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Agave is a genus of succulent plants distributed throughout the American continent with an important epicenter
in Mexico. Since ancient times, these plants have been cultivated and harvested by the Aztec population.
Nowadays, Agave plants are considered an important income source due to the different applications directed to
produce alcoholic beverages, foods, and natural fibers. Likewise, novel biotechnological approaches are inves-
tigated to explore the multiple benefits of these plants. In this sense, this review analyzed the incorporation of
Agave plants derivatives (syrups, carbohydrates, lignocellulosic wastes, and vinasses) into the poly-

hydroxybutyrate (PHB) production, focusing on reports aimed to enhance the production of this bacterial
biopolymer, the improvement of physical properties when PHB and PHBV are blended with Agave fibers, the
potential benefits of circular economy strategies if were implemented by the rural communities dedicated to the
production of this vegetal resource, and the challenges related to the implementation of this technology.

1. Introduction

Agave plants are distributed throughout the American continent,
with a strong presence in Mexico (containing 75% of all species). These
plants belong to the order Asparagales within the family Agavaceae and
are commonly composed of a pine surrounded by large spiral leaves
forming a succulent rosette. Some important species are Agave lechu-
guilla (Sonora and Chihuahua), A. duragensis (Durango), A. salmiana (San
Luis Potosi and Zacatecas), A. tequilana (Jalisco and Tamaulipas),
A. cupreata (Guerrero), and A. angustifolia (Oaxaca), which are used for
the traditional production of alcoholic beverages in several Mexican
states (Lopez-Romero et al., 2018a; Nava-Cruz et al., 2015).

Since ancient times, Agave plants have been considered sacred by the
Aztec population because they represented the goddess “Mayahuel”,
who brought joy to humanity with the sweet nectar obtained from these
plants (Lopez-Romero et al., 2018a; Nava-Cruz et al., 2015; Radding,
2011). Currently, Agave plants represent an important economic
resource in Mexico due to their diverse applications (Fig. 1). They are
used to produce alcoholic beverages (tequila, mezcal, henequén, sotol,
and pulque), foods (sugars, syrups, and Mexican stews), and natural fi-
bers (cordage, straw, and basketry). They also have attracted attention
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because of recent investigations about the extraction and production of
novel bioactive compounds such as antioxidants and saponins (Ibarra--
Canttn et al., 2020; Lopez-Romero et al., 2018b; Narvdez-Zapata and
Sanchez-Teyer, 2009), the isolation of new bacterial and yeast strains for
the food industry (Narvdez-Zapata et al., 2010; Paez-Lerma et al., 2013),
and the production of biofuels and biomaterials (Carrillo-Nieves et al.,
2019; Palomo-Briones et al., 2017), which means the integration of this
vegetal resource into the growing biotechnological industry.

Recently, biotechnological industry has increased the production of a
wide variety of biopolymers such as cellulose acetate (CA), poly-
caprolactone (PCL), polylactic acid (PLA), bio-polyethylene (bio-PE),
and polyhydroxyalkanoates (PHAs) (Robledo-Ortiz et al., 2020). The
demand for these biomaterials is expected to grow up to 9.45 million
tons by 2023, encouraging the population to reduce the use of synthetic
polymers and produce biopolymers in a sustainable and circular manner
(Reichert et al., 2020). In this case, PHAs have been highlighted because
of their biodegradation (which is better than that presented by other
biopolymers), the advantage of their production from waste materials
(lignocellulosic wastes, dairy wastes, legumes, residual oils, molasses,
syrups, and juices), and their potential to enter the global market of
bioplastics (Akaraonye et al., 2010; Keshavarz and Roy, 2010; Marciniak
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and Mozejko-Ciesielska, 2021; Policastro et al., 2021; Tokiwa et al.,
2009).

The PHAs are produced as cytoplasmic granules by several bacterial
strains under nutritional and incubation stresses (Mayet et al., 2013;
Obruca et al.,, 2020, 2017). Structurally, they are classified into
short-chain-length polyhydroxyalkanoates (scl-PHA), which have 3—5
carbon atoms, medium-chain-length polyhydroxyalkanoates (mcl-PHA),
formed by 6—14 carbon atoms, and long-chain-length poly-
hydroxyalkanoates (Icl-PHA), containing more than 14 carbon atoms.
Also, another classification divides PHAs into homopolymers which are
composed of one type of monomer unit, and copolymers which are
formed by more than one type of monomer unit (Kaur, 2015;
Quillaguaman et al., 2010; Sudesh et al., 2000). Within the broad family
of PHAs, polyhydroxybutyrate (PHB) is the most characterized scl-PHA.
The importance of PHB lies in the fact that it is a versatile biopolymer
with biodegradable, biocompatible, and non-toxic properties that can
replace polypropylene (PP) and polyethylene (PE) in several areas of
human development (Garcia Alcantara et al.,, 2020; McAdam et al.,
2020; Mozejko-Ciesielska and Kiewisz, 2016; Pillai et al., 2017). Also,
this biopolymer is produced and commercialized by different interna-
tional companies, such as Biomer (Germany), Bio-On (Italy), BluePHA
(China), Tianjin GreenBio Materials (China), Biomatera (Canada),
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PolyFerm (Canada), Newlight Technologies LLC (USA), Metabolix
(USA), and PHB Industrial S.A (Brazil) (Gonzalez-Garcia et al., 2019;
Kourmentza et al., 2017). Notwithstanding, the major bottleneck is the
commercialization of PHB due to their high production cost resulting in
higher prices compared to petrochemical plastics. According to Mostafa
et al. (2020), the universal manufacturing capacity of PHB is approxi-
mately 30,000 tons per year (less than 0.1% that PP). Likewise, is re-
ported that the price of PHB is around US$2.25-2.75/1b, while PP and
PE cost is ranging between US$0.60-0.87/1b (Flores-Sanchez et al.,
2017; Kourmentza et al., 2017; Muhammadi et al., 2015; Nielsen et al.,
2017; Saratale et al., 2019) Additionally, PHB applications are still
limited because of their high stiffness and brittleness (Robledo-Ortiz
et al., 2020).

One of the most promising alternatives to reduce production costs is
the use of lignocellulosic biomass for the fermentation process due to its
abundance and low-cost (Kumar et al., 2017; Saratale et al., 2021).
Previous reports have demonstrated the production of PHB under the
influence of non-food tree species (Bowers et al., 2013), kenaf biomass
(Hibiscus cannabinus L.) (Saratale et al., 2019), and noxious weed water
hyacinth biomass (Saratale et al., 2020). The use of lignocellulosic
substrates would be a potential solution to economize the production of
PHB by at least 25-40%. Also, this process could agree with zero waste
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Fig. 1. Products obtained from Agave plants.
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policies and stimulate the circular economy due to their conversion into
value-added products (Saratale et al., 2020, 2019). Likewise, according
to Vaidya et al. (2019), lignocellulosic biomass can be blended with PHB
to obtain novel composites with better properties. Therefore, these re-
ports demonstrate that the integration of lignocellulosic biomass into
the production of PHB is a novel option that could help to reduce pro-
duction costs.

Since 2015 there has been an accelerated growth in research focused
on Agave biomass for PHB production. In Mexico, this feedstock is ob-
tained in large quantities from the alcoholic beverage industry (300,000
to 1 million tons are wasted annually) and does not present a specific
use. For this reason, Agave biomass can be directed as a novel and low-
cost substrate for several biotechnological applications (Con-
treras-Hernandez et al.,, 2018; Gonzalez-Garcia et al., 2019;
Palomo-Briones et al., 2017). In this sense, the objective of this research
review was to show the benefits of several Agave derivatives (syrups,
carbohydrates, lignocellulosic wastes, and vinasses) as potential feed-
stocks directed to produce PHB and enhance its physical properties in a
sustainable and eco-friendly way. In addition, this review analyzes the
potential benefits of circular economy strategies if were implemented to
improve the socio-economic development of several Mexican commu-
nities, and the biological, technological, economical, and social chal-
lenges to make this technology a reality in Mexico.

2. Agave derivatives for polyhydroxybutyrate (PHB) production

The relationship between Agave derivatives and PHB started in the
years 2000-2004, but investigations that involve these derivatives for
PHB production or physical improvement increased after 2015
(Table 1). For this reason, these investigations are considered novel,
with a significant impact on the current development of PHB produc-
tion. Some of these reports point out that products and by-products, such
as fructose-rich syrups, complex carbohydrates, lignocellulosic wastes,
and vinasses, obtained from alcoholic beverage and food industries can
be used as low-cost substrates for the microbial biosynthesis of PHB
(Table 2).

According to Alva and Riley (2008), Saccharophagus degradans can
use A. tequilana bagasse as a lignocellulosic substrate for the microbial
production of PHAs. However, it is indicated that an efficient protocol to
extract this biopolymer is necessary due to the interference of cellulose
remains on the final extract. Afterward, Gonzalez-Garcia et al. (2019)
and Clifton-Garcia et al. (2019) reported that Burkholderia sacchari and
Achromobacter mucicolens can grow and produce PHB under the influ-
ence of Tequila Agave Bagasse Hydrolysate (TABH), a complex substrate
obtained from the acid hydrolysis of lignocellulosic wastes of the tequila
industry. This substrate is composed of reducing sugars (20.61 gL™');
especially xylose and glucose, and phenolic compounds (1.70 gL™1).
However, it is known that requires a pre-treatment with activated
charcoal to purify the presence of antimicrobial agents such as furfural,
hydroxymethylfurfural (HMF), leuvinic acid, and formic acid (Bowers
et al., 2013; Gonzalez-Garcia et al., 2019; Panagiotopoulos et al., 2011).

According to Martinez-Herrera et al. (2020), Bacillus cereus can
efficiently grow and produce PHB under the influence of Agave syrup as
a carbon source. This syrup stimulates the biosynthesis of PHB due to the
high content of fructose (> 60%) and other simple sugars (Velazquez
Rios et al., 2019). Furthermore, the high availability in Mexico (724,000
tons are produced annually) and low-cost (Montanez Soto et al., 2011)
make it a potential substitute for glucose in this bioprocess. Likewise, the
same authors point out that agavins (complex sugars obtained from
Agave plants and biochemically characterized as a mixture of highly
branched fructans) can be used by B. cereus for the biosynthesis of PHB
suitable for biomedical applications due to its thermal and crystalline
stability. It is important to point out that these products are rich in
fermentable sugars and are easily used by the bacterial strain for PHB
production. However, the utilization of non-edible substrates is a pri-
ority to integrate efficiently zero waste policies to this technology.
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Table 1
Investigations that relate Agave derivatives and PHB*.
Years Agave Type of Objective Reference
derivative PHA
used used or
produced

2000-2004 Agave fibers ~ PHBV Improve Luo and Netravali
(Agave physical (2001)
fourcroydes) properties

2005-2009 Agave PHA Production Alva and Riley
bagasse (2008)
(Agave
tequilana)

2010-2014 - - - -

2015-2019 Agave fibers  PHB Improve Torres-Tello et al.
(Agave PHBV physical (2017)
tequilana) properties
Agave fibers  PHB Improve Hosokawa et al.
(Agave physical (2017)
sisalana) properties
Agave PHB Production Gonzélez-Garcia
bagasse et al. (2019)
(Agave
tequilana)
Agave PHB Production Clifton-Garcia et al.
bagasse PHBV (2019)
(Agave
tequilana)

2020-Present  Fructose- PHB Production Martinez-Herrera
rich syrup and et al. (2020)
and agavins improve
(Agave physical
tequilana) properties
Agave fibers PHB Improve Smith et al. (2020)
(Agave physical
tequilana) properties
Agave PHB Production Martinez-Herrera
leaves et al. (2021)
(Agave
durangensis)
Agave fibers  PHB Improve Gallardo-Cervantes
(Agave PHBV physical et al. (2021)
tequilana) properties
Vinasses PHB Production Franco-Leon et al.
(Agave (2021)
tequilana)

" Original articles were searched through Google scholar, Pubmed, and PMC.
PHB: polyhydroxybutyrate (homopolymer), PHBV: poly(hydroxybutyrate-co-
hidroxyvalerate) (copolymer).

As we had mentioned above, in Mexico the lignocellulosic biomass
obtained from Agave processing does not have a specific use and is
discarded as agro-industrial waste. These residues are mainly composed
of cellulose (42—50%), hemicellulose (11—32%), lignin (11—25%), as
well as small amounts of extractive compounds (Contreras-Hernandez
et al., 2018; Palomo-Briones et al., 2017; Robles-Garcia et al., 2018).
This biomass can be pre-treated by physical, chemical, or biological
techniques which break down the lignocellulosic structure and increase
the release of several substances that triggers the enzymatic activity
(Contreras-Hernandez et al., 2018). In this sense, Martinez-Herrera et al.
(2021) informed that A. durangensis leaves (ADL) (a lignocellulosic
waste obtained from the artisanal mezcal industry) were physically
pre-treated. In this case, was reported that ADL presents a high content
of polysaccharides (49.78%), but when were submitted to ultrasound
during 30 min or thermic pre-treatment the polysaccharides content was
reduced by 31—38%, which makes the substrate flexible and digestible
for PHB production. Furthermore, when ultrasonic pre-treatment for
60 min was used on ADL a significant reduction of 88% in the phenolic
content was observed, and this allows an increase in the cellular biomass
generation by B. cereus. These results are explained according to the
physicochemical alteration that suffers ADL under the influence of these
physical pre-treatments, which triggers a different metabolic response
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Table 2
PHB production under the influence of Agave derivatives.
Agave derivative Pre-treatment Microorganism Biomass PHB % Type of PHA Reference
(gL’l) (gL’l) PHB produced

Agave tequilana No Saccharophagus degradans - 1.50 - PHA Alva and Riley (2008)
bagasse

Agave tequilana Acid hydrolysis and charcoal Burkholderia 11.03 2.67 24.20 PHB Gonzélez-Garcia et al.
bagasse purification sacchari (2019)
(TABH)

Agave tequilana Acid hydrolysis and charcoal Achromobacter 2.60 0.23 20.40 PHB Clifton-Garcia et al.
bagasse purification mucicolens (2019)
(TABH)

Agave tequilana No Bacillus cereus 5.25 2.96 56.39 PHB Martinez-Herrera et al.
syrup (2020)

Agavins No 2.57 0.67 25.85 PHB

Agave durangensis No 1.68 0.34 20.48 PHB Martinez-Herrera et al.
leaves (2021)

Agave durangensis Ultrasound for 1.65 0.66 39.99 PHB
leaves 30 min

Agave durangensis Ultrasound for 2.18 0.50 22.99 PHB
leaves 60 min

Agave durangensis Thermic pre-treatment 1.77 0.66 37.27 PHB
leaves

Tequila vinasses No Rhodopseudomonas - 0.31 - PHB Franco-Leoén et al. (2021)

pseudopalustris

by the microorganism employed during the fermentation process. It
should be noted that the cavitation phenomenon produced by the ul-
trasonic pre-treatment is responsible for the generation of microbubbles
that causes fragmentation in the surface of the lignocellulosic biomass.
Moreover, thermal pre-treatments cause a delignification process that
generates a reduction in the polysaccharides content (Con-
treras-Hernandez et al., 2018). Therefore, physical pre-treatments are
considered efficient for PHB production, highlighting that do not pro-
duce antimicrobial compounds.

The most recent study carried out by Franco-Leon et al. (2021), in-
dicates that Rhodopseudomonas pseudopalustris (a purple non-sulfur
bacteria) is capable to grow and produce PHB under the influence of a
growth medium supplemented with tequila vinasses (a by-product ob-
tained from the tequila industry and considered a pollutant), a low
phosphate concentration, and the presence of an argon (Ar) headspace.
This bacterial strain is capable to use the high organic acids content in
tequila vinasses as a carbon source, which indicates that the metabolic
robustness presented by this bacterial strain makes it tolerant to these
inhibitory compounds. Hence, it is important to indicate that the Agave
derivative used as a carbon source, pre-treatments employed, the bac-
terial strain used for the fermentation process, incubation conditions,
and the recovery protocol employed are parameters that affect the
production of PHB. Also, it is necessary to continue the research of novel
factors that allow the optimal use of Agave derivatives to economize
production costs and make this biopolymer more competitive in the
global market of plastics.

3. Green composites

According to Zagho et al. (2018), a composite is defined as a material
structure that consists of at least two macroscopically identifiable ma-
terials that work together to achieve a better result. These materials are
classified according to the matrix and reinforcement materials that
interact. Biocomposites (green composites) are defined as composites
made from biodegradable polymers and natural fibers. As mentioned in
Section 1, PHB is a natural biopolymer with biodegradable, biocom-
patible, and nontoxic properties that can replace the use of petro-
chemical plastics (PP and PE) due to similarities in terms of strength,
modulus, and melting temperature (Smith et al., 2020). Nevertheless, its
brittleness is considered a limitation, and recent investigations have
aimed to propose the production of different PHB composites with
lignocellulosic materials (wheat straw fiber, kenaf, coconut fiber, wood

flour, bamboo, rice husks, coir husks, pineapple leaves, and hemp hurd)
due to their low-costs, renewability, biodegradability, and good me-
chanical properties (Faruk et al., 2012; Reichert et al., 2020; Roble-
do-Ortiz et al., 2020).

In this sense, Agave bagasse is a lignocellulosic material that has
attracted attention because the fibers obtained from this by-product can
be blended with PHB and PHBV (principally by extrusion, injection
molding, and solvent casting) to obtain green composites with inter-
esting physical properties (Robledo-Ortiz et al., 2020). As shown in
Table 3, these composites improve their mechanical and thermal prop-
erties due to the increase in flexural strength, impact strength, and
degradation temperature (even flexural and impact strengths are higher
compared to PHB-PE and PHB-PP blends). On the other hand, tensile
strength is reduced because of a decrease in crystallinity (Smith et al.,
2020). Moreover, it should be noted that the reports focused on the
synthesis of PHB-Agave and PHBV-Agave composites indicate that
biodegradability is not negatively affected, and these composites have
the potential to be used and recycled for food packaging and textile
applications (Gallardo-Cervantes et al., 2021; Reichert et al., 2020;
Smith et al., 2020; Torres-Tello et al., 2017).

Although the PHB-Agave and PHBV-Agave composites have low
stiffness, high flexibility, resistance, and thermal stability, it is necessary
to consider the following for their synthesis: (1) the Agave species used
as feedstock for fiber production. In this case, it is necessary to know the
lignocellulosic composition of the Agave species employed, such as the
case of A. tequilana which presents a high lignin composition (16—18%)
that provides strength to the fiber. Likewise, A. sisalana and
A. fourcroydes present a high content of cellulose (60—88%) and hemi-
cellulose (28%), this composition provides a high mechanical strength
to the fiber, but a high hydrophily that can affect the blend with a hy-
drophobic polymeric matrix (Espino et al.,, 2014; Sahu and Gupta,
2017); (2) the age of Agave plant and the extraction method used. These
parameters cause a direct effect on the lignocellulosic composition of the
fiber which can repercuss on the mechanical properties (Espino et al.,
2014); and (3) processing technologies. Many manufacturing processes
such as extrusion, injection molding, and solvent casting are utilized for
the fabrication of PHB-Agave and PHBV-Agave composites. These
methods are highly related to the enhancement of the flexural strength,
impact strength, and thermo-resistance of the final biocomposite.
However, it is necessary to consider the complexity of the design, the
optimal ratio between biopolymer and natural fiber, and capital cost
requirements (Mann et al., 2018).
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Table 3
Effect of lignocellulosic fibers obtained from Agave bagasse as a reinforcement of PHB and PHBV*.

Type of Reinforcement Composition of PHA: Tensile
PHA Synthetic polymer (%) strength (MPa)
used

PHB Polyethylene 30:70 9.1

(PE)
PHB Polypropylene 50:50 27.5
(PP)
Type of Reinforcement Composition of PHA: Tensile
PHA Natural fibers (%) strength
used (MPa)
PHB - 100:0 20.5-28.5
PHB Agave fibers 70:30 13.7
(Agave tequilana)

PHB Agave fibers 85:15 18.2
(Agave sisalana)

PHB Agave fibers 75:25 19.2
(Agave tequilana)

PHB Agave fibers 80:20 12
(Agave tequilana)

PHBV - 100:0 20.3

PHBV Agave fibers - 5.24-6.97
(Agave
fourcroydes)

PHBV Agave fibers 70:30 15.7
(Agave tequilana)

PHBV Agave fibers 80:20 15

(Agave tequilana)

Flexural Impact Degradation Reference
strength (MPa) strength (J/m) temperature (°C)
14.3 40 - Rocha and Moraes
(2015)
- 26.5 - Pachekoski et al. (2009)
Flexural Impact Degradation Reference
strength strength temperature
(MPa) (J/m) ((9]
29.2 25-30 260-275 Pachekoski et al. (2009)
Hosokawa et al. (2017)
Seoane et al. (2017)
Robledo-Ortiz et al.
(2020)
36.8 34.4 291 Torres-Tello et al. (2017)
38.3 - 281 Hosokawa et al. (2017)
38 275 Smith et al. (2020)
39 - Gallardo-Cervantes et al.
(2021)
28.2 0.85 260-275 Persico et al. (2011)
Li et al. (2020)
- - Luo and Netravali (2001)
41.3 291 Torres-Tello et al. (2017)
56 - Gallardo-Cervantes et al.

(2021)

" PHB: polyhydroxybutyrate (homopolymer), PHBV: poly(hydroxybutyrate-co-hidroxyvalerate) (copolymer).

Nowadays, the interest in biocomposites is growing due to their
biodegradability and physical properties that can direct them to pack-
age, biomedical, and automotive applications (Mann et al., 2018).
However, it should be considered that biocomposites produced must
certify their quality under the criteria of international and national or-
ganizations. According to Bhagwat et al. (2020), International Organi-
zation for Standardization (ISO) has established ISO 17088:2012
(specifications for compostable plastics), European Committee for
Standardization (CEN) has established EN 14995:2006 (technical spec-
ification for the compostability of bioplastics) and CEN/TS 16137:2011
(determination of bio-based carbon content), while the American Soci-
ety for Testing and Materials (ASTM) has established ATSM D6400-19
(standard specification for labeling of plastics designed to be aerobi-
cally composted) and ASTM D5338-15 (requirements for biodegrad-
ability). In the case of Mexico, Lara et al. (2020) reported the existence
of voluntary guidelines (NMX) related to biomaterials. These rules are
intended to serve as guidelines and compliance is generally voluntary
rather than mandatory and are based on lineaments established by ISO
and ASTM, some of these are NMX-e-232 (plastic identification sym-
bols), NMX-e-233 (recycling terminology), NMX-e-260 (bioplastics ter-
minology), and NMX-e-267 (methods of testing of bio-based plastics). In
addition, after 2020 some regulations aimed to ban the commercial sale
and use of synthetic plastics were established in several Mexican states.
Therefore, policies are still being developed directed to open the door to
the production and commercialization of biocomposites, which will be
integrated into the Mexican market of plastics soon.

4. Circular economy and rural development

The circular economy is a concept that is gaining strength in the
research around PHB production. It is based on applying the 3 R prin-
ciples: Reduce, Reuse, and Recycle to exploit the waste generation of
several industries for creating products in an economical and environ-
mentally sustainable manner (Menon and Lyng, 2021; Tisserant et al.,

2017). The dynamics of this concept are centered on three strategies: (1)
policies for reuse, repair, and remanufacturing; (2) green innovation
procurement; and (3) policies for improving the secondary material
markets (Milios, 2017). If these strategies were focused on PHB pro-
duction under the influence of Agave derivatives, we could stimulate the
economy of several rural areas in Mexico (Fig. 2).

The cultivation and harvesting of Agave plants are carried out by
diverse Mexican rural communities in a traditional way. These com-
munities mainly provide their harvest to the industries of alcoholic
beverages (tequila and mezcal) and foods (Nava-Cruz et al., 2015;
Zizumbo-Villarreal et al., 2012). However, the incorporation of Agave
plants into the PHB production and the circular economy strategies
mentioned above can serve as an alternative to improve the productivity
of traditional Agave farms, generate a greater availability of jobs, and
enhance the socio-economic development of these communities (Osorio
et al., 2021; Schroeder et al., 2018). According to Narvaez-Zapata and
Sanchez-Teyer (2009), if Agave plants were re-directed to the production
of novel biotechnological products with added value, they could be
positioned as an important resource, incorporating new economic ben-
efits for rural communities dedicated to the production of this plant
resource. Also, the revalorization of Agave by-products from alcoholic
beverage and food industries can serve as an alternative to stimulate the
production of PHB-based products and biocomposites in an economical
way, with easy waste management (Masullo, 2017; Palomo-Briones
et al., 2017; Smith et al., 2020; Tsang et al., 2019). Likewise, the
search for new markets and the recycling properties of these products
can trigger an economic benefit to PHB producer companies and would
therefore have an indirect benefit for the alcoholic beverage and food
industries as well as the traditional Agave producers. In addition, it is
crucial to increase the awareness about the sustainable development of
the communities dedicated to cultivating and harvesting Agave plants, a
plant resource that could move the population to a system based on
bioeconomy.
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Fig. 2. Proposal of Agave plants integration into the PHB production and application of circular economy strategies: (1) Policies for reuse, repair, and remanu-
facturing; (2) Green innovation procurement; and (3) Policies for improving secondary material markets.

5. Technical challenges to overcome and future perspectives

For the successful integration of Agave plants into the PHB produc-
tion, it is necessary to consider many challenges in different areas
(Fig. 3). The first challenge is to consider the biological aspect of this
process, since the isolation of novel bacterial strains (bioprospecting)
with a metabolic versatility that allows them to uptake Agave lignocel-
lulosic biomass as a substrate for PHB production in an efficient way and
the use of synthetic biology as a tool directed to the optimal develop-
ment of industrial strains with clear genomic information, efficient
growth capacity on waste substrates, and systems not easily contami-
nated by other bacteria are an imperative need directed to increase the
production of PHB (Saratale et al., 2021). The second challenge is the
technological strategies directed to enhance the production of PHB
through pre-treatments that allow a better use of Agave lignocellulosic
biomass by the bacterial strain employed for the fermentation process
(Martinez-Herrera et al., 2021). Likewise, optimization of the fermen-
tation process through statistical analysis, improve PHB recovery with
protocols that involve a low use of halogenated solvents, and increase
the quality of biocomposites PHB-Agave and PHBV-Agave according to
the criteria of international and national organizations (Bhagwat et al.,
2020; Rodriguez-Perez et al., 2018). The third challenge is to carry out a
techno-economic analysis aimed to analyze the feasibility to include
Agave derivatives to produce PHB on an industrial scale. For this, it is
necessary to contemplate direct costs (raw materials price, operating
labor, and utility costs), fixed costs (plant depreciation, taxes, and in-
surances), and general costs (overheads for maintenance of the plant
operations, administrative costs, and development funds) (Levett et al.,
2016; Shahzad et al., 2017). Furthermore, a fourth challenge or social
challenge is contemplated in this research review due to the ancestral
knowledge about Agave plants that has been maintained by different
Mexican communities. In this case, is necessary to protect the rural
communities from “biopiracy”, which is the illegal appropriation of

traditional knowledge and biological materials by different groups
(Soria-Lopez and Fuentes-Paramo, 2016). For this, it is imperative to
encourage the participation of an academic, governmental, and business
cluster for the creation of strict laws against “biopiracy” and legislative
principles for social integration and technological-scientific develop-
ment. Likewise, awareness of rural communities about the biotechno-
logical potential and its economic benefits that can arise from the
multiple uses of Agave plants. Highlighting bioeconomy as an alternative
for the creation of biotechnological industries (biorefineries) in
conjunction with local Agave farmers that could allow a greater avail-
ability of jobs and improve their quality of life.

6. Conclusions

Although Mexico and the world are understanding the importance of
the biotechnological production of PHB under the influence of different
Agave derivatives is still necessary to overcome several challenges in
different areas before scaling up this technology. Therefore, this
research review is a manifesto aimed at the scientific community, and
the public and private sectors to encourage the cooperation directed to
innovate the use of Agave derivatives (especially lignocellulosic
biomass) as novel feedstocks with the potential to improve the pro-
duction of PHB, its physical properties through the manufacture of
biocomposites, and move the rural communities to a system based on
bioeconomy.
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Fig. 3. Biological, technological, economical, and social challenges for the integration of Agave plants into the PHB production.

CRediT authorship contribution statement

Raul E. Martinez-Herrera: Conceptualization, Investigation,
Writing — original draft, O. Miriam Rutiaga-Quinones: Visualization,
Writing — review & editing, Maria E. Aleman-Huerta: Visualization,
Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Akaraonye, E., Keshavarz, T., Roy, 1., 2010. Production of polyhydroxyalkanoates: the
future green materials of choice. J. Chem. Technol. Biotechnol. 85, 732-743.
https://doi.org/10.1002/jctb.2392.

Alva, L.E,, Riley, M.R., 2008. Utilization of cellulosic waste from tequila bagasse and
production of polyhydroxyalkanoate (PHA) bioplastics by Saccharophagus degradans.
Biotechnol. Bioeng. 100, 882-888. https://doi.org/10.1002/bit.21854.

Bhagwat, G., Gray, K., Wilson, S.P., Muniyasamy, S., Vincent, S.G.T., Bush, R.,
Palanisami, T., 2020. Benchmarking bioplastics: a natural step towards a sustainable
future. J. Polym. Environ. 28, 3055-3075. https://doi.org/10.1007/510924-020-
01830-8.

Bowers, T., Vaidya, A., Smith, D.A., Lloyd-Jones, G., 2013. Softwood hydrolysate as a
carbon source for polyhydroxyalkanoate production. J. Chem. Technol. Biotechnol.
89, 1030-1037. https://doi.org/10.1002/jctb.4196.

Carrillo-Nieves, D., Rostro Alanis, M.J., de la Cruz Quiroz, R., Ruiz, H.A., Igbal, H.M.N.,
Parra-Saldivar, R., 2019. Current status and future trends of bioethanol production
from agro-industrial wastes in Mexico. Renew. Sustain. Energy Rev. 102, 63-74.
https://doi.org/10.1016/j.rser.2018.11.031.

Clifton-Garcia, B., Gonzalez-Reynoso, O., Robledo-Ortiz, J.R., Villafana-Rojas, J.,
Gonzalez-Garcia, Y., 2019. Forest soil bacteria able to produce homo and copolymers
of polyhydroxyalkanoates from several pure and waste carbon sources. Lett. Appl.
Microbiol. 70, 300-309. https://doi.org/10.1111/lam.13272.

Contreras-Hernandez, M., Ochoa-Martinez, L., Rutiaga-Quinones, J., Rocha-Guzman, N.,
Lara-Cisneros, T., Contreras-Esquivel, J., Prado-Barragdn, L., Rutiaga-Quinones, O.
M., 2018. Effect of ultrasound pre-treatment on the physicochemical composition of
Agave durangensis leaves and potential enzyme production. Bioresour. Technol. 249,
439-446. https://doi.org/10.1016/j.biortech.2017.10.009.

Espino, E., Cakir, M., Domenek, S., Roman-Gutiérrez, A.D., Belgacem, N., Bras, J., 2014.
Isolation and characterization of cellulose nanocrystals from industrial by-products
of Agave tequilana and barley. Ind. Crops Prod. 62, 552-559. https://doi.org/
10.1016/j.indcrop.2014.09.017.

Faruk, O., Bledzki, A.K., Fink, H.P., Sain, M., 2012. Biocomposites reinforced with
natural fibers: 2000-2010. Prog. Polym. Sci. 37, 1552-1596. https://doi.org/
10.1016/j.progpolymsci.2012.04.003.

Flores-Sanchez, A., Lopez-Cuellar, M., del, R., Pérez-Guevara, F., Figueroa Lopez, U.,
Martin-Bufdjer, J.M., Vergara-Porras, B., 2017. Synthesis of poly-(R-
hydroxyalkanoates) by Cupriavidus necator ATCC 17699 using Mexican avocado
(Persea americana) oil as a carbon source. Int. J. Polym. Sci. 2017, 1-10. https://doi.
org/10.1155/2017/6942950.

Franco-Ledn, J., de, J., Arriola-Guevara, E., Suarez-Hernandez, L.A., Toriz, G.,
Guatemala-Morales, G., Corona-Gonzalez, R.1., 2021. Influence of supplemented
nutrients in tequila vinasses for hydrogen and polyhydroxybutyrate production by
photofermentation with Rhodopseudomonas pseudopalustris. Bioresour. Technol. 329,
124865 https://doi.org/10.1016/j.biortech.2021.124865.

Gallardo-Cervantes, M., Gonzélez-Garcia, Y., Pérez-Fonseca, A.A., Gonzalez-Lopez, M.E.,
Manriquez-Gonzalez, R., Rodrigue, D., Robledo-Ortiz, J.R., 2021. Biodegradability
and improved mechanical performance of polyhydroxyalkanoates/agave fiber


https://doi.org/10.1002/jctb.2392
https://doi.org/10.1002/bit.21854
https://doi.org/10.1007/s10924-020-01830-8
https://doi.org/10.1007/s10924-020-01830-8
https://doi.org/10.1002/jctb.4196
https://doi.org/10.1016/j.rser.2018.11.031
https://doi.org/10.1111/lam.13272
https://doi.org/10.1016/j.biortech.2017.10.009
https://doi.org/10.1016/j.indcrop.2014.09.017
https://doi.org/10.1016/j.indcrop.2014.09.017
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1155/2017/6942950
https://doi.org/10.1155/2017/6942950
https://doi.org/10.1016/j.biortech.2021.124865

R.E. Martinez-Herrera et al.

biocomposites compatibilized by different strategies. J. Appl. Polym. Sci. 138,
50182. https://doi.org/10.1002/app.50182.

Garcia Alcantara, J.M., Distante, F., Storti, G., Moscatelli, D., Morbidelli, M.,
Sponchioni, M., 2020. Current trends in the production of biodegradable bioplastics:
the case of polyhydroxyalkanoates. Biotechnol. Adv. 42, 107582 https://doi.org/
10.1016/j.biotechadv.2020.107582.

Gonzalez-Garcia, Y., Grieve, J., Meza-Contreras, J.C., Clifton-Garcia, B., Silva-Guzman, J.
A., 2019. Tequila agave bagasse hydrolysate for the production of
polyhydroxybutyrate by Burkholderia sacchari. Bioengineering 6, 115. https://doi.
org/10.3390/bioengineering6040115.

Hosokawa, M.N., Darros, A.B., da Silva Moris, V.A., de Paiva, J.M.F., 2017.
Polyhydroxybutyrate composites with random mats of sisal and coconut fibers.
Mater. Res. 20, 279-290. https://doi.org/10.1590/1980-5373-MR-2016-0254.

Ibarra-Canttin, D., Ramos-Cassellis, M.E., Marin-Castro, M.A., Castelan-Vega, R., del, C.,
2020. Secondary metabolites and antioxidant activity of the solid-state fermentation
in apple (Pirus malus L.) and agave mezcalero (Agave angustifolia H.) bagasse.

J. Fungi 6, 137. https://doi.org/10.3390/j0f6030137.

Kaur, G., 2015. Strategies for large-scale production of polyhydroxyalkanoates. Chem.
Biochem. Eng. Q. 29, 157-172. https://doi.org/10.15255/cabeq.2014.2255.

Keshavarz, T., Roy, 1., 2010. Polyhydroxyalkanoates: bioplastics with a green agenda.
Curr. Opin. Microbiol. 13, 321-326. https://doi.org/10.1016/j.mib.2010.02.006.

Kourmentza, C., Placido, J., Venetsaneas, N., Burniol-Figols, A., Varrone, C., Gavala, H.
N., Reis, M.A.M., 2017. Recent advances and challenges towards sustainable
polyhydroxyalkanoate (PHA) production. Bioengineering 4, 55. https://doi.org/
10.3390/bioengineering4020055.

Kumar, M., Singhal, A., Verma, P.K., Thakur, 1.S., 2017. Production and characterization
of polyhydroxyalkanoate from lignin derivatives by Pandoraea sp. ISTKB. ACS
Omega 2, 9156-9163. https://doi.org/10.1021/acsomega.7b01615.

Lara, O.H., Spalding, M.J., Navarrete, A.H., Park, C.A., Braestrup, A., 2020. The current
state of law on plastic pollution in Mexico and a view toward the future. In: The
Handbook of Environmental Chemistry. Springer, Berlin, Heidelberg. https://doi.
org/10.1007,/698_2020_518.

Levett, 1., Birkett, G., Davies, N., Bell, A., Langford, A., Laycock, B., Lant, P., Pratt, S.,
2016. Techno-economic assessment of poly-3-hydroxybutyrate (PHB) production
from methane - the case for thermophilic bioprocessing. J. Environ. Chem. Eng. 4,
3724-3733. https://doi.org/10.1016/j.jece.2016.07.033.

Li, Z., Reimer, C., Wang, T., Mohanty, A K., Misra, M., 2020. Thermal and mechanical
properties of the biocomposites of Miscanthus biocarbon and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Polymers. 12, 1300. https://doi.
0rg/10.3390/polym12061300.

Lépez-Romero, J.C., Ayala-Zavala, J.F., Gonzdlez-Aguilar, G.A., Pena-Ramos, E.A.,
Gonzalez-Rios, H., 2018a. Biological activities of Agave by-products and their
possible applications in food and pharmaceuticals. J. Sci. Food Agric. 98,
2461-2474. https://doi.org/10.1002/jsfa.8738.

Lépez-Romero, J.C., Ayala-Zavala, J.F., Pena-Ramos, E.A., Hernandez, J., Gonzalez-
Rios, H., 2018b. Antioxidant and antimicrobial activity of Agave angustifolia extract
on overall quality and shelf life of pork patties stored under refrigeration. J. Food
Sci. Technol. 55, 4413-4423. https://doi.org/10.1007/513197-018-3351-3.

Luo, S., Netravali, A.N., 2001. Characterization of henequen fibers and the henequen
fiber/poly(hydroxybutyrate-co-hydroxyvalerate) interface. J. Adhes. Sci. Technol.
15, 423-437. https://doi.org/10.1163/156856101300157533.

Mann, G.S., Singh, L.P., Kumar, P., Singh, S., 2018. Green composites: a review of
processing technologies and recent applications. J. Thermoplast. Compos. Mater. 33,
1145-1171. https://doi.org/10.1177/0892705718816354.

Marciniak, P., Mozejko-Ciesielska, J., 2021. What is new in the field of industrial wastes
conversion into polyhydroxyalkanoates by bacteria? Polymers 13, 1731. https://doi.
org/10.3390/polym13111731.

Martinez-Herrera, R.E., Alemdn-Huerta, M.E., Almaguer-Cantd, V., Rosas-Flores, W.,
Martinez-Gomez, V., Quintero-Zapata, 1., Rivera, G., Rutiaga-Quinones, O.M., 2020.
Efficient recovery of thermostable polyhydroxybutyrate (PHB) by a rapid and
solvent-free extraction protocol assisted by ultrasound. Int. J. Biol. Macromol. 164,
771-782. https://doi.org/10.1016/j.ijbiomac.2020.07.101.

Martinez-Herrera, R.E., Aleman-Huerta, M.E., Flores-Rodriguez, P., Almaguer-Cantd, V.,
Valencia-Vazquez, R., Rosas-Flores, W., Medrano-Roldan, H., Ochoa-Martinez, L.A.,
Rutiaga-Quinones, O.M., 2021. Utilization of Agave durangensis leaves by Bacillus
cereus 4N for polyhydroxybutyrate (PHB) biosynthesis. Int. J. Biol. Macromol. 175,
199-208. https://doi.org/10.1016/j.ijpiomac.2021.01.167.

Masullo, A., 2017. Organic wastes management in a circular economy approach:
rebuilding the link between urban and rural areas. Ecol. Eng. 101, 84-90. https://
doi.org/10.1016/j.ecoleng.2017.01.005.

Mayet, C., Deniset-Besseau, A., Prazeres, R., Ortega, J.M., Dazzi, A., 2013. Analysis of
bacterial polyhydroxybutyrate production by multimodal nanoimaging. Biotechnol.
Adv. 31, 369-374. https://doi.org/10.1016/j.biotechadv.2012.05.003.

McAdam, B., Brennan Fournet, M., McDonald, P., Mojicevic, M., 2020. Production of
polyhydroxybutyrate (PHB) and factors impacting its chemical and mechanical
characteristics. Polymers 12, 2908. https://doi.org/10.3390/polym12122908.

Menon, A., Lyng, J.G., 2021. Circular bioeconomy solutions: driving anaerobic digestion
of waste streams towards production of high value medium chain fatty acids. Rev.
Environ. Sci. Biotechnol. 20, 189-208. https://doi.org/10.1007/511157-020-09559-
5.

Milios, L., 2017. Advancing to a circular economy: three essential ingredients for a
comprehensive policy mix. Sustain. Sci. 13, 861-878. https://doi.org/10.1007/
511625-017-0502-9.

Montanez Soto, J.L., Venegas Gonzalez, J., Bernardino Nicanor, A., Ramos Ramirez, E.G.,
2011. Enzymatic production of high fructose syrup from Agave tequilana fructans and

Industrial Crops & Products 174 (2021) 114188

its physicochemical characterization. Afr. J. Biotechnol 10, 19137-19143. https://
doi.org/10.5897/ajb11.2704.

Mostafa, Y.S., Alrumman, S.A., Alamri, S.A., Otaif, K.A., Mostafa, M.S., Alfaify, A.M.,
2020. Bioplastic (poly-3-hydroxybutyrate) production by the marine bacterium
Pseudodonghicola xiamenensis through date syrup valorization and structural
assessment of the biopolymer. Sci. Rep. 10, 1-13. https://doi.org/10.1038/541598-
020-65858-5.

Mozejko-Ciesielska, J., Kiewisz, R., 2016. Bacterial polyhydroxyalkanoates: still
fabulous? Microbiol. Res. 192, 271-282. https://doi.org/10.1016/j.
micres.2016.07.010.

Muhammadi, S., Afzal, M., Hameed, S., 2015. Bacterial polyhydroxyalkanoates-eco-
friendly next generation plastic: production, biocompatibility, biodegradation,
physical properties and applications. Green Chem. Lett. Rev. 8, 56-77. https://doi.
org/10.1080/17518253.2015.1109715.

Narvaez-Zapata, J.A., Sanchez-Teyer, L.F., 2009. Agaves as a raw material: recent
technologies and applications. Recent Pat. Biotechnol 3, 185-191. https://doi.org/
10.2174/187220809789389144.

Narvaez-Zapata, J.A., Rojas-Herrera, R.A., Rodriguez-Luna, I.C., Larralde-Corona, C.P.,
2010. Culture-independent analysis of lactic acid bacteria diversity associated with
mezcal fermentation. Curr. Microbiol. 61, 444-450. https://doi.org/10.1007/
500284-010-9636-z.

Nava-Cruz, N.Y., Medina-Morales, M.A., Martinez, J.L., Rodriguez, R., Aguilar, C.N.,
2015. Agave biotechnology: an overview. Crit. Rev. Biotechnol. 35, 546-559.
https://doi.org/10.3109/07388551.2014.923813.

Nielsen, C., Rahman, A., Rehman, A.U., Walsh, M.K., Miller, C.D., 2017. Food waste
conversion to microbial polyhydroxyalkanoates. Microb. Biotechnol. 10,
1338-1352. https://doi.org/10.1111/1751-7915.12776.

Obruca, S., Sedlacek, P., Koller, M., Kucera, D., Pernicova, 1., 2017. Involvement of
polyhydroxyalkanoates in stress resistance of microbial cells: biotechnological
consequences and applications. Biotechnol. Adv. 36, 856-870. https://doi.org/
10.1016/j.biotechadv.2017.12.006.

Obruca, S., Sedlacek, P., Koller, M., 2020. The underexplored role of diverse stress factors
in microbial biopolymer synthesis. Bioresour. Technol. 326, 124767 https://doi.org/
10.1016/j.biortech.2021.124767.

Osorio, L.L.D.R., Flérez-Lopez, E., Grande-Tovar, C.D., 2021. The potential of selected
agri-food loss and waste to contribute to a circular economy: applications in the
food, cosmetic and pharmaceutical industries. Molecules 26, 515. https://doi.org/
10.3390/molecules26020515.

Pachekoski, W.M., Agnelli, J.A.M., Belem, L.P., 2009. Thermal, mechanical and
morphological properties of poly(hydroxybutyrate) and polypropylene blends after
processing. Mater. Res. 12, 159-164. https://doi.org/10.1590/S1516-
14392009000200008.

Paez-Lerma, J.B., Arias-Garcia, A., Rutiaga-Quinones, O.M., Barrio, E., Soto-Cruz, N.O.,
2013. Yeasts isolated from the alcoholic fermentation of Agave duranguensis during
mezcal production. Food Biotechnol. 27, 342-356. https://doi.org/10.1080/
08905436.2013.840788.

Palomo-Briones, R., Lopez-Gutiérrez, 1., Islas-Lugo, F., Galindo-Hernandez, K.L.,
Munguia-Aguilar, D., Rincon-Pérez, J.A., Cortés-Carmona, M.A., Alatriste-
Mondragon, F., Razo-Flores, E., 2017. Agave bagasse biorefinery: processing and
perspectives. Clean Technol. Environ. Policy 20, 1423-1441. https://doi.org/
10.1007/510098-017-1421-2.

Panagiotopoulos, I.A., Bakker, R.R., de Vrije, T., Koukios, E.G., 2011. Effect of
pretreatment severity on the conversion of barley straw to fermentable substrates
and the release of inhibitory compounds. Bioresour. Technol. 102, 11204-11211.
https://doi.org/10.1016/j.biortech.2011.09.090.

Persico, P., Acierno, D., Carfagna, C., Cimino, F., 2011. Mechanical and thermal
behaviour of ecofriendly composites reinforced by Kenaf and Caroa fibers. Int. J.
Polym. Sci. 2011, 1-7. https://doi.org/10.1155/2011/841812.

Pillai, A.B., Kumar, A.J., Thulasi, K., Kumarapillai, H., 2017. Evaluation of short-chain-
length polyhydroxyalkanoate accumulation in Bacillus aryabhattai. Braz. J.
Microbiol. 48, 451-460. https://doi.org/10.1016/j.bjm.2017.01.005.

Policastro, G., Panico, A., Fabbricino, M., 2021. Improving biological production of poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) co-polymer: a critical review.
Rev. Environ. Sci. Biotechnol. 20, 479-513. https://doi.org/10.1007/s11157-021-
09575-z.

Quillaguamadn, J., Guzman, H., Van-Thuoc, D., Hatti-Kaul, R., 2010. Synthesis and
production of polyhydroxyalkanoates by halophiles: current potential and future
prospects. Appl. Microbiol. Biotechnol. 85, 1687-1696. https://doi.org/10.1007/
500253-009-2397-6.

Radding, C., 2011. The children of Mayahuel: Agaves, human cultures, and desert
landscapes in Northern Mexico. Environ. Hist. 17, 84-115. https://doi.org/10.1093/
envhis/emr118.

Reichert, C.L., Bugnicourt, E., Coltelli, M.B., Cinelli, P., Lazzeri, A., Canesi, 1., Braca, F.,
Martinez, B.M., Alonso, R., Agostinis, L., Verstichel, S., Six, L., De Mets, S., Gémez, E.
C., IBbriicker, C., Geerinck, R., Nettleton, D.F., Campos, L., Sauter, E., Pieczyk, P.,
Schmid, M., 2020. Bio-based packaging: materials, modifications, industrial
applications and sustainability. Polymers 12, 1558. https://doi.org/10.3390/
polym12071558.

Robledo-Ortiz, J.R., Gonzélez-Lopez, M.E., Martin del Campo, A.S., Pérez-Fonseca, A.A.,
2020. Lignocellulosic materials as reinforcement of polyhydroxybutyrate and its
copolymer with hydroxyvalerate: a review. J. Polym. Environ. 29, 1350-1364.
https://doi.org/10.1007/5s10924-020-01979-2.

Robles-Garcia, M.A., Del-Toro-Sanchez, C.L., Marquez-Rios, E., Barrera-Rodriguez, A.,
Aguilar, J., Aguilar, J.A., Reynoso-Marin, F.J., Ceja, 1., Dérame-Miranda, R.,
Rodriguez-Félix, F., 2018. Nanofibers of cellulose bagasse from Agave tequilana


https://doi.org/10.1002/app.50182
https://doi.org/10.1016/j.biotechadv.2020.107582
https://doi.org/10.1016/j.biotechadv.2020.107582
https://doi.org/10.3390/bioengineering6040115
https://doi.org/10.3390/bioengineering6040115
https://doi.org/10.1590/1980-5373-MR-2016-0254
https://doi.org/10.3390/jof6030137
https://doi.org/10.15255/cabeq.2014.2255
https://doi.org/10.1016/j.mib.2010.02.006
https://doi.org/10.3390/bioengineering4020055
https://doi.org/10.3390/bioengineering4020055
https://doi.org/10.1021/acsomega.7b01615
https://doi.org/10.1007/698_2020_518
https://doi.org/10.1007/698_2020_518
https://doi.org/10.1016/j.jece.2016.07.033
https://doi.org/10.3390/polym12061300
https://doi.org/10.3390/polym12061300
https://doi.org/10.1002/jsfa.8738
https://doi.org/10.1007/s13197-018-3351-3
https://doi.org/10.1163/156856101300157533
https://doi.org/10.1177/0892705718816354
https://doi.org/10.3390/polym13111731
https://doi.org/10.3390/polym13111731
https://doi.org/10.1016/j.ijbiomac.2020.07.101
https://doi.org/10.1016/j.ijbiomac.2021.01.167
https://doi.org/10.1016/j.ecoleng.2017.01.005
https://doi.org/10.1016/j.ecoleng.2017.01.005
https://doi.org/10.1016/j.biotechadv.2012.05.003
https://doi.org/10.3390/polym12122908
https://doi.org/10.1007/s11157-020-09559-5
https://doi.org/10.1007/s11157-020-09559-5
https://doi.org/10.1007/s11625-017-0502-9
https://doi.org/10.1007/s11625-017-0502-9
https://doi.org/10.5897/ajb11.2704
https://doi.org/10.5897/ajb11.2704
https://doi.org/10.1038/s41598-020-65858-5
https://doi.org/10.1038/s41598-020-65858-5
https://doi.org/10.1016/j.micres.2016.07.010
https://doi.org/10.1016/j.micres.2016.07.010
https://doi.org/10.1080/17518253.2015.1109715
https://doi.org/10.1080/17518253.2015.1109715
https://doi.org/10.2174/187220809789389144
https://doi.org/10.2174/187220809789389144
https://doi.org/10.1007/s00284-010-9636-z
https://doi.org/10.1007/s00284-010-9636-z
https://doi.org/10.3109/07388551.2014.923813
https://doi.org/10.1111/1751-7915.12776
https://doi.org/10.1016/j.biotechadv.2017.12.006
https://doi.org/10.1016/j.biotechadv.2017.12.006
https://doi.org/10.1016/j.biortech.2021.124767
https://doi.org/10.1016/j.biortech.2021.124767
https://doi.org/10.3390/molecules26020515
https://doi.org/10.3390/molecules26020515
https://doi.org/10.1590/S1516-14392009000200008
https://doi.org/10.1590/S1516-14392009000200008
https://doi.org/10.1080/08905436.2013.840788
https://doi.org/10.1080/08905436.2013.840788
https://doi.org/10.1007/s10098-017-1421-2
https://doi.org/10.1007/s10098-017-1421-2
https://doi.org/10.1016/j.biortech.2011.09.090
https://doi.org/10.1155/2011/841812
https://doi.org/10.1016/j.bjm.2017.01.005
https://doi.org/10.1007/s11157-021-09575-z
https://doi.org/10.1007/s11157-021-09575-z
https://doi.org/10.1007/s00253-009-2397-6
https://doi.org/10.1007/s00253-009-2397-6
https://doi.org/10.1093/envhis/emr118
https://doi.org/10.1093/envhis/emr118
https://doi.org/10.3390/polym12071558
https://doi.org/10.3390/polym12071558
https://doi.org/10.1007/s10924-020-01979-2

R.E. Martinez-Herrera et al.

Weber var. azul by electrospinning: preparation and characterization. Carbohydr.
Polym. 192, 69-74. https://doi.org/10.1016/j.carbpol.2018.03.058.

Rocha, M.C.G., Moraes, L.R.D.C., 2015. Low density polyethylene (LDPE) blends based
on Poly(3-hydroxi-butyrate) (PHB) and guar gum (GG) biodegradable polymers.
Polimeros 25, 42-48. https://doi.org/10.1590/0104-1428.1495.

Rodriguez-Perez, S., Serrano, A., Pantién, A.A., Alonso-Farinas, B., 2018. Challenges of
scaling-up PHA production from waste streams. A review. J. Environ. Manage. 205,
215-230. https://doi.org/10.1016/j.jenvman.2017.09.083.

Sahu, P., Gupta, M.K., 2017. Sisal (Agave sisalana) fibre and its polymer-based
composites: a review on current developments. J. Reinf. Plast. Compos. 36,
1759-1780. https://doi.org/10.1177/0731684417725584.

Saratale, R.G., Saratale, G.D., Cho, S.K., Kim, D.S., Ghodake, G.S., Kadam, A., Kumar, G.,
Bharagava, R.N., Banu, R., Shin, H.S., 2019. Pretreatment of kenaf (Hibiscus
cannabinus L.) biomass feedstock for polyhydroxybutyrate (PHB) production and
characterization. Bioresour. Technol. 282, 75-80. https://doi.org/10.1016/j.
biortech.2019.02.083.

Saratale, R.G., Cho, S.K., Ghodake, G.S., Shin, H.S., Saratale, G.D., Park, Y., Lee, H.S.,
Bharagava, R.N., Kim, D.S., 2020. Utilization of noxious weed water hyacinth
biomass as a potential feedstock for biopolymers production: a novel approach.
Polymers 12, 1704. https://doi.org/10.3390/polym12081704.

Saratale, R.G., Cho, S.-K., Dattatraya Saratale, G., Kadam, A.A., Ghodake, G.S.,

Kumar, M., Bharagava, R.N., Kumar, G., Su Kim, D., Mulla, S.I., Seung Shin, H.,
2021. A comprehensive overview and recent advances on polyhydroxyalkanoates
(PHA) production. Bioresour. Technol. 325, 124685 https://doi.org/10.1016/j.
biortech.2021.124685.

Schroeder, P., Anggraeni, K., Weber, U., 2018. The relevance of circular economy
practices to the sustainable development goals. J. Ind. Ecol. 23, 77-95. https://doi.
org/10.1111/jiec.12732.

Seoane, L.T., Cerrutti, P., Vazquez, A., Manfredi, L.B., Cyras, V.P., 2017.
Polyhydroxybutyrate-based nanocomposites with cellulose nanocrystals and
bacterial cellulose. J. Polym. Environ. 25, 586-598. https://doi.org/10.1007/
$10924-016-0838-8.

Shahzad, K., Narodoslawsky, M., Sagir, M., Ali, N., Ali, S., Rashid, M.L, Ismail, I.M.L,
Koller, M., 2017. Techno-economic feasibility of waste biorefinery: using
slaughtering waste streams as starting material for biopolyester production. Waste
Manag 67, 73-85. https://doi.org/10.1016/j.wasman.2017.05.047.

Smith, M.K.M., Paleri, D.M., Abdelwahab, M., Mielewski, D.F., Misra, M., Mohanty, A.K.,
2020. Sustainable composites from poly(3-hydroxybutyrate) (PHB) bioplastic and

Industrial Crops & Products 174 (2021) 114188

agave natural fibre. Green Chem 22, 3906-3916. https://doi.org/10.1039/
d0gc00365d.

Soria-Lopez, M., Fuentes-Paramo, 1., 2016. The identification of biopiracy in patents.
World Pat. Inf. 47, 67-74. https://doi.org/10.1016/j.wpi.2016.10.003.

Sudesh, K., Abe, H., Doi, Y., 2000. Synthesis, structure and properties of
polyhydroxyalkanoates: biological polyesters. Prog. Polym. Sci. 25, 1503-1555.
https://doi.org/10.1016/S0079-6700(00)00035-6.

Tisserant, A., Pauliuk, S., Merciai, S., Schmidt, J., Fry, J., Wood, R., Tukker, A., 2017.
Solid waste and the circular economy: a global analysis of waste treatment and waste
footprints. J. Ind. Ecol. 21, 628-640. https://doi.org/10.1111/jiec.12562.

Tokiwa, Y., Calabia, B.P., Ugwu, C.U., Aiba, S., 2009. Biodegradability of plastics. Int. J.
Mol. Sci. 10, 3722-3742. https://doi.org/10.3390/ijms10093722.

Torres-Tello, E.V., Robledo-Ortiz, J.R., Gonzalez-Garcia, Y., Pérez-Fonseca, A.A., Jasso-
Gastinel, C.F., Mendizdbal, E., 2017. Effect of agave fiber content in the thermal and
mechanical properties of green composites based on polyhydroxybutyrate or poly
(hydroxybutyrate-co-hydroxyvalerate). Ind. Crops Prod. 99, 117-125. https://doi.
org/10.1016/j.indcrop.2017.01.035.

Tsang, Y.F., Kumar, V., Samadar, P., Yang, Y., Lee, J., Ok, Y.S., Song, H., Kim, K.-H.,
Kwon, E.E., Jeon, Y.J., 2019. Production of bioplastic through food waste
valorization. Environ. Int. 127, 625-644. https://doi.org/10.1016/j.
envint.2019.03.076.

Vaidya, A.A., Collet, C., Gaugler, M., Lloyd-Jones, G., 2019. Integrating softwood
biorefinery lignin into polyhydroxybutyrate composites and application in 3D
printing. Mater. Today Commun. 19, 286-296. https://doi.org/10.1016/j.
mtcomm.2019.02.008.

Veldzquez Rios, 1.0., Gonzélez-Garcia, G., Mellado-Mojica, E., Veloz Garcia, R.A., Dzul
Cauich, J.G., Lopez, M.G., Garcia-Vieyra, M.I., 2019. Phytochemical profiles and
classification of Agave syrups using 'H NMR and chemometrics. Food Sci. Nutr. 7,
3-13. https://doi.org/10.1002/fsn3.755.

Zagho, M.M., Hussein, E.A., Elzatahry, A.A., 2018. Recent overviews in functional
polymer composites for biomedical applications. Polymers 10, 739. https://doi.org/
10.3390/polym10070739.

Zizumbo-Villarreal, D., Vargas-Ponce, O., Rosales-Adame, J.J., Colunga-Garcia Marin, P.,
2012. Sustainability of the traditional management of Agave genetic resources in the
elaboration of mezcal and tequila spirits in western Mexico. Genet. Resour. Crop
Evol. 60, 33-47. https://doi.org/10.1007/s10722-012-9812-z.


https://doi.org/10.1016/j.carbpol.2018.03.058
https://doi.org/10.1590/0104-1428.1495
https://doi.org/10.1016/j.jenvman.2017.09.083
https://doi.org/10.1177/0731684417725584
https://doi.org/10.1016/j.biortech.2019.02.083
https://doi.org/10.1016/j.biortech.2019.02.083
https://doi.org/10.3390/polym12081704
https://doi.org/10.1016/j.biortech.2021.124685
https://doi.org/10.1016/j.biortech.2021.124685
https://doi.org/10.1111/jiec.12732
https://doi.org/10.1111/jiec.12732
https://doi.org/10.1007/s10924-016-0838-8
https://doi.org/10.1007/s10924-016-0838-8
https://doi.org/10.1016/j.wasman.2017.05.047
https://doi.org/10.1039/d0gc00365d
https://doi.org/10.1039/d0gc00365d
https://doi.org/10.1016/j.wpi.2016.10.003
https://doi.org/10.1016/S0079-6700(00)00035-6
https://doi.org/10.1111/jiec.12562
https://doi.org/10.3390/ijms10093722
https://doi.org/10.1016/j.indcrop.2017.01.035
https://doi.org/10.1016/j.indcrop.2017.01.035
https://doi.org/10.1016/j.envint.2019.03.076
https://doi.org/10.1016/j.envint.2019.03.076
https://doi.org/10.1016/j.mtcomm.2019.02.008
https://doi.org/10.1016/j.mtcomm.2019.02.008
https://doi.org/10.1002/fsn3.755
https://doi.org/10.3390/polym10070739
https://doi.org/10.3390/polym10070739
https://doi.org/10.1007/s10722-012-9812-z

	Integration of Agave plants into the polyhydroxybutyrate (PHB) production: A gift of the ancient Aztecs to the current bioworld
	1 Introduction
	2 Agave derivatives for polyhydroxybutyrate (PHB) production
	3 Green composites
	4 Circular economy and rural development
	5 Technical challenges to overcome and future perspectives
	6 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


