethanol yield per gram of consumed substrate calcu-
lated on the highest ethanol production; Results are the means of three 
replicates and, when relevant, the standard deviations are reported. 

When pure glucose was used as a carbon source and its concentration 

was similar to the total amount of sugars used in date fermentation, the 
maximum ethanol (47.00 g/L), was statistically comparable to that of 
date syrup (47.95 g/L) obtained between 30 and 46 h (Fig. 1 and 
Table 2). In both the fermentation with pure glucose and date syrup, 100 
% of sugars were consumed by yeast; the maximum ethanol yield (% of 
the theoretical) and, the ethanol yield/consumed carbon (g ethanol/g 
glucose) were 88.23% and 0.45 g/g, respectively, both significantly 
lower (p ≤ 0.05) if compared with those obtained with date syrup 
(93.52% and 0.48 g/g) (Table 2). 

The high conversion values obtained with date syrup by S. cerevisiae 

Fig. 1. Growth (X), glucose ( ) and fructose ( ) consumption, ethanol ( ), and glycerol ( ) production by S. cerevisiae MEL2 in dates syrup (A, solid line) and glucose 
benchmark broth (B dashed line). Results are the means of three replicates and the standard deviations are reported. 

Table 2 
Consumed sugars, ethanol, and glycerol yields by S. cerevisiae MEL2 in glucose 
and date extract.  

Parameter Growth in glucose Growth in date syrup 

Added sugars concentration (g/L) 105.14 100.54 
Consumed sugars (%) 100.00 100.00 
Highest Ethanol (g/L) 47.00 ± 0.64 47.95 ± 2.32 
Glycerol (g/L) 3.31 ± 0.06 5.81 ± 0.4 
YEtOH/S 0.45 0.48 
% theoretical yield 88.23 93.52  
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MEL2 are consistent with the results of Favaro and colleagues reporting 
for the same yeast strain an outstanding glucose-to-ethanol conversion 
efficiency of 0.49 g/g, corresponding to the 96% of the theoretical yield 
using unfiltered wheat bran hydrolysates as carbon source [30]. These 
results are in agreement with those reported with date extract by Chniti 
et al. and Sulieman and coworkers that found ethanol yields around 94 
and 91% of the theoretical values, respectively, with other S. cerevisiae 
strains [23,44]. 

During alcoholic fermentation, in addition to the ethanol, glycerol 
was also synthesized by yeast and a significant increase (p ≤ 0.01) was 
observed in the case of the data syrup fermentation. Glycerol can indeed 
balance the external osmotic pressure [23] and equilibrate the intra-
cellular redox balance by converting excess NADH, generated during 
biomass formation, to NAD+. Overall, both ethanol and glycerol levels 
produced by the selected yeast strain should be considered of high 
promise if compared to those available in the recent related literature. 
Much lower ethanol yields (from 37 to 73% of the theoretical) were 
indeed recently reviewed [38]. The selection of highly fermenting yeast, 
S. cerevisiae Fm17, proved to be very effective in this study and calls for 
specific research efforts to improve the overall ethanol yields from date 
waste fermentation. 

3.3. Culturing of C. necator DSM 545 on date syrup 

In view of the possible industrial exploitation of spoilage dates, the 
growth of C. necator DSM 545 was assessed in media containing the 
dates syrup or comparable amounts of glucose as a carbon source. While 
on glucose this strain reached the stationary phase in 60–70 h, on date 
syrup it was attained in only 40–45 h (Fig. 2). 

Thus, date extract seems to support bacterial development even 
better than pure sugar, possibly due to additional nutrients or important 
growth factors contained in this complex substrate, although the juices 
of several fruits such as those of black currant [45], pomegranate [46] or 
cranberry [47] have been reported as strong inhibitors of bacterial and 
fungal growth. Date fruits of Phoenix dactylifera L., though containing 
large amounts of nutrients such as sugars, proteins, and vitamins, have 
also phenolics in large extent with a strong antioxidant activity poten-
tially lowering microbial development [37]. For instance, date extract 
proved inhibitory on pathogenic yeast such as Candida [48], while date 
syrup was reported to be bacteriostatic to both Escherichia coli and 
Staphylococcus aureus [49]. Other authors found an antibacterial activity 
of Phoenix dactylifera L. leaf and pit extracts against Gram-negative and 

Gram-positive pathogenic bacteria [50]. On the contrary, the date syrup 
used in this work allowed the microbial growth of industrial strains such 
as C. necator DSM 545. These results therefore indicate that this sub-
strate, rich in easily fermentable sugars, can be an optimal potential 
feedstock in any bioprocess technology involving this microorganism. 

3.4. Accumulation of PHAs by C. necator DSM 545 from date syrup 

C. necator DSM 545 showed the ability to efficiently accumulate 
PHAs from date syrup as a carbon source, following both the one-step and 
the two-steps culturing procedures (Table 3). 

At the end of the one step process, the strain produced a significant 
amount of biomass (1.28 g/L) and 0.93 g/L of PHAs, corresponding to 
73.20% of the CDM. These results are comparable or even superior to 
those obtained with C. necator with other agro-industrial substrates. For 
example, Brojanigo and colleagues [51], reported PHAs values of 44% of 
CDM with enzyme-treated broken rice, while Ramos et al. obtained a 

Fig. 2. Growth of C. necator DSM 545 on media containing dates syrup (solid line) or glucose (dashed line) as a carbon source. Results are the means of three 
replicates and the standard deviations are reported. 

Table 3 
Cell dry mass, sugars consumption, and PHAs accumulation by C. necator DSM 
545 in media containing date syrup as a carbon source, by the one-step and the 
two-steps procedures. The percentage of consumption is reported in brackets.   

Initial 
concentration 

One step Two steps 

144 h 72h 144h 

Glucose (g/L) 15.50 0.95 ±
0.21 

4.70 ±
0.85 

1.50 ±
1.06 

Consumed glucose 
(g/L)  

14.55 
(93.87%) 

10.80 
(67.90%) 

14.00 
(90.00%) 

Fructose 
concentration 
(g/L) 

14.50 8.65 ±
3.75 

10.50 ±
0.07 

7.30 ±
0.42 

Consumed fructose 
(g/L)  

5.85 
(40.34%) 

4.0 
(30.00%) 

7.2 
(49.60%) 

CDM (g/L)  1.28 ±
0.05 

0.84 ±
0.04 

1.70 ±
0.09 

PHAs(3HB% of 
CDM)  

73.20 ±
4.67 

67.40 ±
0.55 

79.20 ±
1.13 

PHAs 
Concentration 
(g/L)  

0.93 ±
0.10 

0.57 ±
0.05 

1.35 ±
0.09 

PHAs Yielda (g/g)  0.049  0.037 

CDM: Cell dry mass. 
a PHAs (g) per consumed sugars (g); Results are the means of three replicates 

and, when relevant, the standard deviations are reported. 
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percentage of 58.60% of CDM with alkaline pretreated cocoa husk [52]. 
On the other hand, PHAs percentage of 67.9% and a superior PHAs yield 
of 7.4 g/L of PHAs was found with red apple extract [53]. Overall, date 
syrup was revealed to be a suitable feedstock for the growth as well as 
the PHAs production from C. necator. 

Through the one step mode, 20.40 g of sugars (14.50 g of glucose and 
5.85 g of fructose) were metabolized with a PHAs yield of 0.049. 

When the two steps process was applied, after 72 h only 67.90% of 
glucose and 30.00% of fructose were consumed. Biomass (0.84 g/L) was 
recovered, sugars were added again and the culture was incubated for 
additional 72 h. After 144 h, total dry mass doubled and reached 1.70 g/ 
L with a PHAs content of 79.20 % of CDW; both cell dry biomass and 
PHAs concentration (1.35 g/L) were significantly higher (p < 0.05) as 
compared to those obtained in the one step mode (+32 and + 44%, 
respectively). Nevertheless, in the two steps mode, 36 g/L of sugars (10.8 
g/L of glucose and 4 g/L of fructose in the growth step and 14 g/L of 
glucose and 7.3 g/L of fructose in the accumulation step) were 
consumed with a PHAs yield of 0.037 g/g (g of PHA/g of consumed 
sugar). 

Between the two sugars present in date syrup, fructose, and glucose, 
the latter seems to be preferentially used as a carbon source as more than 
90% of glucose and less than 50% of fructose were consumed in both one 
step and two steps after 144 h. 

In both fermentation modes, large amounts of residual sugars 
remained unutilized by C. necator DSM 545 in the spent media, namely 
9.60 g/L (0.95 g of glucose and 8.65 g of fructose) in the one-step and 
24.00 g/L (6.2 g of glucose and 17.8 g of fructose) in the two steps 
(Table 3). These quantities correspond to around 32 and 40% of the total 
sugars applied in the two processes (30 g/L in the one-step and 60 g/L in 
the two-steps). Thus, although the two-step system seems to perform 
better in terms of total PHAs, the polymer yield per gram of consumed 
sugars is higher with the one-step fermentation mode and the residual 
sugars are less. Consequently, the one-step procedure appears more 
efficient in terms of sugars to PHAs conversion. 

Several studies were conducted to obtain PHAs from dates with 
different microorganisms. For example, a Bacillus megaterium strain, 
isolated from the sludge of a sewage treatment plant, reached in flasks a 
cell density of 3.3 g/L from date syrup as a carbon source [54]. This 
strain was able to accumulate up to 1.71 g/L of PHB corresponding to 
52% of CDM with a PHAs yield of 0.045 g of PHAs per gram of consumed 
sugar. Better results were obtained in fermenter-optimized conditions 
using a Bacillus strain able to accumulate PHAs up to 5.85 g/L corre-
sponding to 70.5 % of CDM and a PHAs yield of 0.45 [55]. 

The non-pathogenic gram-negative soil bacterium C. necator repre-
sents the model organism in the contest of PHAs production; moreover, 
it can be easily genetically modified [15,56], and could be used in in-
dustrial PHAs production processes [57,58]. C. necator DSM 545 
revealed to be a powerful PHAs-accumulating microorganism that may 
be useful for the cost-effective production of the biopolymer not only 
from glucose but also from by-producs rich in starch and/or sugar-
sfeedstocks. As an example, Brojanigo et al. [59] reported for the first 
time an engineered C. necator DSM 545 able to produce, in a Consoli-
dated Bioprocessing context [60], high PHAs levels (up to 5.92 g/L). 
Costa et al. found for the same microorganism, high yields of 3.8 of PHB 
with melon extracts, and lower yields of around 0.5 g/L of PHB for other 
fruit or vegetable extracts such as tomatoes or pears [53]. Instead, in 
optimized conditions from pretreated banana fronds extract and by 
C. necator H16, Low and colleagues reported PHB concentrations of 1.35 
g/L, similar to those obtained in this work [61]. 

To the best of our knowledge, no studies have been conducted using 
C. necator DSM 545 and date waste streams as substrate. The overall 
PHAs amounts attained in this study with C. necator DSM 545 and date 
syrup are consistent with data previously obtained with other bacteria; 
furthermore, they were achieved in flasks and the optimization of media 
composition and growth conditions in a fermenter could strongly 
improve PHAs yield. 

4. Conclusion 

The present study demonstrates that spoilage date is an alternative, 
low-cost carbon source to be used for both bioethanol and PHAs pro-
duction without any intense physical or chemical treatment. Due to their 
composition, the date palm waste stream is an ideal substrate for bio- 
processes aimed to obtain a wide range of products and has enormous 
potential as raw material for bioprocessing. 

Although future research focused on the fine-tuning of fermentation 
parameters is necessary to improve yields, the outcomes obtained in this 
work pave the way to future industrial exploitation allowing the 
development of new bio industries and more efficient waste manage-
ment. Co-productions of bioethanol and PHAs could be obtained 
together in the future, thanks to process integration. Even though spe-
cific efforts are still needed to improve process efficiency, this paper 
showed that a detailed characterization of a given waste available in a 
plant is crucial towards the development of biotechnological routes for 
its full exploitation. Moreover, this paper highlights that even pasteur-
ization of waste can be an effective way to preserve its valuable com-
ponents without the use of more energy-intensive methods (i.e. 
autoclaving) thus improving the economic viability of the process. 

Overall, this approach could be of great promise with sustainable 
economic and social positive benefits where a date waste conversion 
plant will be established. This will be of great importance mainly in 
developing countries where circular economy approaches can signifi-
cantly reduce the dependence on non-renewable resources and improve 
their occupational level thanks to additional job positions. 
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