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The integrated approach in biorefinery mainly involves the utilization of various

agroindustrial byproducts such as raw materials for the production of several biobased

products like biofuels, bioenergy, and other high-value chemicals. Biofuels are the

backbone of biorefineries, however, production of value-added biomolecules such as

biopigments, biopolymers, biosurfactants, and nutritional yeast has been attracting

great attention. The production of these biomolecules using traditional approaches has

been extensively studied in the last few years owing to their promising application

in different industries such as chemical, food/feed, and pharmaceuticals for the

development of novel products for mankind. Moreover, the production of such

biomolecules using lignocellulosic, starchy, and some other agroindustrial byproducts

is still not fully explored. Hence, there is a huge scope in the development of sustainable

biorefining approaches to make the technology cost-effective. The lignocellulosic

biomasses usually used in biorefineries are mainly composed of cellulose, hemicellulose,

and lignin, whereas starchy materials, besides starch, usually contain, protein, lipids, and

some micronutrients. The processing of these biomasses through successive steps

like pretreatments, enzymatic hydrolysis, and fermentation is essentially required to

obtained final biobased products. Considering certain bottlenecks of above-mentioned

conventional biorefineries approaches, new technologies have been proposed for the

improved pretreatment of biomass and efficient enzymatic hydrolysis in order to minimize

the concentration of toxic inhibitors in resulting hydrolysate. In this review, we highlighted

the different agroindustrial byproducts and their applications for the production of

valuable biorefinery products.

Keywords: biorefineries, biopigments, biopolymers, biosurfactants, nutritional yeast, pretreatments

INTRODUCTION

The continuous increase in human population with faster pace and urbanization has tremendously
increased the energy requirements over the past few decades. The utilization of fossil fuels
as transportation fuel has created several concerns such as depletion in their resources and
environmental damage due to emission of greenhouse gases (GHGs), which further leads to climate
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change and global warming. In order to overcome these
drawbacks, research efforts have been taken to develop
sustainable biorefineries. The concept of biorefinery is not new at
all; the sugar industry from the 18th century and the wood pulp
and paper industry from the 19th century were the first rough
industrial models of biorefineries. Since then, a great number of
platforms have been developed based on the use of different raw
materials (Carvalheiro et al., 2008).

Biorefineries deal with the utilization of biomass and their
conversion to fuels, electricity, heat, high-value chemicals, and
other important biobased products through different processes
(Ubando et al., 2019; Kumar and Yaashikaa, 2020). These are
described as analogous platform to the traditional petroleum-
based refineries and are found to play a pivotal role in the
production of alternatives to fossil fuels and other biobased
products under the umbrella of green energy policies. According
to Moncada et al. (2016), the integrated use of biorefinery
can be more useful, in this context, with different biomass-
based platforms such as syngas, sugars (C5/C6), plant-based
oil, algae oil, organic solutions, lignin, and pyrolysis oil, which
could be combined according to the needs of the market to
obtain integrated biorefineries for maximum exploitation of raw
materials and generation of a variety of products.

Moreover, biorefineries can play an important role in the
economic development of poor and developing countries,
because it helps to generate employment or jobs for needy people.
Similarly, the production of commodities and specialties from
low-cost feedstock, especially the organic waste, helps to manage
the issue of waste generation (developing countries have 50%
higher organic waste than do developed countries) and also
to generate revenue (Dhamodharan et al., 2020). It is a true
and well-known fact that biorefineries are playing a key role
in processing of biomasses or bioresources into a variety of
high-value bioproducts mentioned above; on the other hand,
we cannot deny the fact that the economic viability of second-
generation bioenergies is still a major challenge.

The biorefineries usually offer to add value to biomass supply
chains through the production of various biobased products.
However, the existing complex pathways in biorefineries raise
considerable concerns that mainly include the selection and
design of best-performance routes. Moreover, it is also influenced
by a number of variables like spatial variable (land dispersion
and land productivity), logistical variables (energy density,
transportation distance, etc.), and technological variables (mass
recovery rate, etc.). Apart from these, in biomass supply
chains, maintaining the relations between supplier and buyer
is not easy because of seasonality, fluctuating harvest rates, or
biomass quality. This is the reason that farmers and biomass
processing companies are usually hesitant to sign continuous
supply contracts (Yazan et al., 2017). As discussed above, cost
of feedstocks (biomass should be available at attractive costs),
storage and delivery of biomass (the year-round operation
of biorefineries requires that biomass feedstock produced
seasonally be stored until use, but storage and transportation
of biomass feedstock required additional initial investments and
operating costs for biorefineries), and absence of price discovery
institutions in bioenergy feedstock markets (no such institutions

exist to facilitate markets in non-traditional feedstock sources).
Owing to the absence of such institutions, multidimensional
price discovery processes pose potential barriers to the expanded
use of biofuels, feedstock conversion technologies and costs
(conversion of a variety of feedstocks into liquid fuels and
other valuable products are the other major cost components),
and infrastructure investments for biorefineries (requirement of
large capital investment for commercial production facilities) are
some of the important factors that affect the economic viability
of biorefineries (National Research Council, 2011). Nowadays,
almost all kinds of biorefineries are facing problems of economic
viability, which affects their success owing to all the above-
mentioned challenges and barriers.

Biomasses from different sectors such as agricultural, forestry,
industrial, and municipal wastes and aquatic biomass (algae and
seaweed) can be utilized for biorefinery development. In fact,
each generated residue can be employed for a specific biorefinery
concept, attending to local availability, and allowing their
development and production according to different locations,
local market trends, and requirements. The utilization of local
biomass is also an interesting approach, not requiring long-
distance travels for feedstock, thus reducing fuel consumption by
different transportation ways (Dhamodharan et al., 2020).

Various traditional biorefinery products such as acrylic and
lactic acid, liquid fuels biodiesel and ethanol, and natural
sweeteners such as sorbitol and xylitol have been already
developed by green chemistry companies (Özüdoğru et al., 2019).
Besides, many other bioproducts can be developed in different
biorefineries using renewable raw materials (Mood et al., 2013;
Kumar and Yaashikaa, 2020), such as biopigments, biopolymers,
biosurfactants (BSs), and nutritional yeasts.

This review is mainly focused on the utilization of potential
agroindustrial byproducts for the generation of biobased
products under the biorefinery scenario. Moreover, major
drawbacks and plausible solutions in the employment of
pretreatment technologies for biorefineries are also discussed
in this review. Considering that most articles are based
on traditional bioproduct approaches in biorefineries, this
review is focused on different biomolecules that are not
already described in the context of integrated biorefineries,
namely, biopolymers, nutritional yeasts, biopigments, and
BSs. These bioproducts are highlighted to understand how
the currently available biorefineries (as ethanol-producing
facilities) and their production might be associated with the
available facilities and procedures. Moreover, some bioproducts
obtained from filamentous fungi or bacteria with interesting
properties such as lasiodiplodan, Monascus biopigments, and
polyhydroxyalkanoates (PHA) are also briefly discussed.

AGROINDUSTRIAL BYPRODUCTS

The agroindustrial byproducts are mostly derived from the
processing of various crop plants around the world. The different
plants generate different kinds of byproducts; for example,
non-woody vegetables generate residual and structural fractions
that can be utilized for the preparation of various biobased
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FIGURE 1 | Application of agroindustrial byproducts for the generation of biobased products.

products. Similarly, the agroindustrial byproducts can be used
as a raw material in biorefineries for the release of sugars,
proteins, oils and other micronutrients, which can be employed
for the development of different media compositions (Ascencio
et al., 2019; Chaturvedi et al., 2019). Among some successful
biorefineries, we can highlight Abengoa, Beta Renewables,
DuPont, GranBio, Poet-DSM, and Raizen, which operate on the
commercial scale by using lignocellulosic feedstocks and different
pretreatment processes.

Moreover, lignocellulosic and starchy byproducts present
great potential application in the biorefineries, because they are
(1) widely distributed around the globe; (2) rich sources of

carbohydrates, proteins, and other relevant nutrients; (3) able to
be hydrolyzed using the proper pretreatment techniques; and (4)
can be used for generating different biotechnological products
according to the market demands (Werpy and Petersen, 2004;
Kumar and Yaashikaa, 2020). Figure 1 summarizes some of the
agroindustrial byproducts commonly used for the generation of
biobased products.

Lignocellulosic Byproduct
Lignocellulosic biomass is the most abundant renewable carbon
source in the world. The traditional lignocellulosic materials can
be grouped mainly into three categories: (i) agricultural residues,
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(ii) forestry residues, and (iii) energy crops. Among these,
agricultural residues mainly include rice straw, rice husk, barley
straw, wheat straw, wheat stover, sorghum straw, corn cobs, corn
stover, sugarcane bagasse, and sugarcane straw. Forestry residues
comprise woods, woodchips, wood branches, wood sawdust,
fruit bunch, and so forth; the last one is energy crops, which
mainly includes switchgrass, miscanthus, energy cane, and grass
(Dhamodharan et al., 2020).

These materials vary in composition depending on their
regions; however, the basic constituents include cellulose,
hemicellulose, and lignin. Among these, cellulose is the linear
biopolymer and is present in higher amounts (23–53%) in
lignocellulosic biomass, followed by hemicellulose (20–35%),
which is considered as a heteropolysaccharide majorly composed
of xylose. The other macromolecular fraction, lignin (10–25%),
is a complex biomolecule of polyphenols that acts as a physical
barrier to microorganisms and enzymes (Ascencio et al., 2019).

Glucose can be easily assimilated by different microorganisms,
and it is the most promising carbohydrate fraction used in
biorefineries around the world. Xylose is another important sugar
owing to its high prevalence in vegetal biomass, and it is widely
used for the development of biomolecules such as ethanol and
xylitol (Unrean and Ketsub, 2018). However, in order to obtain
glucose and xylose from carbohydrate fractions of lignocellulosic
byproducts, the polymers have to be hydrolyzed using specific
industrial approaches. The methods currently employed for
this purpose include the enzymatic hydrolysis of cellulose into
glucose using cellulase-rich enzymatic preparations. However,
before enzymatic hydrolysis, a pretreatment step is required to
decrease biomass recalcitrance (Chandel et al., 2013, 2018). The
pretreatment step is one of the most important bottlenecks for
the viability of biorefineries.

Starchy Byproduct
The starchy biomass is directly linked to human development, as
major civilizations became prosperous owing to the agriculture
implementation and grain cultivation. They are nowadays one
of the most economically relevant global products, as they are
utilized for both food and feed and employed in the development
of beverages and pharmaceutical products alike.

Generally, considering research works dealing with
biorefineries, starchy byproducts are still underused materials
when compared with lignocellulosic feedstock for the generation
of bioproducts, even though they are great sources of
carbohydrate and nitrogen, which can be easily recovered
by traditional pretreatments. Taking this point into account, it is
possible to aggregate these biomasses to biorefineries, increasing
its versatility, reducing production costs, and allowing the
generation of several other bioproducts.

The starchy biomass is majorly composed of starch, which is
generally present in seeds and tubers, and its constituents are
amylose and amylopectin (Chaturvedi et al., 2019). Grains like
barley, corn, rice, soybean, and wheat are composed of three
fractions: endosperm (presenting the starchy portion, responsible
for seed maintenance during the dormant phase and before
germination), germ (presenting the vitamins, proteins, minerals,
and oils, responsible for the development of the plant), and

bran (the external layer that covers the grain, protecting the
endosperm and germ against external agents) (Barrett et al.,
2020). The processing of grains for oil extraction removes
bran from seeds, which is traditionally used as feed. Bran is
a rich source of lipids, minerals, proteins, and residual starch.
Besides grains, cassava, a root tuber, is another important starchy
biomass. All these starchy materials have been cultivated all over
the world and used as important feedstock in biotechnological
processes, such as for the production of ethanol (Bayitse et al.,
2015) and various other bioproducts (Martiniano et al., 2014,
2016; Arruda et al., 2017; Lee et al., 2017).

BIOMASS PRETREATMENT

Different pretreatment methods have been studied that aimed for
the carbohydrate recovery from different agroindustrial residues.
The pretreatment methods can be divided into chemical,
physical, physico-chemical, and biological processes, which can
be applied alone or in combination with different feedstocks, in
order to obtain the desired molecules from the different fractions
of the biomass (Mood et al., 2013). Several methodologies
and/or combinations for different lignocellulosic and starchy
biomasses are presented in Table 1 along with their advantages
and disadvantages. For starchy raw materials, pretreatment can
be a general term referring to the techniques used for starch
hydrolysis to produce glucose and dextrin (Lee et al., 2017).
For lignocellulosic biomass, pretreatment is more commonly
used with a more specific meaning, corresponding to the step
that is before enzymatic hydrolysis of cellulose and has the
main purpose of increasing the enzymatic digestibility of this
carbohydrate fraction.

Hydrothermal pretreatments like autohydrolysis and steam
explosion are commonly reported in the literature. These
methods do not require a chemical catalyst and act mainly
on the hemicellulosic fraction of the lignocellulosic materials.
These approaches are found to be environmentally and
economically appealing for biorefineries, although longer periods
and temperaturemight be necessary for their proper employment
(Ruiz et al., 2019).

The most common chemical pretreatments are acid and
alkaline. The acid pretreatments vary from the utilization
of concentrated and diluted acids, whereas H2SO4 is the
traditionally employed acid for reactions, although HCl, HNO3,
and H3PO4 can be also utilized (Mood et al., 2013; Solarte-Toro
et al., 2019). The utilization of dilute acids results in hydrolysis
of the hemicellulose, and it is preferred (compared with
concentrated acids) because it is less corrosive to the equipment
and generates a lower amount of inhibitory compounds in
the obtained hydrolysates (Carvalheiro et al., 2008). Alkaline
pretreatments utilize Ca(OH)2, NaOH, KOH, and ammonia
for lignin removal as well as for the degree of crystallinity of
cellulose (Mood et al., 2013). The employment of low pressures
and temperatures is presented as an advantage, although in
the utilization of some alkalis, alkalis can be converted into
irrecoverable salts, which can be incorporated into the employed
feedstock (Carvalheiro et al., 2008).
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TABLE 1 | Most relevant pretreatments on different lignocellulosic and starchy biomass.

Biomass type Pretreatment Evaluated biomass Advantages Disadvantages References

Lignocellulosic

biomasses

Dilute acid (HCl, HNO3,

H3PO4)

Sugarcane bagasse;

sweet sorghum

Compared with the use

of concentrated acids,

results in less corrosion

to the equipment and

lower concentration of

inhibitory compounds;

hydrolysis of

hemicellulose

Requires high

temperature and

pressure

Mood et al., 2013;

Ascencio et al., 2019;

Camargo et al., 2019;

Solarte-Toro et al.,

2019

Alkaline [Ca(OH]2;

NaOH; KOH

Sugarcane

bagasse/straw

Low pressures and

temperatures

Requires high quantity

of reagent;

irrecoverable salts on

feedstock

Carvalheiro et al., 2008;

Mood et al., 2013;

Ascencio et al., 2019

Ionic liquids Triticale; sugarcane

bagasse/straw; rye

straw

Non-corrosive; can

solubilize all fractions of

biomass

High cost of ionic

liquids

Fu and Mazza, 2011;

Mood et al., 2013;

Usmani et al., 2020

Organosolv Wheat straw; bamboo High removal of lignin;

solvents can be reused

High-energy

consumption; high

viscosity of some

solvents

Wang et al., 2017;

Mugwagwa and

Chimphango, 2020

Mechanical extrusion Soybean hull;

sugarcane bagasse

Cellulose matrix

disruption; used to a

variety of biomass

Costly and

energy-intensive

Lamsal et al., 2010;

Zheng and Rehmann,

2014; Kumar and

Sharma, 2017

Milling Sugarcane

bagasse/straw; grasses

corn bran

Size reduction

enhances digestibility of

biomass

Costly and

energy-intensive

Kumar et al., 2009;

Alvira et al., 2010;

Philippini et al., 2018;

Seta et al., 2020

Liquid hot water Rice bran sugarcane

bagasse

Environmentally and

economically

appealing; improved

accessibility to

cellulolytic enzymes

Large heat

consumption; heat

recovery; expensive

energy downstream

Ruiz et al., 2019;

Martiniano et al., 2014

Steam explosion Corn stover; sugarcane

bagasse

Short residence time

and low energy

consumption; requires

no chemical catalyst

Risk of lignin

condensation and

precipitation;

generation of

fermentation inhibitors

Alvira et al., 2010; Ruiz

et al., 2019

Microwave Sugarcane bagasse;

switch grass

Easy operation; less

energy requirement;

high heating capacity

Distribution of power;

low radiation

penetration; difficult to

scale up

Campañone et al.,

2012; Sun et al., 2016;

Zhu et al., 2016; Kumar

and Sharma, 2017

Ultrasonication Corn stover; sugarcane

bagasse

High efficiency Difficult to scale up Zhang et al., 2008;

Yachmenev et al.,

2009; Bussemaker and

Zhang, 2013

Hydrodynamic

cavitation

Corn stover; reed;

sugarcane bagasse

High lignin removal;

high glucose recovery

Use of low solids

quantity in the reactor;

new technology:

requires more study

Kim et al., 2015;

Nakashima et al., 2016;

Terán-Hilares et al.,

2020

Hemicellulolytic and

cellulolytic enzymes

Sugarcane bagasse;

wheat bran

Ecofriendly option;

application of

combined enzymes

High cost; high time of

pretreatment;

purification requirement

Akhtar et al., 2016;

Paye et al., 2016;

Aktas-Akyildiz et al.,

2020

Starch biomasses Dilute acid (HCl,

H2SO4)

Corn bran; potato tuber

mash; potato peel

Rapid technique; low

cost

High formation of

furans that inhibit the

microbial growth in

fermentation process

Tasić et al., 2009;

Khawla et al., 2014;

Philippini et al., 2018

Enzymatic pretreatment

with amylolytic

enzymes

Cassava; corn starch;

potato peel waste

Rapid technique; low

formation of furans that

inhibit the microbial

growth in fermentation

process

Expensive technique Regy and Padmaja,

2013; Bayitse et al.,

2015; Zhu et al., 2016;

Ben Atitallah et al.,

2019

(Continued)
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TABLE 1 | Continued

Biomass type Pretreatment Evaluated biomass Advantages Disadvantages References

Glycerol pH modification and

microfiltration

Crude glycerol Rapid technique; high

efficiency

Loss of membrane

permeability (fouling)

Tan et al., 2018; Zhang

et al., 2020

Solvent washing and

activated carbon

Expensive technique Abd-Rahim et al., 2019

Acidification and ion

exchange process

High efficiency Expensive technique Abdul Raman et al.,

2019

Vacuum filtration and

distillation

Xiao et al., 2013

Microfiltration,

saponification,

acidification, phase

separation, and

biphasic extraction

Pitt et al., 2019

Molasses Washing and cutting,

diffusion, evaporation,

and crystallization

Beet molasses;

sugarcane molasses

Rapid technique; high

efficiency; low cost

High Veana et al., 2014;

Roukas and

Kotzekidou, 2020

Moreover, organosolv and ionic liquids are some of the
other pretreatment methods applied for lignocellulosic biomass,
presenting as main advantages a high lignin removal and the
ability to reuse solvents, but these methods are expensive and
require high-energy consumption (Carvalheiro et al., 2008;
Mood et al., 2013). Still, recent advances in non-conventional
pretreatments have been reported and include methods such
as gamma ray, electron beam irradiation, pulsed electric field,
and hydrodynamic cavitation, which have been pointed as
alternatives to ultrasound in large-scale use (Hassan et al., 2018;
Teran-Hilares et al., 2020).

POTENTIAL BIOPRODUCTS FOR
BIOREFINERIES

Biopolymers
Biopolymers are produced by animals, plants, and
microorganisms. The most common are composed of
carbohydrates, such as cellulose. Microorganisms such as
algae, bacteria, filamentous fungi, and yeasts are capable of
producing different biopolymers, which may vary according
to anomeric configurations, branching points, and molecule
backbone (Vasconcelos et al., 2013; Kagimura et al., 2015).
The macromolecular nature of lignocellulosic byproducts
may be explored for the development of biorefineries. The
biomass fractions like cellulose, hemicellulose, and lignin can be
chemically modified for the generation of several bioproducts.
As a result, cellulose acetate, carboxymethylcellulose,
methylcellulose, and furfural and phenol resins can be obtained
(Resende and da Costa, 2019). The ethanol produced in both
first- and second-generation platforms can be dehydrated and
polymerized for the production of green plastic as an alternative
to petroleum-based products (Confente et al., 2019). Moreover,
residual starch present in seed materials like bran-like residues
(corn, rice, soybean, and wheat) can be readily hydrolyzed for
sugar and protein, which can further utilized in fermentation
processes (Martiniano et al., 2014; Philippini et al., 2018).

Figure 2 depicts some biomass from the first- and second-
generation platforms for the development of biopolymers in
biorefinery platforms.

There is a widespread utilization of biopolymers, which
permits its application in several sectors, such as food/feed,
pharmaceutical, and chemical industries, for the development
of different high-value products used for cosmetics, buildings,
pavement, packing films, and medical, dental, and drug delivery
systems (Cunha et al., 2012; Vasconcelos et al., 2013; Kagimura
et al., 2015). The biopolymers may also be modified for specific
applications. Processes such as acetylation, carboxymethylation,
phosphorylation, and sulfonation can be effectively used to
enhance the properties and bioactivities of biopolymers such
as antioxidant, anti-inflammatory, antiproliferative, and antiviral
properties as well as anticoagulant and antithrombotic activities
(Vasconcelos et al., 2013; Ye et al., 2013; Kagimura et al., 2015).
Recently, biomedical applications of biopolymers like mushroom
Lentinus edodes glucan (lentinan) have been studied, and the
results obtained revealed that these polymers can act as a
cytoprotective agent against the coronavirus disease (COVID-
19), presenting reduced cytokine-induced NF-κB activation in
human alveolar epithelial A549 cells (Murphy et al., 2020).

The biopolymers present a distinguished versatility when
compared with other biotechnological products, and they are
some of the most promising biomolecules in the perspective
of industrial economic viability. According to Industry ARC
reports (Industry ARC, 2018), the biopolymer market reached
more than USD 650 billion in 2018. The biopolymer packing
market alone was valued at USD 4.78 billion in 2019, expecting
to reach 22.38 billion by 2035. Major industrial players are Toray
Industries, Inc., BASF, Braskem, Arkema, and Spectra Packaging
Solutions, according toMordor Intelligence (2019). The β-glucan
market report from Grand View Research (2017) evaluates more
than USD 700 million worth of biopolymer packing will be
in demand by 2025, which is prompted by the cosmetic and
beverage industries, as well as the paradigm shift from customers
in searching for more sustainable and healthier products and
their nutraceutical and health benefits.
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FIGURE 2 | Some feedstocks for the production of biopolymers.

Themicrobial biopolymers at the industrial level are produced
majorly by bacteria and fungi and can be obtained in different
forms, such as (i) inside the cell, acting as a carbohydrate storage;
(ii) on to the cell wall, acting as a structural and protective layer;
and (iii) as an exopolysaccharide, in capsule, slime, or biofilm

(Mahapatra and Banerjee, 2013). Several factors can influence the
production of biopolymer in a biorefinery; besides the chosen
microorganism, physical parameters such as pH, temperature,
aeration, and fermentation time must be controlled in order
to achieve good production yields. The medium composition,
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especially carbon and nitrogen sources, as well as micronutrients,
additives, and vitamins, must be judiciously selected to reach
maximum productivity (Mahapatra and Banerjee, 2013). Most
of the production of the industrial biopolymers is elaborated by
utilizing glucose or other simple carbohydrates for fermentation.

The agroindustrial biomass ismainly used in the production of
bacterial biopolymers like dextran, curdlan, gellan, and xanthan
(BeMiller, 2019). However, there are few reports about the use
of agroindustrial biomass as growth media for the production of
biopolymers from fungi, permitting great exploration potential
for the development of new biorefinery platforms in the
future (Philippini et al., 2019). The production of α-glucans
using hemicellulosic hydrolysate obtained after acid hydrolysis
of lignocellulosic materials is proposed in some studies. In
this context, pullulan (biopolymer) has been produced from
Aureobasidium pullulans using hemicellulosic hydrolysates in
different concentrations, that is, 17.63 (Chen et al., 2014),
15.77 (Terán-Hilares et al., 2017), and 25.19 g/L (Terán-Hilares
et al., 2019), demonstrating the potential of production for this
biopolymer in a biorefinery scenario.

The lasiodiplodan is a promising β-glucan produced by
Lasiodiplodia theobromae, which has been studied owing to
its pharmaceutical and medical properties (Kagimura et al.,
2015). The utilization of soybean molasses for the production of
lasiodiplodan from L. theobromaeMMPI was reported by Acosta
et al. (2020). A production of up to 1.06 g/L of biopolymer
in fermentations containing 10 g/L of fermented sugars in
the absence/presence of surplus nutritional supplementation
has been recorded. In another study, the production of this
biopolymer from L. theobromae CCT 3966 strain using corn bran
acid hydrolysate was reported by Philippini et al. (2018), who
obtained 7.47 g/L of lasiodiplodan from a medium containing
40 g/L of sugars. All these studies proved the potential of
agroindustrial byproducts as substitutes of synthetic media for
the production of biopolymers like β-glucans, as they provided
both carbon and nitrogen source, allowing the production
of such polyvalent biochemical, for application in several
industrial sectors.

Chitin is a biopolymer that occurs naturally in fungal cell walls
and exoskeleton of arthropods. The production of chitin by yeast
Komagataella pastoriswas reported by Araújo et al. (2017). In this
work, glucose/xylose mixtures were elaborated, suggesting the
utilization of xylose-rich lignocellulosic wastes for the production
of this biopolymer in biorefineries for cosmetics, food, and
pharmaceutical products. Chitosan is a modified biopolymer that
can be obtained from chitin by the alkali process. The production
of chitosan byMucorales fungi was evaluated in a study by Berger
et al. (2018), in which the biopolymer was produced using corn-
steep liquor and papaya peel juice mixtures, achieving maximum
concentration of 37.25 mg/g.

The bacterial biopolymers such as PHA polymers can be
produced using different bacteria. The environment-friendly
nature of these biopolymers suggests the substitution of
conventional petroleum plastics for the elaboration of several
products such as bottles, drug delivery carriers, films, and
medical devices (Li and Wilkins, 2020). The PHA polymer
can be produced by utilizing the agroindustrial feedstock as

low-cost fermentation media. Among the various agroindustrial
byproducts, sugarcane bagasse, rice straw, orange peel, and
cassava wastewater have been the most preferably used (Yu
and Stahl, 2008; Sindhu et al., 2013; Chaleomrum et al., 2014;
Sukan et al., 2014).

Several bacterial strains, for example, Bacillus subtilis,
Cupriavidus necator,Haloferaxmediterranei,Haloferax halophila,
Pseudomonas aeruginosa, and Pseudomonas putida have the
ability to produce different types of PHA from a variety
of feedstocks (Dietrich et al., 2018; Li and Wilkins, 2020).
Even though some reports presented that the utilization of
lignocellulosic feedstocks is challenging owing to its low
fermentability, the utilization of agroindustrial wastes can
be an attractive option to produce PHA using xylose-rich
hydrolysates (Dietrich et al., 2018). However, inhibitors (furfural,
hydroxymethylfurfural, and lignin derivatives) present in the
lignocellulosic hydrolysates might affect the capability of
fermenting microorganisms and might reduce the productivity
(Li and Wilkins, 2020). Considering the potential market of
biopolymers, there is an urgent need to overcome these problems
so that it can contribute to a sustainable bioeconomy.Moreover, a
decrease in dependence on the use of petroleum-based polymers
will help to protect the environment. It was confirmed that
different biopolymers can be employed in different biorefinery
models, such as for hemicellulose valorization (Chen et al., 2014;
Terán-Hilares et al., 2019).

To date, a variety of fermenting strains are reported in the
literature, however, a proper selection of strains is extremely
important, and it can be performed depending on the availability
of feedstock to be employed in a biorefinery model. As a
consequence, it will be possible to obtain low-cost hydrolysates
with appropriate concentration of carbohydrates and nitrogen
source without inhibitory compounds from lignocellulosic and
starchy materials through enzymatic hydrolysis (Khawla et al.,
2014; Bayitse et al., 2015; Aktas-Akyildiz et al., 2020).

It is also important to comment that each application
requires different purification standards, so this criterion
must be respected. The utilization of agroindustrial residues
for the production of the biopolymers must be adequate
to each industrial scenario, as residual proteins and other
promising biomolecules might be recovered alongside the
biopolymer, which might be or might not be interfering in final
product destination.

Nutritional Yeast
Yeasts are generally used in animal feed as nutritional
supplements. These microorganisms can be grown directly for
nutrition purposes or as a byproduct of fermentative processes,
such as in ethanol production, which allows their integrated
production in biorefineries. The yeast biomass recovered from
bioethanol factories is usually used in several countries as a
protein source for cattle (Grand View Research, 2018).

For health and nutritional use, such strains must be generally
recognized as safe (GRAS) under the conditions of their specific
purposes (FDA, 2019). Therefore, yeast strains used in animal
nutrition and the derivate products can be divided into (i)
probiotic (live microorganisms) and (ii) prebiotic (dead or
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inactivated yeasts, cell wall fragments, cytoplasmic content of
autolyzed yeasts, and also mineral-enriched yeasts) (Graham
et al., 2009). These types of yeasts are briefly discussed below.

Single-Cell Protein

Single-cell protein (SCP) includes dried cells of yeast, fungi, algae,
and bacteria, which are used as a protein supplement for both
human food and animal feed and can act as an alternative to
conventional protein sources. Each group of microorganisms has
specific characteristics, but yeasts have attracted a considerable
attention owing to their certain advantages, for example, their
long history of use in traditional fermentations processes by
humanity (Nasseri et al., 2011). Inactivated yeasts are a valuable
source of vitamins andminerals, presenting high protein content,
which is about 37–42% of cell dry weight (Andrietta et al., 2017).

The expensive costs of cereals and other supplements, in
addition to the high protein requirements in animal feed,
increase the interest in alternative and inexpensive new protein
sources (Roepcke et al., 2011). The global market of SCP
extracts was estimated to be about USD 5.3 billion in 2017
with a compound annual growth rate (CAGR) of 8.6% during
the forecast period 2018–2023 (P&S Intelligence, 2018). If
divided into regions, North America represented the major
market share in 2016, followed by Europe, Asia, Latin America,
and the Middle East and Africa (Grand View Research,
2018). Microbial protein production is considered a promising
method because microorganisms have fast growth and can
use locally agroindustrial byproducts as substrate (Juszczyk
et al., 2019). However, the conversion of these feedstock into
substrates for fermentative processes requires a previous biomass
pretreatment, necessary to release sugars, proteins, and other
compounds required for yeast growth. Table 2 summarizes some
agroindustrial byproducts and yeasts applied for SCP production.

Sugarcane bagasse is a waste of great importance in
biorefineries approaches, because their hemicellulosic and
cellulosic hydrolysates, obtained after a pretreatment, are rich
in pentose and hexoses sugars, respectively, which can be
fermented by specific microorganisms. In a study of Candida
tropicalis, Magalhães et al. (2018) evaluated the use of sugarcane
bagasse hemicellulosic hydrolysate and obtained 16.97 g/L of
yeast biomass containing 60.05% protein. Similarly, bran (a
starchy byproduct generated during grains processing) can be
also applied for SCP production. Xu et al. (2019) compared the
use of wheat gluten and soybean protein enzymatic hydrolysates
for the growth of Saccharomyces pastorianus, achieving cell
growth of 9.23 and 9.85 g/L, respectively. Gaboardi et al. (2018)
studied the use of parboiled rice effluent from maceration tanks
for the growth of probiotic Saccharomyces boulardii, producing
3.8 g/L of biomass.

Likewise, the production of SCP by solid-state fermentation
might be an alternative, conciliating cell growth with a protein
enrichment of some agroindustrial byproducts that are currently
used in animal feed, such as bran and sugarcane bagasse. Wheat
bran was used by Yunus et al. (2015) for the production of
Candida utilis and Rhizopus oligosporus biomass under solid-
state fermentation, obtaining a biomass (fermented wheat bran)
with high crude protein (41%, dry weight) and high amino

acid content. In another study, Samadi et al. (2016) used alkali-
pretreated sugarcane bagasse as a substrate for the growth of
Saccharomyces cerevisiae by solid-state fermentation in a tray
reactor, enhancing the protein content of sugarcane bagasse
by up to 13.41%.

Wastewater from the pulping process is another residue that
can be used for the production of SCP by yeasts. Hu et al. (2015)
evaluated the use of black liquor (a lignin fraction obtained from
alkali pretreatment of lignocellulosic biomass after the pulping
process) for the production of SCP of C. utilis, obtaining 12.6 g/L
of biomass and 39.82% total amino acid content. Furthermore,
bamboo wastewater from bamboo pulping and papermaking was
used for SCP production by C. utilis, achieving 19.17 g/L of yeast
biomass (Li et al., 2009). Wastewater might be considered as a
good carbon and nitrogen source for yeast growth (Hu et al.,
2015), in addition to providing an alternative treatment for this
type of industrial residue.

Urban wastes constitute other alternative substrates for the
production of SCP. Benabda et al. (2018) produced cell biomass
using a commercial baker’s yeast from enzymatic bread waste
hydrolysate, with a yield of 0.77 g/g. In another study, Choi
and Park (2003) produced cell biomass of four yeast species
using waste cabbage juice treated with different pretreatments,
achieving a protein content above 30% and major cell growth of
about 11 g/L. Moreover, other agroindustrial byproducts, such
as residual oils, can also be used for SCP. Juszczyk et al. (2019)
studied the production of Yarrowia lipolytica biomass by using
raw glycerol from rapeseed oil, obtaining cell biomass composed
of up to 46.1% of protein and 21.3 g/L of biomass. Zheng et al.
(2005) evaluated the growth of five yeast species in salad oil
manufactured wastewater, with maximum protein production of
26% (dry weight) by C. utilis. The use of wastewaters and urban
wastes might be an alternative to conciliate the production of SCP
and waste treatment and valorization.

Mineral-Enriched Yeasts

Mineral enrichment of yeast biomass is a new concept; moreover,
the interest in the use of agroindustrial byproducts as feedstock
is increasing along with recent advances in biorefineries. Yeasts
are capable of incorporating high concentrations of minerals
into biomolecules and, therefore, can be applied as carriers for
minerals and other compounds essential for health (Roepcke
et al., 2011; Kieliszek et al., 2017). In general, minerals consumed
from enriched yeasts are more bioavailable and have a low risk
of toxicity (Demirci and Pometto, 2000; Roepcke et al., 2011);
besides, their consumption is associated with the benefits of
consuming yeast biomass, a source naturally rich in proteins and
biologically active compounds.

Yeasts can be enriched with selenium, iron, copper, and
so forth by adding mineral respective salts into the culture
medium, although high concentrations of these compounds
can inhibit cell growth (Arakaki et al., 2011; Gaensly et al.,
2011; Martiniano et al., 2016). Selenium is a non-metal with
an important antioxidant role, protecting against free radicals
and several diseases. The consumption of Se-enriched yeast
biomass has demonstrated better results in animal health
when compared with the consumption of inorganic selenium
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TABLE 2 | Agroindustrial byproducts and wastes used as feedstocks for single-cell protein from yeasts and the obtained maximum protein (%) and maximum

cell biomass (g/L).

Feedstock Microorganism Protein (%) Biomass (g/L) References

Sugarcane bagasse

hemicellulosic hydrolysate

Candida tropicalis 60.05 16.97 Magalhães et al., 2018

Bamboo wastewater Candida utilis N/A 19.17 Li et al., 2009

Black liquor from soda pulping

process

C. utilis 39.82 12.6 Hu et al., 2015

Waste cabbage juice C. utilis, Kluyveromyces

marxianus, Pichia stipitis, and

Saccharomyces cerevisiae

30 11 Choi and Park, 2003

Wheat gluten hydrolysate and

soy protein hydrolysate

Saccharomyces pastorianus N/A 9.23 and 9.85 Xu et al., 2019

Wheat bran C. utilis and Rhizopus

oligosporus

41 N/A Yunus et al., 2015

Sugarcane bagasse S. cerevisiae 13.41 N/A Samadi et al., 2016

Raw glycerol from rapeseed oil Yarrowia lipolytica 46.1 21.3 Juszczyk et al., 2019

Salad oil manufactured

wastewater

C. tropicalis, C. utilis, Candida

boidinii, Rhodotorula rubra, and

Trichosporon cutaneum

26 3.2 Zheng et al., 2005

Bread waste hydrolysate S. cerevisiae (commercial) N/A 25 Benabda et al., 2018

Parboiled rice effluent Saccharomyces boulardii N/A 3.8 Gaboardi et al., 2018

N/A, not available.

(Berntssen et al., 2017; Emamverdi et al., 2018; Falk et al.,
2019), but owing to growth inhibition, most studies have utilized
chemically definedmedium or hydrolysates from byproducts rich
in simple sugars (Esmaeili et al., 2012; Sánchez-Martínez et al.,
2012). However, recently, a patent applied by Martiniano et al.
(2016) demonstrated the potential of lignocellulosic and starchy
agroindustrial byproducts as feedstocks for selenium enrichment
in GRAS yeasts, demonstrating that vegetal biomasses can be
utilized as inexpensive sources of carbohydrates and protein
for the generation of enriched yeasts. Thus, the production
of SCP from agroindustrial byproducts can be associated with
mineral enrichment, provided that medium composition and
fermentative conditions enable cell growth, contributing to the
development of alternative eco-friendly technologies.

Oleaginous Yeasts

Oleaginous yeasts belong to a group of microorganisms that
contain lipid content greater than 20% (dry weight), although
some can produce over 60% of their dry mass, primarily
in triglyceride forms (Donot et al., 2014; Lopes et al., 2018;
Martinez-Silveira et al., 2019). Two metabolic pathways are
involved in this process depending on the type of substrate
applied. In hydrophobic substrates, the lipid production occurs
along with cell growth, while hydrophilic substrates are bio-
modified (Donot et al., 2014; Lopes et al., 2018). The lipid
accumulation by yeasts is directly dependent on medium
composition, requiring nitrogen limitation and generally starting
after the end of cell growth until the depletion of carbon sources,
resulting in the conversion of substrate into oils (Christophe et al.,
2012; Madani et al., 2017).

In general, unsaturated fatty acids correspond to over
40% of lipid content in yeasts, which are also able to
produce polyunsaturated fatty acids and lipids rarely present

in plants, some of them with dietetical and medical relevance
(Papanikolaou and Aggelis, 2011; Donot et al., 2014; Lopes
et al., 2018). The common and abundant fatty acids in
oleaginous yeasts are oleic (18:1), stearic (18:0), palmitic (16:0),
and linoleic (18:2) acids, although their concentrations vary
according to each substrate and yeast strain. Owing to their
high content and composition, microbial oils are considered
good alternative sources of triglycerides for biodiesel production
(Martinez-Silveira et al., 2019).

Microorganisms have the ability to accumulate high
concentrations of oil and to grow fast and do not require
much space to grow; moreover, they are more resistant to
weather changes, when compared with plants (Santori et al.,
2012; Yaşar, 2020). Oleaginous yeasts also have the ability to grow
in various carbon sources, including wastes (Papanikolaou and
Aggelis, 2011), which enables the use of different agroindustrial
substrates, such as lignocellulosic biomass, starchy byproducts,
urban wastes, and waste oils. Moreover, the use of wastes as
feedstock does not directly compete with food production and
also might be an alternative treatment for these residues.

Fermentative processes using waste oils, that is, hydrophobic
substrates, enabled over 30% of lipid accumulation by yeasts in
dry weight. Louhasakul et al. (2018) studied the use of palm oil
mill effluent added with crude glycerol under nitrogen limitation
as a substrate for yeasts Y. lipolytica and C. tropicalis, achieving a
lipid content of 52.7 and 33.5%, respectively, and protein contents
of about 20%. Fatty acid profiles of these microorganisms were
composed of 46.8% oleic acid in C. tropicalis, whereas palmitic
acid was the main lipid in Y. lipolytica, corresponding to
49.8%. Lopes et al. (2018) evaluated the use of pork lard as a
substrate for the growth of Y. lipolytica with lipid accumulation
of 58%, predominantly in the form of oleic (35–53%) and
palmitic (25–48%) acids, followed by linoleic (3–22%) and stearic
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(2–21%) acids, demonstrating a bio-modification of substrate
by increasing its intracellular palmitic and oleic acid content
when compared with the animal fat. In another study, also
with Y. lipolytica, Juszczyk et al. (2019) produced cell biomass
containing 48.2% protein and 30.51% lipids, mainly represented
by oleic, palmitic, and linoleic acids using raw glycerol from
rapeseed oil. The lipid production by yeasts from oils and fats
is not growth associated and does not depend on nitrogen
limitation, being related to the substrate composition (Donot
et al., 2014). Thus, the use of waste oils might be a low-cost
feedstock, because yeasts are able to grow in different substrates
and to perform a bio-modification of initial fatty acids content
into a high value-added product.

Agroindustrial residues, mainly lignocellulosic biomass, are
also applied for the growth of oleaginous yeasts. Antonopoulou
et al. (2020) utilized dried sweet sorghum stalks as a substrate for
single-cell oil associated with ethanol production by Trichosporon
fermentans; the results revealed that the substrate supported
yeast growth and lipid accumulation, with no requirement of
a nitrogen source. Nevertheless, the authors observed that an
enzymatic saccharification step in sorghum stalks increases lipid
production by improving C:N ratio in the medium. T. fermentans
presented 11.5% (w/w) of lipid, primarily composed of oleic
(37.9%), palmitic (23%), and linoleic (19.5%) acids. In another
study, paddy straw hydrolysate was evaluated as feedstock for
Trichosporon mycotoxinivorans, achieving a lipid content of
about 35% (dry weight), composed of oleic (30.84%), palmitic
(18.28%), and stearic (17.64) acids as the main fatty acids (Sagia
et al., 2020). Sugarcane bagasse hemicellulosic hydrolysate was
utilized for the growth of Rhodotorula mucilaginosa with two
stages in the fed-batch process altering C:N ratio to initially
increase cell growth and subsequently lacks nitrogen, resulting
in of 5.35 g/L of cell biomass and 25.3% w/w lipid accumulation
(Bandhu et al., 2019).

Among hydrophobic substrates, starchy byproducts can be
also used for yeast growth and lipid production. Chaturvedi
et al. (2019) studied several agroindustrial wastes (wheat
bran, corn residue, potato peel, cassava peel, yam peel,
banana peel, barley husk, and rice husk) for the growth
of yeasts like Cryptococcus curvatus, Lipomyces starkeyi,
Trichosporon cutaneum, R. mucilaginosa, Rhodotorula
glutinis, and S. pastorianus. The highest lipid accumulation
(52.04% of dry mass) was found with L. starkeyi, which
produced 26.71 g/L of cell biomass when cultivated in rice
residue, whereas wheat bran allowed the highest cell biomass
production (61.0 g/L) with R. mucilaginosa and 4.92% w/w
lipid content. Likewise, in another study, wheat bran and
corn bran hydrolysates were used as substrate for L. starkeyi
with major lipid production of 37.3% w/w, mainly composed
of oleic acid (70%) and 17.1 g/L of cell biomass (Probst and
Vadlani, 2015). Most of plant hydrolysates are hydrophilic
substrates and do not require the addition of nitrogen sources,
considering that single-cell oil production by oleaginous
yeasts requires a nitrogen limitation in the fermentative
medium. Furthermore, the prevalence of oleic acid provides
an additional value to the product (Probst and Vadlani,
2015), as well as other fatty acids with important health

benefits (Papanikolaou and Aggelis, 2011; Donot et al., 2014;
Lopes et al., 2018).

Biopigments
Historically, the first substances that were used by humankind
with the specific purpose of giving color to a material (i.e.,
colorants) were provided by natural sources, such as roots,
berries, and flowers. However, this scenario completely changed
at the end of the 19th century, when the first artificial dye,
mauveine, was synthesized. With the development of organic
chemistry, a variety of synthetic dyes have been produced, and
the cost of production of such molecules was greatly reduced,
decreasing the need for natural dyes (biopigments) and limiting
their availability on the market.

From an economic perspective, biopigments are still less
competitive than synthetic pigments. As an example, the
synthetic form of astaxanthin, one of the most valued
carotenoids, is sold for USD 2,500/kg, whereas its natural source
costs USD 7,000/kg (Ambati et al., 2019). The current scenario
presents two features that indicate that achieving high levels
of biopigment production associated with lower market costs
is imperative: consumer’s demand for biopigments has been
increasing, and in the last decades, a considerable number
of synthetic colorants have been banned as a result of their
hazardous effects (Goswami et al., 2015; Rao et al., 2017;
Ambati et al., 2019).

Comparisons between natural pigments and their synthetic
counterparts should not only be limited to their economic
aspects, but their biological activities and nutraceutical facets
should also be compared. It is well known that biopigments
present a better performance regarding health properties than
their synthetic versions, for example, antioxidant activity and
radical trapping (Murthy et al., 2005; Capelli et al., 2013). More
research focusing on the biological activities of natural and
synthetic pigments as well as its toxicity and bioavailability should
be conducted in order to facilitate regulatory issues and market
appraisal of biopigments.

Biopigments are produced by a variety of plants, but there
is also a great number of microbial species that produce these
compounds, such as fungi, yeasts, algae, and bacteria. Generally,
it is considered that microbial synthesis of biopigments is
more feasible as compared with plant especially because of
the possibility to achieve high yields in a reduced space and
its independence from seasonal factors. However, the elevated
cost of the synthetic substrates that are commonly used in
such bioprocesses reduces the economic feasibility of these
biotechnological ways. As an option to overcome this obstacle,
agricultural byproducts have entered the game (Freitas et al.,
2014; Mata-Gómez et al., 2014; Rao et al., 2017).

The majority of agricultural byproducts are represented by
plant biomass, which are considered as the largest reservoir of
carbon on Earth (Jurado et al., 2011). Agroindustrial byproducts
have been employed for the production of biopigments; to
date, a large variety of byproducts have been used for this
purpose (Table 3).

Byproducts from the coffee industry were successfully applied
for the production of biopigments.Moreira et al. (2018) evaluated
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TABLE 3 | Examples of recent researches focusing on the production of

biopigments employing agroindustrial byproducts.

Agroindustrial

byproduct

Biopigment References

Orange processing

waste

Monascus pigments Kantifedaki et al., 2018

Coffee husk and pulp Carotenoids Moreira et al., 2018

Corn steep liquor,

sugarcane molasses

and raw glycerol

Carotenoids Rodrigues et al., 2019

Corn steep liquor and

parboiled rice waste

Carotenoids Colet et al., 2015

Rice straw and crude

glycerol

Carotenoids Yen et al., 2015

Wheat wastes Astaxanthin Dursun and Dalgıç, 2016

Malt bagasse Monascus pigments Hamano and Kilikian, 2006

Carob pulp syrup and

sugarcane molasses

Carotenoids Freitas et al., 2014

Rice husk, grape

waste, soybean

protein, soybean meal,

pig hair, chicken

feathers, feather meal,

fish meal, cheese whey

Yellow pigments,

monascorubrin, and

rubropunctatin

Lopes et al., 2013

Cassava wastewater Carotenoids Santos-Ribeiro et al., 2019

the use of coffee husk and pulp extract as nutrient sources for the
production of biopigments using yeast R. mucilaginosa. Further,
it was verified that the produced pigment is carotenoids and that
it presented antioxidant and antimicrobial activities. Similarly,
spent coffee grains were also employed in a bioprocess involving
the yeast Sporobolomyces roseus, and it was observed that the
maximum carotenoid concentration was 12.59 mg/L, supporting
the feasibility of the production of enriched yeast biomass by the
utilization of this byproduct (Petrik et al., 2014).

Santos-Ribeiro et al. (2019) proposed the use of cassava
wastewater as a sole nutrient source for the cultivation of
R. glutinis. The results recorded showed elevated values of
cell concentration (10.28 g/L), carotenoids (0.98 mg/L), and
lipids (1.34 g/L).

Another favorable approach that has been investigated for
the production of biopigments is the combination of different
agroindustrial byproducts in a complex culture medium. For
instance, Colet et al. (2017) elaborated a combination of parboiled
rice water, crude glycerol, and corn maceration water for growth
and carotenoid production by Sporidiobolus salmonicolor in a
semicontinuous system. The authors verified that the operation
of this biotechnological process in a semicontinuous system helps
to increase the carotenoid production by nearly 55% than does a
fed-batch process (Colet et al., 2015).

Besides the enormous versatility of plant biomass for the
production of biopigments through biotechnological approaches,
wastewaters from food and beverage industries are also an asset
for this field. The high values of biological oxygen demand
(BOD) and chemical oxygen demand (COD) presented by such
effluents represent a complication to their disposal, however, it
is a beneficial for some microbes. β-Carotene was successfully

produced by the yeast R. glutinis as a brewery waste (Schneider
et al., 2013), whereas R. mucilaginosa carotenoids were obtained
in a culture medium based on rice parboiling wastewater and
other agricultural byproducts (Rodrigues et al., 2019).

Some carotenigenic yeasts are also remarkable oil producers;
therefore, agroindustrial byproducts can be employed as
substrates for the generation of both biopigments and microbial
oil. For instance, microbial oil and carotenoids were obtained
simultaneously by oleaginous yeast (R. glutinis and Rhodotorula
gracilis) grown on cassava wastewater (Santos-Ribeiro et al., 2019)
and potato wastewater combined with raw glycerol (Kot et al.,
2020). Single-cell oil is an expensive biomolecule, especially in
a biorefinery context, because fatty acids and glycerol can be
used as precursors of a wide range of value-added products,
such as biodiesel, emulsifiers, and polymers (Jin et al., 2015).
Hence, it is interesting to explore bioprocesses for the generation
of biopigments and microbial oils with the employment of
agricultural byproducts and also to study scaling-up processes.

Along with the environmental and economic benefits of
biopigment production from agroindustrial byproducts, it must
be highlighted that many of these valuable molecules not only
have coloring property but also present crucial bioactivities such
as anti-inflammatory, antimicrobial, and antitumor activities;
free radical scavenging; and antioxidant activity. Moreover,
specific biopigment such as carotenoids can also be used
as provitamin A. The filamentous fungi Monascus has been
extensively cultivated both in solid state and in submerged
cultivation systems for the production of biopigments like
rubropunctatin and monascorubrin, which have potential
antimicrobial activity, whereas other pigments from this fungus
have displayed anticholesterolemic effects and antitumor activity
(Patakova, 2013).

One of the most essential biological properties to human
health is the antioxidant activity, which helps in the prevention
of numerous diseases (cancer, eye conditions, liver problems,
etc.) (Stahl et al., 1997; Hernández-Almanza et al., 2014; Dursun
et al., 2016; Barredo et al., 2017). Carotenoids are recognized
as an important group of antioxidants, and they are included
in the human diet by daily consumption of vegetables (e.g.,
carrot, tomato, and pumpkin), but yeasts and fungi are also
remarkable producers of these biopigments, which could be
obtained in biotechnological facilities, purified, and sold as
health supplements.

Carotenoids from three wild yeast species were successfully
obtained after cultivation in a series of agroindustrial byproducts
(raw glycerol, corn steep liquor, and sugar cane molasses), and
the biopigment extracts showed a notorious antioxidant
activity (Cipolatti et al., 2019). Promising results were
reported by Moreira et al. (2018), where carotenoids extracted
from R. mucilaginosa CCMA0156 exhibited antioxidant
and antimicrobial activities against pathogenic bacteria
and fungi. These results demonstrated that there is a vast
biotechnological potential that needs a deeper investigation
regarding nutraceutical features and biological activities of
microbial biopigments.

Most of the studies on production of microbial biopigments
utilized agroindustrial byproducts and their hydrolysates with
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commercially available nutrients, such as inorganic salts or
purified organic extracts (Schneider et al., 2013; Goswami
et al., 2015; Panesar et al., 2015; Cardoso et al., 2016; Liu
and Zhu, 2017). Nonetheless, it has been demonstrated that
it is possible to obtain microbial growth and biopigment
production by elaborating a culture medium composed only
of agroindustrial derivative products (Colet et al., 2017; Lin
et al., 2019; Urnau et al., 2019; Kot et al., 2020). Because
it is well known that agricultural wastes possess a variety of
nutrients andmicronutrients and that a wide number ofmicrobes
that synthesize biopigments are versatile organisms in terms of
metabolic activity, it is of great relevance to this field that more
studies based exclusively on agroindustrial byproducts need to be
developed. In such way, it will be possible to optimize biopigment
production by applying sustainable biotechnological strategies
and reducing production costs.

Before selection of any agricultural byproducts as sources
of nutrients for the production of biopigments, different
aspects must be taken into consideration such as availability
of the biomass, costs involved in its pretreatment, inhibitors’
tolerance of the involved microorganism, and capability of such
microorganism of fermenting C5 sugars.

The sugarcane industry is one of the main agribusinesses in
the world, and the industrial activities related to sugar and alcohol
generation produce mainly three byproducts: bagasse, molasses,
and press mud (Sarker et al., 2017; Sahu, 2018). Sugarcane
bagasse has been extensively used in biotechnological processes
because not only of its low cost and great availability but also
of its rich composition. Data available in literature presented
that this byproduct is predominantly composed of glucan (40–
50%), hemicellulose (17–30%), lignin (20–25%), ash (1–4%),
and extractives (4–9%) (Szczerbowski et al., 2014). Like other
bioproducts, biopigments can also be produced using sugarcane
bagasse through both submerged and solid-state fermentations.

Pigments from the filamentous fungus Monascus ruber were
successfully obtained in a culture media based on sugarcane
bagasse hydrolysate. Terán-Hilares et al. (2018) demonstrated
that under dark conditions, sugarcane bagasse hydrolysate
inoculated with M. ruber resulted in a higher amount of red
pigment production compared with a glucose-based culture
medium. The authors also observed the recovered pigments
presented significant thermal stability.

Sugarcane bagasse hydrolysate was also indicated as a feasible
carbon source for the yeast Phaffia rhodozyma, which was
able to metabolize its main sugars, resulting in favorable cell
yield. Furthermore, this research demonstrated the importance
of studying the effect and optimizing the C:N ratio regarding
the biotechnological production of biopigments, especially
when dealing with complex hydrolysates, because the use of
this renewable carbon source resulted in a lower cell-specific
productivity when compared with reagent-grade sugar solutions
(Montanti et al., 2011).

Sugarcane molasses is a byproduct with a complex
composition: nearly 50% of sugars (mainly glucose, sucrose, and
fructose) and low levels of lipids, proteins, vitamins, organic
acids, and heavy metals (Freitas et al., 2014; Liu and Zhu, 2017).
The main employments of this byproduct are energy generation,

ethanol and organic acid production, animal feeding, raw
materials for rum production, and ingredients of some foods
(Sindhu et al., 2016).

Molasses is a favorable substrate for the production of
biopigments by different species of yeasts, however, it has
also limitations. During the production of carotenoids by the
yeast Rhodosporidium toruloides, using sugarcane molasses as
substrate, it was reported that its high concentration inhibits
cell growth (Freitas et al., 2014). Moreover, some studies
on the production pigments involving the use of yeasts and
agroindustrial byproducts as nutrient sources are presented
in Table 4.

Rodrigues et al. (2019) studied the production of biopigment
and cell concentration using sugarcane molasses and yeast
R. mucilaginosa CCT7688. The results obtained indicated that
there was a significant increase in carotenoid production and cell
concentration with increase in the amount of sugarcanemolasses.
Moreover, it was also reported that the combined use of corn
steep liquor and sugarcane molasses in a fed-batch fermentation
system can increase the total carotenoid production by 400%
when compared with the batch processes, demonstrating the
biotechnological feasibility of reducing production costs of high-
valued compounds by incorporating an agroindustrial byproduct
to the process. As discussed above, yeasts and fungi that produce
biopigments are versatile organisms in the context of substrate
utilization and environmental parameters and, furthermore, are
able to produce a variety of high-valued molecules. Despite of
these features and the expressive amount of studies involving
sugarcane processing byproducts and biopigment production,
there is few literature regarding biorefinery concepts for the
production of biopigments from yeasts or filamentous fungi
(Ferreira et al., 2016; Routray et al., 2019; Parsons et al., 2020).

Other interesting alternative raw materials include rice,
soybean, and wheat bran that resulted from the milling processes
of these materials. The protein content in rice and wheat bran
is nearly 15%, whereas for soybean bran, it ranges from 40 to
50% (Tsigie et al., 2012; Prückler et al., 2014; Zhang et al., 2015).
The high protein percentage in such byproducts makes them an
attractive source of nitrogen for the production of biopigments,
especially carotenoids, because some researches pointed out that
the use of complex nitrogen sources and low C:N ratio favors
the synthesis of these metabolites (Bhosale and Gadre, 2001;
El-Banna et al., 2012).

Monascus species have been grown on rice to obtain fermented
foods (e.g., angkak rice) for many centuries (Lin et al., 2008),
and the knowledge acquired from traditional techniques was
the basis for many biotechnological types of research based on
byproducts from the rice agroindustry. As an example, Singh
et al. (2015) optimized a culture medium based on rice water
and ammonium nitrate for pigments by Monascus purpureus
MTCC369 and the best red pigment yield (20.44 U abs of
500 nm/mg of dry fungus biomass) was measured when the only
medium component was rice water.

Similarly, rice bran is also a versatile product
for biotechnological applications, and according to
Roadjanakamolson and Suntornsuk (2010), it is possible to
produce β-carotene-enriched rice bran, especially for animal
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TABLE 4 | Biopigment production using different corn byproducts.

Agroindustrial byproduct Microorganism/biopigment Production References

Glycerol, corn steep liquor,

and parboiled rice waste

Sporidiobolus salmonicolor

CBS 2636/carotenoids

4,400 µg/L Colet et al., 2015

Corn steep liquor with

sugarcane molasses

Rhodotorula mucilaginosa

CCT 7688/carotenoids

3,726 µg/L Rodrigues et al., 2019

Raw glycerol and corn

steep liquor

Sporidiobolus

pararoseus/carotenoids

635 µg/L Cipolatti et al., 2019

Sugarcane molasses and

corn steep liquor

S. pararoseus/carotenoids 830 µg/L Cipolatti et al., 2019

Corncob powder Monascus purpureus

KACC 42430/red pigments

25.42 OD units/g dry fermented substrate Velmurugan et al., 2011

Corncob and glycerol M. purpureus ATCC

16436/orange and red

pigments

133.77 and 108.02 color value units/ml Embaby Id et al., 2018

Corncob hydrolysate Monascus sp./red

pigments

25.8 ± 0.8 UA500/ml Zhou et al., 2014

feeding, by utilizing it as a solid substrate for the yeast R. glutinis.
Moreover, it was also reported that the type of feedstock plays
an important role in biopigment production, because β-carotene
production was found to be reduced when a byproduct like
sugarcane molasses and bagasse is used.

Likewise, biopigment production employing byproducts from
wheat processing is another interesting approach. Wheat straw
hemicellulosic and cellulosic hydrolysates were evaluated as
carbon sources for carotenoid production by R. toruloides
NRRL Y-1091, and the feasibility of this proceeding was
related to efficient detoxification of the hydrolysates by a
low-cost method, a key parameter for the scaling-up of the
process (Liu et al., 2020). Another significant research was
conducted by Dursun and Dalgıç (2016), and it was based on
the production of a highly valued carotenoid, astaxanthin, by
different yeast species (Yamadazyma guilliermondii, Y. lipolytica,
Xanthophyllomyces dendrorhous, and S. salmonicolor) in solid-
state cultivation.

By comparing red pigment production of M. purpureus
CMU 001 in different agroindustrial wastes, Nimnoi and
Lumyong (2011) observed that cornmeal gave better production
results (19.4 U/gds) than did peanut meal, coconut residue,
and soybean meal and that it was possible to increase the
process yield by supplementing this material with soybean
meal (22.50 U/gds), peanut meal (52.50 U/gds), and coconut
residue (63.50 U/gds).

Biosurfactants
In the last few years, the natural surfactants or BSs have been
highlighted in academic studies and various industries owing to
their versatility and properties. BSs are molecules produced by
animals (pulmonary surfactants and bile salts), plants (saponins),
and microorganisms that present tensoactive and/or emulsifier
properties (Shekhar et al., 2015). Besides, some studies reported
antimicrobial, antitumor, algicidal, larvicidal, and insecticidal
activities for these compounds (Wu et al., 2017; Franco-
Marcelino et al., 2017; Liu et al., 2019). These biomolecules
are considered eco-friendly or green compounds owing to their
high biodegradability, low or non-toxicity, and biocompatibility,

not causing risks to the environment and animals, plants, and
humans (Fenibo et al., 2019).

Among the natural surfactants, most of the studies are
developed with the microbial BSs, because microorganisms
present faster and greater productivity than do plants. The
members of genus such as Pseudomonas and Bacillus have been
recognized as good BS producers, however, owing to their non-
GRAS status, the BSs produced by those bacteria have restricted
applications, especially in the food and pharmaceutical industries
(Barth and Gaillard, 1997; Fontes et al., 2008). On the other hand,
yeasts used for BS production have GRAS status and present
cell structures that are more resistant to the secreted BSs in the
culture medium when compared with bacteria, making them
more attractive for the industrial production of these metabolites
(Monteiro et al., 2009).

Microbial BSs are classified in glycolipids,
lipopeptides/lipoproteins, polymerics, phospholipids, neutral fat
acids, and complexes. Some studies also report the production
of BSs of the nucleolipid type by some bacteria (Isono et al.,
1985). The most common and applied microbial BSs, mainly in
the food chemical, pharmaceutical, and cosmetic industries, are
glycolipids and lipopeptides/lipoproteins, such as rhamnolipids
(RML), sophorolipids (SPL), mannosylerythritol lipids (MEL),
and surfactin (SUF) (Santos et al., 2016). Figure 3 shows the
main produced BSs in the world and their applications.

The physical, chemical, and biological properties of BSs
facilitate their use in several sectors for different applications. BSs
like glycolipids are usually used as feed additives, food emulsifiers
(to replace lecithins, which cause allergies in many people),
drug delivery nanosystems for the treatment of various diseases,
formulations of oral care products, adjuvant agents in vaccines,
and biopesticides; for seed treatment and coating; and in the
development of polymers aiming for paint formulations for 3D
printing (Gao et al., 2007; Naughton et al., 2019). From the wide
range of applications of BSs, it can be considered as one of the
important high value-added products in biorefineries. However,
it is also noteworthy that the BSs produced in biorefineries
using agroindustrial byproducts for application in the food
and pharmaceutical industries require high-cost downstream
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FIGURE 3 | Main BS-producing companies in the world and their applications. BS, biosurfactants.

methods that guarantee greater purity of the final product,
making the product more expensive. On the other hand, BSs
used for agricultural purposes do not require severe purification
processes, reflecting on the costs of the final product.

Despite the versatility and advantages of BSs, the production
of these compounds has, until now, low viability, because the
process costs are high, reflecting on the final price of the products.
According to Cameotra and Makkar (1998), raw materials
represent up to 30% of the costs of a bioprocess. An alternative
to minimize this problem is the use of industrial byproducts as
raw materials in BS production. Billions of tons of byproducts
are produced every year in agriculture and agroindustries.
Owing to the presence of macroelements and microelements,
such as protein, lipids, carbohydrates, vitamins, and mineral
salts, the agroindustrial byproducts are considered potential
raw materials for the BS production (Makkar et al., 2011;
Torres-León et al., 2018).

The BS fermentation process generally uses oils and oily
byproducts from the food industries and glycerin from the
biodiesel industry as rawmaterials (Makkar et al., 2011; Bhardwaj
et al., 2013; Table 5), but byproducts rich in carbohydrates,
such as molasses, are also used in BS production (Tan and Li,
2018). Generally, the BS fermentation uses oily (hydrophobic)
byproducts combined with sugars or sugary (hydrophilic)
byproducts as carbon sources, as a strategy to increase the yield
(Fontes et al., 2008).

Some lignocellulosic byproducts have been used for the
production of BSs. The use of different biomasses as raw
materials for the production of hemicellulosic hydrolysates for BS
generation is described in the literature, such as trimming vine
shoots (Bustos et al., 2005), barley bran, corncobs and Eucalyptus
globulus (Moldes et al., 2006), distilled grape marc (Portilla-
Rivera et al., 2007), sweet sorghum bagasse hydrolysate (Samad

et al., 2014), orange peel (Kumar et al., 2016), sugarcane bagasse
(Franco-Marcelino et al., 2017; Marcelino et al., 2019), waste
office paper (Nair et al., 2018; Nair et al., 2020), and xylose−rich
corncob hydrolysate (Chen et al., 2019).

Among the main problems in the use of lignocellulosic
byproducts as raw materials for the production of BSs
in biorefineries are the presence phenolic compounds and
metals generated after the pretreatment, which can inhibit the
microbial growth and reduce the bioprocess yield (Santos et al.,
2018). To solve the toxicity problem of hydrolysates, resistant
engineered microorganisms and acclimatization methods for
wild microorganisms can be applied. The use of genetically
modified microorganisms, although extensively studied, presents
as a main problem the instability of the strain along industrial
bioprocesses. The acclimatization of microorganisms, despite
being a simpler and slower technique, usually brings good results
as it presents viable costs.

The production of BSs using agroindustrial byproducts as
raw materials is still underexplored, however, it is attractive
for lignocellulosic biorefineries because BSs are products with
high added value. Further studies for the development of this
promising technology (bioreactors, medium composition,
and fermentation conditions) are required as well as the
technical and economic feasibilities of these sustainable
processes and products.

Challenges and Way Forward in the
Development of Biorefinery
As far as the challenges in the development of biorefinery are
concerned, there are many significant barriers to the elaboration
of a self-sufficient biorefinery industry (Fernando et al., 2006).
Some of these barriers are briefly enlisted in the Introduction.
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TABLE 5 | Raw materials used in BS production.

Raw

materials/carbon

sources

Biosurfactant (BS) produced References

Animal fat and

glucose

Glycolipid Deshpande and

Daniels, 1995

Potato waste Lipopeptide/lipoprotein Thompson et al.,

2001

Oil refinery residual

hydrocarbons

Glycolipid Bednarski et al.,

2004

Corn oil Glycolipid Pekin and

Vardar-Sukan,

2005

Glycerol Glycolipid Morita et al., 2007

Waste from

vegetable oil

industries

Complex BS Rufino et al., 2007

Residual cooking oil Glycolipid Shah et al., 2007;

Yañez-Ocampo

et al., 2017

Soy molasses Glycolipid Solaiman et al.,

2004, 2007

Waste from

soybean oil

industries

Rufino et al., 2008

Peanut oil Glycolipid Sobrinho et al.,

2008; Coimbra

et al., 2009

Soybean oil Not identified Thaniyavarn et al.,

2008

Cane molasses and

residual soybean oil

Glycolipid Daverey and

Pakshirajan, 2009

Dairy industry

effluents

Glycolipid Monteiro et al.,

2009

Deproteinized whey

and glucose

Glycolipid Daverey and

Pakshirajan, 2009

Waste from

vegetable oil

industries

Glycolipid Gusmão et al.,

2010

Glycerol Glycolipid Liu et al., 2011

Molasses/cheese

whey

Glycolipid Anandaraj and

Thivakaran, 2010

Biodiesel refinery

(waste glycerol)

Complex BS Monteiro et al.,

2012

Glycerol Glycolipid Bezerra et al., 2019

Coffee wastewater Lipopeptide/lipoprotein Yañez-Ocampo

et al., 2017

However, the technological challenges are presented as the
most relevant issue among the presented barriers, because
most of the currently used biorefining technologies are very
old and directly affect the production yield of generated
products in the biorefinery. The conventional techniques like
pretreatment methods used for various feedstocks and enzymatic
hydrolysis have many disadvantages, like low efficiency and
operational high cost. Moreover, apart from these, various
other challenges affect the success of integrated biorefinery,
including political andmarket resistance, and a lack of supporting
infrastructure such as feedstock, fuels, and transportation.

Besides, market development and penetration issues are also
major concerns1.

Therefore, overcoming these barriers is the only way
forward to make the biorefinery self-sufficient. The technological
challenges are usually addressed through the development of
novel technological solutions by proper research. There is an
urgent need to develop novel, eco-friendly, and economically
viable technologies. The conventional pretreatment methods
should have other alternatives. Some of the studies revealed
that nanotechnology can be effectively used in the development
of promising pretreatment methods with the help of specific
nanomaterials (Ingle et al., 2020a,b). Similarly, the disadvantages
associated with another step involved in biofuel production, that
is, enzymatic hydrolysis, can be managed using nanotechnology.
The immobilization of enzymes involved in the enzymatic
hydrolysis on magnetic nanoparticles facilitates the repeated use
of the same enzyme for multiple cycles of hydrolysis, which
ultimately helps to reduce the cost involved in the process (Rai
et al., 2019). Therefore, such novel and worthy technological
solutions should be implemented after an extensive investigation
for higher production yield at a lower cost. Apart from these,
other challenges related to feedstock cost, transportation, and
so forth can be managed through efficient improvements
throughout the supply chain along with supporting analysis.
Similarly, problems associated with political and market
resistance should be addressed by making effective policies and
implementing them at different levels.

CONCLUSION

The increasing demand for various biorefining biobased
products and environmental policy has strongly recommended
the recycling and reuse of materials. In this context, the
utilization of agroindustrial byproducts or residues has attracted
a great of attention from the scientific community considering
their rich nutrient contents and bioactive compounds. Different
agroindustrial byproducts contain a variety of sugars, minerals,
and proteins, and hence, they are considered as potential
“raw material” instead of “wastes” for biorefining processes.
In this context, adequate pretreatment must be chosen for
each utilized biomass, aiming at the proper release of sugars
and other nutritional molecules and promoting the adequate
media elaboration and generation of several biobased products
like biopolymers, nutritional yeast, biopigments, and BSs. The
nutrients present in such byproducts can be used as an effective
medium for the prolific growth of microorganisms, which
consequently helps in the production of high-value biobased
biorefining products. It is true that to obtain the required
nutrients for fermentation processes using agroindustrial
byproducts as raw material, preprocessing or pretreatment
of these byproducts is necessary. Some of the conventional
approaches have been commonly used for such treatments, but
owing to their certain limitations, there is a necessity to develop
novel, environment-friendly, and cost-effective alternative

1https://www.energy.gov/

Frontiers in Energy Research | www.frontiersin.org 16 July 2020 | Volume 8 | Article 152

https://www.energy.gov/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles


Philippini et al. Agroindustrial Byproducts for the Generation of Biobased Products

approaches for effective pretreatment of agroindustrial
byproducts. The utilization of agroindustrial byproducts as
raw materials can help to reduce the production cost and
can contribute to the recycling of waste as well to make the
environment eco-friendly. Moreover, it will also help in the
successful development of a biobased economy through the
biorefinery platforms.
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