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Abstract
The constant increase in the world’s population represents a significant challenge for the agricultural
sector since there is a need to find efficient and non-polluting solutions that allow increasing the
production of plant foods in quantity and quality, with fewer inputs, as well as dealing with the large
amount of waste produced. One of the alternatives employed has been the use of biostimulants
of plant metabolism, which improve plant growth and yield and increase tolerance to biotic and
abiotic stress. Lignin and its derivatives (oligomers, monolignols, lignosulfonates, ammonium
lignosulfonates, calcium lignosulfonates, etc.) are aromatic heteropolymers that constitute 40% of
the plant cell wall and in recent years have been shown to function as biostimulants and fertilizer
carriers, evidencing an increase in biomass, root, and production, due to a potentiation in the
photosynthetic rate and metabolic pathways related to carbohydrates. One source for obtaining
them can be agricultural waste, such as pecan shells, which are agro-residues produced on a large
scale in northern Mexico and until today, have been poorly used; the objective of the manuscript
focused on collecting and analyzing the state of the art of the use of lignin from the agro-residues
of pecan cultivation and its potential use as a biostimulant of metabolism in plants.
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The increase in the world’s population and a constant change in global environmental conditions are 
two of the main challenges of this century to achieve adequate plant food production (Shahrajabian 
et al., 2021). In this context, the use of biostimulants in agriculture has been an increasingly 
demanded practice to combat these problems that prevent the optimal development of crops, as 
well as to achieve a reduction in the use of inorganic inputs, such as fertilizers and pesticides. In 
addition, biostimulants are considered commercially very attractive, since the profits of this business 
exceed 2 billion dollars in annual sales (Yakhin et al., 2017).

Lignin can undergo various processes to generate high-value products, such as catalysts, 
carbonaceous materials, hydrogels, chemicals and fuels. On the other hand, due to its phenolic 
nature and the presence of various functional groups, lignin has the potential to be used in 
the preparation of biocomposites and antioxidant materials, which are useful in agribusiness as 
additives, coating agents, absorbents, plant growth stimulators for food production, packaging 
materials and fertilizers (Eraghi Kazzaz et al., 2019).

Publications on lignin focus mainly on biorefinery and bioenergy (Mahmud et al., 2023), so there 
is extensive literature on the use of lignin in these areas, which does not occur for agricultural 
applications. Despite this trend, some studies have shown that lignin and some derivatives increase 
and improve the quality of crop production (Savy and Cozzolino, 2022).

Lignin is a branched aromatic heteropolymer, randomly formed by phenylpropane units. Virgin 
and chemically modified lignin oligomers have recently attracted the attention of the scientific 
community due to the results obtained after their use in agronomy, where these macromolecules 
have worked as carriers and dispensers of essential macro- and microelements; likewise, they have 
had beneficial effects directly on growth, greater tolerance to stress, and increased production of 
different crops (Campobenedetto et al., 2020).

A significant advantage of the use of lignin as a biostimulant of plant metabolism is that this 
compound constitutes 40% of the cell wall of plants and an even higher percentage when it comes 
to timber and woody materials, so important sources of this biopolymer could be the different agro-
residues generated by food and beverage production processes (Sánchez, 2009).

In northern Mexico, a crop of great economic significance is pecans, generating residues that 
account for around 40-50% of total production (Ranum et al., 2014; Suárez-Jacobo et al., 2016). 
The residues of this crop represent a source of molecules of commercial interest, such as lignin, 
hemicellulose, and phenolic compounds, which can be used to improve the production of vegetables 
and, at the same time, reduce the volume of these wastes or residues.

This review focused on promoting and visualizing the use of pecan agro-residues as a raw 
material for obtaining lignin, exploring its potential as a biostimulant of plant metabolism. In 
addition, the main methodologies to extract this biopolymer efficiently from the 
aforementioned sources are addressed.

Biosmulants overview
The definition of biostimulant is very broad; however, they can be considered of natural origin, they 
improve plant growth and production, and promote stress tolerance (Drobek et al., 2019). Currently, 
the classification of biostimulants is mainly based on their origin, their main components or their 
mode of action (Dipak Kumar and Aloke, 2020), so there is no general consensus.

Shahrajabian et al. (2021) proposed a simple and straightforward classification, which is as follows: 
biostimulants of biological origin and physical or chemical origin. Within the first group, they are 
subclassified into microbiological and non-microbiological; the former include mycorrhizae and plant 
growth-promoting bacteria, whereas the latter include extracts of algae and terrestrial plants, humic 
substances, and biopolymers such as chitosan. Figure 1 shows the classification described above.
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Figure 1. General classificaon of biosmulants according to Shahrajabian et al. (2021).

Main chemical characteriscs of lignin
Lignin is an amorphous polymer composed of three basic monomers: coumaryl, coniferyl 
and sinapyl alcohol, synthesized from the phenylpropanoid pathway, which respectively form 
the units p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S). This polymer is structured by the 
bonding of these units by ether bonds, mainly ß-O-4, α-O-4, 5-5, ß-ß, 4-O-5, ß-5, and ß-1 
(Figure 2) (Maceda et al., 2021).

Figure 2. Illustraon of the monomeric components of lignin and the main chemical bonds formed between them. 
Image taken from Ruwoldt (2020).

The molecular mass has been estimated to range from 1 000 to 20 000 g mol-1 and the rigidity of
the wall depends on the balance of the polymer units; for example, a higher proportion of guaiacyl
has been found in soft wood, and less guaiacyl and more syringyl have been found in hardwood
(Florian et al., 2019)

The functional groups of the lignin units with the highest reactivity are aliphatic and aromatic
hydroxyl, methoxy, and ethoxy groups; that is, widely reactive polyol groups. The presence of these
groups would allow electrophilic substitution reactions to be carried out mainly, using a wide variety
of compounds with an electrophilic nature to be incorporated into the aromatic ring, replacing a
hydrogen atom. The high concentration of reactive groups is the reason why lignin has had a large
number of applications, such as in construction, pharmaceuticals, etc. (Chio et al., 2019).
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Use of lignin and its derivaves in agriculture: a new alternave
plant biosmulant
In recent years, the use of lignin has expanded into the field of agronomy, where it has been used
to improve plant food production. Its function as a controlled fertilizer releaser, urea coating, soil
improver and growth regulator has been demonstrated. In this sense, (Ahmad et al., 2021) carried
out an extensive literature review of what had been reported so far concerning the application of
lignin in agriculture, showing a broad panorama of all its benefits.

Another recent and very complete review of the impact of the application of lignin and derivatives of
these plants was conducted by Savy and Cozzolino (2022), who state that these macromolecules
can not only function as a carrier of macro and micronutrients, but also as a powerful biostimulant of
plant metabolism; where, in addition to achieving an increase in the growth rate, it is also possible
to increase redox metabolism and cope with oxidative stress conditions.

The benefits on plant growth, development, and defense after the application of lignin, lignin
oligomers, or lignosulfonates complexed with ions, such as Ca or Na, are not fully clarified;
nevertheless, in a study conducted by Kok et al. (2021) on the impact on proteomics and
biochemistry, they found an increase in chlorophyll, coupled with a greater activity of the Rubisco
enzyme, as well as an increase in the concentration of total sugars and proteins, such as PS11,
CP47, CP43, D1 and D2.

This explained part of the phenotypic effects. They also found a reduction in membrane
peroxidation, so a reduction in reactive oxygen species or ROS, is inferred (Kok et al., 2021). In
addition to the above, it has also been suggested that lignin fractions can mimic growth regulators,
such as auxins and gibberellins, depending on the balance of the monomeric composition of the
biopolymer.

For example, the effect related to auxins was attributed to the presence of gallic acid, protocatechuic
acid, and phenylacetic acid. For its part, the gibberellic acid has been linked to hydroxybenzoic acid,
vanillic acid, and syringic acid. This finding was observed in corn plants, with increased growth and
production (Savy et al., 2016).

Another possible mechanism of action of lignin, after exogenous application in plants, has been
attributed to the reactivity of phenolic compounds, as well as to the whole range of functional groups
present in monomers such as ethoxy, methoxy, carboxy and hydroxy (Díaz-Elizondo et al., 2024),
which, through electronic exchange, cause alterations in cell membranes, which triggers a series
of physiological effects, such as improved water management by the plant, greater efficiency in the
opening and closing of stomata, as well as an increase in photosynthesis and respiration rates.

In addition, they interact with different phytohormones and enzymes, modifying biosynthesis and
redirecting the flow of carbon towards the formation of other metabolites (Ertani et al., 2011). The
form and concentration of application of lignin have been very diverse, but in this review, it has been
decided to recommend five different ones, as indicated in Table 1.
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Table 1. Forms and concentraons of applicaon of lignin in crops.

Lignin form Concentration Result Reference

Lignin extracted from

pecan shells applied foliarly

10-100 mg L-1 Improved growth of

tomato seedlings

Díaz-Elizondo et al. (2024)

Lignin extracted from

urban and forest trees and

applied directly to the soil

5-20 kg ha-1 Increased root biomass and

increased activity of the

dehydrogenase enzyme.

Gebremikael et al. (2020)

Calcium or sodium lignosulfonates

applied by seed imbibition

100-400 mg L-1 Increased biomass and proteins

related to photosynthesis.

Kok et al. (2021)

Lignin applied to

the nutrient solution

1-100 mg L-1 C organic With 10 and 50 mg L-1 increase

in length of radicle, lateral roots,

and coleoptiles of corn seedlings.

Savy et al. (2016)

Lignosulfonates drip-

applied to soybeans

4.2% C organic

from lignosulfonates

Increase in area, perimeter,

length, and width of seedlings,

modulation in 879 genes

involved in ribosomal assembly.

Campobenedetto et al. (2020)

Agro-residues
Agro-residues are defined as the waste produced by any agronomic activity; they can be from plant
stems, leaves, shells, roots, bagasse, among others (Lim and Matu, 2015). Population growth has
been exponential in recent decades and food production has followed this same trend, resulting
in an unprecedented accumulation of agro-residues, which, in general, are not properly discarded,
adding to the increase in environmental pollution.

For the aforementioned reasons, it is of utmost importance to look for efficient alternatives for reuse
and good management of this type of waste. An alternative for the use of some agro-residues
is to apply them directly to crops to help improve the quality of plant products and influence the
physiological functions of the plant, that is, to act as biostimulants (Ertani et al., 2017)

In general, agro-residues are potential sources of bioactive compounds, both primary metabolites
such as proteins, carbohydrates, and lipids and secondary metabolites, such as antioxidants,
phenolic compounds and other molecules with reducing power (Villamil-Galindo et al., 2021). Now,
among the vast array of agro-residues that exist around the world, one of the most important, found
in the northern region of Mexico, with commercial and biochemical interest, is that obtained from
pecans, due to the large volumes produced annually in Mexico (Carrillo-Nieves et al., 2019).

In addition to the above, the rich chemical composition of pecan residues gives it the necessary
qualities to become an ideal study model for obtaining usable molecules with high added value
(Chen et al., 2024).

Agro-industrial pecan waste
The pecan tree [Carya illinoinensis (Wangenh) C. Koch.] is native to the southern United States of
America and northern Mexico, so due to this climatic and soil adaptability, these two countries are
the largest producers of pecans in the world (Orona et al., 2013). In Mexico, the states where the
highest production takes place are Chihuahua, Coahuila, Durango, and Sonora.

In the last 15 years, the area planted has increased by 80%, currently reaching 146 000 ha (Figure
3). With a 2.8-fold increase in the area planted in the country, production increased 3.7 times,
reaching a harvest of more than 135 000 tonnes in 2021, according to information provided by the
Statistical Yearbook of Agricultural Production of the Agrifood and Fisheries Information Service
(SIAP) (Figure 4).
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Figure 3. Behavior of the area planted with pecan trees in the states with the highest producon between 
1985 and 2015.

Figure 4. Pecan producon in the largest pecan-producing states in the year 2021.

Nonetheless, this crop generates a high amount of waste, from woody waste from the different
pruning tasks, remains of the pericarp called husks and the shell, which represents between 40 and
50% of the total weight of the fruit produced (Hilbig et al., 2018). Based on the data previously shown,
it is stated that pecan residues can become a very valuable raw material, with applications already
reported in the pharmaceutical, food, cosmetic and decorative materials industries, among others;
however, their exploitation or use in agronomic issues has not yet been thoroughly researched
(Magallanes, 2020).

Chemical characteriscs of pecan shell
Pecan shell is a lignocellulosic material consisting of crude fiber and polysaccharides that give
it rigidity. Its main structural components reported are: 1) holocellulose, in a reported range
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between 45 and 50% (Prado et al., 2013), which is a mixture of polymers, basically cellulose and
hemicellulose (pentoses, hexoses, and uronic acids) and 2) lignin, reported between 18 and 35%
(de Prá-Andrade et al., 2021).

In a recent study characterizing the shell of the Mexican pecan varieties ‘Wichita’ and ‘Western’,
it was found that they are made up of more than 90% of the total weight of the biomass by fiber,
where 57% of insoluble acid lignin and 39% of holocellulose were observed. The lignin identified by
microscopy formed particles of irregular morphology, due to the variability in its precursor alcohols,
which gives it excellent thermal stability and a reduction of free radicals.

In this research, the authors established a great potential for the use of these macromolecules as
aggregates in composite materials (Agustin-Salazar et al., 2018). Another similar work also reported
an ash content of 0.93 to 2.49% (Loredo-Medrano et al., 2016) and 12.6% extractives, which refer
to low molecular weight composites.

In this regard, after hydroalcoholic extraction, De la Rosa et al. (2011) found a range of between
12 to 16% of total phenolic compounds, with ellagic acid being the most abundant compound (4.6
to 5.5 mg kg-1), followed by gallic acid (0.19 to 0.25 mg kg-1), and protocatechuic acid (0.01 to 0.03
mg kg-1). In more recent research, Moccia et al. (2020) included the following polyphenols in the
chemical characterization they performed on pecan shells: catechin, epicatechin and gallocatechol.

General methods for obtaining lignin from agro-residues
In order to use and give added value to pecan agro-residues, innovative techniques have been
developed to obtain lignin from its shell, as shown in Figure 5, which are divided into four main
groups: physical, thermal, biological and chemical means (Olivas Tarango et al., 2019).

Figure 5. Schemazaon of the main techniques reported for obtaining lignin and its derivaves.

Conclusions
The review of the state of the art broadened the vision on the use of agro-residues, focusing on
one produced primarily in northern Mexico: pecan shells. These have molecules such as lignin,
hemicellulose, and phenolic compounds, which are promising as biostimulants of plant metabolism.

A general idea of obtaining and potential use in the improvement of crop production is presented. A
general idea of how to obtain it and apply it to plants is given. In this way, it is sought to address two
major current problems: reducing the accumulation of agro-residues through the use and increasing
tolerance to stress in crops.
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