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Agricultural, forestry, and food industries produce large
amounts of lignocellulosic wastes every year. Land disposal of
these residues without proper treatment leads to environ-
mental pollution and negative health effects. The recent ad-
vances in valorization of agro-industrial wastes by the
production of lignocellulolytic enzymes under solid-state
fermentation (SSF) are reviewed. SSF is a promising tech-
nology to produce lignocellulolytic enzymes. However, the
large-scale feasibility is the main challenge of SSF being the
control of operational parameters and adequate reactor design
the first locks. The current and future trends of SSF bioreactors
for lignocellulolytic enzyme production are summarized. SSF
allows the production of lignocellulolytic enzymes with high
stability at different temperatures and pH, improving their
applicability in different industrial settings.
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Introduction

Agricultural and food industrial activities generate large
volumes of residues every year [1]. The sectors of agri-
culture, forestry, and fishing produced close to 21
million tons of wastes in the European Union during
2018 [2]. Nonetheless, higher waste production is

expected in the next decades owing to the growth of the
world population and the subsequent increase in food
production [3].

The disposal of these materials is highly important and,
when performed inadequately, may lead to environ-
mental impacts [1]. Thus, waste management legisla-
tion became more restrictive in recent years. The
European Commission’s Circular Economy Action Plan
comprises several actions to promote resource efficiency,
moving toward a more sustainable world with less waste
production (European Commission, 2019) [4].

However, the strategies currently used concerning agro-
industrial wastes still hold some drawbacks. While un-
planned landfilling and burning of wastes for energy
purposes result in a negative environmental impact [5],
their utilization as animal feed is impaired by low di-
gestibility and the presence of antinutritional factors
[6]. As per Directive 2008/98/EC of the European
Parliament, agro-industrial wastes can be considered as
by-products, when they can be used directly in
other processes without any further processing, and
further use is certain and lawful without adverse envi-
ronmental or human health impacts.

Biotechnology can be a suitable tool to transform the
agro-industrial wastes and by-products into raw mate-
rials to produce value-added products. In this sense,
solid-state fermentation (SSF) is a biotechnology pro-
cess with low environmental impact and low cost that
can use directly agro-industrial by-products without
pretreatments [7]. Most of these wastes and by-
products are of lignocellulosic nature, which can favor
the growth of microorganisms to produce lignocellulo-
lytic enzymes [8]. The world market of enzymes could
reach $7.0 billion in 2023 [9]. Lignocellulolytic enzymes
represent more than 20% of worldwide sales of
commercially available enzymes [10] and have applica-
tions in textile, food, animal feed, paper, biofuel, and
pharmaceutical industries [9]. Table 1 shows the ad-
vantages and disadvantages of SSF compared with sub-
merged fermentation. The industrial production of
enzymes was focused on submerged fermentation
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2 Sustainable solutions for renewable wastes

Table 1

Advantages and disadvantages of SSF compared with submerged fermentation.

Advantages

Disadvantages

Cost-effective

Eco-friendly

Less energy

Higher yield of enzymes

Produces less wastewater with less risk of bacterial contamination
The process is less prone to problems with substrate inhibition.

The fermentation time may be shorter.

The degradation of enzymes by undesirable proteases is minimized.

Engineering problems by increase of temperature, oxygen, heat,
and mass transfer; pH control; substrate and moisture gradients;
nonuniformity of the cell mass; temperature; pH; nutrients; moisture
content

Steady aeration is difficult.

Biomass measurement for microbial growth

Growth and kinetics study is still difficult.

SSF, solid-state fermentation.
[12,55].

because it is easier to control the process and there are
more industrial bioreactors. Despite the fact that SSF is
often a longer process, the production of enzymes is
higher, so that it has higher productivities than sub-
merged fermentation. In addition, sometimes, the
cultivation time of SSF of agro-industrial wastes for
enzyme production can be shorter than submerged
fermentation [11]. The lower water activity of solid
substrate limits the growth of many microorganisms;
thus, the sterilization step can be avoided, reducing the
cost of process [7]. Other advantage of SSF is that the
higher concentration of enzymes in SSF favored the
downstream processing with respect to submerged
fermentation [12].

The aim of this article is to review the recent advances
in SSF of agro-industrial wastes and by-products as a
sustainable solution to produce lignocellulolytic en-
zymes, focusing on SSF bioreactors.

Agro-industrial wastes with potential to be
used in SSF for lignocellulolytic enzymes
Agro-industrial wastes are nutritionally rich, presenting
high amounts of proteins, sugars, and minerals,
combining the perfect environment for microbial growth
[13]. SSF is a fermentative process that uses solids as a
substrate for the growth of microorganisms and occurs in
the absence or near absence of free water. However, the
solid substrate must contain enough water to support
the growth and metabolism of microorganisms [14].
This biotechnological process can use agro-industrial
wastes as a substrate, which simultaneously serve as a
support and source of nutrients for microbial growth,
filamentous fungi being the best adapted to these con-
ditions [7].

Recent studies reported the use of a wide range of
organic residues as cheap substrates in SSF including
rice bran, wheat bran, grape pomace, brewer’s spent
grain, oilseed cakes, coffee husk, wood chips, and olive
pomace [15—20]. In fact, the vast majority of agro-

industrial wastes used in SSF studies are lignocellu-
losic materials. The choice of an appropriate substrate
influences the successful production of enzymes. As a
matter of fact, lignocellulosic fractions are quite
important once they can act as inductors or inhibitors for
the production of ligninolytic enzymes [21]. The con-
centration of each lignocellulosic fraction affects the
production of lignocellulolytic enzymes. Taherzadeh
et al. [22] considered wheat bran as a proper source of
carbon for the production of cellulases owing to the
presence of low amounts of lignin and high levels of
cellulose and hemicellulose. Tani et al. [23] reported
the positive effect of cellulose in the production of
cellulases and hemicellulases. In addition, Mejias et al.
[21] reported lower cellulase production when the cel-
lulose content of substrates is lower than 30%. Recently,
advances in genome sequencing of a microorganism
producer of lignocellulolytic enzymes have been
explored; the genes of Bacillus velezensis linked to the
degradation of xylan, cellulose, and lignin were identi-
fied [24], and they were related to the induction effect
of xylan and cellulose content in the substrate.

Among the by-products explored, wheat bran is the most
effective for xylanase and cellulase production by SSF;
thus, it is used as a cosubstrate with other agro-
industrial wastes [25]. Orange pomace is the main by-
product used for pectinase production owing to the high
content of pectin, which acts as an inductor [26,27].
The mixture of agro-industrial wastes is a strategy
widely used to carry out SSF [15,28,29] because a single
by-product may not provide all the essential nutrients
for microbial growth.

The use of lignocellulosic wastes as substrates offers the
possibility to reduce the production costs of ligno-
cellulolytic enzymes because the costs of raw materials
represent the third part of enzyme production costs
[30]. Thus, the choice of a solid substrate plays an
important role in the economic feasibility of
enzyme production.
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Production of lignocellulosic enzymes in
SSF bioreactors

The great challenge of SSF is the scale-up of the pro-
cess, and many studies on this topic have been reported
recently. The use of SSF bioreactors to ferment agro-
industrial wastes is mainly focused on cellulase, xyla-
nase, and pectinase production.

Despite SSF process offering several advantages, fully
developed bioreactors with a simple design and auto-
matic process control are almost inexistent on the
market [31]. The main problems of scaling up the pro-
duction of enzymes by SSF are related to temperature,
pH, moisture, and oxygen gradients inside of the
bioreactor [32], which are due to the difficult agitation
of the solid substrate. The bioreactors for SSF are
designed to overcome these problems. They can be
divided into four categories (Figure 1), based on the
mode of operation: tray bioreactor, packed-bed biore-
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bioreactor [33]. Tray bioreactors have a bed that remains
almost static, and the air is circulated around it, not
being forced to flow through. In packed-bed bioreactors,
the bed remains static or is mixed infrequently with the
air being blown forcefully into the bed, having to flow
through the bed to get out. Differently, in the fluidized-
bed bioreactor, the bed is agitated continuously, with air
being blown forcefully into the bed, having to flow
through the bed to get out. Finally, in the rotary drum
bioreactor, the bed is constantly agitated in a horizontal
drum, with the air being circulated through the head-
space above the bed, not being forced to flow through
the bed itself [34].

"Table 2 shows recent studies of lignocellulolytic enzyme
production using SSF bioreactors. 'Iraditional bio-
reactors such as the tray type and packed-bed type
continue to be the most used. The main advantage of
the tray type is that the results easily scaled up, thus
being reproducible at an industrial scale, because the
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Bioreactors for SSF. (a) Tray; (b) packed-bed, (¢) rotary drum, (d) fluidized bed bioreactor. SSF, solid-state fermentation.
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Table 2

Recent studies (2017-2020) on SSF bioreactors used for enzyme production.

Enzyme Microorganism Substrate Length of Enzyme Bioreactor/solid (g) Reference
the SSF productivity
Cellulase Myceliophthora Sugarcane bagasse and 4 days 18.75U g ' d™' Packed bed/620 g [25]
thermophile wheat bran
Aspergillus ibericus Winery and olive mill waste 14 days 4.0Ug'd™ Tray/400 g [15]
Trichoderma asperellum Mixture of vine shoots, 7 days 277U g 'd' Packed bed/40 g [29]
jatropha cake, olive
pomace, olive oil
Xylanase Aspergillus niger Wheat bran 3 days 973U g 'd™ Tray/100 g [56]
M. thermophile Sugarcane bagasse and 4 days 100U g ' d’ Packed bed/620 g [25]
wheat bran
Aspergillus ibericus Winery and olive mill waste 14days 135Ug'd™' Tray/400 g [15]
B-glucosidase Aspergillus ibericus Winery and olive mill waste 14 days 0.8U g d™ Tray/400 g [15]
Aspergillus niger Coffee industry waste 5 days 872U g "'d' Packed bed [57]
B-mannanase Aspergillus niger Coffee industry waste 5 days 127Ug'd' Packed bed [57]
Pectinase Aspergillus niger Wheat bran and sugarcane 1 day 2Ug'd? Packed bed/30 kg [26]
bagasse
Aspergillus niger Wheat bran, citric pectin, 4 days 446U g 'd"' Rotating drum/2.5 kg [28]
glucose, and salt solution
Aspergillus niger Orange pomace and 4 days 175Ug'd"' Tray/285¢g [27]
sugarcane bagasse
Aspergillus niger Orange pomace 4 days 11.3Ug'd"' Rotating drum/285 g
Polygalacturonase Aspergillus niger Cashew apple 77 h 215Ug'd" Tray/500 g [58]
Laccases Trametes versicolor Corn stalk 13days 053Ug'd"' Tray [39]
Coriolus versicolor Sweet sorghum bagasse 20days 11.1Ug'd"' Tray/25¢g [38]
Lignin peroxidase  Coriolus versicolor Sweet sorghum bagasse 20days 026Ug'd' Tray/25¢g [38]
Mn peroxidase Coriolus versicolor Sweet sorghum bagasse 20days 1.4Ug'd’ Tray/25 g [38]

SSF, solid-state fermentation.

height of the bed can be maintained, only varying the
number of trays [7]. On the other hand, the perfor-
mance of packed-bed bioreactors is affected by scaling
up from the bench to pilot scale, mainly owing to limi-
tations of heat transfer and air diffusion [25].

As depicted in Table 2, most of the works reporting on
enzyme production by SSF of agro-industrial wastes are
focused on cellulases, xylanases, and pectinases, but
other enzymes such as laccases and peroxidases have
also been pursued.

Trichoderma reesei and  Aspergillus niger are the most
important industrial producer of lignocellulolytic en-
zymes [35]. Other microorganisms are also being studied
in the last years, as can be seen in Table 2. An interesting
alternative is the use of the thermophilic fungus for
enzyme production [25]. These strains can produce en-
zymes with higher thermostability that present impor-
tant advantages for several industrial settings [36].

The great challenge for lignocellulosic waste valorization
into value-added products is delignification [37].
Lignocellulolytic enzymes linked to the degradation of
lignin are the laccases, lignin peroxidases, and Mn per-
oxidases. Lignin acts as a rigid barrier, which hinders the
access of enzymes to cellulose [38]. White-rot fungi can
grow on lignocellulosic materials and to produce

peroxidases for degradation of the lignin fraction [39],
improving the subsequent enzymatic hydrolysis of cel-
lulose fraction. However, the production of ligninolytic
enzymes in bioreactors was hardly studied, focusing on
the use of tray-type bioreactors.

Application of lignocellulosic enzymes
produced by SSF

Lignocellulolytic enzymes such as xylanases, cellulases,
laccases, and lignin peroxidases obtained in SSF by fungi
or bacteria are used in several industries owing to their
ability to hydrolyze fibers and release polyphenolic
compounds. The enzymes are extracted from the
fermented solid by i situ recovery of aqueous solutions
in SSF bioreactors or other bioreactors. The downstream
process consists of the obtention of crude extract with a
filtration step to remove the fermented solid, ultrafil-
tration to remove the microorganism, and concentration
of the product and lyophilization to obtain the enzyme
as a dry solid [40].

The enzymes produced by SSF show generally higher
stability than the ones produced by submerged
fermentation at different temperatures and pH [41].
The thermostability and resistance to alkaline or acidic
conditions are important for the application of enzymes
in the industrial processes [42].
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Lignocellulolytic enzymes can enhance the nutritional
value of feed ingredients with a high amount of fiber
because they can aid in the disruption of the lignocel-
lulosic structure by degrading B-1,4 bonds in cellulose
[43]. Different studies have observed an improvement
in feed utilization and growth performance of rumi-
nants, broilers, and pigs [44,45].

In food industry, polygalacturonase, cellulases, and
xylanases are frequently used in juice, beer, and wine
industries owing to their ability to clarify juices obtained
from fruits and vegetables, turbidity of which is caused
by floating cellulosic materials [46—48]. They also
decrease the viscosity of juices, beer, and wine, facili-
tating the filtration of these products and improving the
yield of these beverages [49]. Laccases can be used for
stabilization of wine beer and juice [50]. Lignin perox-
idases are used in the production of natural aromatic
compounds through lignin degradation [51].

Lignocellulosic enzymes can be used to produce second-
generation biofuels by hydrolyzing hemicellulose and
cellulose to simple sugars and, subsequently, using these
sugars to obtain ethanol [52]. The optimal conditions of
enzymatic hydrolysis and the pretreatment of biomass
should be studied to achieve 100% yields of glucose and
xylose [52].

Lignocellulolytic enzymes can be used in textile in-
dustries for various purposes [53]. In pulp and paper
industries, a mixture of several enzymes obtained from
SSF can be used for biopulping of lignocellulosic ma-
terials to produce paper [54].

Future challenges and conclusions

As a consequence of the fast increase of the global
population, one of the major challenges humanity faces
today is the increase in generation of solid waste. Thus,
new strategies to reuse wastes and obtain value-added
products are mandatory to relieve pressure on natural
resources. Correct reutilization of wastes and by-
products, using green technologies, helps to mitigate
the negative and harmful effects of waste disposal and
produce value-added compounds, contributing to the
implementation of the circular economy. The cascade
utilization of agro-industrial wastes is a challenge for
their valorization at the industrial scale. SSF can be a
suitable technology to achieve it.

SSF is a low-cost biotechnological process that has
gained attention over the past years for the production
of lignocellulolytic enzymes from agro-industrial wastes.
The production of these enzymes at the pilot scale is
carried out using the tray-type and packed-bed biore-
actor. However, these systems show limitation in
fermenting large quantities. Future advances in the
design of bioreactors are needed to improve the scale-up
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of production of lignocellulolytic enzymes by SSE Bio-
reactors continuously fed with agro-industrial biomass
can be a solution to bioprocess large quantities of wastes
and increase the production of lignocellulolytic en-
zymes. On the other hand, the use of the thermophilic
fungus will allow production of more stable enzymes,
improving the application of enzymes in the industries.

This review mainly described the current situation of
production of lignocellulolytic enzymes by SSE which
offers a clean alternative to close the loop on lignocel-
lulosic residues and offers the possibility to obtain value-
added products with several industrial applications.
Thus, more advances in this field will have strong re-
percussions in the economy and environment.
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