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Abstract: Various surveys carried out by the government and scientific projects on the availability of
direct and indirect waste biomass in South America have reported that Brazil and Colombia produce
97% of the total waste biomass in the region, directly obtained from their extensive plantations of
sugarcane. In addition, Argentina generates 45% of the total indirect biomass, followed by Brazil,
Peru, Chile and Paraguay. The major source of those residues comprises sub-products of the wood
(43%) and alimentary industries (20% from sugarcane and 11% from tea). Meaningful quantities
of agricultural waste originate from soybean and corn, as the continent produces 50% and 11% of
the global harvest of these crops. The higher content of cellulose in eucalyptus and willow waste
(49%), among woody residues, along with their low lignin levels, makes them more suitable for
delignification and exploitation as a biorefinery feedstock. Regarding the remains of agroindustrial
activities, sugarcane bagasse (53%), corn cob (40%), wheat straw (49%) and banana hulls (38%) are
the remarkable ones. In this context, the latest research concerning the use of commercial enzymatic
cocktails for cellulose and hemicellulose deconstruction and the consequent feedstock hydrolysis is
reviewed. In addition, we introduce the potential applications of cellulases isolated from native Latin
American microbiota explored by South American research groups.

Keywords: plant waste biomass; South American biowaste; waste valorization; cellulase; saccharification

1. Introduction

The biorefinery concept accounts for the integrated processes (both chemical and
biochemical) to convert biomass into bioproducts such as biofuels, biochemicals, animal
feed and biopolymers [1]. In turn, biorefineries might use two types of biomasses as
feedstock, depending on the availability. For instance, the direct use of biomass to produce
a certain product, such as corn or sugarcane to obtain bioethanol, or the utilization of
waste biomass generated as residues of agroindustrial activity [2]. The first option is
characteristic of large countries, such as the United States, China, Brazil, Australia and
Southeast Asia, that are capable of growing a volume of edible plants to use both in
human nutrition and in biorefineries without competition. The choice of using waste
biomass is typical of European countries and Japan, as it reduces waste and they can
benefit from it by developing it into useful products. Furthermore, it reduces garbage
landfills, which, in these countries, is essential to solving environmental problems with
the advantage of saving space since they have limited land [2]. As will be presented in the
following sections, South American countries generate large amounts of agroindustrial
waste, which is mainly used in the co-generation of energy with other industrial products
to supply the source mills within the loop of the circular economy. In this context, the
development of novel strategies and technologies to valorize that biowaste into useful
products is an ongoing challenge. Now, as the first step to obtaining valuable products from
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biomass, it is necessary to somehow pretreat it to obtain reducing sugars that would act as
building blocks for more complex carbon-containing substances. Biomass saccharification
is achieved through various methodologies, such as acid hydrolysis, soaking in ammonium
hydroxide, pretreatment with ferric chloride, incubation in ethanol and sulfuric acid,
organic solvents (typically called organosolv process), alkali treatment under microwave
irradiation, mixture steam explosion, enzymatic hydrolysis and combinations of chemical
and biochemical methods [3,4].

Following the deconstruction of pretreated plant biomass, hydrolysis of the obtained
cellulose and hemicellulose is performed with endoglucanases, exoglucanases or cellobio-
hydrolases and β-glucosidase types of enzymes, such as those from fungal sources. The
endoglucanases degrade the 1,4-glycosidic bonds within the internal amorphous cellulose,
while the cellobiohydrolases act on the reducing or nonreducing ends of the chain; the
disaccharide cellobiose and the trisaccharides, generated in the process to a lesser extent,
are hydrolyzed by β-glucosidases, releasing glucose [4–6]. The suitable enzyme cocktail
might be either commercial or produced from native fungal species, as will be discussed
later in this review.

The present work reviews the large availability of waste biomass in many countries
of South America, along with ongoing research devoted to obtaining valuable substances
from it. In this sense, the potentiality of biomass valorization from the perspective of
biorefineries is discussed. As a first step, open information about the amount, type and
composition of waste biomass is discussed. Then, the scientific research regarding the
development of biocatalysts and their applications is presented, focusing on those based on
cellulases and other lignocellulolytic enzymes of commercial and native origin. Specifically,
the investigations on cellulolytic enzymes isolated, characterized and/or applied by South
American research groups are reviewed, as are the development and optimization of
deconstruction processes for South American residual biomasses. The information exposed
in this review evidences the potential of Latin America to develop sustainable technology
within a circular economy.

2. Mapping Available Waste Biomass in South America: Distribution, Source
and Composition

Recording the nature and origin of residual biomass suitable to be used as feedstock
for different bioprocesses and its availability in certain regions constitutes the first strate-
gic step in the evolution of countries towards more sustainable industrialization models.
Table 1 gathers information concerning the amount and nature of various sources of waste
plant biomass from countries found in the literature (Argentina, Chile, Paraguay, Colombia,
Peru, Brazil and Uruguay). In addition, Figure 1 summarizes the amount and origin of the
waste biomass available in those countries. The sources of waste biomass are classified as
direct or indirect. The direct supply of biomass involves crops and native forests, while
the indirect one is the waste resulting from the processing of raw materials. The informa-
tion was obtained mainly from the surveys carried out by the local governments using
the WISDOM method of the Food and Agriculture Organization of the United Nations,
FAO-UN [7–11]. Those reports have the objective of establishing the availability of waste
biomass to exclusively generate bioenergy. However, not all of the countries apply such a
methodology. Therefore, alternative reports, either from scientific projects or scientific liter-
ature, have been taken as reliable data on disposable biomass when no official government
data were available. For instance, Welfle (2017) and Forster-Carneiro and coworkers (2013)
published updated investigations on agricultural wastes that are available for biorefinery-
based processes and bioenergy in Brazil [12,13]. Moreover, those publications presented
a forecast of the residues and wastes of the agroindustry, forestry and crop plantations
from 2020 to 2030. As expected, Brazil (72%) and Colombia (25%), the largest within the
studied countries, account for 97% of the total production of the waste biomass directly
from their extensive plantations of sugarcane, in the first place, followed by soybeans and
maize. In the particular case of Argentina, Chile and Uruguay, the direct residues are
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mainly composed of woody waste biomass generated from the native forest and forestry,
each of them contributing about 1% of the total production of the region. In turn, Argentina
produces 45% of the total indirect biomass, followed by Brazil (26%), Peru (14%), Chile (7%)
and Paraguay (6%). The major source of those residues comprises sub-products of the wood
(43%) and food industries (20% from sugarcane and 11% from tea) and fiber production,
solid urban residues, products that have been recovered from seed processing (peanuts
and sunflower mills) and fruits (such as banana, blueberry, citrus and pitted fruits) [7].

Table 1. Nature, percentage and quantity of direct and indirect waste biomass in various countries of
Latin America.

Country
Amount (t/Year) and Source Nature and Source (%)

Reference
Direct Indirect Direct Indirect

Argentina 8,475,731 10,131,736

forestry (38%),
sugarcane bagasse (23%),

tea (12%), grapevine
(7%), banana (6%), rice

(5%), others

mills (55%), forestry
industries (31%), peanut
processing (3%), others

such as tree pruning
residue (11%)

[7]

Chile 4,999,477 1,531,710
native forest, forestry,

vine and various
pruning residues

forestry industries [8]

Paraguay 2,568,562–3,186,132 1,369,990

forest plantations (36%),
productive forestry

(34%),
native forestry (35%)

sugarcane bagasse of
bioethanol production [9]

Colombia 182,643,563 254,255
sugarcane bagasse (74%),
rice (8.7%), fruits (9.9%),

panela cane (5.6%)

tree pruning
residue (52.7%) [10]

Perú 7,083,496 3,164,174
corn (39%),

sugarcane (27%),
rice (24%)

bagasse (98%),
wood chips (2%) [11]

Brazil

518,390,000 (agriculture
residues—crops)

9,420,000 (forestry
residues)

5,810,000
sugarcane (28%),
soybean (32%),

maize (19%)

industrial
residues (47.7%) [12,13]

Uruguay 2222 17,967 Wood chips and
wood waste

oil industry (19%),
wineries (6.5%),
breweries (74%)

[14–18]

In the case of Paraguay, sugarcane bagasse, a byproduct of bioethanol production, is
the main source of indirect biomass [9]. The amount of sugarcane bagasse produced per
year was calculated through information on the area and yield of cultivated sugarcane,
with a production of 0.320 kg of bagasse per kg of sugarcane, provided by bioethanol
manufacturers. The main direct source of biomass in this country is the forestry of Euca-
lyptus spp. and native species that are used as domestic biofuel, showing a range from
2,568,562 to 3,186,132 tons per year of total biomass production.

In Uruguay, the government started an ambitious project in November 2014 called
Biovalor for the survey of various sources of agroindustrial wastes and their valorization
for energy purposes [14,15]. This project reported the amounts of indirect waste gener-
ated in the most important industrial sectors of the country, such as olive and sunflower
oil production, wineries, meat and dairy production, poultry, tanneries, pork farming
and brewing, among others. Table 1 and Figure 1 show the amount of biomass residue
corresponding to the oil industry, winery and brewery in Uruguay.
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The forestry industry (composed mainly of pine and eucalyptus) in Uruguay pro-
vides the most abundant source of direct biomass waste. The report elaborated by the
agency for the promotion of investment and export, Uruguay XXI, indicates that pulp-
paper production is a major economic activity involved in Uruguayan forestry [16]. This
activity generates untreated roundwood, chips, pulp, paper, cardboard, etc. In addition,
the mechanical transformation of wood in sawmills produces treated roundwood, sawn
timber, boards, joinery, packaging wood, furniture, moldings, etc. Moreover, the biomass
byproducts of such economic activities are used in energy generation plants, providing 8%
of the total consumption of electricity in the country. Del Pino and coworkers estimated that
the direct biomass residue from forestry, such as non-commercial logs and branches (77%),
needles (13%), twigs and floor litter, corresponds to 1140 tons per hectare, considering
200 pine trees per hectare, that is available after 22 years of growth [17,18]. Table 1 shows
the amount of wood residue produced in Uruguay in the past year, according to the report
of the Ministry of Livestock, Agriculture and Fisheries of Uruguay [18].

Composition of Waste Biomass: Key Information towards Biorefinery Strategies

Biorefineries integrate a variety of processes that use biomass, such as fuel and chemi-
cal product manufacturing, creating a new sustainable value chain from environmental
and economic viewpoints, as discussed before. To accomplish these purposes, biorefineries
use chemical, thermochemical and biological conversion strategies [19]. Knowing the
lignocellulosic composition of the feedstocks is essential to defining suitable bioprocessing
strategies. In this context, Table 2 gathers the reported data concerning the component
fractions of common urban and agroindustrial wastes around the globe. Next, Table 3
focuses on the chemical composition of waste biomass most available in South America, as
discussed in the previous section.

Of the three main biomass components, lignin is the most complex and recalcitrant to
deconstruction, remaining the principal barrier for the access of enzymes such as cellulases
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to more digestible parts of the feedstock [20]. Moreover, enzymes can bind irreversibly to
lignin through hydrophobic interactions, preventing the catalytic activity and increasing
the quantity of expensive enzymes required for saccharification [21,22]. Lignin is composed
of phenolic and non-phenolic structures, the latter being the more difficult to degrade.
Non-phenolic is the main lignin fraction in most woods, meaning that feedstocks from
woody species are usually more recalcitrant to delignification [23]. As has been deeply
studied, pretreatments that eliminate lignin enhance the enzymatic digestibility of wastes
and the sugar yield obtained by increasing the relative content of holocellulose (cellulose
plus hemicellulose fraction) [22–24].

According to their biomass composition, eucalyptus and willow wastes are more
suitable for delignification and exploitation as biorefinery feedstock, as is barley straw,
which reveals the lowest lignin content. Among the pruning residues obtained from
different tree species, olive tree pruning waste shows the highest potential for biomass
deconstruction, followed by eucalyptus tree waste (see Table 2).

Table 2. Biomass composition of forestry, urban and agroindustrial wastes.

Biomass Source
% Dry wt a

Reference
Cellulose Hemicellulose Lignin

Willow sawdust

42.0 30.0 26.0 [25]
42.5 26.1 23.0 [26]

49.6 * 20.0 * 18.4 [27]
29.7 * 16.4 * 24.1 [27]

Poplar wood chips
43.5 * 21.8 * 26.2 [28]
43.7 * 21.5 * 23.9 [29]
39.5 17.4 * 26.2 [30]

Pine wood chips

49.5 * 24.1 * 25.6 (AIL) [31]
42.5 * 20.8 * 27.9 [29]
41.7 * 22.8 * 26.9 [29]
45.0 * 21.8 * 28 [29]
46.4 * 20.6 * 29.4 [28]

Eucalyptus wood chips

22.3 (AIL) [32]

20.6 (AIL)
[33]4.8 (ASL)

48.1 * 12.7 * 29.6 [29]

Eucalyptus pruning residue 46.1 26.0
25.1

[34](AIL + ASL)

Linden tree pruning residue 42.0 21.4
27.8

[34](AIL + ASL)

Plane tree pruning residue 34.0 24.2
38.8

[34](AIL + ASL)

Olive tree pruning residue
25.0 15.8

16.6 (AIL)
[35]2.2 (ASL)

28.6 * 13.6 *
21.4 (AIL)

[36]2.3 (ASL)

Hazelnut tree pruning residue 37.2 20.45
28.5 (AIL)

[37]2.5 (ASL)

Brewer’s spent grain
13.1–25.4 28.4–29.96 11.9–27.8 [38]

15.14 50.23 29.37 [39]
14.47 4.38 29.57 [40]
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Table 2. Cont.

Biomass Source
% Dry wt a

Reference
Cellulose Hemicellulose Lignin

Barley straw
33.1 24.9 16.1 [28]

35.65 * 16.86 *
20.70 (AIL)

[41]2.40 (ASL)

Fallen leaves pellets # 30.25 38.04 30.11 [42]

AIL: Acid-insoluble lignin. ASL: Acid-soluble lignin. a % dry wt: % mass fraction of dry material. * Estimated from
the respective reference. # The mean value of three different pellets with different moisture content is reported.

Table 3. Type of biomass and composition of agricultural, agroindustrial and forestry wastes of
South America.

% Dry wt a

Feedstock Origin Cellulose Hemicellulose Lignin b Extractives c Ashes Reference

Sugarcane
bagasse

Brazil 42.2 27.6 21.6 5.6 2.8 [43]
Argentina 43.1 * 27.1 * 21.3 2.1 1.5 [44]
Colombia 37.7 29.4 32.9 - - [45]
Colombia 53.2 14.6 32.2 - 12.3 [46]

Panela cane
Colombia 43.6 33.0 21.8 - -

[47]Colombia 36.1 24.2 33.3 - -

Corn
Perú 40.9 38.9 16.5 - - [48]

Brazil 31.3 32.3 17.4 - 1.9 [49]

Soybean Brazil 35.0 * 22.8 * 7.6 6.8 1.1 [50]
Cuba 35.3 16.9 21.7 5.8 10.6 [51]

Wheat straw
Argentina 48.8 * 51.2 - - 10.6 [52]

- 39.7 30.6 17.7 - 7.7 [53]

Rice hulls
Brazil 36.2 * 19.8 * 23.9 2.32 12.5 [50]

Argentina 34.1 15.8 19.0 8.2 15.0 [54]

Tea China 17.5 16.4 19.5 - - [55]

Grapevine Argentina 15.3 5.0 38.0 - 8.8
[56]Argentina 16.0 5.8 30.8 - 10.2

Olive Argentina 30.2 15.6 51.7 – 7.2 [57]

Banana

Brazil 36.3 * 9.2 * 8.4 25.2 8.0
[50]Brazil 26.8 * 12.7 * 10.7 22.9 8.0

Ecuador 38.0 8.7 8.9 24.1 17.6
[58]Ecuador 21.9 12.8 21.5 18.0 15.7

Other fruits
Brazil 8.7 * 59.0 * 17.3 9.5 0.7

[50]Brazil 32.4 * 18.0 * 36.0 1.4 3.0

Coffee
Brazil 35.3 * 27.2 * 24.5 4.2 2.0 [50]

Colombia 35.4 18.2 23.2 - 1.4 [59]

Peanut
Argentina 81.2 * 18.8 - - 1.47 [52]

India 35.7 18.7 30.2 - 4.7 [60]

Forest industry
residues

Chile 49.5 * 24.1 * 25.6 3.0 1.7 [31]Chile 50.5 * 21.9 * 20.1 3.1 1.1

Argentina 43.2 24.7 27.7 4.7 0.3 [61]
Argentina 40.6 20.2 29.2 2.2 0.5 [62]
Argentina 41.8 12.1 31.3 7.9 0.7 [63]
Argentina 34.1 15.2 33.2 14.6 0.5 [64]

Brazil 38.8 * 11.8 * 33.0 8.1 0.1 [50]

a % dry wt: % mass fraction of dry material. b Total lignin fraction. In some cases, it summarizes soluble and
insoluble lignin fractions. c Organic extractives (acetone and other organic solvents). * Estimated from the
respective reference.

Although brewer’s spent grain and other agricultural wastes have a larger lignin
content than certain woody feedstocks [39,40] (Table 2), the former could be more suitable
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for biomass conversion processes than pruning residues, depending on the phenolic and
non-phenolic structure composition of lignin. Lobo Gomes et al. (2021) carried out the
latest research on the enzymatic hydrolysis of brewer’s spent grain in South America.
They studied the enzymatic hydrolysis of two alkaline-pretreated barley bagasse samples
and found that the higher the NaOH concentration, the greater the removal of lignin and
hemicellulose, which in turn favors the enzymatic hydrolysis of cellulose [40].

Urban wastes from gardening and public thoroughfare pruning (foliage, plant residues,
grass, etc.) were characterized by González et al. (2020). Pellets obtained from these
residues, composed of 154 different species of trees, showed a high content of holocellulose
with the potential to be used in biofuel manufacturing [42]. This alternative for reusing
the gardening residue could prevent the burning of such biomass, a common practice that
contributes to environmental pollution.

The most abundant lignocellulosic waste biomass originated as a by-product of agricul-
tural and forestry activities. Crop processing implies the generation of important amounts
of straw during the harvest through the threshing and removal of leaves, stalks and pods.
The industrial processing of commodities requires further steps; then, additional disposals
(the indirect waste biomass, as discussed before), such as bagasse and hulks, are produced.

Table 3 groups the main agricultural, agroindustrial and forestry wastes of South
America in terms of quantities produced per year and their lignocellulosic composition.
Sugarcane bagasse, a residue of the sugar, ethanol and first-generation biofuel industries,
is mostly generated in Brazil, the world’s largest producer of this crop, as discussed
before [43], followed by Colombia and Argentina [65]. Its chemical composition was
extensively studied by de Moraes Rocha et al. (2015) [43], who characterized 60 bagasse
samples from the São Paulo state and from northeast Brazil, including five different varieties.
The authors conclude that there was no significant variability in the lignocellulosic contents
of the samples. The values reported by this group are in agreement with those published
for Argentinian bagasse [44], but they have significant differences with the cellulose, lignin
and ash content reported for Colombian industrial residue [45,46] (Table 3). Sugarcane
bagasse and other wastes from panela processing are important recyclable biomass sources
in Colombia, accounting for 2594.8 kWh/ton of potential energy through direct combustion
strategies [47]. Despite intensive research efforts to obtain by-products from bagasse and
other grains, only four operational biorefineries (demonstration plants) are installed in
Brazil that are devoted to the production of second-generation biofuel from sugarcane
bagasse [65].

Meaningful quantities of agricultural waste originate from soybean and corn, as the
continent produces 50% and 11% of the global harvest of these crops, respectively [65].
South American countries are also major producers of wheat, especially Argentina and
Brazil. Among these feedstocks, corn cob fiber is ideal for the obtention of reducing
sugars due to its high content of cellulose [48] (Table 3); moreover, a mix of 1:1 stover
and corn cob has been proven to be suitable as a feedstock for second-generation ethanol
production [49]. Soybean hulls are the larger by-product of soybean processing, with the
potential to generate acid hydrolysates for biofuel production [50].

The industrial processing of rice leads to the output of one ton of husks for every four
tons of grain. This residue is suitable to be used as a substrate for biomass deconstruction,
despite its relatively high percentage of ash (over 10%, see Table 3), which can impair the
acid and enzymatic hydrolysis of the feedstock [50].

The cultivation of tea in Argentina has evolved in the last decades, reaching har-
vests above 85.4 thousand tons per year, while Brazil and other countries in the region
have reduced their tea production. The manufacturing of tea-based beverages generates
important quantities of tea leaf by-products that are usually disposed of by composting,
incinerating or dumping in landfills. However, due to their low content of cellulose and
hemicellulose [55] (Table 3), these wastes are not appropriate as biorefinery feedstock.

On the other side, coffee husks, obtained by dehulling the coffee grain, are an inter-
esting residue from the cellulosic exploitation standpoint and are mainly produced by
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Brazil, followed by Colombia [50]. For every ton of coffee produced, 0.18 tons of husks are
generated, which are a waste type with high cellulose–hemicellulose and low ash content.
Similar compositional characteristics of the peanut shell make both of these agroindustrial
residues interesting as raw materials for biofuel production [52].

Fruit cropping constitutes another large source of lignocellulosic waste, especially in
Brazil. Coconut fibers and açai seeds stand out for their richness in carbohydrates (cellulose
plus hemicellulose) and very low content of ash [50]. Moreover, the remarkable amounts of
banana residual biomass, which originated mainly in Ecuador, Brazil and Colombia, have
drawn the attention of the research community to develop alternatives for its valorization.
Annually, 20 million tons of stems and 1 million tons of stalks from banana production are
discarded [50]. Guerrero et al. (2015) assessed the potential of banana residual biomass
(starchy and lignocellulosic) from an Ecuadorian province by Geographic Information
Systems [58]. The authors calculated that up to 19 million liters per year of first-generation
bioethanol could be produced, leaving the lignocellulosic biomass to be exploited with an
average energy potential of 12.9 MJ kg−1.

The prominent development of viticulture in Argentina and Chile is coupled with the
production of high amounts of agroindustrial waste, so its characterization as a potential
renewable energy resource has gained interest. Rodríguez et al. (2018) determined low
quantities of cellulose and hemicellulose in grapevine residues when compared with
other lignocellulosic biomass [56] (see Table 3), meaning that this waste is not idoneous
as a biofuel feedstock. However, its low percentage of ash, which positively affects its
high heating value, and its high content of organic matter make it suitable for thermal
treatment. Another important economic activity in the Cuyo region of Argentina is olive
oil extraction by continuous two-phase centrifugation systems, whose main waste is the
alperujo. Argentina is the biggest producer of olive oil in South America and the fifth-
largest global exporting country. Giménez et al. (2020) studied alperujo and determined
that the hydrocarbons obtained from the residue, with yields higher than 50%, have good
properties to be used as an energy source [57].

In addition to the wastes associated with agricultural activities and crops, the forestry
industry is also responsible for generating high amounts of lignocellulosic residual biomass,
such as the sawdust produced in sawmills. Area and Vallejos (2012) extensively studied its
suitability as a biorefinery feedstock [19]. In Chile, Muñoz et al. (2007) reported a maximum
conversion to ethanol of 37% and 51% for pine and acacia forestry residues, respectively,
using separate enzymatic hydrolysis and fermentation [31]. By applying a simultaneous
processing strategy, the authors achieved a respective increase in the conversion yield of
44% and 65%. These results are in accordance with the reported potential of forestry wastes
as a renewable energy resource related to their high cellulose content.

3. Enzymatic Saccharification towards Key Building Blocks for Waste
Biomass Valorization

As was mentioned previously, regardless of the source of waste biomass, pretreatment
is needed to enhance the availability of the substrate in the reaction catalyzed by enzymes.
Physical, chemical, biological and mixed strategies, often classified into physicochemical or
biochemical methods, are exploited to achieve biomass degradation and delignification in
a process also called amorphogenesis, as reviewed elsewhere [66]. In the next stage of the
bioprocessing of lignocellulosic materials, an enzymatic approach is applied to obtain the
valuable reducing sugars from the holocellulose fraction.

Endoglucanases, cellobiohydrolases and β–glucosidases hydrolyze the cellulose into
glucose units, the key building blocks for biofuel and bioproduct manufacturing. The
cocktails containing those catalytic activities and auxiliary ones are produced by a few
companies and commercialized worldwide, with basidiomycetes fungi as the main source
of commercial cellulases. Trichoderma viride, T. longibrachiatum and T. reesei are considered
the most productive and mutant strains of T. resei (Hypocrea jecorina) and are used to
synthesize the enzymes at an industrial scale [67]. However, there is unexplored potential
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in making new enzyme cocktails from South America’s native fungal species, as will be
discussed in the following sections.

3.1. Saccharification through Commercial Enzymes: Applications in Biomass Waste Valorization in
South America

Despite the amount and variety of waste biomass described in the previous sections,
its enzymatic hydrolysis to generate value-added products is barely exploited. Most likely,
the costs associated with using commercial enzyme cocktails and the need to optimize
digestion conditions in terms of substrate specificity, temperature and pH of the pretreated
biomass discourage the application of this technology. Table 4 summarizes the research
available to date concerning the hydrolysis of biomass waste produced in South America
employing commercial enzymes.

Brewer spent grain (BSG) has been thoroughly studied in Brazil and Colombia with
different goals and purposes [40,68–72]. All the research groups performed an acid, alkali
or acid–alkali pretreatment prior to hydrolysis.

In Brazil, Mussatto et al. (2007) carried out an exhaustive study of the use of BSG in
lactic acid production [69]. They chemically hydrolyzed pretreated BSG with a commercial
cellulase, producing 50 g L−1 glucose, which was then used as a fermentation medium
for Lactobacillus delbrueckii to produce lactic acid. Later, the authors thoroughly studied
the effect of different pretreatment methods on BSG raw material, concluding that higher
efficiency on cellulose hydrolysis was achieved when the hemicellulose and lignin content
was the lowest [70,71]. Regarding the research performed by Liguori et al. (2015), they sac-
charified the cellulose pulp obtained after pretreatment of BSG with a commercial cocktail
of hydrolytic enzymes, achieving a glucose concentration of 75 g L−1, which was then used
as the substrate for ethanol production with a Saccharomyces cerevisiae selected strain [68].
Lobo Gomes et al. (2021) carried out the latest research on the enzymatic hydrolysis of BSG
in South America. They evaluated the enzymatic hydrolysis of two alkaline-pretreated
bagasse samples [40]. The authors found that the higher the NaOH concentration, the
greater the removal of lignin and hemicellulose, which favors cellulose enzymatic hydroly-
sis. In Colombia, Dávila et al. (2016) simulated a biorefinery to produce ethanol, xylitol
and polyhydroxybutyrate (PHB) [72]. They employed a commercial cellulase to produce
glucose from BSG, which was then fermented to produce ethanol and PHB. Through the
biorefinery approach, the authors achieved a reduction in the total production cost and the
environmental impact of BSG treatment.

Regarding tree pruning residues as a source of fermentable sugars, it has been recently
studied only by a research group in Argentina with the aim of producing second-generation
bioethanol [73]. The authors optimized an alkaline pretreatment with calcium hydroxide
over the raw sample, which induced morphological changes in the solid surface that
favored the following hydrolysis step. For this purpose, a cocktail of commercial hydrolytic
enzymes was employed to obtain higher amounts of glucose, which were then used to
obtain promising amounts of bioethanol.

Another source of reducing sugars exploited in South America is pine sawdust. In
the last five years, several works performed in Argentina have been published. Stoffel
et al. (2017) and Rodriguez et al. (2017) optimized alkaline–acid pretreatment, achiev-
ing glucose yields much higher after hydrolysis with commercial enzymes than those
obtained from untreated sawdust [74,75]. Kruyeniski’s (2019) research group evaluated
different pretreatments. Kraft–anthraquinone for lignin extraction allowed the highest
enzymatic hydrolysis yield with commercial cocktails [76]. More recently, Mendieta et al.
(2021) evaluated second-generation bioethanol production following different strategies.
The pretreatment employed by the authors conditioned the enzymatic hydrolysis per-
formance, obtaining the best accessibility of commercial enzymes to the substrate when
the lignin content achieved was the lowest [73]. In addition, wood chips and bark were
exploited from different varieties of pine in Chile and Colombia with the aim of producing
bioethanol [78,79].
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Table 4. Nature of the feedstock, country of origin, type of pretreatment, commercial biocatalyst used in the enzymatic hydrolysis, reaction conditions, yield of
reducing sugars and objective of the investigation (pretreatment improvement and/or production of valuable substances) of biomass waste of South America.

Feedstock Country of
Origin Pretreatment Commercial Enzyme Reaction Conditions Yield Objective Reference

Brewer spent
grain (BSG)

Brazil

Alkaline Cellic®CTec3 (Novozymes,
Bagsværd, Denmark)

50 ◦C, 200 rpm for 48 h in 0.1 M
citrate buffer >70% glucose Pretreatment

improvement [40]

Alkaline–acid Cellulase and β-glucosidase
from Novozymes

45 ◦C, 120 rpm, 72 h 8% (w/v)
substrate with 2.2% (v/v) cellulase

and 1% (v/v) β-glucosidase
75 g L−1 glucose Ethanol production [68]

Acid–alkaline Trichoderma reesei cellulase
Celluclast 1.5 L (Novozymes)

45 ◦C, 100 rpm, 96 h 8% (w/v)
substrate. Enzyme/substrate ratio of

45 FPU g−1
57.8 g L−1 glucose

Lactic acid
production [69]

Dilute acid and
alkaline

Trichoderma reesei cellulase
Celluclast 1.5 L (Novozymes)

45 ◦C, 100 rpm for 96 h in sodium
citrate buffer (pH 4.8) with 0.02%

(w/v) sodium azide.
Enzyme/substrate ratio of 45 FPU g−1

85.6% glucose Pretreatment
improvement [70]

Acid–alkaline Trichoderma reesei cellulase
Celluclast 1.5 L (Novozymes)

45 ◦C, 100 rpm, 96 h 8% (w/v)
substrate in sodium citrate buffer (pH

4.8). Enzyme/substrate ratio of
45 FPU g−1

57.8 g/L glucose,
7.5 g/L cellobiose

Lactic acid
production [71]

Colombia Acid Trichoderma reesei cellulase
Celluclast 1.5 L (Novozymes)

45 ◦C, 100 rpm for 96 h in citrate
buffer solution (pH 4.8) at a
solid-to-liquid ratio of 1-to-8.

Enzyme/substrate ratio of 45 FPU g−1

4.5% glucose

Xylitol, ethanol and
polyhydroxybu-

tyrate (PHB)
production

[72]

Olive tree
pruning Argentina Alkaline

Cellulase from Trichoderma
reesei ATCC 26921 (≥700 units
g−1) (Sigma Aldrich, Søborg,
Denmark) and hemicellulase

from Aspergillus niger
(0.3–3 units mg−1) (Sigma

Aldrich, St. Louis, MO, USA).

45 ◦C, 100 rpm for 24 h in 0.05 M
sodium citrate buffer (pH 4.9).

4% (w/v) substrate concentration

220 mg sugars g−1

dry biomass
Bioethanol
production [73]
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Table 4. Cont.

Feedstock Country of
Origin Pretreatment Commercial Enzyme Reaction Conditions Yield Objective Reference

Pine sawdust Argentina

Alkaline–acid
Trichoderma reesei cellulases
(51 FPU mL−1 of cellulose,

Sigma Aldrich)

50 ◦C, stirring for 72 h in acetate
buffer 50 mM (pH 4.8).

2% total solids
24.3% glucose

Study effect of
pretreatment on

substrate accessibility
[74]

Alkaline–acid Celluclast 1.5 L (Sigma)
50 ◦C, 150 rpm for 48 h in 0.05 M
sodium acetate buffer (pH 4.8).

Enzyme/substrate ratio of 20 U g−1
1.81 g L-1 glucose Pretreatment

improvement [75]

Kraft–
anthraquinone

Cellulase from Trichoderma
reesei (Sigma Aldrich,

Søborg, Denmark)

50 ◦C, 130 rpm for 72 h in 0.05 M
sodium citrate buffer (pH 4.8).

Enzyme/substrate ratio of
20 FPU g−1

EH% 100 Pretreatment
improvement [76]

Soda–ethanol Cellic®CTec2 (Novozymes)

37◦C, 130 rpm for 48 h in 0.05 M
sodium citrate buffer (pH 5), 1%

hydrolysable cellulose (dry matter).
Enzyme/substrate ratio of 30 FPU g−1

≈100% EH; 11 g L−1

glucose
Bioethanol
production [77]

Pinus radiata
wood chips Chile Acid–ethanol Cellic®CTec3 (Novozymes)

50 ◦C, 150 rpm for 72 h in 0.05 M
citrate buffer (pH 4.8).

Enzyme/substrate ratio of 0.044 g g−1
70 g L−1 glucose Ethanol production [78]

Pinus patula
bark Colombia Alkaline Celluclast 1.5 L and

Viscozyme L

60 ◦C, 100 rpm for 72 h in 0.1 M citrate
buffer solution (pH 4.8).

Enzyme/substrate ratio 25 FPU g−1
63 g L−1 hexose

Bioethanol and
furfural production [79]
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Table 4. Cont.

Feedstock Country of
Origin Pretreatment Commercial Enzyme Reaction Conditions Yield Objective Reference

Sugarcane
bagasse (SB)

Brazil

Acid

Cellulase from Trichoderma
reesei (I) and mix of cellulase

and β-glucosidase
(II)(Genecor and Novozymes)

45 ◦C, 70 rpm for 24 h in 100 mM
sodium citrate buffer (pH 4.8).

Enzyme/substrate ratio of
30 FPU g−1.

Tween 20/substrate ratio of 0.08 g g−1

I: 47.7% glucose
II: 48.1% glucose

Study cellulose
digestibility by

modifying variables
[80]

Acid–alkaline
Cellulase from Trichoderma
reesei Multifect® (Genecor

International Inc.)

48 ◦C, 200 rpm for 24 h in 0.05 M
citrate buffer (pH 5.0).

Enzyme/substrate ratio of 25 FPU g−1
40.4 g L−1 glucose

Pretreatment
improvement [81]

Acid Cellic®Ctec2 (Novozymes)
50 ◦C, 200 rpm for 24 h in 0.1 M
sodium citrate buffer (pH 5.0).

Enzyme/substrate ratio of 30 FPU g−1

Tops: 39.8 g L−1

Ethanol production [82]Bagasse: 22.2 g L−1

Straw: 31.0 g LL−1

Steam explosion Cellic®Ctec2 (Novozymes)

50 ◦C, stirring for 96 h in 50 mM
acetate buffer (pH 4.8).

Enzyme/substrate ratio of
8.4 FPU g−1

60–70 g L−1 glucose
Cellulosic ethanol

production [83]

Hydrodynamic
cavitation–alkaline

pretreatment
Cellic C-Tec (Novozymes)

48 h in 50 mM sodium citrate buffer
(pH 4.8). Enzyme/substrate ratio of

20 FPU g−1
91% glucose Pretreatment

improvement [84]

Acid P4 from Trichoderma reesei (AB
enzymes)

40 ◦C, stirring, for 65 h in 0.05 M
citrate buffer.

Enzyme/substrate ratio 0.001 g L−1
29.11 mg mL−1 Selection of

cellulolytic enzyme [85]

Acid–ultrasonic
Celluclast 1.5 L (I) and Cellic

cTec2 (II) (Novozymes)
50 ◦C, 300 rpm for 24 h in 0.2 M
sodium acetate buffer (pH 4.8).

Enzyme/substrate ratio of 20 FPU g−1

I: RS % 189,
TCY % 45 Study effect of

ultrasound treatment
[86]

II: RS % 192,
TCY % 66

Acid–SC-CO2 Cellic cTec2 (Novozymes)
50 ◦C, 300 rpm for 24 h in 0.2 M
sodium acetate buffer (pH 4.8).

Enzyme/substrate ratio of 10 FPU g−1
RS % 132, TCY % 32 Study effect of

SC-CO2 treatment [87]



Sustainability 2023, 15, 8343 13 of 21

Table 4. Cont.

Feedstock Country of
Origin Pretreatment Commercial Enzyme Reaction Conditions Yield Objective Reference

Napiergrass Uruguay Acid–alkaline
Cellulase complex NS50013
and β-glucosidase NS50010

(Novozymes)

50 ◦C, 100 rpm, for 130 h in pH 4.8
buffered solution.

Enzyme/substrate ratio of 5 FPU g−1

cellulase and 10 CBU g−1

β-glucosidase.
PEG 6000/substrate ratio of 0.05 g g−1

45% cellulose
hydrolysis

Fuel bioethanol
production [88]

27 g L−1 glucose

King grass Colombia Alkaline Acellerase 1500 (Genencor,
New York, NY, USA)

50 ◦C, 180 rpm for 24 h in 0.05 M
citrate buffer (pH 4.8).

Enzyme/substrate ratio of 30 FPU
g−1 cellulase and 10 CBU g−1

β-glucosidase.PEG 6000/substrate
ratio of 0.05 g g−1

78 g L−1 glucose
Fuel bioethanol

production [89]

EH = enzymatic hydrolysis; RS = Relative reducing sugar concentration; TCY = theoretical cellulose yield.
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Sugarcane bagasse has been thoroughly studied in Brazil, employing different pre-
treatments and various commercial enzymes. Through different strategies, the acquisition
of delignified samples is required to improve enzyme accessibility to cellulose. Araújo
Barcelos et al. (2013) compared the effect of increasing the commercial enzyme loading
over an untreated sample and raising the NaOH concentration [81]. The yield of enzymatic
hydrolysis is much lower for the non-pretreated sample, regardless of the enzyme load.
Instead, when alkaline pretreatment was performed, the higher cellulose content led to
higher accessibility and enhanced enzymatic activity. Furthermore, it has been proven that
the addition of a surfactant to the reaction mixture favors cellulose saccharification as it
avoids the adsorption of the commercial enzymes to residual lignin [80]. Autohydrolysis
(or steam explosion) as a pretreatment has also been performed, achieving high glucose
recovery from native sugarcane bagasse [83]. Additionally, alkaline pretreatment combined
with hydrodynamic cavitation improved the enzymatic digestibility of glucan, reaching
91% after 48 h [84]. Finally, de Carvalho Silvello et al. (2019, 2022) developed an acid pre-
treatment over sugarcane bagasse in combination with ultrasound (US) and supercritical
carbon dioxide (SC-CO2), considerably improving the enzymatic performance [86,87].

Promising results were found by Cerqueira et al. (2015), who analyzed the whole
sugarcane biomass, including the bagasse, straw and tops [82]. The tops had the best
performance for cellulose hydrolysis, achieving the highest glucose concentration in 24 h,
followed by straw and, in last place, bagasse. These results enable more lignocellulosic
biomass residues from sugarcane to be exploited for ethanol production.

Different varieties of grass have been studied as potential feedstock for alcohol pro-
duction. Camesasca et al. (2015) employed napiergrass from Uruguay to generate ethanol,
reaching the highest cellulose hydrolysis and glucose release after an acid–alkaline pretreat-
ment in the presence of PEG 6000 as a surfactant [88]. Moreover, king grass was used in
Colombia in order to produce butanol [89].

3.2. Native Fungal Enzymes Degrading Cellulosic Substrates and Their Potential Applications

Fungi are the main decomposers of lignocellulosic materials in terrestrial ecosystems,
representing the most promising group for cellulolytic enzyme acquisition with the poten-
tial to be used in a variety of industrial processes. Cellulolytic fungi have evolved complex
catalytic systems that activate under specific environmental conditions to adapt to their
natural habitat. These extracellular enzymatic systems are mostly synthesized by aerobic
fungi and are constituted by different enzymes that can be classified into two main cate-
gories: the classical hydrolytic enzyme group, including endoglucanases, exoglucanases,
and β–glucosidases; and those proteins that catalyze oxidative processes, such as lytic
polysaccharide monooxygenases (LPMOs) and cellobiose dehydrogenases (CDHs) [90].
Figure 2 depicts a model of the action of the various types of fungal enzymes degrading
the cellulose fraction of lignocellulosic biomass.

These enzymatic activities act in a coordinated way through a specific extracellular
protein assemblage, allowing fungi to decompose the surrounding biomass. However,
additional fungal proteins or their sub-units, along with other cellulolytic and/or catalytic
proteins synthesized by cellulolytic fungi, participate in the lignocellulose deconstruction
through non-hydrolytic disruptive processes, such as adsorption. They include swollenins
and other proteins with carbohydrate-binding modules (CBMs) involved in the first step of
cellulolysis, amorphogenesis [91]. The non-catalytic mechanisms involved in amorphogen-
esis induce cell wall loosening and promote efficient cellulose utilization, leading to the
disruption of a highly ordered cellulose matrix through its delamination, dispersion and
swelling of cellulose chains into microfibrils (crystalline regions).

The previous cellulose deconstruction enhanced hydrolase access to its substrate [92].
In this sense, Ding et al. (2022) recently reported an expansion from Talaromyces leycettanus
that binds to cellulose and breaks the hydrogen bonds within the polymer matrix through
the action of specific amino acid residues [93]. The enzyme showed synergism with com-
mercial cellulases in the pretreatment of corn straw and filter paper, proving to be a suitable
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tool for the efficient utilization of biomass. Therefore, since individual cellulolytic en-
zymes exhibit comparable activities on cellulose and/or its derivatives, synthetic cocktails
composed of multi-enzyme mixtures are preferred as they display a stronger effect.
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In addition to the several enzymes commercially available, such as the ones described
in the previous section, some research groups in South America have investigated new
fungal isolates with an outstanding ability to degrade cellulosic materials under extreme
environmental conditions, leading to the characterization of enzymes capable of displaying
these activities in those stressful contexts. Valencia and Chambergo (2013) reviewed the
progress in Brazilian research focusing on the fungal potential for biomass degradation
for bioenergy purposes [67]. Until that time, 136 isolates belonging to 23 genera and
45 species were reported, mainly represented by ascomycetes fungi of the genera Tricho-
derma (83 strains), Aspergillus (9 strains), Penicillium (4 strains), Acremonium (3 strains),
Thermoascus (3 strains) and basidiomycetes belonging to Agaricus (1 strain), Pycnoporus
(1 strain) and Pleurotus genera (2 strains). Cellulases, hemicellulases, ligninases and other
auxiliary enzymes were identified and characterized in the collected fungi. A thorough
review of the more recent scientific research developed in South America reporting cellu-
lolytic enzymes from several native fungi, their taxonomic location and production systems
is presented in Table 5.

Some authors suggest that each cellulolytic fungus has its own enzyme profile, which
is relevant from an application point of view [95]. This premise advocates the develop-
ment of enzymatic cocktails produced by native fungi isolated from biomass intended
to be used as feedstock for biofuels and biorefineries. This would enhance the possibil-
ity of obtaining cocktails of substrate-specific and complementary enzymatic activities
for the deconstruction of such lignocellulosic residues and of obtaining less expensive
enzymatic cocktails that are tolerant to the rough conditions required for the amorpho-
genesis of biomass in the pretreatment stage, providing a key to the development of more
profitable processes.

Early research from the group of Vega et al. (2012) aimed to find enzymes with a high
tolerance for adverse conditions required for their application in industrial processes [100].
They carried out the bioprospection of plant-degrading fungi in soils from the undisturbed
Macuya Forest near Pucallpa, Peru. The alkaline cellulase activity demanded by the mod-
ern textile industry was tested, and Aspergillus sp. LM-HP32, Penicillium sp. LM-HP33, and
Penicillium sp. LM-HP37 were the best enzyme producers among the isolates. With analo-
gous purposes, Picart et al. (2007) characterized Penicillium sp. CR-313 and CR-316 isolates
from soil samples from the subtropical forest of Puerto Iguazú, Argentina, concluding
that the thermostable cellulase secreted by CR-316, with a maximum activity registered at
65 ◦C, is a good candidate for industrial applications [98]. Further investigation of robust,
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well-adapted enzymes to rough conditions led Carrasco et al. (2016) from Chile to search for
psychrotolerant yeasts capable of secreting cold-active amylases and cellulases [99]. They
found Rhodotorula glacialis and Mrakia blollopis strains, which, respectively, displayed high
amylase and cellulase activity under 22 ◦C and are therefore suitable for low-temperature
industrial processes.

Table 5. Enzymes of cellulolytic systems from several aerobic fungi (of native origin), taxonomic
location and production systems investigated by South American research groups.

Cellulolytic Enzyme Components and Other
Ones Associated with Fungal Degradation of

Plant Cell Wall
Fungal Sources Production Systems Reference

β-1,4 Endoglucanase, E.C. 3.2.1.4;
cello-biohydrolase; E.C. 3.2.1.91; β-glucosidase,

E.C. 3.2.1.21

Ulocladium botrytis LPSC 813
(Pleosporaceae)

Solid-state fermentation on
Scutia buxifolia litter [94]

Extracellular proteins showing cellobiohydrolase,
β-glucosidase and endoglucanase activity

Fourteen white rot fungi
isolated from the Misiones

rainforest (Argentina)
belonging to the genera
Pycnoporus and Trametes

Agar and liquid cultures
using specific inducers [95]

β-1,4-endoglucanase, E.C. 3.2.1.4; β-glucosidase,
EC 3.2.1.21; endo-1,4-β-xylanase, E.C. 3.2.1.8;

pectin esterase, E.C. 3.1.1.11

Six compatible consortia of
Trichoderma strains with

Aspergillus niger or Pleurotus
ostreatus

Solid-state fermentation on
pineapple crown waste [96]

C1-specific AA9 lytic polysaccharide
monooxygenase

Recombinant protein from
Pycnoporus sanguineus

expressed in Pichia pastoris

Liquid cultures induced with
methanol [97]

Hydrolytic activity on different polysaccharides
such as carboxy-methyl cellulose (CMC), Avicel,
acid swollen cellulose, bacterial microcrystalline
cellulose, laminarin, lichenan, starch, birchwood

xylan and oat spelt xylan

Penicillium sp. CR-316 and
Penicillium sp. CR-313 isolated

from the subtropical soil of
Puerto Iguazu’

(Argentina)

Shaken liquid cultures on
potato dextrose broth and

mineral medium
supplemented with CMC,
Avicel or rice straw at 1%

[98]

CMCase Yeasts isolated from the
Antarctic region

Shaken liquid cultures and
semi-solid ones

supplemented with CMC
[99]

Alkaline cellulases Fungi isolated from an
undisturbed rainforest in Peru

Agar and liquid cultures
using specific inducers [100]

Other investigations have focused on the enzyme cocktails necessary for biomass de-
construction, using different mono- and multi-strain strategies to achieve them.
Coniglio et al. (2017) studied 14 fungal isolates recovered from the rainforest of Misiones,
Argentina [95]. They identified the Trametes sp. strain LBM033 as the best cellulase producer,
with a 57 U L−1, 226 U L−1 and 387 U L−1 yield of cellobiohydrolase, β-glucosidase and
endoglucanase activities, respectively. Therefore, the authors concluded that this basid-
iomycete would be able to secrete a complete cellulolytic enzymatic complex suitable for
biomass conversion. Using a novel approach, the Teixeira research group (2020) developed
fungi-compatible consortia isolated from pineapple waste from Brazil [96]. Six consortia of
Trichoderma strains with Aspergillus niger or Pleurotus ostreatus increased enzyme production
compared to monoculture. The saccharification of pineapple crown waste with the consor-
tia’s enzyme cocktails produces 12.50% to 13.93% higher levels of reducing sugars. This
multi-strain methodology has the potential to save costs in the manufacture of the cocktails
by avoiding the step of blending the enzymes.

In recent years, the search and characterization of auxiliary enzymatic activities for
biomass conversion have attracted the attention of the scientific community. In this context,
Garrido and collaborators (2020) from Argentina cloned and characterized a recombi-
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nant secreted AA9 LPMO from the white-rot basidiomycete Pycnoporus sanguineus in the
model yeast Pichia pastoris [97]. The synthesized enzyme boosted the activity of glycoside
hydrolases from families GH1, GH5 and GH6, providing a clue to the versatility of LPMOs.

Most of the cited studies are derived from screening programs that analyze many
fungal isolates belonging to different ecophysiological and taxonomic groups, such as
those associated with litter, soil or wood from different habitats. Mainly, these studies
used wild isolate cultures at the laboratory scale as enzyme sources, with only a few
deepening their research into the specific iso-enzyme encoding sequences from selected
hyperproducer strains to develop cloning strategies for their heterologous expression in
biological models. Therefore, additional studies at the pilot scale in volumetric culture
systems are still necessary for the identification of enzymes with enhanced stability to
obtain suitable yields of cellulolytic cocktails under industrial conditions.

4. Conclusions and Future Directions

Throughout this review, the large amounts of direct and indirect residual biomass
available in South America as biorefinery feedstocks were stated. Mainly, this biomass
comprises the native forest sources, which are, in many cases, legally restricted or difficult
to physically access; afforestation and crop exploitation, such as sugarcane, soybean and
maize, constitute direct sources of biomass. The indirect sources remain more available
as they are easy to locate at specific places (industries) and are free from legal restrictions.
They are constituted by agroindustrial wastes, such as sugarcane bagasse and wheat straw
obtained after commodity processing and highly valuable as raw materials for biofuel,
and woody biomass waste, such as sawdust and wood chips. However, this potential for
renewable energy generation is quite underutilized by South American countries since the
major fraction of biomass waste is buried or burned. In the best cases, the combustion of
residual biomass results in the thermochemical production of energy. In this context, the
settlement of biorefineries in the region is still in its early stages.

The general picture retrieved from the analysis of each country report in regard
to biomass availability is that a more in-depth survey of georeferenced, standardized
and updated information, both on the demand and supply of biomass requirements, is
needed to plan strategies and develop policies for improving biomass waste utilization.
As an example, Argentina’s estimations are around a surplus of 40 million annual tons
of biomass suitable for energy generation, without considering the prospects of biogas
generation from effluents produced in bovine and porcine feedlots and dairy farms. In
conclusion, the integration of socioeconomic variables in the analysis is recommended to
enable the understanding of the dynamics of bioenergy systems by studying the connection
of biomass waste suppliers with plants consuming biomass for energy purposes and its
strategic emplacement.
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