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Abstract: The use of whole-cell biocatalysts in microbial cell factories is of great interest to produce
added-value compounds. Through large-scale fermentative processes, which use secondary raw
materials as substrates, it is possible to recycle and upgrade agro-industrial by-products. This review
addresses the main fermentative processes and bioreactors currently used for the valorization of
orange peel, a by-product of the Citrus processing industry. Among the main added-value products,
bioethanol, organic acids, enzymes, single cell proteins (SCPs), dyes and aromatic compounds
have been industrially produced using orange peel via solid state fermentation and submerged
fermentation. This approach fits within the circular economy goals in terms of clean technology and
renewable energy, valorization and recycling, upgrade of industrial by-products and sustainability.

Keywords: orange peel by-products; solid state fermentation; submerged fermentation; bioreactors;
added-value products; circular economy

1. Introduction

The knowledge and practice of fermentation was recorded long before its basic scien-
tific principles were understood. Currently, the use of whole-cell biocatalysts in microbial
cell factories for the large-scale production of biomolecules, biopharmaceuticals, fine chem-
icals and biofuels is quite common [1], as well as the use of low-cost substrates, including
agro-industrial by-products.

Agricultural by-products are a large part of organic solid waste, with high disposal
costs. Nevertheless, they may represent an important strategy for the optimization of
bacterial bioconversion processes [2]. Generally, only a small proportion of these by-
products are used as animal feed; the remanent part is incinerated, at excessive cost and the
generation of air pollution, or it is placed in landfill sites and degraded by microorganisms,
producing leachate and methane, which can be harmful for the environment [3,4]. On the
other hand, it can also be used to produce heat energy and/or power [5].

Being rich in sugars, minerals and proteins, these by-products represent suitable
candidates for controlled microbial growth. Among the agro-industrial by-products, Citrus
by-products are relevant components. In 2018, the United Nations Food and Agriculture
Organization (F.A.O.) estimated a world citrus production of 104.15 Mt, with 75.54 Mt
corresponding to oranges [6]. In 2018, the largest orange producers were Brazil, China,
India, the USA and Mexico, achieving 58.10% of the total orange production [7].

About 40-60% of Citrus fruit is non-edible and discarded [8]. We have previously
demonstrated that bergamot peel, an underutilized by-product of the essential oil and
juice-processing industry, still contains exploitable components, such as pectins and
flavonoids [9]. Furthermore, we reported the production of single cell protein (SCP)
and crude pectinolytic enzymes from Citrus by-products [10]. Orange peel by-products
constitute approximately 50-60% of the weight of the processed fruit and are made of peels,
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tissue and the remaining portion of seeds (Figure 1). This significant fraction contains water
(75-85%), simple sugars (glucose, fructose and sucrose, 6-8%) and polysaccharides (pectin,
cellulose and hemicellulose, 1.53%) [11].
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Figure 1. Schematic view of structural composition of an orange.

This composition makes microbial transformations, such as the production of microbial
molecules, bioethanol, biogas or biomolecules, feasible. However, before microbial growth
and metabolites production, these processes require several stages of biomass treatment,
which often need to be thoroughly studied and implemented; in addition, each stage may
generate a by-product [7]. After essential oil extraction, which represents one of the most
common applications of orange peel waste, biomass can be used as a precursor of reducing
sugars (Figure 2).
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Figure 2. Main processing steps of orange processing industry.

To obtain reducing sugar, the hemi-cellulosic material of the biomass must be con-
verted into sugars which are easily accessible to the microorganisms for fermentation,
through acid hydrolysis, enzymatic hydrolysis and simultaneous hydrolysis and fermenta-
tion [7].

Nowadays, the production of bioethanol from orange peel by-products using soil
bacteria with cellulolytic activity is of great interest, thanks to its favorable environmental
impact when compared to other bacteria or to petrol-based fuel [12].
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A large body of the literature describes ways to valorize orange peel by-products.
Although most of the proposed solutions involve complex peel processing to extract specific
fractions, fermentation strategies, including solid state and submerged processes, represent
a friendly technique for transforming agro-industrial by-products into new products while
minimizing the generation of new by-products.

These microbial products may derive from primary or secondary bacterial metabolism.
Microbial growth is the result of several chemical reactions. Starting from fueling reactions
that convert nutrients into 12 precursor metabolites, the biosynthetic reaction converts
these 12 precursor metabolites into building blocks and assembly reactions, polymerizing
these building blocks into proteins, DNA and complex lipids [13].

Within the exponential phase of growth, bacteria produce primary metabolites, which
include not only intermediate and end products of anabolic pathways but also biosynthetic
precursors, which are essential for growth as they are related to energy generation, redox
balance and substrate utilization.

The main industrial valuable primary metabolites are amino acids, nucleotides, vi-
tamins, solvents and organic acids. For many of these, their manufacture by microbial
fermentation is economically more competitive than chemical synthesis, as with the pro-
duction of biologically active isomers [13].

Other microbial products are represented by secondary metabolites, which are low-
molecular-weight natural products. Although they are not essential for survival and growth,
they are involved in the interaction of microorganisms with the environment. Kossel in
1981 [14], followed by Chapman in 2000 [15], first proposed that secondary metabolites
derived from primary ones, often with diverse and versatile physiological functions, are
induced or regulated by environmental and nutritional factors.

Several secondary metabolites, including antiviral, antibiotic and antitumor agents,
immunomodulating agents, cholesterol-regulating drugs, dyes, flavors, effectors of ecologi-
cal competition and symbiosis, pheromones, enzyme inhibitors, receptor antagonists and
agonists, pesticides and growth promoters of animals and plants [16], are commercially
applied for food and nutritional additives, human health products, industrial biochemicals
and agricultural chemicals [1].

Several fermentative strategies have been applied to the valorization of orange peel
by-products [13,17-20]. La Torre and coauthors reported on the batch D-lactic acid (D-LA)
production from orange peel hydrolysates using Lactobacillus delbrueckii sp. delbrueckii in a
stirred tank bioreactor (STR), using both growing and resting state. The authors proved
that the latter mode was the most productive [17]. This study is of considerable interest
since, generally, the medium used for production with resting cells, which are metabolically
active even though cell growth is impeded, is simple and cost-effective; thus, the separation
of growth and production into two different phases (growing and resting state) allows for
the optimization of each step and of the whole process [21].

Davaritouchaee et al. reported the use of an oxidation method to deconstruct the
carbohydrate structures of orange peels, which were used to produce sugars as a carbon
source for polyhydroxybutyrate (PHB) production in engineered Escherichia coli [18]. The
authors showed that cell growth improved in the presence of the orange peel liquor
(8 w/v%), exhibiting 90-100% cell viability. The bacterial production of PHB using orange
peel liquor led to 1.7-3.0 g/L cell dry weight and 136-393 mg (8-13 w/w%) ultra-high
molecular weight PHB content (Mw of ~1900 kDa) during a 24 to 96 h fermentation
period [19].

Through an aerobic digestion of fully stabilized orange peel a relatively high biomethane
potential production of the Orange Peel Waste (OPW), up to about 500 N mL CH4 g/VS
(volatile solid), was registered by Calabro et al. [19].

Bustamante evaluated the homofermentative Lactobacillus delbrueckii ssp. bulgaricus
for the production of D-LA from OPW hydrolysate and reported a yield of 84% w/w for
D-LA production [20].



Fermentation 2024, 10, 224

40f17

Here, we report a brief introduction on the industrially valuable microbial metabolites,
with the overall aim to critically describe the main fermentation techniques and bioreactors
currently used to produce added-value products using orange peel by-product as sub-
strates. In the second part of the review, the added-value compounds obtained from the
industrial fermentation of orange peel by-products are briefly described, and finally the
main application areas related to the recovery and valorization are reported. The work was
carried out in an attempt to provide the main known fermentative strategies to reduce the
environmental impact of agro-industrial by-products.

2. Fermentation

The main aim of a fermentation process is the bioconversion of substrates into products,
through the use of bioreactors that provide an optimal environment for the microorganisms,
and to promote large-scale economic feasibility.

An essential requirement for the design and successful operation of industrial fermen-
tation processes and for obtaining quantitative information about the role of microbial cells
is the understanding of microbial growth kinetics [22].

Fermentation is usually modelled by kinetic equations, which give the time evolutions
for concentrations of biomass, substrate and product, and these are potentially precious
for improvements in batch process performance; they are essential for continuous process
design [23].

Fermentative processes can be classified according to various criteria. In batch fermen-
tations, the substrate and producing microorganism are added to the system at the start
and are not removed until the process is complete. Continuous and fed-batch fermenta-
tions involve microorganisms which may be immobilized and reutilized for several cycles,
leading to higher efficiency [24].

Among the fermentative microorganisms commonly applied to valorize orange peel
by-products, different species can be annumerated, including bacteria as well as fungi. The
latter probably represents some of the first microorganisms that have been investigated in
fermentation processes for the production of compounds of interest for medical, nutritional
and industrial applications [24].

Based on the physical state of the substrate, fermentation processes are classified as
solid state fermentation (SSF) or submerged fermentation (SmF). To date, both SSF and SmF
techniques have been successfully employed. However, the latter is favored in industries
of developed countries, mainly Europe, the United States and Japan, since it offers better
process control and aseptic conditions [25].

In recent years, significant effort has been focused on the development of efficient
bioreactor systems and fermentation processes for agro-industrial by-products [26,27].

In both SSF and SmF, the bioreactor represents the core of the fermentative process,
containing the substrate and protecting the process microorganism against contamination,
while providing the optimal environmental conditions to enhance growth and product
recovery [27,28].

2.1. Submerged Fermentation (SmF)

SmF occurs in free-flowing liquid substrates, in the presence of large amounts of free
water. The design of bioreactors used for SmF allows the supply of oxygen or other gases,
and the ability to monitor and control several other parameters, such as pH, temperature,
viscosity, dissolved oxygen, foam and biomass formation, substrate utilization and pro-
duction of the desired compound. This makes SmF the most popular technique, used to
produce many products and the prevalent choice for industrial operations [29,30].

Very large bioreactors, which provide easy control of all operating factors, are currently
available for SmF; the most common is a standard stirred tank reactor (STR). However,
industrial SmF can be performed in non-conventional bioreactors, which may represent
alternatives to the conventional STR and have been proposed to overcome some config-
uration issues. In addition, these bioreactors may represent a valid option for large-scale
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fermentation, which requires different bioreactor designs for efficiency and economic
reasons [31].

2.1.1. Stirred Tank Reactor (STR)

The use of STRs is ubiquitous in the production of biological and chemical compounds,
food and cosmetics [32].

The process uses a liquid medium that is vigorously aerated and agitated in large
fermenters [33].

Generally, STRs are cylindrical with a dished or hemispherical bottom. That shape is
adapted to handle pressure [32].

Although submerged cultures are somewhat less sensitive to changes in the composi-
tion of media compared with surface cultures, a typical issue is the formation of foam [34].
Several strategies can be used to avoid it, including antifoam agents and chambers with
volumes of up to one third of the total fermenter volume [34]. Another element to consider
is the pressure gradients, and consequently the dissolved gas compounds’ concentrations.
Their variation leads to changes in cellular metabolism. To improve the oxygen transfer
rate in bioreactors, the total pressure is increased, avoiding oxygen limitation. In fact, in
large bioreactors, owing to the differences observed in the residence time distribution,
cells are distinctly exposed to high pressures (at the bottom) and to low pressures (on top).
However, above certain limits, increased oxygen partial pressure, which is a consequence of
the air pressure rising, may have negative effects on microbial cell activity and on product
formation [33].

Using a mixture of orange peel and apricot pomace to study polygalacturonase (PGase)
expression, Fratebianchi and coauthors evaluated three different operational conditions,
which were defined by configurations of stirrer, speed and airflow. While 60-80 U mL~!
PGase activity was obtained in the flask, an activity of 380 U mL~! was achieved in the
bioreactor using a stirrer speed of 600 rpm and cascading airflow to the dissolved oxygen
tension up to 1.7 vvm [35].

Khamseh compared the use of batch, fed-batch and continuous well-mixed reactors
in the enzymatic hydrolysis of orange peel by-products using SmF [36]. To this aim,
the researchers determined the kinetic rate parameters in the conversion of pectin from
OPW to galacturonic acid, according to the Michaelis-Menten approach, and adopted
Kadam et al.’s [37] rate equations and parameters for cellulose hydrolysis to cellobiose
and glucose. The continuous stirred tank reactor (CSTR) offered advantages, due to the
continuity of the product outflow, although an economic optimization is required between
output flow rate and product concentration in possible industrial applications [36].

2.1.2. Pneumatic Reactor (PR)

The pneumatic bioreactor is a type of gas-liquid dispersion reactor. It consists of
a cylindrical vessel, in which the compressed air or gas mixture is usually introduced
from the bottom of the vessel through nozzles, perforated plates or a ring spreader, which
ensures aeration, mixing and circulation of the fluid. There are no moving mechanical parts
in this reactor. The main types of pneumatically agitated bioreactors are air-lift bioreactors
and bubble column bioreactors. These reactors, which are generally characterized by
low shear and simple design and construction, consist of a main body, an air bubbler, a
steam generator for sterilization, an air inlet and vent system, various control systems for
monitoring temperature, oxygen and pH, and piping systems for transporting steam, air,
medium and product masses. The advantages of air-lift bioreactors compared to STRs
consist of the gentler distribution of shear stress, the absence of a mixer or impeller and the
ease of construction and scalability at low cost. On the other hand, they also have some
disadvantages, such as poor fluid mixing for highly viscous cultures, compared to STRs
and severe foaming when aerated because of the lack of an impeller. The airlift bioreactor
is the second most well-documented and characterized type of bioreactor, although it is
less common than the STR [38].
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Satari and coauthors reported the co-production, in an airlift bioreactor, of fungal
chitosan, oil, protein and ethanol using two zygomycetes fungi, Mucor indicus and Rhizopus
oryzae, growing on the free mono- and di-saccharides which remain intact after juice
extraction in citrus waste [39].

2.2. Solid State Fermentation (SSF)

Solid-state fermentation (SSF) is one of the oldest fermentation processes [40]; it uses a
solid matrix with enough moisture to support microbial metabolism without the further
addition of free water. Usually, the solid matrix is represented by the nutrient source,
though it may be represented by a supporting material impregnated with all the nutrients
necessary for the growth of the microorganisms [41-43]. SSF is analogous to the natural
habitat of microorganisms and has proven to be a functional tool in the use of renewable
resources to produce added-value products and for the bioremediation and biodegradation
of hazardous compounds [44].

In recent years, SSF has emerged as an attractive alternative to SmF, given that it
represents a more sustainable and economical process, using low-cost agricultural residues
as well as less sophisticated and less expensive fermenters. SSF has been used for the
recycling of agriculture residues and biomass conservation, and as viable technology for
the bioremediation and biodegradation of hazardous compounds, such as arsenic [45], for
dye removal from aqueous solutions [46] and for the adsorption of contaminants [47].

Given that SSF generally employs low-cost agricultural by-products as growth sub-
strates, it does not necessitate the use of complex fermenters, and it does not require heavy
investments; it is largely used in biotech industries to produce biologically active secondary
metabolites, biofuel, fine chemicals and pharmaceuticals [44].

Many bacteria and fungi can grow on solid substrates; however, filamentous fungi,
thanks to their hyphal growth, can adhere better, penetrate the substrate and assimilate
complex media, resulting in better adaptation. Furthermore, filamentous fungi have a good
tolerance to low water activity and high osmotic pressure [48].

SSF has largely been used to produce high-added-value products, including enzymes,
protein-rich animal feed, dyes, organic acids, bio-pesticides, flavor enhancers and biofuels.

Although batch processes are the most common, SSF processes could be conducted in
batch, fed batch or continuous modes.

The factors that influence bioreactor design are more complex for SSF than for SmF.

Besides oxygen transfer, several other factors, including temperature, water content of
the solid medium, morphology of the microorganisms, which are often fungi, and their
resistance to mechanical agitation and sterilization, should be considered. In addition,
the fermenters commonly used for SSF can be classified by the type of aeration (forced or
unforced) and the mixing system employed [49].

On a laboratory scale, bioreactors are generally used for small quantities of dry solid
medium ranging from a few grams up to few kilograms and are represented by Petri dishes,
jars, wide-mouth Erlenmeyer flasks, Roux bottles and roller bottles. Aseptic conditions can
be maintained to a certain level, but aeration and agitation control are not achievable [44].
On a pilot- and industrial-scale, bioreactors are structured for larger volume, ranging from
few kilograms up to several tons, and they present the issue of heat generation along with
handling difficulties, which may be overcome using air convection or water addition, as
well as other bioreactor adaptations [50].

The most used pilot- and industrial-scale bioreactors are the shallow-tray fermentor,
column fermentor and rotating drum bioreactors.

2.2.1. Shallow-Tray Fermentor

The shallow-tray-type bioreactor is one of the simplest approaches for SSF. The shallow
tray can be made up of metal, plastic, wood or bamboo. The bottom of the tray is made up
of filter plate or wire mesh to allow airflow. The tray is about 30-50 mm deep. Between
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the two trays there is an appropriate space. These trays are kept in a chamber at constant
temperature, with the circulation of moist air [51].

Tray bioreactors have been used for PGase production from Aspergillus sojae M3
on orange peel [52], using A. niger on orange pomace [53], as well as for xylanase and
carboxymethylcellulase (CMCase) production [54].

Diaz et al. reported a comparison between a tray and a packed bed bioreactor for the
production of hydrolytic enzymes using Aspergillus awamori in SSE, with a mix of grape
pomace and orange peels as substrates [54]. Using the tray-type with an air flow rate of
3 mL/gds-min, average activities of 42.64 and 2.16 IU/gds were measured for xylanase
and CMCase, respectively, whereas a double air flow was needed to obtain similar activity
values using the packed bed [54].

2.2.2. Fixed-Bed Column Fermentor

In the column fermentor with a fixed bed, solid medium is put into the column, with
two entries at both ends for aeration.

Through a radial or axial gradient method, sterile air can be supplied. Although
the regulation of the water activity and temperature is not easy in this type of bioreactor,
the water activity is maintained by humidified air, and the temperature is monitored and
controlled by recycling water in the jacket from an isothermal bath. The transfer of O, and
dissipation of CO; are enhanced by forced convection. Managing the solid materials in a
fixed-bed column fermentor is rather difficult, as is the scale-up.

Fixed-bed column reactors have been employed for the biosorption of Cu (II) and Pb
(I) by raw and treated orange peel [55], as well as to produce pectinase with Aspergillus
oryzae, using Citrus pulp mixed with sugarcane bagasse [56], or the production of PGase
using Aspergillus section Nigri strains [57].

2.2.3. Rotating Drum Bioreactors

Rotating drum bioreactors (RDBs) have two main features: the bed of substrate, which
can be contained in a horizontal or inclined drum and is mixed through the rotation of the
drum; and the air, which is blown into the headspace above the solid bed. Thus, the bed is
aerated by gas exchange between the bed and the headspace. Design variations include
the application of an inclined central axis and lifters (so-called ‘baffles’) on the inside of
the drum wall [58]. These bioreactors can be classified based on continuously rotating
or discontinuously rotating drums. The continuously rotating drum reactors, which are
mostly used in laboratory-scale and pre-pilot-scale bioreactors, have a rotating drum for
the mixing of the substrate particles. The increase in the rotation rate can negatively affect
mycelial growth. In the discontinuous RDBs, the rotation rate is reduced because of the
succession of mixing and static phases. During the static periods, the bioreactor will operate
like a tray bioreactor [44].

Mahmoodi et al. showed that orange pomace used as substrate by A. niger in a tray
bioreactor was more suitable than rotating-drum bioreactors for PGase production by
SSF [53].

Table 1 reports a summary of the main advantages and disadvantages in relation
to the type of bioreactor (shallow-tray, fixed-bed column, rotating drum and stirred
tank) used.

Table 1. Main advantages and disadvantages of the main bioreactor types.

Bioreactor Type Pro Cons
Simple in design Static condition
Shallow-Tray Low cost No forced aeration
Fixed-Bed Column More efficient process controls Difficult scale-up

Rotating Drum

Stirred Tank

Possibility of mixing intermittently and of operating
on continuous or semi-continuous mode.
Ease of control of all operating factors High cost
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3. Biotechnologically Added-Value Products from Orange Peel By-Products

As previously described (Section 2), several fermentative strategies have been em-
ployed for the valorization of orange peel by-products, making this raw material very
interesting for biotechnological transformation. Various microorganisms, including bacte-
ria and yeasts or molds have been employed for the biosynthesis of added-value products
from orange peel by-products (Table 2).

Table 2. Main added value microbial metabolites obtained by SmF and SSF processes on orange pel
by-products.

Product Organism Process References
Bioethanol Saccharomyces cerevisiae; recombinant Escherichia coli SmF [59-63]
Koll
Aspergillus oryzae; A. niger; Emericella variecolor NS3;
Enzymes A. japonicus (URMS5620); Pleurotus pulmonarius; A. SmF and SS [52-54,56,57,61,64,65]
brasiliensis; A. awamori; A. sojae
Organic acids Aspergillus niger; A. niger and Aspergillus fumigatus SmF and SSF [66-71]
Dyes Serratia nematodzphzla’ (NCIM 5606); Monascus SmF and SSF [72,73]
purpureus and Penicillium purpurogenum.
Crude protein Trichoderma reesei and Trzchod.erma viride, S.. cerevisiae, SmF and SSF [10,74-76]
Kluyveromyces marxianus and kefir
Bacterial cellulose Gluconacetobacter xylinus; Komagataeibacter hansenii SmF [77,78]
GA2016
Soluble dietary fiber Trichoderma reesei and A. niger SSF [79]
Aroma volatiles Selected industrial S. cerevisiae SSF [76,80]
Fungal chitosan Mucor indicus and Rhizopus oryzae SmF [39]
Fatty acids S. cerevisiae, Kluyveromyces marxianus and kefir SSF [76]

Several examples of biotechnologies for the biotransformation of these by-products
into enzymes, organic acids, dyes, flavors, polysaccharides, aroma compounds, biodegrad-
able plastics and single cell proteins (SCPs) have been documented (Figure 3).

sary oinyo¥°

Figure 3. Main added-value products obtained from orange pomace by-products through fermenta-
tive processes.

3.1. Bioethanol

Vast literature reports are available on the use of Citrus by-products fermentation to
produce ethanol [12,62].
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Being a lignocellulosic biomass, the process involves three major steps: pre-treatment,
hydrolysis and fermentation. The pre-treatment, which is performed to disrupt the cell
wall and make the carbohydrates accessible for hydrolysis, can be executed through chem-
ical, physical or biological methods. Within hydrolysis, cellulose and hemicellulose are
converted into simple sugars, which can be fermented to produce ethanol [12].

Grohmann et al. performed an enzymatic hydrolysis of orange by-products using
commercial cellulase and pectinase enzymes. The hydrolysis was followed by fermentation
into ethanol using Saccharomyces cerevisiae and a recombinant Escherichia coli Koll [59,60].
E. coli Koll increased ethanol yields to an approximate theoretical maximum and 25-35%
above the yields produced with S. cerevisiae [59,60]. The higher ethanol yields may be due
to the fermentation of other components of peel hydrolysate than monosaccharides by
E. coli Koll [59,60].

Stewart et al. performed a partial hydrolysis by heating Citrus by-products using a jet
cooker, which was then injected into a flash tank to remove limonene. The remaining part
was then cooled, hydrolyzed using a mixture of enzymes, including cellulase, pectinase
and (-glucosidase, and fermented to obtain ethanol [61].

More recent studies on the conversion of Citrus by-products into bioethanol have
been published [81,82]. These studies are based on pretreatment using a steam explosion
process and acid hydrolysis with sulfuric acid, similarly to Grohmann et al. [59] and
Stewart et al. [61].

Wilkins et al. evaluated the effects of d-limonene concentration, enzyme loading and
pH on ethanol production from a simultaneous saccharification and fermentation of Citrus
peel by-products by S. cerevisiae: polysaccharides were enzymatically hydrolyzed into sug-
ars, and these were consumed to produce ethanol [62]. This method has several advantages,
including facilitated ethanol production with a high substrate and enzyme concentration,
longer duration of enzyme and microorganism activity and smaller investment costs.

Choi and coauthors built an immobilized cell reactor (ICR) by housing immobilized
S. cerevisiae cells. After limonene removal, the fermentation substrate was introduced into
the ICR, and the fermentation was carried out for 10 days at 30 °C. This method allowed
production of 12-fold higher yields of ethanol [83].

Oberoi et al. produced ethanol from orange peel by-products with yields of 0.25 g/g
on a biomass basis (YP/X) and 0.46 g/g on a substrate-consumed basis (YP/S) and a
volumetric ethanol productivity of 3.37 g/L/h [63].

Finally, the use of natural microorganisms with cellulase activity also represents an
added-value biotechnological method to produce bioethanol [12].

3.2. Enzymes

Orange peel has been largely used, through SSF and SmF, to produce pectinase from
Aspergillus spp. strains [53,56,57,84]. Generally, pectinases include a mixture of different
enzymes, such as pectate lyase (PL), polygalacturonases (Pgase) and pectinesterase (PE) [85].
The global pectinase market size was evaluated at 18.3 billion USD in 2022 and is slated
to hit 26.6 billion USD by the end of 2030 [86]. Industrial scale production of pectinases is
mainly achieved using filamentous fungi. Aspergillus species represent the main producers.
Among these, A. niger, recognized as GRAS (generally regarded as safe) by the food
industry, is used for the production of commercial pectinases [35].

Besides pectinases, multi-enzyme complexes have been produced by fermentation.
Aspergillus japonicus SmF on orange peel by-products produced maximal activities of
pectinase, CMCase and xylanase (2610, 85 and 335 U/gds, units/gram dry substrate,
respectively) after 72 h. SmF was a more productive method for pectinase and a worse
method for xylanase production, compared with SSF [65].

3.3. Organic Acids

Among organic acids, citric acid (CA) is largely used in medicine, in food manufac-
turing, as detergent and in cosmetic industries due to its palatability, high solubility and
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extremely low toxicity to humans and mammals [68]. The annual global production of
citric acid currently amounts to approximately 2.8 million tons, and, in the food additive
industry, the citric acid market is one of the fastest-growing segments [87]. The global CA
market is projected to reach 9 billion USD by 2030, growing at a compound annual growth
rate of 5.90% for the anticipated period 2023-2030 [88].

CA is an intermediate of the tricarboxylic acid cycle and plays a key position in the
microbial metabolism. However, under unfavorable conditions, fungi and bacteria can
produce excessive quantities of CA [68].

Several authors adopted SSF to produce CA from orange peel by-products.
Torrado et al. reported CA production using A. niger through SSF from orange peel
without the addition of other nutrients, underlining a possible interest for future industrial
applications [66]. Hamdy et al. reported a considerable production, of approximately 640
g/kg, of CA using A. niger on orange peel fortified with cane molasses [68]. A coculture
made of A. niger and A. fumigatus allowed the production of 114.68 £ 0.73 mg/mL of
CA [67].

Other authors also reported high CA production (about 9.2 g/L) by A. niger when
using SmF processes with orange peel [71].

Similarly, as described for citric acid, the market of organic acids is growing, with a
compound annual growth rate of over 7.90% between 2023 and 2030. The global organic
acids market size, estimated at 11.48 billion USD in 2022, is expected to achieve 21.10 billion
USD by the end of 2030 [89]. The market is growing due to the wide-scale usage of organic
acids in various applications.

Orange peel has also been employed for succinic acid production using the cellu-
lolytic bacterium, Fibrobacter succinogenes [90], as well as for d-lactic acid production using
Lactobacillus delbrueckii sp. Delbrueckii in SmF [17].

Interestingly, L-galactonic acid, an L-ascorbic acid (vitamin C) precursor, can be
produced upon acidification from L-galactono-1,4-lactone, which, through a fermentative
process, can be converted directly into L-ascorbic acid [70].

The annual production of synthetic L-ascorbic acid is about 100,000 tons. Given that,
in the Citrus processing industry, the 500,000 tons of pectin which are annually produced
contain 375,000 tons of D-galacturonic acid, this could be converted into L-galactonic acid
and, subsequently, into L-ascorbic acid. This by-product could therefore represent the raw
material for global L-ascorbic acid production [70].

Kuivanen et al. used engineered A. niger strains that were not able to catabolize
D-galacturonic acid but converted it to L-galactonic acid instead. These strains produced
pectinases for the hydrolysis of pectin and were used for the conversion of pectin in orange
peel to L-galactonic acid. The D-galacturonic acid in the orange peel was converted to
L-galactonic acid, with a yield close to 90%. Submerged and solid-state fermentation
processes were compared [70].

3.4. Dyes

Several studies have reported the production of microbial dyes from orange peel
by-products using prokaryotic and eukaryotic microorganisms with SSF and SmF.

Dyes are usually employed as additives in the food industry to maintain or improve
the color of food. Although, to date, synthetic pigments are prevalent in the food processing
industry, they may have carcinogenicity and teratogenicity potential.

In this context, natural microbial pigments are valuable alternatives, due to the advan-
tages derived from the process and the easy scale-up for industrial production, as well as
their non-dependence on climatic and environmental variables.

Maurya et al. reported the production of prodigiosin using different substrates derived
from agro-industrial by-products through SSF, showing that, although orange peel by-
products were not the best among the tested substrates, they allowed the achievement of a
yield of 0.1495 mg/L; instead, sweet lemon produced a prodigiosin yield of 0.1693, and the
maximum production yield (1.3075 mg/L) was observed in wheat bran [72].
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Different fermentation techniques, including SSF, semi-solid state and SmF, were
compared, to evaluate the use of orange processing by-products as nutrient-rich media
to produce fungal pigments with Monascus purpureus and Penicillium purpurogenum [73].
The first microorganism was more efficient at producing pigments during SSF, yielding
9 absorbance units (AU) per g of dry fermented substrate. The semi-solid-state fermen-
tations yielded a pigment production of up to 0.95 AU mL/L, while SmF achieved up to
0.58 AU mL/L [73].

Lima and coauthors recently reported the coproduction of red colorants and enzymes
using the filamentous fungus Talaromyces amestolkiae cultivated on citrus by-product without
pectin in SmF, with a yield of 0.016 g/L/h. In conjunction with the production of colorants,
the fungus also produced endo-gluconates, xylanase and 3-glucosidase [91].

3.5. Single Cell Protein (SCP) Production and Dietary Compounds

Single cell proteins (SCPs) production currently represents an interesting strategy,
addressing two crucial issues: the increasing global protein deficit and the increased global
production of agro-industrial by-products [92]. Citrus by-products can be successfully
utilized as an energy source to produce SCPs using SmF [10,71,74,75,93].

A number of strains, including S. cerevisiae, Kluyveromyces marxianus and kefir cultures,
have been used to produce SCPs from various common food industry wastes, including
citrus residues, with SSE. The obtained fermented products can be suitable for use as
protein-enriched cattle feed, containing protein in the range of 23.6-38.5%. Among the
tested strains, K. marxianus showed the highest concentration of protein and fat [76]. The
fermented product prepared with S. cerevisine AXAZ-1 had the highest protein content
(38.5% w/w on dry weight basis).

Cheng et al. produced soluble dietary fiber (SDF) from orange peel insoluble dietary
fiber (IDF) by SSF using Trichoderma reesei and A. niger [79]. SDF can be distinguished from
IDF based on its solubility, and, together, they constitute dietary fiber (DF), which is known
as the seventh nutrient. SDF has excellent functional activity, a higher viscosity, and a larger
potential for gel formation than IDF, resulting in a greater application value for the food
industry [79].

3.6. Bacterial Cellulose

Bacterial cellulose (BC) is a linear homopolymer composed of (3-1,4-linked D-
glucopyranose [94]. Given the high content of soluble sugars, cellulose, hemicellulose
and pectin, Citrus fruits and by-products can be applied as sustainable and renewable
substrates to produce BC [8].

Komagataeibacter hansenii GA2016 C has been used under static conditions to produce
BC from Citrus peels (lemon, mandarin, orange and grapefruit) [77]. Gluconacetobacter
xylinus has also been used to produce BC from orange peel, prepared with either water or
acetate buffer, as well as from orange peel hydrolysate [78].

3.7. Aroma Compounds

Orange peel by-products have been used as substrates for the biotransformation of
naturally occurring aroma compounds using selected industrial yeasts and SSF, resulting
in high yields of industrially relevant volatile aroma esters (about 250 mg/kg) [80]. This
process may be potentially applied to a sustainable biorefinery for the valorization of
orange peel by-products [80].

Aggelopoulos and coauthors reported high amounts of e-pinene produced by a ke-
fir culture in SSF, using substrates of food industry by-products mixtures, including or-
ange [76].

4. Current and Future Challenges

In recent years, several European Union directives have been strictly implemented for
the appropriate management of by-products, introducing concepts of “bioeconomy” and
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“circular economy” [95-97]. While “bioeconomy” refers to the recycling and valorization of
renewable agro-industrial waste into a variety of new added-value products, the concept
of “circular economy” is based on the transformation of the linear economy into a closed-
loop system [98]. The basic principles of “bioeconomy” and “circular economy” point at
developing sustainable methodologies for efficient reuse and recycling of agro-industrial
products, although their concept and methodology are different.

In this context, orange peel by-products represent an input material. Furthermore,
the United Nations have recently proposed models aimed at a reduction in Citrus waste
generation by 2030, through sustainable production and consumption patterns [99]. It is
well known that Citrus by-products are a rich source of biologically active compounds, such
as vitamins, dietary fiber, pectin, polyphenols and essential oils. These have positive health
effects, including antioxidant [81], prebiotic [100], antimicrobial [101,102], anticancer [103],
anti-inflammatory [104,105] and antidiabetic effects. Such features make these by-products
usable in many biotechnological applications (health care, pharmaceuticals, cosmetics, food
and textiles).

Although, to date, several studies have focused on different fermentation strategies
and bioreactor plants for the valorization of these by-products, incineration still repre-
sents the main adopted scheme, followed by bioenergy production [106]. Therefore,
one of the biggest challenges of the Citrus industry is to promote the proper manage-
ment of the total utilization of its by-products and their complete valorization, to obtain
added-value compounds.

This article provides an overview of the fermentation methods utilizing orange peel
by-products and their many potential applications in industries, in an attempt to identify
potential new exploitation avenues for a more sustainable food chain.

5. Conclusions

Fruits, together with vegetables, are the foods most responsible for food waste,
i.e., around 45%, and approximately 21.7% of this food waste is generated at the pro-
cessing and manufacturing stages [107,108].

Advances in sustainable approaches utilizing orange peel by-products to produce
added-value compounds have been presented. Due to the high-volume production of
this by-product, anaerobic and/or aerobic fermentations represent the main approach
addressing the issue in a sustainable and economically valuable way.

The present study explored biotechnology strategies to improve rates of growth and
other fermentation parameters, in order to optimize production yields.

Citrus by-products valorization through fermentative processes can provide an effi-
cient, economic and environmentally friendly method to produce novel biotechnologically
relevant compounds for the food, nutraceutical, cosmetic and energy sectors. The process
fits within the concept of circular economy: orange peel by-products are upgraded to
produce valuable compounds while reducing their environmental impact and removing
the need to dispose of such waste. Life cycle assessment (LCA) is an extensively used
approach to determine the environmental performance of a product, service, or system.
Applied to the valorization of orange by-products within fermentation strategies, LCAs
represent an important tool to evaluate the environmental performance of these processes
and to anticipate the consequences of these management systems and address any issues.

This is in agreement with the Food and Agriculture Organization of the United Na-
tions” (FAO, 2013) recommendations, “to prevent food waste, to reduce its economic and
environmental impact, but finding new uses for food products that do end up being
discarded” [109].
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