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Agriculture plays a pivotal role in Africa, contributing significantly to sustainable
farming practices and the establishment of resilient food systems. Within this context,
the use of various types of biostimulants, including microbial biostimulants such
as Plant Growth-Promoting microorganisms (PGPM) and non-microbial products
like Algal extract, humic acid, and protein hydrolysates, as well as biopesticides,
emerges as a promising strategy to bolster sustainable agriculture, particularly in
the realm of organic berry production. These substances have the potential to
enhance crop growth, fortify stress tolerance, and optimize nutrient absorption,
benefiting both human health and the environment. This paper aims to explore
the opportunities and challenges associated with incorporating plant biostimulants
into organic berry production within the African agricultural sector. To achieve
this objective, an extensive and comprehensive review encompassing scientific
literature, policy documents, and global data was conducted. The primary focus
of this review was to investigate the current state of biostimulant adoption in
organic berry farming within the African agricultural sector, with a specific emphasis
on identifying potential opportunities and discussing the benefits derived from
their application. Additionally, we addressed the challenges encountered and
proposed practical approaches to achieving sustainable agriculture. The findings
and conclusions of our review reveal the transformative potential of biostimulants
in organic berry production. The evidence points to remarkable advancements in
plant growth, plant health, overall yield, and fruit nutritional quality. By implementing
these substances, we can also minimize the ecological footprint of agricultural
practices. However, several challenges remain, including limited accessibility,
insufficient awareness and knowledge regarding biostimulant usage, and a shortage
of research specific to African agriculture. To overcome these challenges and
achieve sustainable agriculture, this paper recommends practical approaches such
as raising awareness, investing in research and development, and promoting the
use of biostimulants through policy interventions and capacity-building programs.
We underscore the importance of stakeholder participation and local adaptations
for effectively integrating biostimulants in African agriculture. The significance
of integrating plant biostimulants in organic berry production lies in advancing
sustainable agriculture. This paper aims to explore the opportunities and challenges
associated with incorporating plant biostimulants into organic berry production
within Africa.
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1 Introduction

To sustain the projected 9.7 billion global population by 2050,
crops must experience a significant boost in productivity, estimated
at 60-100%. However, accomplishing this goal while preserving the
integrity of the agricultural system presents a challenge (Coronado-
apodaca et al., 2022; Rodrigues et al., 2022; Smith et al., 2015).
Agriculture holds immense significance in Africa, serving as a
crucial driver of economic and social development. It serves as a
cornerstone, supplying food, income, and employment opportunities
for millions of individuals continent-wide (Godoy et al., 2014;
Rodrigues et al., 2022). Technology has improved agricultural
productivity and product quality, but it also faces challenges such as
soil degradation, pests/diseases, and its impact on human health (Xu
et al,, 2018; Tripathi et al., 2022).

In recent decades, consumers have become increasingly conscious
of the food they consume, with a greater focus on health, ethics, and
environmental impact. The agricultural industry has responded to
these demands by shifting toward sustainability, with an emphasis on
reducing the industry’s impact on the environment and promoting the
growth of high-value-added crops such as berries (Pylak et al., 2019;
Rodrigues et al, 2022; Smith et al., 2015). Afterward, incorporating
berry crops in organic farming can yield many benefits for farmers,
consumers, and the environment (Muller et al., 2017; Sangiorgio et al.,
2021). Ecologically clean or organic berries are based on the research
and development of safe methods, to increase productivity while
maintaining quality (Baez-Rogelio et al., 2017; Gomiero et al,, 2011;
Peigné et al., 2022).

In this context, the African continent’s rich diversity of climates
and soil types offers immense potential for producing a wide variety
of organic berries. Moreover, organic berry production in Africa can
significantly contribute to food security and economic development.
However, it often faces limitations due to various stressors that can
negatively impact yields and fruit quality (Coronado-apodaca et al.,
20225 Godoy et al,, 2014). Therefore, it is essential to identify and
implement innovative approaches to enhance the productivity and
sustainability of organic berry production in Africa, while also
maintaining or improving the nutritional and sensory qualities of the
fruit. Furthermore, a deep understanding of how pre-harvest factors
influence the quality of berry fruits could lead to the adoption of best
practices that markedly improve overall fruit quality (Di Vittori et al.,
2018; Sangiorgio et al., 2021).

Using biopreparations such as biopesticides and biostimulants
derived from natural sources holds great promise for improving the
productivity and sustainability of berries in Africa. Primarily,
biopesticides represent a class of pest management solutions derived
from natural origins such as animals, plants, bacteria, and certain
minerals. These products find application in agriculture for pest and
disease control. Distinguished by their reduced environmental
impact compared to synthetic pesticides, biopesticides are designed
to target specific pests while posing minimal risk to non-target
organisms and ecosystems. They are characterized by their rapid
degradation and may encompass substances like pheromones,
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microbial agents, plant extracts, and genetically modified organisms.
Biopesticides serve to diminish pesticide residues in agricultural
produce, foster sustainable agricultural practices, and offer safer pest
control alternatives that safeguard human health and environmental
well-being (Baker et al., 2020; Booth et al., 2022; Godlewska et al.,
2021). On a similar note, plant biostimulants, as defined by du Jardin
(2015), constitute substances or microorganisms applied to plants
with the aim of enhancing nutrient efficiency, stress resilience, and
overall crop quality attributes, irrespective of their nutrient content.
These biostimulants, in particular, are gaining popularity due to
their effectiveness in increasing crop production, specifically in
challenging conditions. They can include compounds such as
seaweed extracts, humic substances, amino acids, as well as beneficial
microorganisms like plant growth promoting rhizobacteria (PGPR)
and arbuscular mycorrhizal fungi (AMF) (Celiktopuz et al., 20205
Jiménez-Arias et al., 2021; Lau et al., 2022; Zulfigar et al., 2024).
Multiple studies have demonstrated that biostimulants can
significantly boost the yields of berry crops, including strawberries,
blueberries, and raspberries. This increase is often credited to
improved water use efliciency and nutrient uptake, along with
reduced losses from diseases and pests. Biostimulants are also
known to enhance fruit quality by improving attributes like size,
shape, and color. Furthermore, they can increase the concentrations
of beneficial compounds such as antioxidants and vitamins (Baez-
Rogelio et al., 2017; Egamberdieva et al., 2018). This approach aligns
with the principles of organic agriculture, which focuses on natural
inputs to improve crop growth and soil health, leading to synergistic
effects on the crops and reduced reliance on synthetic inputs (Jindo
et al., 2022; Rouphael and Colla, 2020; Sharma et al., 2014). Despite
potential benefits, the adoption of these biopreparations in organic
berry production in Africa is limited, and challenges need to
be addressed to promote their wider use (Baez-Rogelio et al., 2017;
Jindo et al., 2022). Low knowledge and awareness among berry
farmers and stakeholders regarding biopreparations is a significant
issue, particularly for small-scale farmers who face limited access to
information and support services (Jindo et al., 2022).

This research topic comprises an aggregation of numerous
scientific contributions focusing on the utilization of plant
biostimulants across diverse berry crops. The study delves into the
physiological, cellular, and molecular mechanisms that govern the
interactions between berry plants and biostimulants across varying
management practices and environmental contexts. It offers
valuable insights into the operational dynamics of microbial and
non-microbial biostimulants, with implications extending to
commercial enterprises, the scientific community, and extension
specialists. By unraveling the agricultural significance of
biostimulants—including their roles in enhancing quality,
optimizing nutrient utilization efficiency, and improving stress
tolerance—researchers are poised to pioneer a new wave of
biostimulants. These innovative products can be custom-tailored
to leverage synergistic effects and complementary mechanisms,
ultimately assisting African farmers in surmounting their distinct
agricultural challenges.
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2 Overview on the status of organic
farming in Africa

In pursuit of sustainable production systems, organic agriculture
focuses on conserving and reusing resources (Song et al., 2023). It
employs natural methods and materials for pest control, soil fertility,
and animal health, while also avoiding synthetic chemicals and GMOs
(Coronado-apodaca et al., 2022; Wenhai et al., 2019; Wittwer et al.,
2021). Organic production methods are expected to reduce reliance
on fossil fuel inputs. In Africa, organic farming has gained popularity
as a means to improve food security, increase small-scale farm
profitability, and alleviate the environmental impact of agriculture.
However, challenges such as low soil fertility and pest pressure, the
lack of governmental support, institutionalization, and access to
information and resources, are among the critical factors affecting the
optimal extension of organic food system in Africa (Bettiol et al., 2004;
Rodrigues et al., 2022; Thi et al., 2021).

In 2020, organic agricultural land worldwide reached
74.9 million ha, with Oceania having the most land at 35.9 million
ha, followed by Europe, Latin America, Asia, Northern America, and
Africa. There were over 3.4 million organic producers globally, with
almost 91% in Asia, Africa, and Europe. India ranked first with the
highest number of organic producers, followed by Ethiopia and
Tanzania. In Africa, organic agricultural land surpassed 2 million ha,
representing 0.2% of total agricultural land and 2.8% of global
organic agricultural land. Organic agriculture is practiced in 35
African countries, with Tunisia, Ethiopia, and Sierra Leone being the
leading countries. These countries are leaders in organic farming due
to a conducive climate, high demand for organic products, and
government support. African organic farmers primarily focus on
growing coffee, cocoa, tea, and horticultural products such as
vegetables, fruits, and herbs. Over 60% of Africa’s organic exports
are coffee (Willer et al., 2020).

Tunisia and Ethiopia have made notable contributions to the
advancement of organic farming in Africa (FAOSTAT, 2019). Tunisia
boasts the most extensive t certified organic land area in the Arab
world and Africa, covering 336,000 hectares and ranking 23rd globally
(ProFound Advisers in Development, Organics and Development,
Markus Arbenz, 2020). The Tunisian government has implemented
more than 20 decrees and orders and established several structures
and institutions to establish a comprehensive framework for the
organic agricultural sector. Notably, organic product exports have
witnessed a significant growth from 7 million euros in 2004 to nearly
240 million euros in 2018. Tunisia supports organic production
through subsidies, leveraging its substantial olive oil production
capacities (Willer et al., 2020). Similarly, Ethiopia has provided
financial support and technical assistance to organic farmers. The
number of certified organic farms has risen, indicating a growing
demand for organic products both locally and internationally
(UNCTAD, 2019).

Organic agriculture is well-suited for small-scale, labor-intensive
African farming systems that utilize local resources and serve a variety
of needs (Bettiol et al., 2004; Kahu et al., 2010). Studies confirm the
benefits of organic farming in Africa, including reduced health risks,
enhanced resource conservation, agricultural resilience, increased
income, and market stability (Xu et al., 2018; Conti et al., 2014;
Wittwer et al., 2021). This manual labor-reliant method thrives in
countries with significant agricultural workforces, offering improved
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food security, local food access, land restoration, climate resilience,
and biodiversity protection. Organic farming plays a crucial role in
poverty alleviation, market access, and affordability (Altaf et al., 2019;
Backer et al., 2018; Kirchmann et al., 2016; Thi et al., 2021).

In the specific context of Africa, organic farming faces a range of
challenges: adapting to diverse climates, managing pests organically,
accessing expensive inputs, obtaining certification, addressing water
scarcity, and ensuring farmer education. By implementing innovative
solutions and tailored support, organic berry farming can thrive,
enhancing sustainability and productivity within the African
agricultural sector (Figure 1). In the upcoming section, we will
examine why organic berry farming is vital in Africa and how it can
enhance the sustainability and productivity of the agricultural sector.

3 Why organic berries?

The global berries market reached a value of 233.69 billion in 2023
and is expected to grow at a CAGR of 5.5% from 2024 to 2032,
reaching nearly 378.63 billion by 2032 (Expert Market Research,
2024). Consumer awareness and increasing purchasing power play
vital roles in driving the growth of the berries market (Mazzoni et al.,
2016; Romanazzi and Feliziani, 2016). As consumers become more
informed about the health benefits of berries, their demand has risen
(Vidovic, 2018). The expansion of retail outlets, such as supermarkets
and convenience stores, has led to improved availability and
accessibility of both fresh and processed berries, further bolstering
market growth. Additionally, the surge in popularity of superfoods,
attributable to the demanding lifestyles of the modern working
population, has contributed to the increased consumption of berries.
Manufacturers have responded to this trend by incorporating berries
into various convenience foods and beverages, thereby enhancing
their nutritional profiles and stimulating market expansion (Mattila
etal., 2006). Moreover, berries are favored as a convenient and healthy
snacking option due to their appealing taste and ease of consumption,
aligning with the prevailing trend of health-conscious snacking.
Consequently, the rising demand for berries as snacks has played a
significant role in propelling the overall growth trajectory of the
berries industry (Rana and Paul, 2017; Senger et al., 2022; Sobekova
etal., 2011).

The berries market exhibits natural segmentation into two distinct
categories: organic and conventional, based on the nature of the
products from a typological perspective, the industry encompasses
diverse categories, including strawberry, cranberry, blueberry, and
others (Bilawal et al., 2021; Mazzoni et al., 2016; Romanazzi and
Feliziani, 2016). In terms of applications, the market can be classified
into various sectors such as food and beverages, personal care and
cosmetics, pharmaceuticals, dietary supplements, and more (Figure 2).
Distribution channels within the industry are categorized into direct
and indirect channels (Expert Market Research, 2024).

Recent advancements in research have greatly contributed to the
expansion of the market by enhancing our scientific knowledge
regarding the health advantages associated with berries. Berries not
only promote overall well-being but also serve as a preventive measure
against a range of chronic diseases such as cancer, neurodegenerative
disorders, and heart conditions. Additionally, the growing inclination
toward consuming foods with medicinal properties to prevent
illnesses has also played a significant role in driving market growth.

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1452823
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Mounaimi et al. 10.3389/fsufs.2024.1452823

. Conservation of biodiversity

. Soil, water, and air protection
I + Resilience to climate-related

incidents

*  Alleviating poverty
. Increased income for farmers
| + Costreduction
| ° Provision of price premiums

+  Effective risk management

. Strengthening social capacity
| - Improving access to credit and

Reduced crop yields

Soil nutrient management difficulties
Insufficiency of soil nutrients

Soil fertility challenges

Soil degradation issues

Inadequate management of diseases,
pests, and weeds

Increased water and nutrient
requirements

Inefficient organic nitrogen utilization
Certification and market barriers for
organic farming

1 markets i
«  Facilitation of knowledge and Costly certification procedures I
I experience exchange Suppler.nentary-labor demands
+  Generating greater employment [ e Expansion requirements for land ]
i opportunities L\4 resourtfes |
+  Empowering women *  Educational and research needs

Enhancing food security

Restricted

specific to small-scale farmers
entryto
markets ¢ Restricted

| I
African I
Context
———— credit

change imi . availability

Technological
of arable limitations
land

Enhance social

capabilities
1

r--r=—=—="="="="="""™"7 \~"~"~""~"">~""™>7""™=77/7

| | 1
FIGURE 1
A framework for evaluating the potentialities and hurdles of organic berry farming for small-scale farmers in Africa.

Major companies introducing new varieties and flavors of berries have  has made a substantial contribution to the markets expansion (Bilawal
further bolstered the industry’s progress. The rising popularity of et al., 2021; Horvitz, 2017; Petriccione et al., 2015; Raspberry et al,
superfoods, including leafy vegetables, berries, grapes, nuts, and seeds, ~ 2010; Romanazzi and Feliziani, 2016). Berries have become a common
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Comprehensive examination of berries’ value-added products, nutritional components, health benefits, global market size, and challenges.
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ingredient in various food items like muffins and pancakes.
Furthermore, the globalization of dietary preferences has also
contributed to the market’s growth (Figure 2).

The market is poised for growth due to the prevailing trend of
clean labels and whole foods (Basha and Lal, 2019; Poore and
Nemecek, 2018). As consumers increasingly prioritize natural,
authentic, and minimally processed food choices, there is a significant
upswing in the demand for berries. This heightened demand serves as
a pivotal driver for the expansion of the market (Mazzoni et al., 20165
Romanazzi and Feliziani, 2016). Berries like blackberry (Pérez-
Gallardo et al,, 2015), bilberry (Karppinen et al., 2016), blackcurrant
(Dubin et al., 2017), blueberry (Caspersen et al., 2016), cranberry
(Salo etal,, 2021), raspberry (Rom et al., 2010), and strawberry (Rom
et al., 2010), are popular due to their high phenolic compound
content, which provides antioxidant, antibacterial, anti-inflammatory,
anticancer, and cardioprotective properties (Bilawal et al., 2021;
Horvitz, 2017; Petriccione et al., 2015; Romanazzi and Feliziani, 2016).
Berries also contain high levels of sugars and organic acids that affect
their taste, and changes in their composition can impact fruit quality
(Hidalgo and Almajano, 2017; Skrovankova et al., 2015). Furthermore,
berries are rich in antioxidant phenolics, including flavonoids,
stilbenes, tannins, and phenolic acids, as well as flavonols such as
quercetin, kaempferol, and myricetin and their derivatives. These
compounds have potential health benefits as dietary antioxidants
(Maksimovic et al., 2011; Skrovankova et al., 2015). The association of
anthocyanins with anti-cancer and anti-cardiovascular disease
properties and their recognition as the most significant health-
promoting compounds in berries has been widely reported (Lopez
et al.,, 2021; Paredes-Lopez et al., 2010; Vidovic, 2018).

There is a notable surge in the demand for organic food among
health-conscious consumers, which is significantly driving the
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consumption of organic fresh berries. These berries are sought after
for their rich nutritional composition. Additionally, the escalating
demand for organic berries in processed food items, fueled by
enhancing disposable incomes, is providing a substantial impetus to
the market’s growth. The adoption of organic farming methods, which
prioritize natural inputs and pest control, has gained widespread
recognition due to its potential to yield high-quality fruits while
minimizing environmental impact (Ersoy et al., 2011; Ochmian et al,
2015; Sablani et al., 2011). The adoption of organic farming techniques
has unveiled a host of benefits, including a delightful enhancement in
fruit quality, a gentle ecological footprint, and the alluring prospect of
commanding higher market prices, surpassing those of conventional
practices (Conti et al, 2014). Intriguing research findings have
unveiled an intriguing dimension, showcasing the intricate
relationship between agricultural systems and the application of
phytochemicals to crops, as wonderfully illustrated in Table 1.
Moreover, the cultivation methods employed have been discovered to
bestow upon berry fruits their unique qualities, presenting an
enchanting tapestry of flavors and textures (Anjos et al., 2020;
Ochmian et al., 2015).

Multiple studies have demonstrated that organic berries exhibit a
higher concentration of beneficial phytochemicals when compared to
conventionally grown counterparts (Table 1). Organic blueberries and
blackcurrants exhibited a greater polyphenol content compared to
those grown conventionally (Rachtan-Janicka et al., 2021; Wang et al.,
2008). Similarly, organically produced raspberries exhibit significantly
higher levels of polyphenols (Anjos et al., 2020; Kotuta et al., 2022).
Compared to conventionally grown berries, organic cultivation of
strawberries, blueberries, and raspberries resulted in notable increases
in key bioactive compounds. These compounds include antioxidants,
flavonoids, anthocyanins, ascorbic acid, carotenoids, phenols, total
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TABLE 1 A comprehensive review of multiple studies comparing the phytochemical contents in berry crops from both organic and conventional

production methods.

Parameter Example Berry crop Farming system  Improved parameter Reference
Bioactive compounds | Antioxidants Blueberry Conventional + Gupta-Elera et al. (2012)
Strawberry Organic + Ersoy et al. (2011)
Organic + Neocleous and Vasilakakis (2009)
Organic + Roussos et al. (2022)
Polyphenols Blueberry Organic + Wang et al. (2008)
Blackcurrants Organic + Rachtan-Janicka et al. (2021)
Raspberry Organic + Anjos et al. (2020)
Organic + Kotuta et al. (2022)
Organic + Ponder and Hallmann (2019)
Flavonoids Strawberry Organic + Roussos et al. (2022)
Organic + Ali et al. (2022)
Blackcurrants Organic + Rachtan-Janicka et al. (2021)
Raspberry Organic + Ponder and Hallmann (2019)
Strawberry Organic + Abu-Zahra et al. (2022)
Organic + Ali et al. (2022)
Organic + Camargo et al. (2011)
Blueberry Organic + Wang et al. (2008)
Conventional + Ochmian et al. (2020)
Organic + Ochmian et al. (2015)
Raspberry Conventional + Anjos et al. (2020)
Organic + Kotuta et al. (2022)
Organic + Sangiorgio et al. (2021)
Blackcurrants Organic + Rachtan-Janicka et al. (2021)
Phenols Strawberry Organic + Mockeviciute et al. (2022)
Organic + Abu-Zahra et al. (2022)
Vitamin C Strawberry Organic + Crecente-Campo et al. (2012)
Organic + Abu-Zahra et al. (2022)
Raspberry Conventional + Ponder and Hallmann (2020)
Blueberry Organic + Gupta-Elera et al. (2012)
Carotenoids Strawberry Organic + Conti et al. (2014)
Raspberry Organic + Kotuta et al. (2022)
Sugars/Acidity Total sugars Strawberry Organic + Conti et al. (2014)
Raspberry Organic + Ponder and Hallmann (2020)
Blueberry Organic + Wang et al. (2008)
Organic acids Strawberry Organic + Ersoy et al. (2011)
Raspberry Conventional + Sangiorgio et al. (2021)
Conventional + Ponder and Hallmann (2020)
Total soluble solids Strawberry Organic + Ersoy et al. (2011)
Organic + Ali et al. (2022)
Organic + Camargo et al. (2011)
Sensory Taste and aroma Raspberry Organic + Milinkovi¢ et al. (2021)
characteristics Organic + Sangiorgio et al. (2021)
External color Color Strawberry Organic + Crecente-Campo et al. (2012)
Organic + Ersoy et al. (2011)
Organic + Mockeviciute et al. (2022)
Improved plant parameters are indicated with an “+”
Frontiers in Sustainable Food Systems 06 frontiersin.org
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sugars, total soluble solids, and organic acids, as evidenced by the
findings summarized in Table 1.

Marketable berries are primarily evaluated based on their visual
properties, focusing on fruit size and hue. This emphasis is due to the
belief that the color of berries is a crucial factor in determining their
overall quality, and it is often the first aspect consumers consider.
Studies have shown a positive correlation between berry color,
antioxidant capacity (particularly anthocyanins and ascorbic acid),
and nutritional value. Organic berries typically have darker and less
vivid hues, with a tendency toward a redder tone. An attractive red
color from anthocyanins is considered one of the strawberries’ most
important quality traits (Crecente-Campo et al., 2012; Ersoy et al,,
2011; Mockeviciute et al., 2022).

While some researchers argue in favor of organic farming
techniques, others remain skeptical of any significant differences
between the two cultivation methods. Some studies suggest that
certain bioactive compounds, such as anthocyanins, vitamin C, and
organic acid levels, may decrease in organically grown berries
compared to conventionally cultivated ones (Ochmian et al., 20205
Ponder and Hallmann, 2020; Sangiorgio et al., 2021). However,
organic cultivation of berries offers various environmental benefits.
Organic farming methods minimize the use of synthetic pesticides
and fertilizers, which can negatively impact soil and water quality
(Kirchmann et al., 2016). Organic farming practices prioritize soil
health, which is critical for producing high-quality products
(Caspersen etal., 2016). Studies indicate that organic farming methods
can enhance soil fertility by increasing soil-beneficial microorganisms
diversity and bolstering the soil’s resilience to stress (Milinkovic et al.,
2021; Mokrani and Nabti, 2022). The following section will examine
the different agricultural techniques used in organic berry farming
and their potential implementation in the African context to boost
organic berry production. The analysis of these practices will provide
valuable insights into how to foster sustainable and productive organic
berry cultivation in Africa.

4 Agri-practices in organic
berries-based food systems

4.1 Microbial biostimulants

The use of microbial biostimulants in berry production has
expanded significantly in recent decades (Calvo et al., 2014; Zulfigar
et al., 2024). Reports suggest that the use of these eco-friendly
solutions can promote plant growth through various physiological
processes, including nutrient uptake and better root development
(Calvo et al,, 2014) (Figure 3).

4.1.1 Plant growth, yield, and nutrient uptake

The application of microbial inoculants is commonly associated
with beneficial outcomes, including enhanced nutrient uptake,
improved nutrient status in berry crops, and subsequently, augmented
growth and yield. Numerous genera of plant growth-promoting
rhizobacteria (PGPR) possess the capability to fix atmospheric
nitrogen, exemplified by Beijerinckia spp. (Esitken et al, 2003),
Klebsiella pneumoniae (PeSakovic et al., 2013), Pantoea agglomerans
(Xie et al, 2017), Azotobacter spp. (Rueda et al, 2016), and
Azospirillum spp. (Pedraza et al., 2010). However, Azospirillum spp.
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is the most studied among all these genera (Kapoore et al., 2021), with
frequent documentation of nitrogen fixation in a variety of berry
crops (Guerrero-molina et al., 2012).

Plant growth promoting rhizobacteria strains have exhibited
remarkable potential in enhancing plant growth, yield, and nutrient
composition across a range of berry crops, including strawberries,
mulberries, raspberries, and blueberries (Table 2). Notably, the
utilization of Azospirillum spp. and Azotobacter spp. in hydroponic
systems has resulted in improvements in growth, yield, leaf nitrogen
concentration, and soluble solids content in strawberries, attributed
to mechanisms like nitrogen fixation and enhanced mineral uptake
(Kapoore et al., 2021; Rueda et al., 2016; Saritha and Tollamadugu,
2019). Azotobacter spp. offers additional advantages, including
phytohormone production, stress alleviation, degradation of pesticides
and oil globules, as well as metabolization of heavy metals (Tripathi
etal,, 2022; Yadav et al., 2010). Moreover, Bacillus tequilensis has been
reported to promote plant growth in mulberry plants, as demonstrated
by Xu et al. (2018).

Other soil microbes can improve plant nutrient uptake by
increasing the solubilization of soil nutrients. Poor soil availability
of absorbable forms of phosphorus (P) is a significant issue for
agricultural systems, even with the addition of P fertilizers, as P
easily bonds to soil particles and becomes unavailable to plants
(Calvo et al,, 2014). Bacterial genera such as Pseudomonas spp.
(Malusa et al., 2008), Bacillus spp., Burkholderia spp., Streptomyces
spp. (Rahman et al., 2018), Achromobacter spp., and Azospirillum
spp. (Rueda et al., 2016) were identified as phosphorus solubilizers
through mechanisms involving organic acid production and
phosphatase synthesis (Vaikuntapu et al., 2014). The process of
organic-P solubilization entails the dephosphorylation of phytates
through the action of acid phosphatases and phytases, which are
produced by microorganisms in the rhizosphere (Cochard et al,,
2022). Organic phosphate in soils is mostly present as phytate, which
can be microbially solubilized through phytase production (Bona
etal, 2015; Kumawat et al., 2023; Tripathi et al., 2016). Additionally,
Wang et al. (2022) examined the microbial diversity in blueberry
plant rhizosphere soil, isolating iPSB like Buttiauxella and
Paraburkholderia. These bacteria exhibited traits such as phosphorus
solubilization, auxin production, and nitrogen fixation, indicating
their potential to enhance soil for blueberry growth (Wang et al.,
2022). Furthermore, soil microorganisms can dissolve potassium
minerals present in rocks, such as micas, illite, and orthoclases. This
process is accomplished through the excretion of organic acids that
facilitate the dissolution of rock-bound potassium or the chelation
of silicon ions, thereby increasing the availability of potassium. For
instance, Bacillus edaphicus was reported to induce the synthesis of
organic acids. These organic acids directly contribute to the
dissolution of rock potassium or the chelation of silicon ions, thereby
promoting increased potassium uptake (Calvo et al., 2014; Peris-
felipo et al., 2020).

Numerous studies have provided evidence of the positive impact
of mycorrhizal fungi on plant growth and nutrient uptake. The effects
of different mycorrhizal fungi on plant growth can vary, exhibiting
specificity toward specific plant cultivars, soil conditions, geographical
locations, and sampling periods (Bona et al., 2015; Cai et al., 2021;
Guo et al, 2021). By inoculating ericaceous plants with ericoid
mycorrhizal (ErM) fungi boosts growth significantly. While natural
colonization rates are low (below 15%), deliberate inoculation can
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Targeting key metabolic processes by microbial and non-microbial biostimulants at whole-plant, physiological, and molecular levels.

raise them to around 30%, particularly benefiting blueberry cultivars.
Research highlights the positive effects of ErM fungi on root growth,
fresh weights, and overall plant health, with specific inoculations
showing notable increases in plant dry weight (Wei et al., 2022). For
example, the introduction of Leohumicola, Oidiodendron maius, and
Meliniomyces ErM fungal species to blueberry roots resulted in
enhanced growth of berry plants, although the specific responses
varied among different varieties (Bizabani et al., 2016).

In a similar vein, a field experiment revealed that the application
of arbuscular mycorrhizal fungi (AMF) and plant growth-promoting
rhizobacteria (PGPR) yielded maximum plant biomass and improved
uptake of nutrients such as nitrogen, phosphorus, potassium, calcium,
and magnesium (Altaf et al., 2019; Saritha and Tollamadugu, 2019).
Furthermore, co-inoculating strawberries with a combination of AMF
and/or Pseudomonas fluorescens enhanced flower and fruit production,
as well as increasing fruit size, particularly when nitrogen and
phosphorus levels were low (Bona et al., 2015; Tripathi et al., 2022).
Overall, plant growth is stimulated by ErM fungi through the
breakdown of organic nitrogen compounds, establishment of
extensive root networks for enhanced nutrient absorption, and
promotion of vertical root growth in plants like cranberries. Larger
root systems improve nutrient uptake efficiency, while ErM fungi also
produce growth-promoting hormones and upregulate genes to bolster
plant growth and stress resilience (Wei et al., 2022). However, it should
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be noted that a study investigating the co-inoculation of strawberries
with both AMF and T. harzianum did not show an increase in plant
growth compared to inoculation with either organism individually
(Malusa et al., 2008). While mycorrhizal fungi generally play a
significant role in promoting plant growth and enhancing nutrient
uptake, their effects can vary depending on factors such as the specific
plant species, soil fertility levels, and the specific types and
combinations of mycorrhizal fungi utilized.

4.1.2 Resistance to abiotic stress

The use of microbial biostimulants is an efficient strategy to
improve plant resistance to several abiotic stresses (drought, salinity,
cold, heat...). In this context, PGPR can improve plant tolerance to
drought stress through the production of exopolysaccharides, which
improve the soil's water-holding capacity (Ojuederie et al., 2019;
Tripathi et al., 2022; Zulfigar et al, 2024). As an example, the
application of Pseudomonas putida improved drought stress tolerance
in chickpea plants. This bacteria achieves this by regulating membrane
integrity, promoting the accumulation of osmolytes, and enhancing
the scavenging ability of reactive oxygen species (ROS). Additionally,
P putida positively influences stress responses, leading to the
differential expression of genes related to ethylene biosynthesis,
salicylic acid, jasmonate transcription activation, and antioxidant
enzymes (Tiwari et al, 2016). Similarly, the use of microbial
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TABLE 2 Overview of literature reporting the stimulation of growth through microbial biostimulants.

Crop

Treatment

Experimental
conditions

Plant growth-promoting rhizobacteria (PGPR)—Endophytic bacteria

Forms and levels
of application

Improved growth/performance parameter

Reference

Strawberry

B. subtilis, Pseudomonas florescence,

Azotobacter chroococcum

Field conditions

Root dip 10° CFU/mL

Plant height (58.85%), runners number (86.33%), chlorophylls (41.13%), root fresh weight
(68.58%), berry weight (31%), yield (48.1%), and total sugars (8.57%).

Kumar et al. (2020)

B. licheniformis, B. subtilis

Field conditions

Root dip + foliar 10° CFU/

Plant height (32.88%), leaf area (24.06%), runners number (79.77%), fruit number (26.74%),

Seema et al. (2018)

mL yield (45%), chlorophyll (16.73%), photosynthesis (51.38%), total sugars (27.56%), and
anthocyanin content (46.6%).
Bacillus M-3, Bacillus OSU-142, Pseudomonas = Field conditions Root dip + foliar spray Fruit yield (25.8%), fruit weight (9%), total sugars (10.28%), and Vit. C (0.76%). Pirlak and Kose (2009)
BA-8 10° CFU/mL

Bacillus spp., Paenibacillus polymyxa, B.

simplex

Field conditions

Root dip 10°CFUmL™"

Fruit weight (19.26%), fruit number (21.31%) Vit. C (13.65%), yield (20.85%), and SSC
(26.28%).

Erturk et al. (2012)

Kocuria E43, Alcaligenes 637Ca Pseudomonas

53/6

Greenhouse,

conditions

Root dip 10°CFUmL™"

Fruit number (30.09%), fruit weight (11.4%), yield (33.9%), TSS (6.23%), leaf area (19.74%), N
(16.46%), P (35.14%), K (9.14%), Ca (31.95%), Mg (8%) stomatal conductance (473.13%),
CAT (108.5%), SOD (43.52%), and APX (630.2%).

Arikan et al. (2020)

Pseudomonas BA-8, Bacillus OSU-142,

Open field, soil

Root dip 10°CFUmL™

Fruit yield (33.2%), fruit firmness (7.61%), P (50%), Fe (20%), and Zn (77.9%).

Esitken et al. (2010)

Bacillus M-3 conditions
PGPR, commercial formulations Open field, soil Root dip 10°CFUmL™ CAT (41.86%), POD (48.99%), SOD (26.59%), fruit yield (55.91%). Gunes et al. (2016)
conditions

A. chroococcum, P. fluorescens

Open field, soil

Root

Plant height (33.3%), numbers of leaves (97.45%), leaf area (63.9%), number, of fruit (82. %),

Kumar et al. (2021)

conditions dip 3x10’ CFUmL™ and yield of fruits (192%), TSS (37.7%), Vit. C (89.88%), phenolics (63.54%). Leaf nutrient
nitrogen (229.6%), phosphorus (194.11%), and potassium (127.9%).
B. velezensis Open field 1.25x 10°CFUmL™ Chlorophyll content (6.8%), fruit yield (36.4%), runner’s weight (212.1%,), and roots weight Chebotar et al. (2022)
(120%).
Phyllobacterium endophyticum, Rhizobium sp. Open field, soil 10’CFUmL™! Vit. C (26.8%), organic acids (16%). Flores-Félix et al. (2018)
conditions
B. amyloliquefaciens, Paraburkholderia Open field Root dip 10°CFUmL™" Canopy diameter (13.71%), Root dry weight (52.78%), shoot dry weight (61.56%), total Rahman et al. (2018)
fungorum flavonoids (50.05%) total phenolics (20%) antioxidant capacity (53.64%), and yield (48%).
Klebsiella planticola Open field 50kg/ha of the Fruit yield (19.51%), fruit number per plant (21.64%), and TSS (35.73%). PeSakovi¢ et al. (2013)
biofertilizer
Paenibacillus polymyxa, B. amyloliquefaciens, Greenhouse Soil drench at a rate of Yield (35.45%), fruit weight (19.26%), first quality fruit ratio (32.05%), and chlorophyll Paszt et al. (2020)
Aspergillus niger, Purpureocillium lilacinum conditions 1L/m?” at different levels (14.81%).

of irrigation.

(Continued)
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TABLE 2 (Continued)

Treatment Experimental Forms and levels Improved growth/performance parameter Reference
conditions of application
Blueberry Bacilus. subtilis, B. polymyxa, B. megaterium, Open field, soil Soil drench of 10° Shoot dry weight (35%), root dry weight (70%), and fruit yield (104%). Schoebitz et al. (2016)
B. licheniformis conditions CFUg™!
B. macerans, P. putida, P. fluorescens, S.
cerevisiae, Nocardiac orallina, Trichoderma
viride
Raspberry B. subtilis Greenhouse Soil drench 1.0-5.0 x 10 Plant height (56%), fresh weight (89.9%), total surface area (30%), chlorophyll content (42%), Trzcinski et al. (2021)
P polymyxa conditions CFUmL™ dry mass of roots (67%), and fruit yield (79.9%).
Lysobacter sp.
Pseudomonas spp. Greenhouse, Soil drench 10°CFUmL™ | Chlorophyll (29.53%), anthocyanin, (52%) phenolic (20.49%), and proline contents (45.45%). Balci et al. (2020)
Bacillus spp. conditions
Arbuscular mycorrhizal fungi (AMF)
Strawberry R. intraradices Greenhouse, Soil drench 0.5 g/plant CO2 assimilation (29.46%), stomatal conductance (55.93%), leaves total chlorophyll (31.25%), Mikiciuk et al. (2019)
conditions relative water content (6.45%), and yield (55.6%).
Claroideoglomus etunicatum, Cetraspora Greenhouse, 10g/plant Total root length [46%, root dry mass (152.2%), very thin roots (65.45%), fine roots (52.28%), Chiomento et al. (2021)
pellucida conditions thick roots (18.76%), and root surface area (44.63%)].
Leohumicola sp. Field, conditions 0.4 optical density Root biomass (516.92%), root colonization with Oidiodendron maius (451.35%). Bizabani et al. (2016)
Oidiodendron maius sp. (OD600)
Meliniomyces sp.
Trichoderma
Strawberry Trichoderma virens, T. harzianum Greenhouse, 25mL/plant (107 spores Anthocyanins (65.7%), Vit. C (32.45%), number of fruits (39.06%), yield (38.03%), root dry Lombardi et al. (2020)
conditions mL™) weight (21.48%), and root length (11.3%).
T. harzianum Greenhouse, 50 mL/plant Fruit number (152.28%), yield (145.83%), fruit weight (141.13%), number of flowers (79.11%), | Khan et al. (2021)
conditions (9.90 x 10°CFU and TSS (40%).
100mL™)
T. asperellum, commercial product Greenhouse and Root-dip Reduction of incidence: Macrophomina phaseolina by 65% and Fusarium solani by 81%. Pastrana et al. (2016)
open field conditions
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biostimulants containing S. kloosii and K. erythromyxa has shown
positive results in reducing salinity’s negative effects on strawberries
(Karlidag et al., 2013).
deaminase, which reduces the effects of salt stress by lowering the

These microorganisms produce ACC

levels of the plant hormone ethylene. Inoculation with bacteria like
Variovorax paradoxus, PGPR-producing ACC, and Bacillus
amyloliquefaciens can enhance salt stress tolerance in various plants
by improving peroxidase/catalase activity, reducing Na* levels in the
plant, upregulating stress response genes, and causing an increase in
photosynthetic rate, balanced ion homeostasis, decreased stomatal
resistance, and improved biomass in pea plants, okra, and maize
seedlings, respectively (Chen et al., 2016; Habib et al., 2016). Moreover,
PGPR can synthesize secondary metabolites and volatile organic
compounds (VOCs) that contribute to the enhancement of plant
growth and tolerance to stress. These VOCs play a role as signal
molecules in inducing systemic tolerance to abiotic stress, such as
drought, owing to their unique properties including low molecular
weight, low boiling point, and high vapor pressure (Fincheira and
Quiroz, 2018).

Arbuscular mycorrhizal fungi improves plant adaptation to
drought stress by enhancing water and nutrient uptake, modifying
root architecture, and inducing physiological and enzymatic activities
related to plant antioxidant responses. AMF’s ability to access
inaccessible soil pores boosts plant growth and water-use efficiency,
increasing crop yield (Bahadur et al., 2019; Ojuederie et al., 2019;
Zhang et al,, 2018). AMF-mediated mechanisms involve modifications
in plant hormone content in response to drought stress (Gouda et al.,
20185 Jajoo, 2021), highlighting their significant role in improving
plant resilience to drought stress and their potential to enhance crop
productivity in water-limited environments. Several studies
demonstrate that inoculation with AMF improves the resistance of
berry crops to abiotic stress (Table 2). AMF inoculation has been
shown to improve the growth and drought tolerance of strawberry
plants (Borkowska, 2002; Moradtalab et al., 2019) and blueberry
plants (Gui et al., 2021). However, studies on the interaction between
AMEF and berries plant are still scarce and further research is needed
to determine the optimal AMF species, inoculation methods, rates,
and timing for different berry crops and abiotic stress conditions.

Silicon (Si), found abundantly in the earth’s crust, benefits plant
growth by forming a protective layer on leaves, improving nutrient
uptake efficiency, and aiding in heat stress mitigation. It enhances
photosynthesis, reduces cellular damage, and is a safe and effective
fertilizer for cultivating strawberries in controlled environments
(Etesami and Ryong, 2018; Sato, 2018; Weber et al., 2018). In a study
by Jeong (2022), optimized silicon (Si) application methods were
employed to bolster the heat resistance of strawberry transplants. The
outcomes showcased enhanced growth and stress resilience under
high temperatures with Si treatments, especially when applied to
daughter plants consistently. Additionally, the research explored the
effects of silicon application on Fortuna strawberries grown in diverse
substrates with varying iron levels. The findings highlighted improved
growth and fruit quality associated with silicon treatments. This
suggests that silicon application shows potential for increasing both
the yield and quality of Fortuna strawberries, presenting agricultural
benefits. Further investigations across various strawberry varieties and
dosage levels are needed to obtain a more comprehensive
understanding of the impact on yield and fruit shelf-life (Peris-felipo
et al., 2020).
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4.1.3 Resistance to biotic stress

Biological management is an effective and long-lasting alternative
to chemical pesticides in berries cropping systems (Dorais and
Alsanius, 2015; Kaiser and Ernst, 2010; Scortichini, 2022). In organic
berry farming, biological control is an essential cultural control
method that entails the introduction of beneficial insects or
microorganisms, giving a sustainable and ecologically acceptable
alternative to the use of conventional pesticides (Enebe and Babalola,
2019; Scortichini, 2022; Walters et al., 2013). Several studies have
evaluated the efficacy of biological control agents, including
Pseudomonas spp., Bacillus spp., Streptomyces spp., Enterobacter spp.,
and Trichoderma spp., in controlling root and shoot infections in
organically cultivated berry crops (Table 2).

Primarily, Bacillus sp. is a well-known biological control agent
that can be applied to the surface of berries to create a protective
barrier against decay-causing pathogens (Yamamoto et al., 2014).
Several research studies have provided evidence of the efficacy of
Bacillus subtilis in reducing decay caused by Penicillium expansum,
Botrytis cinerea, and Rhizopus stolonifer in strawberries.
it has
mummification and shoot blight in organic blueberries (Dorais and
2019; Scortichini, 2022). The

antagonistic strain B. amyloliquefaciens can reduce the virulence of

Furthermore, demonstrated effective control fruit

Alsanius, 2015; Pylak et al,

strawberry anthracnose caused by Colletotrichum gloeosporioides
(Mochizuki et al., 2012). Additionally, Bacillus tequilensis is an
endophytic bacterium obtained from a healthy mulberry stem,
exhibiting potent antifungal properties against Mulberry Fruit
Sclerotiniose (135). For instance, research findings indicate that the
colonization of plants by Bacillus amyloliquefaciens enhances their
defense response against Rhizoctonia solani through the
modulation of phytohormone signaling, maintenance of elicitor
levels, production of secondary metabolites, and regulation of
reactive oxygen species and ROS scavengers (Bocek et al., 2012).
Moreover, the inoculation of Cotton plants with Bacillus spp.
results in an augmented secretion of gossypol and jasmonic acid,
leading to reduced feeding by Spodoptera exigua larvae. Inoculated
plants also exhibit higher transcript levels of genes involved in
allelochemical and jasmonate synthesis, along with the suppression
of the pest (Backer et al,, 2018).

Besides, the colonization of plants by PGPR confers other benefits
such as improving tissue health and physiological functions, inducing
tolerance against southern blight disease, and eliciting induced
systemic resistance (ISR) against various pathogens. The activation of
pathogenesis-related genes, facilitated by phytohormone signaling
pathways and defense regulatory proteins, serves as a key mechanism
through which PGPR triggers ISR in plants. Moreover, bacterial signal
compounds and microbe-associated molecular triggers can modulate
the induction of ISR in plants. Notably, both pathogen cell-surface
factors and analogs of salicylic acid and jasmonic acid can effectively
elicit ISR and systemic acquired resistance (SAR) in plants. Lastly,
within root exudates, there are chemical components that mimic AHL
signals, promoting beneficial associations in the rhizosphere while
inhibiting the proliferation of pathogenic bacteria (Backer et al., 2018;
Lowe et al., 2012; Singh et al., 2016).

Scientists discovered that Trichoderma harzianum produces
harmful enzymes, such as viriden, peptaboils, and sesquiterpenes,
which impede the growth and development of other species. This
makes the fungus a formidable mycoparasite, as it destroys pathogen

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1452823
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Mounaimi et al.

cell walls through the synthesis of chitinase, making it effective against
several well-known diseases, including Botrytis, Rhizopus, and
Verticillium (Pylak et al., 2019). Research studies have demonstrated
the effectiveness of T. asperellum in enhancing the growth and
productivity of organic strawberries. Additionally, it provides
protection against Botrytis cinerea, as well as reducing infection by
Phytophthora cactorum and Verticillium dahliae. Incorporating this
fungus into the soil promotes growth during the growing season,
protects against the detrimental impact of Botrytis cinerea both during
and after harvest, and results in fewer infections (Dorais and Alsanius,
2015; Scortichini, 2022). Moreover, researchers found that Pantoea
agglomerans, an endophytic fungus isolated from healthy mulberry
roots, inhibits Pseudomonas syringae, while P. fluorescens Pf-5 strain
prevents B. cinerea from spreading on strawberry plants. Nonetheless,
a recent study conducted by Panek et al. (2021) shed light on the
potential drawbacks of using Integral Pro (B. subtillis) and a strain of
Pseudomonas sp. in strawberry plants. Surprisingly, these applications
caused a decline in the overall health of the plants, even in the absence
of Phytophthora cactorum. In contrast, another study highlighted the
beneficial effects of two strains of Lactobacillus plantarum, which
effectively suppressed the growth of X. fragariae in strawberries (Pylak
etal., 2019).

Commercial biopreparations have promising results as an
alternative to conventional fungicides for reducing the severity of
several berry plant pathogens. Polyversum WP, derived from
Pythium oligandrum, effectively reduces Botrytis cinerea, leaf spot,
and powdery mildew infections in strawberry plants, with efficacy
similar to chemical fungicides. While not a universal solution, it
promotes resistance, produces hydrolytic enzymes, and suppresses
B.
ineffectiveness against Mycosphaerella fragariae and B. cinerea

cinerea. Nevertheless, certain studies have indicated its

(Bocek et al, 2012; Pylak et al., 2019). Moreover, they show
potential as effective biopreparations against specific plant
pathogens, such as Phytophthora cactorum, and further research is
needed to explore their effectiveness and mechanisms of action
(Péanek et al., 2021).

4.1.4 Quality attributes—postharvest

Microbial biostimulants have demonstrated their efficacy in
significantly enhancing the quality attributes of berry crops. The
efficacy of these biostimulants in enhancing the nutritional content,
flavor, color, and aroma of berries has been proven, which increased
their market value and consumer appeal (Fernandes et al., 2022; Islam
et al., 2020; Zulfigar et al, 2024). For instance, inoculation of
blackberries with Pseudomonas fluorescens resulted in enhanced fruit
yield and better flavonoids and other phenolic substances (Ramos-
Solano et al.,, 2014). Castellanos-Morales et al. (2010) also obtained
favorable results when inoculating strawberry plants with the
arbuscular mycorrhizal (AM) fungus Glomus intraradices. Likewise,
the co-inoculation of G. intraradices and Pseudomonas fluorescens
yielded positive outcomes in enhancing strawberry plant growth
(Palencia, 2013). Bioinoculants can also affect the concentration of
vitamins in berries, including vitamins C and B9. High levels of
vitamin C were observed in strawberries inoculated with Paenibacillus
polymyxa (Erturk et al., 2012). A strain of Phyllobacterium succeeded
in producing biofilms that can increase the vitamin C content in
berries, thus improving their overall quality (Bona et al., 2015; Flores-
Félix et al., 2015, 2018).
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Microbial biostimulants can enhance the flavor, aroma, color, and
appearance of berries by balancing organic acids and soluble sugars
and increasing the levels of anthocyanins (Bona et al., 2016; Lingua
et al, 2013). Several bacterial species, including Pseudomonas,
Bacillus, Paraburkholderia, Alcaligenes, Acinetobacter, Serratia, and
Arthrobacter, were identified as useful for improving the quality of
berry crops (Mockeviciute et al,, 2022). The utilization of Pseudomonas
spp. and Bacillus spp. resulted in elevated levels of total sugar and total
soluble solids, accompanied by a decrease in sugar content and
titratable acidity in strawberries. Moreover, the application of
B. subtilis enhanced the sweetness and overall flavor of blueberries
(Pirlak and Kose, 2009; Seema et al., 2018). The introduction of a
mixture of arbuscular mycorrhizal fungi (AMF) and/or two
Pseudomonas strains to strawberry plants resulted in significant
improvements in the qualitative and nutritional characteristics of the
fruits. Notably, the concentrations of sugars, ascorbic acid, and folic
acid exhibited substantial boosts as a result of this inoculation (Bona
et al,, 2015). Pseudomonas fluorescens and Rhizophagus irregularis
significantly increased the quantities of VOCs responsible for the
aroma and flavor of strawberries (Todeschini et al, 2018).
Furthermore, the utilization of Paraburkholderia fungorum and
B. amylolequifaciens boosted the levels of anthocyanins in strawberry
fruits. Anthocyanins are the pigments responsible for the captivating
blue, red, and purple hues exhibited by berries (Lingua et al., 2013).
Similarly, strawberry co-inoculation with PGPR strains and
mycorrhizal fungi and the application of a G. mosseae biostimulant
amplified their anthocyanin content. Likewise, P. fluorescens improved
the color and texture of strawberries (Bona et al., 2015; Jiménez-
Gomez et al., 2017). Nevertheless, blackberries that were inoculated
with Pseudomonas sp. did not exhibit any alterations in the
anthocyanin content (Ramos-Solano et al., 2014).

4.2 Non-microbial biostimulants

4.2.1 Algal extracts based biostimulants

Algae-based biostimulants from macroalgae and microalgae
improve plant growth, development, and resilience against abiotic
stressors. Seaweed extracts function as chelators (Spinelli et al., 2010),
enhancing mineral nutrient absorption, stimulating root development
(Chen et al., 2021; Johnson et al., 2024; Nofal et al., 2024), and acting
as biostimulants, promoting seed germination, plant growth, and
resilience to stressors (Drocco et al., 2024; El Boukhari et al., 2023;
Mattner et al., 2018). Although microalgae have seen less research for
agricultural use than macroalgae, studies have shown that they can
affect various plant processes, improve soil water-holding capacity,
and increase nutrient availability (Kapoore et al., 2021; Ronga et al.,
2019) (Figure 3).

4.2.1.1 Effect on plant nutrient uptake, stress resistance,
and quality attributes

Seaweed extracts enhance shoot growth and boost crop yield in
various berry crop species, including strawberries (Table 3). Studies
on Ecklonia maxima and Ascophyllum nodosum demonstrate
increased root growth in some strawberry cultivars. Nevertheless,
studies conducted on cultivars such as Camarosa and Salut have
demonstrated that the effects of seaweed extracts can vary depending
on the specific cultivar and growth conditions (Alam et al., 2013;
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Kapoore et al.,, 2021; Righini et al., 2018). Extracts from Duvillaea
potatorum, A. nodosum, and Sargassum sp. have also been discovered
to have similar effects on field-grown strawberries (Kapoore et al.,
20215 Mattner et al.,, 2018). Seaweed extracts contain high levels of
auxins and cytokinins, which are phytohormones linked to enhancing
root growth, total root volume, and root length. Additionally, the
hydrophilic nature of seaweed extracts enables them to be easily
absorbed by plants through their cuticles and stomata (Battacharyya
etal, 2015). In addition, algae extract serves as a natural plant cell sap
rich in enzymes and vitamins. This extract has the potential to
enhance crop yield by facilitating the absorption of nutrients and
transfer of solutes within plants (Plaza et al., 2018). Actiwave serves as
a prime example of a metabolic enhancer derived from A. nodosum.
It boasts a meticulously balanced and consistent formulation,
incorporating kahydrin, alginic acid, and betaines. The synergistic
effect of these components significantly contributes to the product’s
efficacy. Researchers have observed that administering Actiwave to
strawberry plants via soil drenching leads to a notable increase in the
weight of their roots (Shukla et al., 2019; Spinelli et al.,, 2010). The
research conducted on A. nodosum extracts has demonstrated that
applying seaweed extract to strawberry plants’ foliage can increase the
diversity and activity of the rhizosphere microbiome (Table 3).
Furthermore, root-drench applications of seaweed extracts can act as
prebiotics and enhance soil microbial activity, leading to improved
growth of strawberries.

Biostimulatory effects on plant growth and yield have been
reported for various microalgae species, including Dunaliella salina,
Chlorella vulgaris, C. infusionum, Spirulina maxima, Scenedesmus
platensis, S. quadricauda, and Acutodesmus dimorphus, as noted in
studies conducted by Cho et al. (2022), Colla and Rouphael (2020),
and Fernandes et al. (2022). S. obiliquus extracts increased strawberry
root development, while cyanobacteria improved root development
and root/shoot ratio in strawberries, This leads to enhanced nutrient
2022;

VAV VYA

and water uptake from the soil (Chiaiese et al., 2018; Cho et al,,
Santini et al., 2021). Chlorella vulgaris extract, among other microalgae
biostimulants, exerts positive effects on plant growth and yield. These
positive effects are linked to the presence of essential primary
metabolites, such as arginine and tryptophan, as well as amino acids,
vitamins, osmolytes like proline and glycine betaine, and
polysaccharides like 3-glucan (Celiktopuz et al., 2020; Cho et al., 20225
Kapoore et al, 2021; Ronga et al, 2019). Amino acids and
polysaccharides interact with leucine-rich repeat membrane receptors,
modulating the expression of genes related to cell expansion
(Fernandes et al., 2022; Ronga et al., 2019). Furthermore, various
microalgae strains possess phytohormone-like activities, including
cytokinins and auxins, crucial for promoting plant growth and
increasing crop yield (Cho et al., 2022; Colla and Rouphael, 20205
Fernandes et al., 2022).

Seaweed extracts, such as A. nodosum, protect plants from abiotic
stresses and promote plant development by containing chemicals like
cytokinins, auxins, amino acids, betaines, vitamins, gibberellins,
polyamines, and brassinosteroids (Fernandes et al., 2022; Righini
et al,, 2018; Ronga et al., 2019). For example, A. nodosum extract
increases plant tolerance to drought and saline stress through alginic
acid and betaines (Spinelli et al., 2010). Soil conditioners like alginic
acid enhance the rhizosphere’s capacity to store water, while
osmoprotectants like betaines help plants better withstand the effects
of drought. There is evidence that Sargassum vulgare extracts may
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ameliorate seed germination in the face of saline stress, much as
Actiwave (Righini et al,, 2018). By directly scavenging reactive oxygen
species (ROS), seaweed extracts increase antioxidant activity in plants,
protecting them from damage caused by stress-induced free radicals
(Kapoore et al., 2021; Tarakhovskaya et al., 2007).

Algae extract (EA) has potential applications in various fields due
to its bioactive chemicals with antibacterial, antiviral, anticancer,
antioxidant, and antifungal properties (Table 3). However, research on
the direct impact of EA on fungal diseases in berry crops and their
potential to induce plant resistance remains limited. EA can
be effective against some fungal infections but not others. For example,
a0.5% A. nodosum extract reduced the prevalence of Colletotrichum
acutatum on strawberry plants but had no effect against B. cinerea on
certain cultivars (Aguado et al., 2014; Righini et al., 2018). Similarly,
E. maxima extracts were ineffective against B. cinerea on strawberries.
EA can also increase phenolic compound levels, stimulating the
synthesis of defense-related proteins and enzymes, and contain
polysaccharides and oligosaccharides that trigger resistance
mechanisms in plants as elicitors and signal transduction molecules
(Righini et al., 2018).

Algal extracts boost fruit quality in berry crops by modulating
their nutritional and functional properties (Table 3). Extracts derived
from brown algae are commonly used to improve the quality of
organic berries (Lau et al., 2022; Morrison, 2020). For example, the
application of Ascophyllum nodosum treatments has been shown to
result in increased accumulation of total anthocyanins in strawberry
fruits, leading to improved fruit quality (Fernandes et al., 2022;
Soppelsa et al., 2019). Similarly, a study conducted by Weber et al.
(2018) on the combined application of A. nodosum and silicon
resulted in early fruit production with higher levels of anthocyanins
as well as 10% more marketable yields. Nevertheless, when Sargassum
spp., A. nodosum, and Laminaria spp. were applied as foliar sprays,
they exhibited only minor positive effects on fruit soluble solid
content, titratable acidity, and firmness, while no significant impact
was observed on ascorbic acid content (El-Miniawy et al., 2014).
Similarly, an extract from E. maxima applied to strawberries
demonstrated no influence on total soluble solids, total acids, and fruit
quality, but led to a notable 56% increase in the concentration of
ascorbic acid (Eshghi et al., 2013).

4.2.2 Humic extract-based biostimulants

Humic substances (HS) naturally occur in soil organic matter and
play a vital role in promoting root system growth, facilitating nutrient
assimilation, and acting as antioxidants (Calvo et al., 2014; du Jardin,
2015; Garza-Alonso et al., 2022). As plant biostimulants, HS exhibit
favorable impacts on the growth and development of strawberry
plants, strawberries included (Table 4).

4.2.2.1 Effect on plant metabolism, nutrients uptake, and
stress resistance

Humic substances can benefit plants in multiple ways, including
altering soil structure and fertility, influencing nutrient uptake, and
modifying root architecture. They also impact plant metabolism and
are directly absorbed by roots (Halpern et al., 2015; Vioratti Telles de
Moura et al., 2023). The effects observed are highly contingent on the
molecular weight, concentration, and specific source of the humic
fractions applied. The positive effects of humic substances on plant
growth and nutrient absorption are further supported by the proton
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TABLE 3 Enhancement of growth and quality in berry crops with seaweed and microalgal extracts.

Treatment

Cultivation

system

Forms and levels
of application

Improved growth/
performance

10.3389/fsufs.2024.1452823

Reference

Strawberry

A. nodosum combined

with silicon

Non-heated plastic

greenhouse

Foliar spray 20mL/10L

parameter

Total yield (26%), total
sugars (11%), and early

production.

Weber et al. (2018)

A combination of
Ascophyllum sp. and

Sargassum sp.,

Field soil conditions

Foliar spray 1 and 2mL™"

Plant length (30.01%), leaf
area (19.65%), root dry
weight (35.16%), total yield
(23.62%) fruit weight
(30.68%), and SSC (19.9%).

El-Miniawy et al. (2014)

A mix of Ascophyllum Field soil conditions 10Lha™! Runners number (19%), Mattner et al. (2018)
nodosum and Duvillaea yield (8%), root length
potatorum, a commercial (38%), and secondary roots
extract density (22%).
Sargassum spp. Field conditions and Drench 2 and 4gL™! Yield (53.9%), fruits per Al-Shatri et al. (2020)
commercial product potted substrates plant (49.87%), number of
crowns (32.36%), and TSS/
TA ratio (61.03%).
A. nodosum, commercial Open field, soil conditions | 4.68 Lha™ Crowns number (29.43%), Holden and Ross (2017)

extract

root dry weight (61.53%),
mites leaf reduction
(85.77%), and dead plants
reduction (39.41%).

Seaweed extract, NS

Open field

Foliar spray 0, 2, and
4mL?!

N. leaf concentration
(51.97%), root dry weight
(8.79%), flower number
(36.48%), and yield
(84.26%).

Mufty and Taha (2021)

A. nodosum, commercial

formulation

Greenhouse, pots with

substrate

Drench 0.5mLL—1

Chlorophyll (11%), stomata
density (6.5%), vegetative
growth (10%), shoot dry
matter (27%), and root dry
matter (76%).

Spinelli et al. (2010)

E. maxima

Greenhouse, hydroponic

system

Foliar spray, 0, 3, 6, and
9gL™!

Root dry weight (323.61%),
shoot dry weight (96.29%),
leaf area (36.46%),

chlorophyll (13.68%), yield
(125%), fruit weight (28%),
and ascorbic acid (64.74%).

Eshghi et al. (2013)

Laminaria digitata

In vitro

10gL™",20gL™, and
30gL™!

Inhibition of 100% mycelia
growth and spore

germination of B. cinerea

De Corato et al. (2017)

A. nodosum + Laminaria sp.

Open field

Foliar spray 3.5L.ha”" in

600L.ha™"

Inhibition of 48% disease

Incidence of Mycosphaerella

fragariae

Bocek et al. (2012)

Spirulina spp., commercial

formulation

Greenhouse

4.0gL™"

Root dry weight (393.22%),
leaves dry weight (44.77%),
Fe (273%), and roots Si
(75%).

Soppelsa et al. (2019)

Chlorella vulgaris

Open field

Foliar spray 50 g/L (5mL/
plant)

Inhibition of 58% mycelial
growth

98% sporulation of B.

cinerea.

El ghanam (2015)
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TABLE 4 In-depth exploration of the impact of humic substances on growth and quality parameters in berry crops.

Berry crop

Treatment

Experimental
conditions

Application
forms and
concentration
levels

Improved growth/
performance
parameter

Reference

Strawberry

Humic acid

Greenhouse conditions

Foliar spray 0, 25, 50, and
100mg/L

Total yield (116.2%), fruit
weight (168.05%), P
(39.11%), K (69.73%), Ca
(17.17%), Mg (56.09%) SSC
(13.12%), and vitamin C
(35.07%)

Aghaeifard et al. (2015)

HA

Commercial formulation

In pot and field

experiments

Root-dip 0.05% for 2h

Shoot length (19.73%), root
length (31.46%), number of

runners (50%).

Belyaev et al. (2016)

HA+FA

Commercial formulation

Greenhouse conditions

0.06 g/kg

Total dry matter (426.01%),
SPAD (483.33%), Mn
(132.76%), and P (186.48%)

in leaves.

De Santiago et al. (2013)

Humic acid

Greenhouse conditions

Foliar spray 15 and
25mL/L

Dry weight (112.86%),
length of roots (78.03%),
leaf area (78.05%), number
of flowers (154.82%), TSS
(189.62%), TA (124.71%),
and Vit. C (132.32%).

Kazemi (2014)

Humic acid

Field conditions

Foliar spray 0, 2, and
4mL/L

Leaves N (35.07%), P
(67.64%) flower number
(13.27%), and fruit yield
(16.21%).

Mufty and Taha (2021)

Humic acid

Greenhouse conditions

Foliar spray 100 mg/L

Proline concentration

(17.14%)

Narouei et al. (2021)

Humic acid

Commercial greenhouse

Foliar spray 0, 20, and
40mg/L

Shoot length (20.39%), root
length (43.67%), shoot dry
weight (12.08%), root dry
weight (17.46%), yield
(56.75%), and leaf area
(83.80%).

Rafeii and Pakkish (2014)

Humic acid

Greenhouse conditions

Fertigation and spray 0,
10, 20, 30, and 40 ppm

Chlorophyll (7.68%),
nutrient use efficiency N
(51.72%), P (25.92%), and
K (76.60%).

Tehranifar and Ameri

(2014)

HA commercial soluble

product

Hydroponic culture under

greenhouse

Foliar spray 0, 1.5, 3 and
4.5mg/L

Fruit yield (33%)

Farahi et al. (2013)

HA+FA

Commercial formulation

Field conditions

Foliar and soil 0, 2, 4, and
6kg/ha

Leaf area (31.93%), fruit
yield (107.37%), chlorophyll
(18.67%), and carotenoids
(56.52%).

Rostami et al. (2022)

Humic acid

Field conditions

Soil application 0, 200,
and 400 mg/L

Total yield (11.99%), fruit
dry weight (10.45%), Vit C
(31.62%), TSS (45.55%),
and total phenols (43.44%).

Alkharpotly (2017)

HA+FA

Glass greenhouse

conditions

5mM

Shoot fresh weight (9.43%),
root fresh weight (59.66%),
Cd tolerance in leaves
(3.75%), and roots
(10.12%).

Dogan et al. (2022)
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pump activity of the plasma membrane H+-ATPase enzyme.
Moreover, humic substances can modify plant metabolic pathways
and influence gene expression and metabolite profiles (Milinkovi¢
etal, 2021). Through their ability to enhance peroxidase activity and
increase proline content, research studies have demonstrated that
humic substances play a crucial role in mitigating the detrimental
effects of abiotic stresses, including water and salinity stresses, on
plants. In general, humic substances exhibit significant beneficial
effects on plant development and growth (Alice et al., 2016; Milinkovi¢
et al,, 2021; Tripathi et al., 2022; Zuzunaga-rosas et al., 2024).

Several humic acids and humic substances were shown to induce
various morphological changes in plants, leading to alterations in
plant growth (Drocco et al., 2024; du Jardin, 2015). Table 4 provides
a comprehensive summary of publications describing the effects of
humic substances, including humic acids, on the development and
physiology of various berry crops. Multiple studies have
demonstrated that various humic acids and humic substances can
induce morphological changes in plants, thereby influencing plant
growth (du Jardin, 2015). A comprehensive compilation of studies
detailing of humic substances effects, including humic acids, on the
development and physiology of different berry crops can be accessed
in Table 4. Humic acids were reported to primarily stimulate root
growth and promote berry crop quality, which includes an
enhancement in plant height (Neri et al., 2022), photosynthetic
capacity, and chlorophyll content, in strawberries (Rostami et al.,
2022), resulting in higher yields and improved fruit quality
(Aghaeifard et al,, 2015; Rafeii and Pakkish, 2014). Greenhouse trials
with strawberries indicated significant increases in overall yield
resulting from humic acid, including the fruit set, mean fruit weight,
fruit length, fruit diameter, number of flowers and fruit per plant,
and yield per plant (Arancon et al., 2006; Kazemi, 2014; Mufty and
Taha, 2021; Rafeii and Pakkish, 2014). Foliar applied humic acid on
strawberry plants has been shown to raise the levels of leaf potassium,
phosphorus, calcium, magnesium, soluble solids concentrations,
titratable acidity, vitamin C, and red tone (Aghaeifard et al., 2015;
Jiménez-Arias et al., 2021). Humic substances can improve mineral
uptake, raise cation exchange capacity, enhance pH buffering
capacity, and influence soil structure. Additionally, they can elevate
the microbial population in the soil, indirectly influencing plant
growth (Halpern et al,, 2015).

Humic acids improve berry crops™ abiotic stress tolerance by
compensating for negative effects, activating antioxidant enzymes, and
boosting osmotic adjustment. Humic acid-treated strawberry plants
exhibited improved vegetative traits, enabling them to counteract the
adverse effects of salinity, unlike those exposed to salt sources. The
enhanced physiological and oxidative responses, subsequent increase
in yield, and improved vegetative growth in the humic acid-treated
plants were due to improved osmotic adjustment and increased
activation of antioxidant enzymes (Garriga et al., 2015; Ghaderi et al,,
2018; Saidimoradi et al, 2019; Zuzunaga-rosas et al, 2024).
Furthermore, the promotion of shoot growth resulting from humic
acid nutrition may be attributed to the stimulation of root growth,
proliferation of root hairs, and initiation of new roots (Fan et al,
2014). However, a study on Vaccinium corymbosum L. showed that a
microbial consortium outperformed humic substances leading to
significant increases in plant growth and fruit yield. Over 2 years, the
consortium boosted shoot dry weight by 35%, root dry weight by 70%,
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and total fruit yield by 104%. Humic substances improved fruit
quality, while the combined treatment enhanced soil health indicators,
positively affecting soil quality (Schoebitz et al., 2019).

4.2.3 The potential of protein hydrolysates

The byproducts of thermal, enzymatic, or chemical hydrolysis of
animal or plant proteins are known as protein hydrolysates (PHs).
These products can be classified as either PHs or individual amino
acids (AAs) (Cardarelli et al., 2024; Drocco et al., 2024; Johnson et al.,
20245 Marfa et al., 2009; Pylak et al., 2019). Furthermore, these
formulations could feature a blend of essential nutrients, including
proteins, peptides, free amino acids, lipids, carbohydrates, and
phytohormones, synergistically enhancing their stimulatory effects on
plants (Calvo et al., 2014; Zuzunaga-rosas et al., 2024).

4.2.3.1 Effect on plant growth, yield, nutrient uptake, and
stress tolerance

Protein hydrolysates and amino acids display promise as
alternative plant nutrients and growth regulators, positively
impacting the quality, yield, and growth of berry crops. Recent
studies have demonstrated their ability to stimulate root and shoot
growth, promote plant height, and boost overall plant vigor. For
instance, Marfa et al. (2009) demonstrated that applying PHs
(Porcine blood) resulted in significant improvements in
strawberry plant biomass, as well as enhanced flowering. Soppelsa
et al. (2019) observed that AA and PHs treatment amplified
chlorophyll concentration, leaf area, and root biomass in
(2018) reported that
hydroxyproline and glutamic acid application in a hydroponic

strawberry plants. Talukder et al

strawberries system fostered plant growth and fruit yield,
associated with heightened growth and mineral content in leaves,
crown, and roots, as well as increased fruit number and weight.
Arginine, a polyamine, sprayed on strawberry plants, enhanced
yield, primary and secondary fruit weight, and achenes (Cardarelli
et al., 2024; Mohseni et al., 2017). Furthermore, Soppelsa et al.
(2019) demonstrated that alfalfa hydrolysate promoted strawberry
fruits and roots biomass accumulation, along with increased
overall leaf area. Conversely, porcine blood, a protein hydrolysate,
expanded the number of flowers and fruit weight in strawberry
plants (Marfa et al., 2009).

Protein hydrolysates act on various physiological mechanisms in
plants, including the indirect stimulation of plant-associated microbes
and the activation of crucial enzymes involved in primary and
secondary metabolisms. B vitamins, specifically vitamin B1, also
increase root and leaf area by serving as a cofactor in key metabolic
pathways (Soppelsa et al., 2019). Additionally, plants rapidly absorb
amino acids and peptides through their roots and leaves. Some
protein-based products also contain plant growth regulators, like
triacontanol and IAA, further amplifying their influence on plant
development. In strawberry production, PHs enhance vegetative
growth, antioxidant chemicals, chlorophyll content, and tissue mineral
content (Calvo et al., 20145 Drocco et al., 2024). However, additional
research is necessary to elucidate the mode of action of these
biostimulants on various berry crops, including their growth, stress
tolerance, and postharvest quality. By studying their effects on
different crops, researchers can develop tailored and effective strategies
for sustainable agriculture.
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4.2.4 Chitosan and other biopolymers

At the forefront of sustainable solutions, biopolymers, among
them cellulose, collagen, chitin alginate, and chitosan—play pivotal
roles in diverse industries, such as agriculture. Chitosan, derived from
arthropod exoskeletons and marine waste, is a widely utilized
bioproduct in biopreparations. Its popularity stems from its
exceptional absorption capacity, biodegradability, biocompatibility,
and non-toxicity (Li et al., 2017; Petriccione et al., 2015; Pylak et al,,
2019). Chitosan is pivotal in bolstering plant resilience against
pathogens and environmental stresses, while also fostering vegetative
growth (El-Araby etal., 2023; Garza-Alonso et al,, 2022). Furthermore,
it serves as an effective disease control agent for berries, proving its
utility in both pre-and post-harvest applications (Romanazzi and
Feliziani, 2016).

4.2.4.1 Effect on plant metabolism, nutrient uptake, and
stress resistance

Chitosan application in plants offers a range of benefits, including
increased biomass, and elevated levels of photosynthetic pigments and
antioxidants. It can be applied through various methods, such as seed
priming, soil drenching, or foliar spraying (Faqir et al, 2021).
Although its impact on mineral concentration has been less studied,
the use of chitosan in strawberry cultivation has been reported to
enhance fruit quality, prolong postharvest life, and bolster the
antioxidant system (Garza-Alonso et al., 2022). By applying a chitosan
solution to the foliage, the strawberry plants experienced an increase
in growth and the production of several types of antioxidants. This
suggests that chitosan could enhance plant growth and improve
produce quality by elevating the concentration of bioactive
compounds (du Jardin, 2015; El-araby et al., 2022; Faqir et al., 2021).
However, there is limited data available on its effects on
plant physiology.

Chitosan exhibits numerous PGP properties, serving as a signaling
and growth regulator, as well as a pest and disease resistance agent. It
enhances plant defense mechanisms by stimulating photochemistry
and photosynthesis-related enzymes and influences nuclear
deformation and apoptosis. Its electrophysiological properties even
suggest potential herbicidal applications (El-Araby et al., 2023; Faqir
etal, 2021). Chitosan’s physiological effects are due to its polycationic
nature, allowing it to bind to a wide range of cellular components,
including cell wall constituents, plasma membranes, and
DNA. Furthermore, chitosan can interact with specific receptors,
triggering the activation of defense genes, a process that mirrors the
function of plant defense elicitors (du Jardin, 2015; Garza-Alonso
etal., 2022).

Chitosan activates specific receptors and pathways, triggering the
accumulation of hydrogen peroxide and Ca2+ leakage, resulting in
significant physiological changes. This makes chitosan useful in
agricultural applications, particularly in protecting plants against
fungal pathogens. Additionally, chitosan can enhance tolerance to
abiotic stressors by influencing both primary and secondary
metabolisms. Chitosan can induce stomatal closure through an
ABA-dependent

environmental stressors (du Jardin, 2015; El-araby et al., 2022; Garza-

mechanism, offering protection  against
Alonso et al,, 2022). Furthermore, chitosan’s insolubility in water gives
it excellent antibacterial, antifungal, and antimicrobial capabilities
(Fagir et al., 2021). Multiple successful experimental trials of chitosan

applications extending the storage life of fruit berries are documented
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in the literature (Table 5). Chitosan is effective in post-harvest disease
management and is available in commercial formulations (Fl-Araby
et al., 2023; Pylak et al., 2019; Romanazzi et al., 2015). It has been
proven to efficiently suppress postharvest diseases such as gray mold
and Rhizopus rot in strawberries (Feliziani et al., 2015; Romanazzi
et al., 2015). Chitosan-treated berries show increased levels of PAL
activity, chitinase, -1,3-glucanase, glutathione, and ascorbic acid
(Eikemo et al., 2003; Romanazzi et al., 2015). Edible coatings made
from chitosan, chito-oligosaccharides, carboxymethyl cellulose, and
hydroxypropyl methylcellulose, as well as chitosan and essential oils
or beeswax, have had a positive impact on berries (Petriccione et al.,
2015; Romanazzi and Feliziani, 2016). However, additional research
is required to optimize their application in organic berry production
and comprehensively understand their potential.

5 Conclusion and future prospects

Promoting sustainable agricultural practices in African regions is
crucial for enhancing agricultural productivity, ensuring environmental
sustainability, and conserving biodiversity (Jouzi et al., 2017). To
achieve this, farmers must prioritize continuous education and training
in organic farming techniques, biostimulants, and biopesticides. These
practices reduce reliance on harmful chemicals, enhance soil health,
preserve biodiversity, and improve the resilience of agricultural
ecosystems. Integrating biostimulants and biopesticides into berry
cultivation, such as strawberries, is a significant step toward sustainable
agriculture (Abdollahzadeh et al, 2015; Zulfigar et al., 2024). By
adopting these practices, farmers can mitigate the negative impacts of
conventional chemical inputs and enhance the health and vitality of
their crops (Krishnan et al., 2016). This holistic approach to farming
acknowledges the interconnectedness of soil health, plant growth, and
environmental sustainability. For instance, in regions of Africa with
acidic soils, phosphate rock plays a pivotal role in sustainable
agriculture. Its slow-release nature provides a steady supply of
phosphorus to plants, addressing nutrient deficiencies effectively.
Unlike quick-release phosphorus fertilizers, phosphate rock minimizes
nutrient leaching and runoff, promoting long-term soil health and
environmental sustainability (Mir et al., 2022). When combined with
biostimulants, phosphate rock enhances soil fertility, crop vigor, and
yields, demonstrating the benefits of sustainable agriculture (Wang
et al., 2022).

Moreover, research on biocontrol methods for strawberry pest
control across different agricultural systems has highlighted factors
influencing the adoption of biocontrol agents (BCAs), such as
personal experience, confidence levels, fear of losses, and limited
promotion of these methods. Educating farmers on the benefits of
biostimulants and biopesticides can increase their confidence in
adopting sustainable practices (Moser et al., 2008; Zulfigar et al.,
2024). Embracing a holistic approach to farming and leveraging tools
like Fuzzy Cognitive Mapping can enhance the adoption of preventive
pest management strategies and bridge the knowledge gap between
farmers and researchers, promoting sustainable agricultural practices
(Bardenhagen et al., 2020; Luo et al., 2022).

Overcoming obstacles to sustainable farming in Africa, such as
resource constraints and climate-related challenges, necessitates
supportive policies and programs. Collaborative efforts involving
government entities, industries, academia, and other stakeholders are
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TABLE 5 Overview of literature reporting the stimulation of growth through biological biostimulants.

Treatment

Experimental
conditions

Application
forms and

concentration
levels

10.3389/fsufs.2024.1452823

Improved
growth/
performance
parameter

Reference

Strawberry

Commercial chitosan

product

Field soil conditions

Foliar application at 125,
250, 500, and 1,000 mg/L

Plant height (24.13%),
fruit weight (10.57%), and
yield (54.45%).

Akter Mukta et al. (2017)

Commercial chitosan

product

Field soil conditions

Foliar at 125, 250, 500,
and 1,000 mg/L

Anthocyanins (127.22%),
flavonoids (80.98%),
carotenoids (174.11%),
antioxidant capacity
(65.64%), shoot dry
weight (113.68%), root
dry weight (45.83%), fruit
weight (22.61%), and
yield (42%)

Rahman et al. (2018)

Commercial chitosan

product

Greenhouse, pots with

substrate

Foliar at 10mL/L

Root dry weight
(535.59%), fruit weight
(17.86%), fruit firmness
(18%), and fruit yield
(27.61%).

Soppelsa et al. (2019)

Commercial chitosan

product

Greenhouse, pots with

substrate

Foliar at 1, 2, and 3g/L

Total chlorophyll
(21.39%), shelf life days
(99.49%), TSS (19.87%),
and yield (0.34%),
antioxidants (42.44%),
anthocyanins (47.91%),
and ascorbic acid

(24.83%).

Nithin et al. (2020)

Commercial chitosan

product

Field soil conditions

2.5and 5mL/L

Plant height (20.90%),
leaf area (13.03%), root
dry weight (115.62%), N
(13.14%), P (80%), K
(38.67%), fruit weight
(25.94%), and yield
(28.65%).

El-Miniawy et al. (2013)

Chitosan coating

Cold Storage, storage

conditions

1 and 2% chitosan

solution

Reduction in firmness

loss (80.23%)

Petriccione et al. (2015)

Chitosan coating

Field conditions

Foliar 1,000 L/ha

~30% reduction in
postharvest decay gray

mold, and Rhizopus rot.

Feliziani et al. (2015)

Strawberry and

Raspberry

Chitosan coating

Storage conditions

0.8g/100g chitosan

solution

~88.77% reduction in
mold infection incidence,
water loss (—77%), total
color change (10%), and

an maturity index (35%).

Velickova et al. (2013)

vital for driving the adoption of eco-friendly and sustainable farming
practices across the continent (Mawar et al., 2021). Additionally,
exploring the responses of farmers cultivating various crops to
sustainable strategies can offer valuable insights for advancing
agricultural sustainability on a broader scale. Success stories in organic
farming across Africa, like those of Sebastian Scott in Zimbabwe,
Fortress Farms in Kenya, and Kivu Hills Coffee in the Democratic
Republic of Congo, exemplify the positive outcomes of transitioning to
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organic methods. These farmers have achieved high-quality organic
berry production by focusing on soil health, pest control, biodiversity,
and market access. Key success factors in this transition include
training, soil management, pest control, market access, and robust
support networks. Building farmer trust and ensuring the availability
of bio-based agricultural inputs in the market are critical for higher
adoption rates of organic practices. The growing consumer demand for
healthier and environmentally friendly produce is reshaping the market
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toward organic berries, providing opportunities for farmers to cater to
this expanding segment and meet the escalating demand for organic
products. Furthermore, the Organic Trade Association (OTA) plays a
significant role in promoting and protecting the growth of organic trade
globally. Their advocacy efforts, industry insights, and research findings
can provide valuable perspectives on the organic farming industry,
market trends, consumer preferences, and the benefits of organic
practices. Collaborating with organizations like OTA can enhance the
knowledge sharing and advocacy efforts toward fostering sustainable
agricultural practices in Africa and beyond (Giz, 2021).

Additionally, to the aforementioned, gaining farmer trust is
mandatory to improve higher transition rate toward organic practices,
which is highly contingent on the agro-efficiency of the market available
bio-based agri-inputs. Successful adoption of novel biosolutions depends
on famer awareness, product consistency and manufacturer claims; three
critical factors that are often lacking. In this framework, the current
review demonstrates through numerous studies, the potential of different
biostimulant categories in enhancing organic berry crop production and
mitigating growth, biotic, and abiotic stresses. Our study underscores
significant gaps that warrant further fundamental research. This research
aims to elucidate how both microbial and non-microbial biostimulants
enhance nutrient uptake, plant growth, and stress tolerance. These
investigations may also facilitate the identification of markers indicative
of beneficial responses, providing valuable insights for informing the
development of biostimulant products. Blending various biostimulant
categories, such as microbial inoculants with humic substances or
seaweed extracts, shows the potential for providing more reliable benefits
to crop production. To propel a substantial surge in crop productivity,
setting sights on a 60-100% surge to align with the needs of the
anticipated global population of 9.7 billion by 2050, it is imperative to
prioritize ongoing research and foster collaboration among stakeholders
from the public and private sectors. These endeavors are critical for
unleashing the potential of organic berry production in Africa.
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