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Cynara cardunculus, cardoon, is a biorefinery crop with an overwhelming role in the bioplastic scenario. This
work explored the use of inulin extracted from cardoon roots as a feedstock for polyhydroxyalkanoates (PHA)
production. Cardoon roots from both spring and winter seasons were subjected to two protocols consisting of an
autoclave extraction followed by i) an ethanol precipitation and further lyophilization or ii) lyophilization
directly. The resulting extracts were characterized for recovery yield (from 11.6 to 16 g of inulin per 100 g of
roots), purity grade (from 64% to 97%) and molecular weight distribution, the latter being affected by both
seasonal variability and the extraction method. The performances of two PHA producers, Cupriavidus necator and
Burkholderia cepacia, were compared in Simultaneous Saccharification and Fermentation of spring inulin extracts
obtained with the two protocols, exploring the effect of controlled addition of fungal inulinase Plal. Up to 2 g/L of
polyhydoxybutyrate (PHB) polymer was produced in the best feeding condition, with both strains found able to
metabolize the main phenolic acids coextracted with inulin. Diversity in polymer yields were observed, with
evidence of the synthesis of PHB polymers characterized by different molecular weight distributions depending
on the type of feeding and microorganism employed. The proposed processes are placed in the frame of the

circular economy approaches applied to the valorization of cardoon biomass in the bioplastic field.

1. Introduction

The switch towards a fossil-based economy towards a more bio-
based one takes shape into the development of biorefineries, industrial
facilities intended for the sustainable processing of biomass into a
spectrum of bio-based products (food, feed, chemicals, materials) and
bioenergy (biofuels, power, and/or heat) (Calvo-Flores and
Martin-Martinez, 2022).

A biorefinery must first rely on the high availability of biomass in a
concentrated area, to reduce the transportation costs and to add value to
the rural economies. The valorization of local agro-forestry residues
together with crops that do not compete with the food chain is a viable
way to address biorefinery sustainability (Vergara et al., 2018).

Cardoon (Cynara cardunculus L., Asteraceae family) is a perennial
herbaceous species of the Mediterranean region, widely recognized as
one the most promising biorefinery crops of this area. This annual plant
is a non-food oilseed crop, fully adapted to soils with water stress and

large variations in temperature, and is characterized by high biomass
productivity in marginal lands (about 9-26 t/ha of dry biomass esti-
mated in Spain, Italy, France and Greece). Italy, in particular, hosts in-
dustrial initiatives, led by Novamont and Versalis respectively, aimed at
the fully exploitation of this crop (Turco et al., 2022).

Cardoon biomass has been proved as a raw material in pulp and
paper production, power generation, as well as in a number of valori-
zation approaches leading to added-value products, such as biofuels,
bio-lubricants, bioplastics and active ingredients for cosmetic and
pharmaceutical uses (Ciancolini et al., 2013; Cotana et al., 2015;
Gominho et al., 2018; Mauromicale et al., 2019). The fractionation of
this biomass into individual components (seeds, leaves, stems, roots)
and their channeling into a dedicated valorizing path, is an effective
approach to preserve the value of each fraction. A step forward has been
represented by holistic approaches in which the bioproducts obtained
from each dedicated path have been recombined into fully-biobased
products, such as upgraded bioplastics. Emblematic examples are
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represented by the development of active films based on proteins
extracted from the oilseed cake and the bioactive molecules from the
leaves (Mirpoor et al., 2022) and more recently, by the formulation of
polyhydroxyalkanoates-based materials with epoxidized cardoon oil as
additive (Turco et al., 2022).

Cardoon biomass has been also considered a valuable source of
inulin, a fructan constituted by fructose units linked by -(2—1) linkages,
widely used in a number of food and non-food applications, depending
on its degree of polymerization (Branca et al., 2022; Raccuia et al.,
2004). Several works have found high levels of inulin accumulated in
cardoon roots as an adaptive strategy to overcome the unfavorable
Mediterranean conditions. Furthermore, a recent study based on
multi-criteria decision analysis (MCDA) identified C. cardunculus as the
most promising biomass for the extraction of inulin in terms of strategic
factors affecting profitability and environmental impact (Borroni et al.,
2021).

Inulin-rich feedstocks have been explored as renewable source to
produce different microbial products, such as biofuels and biopolymers,
employing different bioprocess strategies, including Separate Hydrolysis
and Fermentation (SHF), Simultaneous Saccharification and Fermenta-
tion (SSF) and Consolidated Bioprocesses (CBP) (Singh et al., 2022).
Among biopolymers, polyhydroxyalkanoates (PHA) are microbial
polyesters emerged as valid alternative to fossil-based bioplastics due to
their proved biodegradability in soil and marine environments and their
tunable material properties, which depend on the type of biocatalyst
involved and the nature of the C-source used for their synthesis (Turco
et al., 2021). As a fact, PHA is an heterogenous family of polymers
comprising short chain length PHA (scl-PHA) and medium chain length
PHA (mcl-PHA) based on the total number of the carbon atoms of the
monomers. This diversity results in polymers with different thermal and
mechanical properties, which have been exploited in different applica-
tions, ie. food packaging, biomedical implants for tissue engineering,
agricultural sectors for the delivery of herbicides (Corrado et al., 2023,
2021c; Hossain et al., 2022; Kalia et al., 2021).

Recent findings suggest the use of inulin as an effective C-source for
PHA production, allowing to address the issue of the high costs of the
carbon sources required for the fermentation process (Corrado et al.,
2023). As a fact, inulin from chicory roots or from Jerusalem artichoke
tubers proved to be effective in allowing polyhydroxybutyrate (PHB)
production in both SHF and SSF processes catalyzed by C. necator spe-
cies. In both these processes, inulin hydrolysis into fermentable sugars,
catalysed by microbial inulinases, was a mandatory step (Corrado et al.,
2021a; Turco et al., 2022). In another example, a co-culture based sys-
tem has been implemented to circumvent the need for the addition of
inulinase, introducing an inulinase producing strain into the microbial
consortium (Corrado et al., 2021b).

The aim of this work is to assess the feasibility of microbial PHA
production from inulin extracts from cardoon roots, verifying the effect
of the extraction methods on the performance of two PHA producers:
Cupriavidus necator DSM 545 and Burkoldheria cepacia DSM 50181.
While the former was chosen as a reference strain thanks to its verified
ability to produce PHB from inulin hydrolysates (Haas et al., 2015),
B. cepacia was selected due to its ability to metabolize different sugar
sources and its tolerance towards different inhibitory compounds
(including those deriving from the treatment of lignocellulose materials)
(Pan et al., 2012b). To the best of our knowledge, this is the first report
exploring inulin extracts from cardoon roots as raw material for PHA
production.

2. Materials and methods
2.1. Plant material
Cynara cardunculus roots were provided by Novamont S.p.A. from

Terni (42.561335 N latitude, 12.62860 E longitude) (Umbria Region,
Central Italy). The roots were harvested in December 2020 and May
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2021. After cleaning, they were manually chopped and dried at 60°C
until they reached constant weight (Pari et al., 2021). They were stored
for three months at room temperature until the extraction step.

2.2. Microbial strains and culture conditions

Cupriavidus necator DSM 545 and Burkholderia cepacia DSM 50181
were purchased from the German Collection of Microorganisms and Cell
cultures (DSMZ, Germany). Both strains were propagated aerobically at
28°C on Nutrient Broth (NB) medium.

2.3. Inulin extraction

C. cardunculus dried roots were reduced to sections of approximately
1-2 cm in size, milled in a steel blender and passed through a 0.5 mm
sieve, collecting the powder < 0.5 mm. Inulin was extracted with
distilled water (20% w/v) at 120°C 20 min 1 bar. After filtration, the
aqueous extract was lyophilized or subjected to purification by addition
of cold ethanol to favour polysaccharides precipitation. The precipitate
was recovered by centrifugation at 6370 rcf and lyophilized. DL refers to
the lyophilized aqueous extract, while EL to the extract purified by
means of ethanol precipitation. Extracts (EL/DL) were characterized for
inulin content by Fructan HK assay kit (K-FRUCHK by Megazyme).

2.4. Engzymatic inulin hydrolysis

Enzymatic hydrolysis of inulin was performed by using exo/endo
inulinases mixture, Plal, produced by Penicillium lanosocoeruleum ac-
cording to Corrado, 2021 (Corrado et al., 2021a). The reactions were
performed in 10 mL glass vials with 5 mL of 0.1 M Na-Acetate buffer at
pH 5.1 supplemented with 60 g/L of extract and 50 U/gextract- The vials
were incubated at 45.4°C for 24 h. Samples were withdrawn at different
times and used for determination of residual inulin (%) and fructose
release (%) as function of time. Residual inulin (%) was determined by
Fructan HK assay kit (K-FRUCHK by Megazyme), which measures both
inulin and fructo-oligosaccharides content. Fructose release (%) was
calculated as the ratio between the grams of fructose released and the
maximum amount of fructose obtained by the total hydrolysis of the
extract. The latter was separately carried out by incubating the Asper-
gillus niger endo-exoinulinase enzyme mixture (SIGMA CAS: 9025-67-6)
for 4 h at 50°C (5 U/gsubstrate)- Afterward, the mixture was kept in 100°C
boiling water for 1 h to assure the complete hydrolysis and released
fructose was assayed (Corrado et al., 2021a).

2.5. PHA production and extraction

C. necator DSM 545 and B. cepacia DSM 50181 were precultured in
100 mL flasks containing 20 mL of Nutrient Broth, NB for 24 h. PHA
production was carried out in the same volume of adequately defined
minimal media (MM). The composition of the minimal media for
C. necator strain (pH 6) was: 2.32 g/L KHyPO4, 2.18 g/L NaHPOy,
0.25 g/L MgSO4, 7.5 mg/L CaCly, 5 mg/L MnCly, 1.09 g/L NH,CI,
500 pL/L of trace elements solution (10 mg/L ZnSO4 - 7 H,0, 3 mg/L
MIIC]Z -4 Hzo, 30 mg/L H3B03, 20 mg/L COC]Z -6 H20, 1 rng/L CUC12 .
2H,0, 2 mg/L NiCl - 6 Hy0, 3 mg/L NagMoOy - 2 Hy0). The composition
of the minimal media for B. cepacia strain (pH 6.8) was: 4.6 g/L
NaHPO4 - Hy0, 4.6 g/L NagHPOy, 0.45 g/L K3SO4, 0.39 g/L MgSOy,
62 mg/L CaCly, 5 mg/L NH4Cl, 200 pL/L of trace elements solution
(15 g/L FeSO, - 7 Hy0, 2.4 g/L MnSO4 - Hy0, 2.4 g/L ZnSO, - 7 H,0,
0.48 g/L CuSOy4 - 5 Hy0, dissolved in 0.1 M HCl). All media components
were purchased from Sigma-Aldrich Corp. (St. Louis, MO). Both defined
media were supplemented with 20 g/L cardoon roots extracts, i.e. Spring
cardoon root treated with Direct Lyophilization method (SDL) or
Ethanol precipitated and further Lyophilized (SEL), as carbon sources.
The latter were previously prepared by dissolving the lyophilized pow-
der in deionized water at a concentration of 25 g/L and sterilized by
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filtration in a Stericup filter unit. Inocula were performed at an ODggg
value of 0.1. Both precultures and cultures were carried out at 28°C and
200 rpm. Plal exo/endo inulinases mixture were provided at the same
time as the inoculum (t0) and after 30 h from inoculum (t30) at a con-
centration of 40 U/gextract- Cells were harvested by centrifugation
(6000 rpm, 20 min, 4°C), lyophilized, and weighted to determine the
cell dry weight (g/L) at 24, 48 and 72 h from inoculation. Culture su-
pernatants were collected and subjected to 3,5-dinitrosalicylic acid
(DNS) assay for the determination of reducing sugars concentration
(Negrulescu et al., 2012). PHA polymers were extracted from the
lyophilized cells by chloroform extraction and quantified by weighting
(Mirpoor et al., 2023), then stored at 4°C until further use. Residual
biomass (g/L) was determined by subtracting polymer concentration
(g/L) to cell dry weight (g/L). 'H NMR spectroscopy on the produced
polymers were performed on a Bruker DRX-400 spectrometer in CDCl3
(internal standard: CDCls at 7.26 ppm) (Corrado et al., 2021b).

2.6. Analytical methods

2.6.1. Structural carbohydrates and lignin determination

Structural carbohydrates and lignin content in cardoon roots, before
and after inulin extraction, were determined according to standard
biomass analytical methods provided by National Renewables Energy
Laboratory (NREL) (Sluiter et al., 2008). This procedure used a two-step
acid hydrolysis to fractionate the biomass into forms that are more easily
quantified. Lignin fractionated into acid insoluble lignin (AIL) and acid
soluble lignin (ASL), which was quantified by UV-Vis spectroscopy at
240 nm. Structural carbohydrates are hydrolyzed into the monomeric
forms, which are soluble in the hydrolysis liquid and were analysed by
High Performance Anion Exchange chromatography with Pulsed
Amperometric Detection (HPAE-PAD). Residual content (%) of biomass
components after inulin extraction was calculated normalizing the data
by the biomass weight loss resulting after the different treatments.

2.6.2. Determination of monosaccharides concentration

Monomeric sugars concentration was determined by High Perfor-
mance Anion Exchange chromatography with Pulsed Amperometric
Detection (HPAE-PAD) by a Dionex ICS-5000 Ionic Chromatograph
equipped with ICS-5000 SP pump, ICS-5000 ED detector and a carbo-
hydrates separation column (CarboPac SA10, 4 mm x 250 mm, Dionex)
with a preguard column (CarboPac SA10, 4 mm x 50 mm, Dionex). The
operating conditions were a flow rate of 1.5 mL/min of 1 mM KOH, a
15 min run at column temperature of 45°C, an injection volume of 10 pL.
Sugars identification and quantification were respectively achieved
using retention times and the related sugar calibration curve (R? >
0.98). Prior to injection, samples were filtered through a single-use 0.22
pm PES syringe filter. Each sample was adequately diluted and run in
triplicate.

2.6.3. Determination of reducing sugars concentration

Culture supernatants were collected at different times from inoculum
and analyzed by 3,5-dinitrosalicylic acid (DNS) assay for the determi-
nation of reducing sugars concentration. Briefly, after harvesting the
cells by centrifugation, 200 pL of supernatants were transferred into
1.5 mL Eppendorf tubes and 500 pL of DNS reagent (10 g/L DNS, 2 g/L
phenol, 10 g/L NaOH, 0.5 g/L NaySO3) were added. The samples were
boiled for 15 min. Once cooled, 500 pL of potassium sodium tartrate
buffer (400 g/L) were added to each tube. The absorbance of the samples
was measured at 540 nm against the blank (200 uL of deionized water
and 500 pL of DNS reagent). The concentration of reducing sugars in the
supernatants was determined using glucose as a calibration standard
(0.05-1 mg/mL). All measurements were performed in triplicate.

2.6.4. HPLC and LC-MS analysis
HPLC analyses were performed on an instrument (Agilent 1100,
Cernusco sul Naviglio, Milan, Italy) equipped with a binary pump and a
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SPD-10AV VP UV-vis detector set at 254 nm. The chromatographic
separation was achieved on a Sphereclone octadecylsilane-coated col-
umn, 250 mm x 4.6 mm, 5 pm particle size (Phenomenex, Castel
Maggiore, Bologna, Italy) at 1 mL/min using binary gradient elution
conditions as follows: 0.1% formic acid (solvent A)/methanol (solvent
B) from 5% to 30% B, 0-20 min, 30% B, 20-40 min. LC-MS analyses
were run on a LC-MS ESI-TOF 1260/6230DA Agilent instrument oper-
ating in positive ionization mode and equipped with a UV-vis detector
set at 254 nm. The following conditions were adopted: nebulizer pres-
sure 35 psig; drying gas (nitrogen) 5 L/min, 325°C; capillary voltage
3500 V; fragmentor voltage 175 V. An Eclipse Plus C18 column, 150 x
4.6 mm, 5 pm (Agilent, Cernusco sul Naviglio, Milan, Italy) was used
with the same eluant as above at a flow rate of 0.4 mL/min.

2.6.5. Gel permeation chromatography
Gel permeation chromatography was performed using a GPC Max
Viscotek (Malvern, UK) Phenomenex (Torrance, CA, USA) system
equipped with a TDA 305 triple detector array (refractive index, low
angle light scattering, right angle light scattering, and viscometer). For
inulin samples, columns set was composed by a pre-column and two
columns PolySep-GFC-P 5000 and 3000. Samples were dissolved in
MilliQ water containing 0.02% NaN3 and 0.1 M NaNOj3 (concentration =
4 mg/mL) and eluted in the same solvent. After complete dissolution,
the sample was filtered through 0.22 pm NY filter. The injection volume
was 100 pL and the flow rate was 0.8 mL/min. The chosen method of
analysis was triple point, calibrated with a Pullulan standard, provided
by Viscotek, with a narrow molecular weight distribution. The mea-
surements, performed at 35°C according to the temperatures of the
columns and detectors, ran for 50 min in duplicate. For PHB samples all
parameters were the same as inulin with following exceptions: columns
set was composed by a pre-column and two columns Phenogel Phe-
nomenex 10° and 10° and triple point method was based on polystyrene
standard provided by Viscotek, with a narrow molecular weight
distribution.

2.7. Statistical analysis

The results were statistically analysed through the one-way analysis
of variance (ANOVA) test on Minitab® (2013, Minitab Inc.). Experi-
ments were conducted in triplicate and arithmetic means and mean
square errors were calculated. Significant differences were determined
using the Dunnet’s test (significance level: P-value < 0.05).

3. Results and discussions
3.1. Inulin extraction from Cardoon roots

The chemical composition of Cardoon roots (CR) harvested in
December 2020 (Winter Cardoon Roots, WCR) and May 2021 (Spring
Cardoon Roots, SCR) was determined according to standard NREL pro-
tocols for biomass analysis (Sluiter et al., 2008) (Table 1). Both bio-
masses displayed a high carbohydrate content (about 70 g per 100 g of
CR), with glucose being the most abundant sugar, followed by xylose.
The greater fructose amount in SCR compared with WCR is ascribable to
the highest inulin content accumulated in cardoon roots during the
spring (Branca et al., 2022; Raccuia and Melilli, 2010). Lignin amount
was comparable (about 33% w/w), regardless of the harvest season.

Both biomasses were subjected to aqueous autoclave-mediated
extraction (high temperature and pressure, 120°C 1 bar). The liquors,
recovered after the extraction and filtration, were further treated by i)
direct lyophilization (DL) or ii) ethanol precipitation followed by
lyophilization (EL). Inulin content was determined for each sample and
results compared in Table 2.

Results show that when the extraction liquors are freeze-dried, the
amount of recovered extract is independent of starting biomass, result-
ing into about 25 g of extract per 100 g of roots. Nevertheless, the SCR



L. Corrado et al.

Table 1

Compositional analysis of cardoon roots harvested in winter (WCR) and spring
(SCR), before (Starting biomass) and after (Residual biomass) the inulin
extraction protocol. Residual content refers to data normalized by biomass
weight loss (21% for WCR and 27.4% for SCR).

Starting biomass Residual biomass Residual content

(% w/w) (% w/w) (%)

WCR

Glucose 39.1+1.2 25.2+1.1 50.9 £ 0.0
Xylose 12.2 +£ 1.0 11.6 £ 1.5 75.1 £ 0.1
Fructose 6.8 £1.6 1.7+ 0.8 19.3+0.1
Mannose 24+0.6 1.7+ 1.0 55.2 + 0.4
Galactose 2.8+ 0.2 29+0.3 83.3+0.1
Arabinose 0.7 £ 0.1 0.5+ 0.0 52.7 £ 0.1
Lignin 34.1 £0.9 30.8 £2.3 71.3+0.1
SCR

Glucose 33.2+1.4 31.0 + 0.4 67.8 + 0.0
Xylose 11.6 £ 1.3 14.2 £ 0.7 88.9+0.1
Fructose 139+ 2.7 2.7 +£0.6 13.8 +£ 0.0
Mannose 6.5+ 0.2 3.8+0.1 42.2 +£ 0.0
Galactose 49 +0.1 3.1+0.0 45.8 + 0.0
Arabinose 0.6 £0.1 0.5+ 0.0 542+ 0.1
Lignin 33.5+23 43.4 £8.1 94.1 £ 0.2

Table 2

Comparison of inulin extraction methods in terms of Raw extract (g of extract
powder per 100 g of roots); Purity (g of inulin per 100 g of raw extract); Re-
covery yield (g of inulin per 100 g of roots).

Cardoon roots Raw extract Purity Recovery
(% w/w) (% w/w) yield
(% w/w)
DL EL DL EL DL EL
WCR 21+£51 51+04 39+£56 49+34 8 2.45
SCR 25+1.1 12 +0.7 64+27 93+£95 16 11.2

extract is characterized by a higher inulin content, expressed by a 64%
purity with respect to 39% for WCR. As a consequence, an overall higher
recovery yield was obtained for cardoon roots harvested in spring (16%
vs 8%).

A different result is obtained in the case of liquors subjected to
ethanol precipitation followed by freeze-drying. The amount of extract
recovered from SCR was twice as much as the extract from WCR (12% vs
5%). The ethanol precipitation step clearly improved the purity of
extract whatever is the initial biomass, reaching up to 93% for SCR.
However, despite the increase of extract purity, this additional step
resulted into a lower inulin recovery yield compared to sample pro-
cessed by direct lyophilization. As a fact, it is conceivable that ethanol
addition caused the precipitation of only a fraction of oligosaccharides
above a certain degree of polymerization (DP) (Ku et al., 2003; Zeaiter
et al., 2019).

Regardless the different recovery yields between the two procedures,
the data herein obtained are quite lower with respect to an inulin con-
tent of ~45% found in literature (Pari et al., 2021), but in the range
(7-28%) measured by other authors (Branca et al., 2022) for cardoon
roots harvested at different plant growth and differential stages.
Although the observed variability in inulin content can be ascribed to
the harvest period (Raccuia and Melilli, 2010), cultivation strategies
used and environmental conditions (Singh et al., 2022), it is also
conceivable that the time between the harvest and drying steps as well
as the storage conditions (at 4°C) applied throughout, may have pro-
moted inulin degradation, being the initial water content detrimental for
its preservation (Alfano et al., 2022; Pari et al., 2021).

Residual biomasses were characterized in terms of structural carbo-
hydrates after the extraction process: in both cases the almost complete
reduction of fructose is achieved, thus implying an effective inulin
extraction. Moreover, despite the high temperature and pressure applied
to the biomass, a slight weight loss was observed in both cases. As a fact,
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the lignin content was not substantially affected and most of the cellu-
losic fraction was recovered (up to 67.8% in SCR) in the residual
biomass. In addition, the hemicellulose derived sugars were recovered in
different percentages in the two biomasses, probably reflecting their
structural diversity depending on the harvest time (Lourenco and Per-
eira, 2018) (Table 1).

3.2. Characterization of inulin extracts

In order to evaluate differences in terms of seasonality of cardoon
roots and extraction method, collected inulin was analyzed through
GPC. Chromatograms of analyzed samples are reported in Fig. 1. A
multimodal distribution was observed in all samples. For this reason,
each chromatogram was evaluated in three different regions identified
as: high molecular weight (green R1), medium molecular weight (or-
ange R2) and low molecular weight (blue R3). Weight average molec-
ular weight (Mw), Number average molecular weight (Mn) and
Percentage weight fraction (Wt. Fr%) of highlighted regions for each
sample are reported in Table 3. At first glance, the sample deriving from
SCR and obtained by ethanol precipitation (SEL) showed peaks mainly
in medium-low molecular weight regions with a Wt. Fr% of 77 in R2,
indicating good purity according with previous analysis. Moreover,
among all samples in the same region, it presented the highest Mw and
Mn. Inulin from the same spring cardoon root treated with direct
lyophilization method (SDL) reported a slightly minor Wt. Fr% and Mw
Mn but a doubled Wt. Fr% in low molecular weight region, corre-
sponding to the oligomeric fraction retained in ethanol step for SEL.

Considering winter samples (WEL and WDL), polymer distributions
in medium molecular weight region are comparable as Wt. Fr% but WEL
has a slightly higher Mw Mn. Curiously, these samples reported a higher
Wt. Fr% in high molecular weight distribution region. Comparing the
seasons, roots collected in spring contain higher quantity of inulin and
oligomeric fraction with respect to winter ones, in agreement with the
vegetative period (Raccuia and Melilli, 2010).

To acquire additional data on the composition of the inulin extracts
from the different extraction methods, both SDL and SEL were analyzed
also by HPLC. In agreement with the estimated purity degree of the
extracts, SDL showed a chromatographic profile characterized by more
intense and/or a greater number of peaks than the SEL, suggesting the
presence of phenolic compounds with low molecular weights (Fig. 2). In
particular, the main peak eluted at 11.6 min and detected in higher
amounts in the case of SDL, was identified as 3,4-dihydroyxbenzoic acid
(3,4-DHBA) by comparison of the chromatographic properties with
those of reference standards. In addition, LC-MS analysis allowed for the
identification of a set of compounds of the SDL extract that includes,
besides 3,4-DHBA, several chlorogenic acid isomers (Figure S1) together
with vanillic acid, p-hydroxybenzoic acid and dicaffeoylquinic acid in
lower amount.

3.3. Enzymatic hydrolysis of inulin extracts

Both inulin extracts from SCR (SEL and SDL) were submitted to
enzymatic hydrolysis by the inulinases mixture produced by Penicillium
lanosocoeruleum (Plal), characterized by the presence of both exo and
endo-inulinase activities (Corrado et al., 2021a).

Kinetics of fructose release and inulin reduction were monitored
(Fig. 3). A preliminary characterization of the two extracts was carried
out to quantify their starting content of reducing sugars. SEL was
characterized by about 9 g/L of reducing sugars, versus 24 g/L in SDL.
When the sugar composition of the two extracts was analyzed, both were
found mainly composed of fructose (about 98% in SEL and 86% in SDL),
with SDL displaying a more heterogeneous composition (10% glucose,
3% xylose and 1% galactose). Thus, the percentage of fructose release
during hydrolysis was calculated by subtracting the starting fructose
content.

The release of fructose in SEL sample increases linearly, to reach
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Fig. 1. Overlayed chromatograms at refractive index (RI) of WCR (panel A) and SCR (panel B). Samples obtained by ethanol precipitation (WEL and SEL) are in
black, whilst the ones obtained by lyophilization in red (WDL, SDL). The figure is divided in the following regions: high molecular weight (green R1), medium

molecular weight (orange R2) and low molecular weight (blue R3).

Table 3

Mw, Mn and Wt. Fr% of inulin samples divided in high molecular weight region
(green R1), medium molecular weight region (orange R2) and low molecular
weight region (blue R3).

SEL SDL WEL WDL
Mw R1 (Da) 63704 50776 1.243e9 152919
Mn R1 (Da) 53174 15832 41873 49149
Wt. Fr.% R1 2.54 3.11 18.54 23.32
Mw R2 (Da) 8183 2834 5339 3366
Mn R2 (Da) 6333 2019 5121 2837
Wt. Fr.% R2 77.10 56.23 54.13 52.28
Mw R3 (Da) 283 113 395 789
Mn R3 (Da) 179 39 265 378
Wt. Fr.% R3 20.36 40.66 27.34 24.40

Considering the higher recovery yield obtained with SCR with respect to WCR,
further work was undertaken focusing on SCR derived extracts.

about 90% in 20 h and settling in a plateau level of about 95% of
fructose release at 24 h. Concomitantly, a strong reduction of inulin is
achieved in only 2 h, followed by a gradual reduction up to 90% for the
remaining reaction time.

The hydrolysis on SDL extract shows a different profile (Fig. 3, panel
B): a rapid release of fructose is achieved in the first 4 h, followed by a
gradual and slow release over time reaching up to 70% of fructose
release after 24 h. Inulin levels decreased sharply at 2 h, keeping con-
stant at 4 h, while reducing down to around 7% after 16 h. The highest
fraction of low molecular weight species characterizing the inulin in SDL
makes a high concentration of oligosaccharide extremities available for
the exo-inulinase activity, thus explaining the steepest fructose release
observed in SDL hydrolysis respect to SEL. The apparently low residual
inulin content, despite the 70% of fructose release, may be due to errors
associated to the assay method, that is affected by the high concentra-
tions of reducing sugars present in the SDL. Furthermore, the different
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Fig. 2. HPLC profile of SDL (blue trace) and SEL (red trace) extracts.
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Fig. 3. Kinetics of inulin hydrolysis by Plal on SEL and SDL extracts (panels A and B, respectively). The percentage of fructose release is expressed as g of fructose
released at t; respect to the maximum amount achievable for the complete hydrolysis of the substrate.

trends observed between the SEL and SDL hydrolyses may be a conse-
quence of the diverse purity of the starting extracts (about 64% for SDL
vs 93% for SEL), affecting the kinetics of both exo- and endo-inulinases
present in the inulinase mixture. Noteworthy, the efficiency of Plal hy-
drolysis on the tested extracts was comparable with the data previously
obtained on high purity grade commercial chicory inulin in the same
experimental conditions, indicating negligible interference of extract
impurities on the enzymatic activity (Corrado et al., 2021a).

Finally, the enzymatic hydrolyses of the two extracts resulted into an
effective fructose release, corresponding to a final fructose concentra-
tion of about 62 g/L and 43 g/L, respectively for SEL and SDL. Both the
hydrolysates were exploited into the following microbial fermentation
processes.

3.4. Simultaneous saccharification and fermentation of SEL and SDL
extracts

The suitability of the SEL and SDL extracts as carbon source for mi-
crobial processes was tested in a simultaneous saccharification and

fermentation (SSF) process consisting of inulin hydrolysis catalysed by
the inulinase mixture Plal, and a microbial fermentation aimed at PHA
production. Two PHA-producers were tested in the process, B. cepacia
DSM 50181 and C. necator DSM 545. The fermentation was carried out
using 20 g/L of SEL or SDL extracts (corresponding to an inulin amount
of 18.6 g/L and 12.8 g/L respectively) in the presence of 40 U Plal/g
extract, according to conditions set in Corrado 2021 (Corrado et al.,
2021a). Kinetics of PHA production, residual biomass and reducing
sugars were monitored and compared for the two microorganisms
(Fig. 4).

When SEL extract was used as C-source, C. necator provided the
highest polymer accumulation at 72 h, resulting into a Yp/x of 0.32 at
72 h (Fig. 4, panel A). The reducing sugars slightly changed during the
fermentation, suggesting a comparable rate of inulin hydrolysis and
sugar uptake by the microorganism. At the end of the process, almost all
the inulin was hydrolyzed (residual amount about 9%). Compared to
C. necator, B. cepacia displayed a reduced efficiency in PHA production
on SEL, reaching a Yp/x of 0.21 at 48 h, despite the almost complete
substrate consumption. After 48 h a decrease in polymer amount was
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Fig. 4. Kinetic of residual biomass (g/L), polymer production (g/L), reducing sugars (g/L) and polymer accumulation (%), monitored during C. necator (A, B, C, D)
and B. cepacia (E, F, G, H), on: SEL with Plal addition at t0 (respectively A, E); SDL with no Plal addition (respectively B, F); SDL with Plal addition at tO (respectively

C, G); SDL with Plal addition at t30 (respectively D, H).

observed, suggesting its metabolization. Also in this case, the inulin
substrate was found consumed after 72 h (3% residual content) (Fig. 4,
panel E).

A different scenario occurred when the SSF was carried out on SDL
extract (Fig. 4, panels B, C, D, F, G, H). C. necator underperformed with
respect to SEL in terms of polymer production, with a Yp/x of 0.26, but a
lower polymer concentration (about 0.9 g/L at 48 h vs 2 g/L for SEL) at
48 h. The trend of residual sugars, that increased in the first phase of the
growth and then deeply decreased after 48 h, indicated a slower sugar
metabolization with respect to inulin hydrolysis. As a fact, a marked
increase in residual biomass was observed only after 48 h. Since the SDL
extract displayed a higher content of reducing sugar at t0, it was hy-
pothesized that an excess of sugars (the ones present at t0 and the ones
obtained by inulin hydrolysis) may inhibit or slow-down the microbial
growth. Thus, the effect of a delayed (at 30 h) addition of Plal was
explored (Fig. 4, panel D). However, the postponed sugar availability
seemed to not further promote polymer accumulation. As a fact, a
comparable Yp/x of 0.28 at 48 h (corresponding to 1.2 g/L of polymer
production) was achieved, with a sharp decrease of polymer content at
72 h, despite an increasing concentration of reducing sugars. In both the
tested conditions, the residual inulin content was less than 10%. In
conclusion, the SEL extract proved to be a better substrate for PHA
production by C. necator than SDL.

Conversely, the production of PHA by B. cepacia seemed to benefit
from the use of the SDL extract. In this case, when the Plal mixture was
added at t0 (Fig. 4, panel G), up to 1.4 g/L of polymer (Yp/x of 0.34) was
obtained at 48 h, followed by a decrease at 72 h, possibly associated
with the depletion of carbon source availability and related metabolism
of polymer reserves (Keenan et al., 2004). A sharper increase in biomass
was observed in the first 24 h, together with a faster decrease in
reducing sugars when compared to C. necator in the same condition,
indicating a better adaptation to the SDL by B. cepacia. When Plal was
added at 30 h (Fig. 4, panel H), an equivalent polymer concentration
was achieved at 48 h with respect to Plal addition at t0, however a
slightly increasing trend in both biomass and sugar concentrations was
observed at 72 h, indicating the concomitance of the growth and poly-
mer production phases. Whatever was the Plal addition time, about 4%
residual inulin was quantified in the culture medium after 72 h.

Comparing the performances of the two strains on the different
substrates, it appears that polymer production is more sensitive to the
occurrence of proper triggering factors (i.e. a reduction in nitrogen
availability and/or an excess of the C-source) in C. necator 545 than in
B. cepacia. As a fact, in C. necator polymer production: peaked when

biomass growth slowed down in SEL at 72 h (possibly indicating a ni-
trogen limitation); was triggered at 48 h in SDL t0 pulse, when an excess
of sugars is available; was limited to a short time frame at 48 h in SDL
t30 pulse. On the other hand, B. cepacia displayed a growth-related
polymer production in all the tested conditions. This is consistent with
a recent study, wherein, the related strain B. cepacia B1-2 has been
hypothesized to have a higher threshold of nitrogen source constraining
PHA accumulation, which was responsible of the higher polymer con-
tent in N-rich conditions compared to several Pseudomonas species (Xu
et al., 2022).

In summary, the two microorganisms displayed different perfor-
mances on the two extracts. Interestingly, when they were cultured in
SDL without any Plal addition (Fig. 4, panels B, F), C. necator produced
up to 0.06 g/L of polymer after 72h, vs 0.22 g/L obtained with
B. cepacia after 48 h, with the latter displaying a higher biomass yield.
Besides the observed response to the high sugar content of SDL at t0, a
higher tolerance to the impurities contained in the SDL extract could be
displayed by B. cepacia (Crooks et al., 2018; Pan et al., 2012a). However,
LC-MS analyses of both extracts allowed to rule out the presence of
common inhibitors derived from lignocellulose treatment (e.g., furfural,
5-hydroxymethylfurfural, furfuryl alcohol and 2,5-furandicarboxylic
acid) as well as levulinic acid. In addition, the lignin-derived aromatic
compounds, identified in the SDL extract, were efficiently metabolized
by both C. necator and B. cepacia as evaluated by LC-MS analysis
considering the consumption of the aromatic substrates within 72 h
fermentation (Figure S2) (Xu et al., 2022).

Although further bioprocess implementation in bioreactor will be
required to optimize polymer yields, to the best of our knowledge, this is
the first example of valorization of cardoon inulin into poly-
hydroxyalkanoates. Previously examples reported PHB production using
inulin from chicory roots or from Jerusalem artichoke, comparing the
performances of different C. necator strains in SHF or SSF conditions
(Corrado et al., 2021a; Koutinas et al., 2013; Turco et al., 2022). It is
worth noting that the Yp/x (around 30%) obtained in this work
employing C. necator 545 in SSF of SEL extract is comparable with the
values obtained for a different C. necator strain (428) in batch growth
carried out in the same experimental conditions (20 g/L inulin and
40 U/g of inulinase mixture Plal) on chicory inulin (Turco et al., 2022),
pointing out the usability of cardoon roots as an alternative source of
inulin. Besides, the use of B. cepacia for inulin valorization was not
explored so far. The results obtained in this work, especially in the case
of SDL, confirmed the potential of this strain for the bioconversion of
complex feedstocks, as formerly reported for lignin (Xu et al., 2022).
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3.5. Characterization of produced polymers

Polymers produced in all the conditions explored above were
analyzed by 'H NMR, taking 72 h as reference harvest time. The spectra
confirmed the characteristic signals attributable to the PHB homopoly-
mer (Figure S3) for all the analyzed conditions. The same samples were
also analyzed by GPC, which confirmed their PHB nature (Fig. 5). As a
fact, the refractive index increment (dn/dc), a value characteristic for
the polymer/eluent/temperature combination, was comparable for all
the samples and consistent with that measured for a commercial PHB
(Sigma-Aldrich) (dn/dc 0.0030+0.0004) (Table 4).

GPC analyses also evidenced that B. cepacia samples derived from
SEL displayed a monomodal distribution (Fig. 5, panel A), while a
multimodal distribution was observed for SDL pulse t0 and t30 samples.
Among the latter samples, differences in terms of Mn and IV are
remarkable indicating differences in polymerization due to pulse
feeding.

Regarding C. necator samples, all peaks have a multimodal distri-
bution (Fig. 5, panel B). Along these series, a similar trend in terms of
feed/molecular weight is observed with respect to B. cepacia, but
C. necator SDL t30 pulse showed a higher Mn and Mw than the corre-
sponding B. cepacia sample.

Overall differences in terms of Mn, Mw and IV among SEL and SDL
derived samples are ascribable to several factors, such as, the type, ac-
tivity and levels of PHA synthase and depolymerase, together with
feeding mode and substrate availability (Chin et al., 2022; Penloglou
et al., 2012). Similarly to what was achieved in this work, a higher
polydispersity was observed for PHB produced by C. necator 428 in
pulsed-batch with respect to simple batch operation mode (Turco et al.,
2022). The observed behavior could suggest a different polymerization
pathway in which B. cepacia starts new polymer chains due to pulse
while C. necator has the tendency to extend already formed polymer
chains, at same reaction time.

4. Conclusions

Cardoon is a promising multi-purpose crop at the forefront of
implementing green alternatives to the common fossil-based plastics. In
this context, the exploitation of inulin extracted from cardoon roots as a
feedstock for polyhydroxyalkanoates production was proved in this
work. Two simple procedures for inulin extraction from cardoon roots
were tested, resulting into different product grades and molecular
weight distribution. The inulin-rich extracts were employed in SSF
processes for PHA production by two different microorganisms,
C. necator and B. cepacia. Both the microorganisms proved effective in
transforming cardoon inulin into PHA, although displaying different
yields depending on the feeding conditions and the type of inulin
extract. Interestingly, the differences in polymer molecular weight
detected in the explored processes highlighted the peculiarities of the
two microorganisms in response to the C-source feeding, in virtue of
their different PHA synthetic machineries.
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Table 4
Mn, Mw, IV (Intrinsic Viscosity) and dn/dc of analyzed PHB samples extracted
from different culture conditions at 72 h from inoculum.

Sample Mn (Da) Mw (Da) IV (dL/g) dn/dc
B. cepacia SEL 193650 329005 4.026 0.030
B. cepacia SDL t0 pulse 260786 382258 3.669 0.029
B. cepacia SDL t30 pulse 298474 389983 5.202 0.030
C. necator SEL 148523 313242 3.771 0.030
C. necator SDL t0 pulse 227289 385088 4.769 0.030
C. necator SDL t30 pulse 370286 443561 5.623 0.030

Further investigation will be required to evaluate the feasibility of
the proposed approach for inulin recovery and subsequent fermentation,
assessing the economic impact and the scalability of the extraction steps
and considering the effect of the choice of proper microorganism/
extract combination on the final polymer yield.

Furthermore, despite the work was focused on inulin valorization,
the characterization of the residual biomass after inulin extraction
revealed that the applied process did not substantially alter its sugar
content, offering the prospect of further valorization of these exhausted
roots.

In conclusion, the results add a piece of knowledge in the field of
cardoon-based biorefinery, providing the first evidence of root inulin
valorization into microbial processes for PHA production.
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