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Abstract: Defatted cottonseed meal (DCSM), a byproduct of the cotton industry, is highly regarded
for its high protein content, making it a source of nutrients in animal feed. Traditional physical and
chemical treatments of DCSM can lead to a reduction in nutrient content and the presence of residual
organic solvents. Probiotic fermentation of DCSM offers several advantages, including degradation
of anti-nutritional factors, an increase in nutrient content, and production of beneficial metabolites.
This study employed probiotic fermentation of DCSM using a probiotic microbe collection composed
of Saccharomyces cerevisiae, Enterococcus faecium, and Lactiplantibacillus plantarum. This fermentation
process significantly enhanced the nutritional quality of DCSM. Specifically, the contents of crude
protein, free amino acid, total phosphorus, and moisture increased by 1.14-fold, 1.14-fold, 1.24-fold,
and 3-fold, respectively. In the meanwhile, there was a substantial reduction in the content of dry
matter, crude ash, and crude fat, with decreases of 27.83%, 25.74%, and 88.23%, respectively. Probiotic
fermentation of DCSM resulted in an overall enhancement of the palatability of DCSM. This study
provides valuable insights into the potential of mixed probiotic fermentation as a promising approach
for improving the nutritional quality of DCSM.

Keywords: Defatted cottonseed meal; Probiotics; Anaerobic fermentation; Amino acids; Nutritional
quality

1. Introduction

Cotton, a globally cultivated crop, yields approximately 44 million tons of cottonseed
annually. After the extraction of edible oils and the removal of hulls and lint, an estimated
15 million tons of defatted cottonseed meal (DCSM) are generated [1]. DCSM contains
amino acids, fiber, and other chemicals [2]. With the increasing demand for sustainable
animal feed ingredients, DCSM is highly favored for its wide availability and renewable
characteristics. DCSM is rich in a variety of essential and non-essential amino acids. DCSM
contains some minerals, such as calcium, phosphorus, and magnesium, which contribute
to the skeletal growth and metabolic processes of animals [3].

Due to the increasing demand for animal protein from a growing population and the
limited availability of commonly used feedstuffs like soybean meal (SBM), there is great
interest in exploring alternative proteins to support the poultry industry [4]. Compared to

Fermentation 2024, 10, 429. https:/ /doi.org/10.3390/fermentation10080429

https://www.mdpi.com/journal /fermentation


https://doi.org/10.3390/fermentation10080429
https://doi.org/10.3390/fermentation10080429
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0001-5574-1824
https://orcid.org/0000-0002-7269-4342
https://orcid.org/0000-0002-1554-1999
https://doi.org/10.3390/fermentation10080429
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation10080429?type=check_update&version=1

Fermentation 2024, 10, 429

20f12

SBM and other feed ingredients, DCSM is cost-effective, making it an attractive alternative
for animal feed [5]. The presence of anti-nutritional factors has restricted the application
of DCSM. These anti-nutritional factors include phytic acid and free gossypol (FG). These
factors may inhibit the absorption of nutrients and affecting feed digestibility, which
potentially leads to a decrease in growth performance. Additionally, some anti-nutritional
factors may interact with other components in the feed, impacting the health and production
performance of animals [6].

Probiotics refer to a category of beneficial active microorganisms, typically bacteria
or yeast, that can inhabit the host’s intestinal tract after ingestion and elicit positive physi-
ological effects [7]. Probiotics are often added to food or feed to promote balance of the
gut microbiota, enhance immune system function, improve the absorption of nutrients,
and enhance digestive health. Probiotics are widely employed in the production of func-
tional dairy products, which offer significant health benefits, such as enhanced intestinal
health and modulation of the immune system, primarily through the action of lactic acid
bacteria [8]. The fermentation process not only preserves and enhances the viability of
these microorganisms, but also ensures the retention of their probiotic properties. Addition-
ally, probiotic fermentation has been extensively used to increase the value of agricultural
byproducts, such as DCSM [9], brewers’ spent grains (BSG) [10], and yellow wine lees [11].

Pretreatment of biomass followed by fermentation has proven to be an effective
method for producing high-value compounds, including organic acids, amino acids, and
biofuels. Moreover, the probiotic fermentation of herbal medicines has been proven to
increase bioactive natural product contents and pharmaceutical activities [12-15]. Probiotics
possess the capacity to degrade anti-nutritional components, augment nutrient content,
and generate advantageous metabolites. Saccharomyces cerevisiae exhibits multiple beneficial
characteristics, including production of extracellular polysaccharides to promote intestinal
health, generation of beneficial metabolites to maintain microbial balance, inhibition of
harmful bacterial growth, exertion of antioxidative properties for scavenging free radicals,
and enhancement of immune function through immune system modulation. These features
make S. cerevisiae an excellent probiotic that contributes to the overall health of the host.
Furthermore, S. cerevisiae exhibits relatively strong tolerance to certain stresses and adverse
environmental conditions. This capability enables it to maintain excellent fermentation
performance under different conditions [16].

S. cerevisiae has been widely used in feed fermentation due to its ability to produce
enzymes that degrade fiber and phytic acid, thereby increasing the digestibility of feed [17].
Moreover, engineered S. cerevisiae has been widely used in the production of foods and
drugs [18-22]. Enterococcus faecium, a lactic acid bacterium, is known for its ability to
improve the gut microbiota, enhance the immune response, and increase the digestibility
of nutrients in feed. It is an important feed additive in livestock production, showing
promising prospects for animal growth. For instance, E. faecium SF68 can be used as a
probiotic supplement in veterinary medicine [23]. Feeding weaned piglets with fermented
SBM using L. plantarum, Bacillus subtilis, and S. cerevisiae improved their growth, immune
function, and intestinal health [24]. Utilizing S. cerevisiae and lactic acid bacteria like Entero-
coccus faecium effectively enhances feed digestibility and nutrient absorption, leading to
improvements in animal growth performance and immune function. Moreover, incorporat-
ing these microorganisms into animal husbandry practices enhances feed efficiency and
promotes animal health. This indicates that fermented feed represents a highly effective
strategy for meeting the nutritional needs of animals and boosting production efficiency.

Compared to fermentation using a single strain, utilizing a mixture of strains in
feed fermentation has various advantages [25]. Fermentation with multiple microbes
promotes the degradation of complex organic compounds in DCSM, thereby enhancing
fermentation efficiency. Different strains may possess distinct enzyme systems, collectively
participating in substrate degradation and generating a more diverse range of beneficial
metabolites, thus expanding the applicable scope of fermentation reactions. Additionally,
fermentation with multiple microbes helps maintain microbial balance, reduce the growth
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of harmful microorganisms, and improve the purity and quality of fermentation products.
Through the rational selection and combination of strains, targeted improvements in
specific components of DCSM can be achieved, meeting diverse production requirements
and enhancing the biological utilization of nutrients. Fermentation of DCSM with multiple
microbes exhibits significant advantages in improving fermentation efficiency, optimizing
product quality, and broadening the adaptability range of substrate degradation [26].
Therefore, the utilization of mixed strain fermentation has the potential to enhance the
nutrient content of DCSM.

In this study, a probiotic microbe collection comprising S. cerevisiae, E. faecium, and L.
plantarum was used to ferment DCSM. The impact of mixed probiotic fermentation on the
nutritional quality of DCSM was evaluated (Figure 1).
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Figure 1. The scheme of this study.

2. Materials and Methods
2.1. Materials and Reagents

The DCSM used in this study was purchased from Western research institute, CAAS.
The lysis buffer used for microbial lysis was purchased from Takara Biomedical Technology
Co. Ltd. (Beijing, China). The 2 x Magic Green Taq Super Mix was purchased from Tolo
Biotech Co. Ltd. (Chu Zhou, China).

2.2. Isolation and Identification of Strains

All the strains used in this study were isolated from the fecal microbiota of healthy
cows in Weihui City, Henan Province. The fecal samples were carefully transferred into
sterile centrifuge tubes and moved to the laboratory. The samples were stored at —4 °C
before use. S. cerevisine was isolated using YPD medium at 30 °C and named S. cerevisiae
LBC-2. The yeast were then lysed at 80 °C for 15 min using lysis buffer for microorganisms
to direct PCR, in order to release genomic DNA for ITS amplification. The ITS amplification
program consisted of 95 °C for 3 min, followed by 30 cycles of 95 °C for 10's, 55 °C for 10 s,
and 72 °C for 42 s, and finally 72 °C for 5 min.

E. faecium and L. plantarum were isolated using MRS medium at 37 °C, and they were
named E. faecium JZ-1 and L. plantarum DC-1. The 165 rRNA amplification process (the
amplification primers are 27 F and 1492 R) consisted of 95 °C for 3 min, 27 cycles of 95 °C
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for 10s, 55 °C for 10's, and 72 °C for 90 s, and then 72 °C for 5 min. The PCR fragments were
purified and sequenced at Beijing Tsingke Biotech Co., Ltd., (Beijing, China). By conducting
BLAST analysis, the species of these two strains were determined. The phylogenetic tree
was constructed using MEGA11 software [27].

The obtained ITS and 16S rRNA gene sequences were deposited in the Genbank
database with the accession numbers OR910533, OR910572, and OR910603.

2.3. Strains and DCSM Solid-State Fermentation

The S. cerevisine LBC-2 culture was inoculated in YPD liquid medium and incubated
at 30 °C for 48 hours at 200 rpm. The E. faecium JZ-1 and L. plantarum DC-1 cultures were
inoculated in MRS liquid medium and cultured at 37 °C for 24 hours. The concentrations of
the microbial suspensions were adjusted to 10° CFU/mL. The DCSM was then inoculated
with 10 CFU/mL of the S. cerevisiae, E. faecium, and L. plantarum cultures (v:m = 1:0.5)
to create the fermentation experimental group (FCP). The inoculated DCSM was put into
fermentation bags with air holes and fermented at 28 °C for 5 days. The unfermented
DCSM was served as the control (CT) group, and triplicates were performed for each group.

2.4. Chemical Composition Analysis of DCSM

All samples were pretreated using the acid hydrolysis method specified in China
GB/T 18246-2019. Specifically, the samples were pretreated by drying and grinding, mixing
with 6 M HCI, and hydrolyzing at 110 °C for 24 h. After hydrolysis, the mixture was rotary-
evaporated and re-solubilized in sodium citrate buffer. Samples were taken before and
after fermentation, and the moisture content, dry matter content, crude protein content,
crude fat content, crude ash content, calcium content, total phosphorus content, and amino
acid composition were determined. The content of crude protein was determined using the
Kjeldahl method [28]. The content of dry matter and crude fat was determined following
the methods described by Sinkovi¢ et al. The sample is firstly digested with concentrated
sulfuric acid to convert organic nitrogen into ammonium sulfate. Next, ammonia is released
through alkalization and distillation, and absorbed into a boric acid solution. Finally, the
absorbed ammonia is titrated with a standard acid solution to calculate the total nitrogen
content of the sample. The crude protein content is then determined by multiplying the
total nitrogen content by a conversion factor of 6.25 [29]. The content of crude ash was
determined using the methods described by Lee et al. [30]. The sample is placed in a
porcelain crucible of known weight, then the crucible is placed in a high-temperature
furnace and burned at 600 °C for 4 h. After cooling, the ash weight of the sample is
obtained by subtracting the weight of the crucible from the total weight. The amino acid
composition was determined using an automated amino acid analyzer. Calcium in the
treated filtrate was titrated using a standard solution of ethylenediaminetetraacetic acid
(EDTA), and the calcium content of the sample was calculated based on the volume of
EDTA consumed.

2.5. Analysis of Changes in Fermented DCSM Surface Features

After applying gold deposition treatment to CT and FCP samples, a Zeiss Sigma
300 field-emission scanning electron microscope (SEM) and Oxford Energy Spectroscopy
were used to observe their surface features.

2.6. Statistical Analysis

The experiments were performed in triplicate, and GraphPad Prism 8.0 was used to
analyze the data. The results are expressed as mean =+ standard deviation (S.D.). Student’s t
test was used to compare the two groups, and a value of * p < 0.05 was considered significant.
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3. Results
3.1. Isolation of Microbial Strains Used for DCSM Fermentation

The ITS sequences and 16S rRNA sequences of the isolated microorganisms were
aligned with selected known gene sequences in the Genbank database. Following BLAST
analysis, LBC-2 showed the highest homology with S. cerevisiae, JZ-1 exhibited the highest
homology with E. faecium, and DC-1 showed the highest homology with L. plantarum. The
homology of all strains reached 100%, with an E-value of 0, indicating statistical significance.
In the phylogenetic tree, strains from different genera clustered together, with LBC-2 being
closest to S. cerevisiae, JZ-1 closest to E. faecium, and DC-1 closest to L. plantarum. Based
on sequence homology comparison and phylogenetic analysis, these three strains were
identified as S. cerevisiae, E. faecium, and L. plantarum, respectively (Figure 2).

(a) b

(b)

Tree scale 2006

(c) s

Tree seale 001

Figure 2. Phylogenetic trees of the isolated microbial strains. (a) SS. cerevisine LBC-2; (b) E. faecium
JZ-1; (c) L. plantarum DC-1.
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3.2. Changes in DCSM Surface Features

The SEM images of the DCSM before and after fermentation were different (Figure 3).
At 1000 x magnification, the unfermented group consisted of laminated, bar-shaped struc-
tures that had smooth surfaces and relatively neat edges. There was a clear separation
between nearby structures (Figure 3a). In contrast, at 1000 x magnification, the surface and
edges of the structures in the fermented group looked irregular. The probiotics might break
down certain components of the DCSM during the fermentation process, especially the
soluble fibers, leading to changes in the microstructure of the fiber surface. Some bumps
with different shapes were distributed between and on the fibers, which might be due to
fermentation by the probiotic microbe collection (Figure 3b). At 5000x magnification, the
unfermented DCSM displayed a uniform and flat microstructure with clear contours and
relatively regular morphology (Figure 3c). The surface of DCSM fermented with probiotics
had depressed and swollen areas, and the fermentation process may have led to the struc-
tural changes, suggesting that probiotic fermentation might degrade the biomass in DCSM
and disrupt the fundamental structure of DCSM (Figure 3d). The main differences between
unfermented and fermented DCSM were surface texture and overall structural integrity.
Unfermented DCSM maintained a neater and stronger fiber structure, whereas fermented
DCSM exhibited a surface that had become irregular and had reduced connectivity between
fibers. This difference further suggests that the DCSM structure had been disrupted.

(a)

10um EHT = 3.00 kV Signal A= SE2 Date: 28 Nov 2023 10 pm EHT= 3.00 kV Signal A= SE2 Date: 28 Noy 2023
— wo= 7.2mm Mag= 1.00KX Time: 19:56:24 W= 6.6 mm Mag= 100KX Time: 20.08:05

EHT= 3.00kV EHT= 3.00 kV Signal A= SE2 Date: 28 Nov 2023
WD = 7.4mm ime: 20:0. — WD = 7.4mm Mag= 5.00KX Time: 20:14:56

Figure 3. SEM images of the DCSMs. (a,c) represent the control groups at magnifications of 1000x and
5000 %, respectively; (b,d) represent the fermented groups at magnifications of 1000x and 5000, respectively.

3.3. Changes in DCSM Characteristics

Compared to the control group, the contents of moisture (339.7 g/kg), crude pro-
tein (361.7 g/kg), total phosphorus (9.1 g/kg), and amino acids (310.7 g/kg) of the FCP
group increased by 3-fold, 1.14-fold, 1.24-fold, and 1.14-fold, respectively, after 5 days of
fermentation with S. cerevisiae, E. faecium, and L. plantarum (Figure 4a,c,g,h). The contents



Fermentation 2024, 10, 429 7 of 12

of dry matter (660.3 g/kg), crude fat (10.7 g/kg), and crude ash (50 g/kg) were reduced
by 27.83%, 88.23%, and 25.74% (Figure 4b,d e), respectively. Meanwhile, there was no
significant change in calcium content (Figure 4f).
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Figure 4. Changes in moisture (a), dry matter (b), crude protein (c), crude fat (d), crude ash (e),

calcium (f), total phosphorus (g), and amino acid (h) content in the control and FCP groups before
and after fermentation (*** p < 0.001).

3.4. Changes in Amino Acids in FCP

A significant increase in the levels of 17 amino acids after 5 days of fermentation
with S. cerevisiae, E. faecium, and L. plantarum was observed compared to the control (CT)
group. The total amino acid content increased 1.14-fold, with essential amino acids and
non-essential amino acids increasing 1.2-fold and 1.24-fold, respectively. Glutamic acid
(6.88%), arginine (3.6%), and aspartic acid (3.22%) were the major amino acids both before
and after fermentation (Figure 5b). Especially, the methionine content in the fermented
product significantly increased by approximately 1.83-fold compared to the CT group,
representing the highest multiplicative change (Figure 5a). Additionally, the levels of
phenylalanine (Figure 5a) and tyrosine (Figure 5b) were both increased by 1.34-fold, and
this fold increase was the next highest compared to CT.
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Figure 5. Changes in amino acids in FCP. (a) Essential amino acid changes; (b) Non-essential amino
acid changes (** p < 0.01, *** p < 0.001).

4. Discussion

During probiotic fermentation, L. plantarum may secrete ferulic acid esterase and other
hydrolases with similar functions to act on the cell wall, cutting off the cross-links between
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polysaccharide—polysaccharide and polysaccharide-lignin in the cell wall and destroying
the original surface features [31]. Consequently, probiotic fermentation of DCSM offers
a possible method for enhancing its nutritional value through the release of bioactive
substances and the degradation of anti-nutrient compounds. Thus, irregular changes on
the surface of DCSM may be probiotic hydrolysis of polysaccharide components such as
cellulose, hemicellulose, and lignin. This enzymatic degradation not only increases the
nutrient density of DCSM, but also potentially improves its digestibility in the animal
digestive system and enhances the overall feed value of DCSM.

DCSM contains high nutritional substances, but the presence of anti-nutritional fac-
tors and crude fiber has a negative impact on animal growth performance and nutrient
digestibility [32]. Probiotic solid-state fermentation of DCSM can enhance its nutritional
value and improve feed palatability [5]. During solid-state fermentation, microorganisms
secrete hydrolytic enzymes such as cellulases, which utilize carbohydrates in DCSM as
a nutrient source for their growth and reproduction [33]. The fermentation process sig-
nificantly reduces the dry matter content of DCSM and increases the moisture content of
DCSM (mainly derived from the inoculated medium). Despite the moisture content of FCP
tripling, the crude protein content (361.7 g/kg) increased by 1.14-fold. While there may be
some protein in the medium, the levels are relatively low, showing the increased protein
content directly originating from the growth of microorganisms utilizing the nutrients in
the DCSM as a substrate. Decomposition of crude fat into free fatty acids in DCSM further
improves digestion and absorption by animals. The increase in free fatty acids provides an
additional source of energy, contributing to the maintenance of daily metabolic activities in
animals [34].

Reducing crude ash content in feeds can effectively improve the absorption efficiency
of nutrients in the digestive system of animals, reduce the intestinal tract burden caused
by high crude ash, improve the health of the digestive tract, improve the taste of feeds,
and increase the appetite and intake by animals [35,36]. The increase in total phosphorus
after fermentation may be due to phosphorus in the MRS medium. The total phosphorus
content of the feed promotes bone growth and density, contributing to the overall health
and growth of the animal [37]. The characteristics of different probiotics vary, and the
conditions and methods of fermenting DCSM are different. We employed anaerobic co-
fermentation of yeast and lactic acid bacteria to process DCSM. In this situation, yeast
metabolites, such as amino acids, play a promoting role in the growth and accumulation of
prebiotic metabolites in lactic acid bacteria. Lactic acid bacteria have the ability to hydrolyze
lactose into galactose and glucose, with galactose serving as a novel carbon source for the
growth of yeast [38]. The symbiotic interaction between yeast and lactic acid bacteria in the
probiotic microbe collection forms a beneficial cycle, resulting in the production of various
metabolites and a significant improvement in anaerobic fermentation efficiency [39].

During the fermentation process of DCSM, S. cerevisiae may synthesize specific pro-
teins, including extracellular enzymes released into the fermentation medium. This process
results in an increased crude protein content in the feed. The amino acid levels in FCP
surpassed those in CT, with essential and non-essential amino acids exhibiting 1.2-fold and
1.24-fold increases, respectively. Additionally, L. plantarum has the capability to synthesize
proteinases that facilitate protein degradation and amino acid generation. This suggests
that the presence of probiotics enhances the rate of protein degradation in DCSM, leading to
the release of a greater quantity of amino acids [40,41]. The increase in amino acid content
in fermented feed brings numerous benefits to animals. Arginine can regulate vascular
generation and development in sows, thereby influencing potential placental vascular
formation to provide more nutrients and oxygen supply to the fetus. Adding L-arginine to
the diet of pregnant sows significantly increases the average weight of piglets and reduces
the concentration of triglycerides in the pregnant sow’s body [42]. Adding glutamic acid
and aspartic acid to the diet can influence the glucose and lipid metabolic pathways in
piglets, improve liver lipid metabolism, and provide greater support for piglet growth and
development after weaning [43].
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The synergistic action of probiotics and hydrolases has a beneficial impact on plant
biomass fermentation. DCSM contains pectin and hemicellulose, which are the main com-
ponents of cellulose found in the cell walls. Pectinolytic enzymes can break down complex
pectin molecules into various oligomeric pectins, fructose, and other monosaccharides [44].
Xylanase, through the hydrolysis of 1,4-3-xylose linkages in the xylan backbone, results in
the production of xylo-oligosaccharides (XOSs) [45]. The increased production of monosac-
charides serves as a carbon source for the growth of probiotics. XOSs act as one kind
of prebiotic with various bioactivities, such as anti-inflammatory, antioxidant, and anti-
tumor effects [46]. Lignocellulose can be effectively degraded by diverse lignocellulases,
including pectinolytic enzymes and xylanases [47]. The combined use of probiotics and
lignocellulases would accelerate substrate degradation and release a more abundant pool
of nutrients. Furthermore, sulfite pretreatment can alter lignin structure, and the use of
lignin blockers enhances enzymatic hydrolysis of lignocellulosic biomass, thereby improv-
ing the subsequent fermentation process and increasing the yield of desired product [48].
Therefore, degradation of pretreated biomass will be accelerated and richer nutrients will
be released through the combined use of probiotics and lignocellulases. Furthermore, the
collaborative action of probiotics and lignocellulases degrades complex substrate structures,
facilitating a more comprehensive breakdown and yielding a diverse array of metabolites,
thus expanding the diversity of fermentation products.

Incorporating mixed fermented feed with E. faecium and B. subtilis into the diet of
fattening pigs significantly enhances the average daily weight gain of sows and increases
levels of flavor amino acids and unsaturated fatty acids in pork. This indicates that
supplementing fermented feed can improve pork quality [49]. Feeding sows with probiotic
fermented liquid can increase the levels of IgA, IL-10, and interferon-« in the offspring
piglets [50]. Different combinations of probiotics may have varying probiotic effects,
and future efforts should explore diverse combinations to comprehensively enhance the
application potential of probiotic-fermented DCSM.

In the future, the identification and exploration of probiotics within traditional fer-
mented food microbiota, as well as the genetic engineering of yeast or other probiotics [51-55],
holds the potential to facilitate the efficient biotransformation of DCSM and other plant
biomass [56]. This bio-transformative process would result in the production of nutri-
tional and safe feedstocks for animals. Utilizing fermented DCSM or other fermented
plant biomass as feed would contribute to the healthy development of cultivated animals,
promoting their overall well-being and growth.

5. Conclusions

In this study, DCSM underwent synergistic fermentation with S. cerevisiae, E. faecium,
and L. plantarum. The fermented DCSM exhibited an increase in crude protein, calcium,
total phosphorus, and amino acid levels. The levels of all 17 amino acids exhibited a
significant increase, with essential and non-essential amino acids showing 1.2-fold and
1.24-fold increases, respectively. Through optimized solid-state anaerobic fermentation
with a probiotic microbe collection, we have elevated the nutritional quality of DCSM, a low-
value byproduct of cotton (Figure 6). To further improve our understanding of the potential
applications of the fermented DCSM, it is necessary to evaluate the degradation rate of its
anti-nutritional factors and explore its antioxidant activity. In addition, the digestibility
and absorption rates post-consumption by animals should be investigated (Figure 6). To
summarize, this study highlights the significant potential of mixed probiotic fermentation
for improving the nutritional quality of DCSM. This study not only contributes to a better
understanding of innovative fermentation approaches, but also identifies a valuable use
for DCSM or other agricultural byproducts in the animal feed industry. These findings
offer valuable insights that could have significant implications for the development of
sustainable agricultural practices and related industries.
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